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Abstract: Ultrasonic baths and sonochemical reactors are widely used in industrial applications dealing with surface cleaning and chemical synthesis. The processes of erosion, cleaning and structuring of the surface can be typically controlled by changing relevant influential parameters. In particular, in this work, we experimentally investigate the effect of NaCl concentration (0–5.5 mol/L) on the erosion of an aluminum foil under ultrasonic exposure at a frequency of 28 kHz. Special attention is paid to the determination of cavitation zones and their visualization using heat maps. It is found that at low NaCl concentration (0.3 mol/L), the foil destruction rate is higher than in distilled water. At higher concentrations of salt, cavitation takes place mainly in the upper part of the container.
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1  Introduction

The behavior of vapor-gas bubbles in liquids under the influence of ultrasound has been studied for many decades [1–3]. As a rule, a change in the concentration of solutes (electrolytes and surfactants) significantly changes the dynamics of air bubbles in these systems. This directly affects surface tension, density, conductivity and zeta potential [4–7].

In [8], the effect of concentrations of the collector reagents sodium dodecyl sulfate (SDS) and sodium chloride (NaCl) on the size and stability of air bubbles generated by a homogenizer in a liquid solution was studied. It was found that when a relatively small amount of NaCl (0.001–0.01 mol/L) is added to the SDS solution, the average diameter of the bubbles decreases. By studying the zeta potential on the surface of the air bubbles, it was shown that NaCl allows for the creation of a denser bubble shell. The addition of an electrolyte reduces hydrophobicity and induces a repulsive hydration structure, thereby stabilizing the interface. In [9], the authors explained this phenomenon by stating that salt reduces the rate of mass transfer by decreasing the diffusion coefficients of gases. However, the authors note that when salt with concentrations ranging from 0.17 to 1.8 mol/L was added, the size of bubbles increases. Furthermore, as the concentration approaches the saturation point, the size of the bubbles decreases, and the effect observed at lower concentrations is also observed: the shell of the bubble stabilizes, inhibiting coalescence. In [10], the authors experimentally studied the effect of increasing the concentration of sodium chloride (approximately 0.1–0.5 mol/L) in an SDS solution. They found that this led to an increase in the average diameter of the bubbles in the liquid volume. This study also confirmed the results obtained by the authors of [9]. In the work of [4], the growth of bubbles was also observed, which was associated with an increase in surface tension as the concentration of NaCI (0.04–0.17 mol/L) in the solution increased. Thus, there are several studies that confirm that there are certain concentrations of NaCI, at which the diameter of the air bubbles decreases, and vice versa–at some salt concentrations, an opposite effect can be achieved–an increase in their average diameter. This phenomenon has not been well studied, as often intermediate values of salt concentration that affect the growth or shrinkage of bubbles are not within the range studied.

Under the influence of mechanical action, which contributes to a large pressure drop (for example centrifugal pumps, water turbines, and sonochemical reactors), a cavitation process can be observed in solutions. It leads to the collapse of bubbles by converting the surface energy of the bubble and the kinetic energy of the liquid movement into thermal and chemical energy [11]. To optimize technological processes, researchers have to look for ways to prevent cavitation, since the appearance of cavitation bubbles near the wall of the material often turns out to be undesirable [12,13]. Using the wall cavitation model, factors that can reduce it are considered, such as the intensity of vibrations of a solid surface, temperature and pressure in a liquid [13].

Ultrasonic vibrations can also lead to the appearance of cavitation bubbles, in which case we can talk about the occurrence of acoustic cavitation. Due to fluctuations in acoustic pressure, the process of bubble collapse can occur, which leads to erosion of the solid surface near the collapsing bubble [14,15]. This phenomenon in [16] is explained by the fact that near the solid boundary, the collapse of the bubbles is asymmetric and generates cavitation jets of liquid that destroy the surface of the material [17].

Various methods are used to determine cavitation activity zones. Thus, in the work [18], a chemical method was used based on the sonoluminescence process, which allows the registering areas of active cavitation by fixing luminescent bubbles. A number of other studies [19–21] have used a mechanical approach based on surface erosion. Aluminum foil often acts as such a surface; in this case it is customary to talk about using foil test. The foil test method allows to detect the places and areas of surface damage, and the depth of damage.

