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Abstract

:

Microbubbles, which are tiny bubbles with a diameter of less than 100 µm, have been attracting attention in recent years. Conventional methods of microbubble generation using porous material and swirling flows have problems such as large equipment size and non-uniform bubble generation. Therefore, we have been developing a hollow ultrasonic horn with an internal flow path as a microbubble-generating device. By supplying gas and ultrasonic waves simultaneously, the gas–liquid interface is violently disturbed to generate microbubbles. Although this device can generate microbubbles even in highly viscous fluids and high-temperature fluids such as molten metals, it has the problem of generating many relatively large bubbles of 1 mm or more. Since the generation of a large amount of microbubbles in a short period of time is required to realize actual applications in agriculture, aquaculture, and medicine, conventional research has tried to solve this problem by increasing the amplitude of the ultrasonic oscillation. However, it is difficult to further increase the amplitude due to the structural reasons of the horn and the behavior of bubbles at the horn tip; therefore, the oscillating area of the tip of the horn, which had not received attention before, was enlarged by a factor of 2.94 times to facilitate the ultrasonic wave transmission to the bubbles, and the effect of this was investigated. As a result, a large number of gases were miniaturized, especially at high gas flow rates, leading to an increase in the amount of microbubbles generated.
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1. Introduction


Microbubbles, which are tiny bubbles with a diameter of less than 100 µm, have been attracting attention in recent years. Microbubbles have various properties that are different from bubbles with a diameter of 1 mm or more, such as a large surface area per unit volume, slow floating velocity, and high pressure inside bubbles, and these properties are being utilized in various fields such as agriculture, aquaculture, medicine, and biochemical processes [1,2]. There are many methods for generating microbubbles [3], and the following two methods have been the most common: the first is to supply gas into a porous material to generate microbubbles [4], and the second is to use the shear force of a swirling flow to miniaturize the supplied gas and generate microbubbles [5]. However, when generated through a porous material, the bubble diameter increases to several millimeters due to surface tension. In addition, the method of generation using shear force requires a pump to circulate the liquid, which increases the size of the equipment. Therefore, it was necessary to develop a simple device that could generate uniform bubbles.



Makuta et al. developed a device called a hollow ultrasonic horn which has a flow path for supplying gas and can be highly oscillated to generate microbubbles [6]. This simple device can be applied to highly viscous fluids and high-temperature fluids such as molten metals. However, this horn cannot fully disturb the gas–liquid interface, especially at a high gas flow rate, and there are many large bubbles due to insufficient miniaturization of the supplied gas. To solve this problem, conventional research has increased the amplitude of ultrasonic oscillation by narrowing the horn tip to increase the disturbance at the gas–liquid interface [7]. However, considering that the tip diameter of the horn is 10 mm, the hole diameter through which the gas passes is 6 mm, and commercially available ultrasonic transducers connected to the root of the horn generally have an outer diameter of 15 mm to 60 mm, of which this study uses a relatively large 55 mm diameter transducer, it is difficult to increase the amplitude by further narrowing the tip diameter. In addition, the conventional horn with a small tip area causes many of the supplied gases to rise to the water surface undisturbed at high flow rates. Therefore, in order to increase the amount of microbubbles generated, the area of both the root and tip of the horn was increased to promote ultrasonic transmission to a large number of gases while maintaining a certain amplitude, and the effect on microbubble generation was investigated.




2. Experimental Apparatus and Evaluation Methods


2.1. Experimental Apparatus


A hollow ultrasonic horn is an apparatus for transmitting and amplifying ultrasonic waves, and a separate device that generates ultrasonic waves is needed to operate this device. Therefore, in this study, we used an ultrasonic generator (6271, Kaijo Corporation, Tokyo, Japan) that generates a 19.5 ± 0.5 kHz sinusoidal electric signal and an ultrasonic transducer (6281A, Kaijo Corporation, Tokyo, Japan) that converts the electric signal into oscillation and generates ultrasonic waves. In addition, a gas cylinder was used to supply the gas and a flow meter (RK-1250, KOFLOC Corp., Kyoto, Japan) was used to control the flow of the gas. The configuration of this experimental apparatus is shown in Figure 1. The hollow ultrasonic horn shown in Figure 2 is made of a titanium alloy (Ti-6AL-4V) in terms of oscillation resistance, oscillation loss, and heat resistance [8,9]. The total length of the horn is designed to be half the wavelength of the ultrasonic wave as it passes through the material, and the horn tip is positioned at the belly of the oscillation to obtain the maximum amplitude [10]. The horn is an amplifier with an internal gas supply channel, and the smaller the cross-sectional area, the more the ultrasonic oscillation is amplified.



