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    FOREWORD I




    


    


    


    


    


  




  

    Energy security is a major present-day global issue. As fossil fuel sources are drying up, there is an urgent need to explore alternate sources of energy. Climate change risk due to GHG emissions and global warming is also a global challenge. Green fuels in gaseous and liquid forms offer a simultaneous solution to both problems of energy security and climate change. Alcoholic biofuels such as bioethanol or biobutanol and biodiesel have emerged as potential green liquid transportation fuels. Gaseous biofuels of biogas and biohydrogen can substitute the conventional CNG in vehicles. Blending of petroleum fuels with liquid biofuels is being practised in several developed and developing economies. In addition to achieving a carbon-neutral fuel, this technique can also reduce the economic burden of oil import in developing countries like India. Despite voluminous research and literature in the areas of green fuels, extensive commercial implementation has not been achieved. Major causes leading to these effects are the high cost of substrates, and production techniques that are energy-intensive and lengthy. Intensification of the production processes is a possible solution for these issues. Ultrasound and cavitation have emerged as effective techniques for the intensification of numerous physical, chemical and biological processes. The application of ultrasound and cavitation in fuel processing has also been a research-intensive area. Essentially, ultrasound and cavitation are new techniques for introducing energy into the processing system. These techniques make energies available on extremely small spatial and temporal scales. Marked enhancement in process kinetics, yield, and efficiency has been observed with the application of ultrasound.




    Ultrasound Technology for Fuel Processing is an attempt to bring out the state-of-the-art status of ultrasound-assisted and enhanced fuel processes – with special emphasis on green fuels. The authors of this monograph have touched upon almost all aspects – from fundamental to applied – of ultrasound-assisted fuel processing. Starting with the basic principles of ultrasound and cavitation, the authors have included distinct chapters on biohydrogen, biomass pretreatment, solid waste treatment, 2G/3G liquid fuels from biomass, microbes and microalgae. Other topics such as biodesulfurization, biofuel synthesis with hydrodynamic cavitation, enhanced oil recovery and crude oil upgradation have also been explicitly covered through individual chapters.




    I am absolutely sure that a comprehensive collection of expertise from diverse facets of fuel processing in this monograph will be a versatile single source of information to the students and researchers of the multidisciplinary fraternity of biorefineries and chemical/petrochemical engineering. In recent years, many books and monographs have been published in the area of ultrasound, cavitation, sonochemistry, and ultrasound-assisted processes. However, this monograph is perhaps the first of its kind that exclusively addresses applications of ultrasound and cavitation for fuel processing. This monograph could also be a good reference book for undergraduate/graduate level courses on process engineering and intensification.




    I have known the editor of this monograph, Dr. Sankar Chakma, for many years since he joined the Indian Institute of Technology Guwahati as an M. Tech. student. I heartily commend him on his efforts in collating and compiling expertise on ultrasound-assisted fuel processing and presenting it in a methodical and articulate manner. I feel convinced that this monograph will prove to be a valuable and lasting contribution to the area of fuel processing.




    

      Vijayanand Suryakant Moholkar


      Department of Chemical Engineering


      Indian Institute of Technology Guwahati


      Guwahati - 781 039, Assam, India


    




    

      FOREWORD II




      I have known the author Sankar Chakma since his doctoral program and I am well familiar with his interests in the field of ultrasound and cavitationally induced transformations. He developed a keen interest in sonochemistry and cavitation during his early stage of research in the subject and used to frequently interact with me personally and professionally. Sankar has made a significant contribution to the understanding of the mechanism of ultrasound-based advanced oxidation processes (AOPs) and reactions such as transesterification for biofuel synthesis. He has extensively investigated the mechanisms of sono-hybrid processes coupling with the numerical simulation of bubble dynamics. He has made a crucial contribution to the understanding of the basic mechanics of sono-hybrid processes for mineralization of emerging pollutants with the identification of links between chemistry and physics which has resulted in a major process intensification.




      I am indeed honoured to write a foreword to this book “Ultrasound Technology for Fuel Processing” edited by Sankar Chakma. I have gone through the contents of the book's chapters and have observed that the chapters are organized in a logical sequence, in terms of topics covered in the book and the methodological approach when ultrasound is used in fuel synthesis and processing. The area of ultrasound and cavitation has been hugely exploited in the field of synthesis of alternative fuels and renewable fuel options such as biofuels (in the form of bioethanol, biohydrogen, biodiesel, etc.). The up-gradation of fuels as well as enhanced oil recovery from the non-producing crude oil wells by sending sound waves through the various zones in the natural reservoirs which essentially reduce the effects of boundary layers in oil-water system and also between the oil and solid surface of the pores has been a well-studied area and has shown huge potential. This book will provide all the necessary information from the basic concept of ultrasound and cavitation to its applications in various fields of fuel processing technology. For example, chapters 1 and 2 describe factors that influence sonochemistry and that of hydrogen gas using the sonolysis route, chapters 3 to 6 provide ultrasound-integrated hybrid techniques for the pretreatment of biomasses for enhancing the process yield, chapters 7 and 8 describe the biodiesel production through the transesterification route using cavitation, and chapters 9 to 12 describe the success in enhanced oil recovery and further crude oil processing for upgradation and purification. Thus, the information and knowledge shared in this book will be helpful for the general public, business leaders, regulatory/policy makers and scientists.




      My best wishes to the authors and readers of this wonderful book!




      

        Aniruddha B. Pandit


        Vice-Chancellor and Professor


        Institute of Chemical Technology


        Mumbai, India
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    Sonochemistry or the application of ultrasound waves is found to be effective for the intensification of physical, chemical, and biological processes through the cavitation phenomenon which induces chemical (radical generation) and physical (microturbulence, shockwaves, etc.) effects in the medium. During the application of ultrasound waves, “hot-spot” is generated leading to extreme conditions in the system such as ~5000 K of temperature and ~1000 atm of pressure within the cavitation bubble. These extreme conditions during the chemical reaction result in the augmentation of the kinetics and overall process yield by several orders of magnitude. Using this technique, the synthesis of biofuels, pretreatment of biomass for biofuel production, and enhanced oil recovery or upgradation of oil are reported to be useful. In this book, the various aspects of ultrasound applications for fuel processing have been described which would be an excellent reference guide for researchers, faculty, and professionals in the field of fuel processing technology including bio-refinery and enhanced oil recovery.




    Chapter 1 describes the basic concept and history of ultrasound, the origin of the acoustic wave, and its applications. It also provides information on various process parameters such as ultrasound frequency, intensity, system temperature, and dissolved content in the bubble which influence the cavitation threshold. The modeling and simulation of the radial motion of cavitation bubbles under rectified diffusion have also been covered in this chapter.




    Chapter 2 provides information about green production of hydrogen gas through the sonolysis of water. It also describes the influence of various process parameters on hydrogen production with the help of experiments as well as numerical simulation.




    Chapter 3 discusses the different pretreatment methods for the production of biofuels such as bioethanol, biogas, and biobutanol. The various pre-treatment methods are explained that are used to break down lignocellulosic biomass, making it more amenable to hydrolysis. In addition to more conventional physical, chemical and biological pretreatment methods, novel ‘green’ methods reported in the literature are also discussed. Furthermore, the various advantages and disadvantages associated with each method of pre-treatment are discussed, and possible solutions for overcoming negative impacts are suggested.




    Chapters 4, 5 and 6 briefly describe the proper utilization of sewage sludge and biomass through the production of alternative and renewable energy. This chapter explains the potential of ultrasound-based techniques for the pretreatment of DSS to enhance biocrude production. It shows how the application of ultrasound can increase the COD solubilization, VS reduction, biogas production during AD, and the process yield of lipid extraction for biodiesel production including the promotion of bioethanol production. The application of ultrasound helps extract lipids from microbial biomass within a short span of processing time. The usage of ultrasonication in the fermentation process can result in enhanced oxygen transfer for aerobic culture, homogenization of biomass for the reduction in clump formation, and faster substrate transfer to biomass.




