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Abstract: Aiming at the problem of the unclear sound wave attenuation in the signal transmission of
the load-bearing drill string, an experimental device for the sound wave propagation characteristics
in the curved drill string was set up. The influence of the drill string structure and acoustic excitation
parameters on the sound propagation characteristics in the drill string under different loads is
different. The results show that the curvature of the drill string has an influence on the propagation
of the sound wave in the drill string, and its rule is related to the curvature of the drill string and
the frequency of the sound wave. The pulse repetition rate, excitation voltage, and pulse width
only affect the passband amplitude, and the effect is significantly greater than the curvature of
the drill string. The main influencing factor of its sound transmission characteristics is the degree
of drill string curvature. The low-frequency signal should be preferentially selected as the carrier
of downhole information transmission after considering the influence of drill string bending on
acoustic transmission.
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1. Introduction

The accurate and high-speed transmission of downhole information is one of the keys
to retaining it safe and efficient with the coexistence of a multi-risk in complex drilling
conditions. At present, conventional oil and gas resources have entered a stage of natural
decline, and it is difficult to increase recovery. Unconventional oil and gas resources are
a significant growth point for production with horizontal wells such as shale oil and gas.
However, the downhole conditions are complicated and accidents occur frequently during
the drilling of horizontal wells; the real-time and accurate grasp of the downhole conditions
are the basis for reducing downhole accidents. The rapid development and wide application
of intelligent measurement equipment meet the needs of downhole information collection,
but it is difficult to transmit large-scale data to the ground with a high speed through
the traditional mud pulse transmission method, which has become the main bottleneck
restricting the safe and efficient drilling of horizontal wells [1]. The main method to solve
the above problem is to develop a downhole information transmission system with a high
speed, high accuracy, and strong anti-interference ability of the external factors.

The steel drill string is used as the transmission channel for the acoustic transmission
of downhole information. Because the transmission process does not depend on drilling
fluid and unlimited formation, it is expected to become a technological breakthrough [2]
due to its advantages of simple equipment structure and easy directional transmission.
Some acoustic transmission systems have been preliminary applied in the field, including
the system and the wireless measurement-while-drilling (MWD) system developed by
Halliburton and Baker Hughes. The maximum transmission depth and rate are 3600 m
and 33 bps, showing a good application prospect [3–5]. These are also signs of staged
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progress. The vibration wave communication technology has been tested in the infor-
mation transmission of layered water injection [6], sand production information, and
cluster well anti-collision [7]. Researchers have also studied the influence of different
factors on the acoustic transmission characteristics in the drill string, including the combi-
nation method of the string [8], size characteristics [9–11], fluid damping [12], formation
damping [13], noise [14,15], and transducer excitation parameters [16]. Additionally, basic
transmission models and experimental devices [17–19] were set up due to the need for
information transformation.

However, the downhole information acoustic transmission technology has not yet
become the main measurement and control method in the field. The unclear transmission
characteristics of acoustic waves in a drill string under different stress states is one of the
difficulties that restricts the technology from theoretical research to field application [20–24].
When the acoustic wave propagates in the periodic string, it presents the characteristic of
a comb filter in which the passband with less attenuation and the stopband with greater
attenuation alternate due to the existence of the drill string coupling. The acoustic wave
propagation characteristic is the theoretical basis of the frequency selection and the installa-
tion method of the repeater, it determines the transmission distance and accuracy of the
acoustic signal in the drill string [25,26]. The inclination angle gradually increases from 0◦

to nearly 90◦ in the drilling process of a horizontal well, the drill string is in a curved state,
and its acoustic wave propagation characteristics in the curved drill string become the key
to acoustic signal transmission from the bottom hole to the ground smoothly.