It was noted that cavitation damages appear in places of surface irregularities, and cavitation bubbles form clusters in places of already formed pits, contributing to an increase in the rate of surface degradation [22–24]. In this work, an alternative explanation for cavitation erosion of the foil is also proposed. According to the authors, the damage to the surface caused by microjets is insignificant in comparison to the degradation caused by the spherical collapse of microbubbles, which can be either already on the surface or formed during the “splashing” effect. After the microjet hits the surface of the aluminum foil [22], it spreads like a thin film inside the boundary layer; consequently, microbubbles are formed due to friction between the resting liquid and the moving fragments of the microjet.

When exposed to ultrasound, the addition of salt to the solution slightly increases the rate of formation of cavitation bubbles and, due to the inhibition of coalescence, they cluster in cavitation activity zones [15,25]. In the work [26], devoted to the study of cavitation erosion and corrosion of metals in NaCl solution, it was found that the presence of a high concentration salt accelerates the process of degradation of the surface of aluminum foil. This phenomenon is explained by the presence of chlorine ions, which destroy the passivating film on the aluminum surface. The combination of microjets directed towards a solid surface during the collapse of air bubbles and the presence of chlorine ions contribute to a faster erosion of the metal foil.

Due to the widespread use of seawater in various technological processes (such as the flotation process), it is necessary to investigate the impact of NaCl salt concentrations on the physical and chemical properties of this liquid. The high energy consumption of desalinating seawater makes it a significant factor in determining the optimal conditions for these processes. Mechanical, including ultrasonic, effects on seawater can lead to a concentration-dependent impact that may positively or negatively affect the outcome.

The purpose of this work is to determine the effect of NaCl concentration on the activity of cavitation events in a liquid under the action of ultrasound. As the literature review shows, the effect of ultrasonic exposure and NaCl concentration on the degradation of the solid surface of aluminum foil caused by the collapse of cavitation bubbles has not been sufficiently studied.

2  The Effect of NaCl in a Liquid on the Degradation of the Aluminum Foil Surface

2.1 Description of the Experimental Setup and Measurement Methodology

To study the activity of cavitation events in aqueous salt solutions under ultrasonic exposure, an experimental setup was used (Fig. 1). It included a cuvette (similar to those used in [27,28]) with internal dimensions of 103 × 102 × 190 mm3 (depth × width × height) (Fig. 1(2)), made of acrylic glass with a thickness of 3 mm.
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Figure 1: Experimental setup to determine cavitation activity areas in NaCl solutions: (1) an ultrasonic transducer; (2) an acrylic container; (3) a light source; (4) a camera

An ultrasonic oscillation source was installed on the lower face of the parallelepiped (Fig. 1(1)). It was based on a Langevin transducer with a frequency of f = 28 kHz and a power of P = 32 W. The transducer was mounted on a plate made of stainless steel with a thickness of 0.7 mm, in the shape of a disk with a diameter of 90 mm. The radiator was located at the bottom of the container in such a way that its center coincided with the center of the container.

The experiments used distilled water at room temperature Trt = 23°C, which was kept for at least a day in the immediate vicinity of the experimental site. The volume of the liquid under study was 1.75 L. The height of the liquid in this case was hliquid = 160 mm. The activity of cavitation events was studied using a modified [29] method based on the determination of the foil fracture rate and area (foil test) using heat maps.

To do this, a foil of a thickness of 10 μm was used, which was stretched over a frame made of PLA plastic 5 × 95 × 165 mm3 (depth × width × height). The area inside the frame, without taking into account the edges, was 90 × 160 mm2 (width × height). The surface of the aluminum foil was positioned perpendicular to the surface of the transducer, coaxially with its center. An IPS matrix was used as a source of contour light (Fig. 1(3)) with WLED illumination based on white LEDs with a pixel density of 33.47 px/mm2, the brightness of the matrix was 5 × 10−4 cd/mm2. The light source was located at a distance of 300 mm from the center of the container (Fig. 1(3)).

To register the areas of foil destruction, a Nikon d5400 digital camera with a Nikkor 50 mm f/1.8D AF lens was used, located at a distance of 350 mm from the center of the container (Fig. 1(4)). Interval shooting was performed with the following settings: ISO 100, shutter speed 1/10 s, f/5. Each experiment was conducted for 300 s. During the experiment, a set of 50 photos was obtained corresponding to the central section of the sonochemical reactor located at a distance of 50 mm from the side wall. An example of a photo obtained for distilled water can be seen in Fig. 2a.
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Figure 2: Experimental results for H2O: (a)-Experimental photo after t = 300 s of ultrasonic exposure, (b)-Heat map of the destroyed foil surface after t = 300 s of ultrasonic exposure, (c)-Dependence of the area of destruction of the foil surface in H2O on time

The photos obtained in the manner described above were processed using a Python program. The program downloads experimental photos, and then processes them, as a result of such manipulations, black-and-white images with clear boundaries of foil destruction are obtained. Then a two-dimensional array reflecting the intensity of light at each point is obtained from each photo. The size of the array corresponds to the resolution of the camera. After that, the matrix addition operation is applied using the NumPy library. A point with a higher numerical value means earlier destruction than a point with a lower value, and a zero value corresponds to the absence of foil destruction at this point. At the next stage of processing, a color is assigned to each point, the minimum value is assigned black, and the maximum is yellow. As a result of the processing, a heat map was obtained, the color scheme of which demonstrates the moment in time when the foil was destroyed.