    Chapter 7 summarizes the intensification of biodiesel synthesis and discusses overcoming the heat and mass transfer limitation for the transesterification process. It describes the micro-emulsification and high rate of micro-streaming velocities associated with products from the interaction of ultrasound with the liquid medium, which are highly useful for reducing the mass transfer barrier in heterogeneous phases. The synergy of microwave and ultrasound may help enhance the processing rate on a multi-fold basis compared to the individual effect.




    Chapter 8 reviews the basic mechanism of intensified approaches using cavitation, and fundamentals of sonochemical reactors, and finally presents important designs and operational guidelines for maximizing biodiesel yields. In this chapter, various operating parameters of AC and HC have been discussed emphasizing the effect and importance of various parameters in the design of AC and HC reactors.




    Chapters 9 and 10 describe the enhanced oil recovery and up-gradation of crude oil with the application of ultrasound and cavitation. The major limitations and techniques for eliminating these barriers by the application of novel techniques of ultrasonic waves have been discussed. The present chapter overviews the ultrasound-assisted cavitation to intensify the cracking of asphaltenes and other heavy hydrocarbon molecules present in the vacuum residual feedstock.




    Chapters 11 and 12 briefly describe the different sono-hybrid techniques of ultrasound and cavitation for the removal of sulfur compounds from liquid fuels. These chapters present a critical account of research in different facets of ultrasound-assisted chemical- and bio-desulfurization processes. Concurrent analysis of numerical and experimental results on desulfurization using bio-catalyst and chemical catalysts gives more insight into the actual mechanism of ultrasound on microbial and enzymatic desulfurization processes as well as chemical desulfurization processes.




    

      Sankar Chakma


      Department of Chemical Engineering


      Indian Institute of Science Education and Research Bhopal
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      Abstract




      Ultrasound-assisted technique is well-known for process intensification via chemical and physical changes under the influence of acoustic cavitation. Acoustic cavitation is the phenomenon of nucleation, growth, and collapse of cavitation bubbles into a liquid medium that augments the reaction kinetics and the final process yield. This chapter provides a fundamental and detailed understanding of the acoustic cavitation phenomenon. It includes the history and origin of the acoustic wave and its formation, the concept of cavitation bubbles, bubble nucleation and growth mechanism, cavitation effects, and its types. Numerous process parameters, such as applied frequency, intensity, temperature, dissolved gas content, etc., also directly or indirectly influence the cavitation threshold are also highlighted.




      Further, the ultrasound's physical and chemical effects involving various chemical and biochemical processes to enhance the process yield are also reviewed. The mode of generation of ultrasound energy and its measurement technique are also briefly discussed. Finally, an overview of modeling and simulation of radial motion of single bubble growth, its oscillation in both ultrasound-assisted and conventional systems, and bubble growth rate under rectified diffusion are also discussed in detail.
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      INTRODUCTION




      Ultrasound refers to sound waves with a frequency higher (> 20 kHz) than the upper audible limit of normal human hearing (20 Hz - 20 kHz). However, the




      upper limit of ultrasound frequency is not clearly defined as it varies with the medium under which it propagates (gases ~5 MHz and liquids ~500 MHz) [1]. Animals use ultrasound technology to communicate through echolocation, e.g., dog whistles and bat navigation, by emitting and reflecting the ultrasound wave with a frequency greater than 20 kHz. Rapid technological advancement has further widened its application in detecting and finding underwater objects, such as submarines using the SONAR (sound navigation and ranging) technique. Recently, ultrasound has been widely used in medical imaging as sonography to find the internal body structure, blood vessels, fetal imaging, etc., and is also used for non-destructive testing of materials. Richards and Loomis (1927) [2] first used ultrasound in chemical processes to enhance the reaction kinetics. Hereafter, ultrasound has been widely used in other fields of chemistry, material synthesis, process intensification, and improving the reaction kinetics of numerous chemical reactions [3-9].




      Before the emergence of ultrasound, heat, and pressure were the only potential energy sources for enhancing the chemical reaction kinetics and yield. Acoustic energy produced during ultrasound has been considered as an alternative source to enhance the chemical reactivity, reaction kinetics, and yield of chemical reactions. Longitudinal sound waves travel into the air in the form of compression, and the rarefaction cycle increases its molecular motion by excitation of air molecules. It can be considered a mode of energy generation. The efficient use of energy could be possible if it is generated and used within the system itself instead of an additional system. Two components are essential for generating ultrasound waves; one is the sound source in the form of high-energy vibrations, and the second is the medium in which ultrasound waves can travel. The vibrational energy source relies entirely on transducers that can convert the energy from one form into another, like a loudspeaker which converts the electrical energy into sound energy. Ultrasound transducers are special types that have the ability to convert electrical energy (AC signal) into high-frequency sound waves in the reverse mode. Among various transducers, piezoelectric and capacitive types of transducers are widely used to generate high-frequency ultrasound waves due to their quick response to ultrasound waves [1]. The piezoelectric transducers consist of piezoelectric material of quartz, which is active under the supply of AC signal and vibrates to produce the ultrasound waves.


    




    

      



      ULTRASOUND WAVE FORMATION




      Any materials such as solids, liquids, and gases possessing elastic properties can transmit the ultrasound wave through the molecules of the medium by communicating with their adjoining molecules and so on. In the case of liquid and gases, the propagation of the sound waves is in the same direction as of the molecules, hence called longitudinal waves. A spring coiled fixed at one end and given a sharp push at the other end is the best example of a longitudinal wave. However, the waves whose direction is perpendicular to the motion of the particles (in the case of solids) is termed transverse wave (Fig. 1). The formation of ripples on the water surface is the best example of a transverse wave. Based on the irradiation frequency, ultrasound can be classified into two categories, i.e., low and high-frequency ultrasound waves. Low-frequency ultrasound waves are also called “power ultrasound”, and their frequency lies in the range of 20-100 kHz for a power greater than 1.0 W cm-2. The power ultrasound can induce significant changes in material synthesis and chemical processes. Hence, it is commonly used in microbial cell degradation and enzyme deactivation in food processing, surface cleaning, plastic welding, and accelerating the reaction kinetics [5, 10, 11]. On the other hand, high-frequency ultrasound waves (>100 kHz), also called low-power ultrasound, are primarily used in non-destructive analysis; for example, medical imaging, sonography, decontamination of solid substrates in micro-electronic industries, and various other analytical purposes to estimate the velocity and absorption coefficient of the sound wave in the frequency range of 2-10 MHz [1, 12, 13].
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Fig. (1))


      Movement of wave and particle in (a) longitudinal wave and (b) transverse wave. (Adapted from Mason and Lorimer, 2002) [1].

    




    

      ULTRASOUND WAVE PROPAGATION




      Before proceeding to the discussion on the acoustic phenomenon that occurs in the liquid medium, herein, we first focus on the propagation of sound waves into the air medium. It can provide better information for understanding the ultrasound wave phenomenon and its propagation in the liquid medium. When sound waves propagate through the air medium, the air molecules get displaced under the influence of sound energy, and at any time (t), the displacement (y) of air molecules from their mean rest position can be given according to the following equation:
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          	(1)

        


      




      Where is the maximum displacement of the air molecules, also called displacement amplitude, and f is the frequency of the propagating sound wave. The propagating air velocity can be obtained after taking the derivatives of Eq. (1) and can be expressed as follows:
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          	(2)
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          	(3)

        


      




      Here is the maximum velocity of air molecules.




      Along with the variation in particle velocity (air molecules), sound pressure (Pa) also varies in a sinusoidal manner, and its magnitude is maximum when the layers are crowded (called compression) and minimum when the layers are separated from one another (called rarefaction). With the displacement of the sound wave, the magnitude of pressure also varies, and at any time (t), it can be expressed as follows:
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          	(4)

        


      




      Where Pa is the pressure amplitude of the propagating sound wave and PA is the maximum pressure amplitude. The phenomenon of sound wave propagation into the air can provide a basic understanding of the transmission of ultrasound waves into the liquid medium. When an ultrasound wave is passed through a liquid media, the molecules of liquid start to vibrate under acoustic pressure (Pa) and superimpose with the surrounding pressure (hydrostatic pressure achieved due to liquid height ~Ph).