In order to overcome the above problem, an acoustic emission device was developed
and an experimental device for the acoustic propagation characteristics in the curved
drill string was set up based on the bending state of the drill string under actual drilling
conditions, and the influence of the bending state on the acoustic propagation in the drill
string was carried out [27,28]. This research can be used for the application of the time
carrier frequency selection and the establishment of the repeater installation method in the
acoustic wave transmission technology of horizontal wells. It provides a theoretical basis
for the comprehensive monitoring of the wellbore information of intelligent drilling and
judging downhole risks to avoid drilling accidents.

2. Materials and Methods
2.1. Structural Design of Acoustic Emission/Reception Device
2.1.1. Selection of Downhole Signal Generator

The signal generator is mainly used to adjust the parameters such as the waveform,
frequency, voltage, pulse width, pulse repetition rate, and duty cycle of the generated
sound wave. The signal generator used in the experiment is the AFG3102 series arbitrary
waveform generator of Tektronix Company (Figure 1). It can output arbitrary waveforms,
the sampling rate of the memory: 16 K–128 K: 250 MS/s, 2 points-16 K: 1 GS/s, and has
a 14-bit vertical resolution. The output bandwidth of the sine wave is 1 MHz–100 MHz;
the output bandwidth of square wave is 1 MHz–50 MHz; the rise/fall time is ≤5 ns; the
output bandwidth of the pulse waveform is 1 MHz–50 MHz; the pulse width is 8 ns–999 s;
the edge transition time is 5 ns–625 s; the duty cycle is 0.1–99.9%; and the pulse waveform
edge time can be adjusted.
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2.1.2. Selection of Downhole Acoustic Transducers

As a component to convert the downhole electric energy to acoustic energy, the trans-
ducer is the core of the downhole acoustic generating device. Low-frequency longitudinal
waves have become the first choice for downhole information acoustic carriers because of
their fast propagation speed in drill string, small energy attenuation, and low difficulty
in receiving and analyzing. Currently, the commonly used transducers for generating
longitudinal waves include sandwich piezoelectric transducers and magnetostrictive trans-
ducers. However, the sandwich piezoelectric transducer is difficult to be applied downhole
due to the difficulty in manufacturing, installation, and downhole power supply. The
giant magnetostrictive transducer has the advantages of a large strain (5–10 times that of
piezoelectric ceramics), a high output power, a high controllability, compact structure, and
a wide operating temperature range (−50–70 ◦C) [29]. It is the best choice for acoustic wave
generating transducers under high-temperature and high-pressure (HTHP) environments
in complex and limited downhole space.

There was giant magnetostriction based on energy conversion material, using a
Terfenol-D rod (φ10 mm × 40 mm, axial strain of 1.2 × 10−3 under the pressure of 6–8 MPa,
and a magnetic field strength of 10,000 kA/m). The structure of the telescopic transducer is
shown in Figure 2. When the transducer is working, the pulse current generated by the
power supply is applied to the excitation coil of the transducer, and the giant magnetostric-
tive rod produces a telescopic change under the action of the alternating magnetic field,
converting the electrical energy into mechanical vibration with a certain frequency. The
emission frequency is 800 Hz, and the working frequency range is 20 Hz–25 kHz.
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2.1.3. Optimization of Acoustic Radiation Mode in Transducer

The acoustic radiation mode refers to the way that the acoustic wave enters the drill
string system from the transducer. The transducer is the core component of the downhole
acoustic generator. The acoustic radiation method determines the transmission efficiency
of the acoustic generator and the acoustic propagation in the drill string. Since the outlet of
the giant magnetostrictive transducer is annulus, and the circular section of drill string is
much larger than the transducer, the designed acoustic radiation mode of the transducer
should not only ensure that the characteristics of acoustic waves are not distorted, but also
that the energy loss during transmission is minimized.

The plane waves for downhole information transmission in the drill string can improve
the stability and the quality of the acoustic signal. The generation of the plane wave depends
on the way that radiates from the transducer into the drill string. The optimal radiation
method is the outlet of the transducer which has the same annular as the drill string body,
which is difficult to achieve based on giant magnetostrictive transducers in a complex and
limited downhole space.