Based on the first frame, the Initial line area was recorded in the absence of impact bonds. The mechanism of erosion of a solid surface involves the formation of a cavitation jet when a bubble implodes. In this process, the direction of the cavitation jet propagation depends on the properties of the surface it encounters [2]. When the ultrasonic source is activated, the aluminum foil is gradually damaged. After that, the total area of the eroded surface (Damaged line area) was determined for each of the images, and based on the processing, the relative area of destruction of the foil at a given time was calculated according to the formula proposed in [30]:


PD(%)= Damaged line areaInitial line area⋅100% 
(1)

where PD is the damage area pattern.

2.2 Results of Experiments with Surface Degradation

2.2.1 Experiments with Distilled Water

Fig. 2a shows a photograph of a vertical slice obtained in experiments with distilled water after 300 s exposure to ultrasound. It is known that under the action of ultrasonic radiation, the foil surface degrades in the cavitation activity zones located in the antinodes of the standing ultrasonic wave [1,21]. At the same time, the number of cavitation activity zones, as well as the rate of destruction of the foil, depending on the liquid level hliquid. In the case of an odd multiplicity of a quarter of the wavelength (
hliquid = (2n + 1) ⋅ λ/4
) a resonant. case occurs, characterized by a greater amplitude of sound pressure oscillations [31]. The length of the acoustic wave in the experiment can be estimated using the equation 
λ = c/f ≈ 50 mm
, where c is the speed of sound in distilled water (1.481 × 106 mm/s at 20°C), and f is the frequency of ultrasonic oscillations (28 kHz). The height of the liquid layer used in the experiment was hliquid = 160 mm, that is, at a wavelength of λ = 50 mm, 3.2 waves. In Fig. 2a, six destruction zones are seen corresponding to the antinodes of the sound wave. A similar pattern of destruction one can see in a number of works by [29,32,33].

On the heat map for distilled water (Figs. 2b, 3a), it can be seen that when the ultrasound is turned on, two areas of active destruction appear, located in the upper part of the slice near the water-air interface, the growth of these zones slows down after 100 s of the experiment. An area of destruction also begins to form near the ultrasonic source, which is a semicircle, where active destruction is further observed. This shape of the fracture region is caused by the formation of spherical waves in the volume of the liquid. In the middle of the sonochemical reactor, the formation of two cavitation activity zones parallel to the ultrasonic source is observed.
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Figure 3: Heat maps illustrating cavitation activity zones in solutions for different salt concentrations: (a)-H2O; (b)-0.3 mol/L NaCl; (c)-0.6 mol/L NaCl; (d)-1.0 mol/L NaCl; (e)-1.5 mol NaCl; (f)-3.0 mol/L NaCl; (g)-5.5 mol/L NaCl

In Fig. 2c, the dependence of the relative area of the destroyed foil surface (pattern damage area) PD on time is presented. As can be seen, during the experiment with a duration of 300 s, the relative area of the destroyed foil in distilled water was 19%. Based on the graph, it can be concluded that the rate of destruction of the foil in the time interval of 0–120 s turns out to be less than the rate in the time interval of 120–300 s.

2.2.2 Experiments with Aqueous Solutions of NaCl Salt

Experiments, similar to those described above, were carried out with NaCl solutions of different concentrations. In Figs. 3b–3g, thermal maps of the destroyed foil surface are shown (Figs. 3 and 4) after t = 300 s of ultrasonic exposure, obtained for different salt concentrations. For comparison, the heat map obtained for distilled water in the absence of salt is presented in Fig. 3a.
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Figure 4: The temporal dynamics of destruction of the foil surface for: (a)-H2O; 0.3 mol/L NaCl; (b)-0.6 mol/L NaCl; 1.0 mol/L NaCl; 1.5 mol/L NaCl; 3.0 mol/L NaCl; 5.5 mol/L NaCl