      At any time (t), the total pressure P into the liquid medium can be expressed as:




      

        

          	[image: ]



          	(5)

        


      




      For a given ultrasound frequency, the ultrasound wavelength can be estimated using the expression:, where c is the velocity of sound in that medium, and f and λ are the frequency of ultrasound and sound wave, respectively. The magnitude of ultrasound is defined in terms of ultrasound intensity (I) as the amount of energy that passes through a unit cross-sectional area per unit of time and can be represented as follows:
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          	(6)

        


      




      Where ρ is the medium density, c is the sound velocity in the medium, and v is the particle velocity. When the particle velocity (molecules of liquids) is maximum (v0), the intensity of sound becomes proportional to the square of the acoustic amplitude and can be represented as below expression:
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          	(7)

        


      


    




    

      



      CONCEPTS OF ACOUSTIC CAVITATION




      Acoustic cavitation is the phenomenon of formation, growth, and rapid collapse of cavitation bubbles in the liquid medium under the influence of high-energy ultrasound waves or sonication [1, 14, 15]. When an acoustic wave passes into the liquid medium, it travels in the form of a sinusoidal variation of pressure force. This sinusoidal variation of pressure force (Pa = PA sin 2πf) occurs in the form of a rarefaction and compression cycle. As the rarefaction cycle begins, there is a reduction in system pressure. During the maxima (negative cycle) of the rarefaction cycle, the liquid vapor pressure exceeds the system pressure, which results in an abrupt reduction in liquid density and forms tiny vapor-filled cavities or bubbles into the liquid medium termed “cavitation”. The formation of voids/cavities in the liquid medium under low pressure is not new and they do not necessarily form only in the presence of acoustic cavitation. Cavities can be formed by reducing the system pressure below the surrounding pressure. For example, the formation of such cavities is a common phenomenon in the rotation of large propeller blades where large negative pressure is generated at the blades-liquid inter-phase due to the rapid moment of the stirrer or blades. After the rarefaction cycle, the bubble is forced to contract in the compression cycle. From rarefaction to the compression cycle, there is a gradual increase in the pressure and corresponding reduction in bubble volumes, and it disappears totally at the end of the compression cycle where a very high local temperature of ~5000 K and the local pressure of ~500 bar are produced [15-17].




      

        



        Nucleation of Cavitation Bubbles




        Nucleation and growth of cavitation bubbles cause the phenomenon of acoustic cavitation. It is essential to understand the factors which affect the bubble nuclei formation and its growth when a high-energy ultrasound wave is irradiated into the liquid medium. The nucleation of bubbles in the liquid medium occurs through three different mechanisms [18]. In the first mode, nucleation occurs at the solid surface, such as surfaces of the liquid container, crevices of motes, or solid particles dissolved or dispersed into the liquid. The phase boundaries are called heterogeneous nucleation, as shown in Fig. (2a). At these sites, the free energy barrier is minimal, easing the nucleation process. The second nucleation mechanism is due to the presence of bubble nuclei in the liquid medium. The source of bubble nuclei is either from the gas pockets trapped in the wall of the liquid container or crevices or the stabilized solids molecules (for example, surfactant dissolve in the liquid) present in liquid in the form of impurity. In ultrasound irradiation, these stabilized nuclei grow by gas diffusion and coalescence to initiate acoustic cavitation. The presence of gas pockets or solid impurities reduces the tensile force of liquid molecules and lowers the cavitation threshold [19-21]. For example, in pure water without any dissolved gases, approximately 1,000 atmospheric pressure is required during the negative rarefaction cycle of the acoustic wave with a high ultrasound amplitude (Pa) for the occurrence of cavitation. However, the tensile strength of water in the presence of gas trapped in crevices of solid particles can be reduced by several orders of magnitude, and cavitation occurs at ultrasound power. The third mechanism of nucleation is due to the fragmentation of unstable and highly active cavitation bubbles formed during the rarefaction cycle of the acoustic wave. These unstable bubbles fragment into various tiny bubbles, which act as a nucleus for new cavitation bubbles. This type of nucleation is mainly observed in the initial phase of acoustic cavitation. Various asymmetric factors, such as coalescence of neighboring bubbles, vessel geometry, liquid surfaces, etc., can affect the nucleation phenomenon during acoustic cavitation.


      




      

        



        Formation and Growth of Cavitation Bubbles




        During acoustic cavitation, two mechanisms are involved in the growth of a cavitation bubble, i.e., bubble coalescence and rectified diffusion [18]. Either attractive radiation force drives the coalescence of bubbles called ‘secondary Bjerknes force’ or through a mode of radiation known as ‘primary Bjerknes force’. The bubble growth during rectified diffusion strongly depends on the intensity and frequency of ultrasound. For example, at an applied pressure of 0.2 bar and frequency of 20 kHz, the bubble growth rate is prolonged (a few micrometers per 100 sec) for an initial bubble radius of 35 μm [22, 23]. However, with a further increase in pressure force to 2 bar and frequency to 30 kHz, the growth rate of the bubble increases from 10 to 100 μm within 1 second [24].
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Fig. (2))


        (a) Nucleation of bubbles through crevice (Adapted from Pankaj and Ashok Kumar, 2011) [28], and (b) Growth and implosive collapse of bubbles (Adapted from Suslick, 1989) [29].



        In contrast, at a constant acoustic intensity, the bubble growth decreases with an increase in the sonication frequency. The progression of sound waves in a liquid medium occurs in the form of compression and rarefaction cycles where the liquid molecules oscillate about their mean position. During the rarefaction cycle (first half of the cycle), negative pressure generation increases the intermolecular distance between the liquid molecules. With the progress in time, the magnitude of negative pressure increases and reaches a point when the average intermolecular distance between the liquid molecules increases than the intermolecular interaction forces between the liquid molecules. At this, the liquid vapor pressure exceeds the surrounding pressure, i.e., negative during the rarefaction cycle, and allows the liquid molecules to evaporate. When liquid vapor pressure (Pv) exceeds the surrounding pressure, the liquid molecules break down, forming a void or cavity in the system. The point where this phenomenon occurs is called the “cavitation threshold value”. At the minimum percolation threshold, the magnitude of acoustic pressure is maximum and negative (-Pa); hence the total system pressure can be expressed as:
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        The size of these cavitation bubbles is maximum during the peak of the rarefaction cycle [25, 26]. As a consequence of the compression cycle, the increase in pressure leads to a reduction in bubble size and collapse at the instance of maximum pressure (maximum positive peak of the compression cycle). The life cycle of this cavitation bubble is very short and cannot be seen by the naked eye. Hence, a highly advanced camera is needed to see the phenomenon. The collapse of these bubbles is implosive (unaffected by neighboring bubbles and collapse individually) and gives rise to very high local temperature (~5000 K) and pressure (~500 bar) into the liquid medium. Under these extreme conditions, the vapor molecules fragment into highly reactive free radicals (in the case of water: H•, O•, •OH, HO2• etc.) and give rise to the chemical effect of ultrasound that cause an increase in reaction kinetics and yield of a chemical reaction by several folds [16, 17, 27]. However, the collapse of a cavitation bubble generates intense energy in the form of micro convections and shock waves, which underlie the physical effect of ultrasound. It is widely utilized in solid-liquid dispersion, emulsification of immiscible liquids, and extraction of valuable compounds from matrices by accelerating the heat and mass transfer rate. A schematic representation of nucleation, growth, and collapse of cavitation bubbles is depicted in Fig. (2b).




        It has been observed that an acoustic pressure (nearly 1500 atm) is required for cavitation to occur in pure liquid (like water); however, actual cavitation can arise in less than 20 atm [1]. The low cavitation value is due to weak spots in the liquid medium, which act as nuclei for bubble formation and reduce the cavitation threshold. Experimental results have shown that weak spots could also be due to dissolved gases (dissolved oxygen or air from the atmosphere) in the liquid media. It has been observed that the degassing of liquid requires a supply of higher acoustic energy (ultrasound power) to overcome the cavitation threshold before the formation of cavitation bubbles. Other than dissolved gases, small particles such as particulate matter, trapped vapors, and gases in the vicinity of solid particles also reduce the cavitation threshold.


