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Aiming at the acoustic attenuation in the salt-cavern environment, this paper established a theoretical relationship of the ultrasonic attenuation in the salt-cavern gas storage, based on the wave equation of the acoustic wave propagating in a non-ideal medium, and considering the specific environment of gas storage, and analyzes how the wall roughness of the gas storage affects the acoustic attenuation. The results show that the inner wall roughness of the salt-cavern gas storage has an effect on the acoustic attenuation. The inner wall surface is at the solid-liquid interface, where the change of the medium will affect the attenuation of the acoustic wave, and the effective reflection coefficient of the inner wall will cause the acoustic wave to attenuate at a lower frequency. On this basis, the characteristics of insoluble particles in the salt-cavern gas storage were also studied, and the main components of different media in salt-cavern cavities and the diameter distribution of different particles were obtained, and an experimental platform was established. According to the experimental results, the roughness of a reflective surface significantly affects the attenuation coefficient of the acoustic wave, and the acoustic wave will suffer two energy losses on a rough wall surface. In addition, the insoluble particles also affect the acoustic attenuation significantly, and scattering attenuation increases with the particle size. The research conclusions provide theoretical basis for the variation characteristics of ultrasonic attenuation with the environmental medium and ultrasonic excitation frequency of the salt-cavern gas storage.
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INTRODUCTION
With the world vigorously implementing strategic energy reserves, storing resources like oil or natural gas in natural or artificially modified underground storage groups or surface storage tanks should be one of the effective ways to respond to this strategy. At present, most of the underground storage groups are salt-cavern-type underground gas storages. The underground gas storages are mainly located in underground rock formations with extremely low porosity, permeability and stable mechanical properties such as salt rocks (Zhang et al. 2021). Rock salt is internationally recognized as the optimal place to stockpile energy sources (Liang, 2004), which has become an important development direction of underground natural gas storage in the future (Wu et al., 2019). The data shows that the main risks of safe operation of the gas storage are: wellhead normalization under pressure (Zhao, 2019) wellhead gas leakage (Zhao et al., 2020), internal cavity creep and collapse caused by frequent gas injection and production (Ma et al., 2021). Therefore, salt-cavern gas storage requires regular safety exploration and evaluation on the shapes of the cavities (Pfeifle et al., 1998). A salt-cavern gas storage has a complex internal environment and is located at a deep underground position, so it cannot be detected or observed with conventional detection methods. The internal environment of salt cavern gas storage is extremely complex and far from the bottom, acoustic wave is one of the best carriers for long-distance transmission in complex media, and has been proved to be an effective way to detect the shape of salt cavern gas storage. It is a challenge to obtain the shape of the salt cavern in real-time through the variation characteristics of acoustic attenuation in the gas storage medium.
Some scholars have studied the effects of reflection wall roughness on the scattering field and coherent field of acoustic waves through simulation methods, and obtained the statistical distribution information on the amplitude of the scattering field of acoustic waves (Ogilvy, 1988), but the applicability of the calculation results is limited by the valid range of Kirchhoff approximation. The propagation process of ultrasonic waves in a salt-cavern gas storage is complex, involving the interactions between ultrasonic waves and insoluble particles (Liu, 2019; Zhou et al., 2017), the reflection and transmission of vertically incident acoustic waves at the interface between the two media (Tao, 1996), and the changes in the acoustic radiation force of the particles in the liquid medium caused by the changes in the oblique incidence angle of the acoustic wave; (Wang and Zhang, 2018; Fu et al., 2010). Chen et al. (2001) also studied the ultrasonic reflection and transmission of the double rough interfaces; Hutchins et al. (2020) used piezoelectric composite transducers and pulse compression processing technology in their experiments to weaken the attenuation of acoustic signals; Tsuji et al., 2021 built a multiple echo reflection ultrasonic spectroscopy based on the ECAH scattering model; Yu et al., 2020 established the ultrasonic scattering attenuation mechanism of multiple scattering effect by measuring the particle concentration in natural gas hydrate with multi frequency ultrasound, the calculation results show that the multi frequency ultrasonic attenuation method in the range of 1–5 MHz has a good effect on the measurement of liquid concentration; Wang et al., 2020 established the acoustic attenuation expression in the tailings slurry through the acoustic wave equation, which accurately describes the propagation characteristics of the acoustic wave.