Microbubbles are generated by the hollow ultrasonic horn in the following steps.



	(1)

	
Insert the tip of the hollow ultrasonic horn into the liquid.




	(2)

	
Supply gas to the gas supply port to form a gas–liquid interface at the tip of the horn.




	(3)

	
By ultrasonic oscillation of the horn tip, the surface waves formed at the gas–liquid interface are separated and miniaturized to generate microbubbles.







While the hollow ultrasonic horn, as shown in Figure 2 (maximum amplitude is 44 µm), can generate microbubbles by itself, we connected an additional horn, as shown in Figure 3, to increase the amplitude of the horn for improving the stability of the microbubble generation. The large-diameter side of the horn in Figure 3a has a diameter of 20 mm and the small-diameter side has a diameter of 10 mm. Figure 3b shows a horn with a reduced maximum amplitude but with an increased tip area compared toFigure 3a. The large-diameter side of the horn has a diameter of 25 mm, while the small-diameter side has a diameter of 15 mm. The horn in Figure 3a has a tip oscillating area of 50.3 mm2, while the horn in Figure 3b has a tip oscillating area of 148 mm2, which is an increase of 2.94 times. Both gas outlets are uniformly 6 mm in diameter.



In this study, the four cases shown in Table 1 were evaluated in terms of the microbubble generation behavior, the amount of microbubbles generated as a dissolved oxygen concentration, the overall mass transfer coefficient KLa, and the bubble diameter distribution. Case 1 uses the horn shown in Figure 3a with an oscillating area of 50.3 mm2 and an amplitude of 93 µm. The ultrasonic generator is equipped with a dial indicated from 0 to 11 (maximum input power is 53 W), which can be turned to adjust the oscillation displacement in proportion to the power input to the transducer. Case 2 uses the horn shown in Figure 3b with an oscillating area of 50.3 mm2 and adjusts the amplitude to 93 µm to set the condition of 2.94 times the tip oscillating area compared to Case 1. Case 3 uses the horn shown in Figure 3a with a maximum amplitude of 274 µm, which is a condition of 2.94 times the amplitude compared to Case 1. Case 4 was tested with the horn shown in Figure 3b with a maximum amplitude of 162 µm. The liquid used in the three experiments was room temperature ultrapure water (maximum purity of 17 MΩ) produced by an ultrapure water production equipment (RFD380-PaiS, Environmental Technology Service Co., Ltd., Wakayama, Japan). Three gas flow rates of 100, 500, and 1000 mL/min were used for each experiment.




2.2. Evaluation Methods


Since microbubbles are generated by the separation of surface waves at the gas–liquid interface, the amount of microbubbles generated is considered to vary depending on the strength of the disturbance at the interface. Therefore, the oscillation amplitudes were measured from images taken with a high-speed camera (FASTCAM SA1.1, PHOTRON LIMITED, Tokyo, Japan) and a 20× magnification lens (M Plan Apo SL 20×, Mitutoyo Corporation, Kanagawa, Japan) at a frame rate of 10,000 frames per second and a shutter speed of 1/102,000 s. A fixed point was placed on the image of the horn tip, and the amplitude was calculated by examining the displacement of the fixed point.



The same high-speed camera was used for the microbubble generation behavior, with a 2× magnification lens (M Plan Apo 2×, Mitutoyo Corporation, Kanagawa, Japan), a frame rate of 10,000 frames per second, and a shutter speed of 1/102,000 s. At high gas flow rates, the generation of large bubbles increases, and it becomes difficult to see the microscopic features caused by disturbances at the gas–liquid interface. Therefore, we observed the microbubble generation behavior only at a flow rate of 100 mL/min, because image comparison would be difficult at higher gas flow rates.



The microbubble generation method used in this study is high-speed, and it is difficult to directly measure the amount of microbubbles generated due to the temporal variation in bubble diameters caused by ultrasonic pressure and decompression, and the susceptibility of bubbles to coalescence and aggregation. Therefore, taking advantage of the property that microbubbles dissolve easily in liquids, we generated microbubbles using oxygen as a gas supply and evaluated the amount of microbubbles generated by measuring the dissolved oxygen concentration in the water. In short, the higher the amount of microbubbles generated, the faster the increase in dissolved oxygen concentration. The amount of microbubbles generated was also evaluated by calculating the overall mass transfer coefficient KLa [s−1] using the dissolved oxygen concentration results. As the amount of microbubbles generated increased, assuming KL was constant, the value of the overall mass transfer coefficient KLa also increased due to the increase in surface area per unit volume a, which is a characteristic of microbubbles. In other words, the magnitude of generation can be evaluated by the size of the value of KLa.