      


    




    

      



      TRANSIENT vs. STABLE CAVITATION




      Based on the modes of generation of cavities, cavitation can be classified as transient and stable. The differences can be explained based on the maximum size of the bubble, the lifetime of bubbles/cavities, and its production patterns in the bulk liquid medium. Generally, transient cavitation is a void formed due to vapor or gas-filled bubbles when the ultrasound intensity is more than 10 W/cm2 [1]. The bubble expands at least two times its initial size and varies indefinitely in many acoustic cycles. The lifetime of a transient bubble is very small and can collapse violently within a few acoustic cycles with fragmentation into smaller bubbles. Due to the short life span, diffusion of the gases or any mass flow into and out of the bubble cavity is extremely difficult. Hence, the cushion effect is not observed in the transient cavitation, resulting in a violent collapse at the end of compression cycles. If we assume the transient cavitation bubbles collapse adiabatically, the maximum temperature and pressure at the end of the collapse can be estimated using the following equations [1].
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      Where To is the ambient or experimental temperature, P is the pressure inside the bubble at its maximum size (at max. bubble size, P = Pv), K is the polytropic index (γ = Cp/Cv), Pm is the pressure in the liquid at the time of bubble collapse. For example, if a transient cavitation bubble at ambient temperature (To = 25oC) and ambient pressure (Pm = 1 atm) with nitrogen gas (K =1.33) inside it collapses, the estimated value of maximum temperature (Tm) and maximum pressure (Pmax) reached inside the bubble in the water medium would be approximately 4200 K and 975 atm, respectively [1]. This high temperature and pressure generate intense heat and pressure energy which cause the formation of free radicals (•H, •OH) and shock waves leading to various chemical and physical changes, such as an increase in chemical reactivity and uniform mixing during the sonication.




      On the other hand, the stable cavitation comprises mainly gases and some vapors-filled bubbles and is expected to produce at very low intensity (< 3 W/cm2). The period of stable cavitation lasts for many acoustic cycles and is higher as compared to transient cavitation. Due to a substantial time scale, the gas molecules have sufficient time for mass as well as thermal diffusion because of the availability of large concentrations and temperature gradient across the gas-liquid interfaces. The type of mass diffusion of gases across the liquid occurs in the form of tiny microbubbles and is termed “rectified diffusion” [30, 31]. The magnitude of rectified diffusion during the rarefaction cycle is higher due to the availability of a large pressure gradient at gas-liquid interfaces that allows the bubble to grow in this cycle. However, gas molecules trapped inside the bubbles diffuse into the liquid medium at the end of the compression cycle. The intensity of bubble collapse in stable cavitation is smaller than that of transient cavitation because the gas-filled bubble cushions the implosive collapse of cavitation bubbles. Therefore, a reduction in temperature (Tmax) and pressure (Pmax) is experienced in stable cavitation compared to transient cavitation. The maximum temperature produced due to bubble collapse in stable cavitation can be estimated using the following relation:
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      In the case of stable cavitation, the estimated maximum temperature (Tmax) for a bubble present at ambient temperature (To = 300 K) and ambient pressure (Pm = 1 atm) for monatomic gases (γ =1.66) would be approximately 1665 K, which is much lower than the transient cavitation [1].


    




    

      



      FACTORS AFFECTING ACOUSTIC CAVITATION




      

        Applied Frequency




        Ultrasound frequency is defined as the number of occurrences of repeating acoustic cycles per unit of time when an ultrasound wave is irradiated into the liquid medium. The cavitation bubble, whose size is maximum at half of the rarefaction cycle, required sufficient time to collapse during the next half of the compression cycle at the point of maximum pressure. With an increase in frequency, the rarefaction and compression cycle get shortened, and the bubble cannot fully grow during the maximum rarefaction half cycle. This results in the formation of many smaller size bubbles. Further, in the compression cycle, these smaller bubbles are not able to collapse due to limited available time and stay for many acoustic cycles even without collapse. Therefore, the resultant cavitation effect in terms of free radicals formation and energy generation (micro-convections, shockwaves, etc.) is less at high frequency with constant intensity [32-34]. For example, the time available for bubble formation during the rarefaction cycle is 25 μs at 20 kHz. But with an increase in frequency to 20 MHz, the time lasts only 0.025 μs with the formation of the smaller size of bubbles [34]. However, increased ultrasound intensity can increase bubble size and cavitation effect at higher frequencies (I). Merouani et al. investigated the influence of sonication frequency on the hydrogen (H2) production rate using computer simulation at different ultrasound intensities (0.5 - 1.0 W/cm2) with varying temperatures (20-50oC). The results showed a reduction in H2 production rate with an increase in frequency, but it further increases with an increase in acoustic intensity, as shown in Fig. (3a). In another study, the dual ultrasound frequencies (200 and 400 kHz) were studied for degradation of carbamazepine (CBZ) by Rao et al. [36]. The results showed that at a constant power supply of 100 W, the degradation of CBZ at a low frequency of 200 kHz was higher than at 400 kHz. It was attributed that the optimum frequency for degradation of CBZ was 20 kHz. The magnitude of the cavitation threshold changes with the addition of dissolved gases in the liquid medium, which is smaller in aerated water than the non-aerated water. The molecules of dissolved gases in aerated water act as nuclei for the formation of a bubble and decrease the cavitation threshold at low power intensity. Generally, low frequency (viz. in the range of 20-50 kHz) is employed for cleaning and is widely used in sonochemistry. In a recent study, Lee et al. [13] compared three different ultrasound frequencies (40 kHz, 170 kHz, and 1 MHz) at fixed ultrasound power of 600 W for the removal of contaminated solid particles present in the polyvinyl acetyl (PVA) brush used in post chemical mechanical polishing (CMP) process, a widely used operation in microelectronic industries for semiconductor device fabrication. The authors reported a higher contaminated particle removal at 40 kHz compared to higher frequencies (170 kHz and 1 MHz), as shown in Fig. (3b).
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Fig. (3))


        (a) Effect of ultrasound frequency on the production rate of hydrogen (H2) from a single bubble at 20oC and acoustic intensity of 1.0 W/cm2 (Adapted from Merouani et al., 2016) [35], (b) Effect of ultrasonic frequency on particle removal from the PVA brush (Adapted from Lee et al., 2019) [13].

      




      

        



        Ultrasound Intensity




        An increase in ultrasound intensity increases the sonochemical effect. It is maximum when the bubble reaches its maximum size (Rmax) during half of the rarefaction cycle and collapses more violently at the time of maximum compression [37, 38]. However, the intensity above the maximum value does not yield any additional effect, hence cannot be increased indefinitely. The maximum achievable bubble size in the presence of applied acoustic intensity and corresponding pressure amplitude (PA) in the liquid medium can be calculated using the following equation:
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        Where PA is the pressure amplitude, Ph is the hydrostatic pressure due to the liquid head, ρ is the liquid density, and [image: ] is the applied circular frequency. Suppose the applied pressure amplitude is 2 atm at 20 kHz to a liquid medium. In that case, the Rmax is 1.27 × 10-2 cm according to Eq. (13). A bubble of this size will stay for a time duration of 6.8 μs which is smaller than the 0.2 times of a cycle (10 sec) and can collapse before the completion of the cycle. The collapse of a cavitation bubble before the completion of its cycle is categorized as transient cavitation, as discussed earlier. However, with an increase in the pressure amplitude (say 3 atm), the bubble radius (Rmax) reaches its maximum value of 2.31 × 10-2 cm with a retention time of 10.7 μs, which is greater than the 0.2 times a cycle (10 sec) and does not have sufficient time to undergo transient cavitation. It essentially means that a growing bubble above the maximum pressure amplitude (PA) will grow much more prominent and have less cavitation effect as compared to the transient cavitation; hence called ‘stable cavitation’. Therefore, stable cavitation is preferred in cleaning semiconductor device applications during post-chemical mechanical polishing (CMP), where solid abrasive particles are removed from the semiconductor wafer surface without damaging its surface structures. Similarly, the H2 production rate was maximum at an ultrasound power of 1 W/cm2 and might be an optimum input power for obtaining maximum H2 yield, as shown in Fig. (3a). Also, the increase in acoustic power (> 1 W/cm2) gives rise to the phenomenon of stable cavitation that caused a reduction in the cavitation effect as well as H2 production rate, i.e., the chemical effect is reduced. Therefore, for an individual system, the optimum ultrasound intensity or frequency must be measured experimentally to control ultrasound's chemical and physical effect.