Through review and analysis of the above research, it can be seen that the propagation process of acoustic waves in the salt-cavern environment is relatively complex. To understand the attenuation changes of acoustic waves in this environmental medium, it is necessary to carry out specific analysis according to the actual operational environment of the acoustic wave detection equipment. There are relatively few studies on acoustic attenuation in gas storages. Therefore, it is urgent to study the effects of the topographic characteristics of salt-cavern gas storages on ultrasonic attenuation, so as to provide theoretical basis for the accuracy of sonar detection.
In this paper, based on the specific environment of the gas storage, the theoretical relationship of the ultrasonic attenuation in the salt-cavern gas storage was established, and the effects of wall roughness and insoluble particles on the acoustic attenuation were also studied in detail, and through an experiment, the characteristics of ultrasonic attenuation with the changes in the salt-cavern gas storage environment were verified.
ANALYSIS OF THE COMPLEX SALT-CAVERN ENVIRONMENT
The cavities in salt caverns are usually built by injection of fresh water and drainage of brine, and the final salt-cavern gas storage formed is shown in Figure 1, the single volume is required to be more than 80000 m3 usually. The method will dissolve the soluble salt and other media in the cavities of the salt cavern, resulting in changes in the water-solid interface of the cavity. Generally speaking, brine contains large amount of soluble salts, which change in the vertical direction of the cavities (Jiang et al., 2014). Due to the high density of brine and its flowing, the brine often contains a large amount of insoluble particles, which leads to complexity and uncertainty in the propagation of acoustic waves in the medium, so it is necessary to carefully study and accurately understand the attenuation characteristics of the acoustic waves in the brine medium.
[image: Figure 1]FIGURE 1 | Example of multi-topology reconstructed cave in the mining area.
The detection targets inside the gas storage are mainly the walls of the gas storage and the changes in the distances between the sonar detection equipment and the walls of the gas storage. Due to the different solubility of different salt minerals in the gas storage formed by brine mining, the wall roughness of the gas storage has a great impact on the sonar detection (Wen et al., 2012).
STUDY ON THE EFFECTS OF ROUGH WALLS ON ACOUSTIC ATTENUATION
In this paper, the approximate three-dimensional modeling of the salt cavern was carried out using the parametric surface, and the wall surfaces of the salt cavern with different roughness were obtained. The rough surfaces of the three-dimensional model were constructed by the following double sum function:
[image: image]
where, x and y are the spatial coordinates; m and n are the spatial frequencies; [image: image] is the gradually decreasing amplitude following some distribution; [image: image] is the phase angle function, where the phase angle [image: image] will be sampled from a function with a uniform random distribution between -π/2 and π/2. [image: image] is calculated as follows:
[image: image]
where, β represents the speed of high frequency attenuation, which controls the changes in the surface roughness.
When the frequency of the detected acoustic wave is high enough, on the irradiated interface of the local acoustic wave, as shown in Figure 2, the problem can be approximately regarded as a wave scattering problem with a large-scale uneven surface (Wen et al., 2012). Considering the calculation of the scattering field by Kirchhoff approximation, the concept of the effective reflection coefficient was introduced in this paper. Through the effective reflection coefficient, the walls of the salt cavern and the medium in it can form a whole, and the sound field computation model can be established by the acoustic wave transmission and reflection on the walls of the salt cavern.
[image: Figure 2]FIGURE 2 | Schematic diagram of sound wave incidence under non-ideal conditions.
Due to the concavo-convex surface boundaries of the salt-cavern cavities, the roughness is different at different positions. The sound field can be divided into two parts, with one being the most effective area participating in the formation of the reflected signal, where the acoustic wave will form the coherent component of the reflected signal, and the other being the incoherent component generated by the uneven surfaces of the sound field, which will form the acoustic scattering of the acoustic wave (Wen et al., 2012).
When the acoustic wave is vertically incident and received vertically, the received RMS sound pressure value can be expressed as follows (Wen et al., 2012):
[image: image]
where, [image: image] is the sound pressure incident on the cavity wall; [image: image] the coherent reflection coefficient; [image: image] the absorption coefficient; [image: image] the surface scattering coefficient; and [image: image] is the distance between the transducer and the cavity wall.