Considering the downhole installation conditions and the structural characteristics of
the giant magnetostrictive transducer, two radiation modes were designed: the multi-point
acoustic radiation and the single-point acoustic radiation. The circumferential multi-
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point acoustic radiation is transmitting waves in the string by evenly distributed multiple
transducers in the circumferential section; the horn structure is used to radiate the single
point incoming acoustic signal. The transducer is installed on the small end of the horn
along the axis of the string, and the acoustic wave emitted by the transducer is transmitted
into the drill string through the horn for propagation. In order to select the best solution
from these two modes above, two plans in Figure 3 are designed to analyze the acoustic
propagation effects of different transducer acoustic radiation modes.
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The acoustic signal at the receiving end under the same conditions obtained by these
two tests is shown in Figure 4. It can be seen that there are obvious differences between
the acoustic wave amplitudes measured by the four accelerometers that are uniformly
distributed in the circumferential direction of the same receiving surface using the circum-
ferential multi-point acoustic radiation method, indicating that the acoustic waves obtained
in the drill string by this method are non-plane waves. However, there is no obvious
difference in the waveform and amplitude of the received signal at different measuring
points by using the single-point acoustic radiation method through horn, indicating that
this method can obtain plane waves and can achieve the same propagation effect as the
optimal radiation method. Therefore, the central single-point horn radiation scheme is
selected as the installation form of the transducer in the downhole acoustic wave generator.
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2.1.4. Signal Reception and Processing System

In order to realize the effective acquisition, real-time display, data storage, and post-
processing analysis of the acoustic signal at the end of the drill string, an acoustic signal
receiving and processing system is set up. The system mainly includes an acceleration
sensor, signal conditioner, oscilloscope, computer, and other instruments and corresponding
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data processing software. Its basic working principle is that the acceleration sensor installed
on the drill string recognizes and receives the effective acoustic signal, converts the acoustic
signal into the electrical signal, and transmits it to the signal conditioner through the cable.
After amplifying, filtering, and screening the signal, It is transmitted to the oscilloscope
and converted into a waveform image for real-time display and storage. Then, the signal is
further processed and analyzed by the corresponding signal processing software.

A Lens LC0120 piezoelectric accelerometer is selected for the acceleration sensor.
(range: ±5 g; sensitivity: 1000 mV/g; frequency: 0.35 Hz–6000 Hz; installation resonance
point: 18 kHz; resolution: 0.00002 g; linearity less than 1%; lateral sensitivity less than 5%;
output voltage: 8–12 VDC; constant current: 2–20 mA; temperature range: −40–120 ◦C).
It has the obvious advantages of a light weight, high sensitivity, and wide band. The
installation method is closely connected with the drill string through magnetic adsorption.
The physical installation is shown in Figure 5.
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Figure 5. The acceleration transducer.

The function of the signal conditioner is to amplify, filter the signal received by the
acceleration sensor, and transmit it to the oscilloscope for display. The signal conditioner
used in the experiment is the Lens LC0201-5 multi-channel charge/voltage amplifier with
5 channels. In addition to the performance of a general charge amplifier, each channel can
also be used in the signal processing system as a preamplifier. It has a voltage/charge input
function and a voltage output function and can be connected with a voltage input sensor or
a piezoelectric acceleration sensor to measure the acceleration. The constant supply current
is 4 mA, the constant current supply voltage is 24 VDC, the high-frequency upper limit
frequency is 30 kHz, the low-frequency lower limit frequency is 0.01 Hz, and the noise is
4 µV with an accuracy of 0.5%. The operating temperature ranges from −10 ◦C to 40 ◦C.
The connection method is shown in Figure 6.
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The oscilloscope selected for the experiment is Tektronix’s MSO3034 series mixed-
signal oscilloscope (Figure 7). It has a 100 MHz bandwidth, 4 analog channels, and 16 digital
channels. Additionally, there is a sampling rate of 2.5 GS/s on every channel with a 5 M
point record length. The maximum waveform capture rate is higher than 5000 wfm/s.
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2.2. Experiment of Acoustic Propagation in Curved Drill String
2.2.1. The Setup of the Experimental Device

In order to simulate the bending state of the drill string during the drilling process
and test the acoustic propagation characteristics in the curved drill string, the setup exper-
imental device needs to meet the following requirements: (1) the acoustic signal can be
generated at one end and effectively received at the other end through the drill string, and
then processed later, and (2) the bending stress in the drill string can be adjusted according
to the requirements.