      




      

        System Temperature




        Variation in system temperature leads to numerous changes in the physical properties of liquid, such as viscosity, surface tension, density, vapor pressure, etc. Alteration in these physical properties causes significant changes in cavitation threshold magnitude, bubble formation, and growth [39]. With increasing the system temperature, the kinetic energy of the molecules transitioning into the vapor also increases in the liquid, resulting in vapor pressure increases. At the same time, a decrease in surface tension and viscosity also occurs. Thus, the cavitation is significantly influenced by the system temperature. The best way to illustrate the dependency of the cavitation threshold on these physical parameters can be described as follows:




        Any bubble formed in the liquid under ultrasound irradiation can experience crushing forces in the form of surface tension and hydrostatic force, i.e., exerted outside the bubble. The magnitude of surface tension force depends on the bubble radius (Ro), while the hydrostatic pressure (Ph) force depends on the liquid head (due to the liquid height in the column). At equilibrium, these two forces, i.e., surface tension force (2σ/Ro) and hydrostatic pressure force (Ph) become equal to the force exerted by the combination of the vapor pressure of the liquid (Pv) and gas pressure present in the bubble (Pg). They can be expressed as follows [1]:
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        For bubble growth from Eq. (9), it can be observed that the bubble can expand and grow only if the pressure forces inside the bubbles (Pv + Pg) > crushing forces (Ph+ 2σ/Ro). In the presence of ultrasound intensity (I), the acoustic pressure (Pa) will also be added in Eq. (9) and can be rewritten as follows:
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        Where Pa is acoustic pressure [image: ] generated into the liquid medium in the presence of ultrasound irradiation. Its magnitude is negative (-Pa) during the rarefaction cycle and positive (+Pa) during the compression cycle. Neglecting the surface tension effect (2σ/Ro ~ 0) and assuming the absence of any gas in bubbles (Pg ~ 0), Eq. (15) can be further modified as:
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        Therefore, it is clearly understood that the cavity will form only when. With increased system temperature, Pv increases and reduces the cavitation threshold at constant ultrasound intensity. If the effect of surface tension is considered, the required vapor pressure (Pv) for the formation of bubbles will be increased and correspondingly increase the cavitation threshold [40, 41]. Like surface tension, no direct relationship between solvent viscosity (η) and cavitation threshold is available. However, liquid viscosity, which is a function of temperature, decreases with an increase in temperature due to the reduction in intermolecular interaction forces. High liquid viscosity, corresponding to high intermolecular interaction forces, requires high energy to overcome this force. Hence, high ultrasound intensity is necessary to surpass the cavitation threshold. For example, castor oil (η = 0.63 N/m) requires acoustic pressure of 3.9 atm, while corn oil (η = 0.063 N/m) is 3.05 atm [34]. In the case of water, the viscosity decreases with an increase in temperature and hence requires less ultrasound intensity (I) with an increase in system temperature.


      




      

        



        Influence of Pressure




        At high pressure, the magnitude of the cavitation threshold increases and lowers the cavitation effect in the system. To avoid this, high acoustic pressure (Pa) is required to overcome the increasing cavitation threshold value. The external pressure (Ph) increase on the cavitation threshold can be clearly understood from Eqs. 15 and 16. External pressure can be applied by increasing the liquid head, i.e., hydrostatic pressure (Ph), or externally supplied gas in a closed system. In case of an increase in Ph, a higher Pv value will be required to form bubbles, which ultimately increases the cavitation threshold’s magnitude. This cavitation threshold magnitude can be lowered by supplying more acoustic power (Pa) or elevating the system temperature. For example, Mohan et al. [42] studied the effect of pressure on biodiesel production using a pressurized ultrasonic reactor. They found low yield when the reaction was performed in a pressurized reactor (20 bar) for a longer duration. Under high-pressure conditions, the microbubbles coalesce together to form large bubbles, reducing the microturbulence intensity and negatively affecting the biodiesel yield [43]. Therefore, high acoustic pressure (Pa) is required to overcome the cavitation threshold to form bubbles. The large and violent collapse of these cavitation bubbles will be observed during the compression cycle due to very high acoustic pressure (+Pa).


      




      

        



        Effect of Solvent




        The magnitude of the cavitation threshold also depends on the types of liquid (water or other organic /inorganic solvents) used during acoustic cavitation and also highly depends on solvents vapor pressure (Pv), liquid viscosity (η), and its surface tension (σ) [44, 45]. At constant ultrasound intensity, the cavitation effect is reduced with an increase in liquid vapor pressure, viscosity, and surface tension. Therefore, high ultrasound energy is required to overcome the cavitation threshold and the occurrence of the cavitation phenomenon. Highly viscous liquids such as castor oil and corn oil possess large intermolecular interaction forces and require high ultrasound intensity or acoustic pressure (Pa) to overcome the cavitation threshold and formation of bubbles [34]. However, during the compression cycle, the intensity of pressure amplitude (PA) tremendously increases the system temperature (Tmax) and pressure (Pmax), leading to the collapse of the bubble with intense noise.


      




      

        



        Influence of Dissolved Gas and its Types




        As discussed in the earlier section, the presence of dissolved gases in a liquid medium provides more nucleation sites (weak spots) for the cavitation bubble formation, and this lower the cavitation threshold [13]. The dissolved gases also provide a cushioning effect that minimizes the bubble's collapse and shock wave intensity. From Eq. (14), it is well understood that in the presence of dissolved gas, the magnitude of (Pv + Pg) will be higher and require less energy to overcome the tensile forces of liquid molecules for cavitation. In the presence of gases, the bubbles are formed at low ultrasound intensity. Therefore, the temperature and pressure effect is less during the compression cycle. The magnitude of the cavitation threshold also varies with the types of gases used during sonication [35]. Fig. (4) shows the effect of dissolved gas concentration (partial pressure of gas dissolved in liquid) in the different liquid systems and its corresponding cavitation threshold. The results clearly illustrate that a significant reduction in cavitation threshold, even in all types of liquid solutions, is observed with an increase in the partial pressure of gas in a liquid. Those values for different liquids are as follows: (i) distilled water, σ =7.2 × 10-2 N/m, (ii) aqueous guar gum (100 ppm), σ = 6.2 × 10-2 N/m, and (iii) aqueous photo flow (80 ppm), σ = 4.0 × 10-2 N/m. Also, the gases with a large polytropic index (γ) provide more cavitation effect than those with low γ [46, 47]. For example, monatomic gases like Ar, He, and Ne with γ value of ~1.66 generate more cavitation effect compared to the diatomic gases such as N2 and O2 with γ ~1.4 [34]. Other than the γ, the thermal conductivity (k) of dissolved gas also plays an important role in the sonochemical process. At a high k value, there is a large dissipation of heat energy into the surrounding liquid, which cause the reduction in Tmax at the peak of the compression cycle. In another study, Hart et al. [48] reported that at an ultrasound frequency of 300 kHz, the rate of H2 production in the presence of argon gas was 14 μM/min compared to 3.7 μM/min under a nitrogen atmosphere.
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Fig. (4))


        Effect of cavitation threshold under the presence of dissolved gases in different liquids (a) distilled water, (b) aqueous guar gum, and (c) aqueous photo flow (Adapted from Mason and Lorimer, 2002) [14].

      


    




    

      



      CHEMICAL AND PHYSICAL EFFECTS OF ULTRASOUND




      Ultrasound irradiation in a liquid medium such as water causes cavitation bubbles’ formation, growth, and implosive collapse. Implosive collapse is the collapse of bubbles independently without any influence or collision with neighboring bubbles. The implosive collapse of these bubbles generates a “hot spot” that produces intense local temperature and pressure in the order of 4200 K and 2000 atm, respectively. It leads to the decomposition of water molecules into highly reactive free radicals (•H, •OH, •O, etc.), which cause various chemical changes in the process to enhance the kinetics and yield. The reactions involved in the sonochemical process are given in Eqs. 17 - 21. For example, the sonochemical degradation of 4-chlorophenol in water occurs during the chemical reaction between 4-chlorophenol and •OH produced thorough the implosive collapse of cavitation bubbles. In another example, the sonochemical approach coupled with a heterogeneous catalytic reaction was used to remove recalcitrant pollutants from wastewater [8]. The chemical effect of ultrasound is also being utilized with electrochemistry to achieve maximum phenol degradation [14]. Also, the sonochemical approach is extensively used in the electroplating industry to improve the electrode surface's reaction rate. The chemical effect of ultrasound is also applied to polymer synthesis. Free radicals produced after the collapse of cavitation bubbles act as an initiator for polymerization reaction and yield high molecular weight polymer with higher monomer conversion, which further increases the polymerization rate [10, 49]. The sonochemical reaction is also utilized to degrade higher molecular weight organic components into smaller ones, such as degradation of solid biomasses, polymers degradation, etc. A summary of the chemical effects of sonication in the different processes has been given in Table 1.