The maximum irradiated area of the scattering surface is determined by the directional effective half-opening angle [image: image] of the transducer, which can be obtained according to the relationship between the transmitted sound intensity and the received sound intensity:
[image: image]
where, [image: image] is the transmitted sound intensity; [image: image] the received sound intensity; and [image: image] the effective reflection coefficient; therefore, the effective reflection coefficient can be expressed and defined as follows according to the previous analysis and assumption:
[image: image]
In general, the scattering coefficient [image: image] is isotropic in the horizontal direction, so the above formula can be simplified as:
[image: image]
If the effective opening angle [image: image] of the transducer is small, there is:
[image: image]
According to the scattering field theory:
[image: image]
where, [image: image] is the interface reflection coefficient; [image: image], where [image: image] is the Rayleigh parameter; [image: image]; [image: image] the variance of the surface unevenness; [image: image] the incident angle of the wave; at this time, the unevenness distribution and its correlation coefficient are Gaussian. At normal incidence, the reflection coefficient [image: image] is:
[image: image]
where, [image: image] and [image: image] are the density and sound speed of medium 1, respectively; and [image: image] and [image: image] are the density and sound speed of medium 2, respectively.
When the wall surface of the salt-cavern gas storage is gently undulating, the scattering coefficient of the small-scale uneven surface can be expressed with the Kirchhoff approximation:
[image: image]
where, [image: image] is the root mean square value of the inclination angle of the unevenness. Assuming that the unevenness of the reflecting surface is Gaussian, there is:
[image: image]
Through Eqs 10, 11, the relationship between the effective reflection coefficient and the actual one can be obtained:
[image: image]
It can be seen from the above formula that, the effective reflection coefficient of the acoustic wave is related to the frequency of the acoustic wave and the root mean square of the inclination angle of the rock wall unevenness. In order to study the direct relationships between the three, the effective reflection coefficient was calculated using MATLAB. Take the sonar detector parameters currently used in Jintan, Jiangsu Province, China as an example, let the frequency of the acoustic wave be 500 KHz–4 MHz, the actual reflection coefficient 1, the root mean square of the inclination angle 0.4, 0.5, 0.6 and 0.7, the sound speed 1400 m/s, 1500 m/s, 1600 m/s and 1700 m/s, the emitted sound intensity 100 dB, and the variance of the unevenness of the rock wall 10–3. The calculation results of the effect of the effective reflection coefficient are shown in Figure 3.
[image: Figure 3]FIGURE 3 | Relationship between sound frequency and echo intensity at different sound speeds.
It can be seen from Figure 3 that when the sound speed was 1400 m/s, at the acoustic wave frequency of about 500 kHz, the effective reflection coefficient decreased with the increase of frequency; at a frequency between 500 kHz and 4 MHz, the effective reflection coefficient decreased with the root mean square of the inclination angle increasing; and at a frequency above 500 kHz, the increase of the acoustic wave frequency will not affect the effective reflection coefficient, indicating that when the acoustic wave frequency increases to a certain value, the reflected energy of the acoustic wave will not be affected by the frequency. It can be seen from Figures 4, 5 that the higher the sound speed, the greater the effective reflection coefficient, and the higher the sound intensity of the acoustic echo.
[image: Figure 4]FIGURE 4 | Physical images of insoluble particles in salt cavern gas storage with different diameters. (A) (<0.5 mm); (B) (0.5–1.0 mm); (C) (1.0–2.0 mm); (D) (2.0–3.0 mm).
[image: Figure 5]FIGURE 5 | Overall experimental platform and schematic diagram.
PHYSICAL PROPERTIES OF INSOLUBLE PARTICLES
The cavities in salt caverns are usually built by injection of fresh water and drainage of brine. This method will dissolve the soluble salt and other media in the cavities of the salt cavern, resulting in changes in the water-solid interface of the cavity. Generally speaking, brine contains large amount of soluble salts, which change in the vertical direction of the cavities (Jiang et al., 2014). Due to the high density of brine and its flowing, the brine often contains a large amount of insoluble particles, which leads to complexity and uncertainty in the propagationof acoustic waves in the medium, so it is necessary to study how the insoluble particles affect the attenuation characteristics of the acoustic waves in the brine medium.