Based on the above requirements, the designed experimental device is shown in
Figure 8, and the actual device is shown in Figure 9. The device for the acoustic prop-
agation characteristics in a curved drill string includes four systems: an acoustic signal
generation system, a simulated drill string system, a bending stress application system, and
an acoustic signal receiving and processing system. The moving brackets of the bending
stress application system are installed at both ends of the simulated drill string system to
lift it. Then, the counterweight installation plate is installed in the middle of the drill string
by adjusting the weight of the counterweight block to change the bending stress of the drill
string according to the experimental requirements.
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installation plate; 17—counterweight block; 18—signal conditioner.
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In order to ensure the reliability of the experimental results, the following acoustic
insulation treatment is carried out in the experimental device. First of all, if the steel
moving support is directly contacted with the drill string, it will inevitably cause energy
loss. Therefore, a rubber gasket is installed at the contact position between the string and
the moving support to reduce the acoustic energy loss at the contact position by using the
principle of the acoustic wave impedance difference; then, the contact position between the
end of the counterweight installation plate and the drill string are made of synthetic fiber
materials. The difference in the column impedance is significant, so the loss of acoustic
energy from this contact is also negligible.

In the experiment, the different bending states of the drill string are adjusted by the
geometric principle. The bended string is equivalent to an arc in Figure 10. Due to the
length of the drill string being short in the experiment, the length in different bending states
remains basically unchanged. In order to quantitatively characterize the bending state of
the drill string, the curvature of the drill string is defined as follows [23,30–33]:

γ =
2θ

L
(1)

where γ is the curvature of the drill string, ◦/10 m; θ is the half central angle, ◦; and L is the
length of the drill string, m.

The relationship between these parameters is shown in Figure 10 according to the
geometric principle, where the length L of the curved drill string is the arc length AB, which
can be expressed as:

_
AB =

πRθ

90
(2)
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The relationship between a, b and R, θ can be calculated from the geometric relationship:

a = R· sin θ
b = R·(1 − cos θ)

(3)

The length of the simulated drill string used in the experiment is 10 m, and the
corresponding parameters are shown in Table 1. During the experiment, the bending stress
in the drill string is changed by adjusting the weight of the counterweight in the middle
of the drill string to change the bending state. According to this principle, the value b is
adjusted by changing the weight of the counterweight in the middle of the drill string since
the height of the bracket is fixed, and then the quantified curvature of the drill string can be
obtained by the value b.

Table 1. Adjustment parameter of drill string curvature.

θ/◦ R/m a/m b/m Curvature
γ/(◦/10 m)

1 286.48 4.999 0.050 2
2 143.24 4.999 0.090 4
3 95.50 4.998 0.131 6
4 71.62 4.996 0.174 8
5 57.30 4.994 0.218 10

2.2.2. Experimental Process

In order to study the effect of different pulse repetition rates, excitation voltages, and
pulse widths on the acoustic propagation characteristics in the curved drill string, the setup
experimental device was used to analyze the acoustic propagation characteristics under
different working conditions. The specific experimental scheme is shown in Table 2. The
experimental process is shown as follows:

(1) Ten simulated drill string with a length of 1.0 m were selected and connected as
acoustic wave transmission channels;

(2) One end of the drill string was connected with an acoustic signal generating sub
of a magnetostrictive transducer through a screw thread, and a triaxial acceleration
sensor for receiving acoustic signals was installed at the axial position of the end of
the drill string;

(3) The simulated drill string was installed on the moving bracket, the bracket was fixed
near the receiving end, and the counterweight mounting plate was installed in the
middle of the drill string;