      

        Table 1 Summary of the various process involved with the chemical and physical effects of ultrasound-assisted systems.




        

          

            

              	Type of Operations



              	Operating Conditions



              	Ultrasound Effects (Chemical/Physical)



              	Refs.

            


          



          

            

              	Degradation of anti-inflammatory drug diclofenac (DCF) in wastewater.



              	Ultrasonic frequency: 585 kHz


              Power intensity: 160 W/L


              Temperature: 4oC



              	Chemical effect in the presence of ultrasound


              generated hydroxyl radicals (OH•).



              	[54]

            




            

              	Oxidative desulfurization with sono-fenton peracetic acid.



              	Ultrasonic frequency: 35 kHz


              Theoretical power dissipation: 70 W, Acoustic pressure amplitude: 150 kPa



              	Strong physical effect with the formation of fine emulsion that increased the interfacial area between oxidant and toluene for effective transfer of HO2•




              	[55]

            




            

              	Production of triacetin (TAG) from glycerol using SO3H-glycerol-carbon catalyst.



              	Ultrasonic frequency: 40 kHz


              Ultrasonic powers: 40–100 W


              ultrasonic duty cycles: 20–80%



              	Both physical (generation of microturbulence and microstreaming) and chemical effects under the influence of catalyst



              	[56]

            




            

              	Disruption of microalgal cells.



              	Ultrasonic frequency: 20 kHz-3.2 MHz, Ultrasonic powers: 40-100 W



              	Complete disruption of the algae cell walls under the strong physical effect



              	[57]

            




            

              	Disruption of algae.



              	Ultrasonic frequency: 0.02 -4.3MHz, Ultrasonic powers: 10 W, Temperature: 15oC



              	Strong physical effect and algae disruption



              	[58]

            




            

              	Computational studies for the production of hydrogen.



              	Ultrasonic frequency: 20-1100 kHz, Acoustic intensity: 0.5-1.0 W/cm2, Temperature: 20 - 50oC



              	Chemical as well as physical effects. At high-temperature, the chemical effect dominates with an increase in H2 yield. Also, H2 production decreased at high frequency.



              	[35]

            




            

              	Production of hydrogen from water decomposition using ultrasound coupled with a photocatalysis approach.



              	Ultrasonic frequency: 20 kHz


              Acoustic power: 10 - 40 W


              Catalyst: Cds: RGO (weight ratio of 1:2)



              	The physical effect of ultrasound enhanced the mass transfer rate and allowed the maximum catalyst’s surface area for chemical reaction.



              	[59]

            




            

              	Preparation of polymethyl methacrylate/ RGO nanocomposites.



              	Ultrasonic frequency: 20 kHz


              Acoustic power: 200 W


              Temperature: 60oC



              	Synthesis of Polymer PMMA (polymethyl methacrylate) manifests the chemical effect of ultrasound, while nanocomposites synthesis (PMMA/RGO) attributes the physical effect of power ultrasound.



              	[60]

            




            

              	Production of biopolymer polyhydroxy butyrate (PHB) from invasive weeds



              	Ultrasonic frequency: 20 kHz


              Acoustic power: 200 W


              Temperature: 20 oC


              Sonication time: 120 min



              	Chemical as well as the physical effect in delignification. Physical effect of ultrasound in the extraction of PHB from microbial cells



              	[61]

            




            

              	Bioethanol production from waste newspaper



              	Ultrasonic frequency: 25 kHz


              Acoustic power: 80-2000 W


              Temperature: 30oC



              	The physical effect enhances cellular uptake and transport by minimizing the mass transfer resistances during a fermentation process.



              	[62]
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      Physical effects of ultrasound arise after the collapse of cavitation bubbles in the bulk liquid medium in the form of strong micro-convections, which has several components in the form of micro-turbulence, shock waves, microstreaming, microjets (Fig. 5). A brief discussion on these physical effects are given below.




      

        



        Microturbulence




        In the presence of acoustic waves, a very high oscillation velocity occurs in the liquid medium in terms of microturbulence due to the radial motion of cavitation bubbles [50, 51]. This phenomenon can be explained as follows: during the rarefaction cycle of the acoustic wave, a very large pressure gradient exists at the bubble-liquid interface, displacing fluid particles away from the center of the bubble. During the compression cycle, these large chunks of fluid particles can pull towards the bubble center and compress adiabatically with fragmentation into smaller bubbles. The estimation of actual velocity during microturbulence is complicated due to the dynamic motion of bubble particles as a function of time and position, hence expressed in terms of mean velocity. The mean velocity magnitude depends on the intensity of microturbulence, which further depends on the ultrasound amplitude (PA) induced into the bulk liquid. It is observed that microturbulence occurs mainly in the close vicinity of the cavitation bubble, and its intensity decreases with distance from the center of the bubbles.
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Fig. (5))


        Physical effect of ultrasound and cavitation.

      




      

        Shock Waves




        The propagating disturbance occurs in the motion of cavitation bubbles during the compression cycle of the acoustic wave and is defined as shock waves [51]. The mechanism of shock wave formation is explained as follows: at the end of the compression cycle, a high magnitude pressure force is generated during the adiabatic compression of the bubble and results in the reduction of bubble radius. At the time of minimum radius, the bubble wall radius shrinks and bounces back with a very high velocity [52]. During this, the converging fluid mass reflects from the bubble-liquid interface into the bubble, creating a high-pressure shock wave that propagates into the medium.


      




      

        Microstreaming




        Ultrasound waves pass through the liquid media in a small amplitude oscillatory motion of fluid elements around a mean position which is called “microstreaming”. The velocity of microstreaming depends on the acoustic amplitude (PA), the density of solvent (ρ), and applied sound velocity (C) and is defined as v = (PA/ρC). The estimated velocity of the shock wave in a water medium with density ρ =1000 kg/m3, sound velocity, C = 1500 m/s, and pressure amplitude of 1.2 bar will be 0.80 m/s [51].


      




      

        Microjets




        Microjet formation occurs during the asymmetric radial motion of the cavitation bubbles. During this, the bubble section nearer to the high-pressure region of the compression cycle collapses much faster than the bubble resides far from the compression cycle. The collapse of this bubble generates a very high-speed liquid jet with a velocity in the range of 120-150 m/s [51, 53]. These microjets are highly useful in the homogenous dispersion of solid particles in the liquid medium, creating a fine emulsion and mixing immiscible liquid.


      


    




    

      EQUIPMENT USED FOR ULTRASOUND WAVE GENERATION




      Various types of laboratory apparatus are being used, but the most commonly used instruments are bath, probe, and cup-horn sonication systems to produce ultrasound waves driven by the electrochemical transducers [1]. Ultrasound waves in a bath-type sonication system can be induced in a liquid-filled tank. A transducer fitted at the tank's bottom can convert the supplied alternating current (AC) into high-energy vibrations. It operates at low power intensity (I < 50 W) and is widely used in laboratory apparatus for ultrasound irradiation. The cavitation effect is non-conformable and unevenly distributed throughout the tank. Because of low power (as compared to probe type) and poor temperature control, it is usually preferred for cleaning purposes [31]. On the other side, probe-type sonication is equipped with a metal probe, also called a sonic horn, driven by a transducer, and the sonic waves are introduced into the liquid media through the probe only. The intensity of the probe-type horn is much higher than the bath-type sonication and can be controlled using the power input system equipped with the apparatus. The disadvantage of probe-type sonication is the formation of a high-intensity zone near/below the probe, which decreases with the distance far from the probe. Also, with prolonged use, the tip of the probe erodes and can cause the contamination of the reaction system with the presence of metallic impurities. It is primarily used in extraction and emulsification and can be tuned for optimal performance in a reaction mixture for a range of powers [10, 63]. The issue of probe erosion can be eliminated with a cup-horn system by placing the reaction vessel into a small bath and avoiding direct contact between the reaction vessel and the probe. However, the cup-type horn has lower power output than the sonic horn.