When the diameter of the insoluble particles is small, the particles are usually cubic or spherical. When the particle diameter increases to a certain value, the shape of the particles gradually becomes irregular, often with a honeycomb structure. The larger the particle diameter is, the more obvious the honeycomb structure and the rougher the particle surfaces will be, and the stronger the scattering of acoustic waves will be (Shi, 2015). The actual physical forms of insoluble particles in a salt-cavern gas storage are shown in Figure 4 (Li et al., 2021).
It can be seen from Table 1 that the diameters of insoluble particles are mainly concentrated between 0.25 mm and 10 mm, and the particle porosity increases with the increase of the diameter.
TABLE 1 | Jintan insoluble particle distribution table.
[image: Table 1]In this paper, Jintan gas storage in Zhejiang was taken as the object, where the related parameters of insoluble particles were investigated and analyzed. The investigation results are shown in Table 1.
EXPERIMENTAL STUDY
Experimental setup and materials
In order to simulate the propagation process of acoustic waves in the complex environment of the salt-cavern gas storage, an experimental platform was built, as shown in Figure 5, which was used to drive the ultrasonic transducer to transmit and receive acoustic waves through the ultrasonic instrument. The acoustic data were obtained through external equipment. The experimental data were recorded, and finally processed. External heating equipment and foam were used to thermally insulate the container to ensure that the experimental temperature would not change near the set value, so as to study the changes in acoustic attenuation.
The measurement of the ultrasonic attenuation coefficient was obtained by calculating the relationship between the two ultrasonic wave amplitudes and the acoustic propagation distance according to the following formula:
[image: image]
where, [image: image] is the first acoustic wave amplitude (V); E the second acoustic wave amplitude (V); L the distance (m) from the ultrasonic transducer to the reflection wall, which is a fixed value; the two acoustic wave amplitudes can also be measured through experiments. With the above formula, the attenuation coefficient (V/m) of the acoustic wave can be calculated.
With Eq. 2, a 3D models with 4 different rough surfaces was established in the 3D software, as shown in Figure 6, and also 3D printed, as shown in Figure 7. The size of the experimental model was 100 mm × 100 mm × 17 mm. Since the roughness of the model surfaces cannot be accurately defined, the factor [image: image] was used in this paper to control the changes in the surface roughness.
[image: Figure 6]FIGURE 6 | 3D models of four different rough surfaces.
[image: Figure 7]FIGURE 7 | Four models of 3D printing.
As can be seen from Figures 6, 7, with [image: image] increasing, the surface of the model becomes smoother. In the actual environment, the acoustic wave reflection wall is almost a rough one. At present, the roughness cannot be defined by 3D modeling or accurate mathematical formulas. Therefore, in this paper, the fabricated salt-cavern acoustic reflection wall was only for qualitative research, and the 3D model was used to carry out the experiment of the rough acoustic reflection wall surface to study the general variation law of acoustic attenuation on the wall surfaces with different roughness.
According to the survey results in Table 1 above, the diameter of the insoluble particles ranges from 0.25 mm to 10 mm. In this experiment, spherical glass beads as shown in Figure 8 were used as the insoluble particles in the salt cavern, with a diameter of 1 mm, 1.5 mm and 2 mm. The related physical parameters of glass beads are shown in Table 2. As glass beads do not dissolve, whose physical parameters are close to the insoluble particles in a salt cavern, so they can be used as the substitutes in the experiment.
[image: Figure 8]FIGURE 8 | Insoluble particle diameter distribution.
TABLE 2 | Physical parameters related to glass beads.
[image: Table 2]Experimental research on wall roughness
In the experiment, pure water was used as the acoustic propagation medium, with a height of 160 mm, and the distances between the ultrasonic transducer and the reflecting walls were 145 mm, 117 mm, 127 mm, 127 mm, 129 mm, and 114 mm, respectively. The temperature of the solution was measured to be 30°C. According to the existing sold equipment parameters, the excitation voltage of the ultrasonic transducer 150 V, the sampling frequency 2 MHz, the RPF 2 KHz, and the signal gain set according to the specific conditions in the experiment. Mean filtering was performed on the received waveforms. The excitation frequencies of the ultrasonic transducer were 0.5 MHz, 1 MHz, 2 MHz, 3.1 MHz, 4 MHz and 5 MHz, and the obtained operating frequencies of the ultrasonic transducer 0.5 MHz, 1 MHz, 2 MHz, 3.1 MHz, 4 MHz and 5 MHz, respectively. The average of multiple measurements was taken, with the measurement results shown in Figure 9.