(4) The low-frequency pulse signal was applied by the transducer, the pulse repetition
rate was adjusted to 5 Hz, the excitation voltage was 100 V, and the pulse width was
5 µs;

(5) The bending state of the drill string was adjusted by the counterweight in the counter-
weight installation plate and the experiment was repeated in the curvature of 0◦/10 m,
2◦/10 m, 6◦/10 m, and 10◦/10 m, respectively;
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(6) The pulse repetition rate was replaced by 1 Hz and 10 Hz, keeping other experimental
conditions unchanged, and then step (5) was repeated;

(7) The excitation voltage was replaced by 300 V, keeping other experimental conditions
unchanged, and then step (5) was repeated;

(8) The pulse width was replaced by 1000 µs and 10,000 µs, keeping other experimental
conditions unchanged, and then step (5) was repeated;

(9) Fourier transform was performed on the received signals to obtain the acoustic spec-
trum under different experimental conditions.

Table 2. Experimental scheme of acoustic propagation characteristics in curved drill string.

Scheme
Number

Pulse Repetition
Rate/Hz

Excitation
Voltage/V

Pulse
Width/µs

Curvature γ
/(◦/10 m)

1

1 100 5

0
2 2
3 4
4 6

5

5 100 5

0
6 2
7 4
8 6

9

10 100 5

0
10 2
11 4
12 6

13

5 300 5

0
14 2
15 4
16 6

17

5 100 1000

0
18 2
19 4
20 6

21

5 100 10,000

0
22 2
23 4
24 6

3. Results
3.1. Pulse Repetition Rate

The acoustic spectrum of the curved drill string (1#–4#, 5#–8#, 9#–12#) under different
pulse repetition rates was compared, and the influence of the pulse repetition rate on the
acoustic propagation characteristics under different curvatures was analyzed. Figure 11
shows the spectral comparison of drill strings with different curvatures under different
pulse repetition rates. It can be seen from Figure 11a that the basic structure of the frequency
band remains unchanged with the increase in the curvature. The pass/stop bands are
alternately distributed, and the attenuation degree of a high frequency is higher than that
of a low frequency.

The passbands at different pulse repetition rates are concentrated in the 0–7500 Hz,
and the passbands with higher amplitudes are concentrated in the 0–4200 Hz. In addition,
the influence rule of the passband amplitude under different pulse repetition rates are
different. When the repetition rate is 1 Hz, the passband amplitude in the 0–4200 Hz
band increases gradually, and the passband amplitude in the 4200 Hz–7500 Hz band
increases then decreases; when the repetition rate is 5 Hz, the passband amplitude increases
gradually, and when the repetition rate is 10 Hz, the passband amplitude increases then
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decreases. The main passband positions in the range of 0–4500 Hz are slightly shifted to a
high frequency, and the high frequency offset is larger than the low frequency.
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Figure 11b shows the spectral comparison at the same curvature at different pulse
repetition rates. It can be seen from Figure 11b that the effect of the pulse repetition rate on
the acoustic propagation characteristics under different curvatures is similar. The pass/stop
bands are alternately distributed with the increase in the pulse repetition rate, and the
attenuation degree of a high frequency is greater than that of low frequency. In addition,
the passbands at different pulse repetition rates are concentrated in the 0–7500 Hz fre-
quency band, and the passbands with larger amplitudes are concentrated in the 0–4200 Hz
frequency band. The passband amplitude gradually decreased with an increasing pulse
repetition rate, and the passband amplitude at 1 Hz/5 Hz was significantly higher than
that at 10 Hz.