    




    

      ESTIMATION OF ULTRASOUND INTENSITY AND PRESSURE AMPLITUDE




      When ultrasound energy is supplied to the system for any chemical or physical changes of the materials, such as chemical reactions, mixing, extractions, etc., it is essential to estimate the amount of ultrasound energy delivered for the efficient and economical use of energy. From the experiments, it has been concluded that the amount of energy supplied to the system (liquid medium) differs from the actual power input incorporated into the equipment due to the mismatch between acoustic and electrical impedance delivered from the ultrasound and electrical source, respectively. Therefore, the actual acoustic power delivered to the medium is considered rather than the power mentioned at the ultrasound source [64]. The actual power supply to the system can be estimated using the calorimetric technique with the assumption that all the energy supplied from ultrasound mode into the system is converted into equivalent heat. The dissipation of heat into the system increases the system temperature and can be easily quantified using the Calorimetric principle. It provides the actual rate of energy supplied to the system Q (energy/s) = mCp∆T, where m is the mass of the liquid, Cp is the heat capacity of the liquid, and ∆T is the change in liquid temperature in a given period of time. The actual acoustic energy per unit area can be calculated by dividing the Q by the ultrasound horn area (i.e., Q/A), where A = π/4 r2 is the ultrasound horn area and r represents the horn diameter. For example, 100 ml of water sonicated for 10 min in a glass beaker at a power input of 100 W (supplied by the ultrasound generator) will provide ~1.045 W energy into the system. If the ultrasound tip has a diameter of 13 mm, the actual power supplied (W/A) will be ~0.8 W/cm2. Then the estimated acoustic amplitude is PA= 1.5 bar, corresponding to the power (~ 0.8 W/cm2) from the Eq. 7 [1].


    




    

      



      BUBBLE MOTION IN APPLIED ACOUSTIC FIELD AND THE MATHEMATICAL MODEL OF BUBBLE DYNAMICS




      The chemical and physical effect of ultrasound can be studied using a mathematical model for a single cavitation bubble and its oscillation in the radial direction. Hydrodynamics cavitation, which arises in the liquid due to the pressure variation and change in flow geometry, differs from the acoustic cavitation produced in the presence of an acoustic wave. During acoustic cavitation, the sinusoidal variation of pressure in the liquid medium gives rise to the oscillatory motion of bubbles, and the size of bubbles (volume or radius) is a function of acoustic amplitude. At large acoustic amplitude, the bubble oscillation shows non-linear behavior and rapid expansion during the transient collapse, even in a few acoustic cycles. Under this non-linear oscillatory motion, pressure and inertial force control the bubble oscillation or geometry. The first mathematical model to study the radical motion of a single and empty cavitation bubble (in hydrodynamic cavitation) at constant static pressure was proposed by Rayleigh [65]. The improvisation of this model was further done by incorporating liquid surface tension, liquid viscosity, and the presence of non-condensable gas and vapor inside the bubble. This provides a popular Rayleigh-Plesset-Noltingk-Neppiras-Poritsky [66-68] non-linear equation which accounts for the radial motion of a bubble and is expressed by:
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      Where R is the bubble radius, dR/dt is the bubble wall velocity, σ is the surface tension of the liquid, t is the time, Ro is the bubble radius at time (t) ~ 0, Po is the ambient (bulk) pressure in a liquid, P(t) is the pressure at any time (t) in liquid, Pv is liquid vapor pressure, and μ is the liquid viscosity. The above Eq. (22) has not included the effect of liquid compressibility, which becomes an important factor when the bubble wall velocity (dR/dt) becomes equal to or greater than the sound velocity in the liquid medium. The cavitation bubble dynamics models considering the effect of liquid compressibility factor can be described using the two most popular and widely accepted models, i.e., Keller and Miksis (1980) [69] model and the model proposed by Lofstedt et al. (1995) [70] and Barber et al. (1997) [71].




      According to Keller and Miksis (1980) [69] and Brennen (1995) [72] model, the radial motion of the bubbleincludesa first-order termin the Machnumber


      ([image: ]). The mathematical equation for these models is given below:
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      Where dot (•) denotes the time derivatives (d/dt) and, therefore, R˙ is assigned as dR/dt, i.e., the bubble wall velocity, and R¨ is the d2R/dt2, i.e., the bubble wall acceleration. In the above equation, the term d2(R2R˙)/dt2 is calculated using the Rayleigh-Plesset equation for the [image: ] for significant sound radiation.




      Another model used for bubble dynamic is given by Lofstedt et al. (1995) [70] and Barber et al. (1997) [71] by eliminating the term R˙/c from Eq. (23) and is expressed as follows:




      

        

          	[image: ]



          	(24)

        


      


    




    

      



      MODELING AND SIMULATION IN ULTRASOUND-ASSISTED SYSTEM




      So far, the modeling and simulation of cavitation bubble dynamics under the effect of sonication for the multi-bubble phenomenon have not been addressed. This is because it is a highly complex dynamics of bubble-bubble coalescence and fragmentations of millions of cavitation bubbles, clustering, and rectified diffusion. Therefore, at present, a single bubble model is used to study various sonochemical-assisted systems involving physical and chemical changes. The single bubble model does not completely address the whole physics of the system quantitatively. But it can provide an inside into the system’s behavior qualitatively. Cavitation bubble dynamics modeling for a single bubble associated with heat and mass transfer effects along with the production of various chemical species has been attempted by several authors [73-78].




      During transient cavitation, vapor molecules diffuse into the core of the bubbles, which are formed in the rarefaction cycle of acoustic waves. Hence, the study of vapor transport is an essential facet of cavitation bubble dynamics. Storey and Szeri (2000) [79] initially provided the mathematical concept of vapor diffusion and its entrapment into the bubble. Further, this equation was utilized for the gas mixture in the bubble after coupling with the Navier-Stokes equation. Various transport properties such as vapor thermal diffusion, mass transport, and viscosity were calculated using the Chapman-Enskog theory, and the equation of state was obtained using Redlich-Kwong-Soave. It is also observed that during the compression phase of bubble radial motion, counter-current diffusion of vapor occurs along with the occurrence of vapor condensation at the bubble wall. The diffusion of vapor molecules continues until the partial pressure of the liquid in the bubble becomes equal to the saturation or vapor pressure at the bubble interface. Water vapor transport into a bubble occurs in two steps, i.e., diffusion to the bubble wall and condensation at the bubble wall. This process is influenced by two different time scales like time scale of diffusion (tdiff) and the time scale of condensation (tcond) [80]. The magnitude of these time scales (tdiff and tcond) depends on the relative time scale of bubble oscillations (tosc). The magnitude of these time scales is expressed by:
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      Where DMH2O is the diffusion coefficient of water vapor in the gas mixture, Tb is the bulk bubble temperature, Re is the Reynolds number, and Sc is the Schmidt number. At the initial phase of bubble collapse for mass diffusion of water vapor, tosc>> tdiff, tcond, bubble motion is slow enough to complete one cycle of mass transfer between liquid and core of the bubble and provides uniform bubble composition [30, 79]. And when the condition (tosc<<tdiff) is attained, vapor has less time to diffuse to the bubble wall resulting in an uneven vapor distribution into the bubble. During bubble oscillation, the temperature of the bubble surface becomes higher than the bulk water for a small instant, and the bubble splits into two parts, viz. “cold” boundary layer, which is in thermal equilibrium with liquid, and the other is “hot”, i.e., in the form of the hot homogenous core. Based on assumptions, the instantaneous diffusive penetration depth (tdiff) for mass transfer is taken as Eq. (28).
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      Where Dij is the binary diffusion coefficient, and tosc is the time scale of bubble oscillations. During the expansion cycle of an acoustic wave, the penetration depth becomes larger than the bubble radius (ldiff ≥ R), and the interior of the bubble volume is in equilibrium with the liquid. During bubble collapse, ldiff is 0.01R, implying that the boundary layer thickness is almost negligible compared to the total bubble volume. Hence, the bubble can be considered homogenous in both cases, and the transport of water molecules with time (when the bubble wall velocity is non-zero) into the bubble can be written as follows:
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      Where and are the actual concentrations of water molecules in the bubble core and the equilibrium concentration of water molecules at the bubble wall, respectively. can be calculated from the vapor pressure of water at bulk temperature (Tl). When the bubble stops growing, and bubble wall velocity reaches zero (~0), the upper limit of diffusion length can be calculated using the following equation [30, 81].
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      Similar to the mass transfer analogy, the heat transfer across the bubble can be estimated as follows [30, 74, 81]:
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      Where dQ/dt is the amount of heat loss across the bubble wall during the motion. λtc is the thermal conductivity of bubble contents and T0 is the temperature of the cold bubble surface that is nearly equal to the temperature of the liquid. lth is the thermal diffusion length, κ is the thermal diffusivity. ρi and Cpi are the density and molecular specific heat of compound ‘i’, respectively. The and are the density and molecular specific heat of the vapor mixture in the bubble, respectively. The overall energy balance for the bubble in an open system can be defined as [30]:
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      Where (dW/dt) is the work done by the bubble. The enthalpy per water molecule that condenses at the cold bubble surface is given by [image: ], where k is the Boltzmann constant. Therefore, Eq. (32) can be rewritten as follows [81, 30]:
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      Where is the internal energy, namely, the specific energy of water molecules in the bubble, Pi is the pressure in the bubble interior, θi is the characteristic vibrational temperature of species ‘i’, Ni is the number of molecules of component ‘i’. Cvi and are the specific heats of individual components ‘i’ and the mixture, respectively. Eq. (32) can be used to estimate the temperature change of a bubble during its motion, and it gives better results in numerical simulation of the sonochemical phenomena. The set of simultaneous ODEs of all four models can be solved numerically using Range-Kutta 4th - 5th order adaptive step size method.