       dDO   /  dt =   K   L   a     DO   S   − DO   −   K   d   DO    



(1)




where DO is dissolved oxygen concentration [mg/L], t is time [s], KL is mass transfer coefficient [m/s], a is surface area per unit volume [m2/m3], DOS is saturated dissolved oxygen concentration [mg/L], and Kd is degassing coefficient [s−1]. KLa and Kd are calculated by curve fitting Equation (1) using the least-squares method. The first half of Equation (1), except for KdDO, is a model equation for mass transfer when a gas dissolves into a liquid [11]. When ultrasonic waves are applied to water, the attraction between bubbles, called “Bjerknes force” [12,13], causes them to merge and increase in size, which increases their floating velocity and induces a large degassing effect on each other. In consideration of the amount of degassing, a degassing coefficient Kd was introduced into Equation (1). The DOS in Equation (1) was calculated by Weiss’s equation [14] and expressed as follows:


       DO   S   = EXP   − 173.4292    +  249.6339 ×      100   T  + 273.15      + 143.3483 ×   ln  ⁡      T  + 273.15    100             − 21.8492 ×          T + 273.15   100       × 1.429 ×   100   21       



(2)




where T is the water temperature [°C].



The experimental apparatus used to measure the dissolved oxygen concentration is shown in Figure 4. A horn tip was inserted 13 mm from the top of a water tank (80 mm × 80 mm × 700 mm) filled with 3.7 L of ultrapure water to generate oxygen microbubbles. A dissolved oxygen analyzer (Seven2Go S4, Mettler-Toledo International Inc., Greifensee, Switzerland) was placed 10 mm above the bottom of the tank. To clarify the increase in dissolved oxygen concentration due to microbubble generation, a gear pump (WWB-09121A, ZHEJIANG SHIYUAN TECHNOLOGY CO., LTD., Zhejiang, China) was used to generate a downward flow with an average velocity of 6.1 mm/s, which corresponds to the flotation velocity of a 100 µm bubble in still water.



A laser diffraction particle size analyzer (LMS-2000e, SEISHIN ENTERPRISE CO., Ltd., Tokyo, Japan) was used to measure the bubble diameter. The principle of this method is to irradiate a group of particles with laser light and calculate the particle size distribution from the intensity distribution pattern of the diffracted and scattered light emitted from the irradiated particles. The experimental system is similar to that used to measure dissolved oxygen concentration, in that microbubbles pass through the measurement device before passing through the pump. Microbubbles are easily dissolved in liquid, and it is difficult to accurately measure the actual diameter of the bubbles immediately after they are generated because a large amount of gas is dissolved from their generation at the top of the water tank to their measurement at the bottom of the water tank. Therefore, sulfur hexafluoride was used as the feed gas. The solubility of sulfur hexafluoride was 0.27 mmol/L at 20 °C, approximately five times lower than that of oxygen (1.289 mmol/L) [15].





3. Experimental Results and Discussion


3.1. Generation Behavior of Microbubbles in Water


Figure 5 shows images of the microbubble generation behavior in water for Cases 1 to 4 respectively. In Case 1 (Default condition), the gas–liquid interface formed at the exit of the horn tip collapsed due to ultrasonic pressure fluctuations, but the bubbles were not sufficiently miniaturized and were released in the form of large bubbles. Case 2, in which the tip area was increased by a factor of 2.94, was similar to Case 1, and although disturbances of the gas–liquid interface were observed, they did not result in the generation of many microbubbles. The increase in the tip area causes the ultrasonic waves to be transmitted to the bubbles over a larger area; however, it is difficult for the bubbles to separate the bubbles from the surface waves due to the small amplitude, and the generation of large bubbles is considered to be more dominant. In Case 3, where the amplitude was increased by a factor of 2.94, unlike Cases 1 and 2, the amount of microbubbles generated increased significantly. The increase in amplitude is thought to have caused a more intense disturbance at the gas–liquid interface, which promoted the separation of bubbles from the surface waves and their subsequent miniaturization. In Case 4, microbubbles appear to be generated over a larger area than in Case 3 due to the increased tip area. The microbubble generation over a wider area prevents bubbles from coalescing or agglomerating, and this is expected to be more pronounced when the flow rate is further increased. In fact, Jiro et al. reported that the attractive nature of the “Bjerknes force” acting between bubbles depends on the diameter of the bubbles and the distance between them [16]. The increase in the tip area also makes it easier for gases that have coalesced or agglomerated to touch the horn tip again when they rise to the surface, and it is possible that the ultrasonic oscillation may cause them to miniaturize again. Also, although the amplitude is smaller than in Case 3, the gas–liquid interface is sufficiently disturbed, leading to miniaturization.