From the above analysis, it can be seen that the curvature of the drill string under
different pulse repetition rates mainly affects the passband amplitude, and the effect on
the passband position is significantly smaller than that on the passband amplitude and the
passband width. In order to further compare the effect differences of the string curvature
and pulse repetition rate on the passband amplitude, the continuous integration of the
spectrum on the x-axis is shown in Figure 12. It can be seen from Figure 12 that the influence
of the pulse repetition rate on the passband amplitude is significantly higher than that of
the curvature. The amplitude of the passband gradually decreases with the increase in the
pulse repetition rate under the same curvature; the amplitude of the passband gradually
increases with the increase in the curvature under the same pulse repetition rate.
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3.2. Excitation Voltage

The acoustic spectrum of the curved drill string (5#–8#, 13#–16#) under different
excitation voltages was compared, and the influence of the excitation voltage on the
acoustic propagation characteristics under different curvatures was analyzed. Figure 13
shows the spectral comparison in drill strings with different curvatures under two different
excitation voltages. It can be seen from Figure 13a that the basic structure of the frequency
band remains unchanged with the increase in the string curvature. The pass/stop bands
are alternately distributed, and the attenuation degree of a high frequency is higher than
that of a low frequency.
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(a) Curvature comparison; (b) comparison of excitation voltage.

The passbands at different pulse repetition rates are concentrated in the 0–7500 Hz
range, and the passbands with larger amplitudes are concentrated in the 0–4200 Hz range.
In addition, the influence rule of the passband amplitude under different excitation volt-
ages is basically the same: the passband amplitude increases gradually in the 0–4200 Hz
frequency band, and the passband amplitude changes irregularly in the 4200–7500 Hz
frequency band. The main passband positions in the range of 0–4500 Hz are slightly shifted
to the high frequency under different excitation voltages, and the high-frequency offset is
higher than the low frequency.

Figure 13b shows the spectrum comparison under different excitation voltages and
the curvatures. It can be seen from Figure 13b that the excitation voltage has a similar
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effect on the acoustic propagation characteristics under different curvatures. The basic
structure of the frequency band remains unchanged with the increase in the excitation
voltage, the pass/stop bands are alternately distributed, and the attenuation degree of
a high frequency is higher than that of a low frequency. In addition, the passbands at
different pulse repetition rates are concentrated in the 0–7500 Hz frequency band, and the
passbands with higher amplitudes are concentrated in the 0–4200 Hz frequency band. The
amplitude of the passband increases gradually with the increase in the excitation voltage,
and the width and position of the passband remain unchanged.

From the above analysis, it can be seen that the curvature of the drill string under
different excitation voltages mainly affects the passband amplitude and the effect on the
passband position is significantly smaller than that on the passband amplitude and the
passband width. In order to further compare the effect differences of the curvature and
excitation voltage on the passband amplitude, the continuous integration of the spectrum
on the x-axis is shown in Figure 14. It can be seen from Figure 14 that the influence of
the excitation voltage on the passband amplitude is significantly higher than that of the
curvature. The amplitude of the passband increases with the increase in the excitation
voltage under the same curvature; the amplitude of the passband increases gradually with
the increase in the curvature under the same excitation voltage.
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3.3. Pulse Width

The acoustic spectrum of the curved drill string with different pulse widths (5#–8#,
17#–20#, 20#–24#) was compared, and the influence of the pulse width on the acoustic
propagation characteristics under different curvatures was analyzed. Figure 15 shows the
spectral comparison of drill strings with different curvatures under different pulse widths.
It can be seen from Figure 15a that the basic structure of the frequency band remains un-
changed with the increase in the curvature, the pass/stop bands are alternately distributed,
and the attenuation degree of a high frequency is higher than that of a low frequency.

The passbands at different pulse repetition rates are concentrated in the 0–7500 Hz
range, and the passbands with higher amplitudes are concentrated in the 0–4200 Hz range.
In addition, the influence rule of the passband amplitude under different pulse widths is
basically the same: the passband amplitude in the 0–4200 Hz band increases gradually,
and the passband amplitude in the 4200–7500 Hz band first increases and then decreases.
The main passband positions in the range of 0–4500 Hz are slightly shifted to a high
frequency under different pulse widths, and the high-frequency offset is higher than the
low frequency.
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Figure 15b shows the spectral comparison of the same curvature with different pulse
widths. It can be seen from Figure 15b that the pulse width has a similar effect on the
acoustic propagation characteristics under different curvatures. The basic structure of the
frequency band remains unchanged as the pulse width increases, the pass/stop bands are
alternately distributed, and the attenuation degree of a high frequency is higher than that
of a low frequency. The passbands with different pulse widths are concentrated in the
0–7500 Hz frequency band, and the passbands with larger amplitudes are concentrated
in the 0–4200 Hz frequency band. The passband amplitude increases gradually with the
increase in the pulse width, and the passband width and position remain unchanged.