As can be seen from the comparison of Figs. 3a and 3b, at a low salt concentration C1 = 0.3 mol/L, the location of the cavitation activity zones qualitatively coincides with their location in clean water, but the zones themselves become more extended in the horizontal direction. In all zones, with the exception of the upper one, the foil begins to break down later than in distilled water, which shows a purple color on heat maps. The upper zone, as in the case of distilled water, begins to collapse first, but in the presence of salt its area is much larger. The active destruction of this zone immediately after the start of the experiment occurs due to the interference of waves emitted by the ultrasonic source and reflected from the interface of the media. The more intense destruction of the foil surface near the interface when salt is added is due to the fact that the density of the solution and the speed of sound (1.498 × 106 mm/s at 0.3 mol/L) increase [34].

With an increase in the amount of salt in a liquid, its surface tension increases and the number of gases dissolved in it also changes. This causes an increase in areas where cavitation bubbles may occur [15]. However, in such solutions, the bubbles are unstable and therefore cannot reach a resonant size, leading to the destruction of the surface of the foil. It has been found in [35] that in some cases, bubbles become more stable near solid surfaces or interfaces. This can be seen in Figs. 3c–3f, where it is clear that when a certain concentration of salt is reached, there is no damage to the center of the sample, but erosion occurs more around the edges. Only one zone appears in the upper part of the container-this is due to the above-mentioned phenomenon as well as the increase in popping bubbles that eventually reach a resonant size. The interference of ultrasonic waves also plays a role, particularly near the interface between the two liquids. The combination of these factors results in the fact that the zone of cavitation is more pronounced in this area.

When approaching the saturation concentration of C6 = 5.5 mol/L, a pattern of destruction occurs (Fig. 3g), symmetrical with respect to the central part of the slice. The areas are colored purple, therefore, in this case, foil erosion begins to occur much later: destruction in the upper part of the reactor at a given concentration begins after 200 s, while at low salt concentrations, destruction was already recorded at 15 s. The reason for this may also be the presence of a large number of NaCl, which make it difficult for the formation of collapsing bubbles near the surface, may be observed.

The rate of destruction of the foil also depends on the salt concentration. At a low concentration of C1, erosion occurs faster at the initial stage of the experiment than in distilled water. However, after 300 s, the area of the destroyed surface turns out to be comparable to PD in distilled water; at C1, the curve bend changes, and the dependence takes on an almost linear character.

At a salt concentration of C2 = 0.6 mol/L, the most rapid destruction of the foil occurs during the first 60 s, however, at the end of the experiment, the area of the destroyed surface turns out to be the same as the area in the cases of C3 = 1 mol/L, C5 = 3.0 mol/L. At a concentration of C6 close to saturation, the curve of the PD (t) curve changes: erosion begins to occur at a later stage of the experiment, which is confirmed by heat maps.

As shown by experiments using ultrasound, with an increase in the concentration of NaCl in a liquid, a change in the shape, the area of the destroyed foil surface and the number of cavitation activity zones occurs, caused by changes in the density of the liquid, the speed of sound and, accordingly, the impedance. In addition, a zone of active destruction occurs in the upper part of the reactor, caused by interference of ultrasonic waves near the interface of media.

3  Conclusion

As a result of experimental studies conducted using the foil test method, heat maps and dependences of the fracture area on the time of exposure to ultrasound at various concentrations of NaCl (0.0–5.5 mol/L) are obtained. It is revealed that with an increase in salt concentration, the structure of the activity zones of cavitation events in the volume of liquid under ultrasonic exposure changes.

In distilled water, under the conditions considered, six active cavitation zones arise, in which the degradation of the aluminum foil surface occurs most intensively. These zones, depending on their location, have different shapes. The zone located near the ultrasound source has a semicircular shape, which is due to the formation of spherical ultrasound waves. In a solution with a low salt concentration (0.3 mol/L), the number and location of the zones coincide with those found in distilled water. However, a pronounced zone appears near the interface due to wave interference. This is also observed when the salt concentration is increased. Experiments lasting 300 s showed that the area of damage to the pattern decreased with the addition of sodium chloride salt. However, the rate of aluminum foil destruction at the initial stage of the experiment (0–100 s) increases monotonically with increasing salt concentration at concentrations of 0.3–3.0 mol/L. When the concentration reaches a value close to saturation (5.5 mol/L), erosion of the foil begins after 200 s of exposure. In this instance, three cavitation activity zones form, symmetrical about the center of the vertical section.

The research results can be used to optimize production processes using seawater. They can also be useful for intensifying the flotation process using ultrasound.
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