3.2. Evaluation of Microbubble Generation Yield by Dissolved Oxygen Concentration


Figure 6, Figure 7 and Figure 8 show the time variation of dissolved oxygen concentration at gas flow rates of 100, 500, and 1000 mL/min, respectively. The vertical axis represents the dissolved oxygen concentration and the horizontal axis represents the elapsed time after the start of bubbling into the water. It can be seen that the dissolved oxygen concentration increased faster in Case 4, Case 3, Case 2, and Case 1, in that order, for all flow rates. Comparing Case 1 and Case 2, it can be seen that there is no significant difference in the rate of increase in dissolved oxygen concentration at all flow rates. This is thought to be due to the low amplitude and insufficient pressure fluctuation required for miniaturization, even though the tip area is 2.94 times larger, as shown in the image in Figure 5. The rate of increase in dissolved oxygen concentration in Case 1 is lower than in the other Cases, but the final concentration at flow rates of 500 and 1000 mL/min is higher than in the other Cases. This is thought to be related to the water temperature. Table 2 shows the results for the temperature at the end of the dissolved oxygen concentration measurement. In Case 1, the oscillation amplitude was smaller than in the other Cases, and the surface area of the horn oscillating in the water was also smaller, resulting in less heat generation due to friction with the water, which is believed to have suppressed the increase in water temperature. This is believed to have facilitated the dissolution of the oxygen microbubbles, resulting in a higher final concentration.



Figure 9 shows the overall mass transfer coefficient KLa at each flow rate calculated from the dissolved oxygen concentration measurement results. The values for Case 1 and Case 2 were similar at all flow rates and were lower than those for Cases 3 and 4. Comparing Cases 3 and 4, there is no significant difference at low flow rates of 100 mL/min. On the other hand, at a flow rate of 1000 mL/min, the values were 0.0064 s−1 and 0.0090 s−1, respectively, which were 2.15 and 3.03 times higher than those of Case 1, 0.0030 s−1. Since higher KLa values imply more microbubble generation, it can be seen that Case 4, which increased both area and amplitude, generated the most microbubbles, especially at high flow rates. These results confirm that at high flow rates, increasing the tip area is effective in generating microbubbles while maintaining the amplitude required for gas–liquid interface disturbance and surface wave separation. At high flow rates, the velocity of the gas passing through the horn increases, and the rate of formation of the gas–liquid interface also increases. If the tip area is small, gases overflowing outside the horn tip surface become large bubbles that quickly rise to the surface due to buoyancy. By increasing the tip area, the gas–liquid interface remains at the tip of the horn, resulting in the miniaturization of many gases and the further miniaturization of microbubbles separated from the surface waves via extensive ultrasonic transmission.




3.3. Diameter Distribution of Microbubble


Figure 10, Figure 11 and Figure 12 show the results of the bubble diameter distribution at flow rates of 100, 500, and 1000 mL/min, respectively. At a flow rate of 100 mL/min, the peaks in Case 3 and Case 4 are slightly to the left, and at a flow rate of 1000 mL/min, the peak in Case 3 is slightly to the left. However, there is no significant difference in the distributions for any of the cases. Table 3 shows the mean number diameter for each Case. In Case 3, where the amplitude is 2.94 times larger, the mean bubble diameter is slightly smaller than in the other cases at all flow rates. This is thought to be due to the fact that the larger oscillation amplitude results in a greater acoustic downward stream when generating microbubbles, which reach the bottom of the water tank faster, thus preventing coalescence and agglomeration caused by ultrasound, resulting in the original bubble diameter values. Makuta et al. reported that the size of bubbles generated by a hollow ultrasonic horn is affected by the frequency of the ultrasonic waves used, the surface tension coefficient, and the density of the liquid [6]. Therefore, increasing the tip area and amplitude is not expected to affect the bubble size.





4. Practical Application and Future Trends


The major achievement of this study is the discovery of the effect of the oscillating area of the hollow ultrasonic horn on microbubble generation, which has not been the focus of attention until now. We believe that microbubbles can be applied to a wide range of industries, including agriculture, fisheries, and medicine, because of their unique characteristics, and we believe that the findings of this study can be applied there. However, the advantage of the hollow ultrasonic horn is blowing gas into high temperature and highly viscous fluids, and we expect further practical applications through the generation of large amounts of microbubbles in fields such as the generation of ozone microbubbles [17] and porous metal generation [18].