From the above analysis, it can be seen that the curvature of the drill string under
different pulse widths mainly affects the passband amplitude, and the influence degree
on the passband position is significantly smaller than that on the passband amplitude and
the passband width. In order to further compare the effect differences in the curvature and
pulse width on the passband amplitude, the continuous integration of the spectrum on
the x-axis are shown in Figure 16. It can be seen from Figure 16 that the influence of the
pulse width on the passband amplitude is significantly higher than that of the curvature.
The amplitude of the passband increases with the increase in the pulse width under the
same curvature; the amplitude of the passband increases first and then decreases with the
increase in the curvature under the same pulse width.
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4. Discussion

The propagation characteristics of acoustic waves with different pulse repetition rates,
excitation voltages, and pulse widths in a curved drill string are tested by an experimental
device in this paper. The curvature of the drill string does not change the basic structure of
the acoustic band, but it does have a slight influence on the amplitude and the passband
position. The degree of influence on the amplitude is higher than that on the position of the
passband. As the curvature increases, the amplitude gradually increases and the passband
gradually shifts to the high frequency. The high-frequency migration is larger than the
low frequency.

(1) The bending of the drill string does not change the basic structure of the acoustic
frequency band and it has no obvious effect on the acoustic propagation characteristics.
It has a slight influence on the passband amplitude and the passband position, and the
passband has a great influence on the amplitude and the influence on the passband position.
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The bending degree increases and the amplitude increases gradually. (2) As the bending
degree increases, the passband gradually shifts to a high frequency, and the high-frequency
shift is greater than the low frequency, which verifies the correctness of the theoretical
analysis. (3) The pulse repetition rate, excitation voltage, and pulse width only affect the
passband amplitude, and the influence degree is significantly greater than that of the drill
string bending. With the increase in the pulse repetition rate, the amplitude of the passband
decreases gradually, and with the increase in the excitation voltage and pulse width, the
amplitude of the passband increases gradually.

Based on that, the basic characteristics of the acoustic signal passing through the
curved drill string do not change when applying the acoustic wave transmission technol-
ogy in horizontal wells, but the attenuation characteristics and the position of the passband
are changed, and the degree of the attenuation characteristics is higher than that of the
passband position. Therefore, the influence of the curvature on the acoustic propagation
characteristics can be reduced or avoided by optimizing the acoustic excitation parameters,
increasing the distance between the adjacent repeaters and avoiding the interference fre-
quency band as the carrier frequency band, so as to ensure that the acoustic wave signal is
transmitted in the curved drill string stably.

5. Conclusions

(1) An experimental device for acoustic propagation characteristics in a curved drill
string was set up, and the device was used to test the acoustic propagation char-
acteristics in drill strings under different pulse repetition rates, excitation voltages,
and pulse widths. The curvature has an impact on the acoustic propagation in the
drill string; there are still alternately arranged pass/stop bands when the acoustic
wave propagates. The passband has a more significant effect on the amplitude than
the position.

(2) As the curvature of the drill string increases, the amplitude of the passband increases
and the passband moves backward. The higher the frequency, the higher the ampli-
tude backward shift. The pulse repetition rate, excitation voltage, and pulse width
only affect the passband amplitude.

(3) The low-frequency passband is less affected by the curved drill string in directional
wells. After considering the influence of the curvature on the acoustic transmission,
the low-frequency signal should be preferentially selected as the carrier for the acoustic
transmission of the downhole information.
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