      The bubble dynamics model for ultrasound-assisted bioprocess using organic solvent has been reported by Kalva et al. (2009) [43], and the results are presented in Table 2. The experimental results and bubble dynamic model revealed that the transesterification reaction is mainly physical. The simulation results after solving all four ODEs using the Range-Kutta method in a different medium (methanol and oil) are illustrated in Fig. (6a and b). The simulation results showed that while considering methanol as a liquid medium, the bubble undergoes a significant expansion (~five times of its original size) during the rarefaction cycle of the acoustic wave, along with considerable vaporization into the bubble. Also, not all the methanol vaporized into the bubble can leave during the compression cycle and collapse adiabatically at a temperature and pressure of 810 K and 1455 atm, respectively. The average velocity of microturbulence formed due to bubble motion is ~2 cm/s.




      

        Table 2 Summary of simulation results (Adapted from Kalva et al., 2009) [43].




        

          

            

              	(A) Conditions at the First Compression of the Cavitation Bubble

            




            

              	-



              	Liquid Medium

            




            

              	Parameter



              	Methanol



              	Oil

            




            

              	Tmax(K)



              	810



              	727

            




            

              	Pmax(bar)



              	1455



              	7.37

            




            

              	NMeoH




              	3.88 × 1011




              	-

            




            

              	Vturb (m/s)



              	0.0205



              	0.00277

            




            

              	(B) Equilibrium composition of the cavitation bubble contents in methanol at collapse conditions

            




            

              	Species



              	Equilibrium Composition (Mole Fraction)

            




            

              	CH4




              	7.3213 × 10-1


            




            

              	H2O



              	2.2833 × 10-1


            




            

              	H2




              	2.0609 × 10-2


            




            

              	CO2




              	1.8203 × 10-2


            




            

              	C2H6




              	3.1621 × 10-4


            




            

              	CO



              	4.1087 × 10-4


            




            

              	CH3OH



              	1.5522 × 10-7


            




            

              	C2H4




              	1.2378 × 10-7


            




            

              	CH3COOH



              	2.8683 × 10-8


            




            

              	HCOOH



              	1.3946 × 10-8


            




            

              	H2CO



              	2.4576 × 10-8


            


          

        




        

          a Note: Species with an equilibrium mole fraction of less than 10-10 have been ignored. Various notations used are as follows: Tmax, temperature peak reached in the bubble at the time of first collapse; Pmax, pressure peak reached in the bubble at the time of first collapse; NMeOH, number of methanol molecules trapped in the bubble at the instance of first collapse; iturb, bulk liquid velocity (or the microturbulence velocity)generated by the cavitation bubbles (calculated as the average of the positive velocity, i.e., directed away from the bubble center and negative velocity, i.e., directed toward the bubble center).
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Fig. (6))


      (a) Simulation results of radial motion of a 10 µm cavitation bubble in methanol medium, and (b) Simulation results of radial motion of a 10 µm cavitation bubble in oil medium (Adapted from Kalva et al., 2009) [43].



      On the other hand, using oil as a liquid medium, bubble expansion (R/Ro) is smaller than in the methanol system due to the low vapor pressure of the oil as compared to methanol. Further, the average velocity of microturbulence is less (~0.3 cm/s) than methanol due to the viscous nature of the oil. Experimental and simulation results attributed that oil's high viscosity mainly offers stern resistance to bubble motion and lowers the chemical and physical effect.


    




    

      



      CONCLUSION AND FUTURE PERSPECTIVES OF ULTRASOUND




      This chapter provided a basic concept of ultrasound and cavitation with the influence of process parameters. Applying sonication or acoustic cavitation induced in the presence of ultrasound waves can greatly intensify various physical and chemical changes in several processes. The acoustic cavitation can be induced in the liquid medium using a bath and probe-type sonicator. Generally, a bath-type sonicator is applied for high-frequency. While a probe-type sonicator is used for low-frequency generation of ultrasound waves using special transducers.




      The chemical changes that involve the formation of highly reactive free radicals accelerate the kinetics of chemical reactions by several orders of magnitude, along with enhancement in selectivity and yield of numerous homogenous and heterogeneous reactions. However, the physical effect of ultrasound generates intense energy in the form of microturbulence, microjets, microstreaming, and shockwaves induced under the effect of transient cavitation. These sono-physical effects of cavitation influence heterogeneous chemical reactions, such as solid-liquids or gas-liquid reactions, via increasing the heat and mass transfer coefficient at the interfaces. The microturbulence and shock waves, which are highly sporadic in nature, can be utilized for the formation of a fine emulsion between the immiscible liquid phases as well as composite preparation during solid-liquid interaction. Various process parameters, such as acoustic intensity, applied frequency, reaction temperature, etc., greatly influence the system's cavitation threshold magnitude, bubble size, and cavitation intensity. Optimization of these parameters for a process-specific operation is required to obtain an economical and robust process.




      An insight into the fluid dynamics and cavitation bubble dynamic studies coupled with mathematical modeling and computer simulation can better predict a theoretical framework of the system. A better and comparative understanding of the ultrasound-assisted process’s physical and chemical effects can be evaluated using the mathematical model coupled with simulation results. Applying these mathematical models, one can predict any physical and chemical changes during the ultrasound-assisted process. It is required to perform the experimental work highly efficiently and precisely. For example, the production of biodiesel using a transesterification process at different reaction conditions coupled with mathematical modeling with the radial motion of a single bubble has discerned the various chemical and physical mechanisms of the ultrasound-assisted process. In this process, the formation of a fine emulsion between methanol and oil mainly manifests the physical effect of ultrasound by increasing the interfacial area for the transesterification process, and no or minimal chemical effect (generation of free radicals) was observed during the process. However, millions of bubbles collectively oscillate and collapse, which can provide different insights into the system in the multi-bubble phenomenon.




      The use of ultrasound-assisted processes is mostly confined to the laboratory scale, and more focus is required to design chemical reactors equipped with sonicators for industrial-scale production. It will not only intensify the chemical and physical processes but also improve the production rate and profit of the industries.
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