In order to further extend this research and apply it to practical applications, we believe that this study can be further extended by combining several techniques, such as changing the shape of the hole at the tip and multidirectional compound oscillation. The results of this study also suggest that increasing the oscillating area has a positive effect on microbubble generation even if the amplitude is suppressed, so further optimization of the hollow ultrasonic horn and the shape of the connecting horn can be expected to improve the generation at higher flow rates.



The use of horns under prolonged and high amplitude conditions, such as dissolved oxygen concentration, is also an issue to be addressed in the future due to the effects of erosion and less durability. In this regard, simulation analysis is essential, including the reduction in development cost and development time. The phenomenon of blowing microbubbles into a liquid is a gas–liquid two-phase flow, and a theoretical model has been constructed [19,20,21]. Once the horn is fabricated, the oscillating area cannot be changed, but simulation allows for quick optimization, which will bring us closer to the expansion and application of this research.




5. Conclusions


In this study, the tip area of a hollow ultrasonic horn, a microbubble generator, was increased and combined with a conventional horn to compare four conditions, namely small area low amplitude, large area low amplitude, small area high amplitude, and large area high amplitude, to investigate the effect of the increased tip area on microbubble generation. The results are as follows.




	
Increasing the oscillation amplitude is necessary for stable microbubble generation, and increasing the tip area at an oscillation amplitude slightly above the threshold for microbubble generation has little effect.



	
For microbubble generation at high gas flow rates, the amount of microbubbles generated can be significantly increased by increasing the tip area while keeping the oscillation amplitude sufficiently larger than the threshold value.



	
Both oscillation amplitude and tip area have little effect on the bubble diameter distribution.
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Figure 1. Device configuration for microbubble generation. 
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Figure 2. Configuration of hollow ultrasonic horn. 
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Figure 3. Configuration of hollow ultrasonic horn connected to the horn tip in Figure 2. (a) Amplitude enhanced horn; (b) balanced-type horn. 
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Figure 4. Experimental apparatus used to measure the dissolved oxygen concentration. 
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Figure 5. Microbubble generation behavior in different Cases: Case 1 (Default), Case 2 (Large Area), Case 3 (High Amplitude), and Case 4 (Large Area, High Amplitude). 






Figure 5. Microbubble generation behavior in different Cases: Case 1 (Default), Case 2 (Large Area), Case 3 (High Amplitude), and Case 4 (Large Area, High Amplitude).



[image: Technologies 12 00074 g005]







[image: Technologies 12 00074 g006] 





Figure 6. Dissolved oxygen concentration at the flow rate of 100 mL/min. 
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Figure 7. Dissolved oxygen concentration at the flow rate of 500 mL/min. 
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Figure 8. Dissolved oxygen concentration at the flow rate of 1000 mL/min. 
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Figure 9. The overall mass transfer coefficient (KLa). 
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Figure 10. Bubble diameter distribution at the flow rate of 100 mL/min. 
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Figure 11. Bubble diameter distribution at the flow rate of 500 mL/min. 
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Figure 12. Bubble diameter distribution at the flow rate of 1000 mL/min. 
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Table 1. Experimental conditions.
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	Case
	Horn Type
	Oscillating Area
	Amplitude





	1 (Default)
	(a)
	50.3 mm2
	93 µm



	2 (Large Area)
	(b)
	148 mm2
	93 µm



	3 (High Amplitude)
	(a)
	50.3 mm2
	274 µm



	4 (Large area, High Amplitude)
	(b)
	148 mm2
	162 µm










 





Table 2. Temperature at the end of dissolved oxygen concentration for each Case.
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	End Temperature [°C]
	Case 1
	Case 2
	Case 3
	Case 4





	100 mL/min
	11.6
	13.0
	14.7
	14.8



	500 mL/min
	11.6
	13.2
	17.7
	15.6



	1000 mL/min
	11.0
	13.2
	14.6
	15.0










 





Table 3. The mean number diameter for each Case.






Table 3. The mean number diameter for each Case.





	Case
	100 mL/Min
	500 mL/Min
	1000 mL/Min





	1 (Default)
	39.7 [µm]
	41.6 [µm]
	42.9 [µm]



	2 (Large Area)
	41.2 [µm]
	40.7 [µm]
	41.9 [µm]



	3 (High Amplitude)
	34.7 [µm]
	34.6 [µm]
	33.4 [µm]



	4 (Large Area, High Amplitude)
	34.0 [µm]
	37.3 [µm]
	36.4 [µm]
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