[image: Figure 9]FIGURE 9 | Variation of the acoustic attenuation coefficient with the roughness of the reflecting wall.
It can be seen from Figure 9 that the roughness of the reflective surface had a great effect on the acoustic attenuation coefficient, in which the acoustic frequency was the main influencing factor. As the roughness of the reflecting surface increased, the acoustic attenuation coefficient tended to increase. The acoustic attenuation coefficient of each reflecting wall differed greatly at 1 MHz, and less at 5 MHz. The experimental measurements were carried out on reflecting surfaces with different roughness using different acoustic frequencies. In the same medium environment, the acoustic attenuation coefficients measured at different acoustic frequencies were different. Specifically, the acoustic attenuation coefficient increased with the increase of the acoustic frequency, indicating that the roughness of the reflecting surface has a great impact on the acoustic attenuation coefficient.
Effect of insoluble particles on sound attenuation
Glass beads with a diameter of 0.1 mm, 0.15 mm, and 2 mm were placed in the container, and then stirred to make them evenly distributed on the bottom surface of the container. At the same time, the solution temperature was measured to make sure it was 30°C. After the solution temperature was stabilized and the glass beads evenly distributed, the experiment was carried out. The solution was sodium chloride solution with a mass fraction of 2%. In the same way, the parameters of the particles with other diameters were measured. The excitation voltage of the ultrasonic transducer was 150 V, the sampling frequency 2 MHz, and the RPF 2 KHz. The received waveforms were average filtered. The excitation frequency of the ultrasonic transducer was 0.5 MHz, 1 MHz, 2 MHz, 3.1 MHz, 4 MHz and 5 MHz, and the obtained operating frequencies of the ultrasonic transducers were 0.5 MHz, 1 MHz, 2 MHz, 3.1 MHz, 4 MHz, and 5 MHz. The heights of the ultrasonic transducers from the bottom of the containers were 145 mm, 117 mm, 127 mm, 127 mm, 129 mm, and 114 mm, respectively. The time and voltages of the echoes were measured multiple times and averaged, with the measurement results shown in Figure 10.
[image: Figure 10]FIGURE 10 | Variation of sound wave attenuation coefficient with diameter of insoluble matter.
It can be seen from Figure 10 that, after the particles were added, the acoustic attenuation coefficient increased significantly. At the same acoustic frequency, the larger the particle diameter, the stronger the acoustic scattering, and the larger the acoustic attenuation coefficient, indicating that the particle diameter has a positive correlation with the acoustic attenuation coefficient; with the same particle diameter, the higher the acoustic frequency, the greater the acoustic attenuation coefficient, indicating that the acoustic frequency and the particle diameter have obvious effects on the acoustic attenuation coefficient of the sodium chloride solution with the same concentration and temperature. When the acoustic frequency was high, the difference between the experimental result and the theoretical calculation was large. The reason is that in the acoustic attenuation experiment of insoluble particles, the particles were distributed on the bottom surface of the container because they were heavier than the solution, and accordingly, acoustic waves only came into contact with the particles at the bottom of the container and generated the scattering effect, while in the Urick model, the calculation of the scattering attenuation was carried out on the assumption that the particles were uniformly distributed in the solution, and that the acoustic waves interacted with the insoluble particles in the process of emission and reception and generated the scattering effect multiple times instead of generating it only at the bottom of the container.
CONCLUSION
This paper carried out theoretical analysis on the ultrasonic attenuation in the salt-cavern cavities, focusing on the effects of propagation distance, wall roughness, and insoluble particles on the acoustic attenuation, obtained the relationships between the acoustic frequency, sound speed and effective reflection coefficient, and theoretically verified the feasibility of ground simulation experiments. The main conclusions are as follows:
(1) At the same acoustic frequency, the larger the particle diameter, the stronger the acoustic scattering, and the larger the acoustic attenuation coefficient; the same particle diameter, the higher the acoustic frequency, the greater the acoustic attenuation coefficient.
(2) The roughness of the inner wall surfaces in the salt-cavern gas storage also has an effect on the acoustic attenuation. The inner wall surfaces are at the solid-liquid interface, where the acoustic impedance changes due to the change of the propagation medium; too much difference in acoustic impedance will cause serious attenuation of acoustic waves.
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