Hydrodynamic Cavitation: Unveiling the Phenomenon and its fundamentals
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1. Introduction
The quest for novel and effective processing methods is never-ending in the ever-changing world of current food production. Researchers, engineers, and food scientists have all been drawn to the fascinating phenomena known as hydrodynamic cavitation. This phenomenon, which has its origins in the complex interactions between fluid dynamics, has shown that it has the power to completely transform a variety of processes in the food business, from enhanced mixing and emulsification to new methods of food preservation and waste reduction. When a liquid flows through a narrow passageway or experiences abrupt changes in flow velocity, a complex fluid dynamics phenomenon called hydrodynamic cavitation takes place. This causes vapor-filled cavities or bubbles to form in the liquid, which then violently collapse. Hydrodynamic cavitation, in contrast to other types of cavitation, is exclusively caused by the velocity of the fluid(Gogate & Pandit, 2004). Other types of cavitation frequently incorporate outside influences like mechanical vibrations or acoustic waves. Rapid collapse of the cavitation bubbles produced by hydrodynamic cavitation causes intense localised energy to be released in the form of shockwaves, microjets, and high temperatures. The potential implications of this energy on physical, chemical, and mechanical processes make hydrodynamic cavitation an important topic for research across many industries. 
A history that is intertwined with the study of fluid dynamics itself can be found in hydrodynamic cavitation, a phenomenon where rapid changes in fluid velocity cause the formation and implosive collapse of vapor-filled bubbles. It is a remarkable illustration of how liquid behaviour under adversity can have transformative effects. Shockwaves, microjets, and extremely high temperatures are produced as a result of the formation, growth, and abrupt, violent collapse of vapor-filled cavities within a liquid. A novel platform for molecular manipulation, initiating reactions, and changing physical properties is provided by these transient and dynamic conditions.  
The importance of hydrodynamic cavitation is found in its capacity to produce strong mechanical and chemical effects within a liquid medium. Due to its potential to revolutionise traditional processes, increase efficiency, and open up new applications, this phenomenon has attracted the interest of researchers, engineers, and a variety of industries. The following are some significant details emphasising the importance of hydrodynamic cavitation:
Improved Mixing and Emulsification:
Processes for mixing and emulsifying substances can be significantly improved by hydrodynamic cavitation. Components that would be difficult to mix uniformly in the absence of turbulent flow patterns and microscale vortices are effectively mixed by the violent collapse of cavitation bubbles. For industries like food processing, where stable emulsions and consistent textures are essential for high-quality products, this capability has immediate implications.
 Accelerated Reactions and Mass Transfer :
When cavitation bubbles burst, energy is released that can speed up mass transfer rates and start chemical reactions. This has uses in fields like chemical production and pharmaceuticals where quick reactions and higher yield are desired. This aspect may help the food industry extract flavours, colours, and bioactive substances from natural sources more effectively.
Sustainable Processing :
 Hydrodynamic cavitation offers a more environmentally friendly substitute for conventional processing methods that might involve using chemical additives or high temperatures. The localised energy produced by cavitation can improve processing without the use of excessive heat or additives, promoting more environmentally friendly and long-lasting procedures. 
Food Preservation and Waste Reduction :
Microorganisms' cellular structures can be damaged by the mechanical and acoustic effects of hydrodynamic cavitation, which inactivates them. This reduces the need for thermal treatments and chemical preservatives, making it a promising method for food preservation. Hydrodynamic cavitation can also be used to turn food byproducts and waste into useful resources, addressing sustainability and waste management issues.
Novel Product Development : 
Hydrodynamic cavitation's particular conditions can lead to the development of novel food products with improved textures, flavours, and nutritional profiles. Food technologists can achieve unheard-of results that satisfy changing consumer preferences by meticulously controlling cavitation parameters.
In essence, hydrodynamic cavitation is a revolutionary method of manufacturing and processing. It is a flexible tool with applications in a wide range of industries because of its capacity to harness strong energy within a liquid medium without using strong external forces or high temperatures. The potential of hydrodynamic cavitation to transform industries like food processing becomes even more exciting and promising as researchers work to better understand the mechanisms and optimise the process parameters.
2. Cavitation
Cavitation is the phenomenon of vapour or gas-filled cavities forming, growing, and imploding in a brief amount of time (typically milliseconds). Due to the local liquid pressure dropping to the saturation pressure at a specific temperature, it is the transition from the liquid phase to the vapour phase(Badve et al., 2013). Because it corroded equipment, increased equipment noise and vibration, and significantly damaged surfaces like pipes, pumps, valves, and marine propellers, cavitation was initially thought to be a harmful phenomenon (Cvetković et al., 2015). With the right steps, these drawbacks can be suppressed or diminished. By better designing pipelines or cavitation devices and using sound insulation materials to lessen noise interference, the vibration and noise produced during the cavitation process can be reduced. Additionally, according to Simpson and Ranade, the application of swirl can direct the cavitating region away from solid surfaces and towards the device axis, minimising or completely eliminating the risk of surface erosion(Simpson & Ranade, 2018). Therefore, adding a swirl component to the process based on HC devices of the venturi or orifice type may be a good solution to address the drawbacks. In addition to the methods previously mentioned, Danlos et al. looked into the impact of various grooved suction-side surfaces of a Venturi-type section on the control of the sheet cavity instability in order to reduce erosion and/or noise, and the outcome showed that it was feasible(Danlos et al., 2014). 
In general, cavitation is the phenomenon of the formation, growth, and subsequent collapse of microbubbles or cavities that takes place in a very short amount of time (milliseconds), releasing significant amounts of energy. The generation of extremely high temperatures (of the order of 1000 to 5000 K) and pressures (of the order of 100 to 5000 bar) can be used to describe the local effects of the cavitation phenomena. The operating hydrodynamic and geometric constructional features of the reactor have a significant impact on the magnitudes of the pressures and temperatures. Thus, the effects that follow are truly spectacular, and similar occurrences take place simultaneously at millions of locations throughout the reactor. This is one of the techniques for adding discrete energy input, where the energy dissipated per unit volume (pockets) for the same amounts of average energy input is several orders of magnitude higher than the traditional processes. Energy is concentrated in incredibly small zones, but there are millions of these kinds of places (Adewuyi, 2001; Gogate & Pandit, 2001). 
Cavitation-based processes, such as a straightforward mechanically agitated contactor, promise to be a more energy-efficient substitute for conventional reactors. You can either expand the active zone of a conventional stirred reactor (by enlarging the impeller's diameter) or increase the exchange rates between the active and passive zones already present in the reactor (by speeding up rotation). Unfortunately, both methods significantly increase the total amount of energy consumed (in stirred reactors, power consumption is directly proportional to N3 d5, where N is the speed of rotation and d is the impeller's diameter). On the other hand, cavitation can accomplish the dual goals of accelerating the transport processes and improving the intrinsic rate of the chemical reaction at much lower overall energy inputs by generating extremely high local temperatures and pressures.

3. Classification of Cavitation 
In general, cavitation is divided into four distinct types according to the method by which it is produced. The four types of cavitation are hydrodynamic cavitation (HC), acoustic cavitation (AC), Particle cavitation (PC) and optic cavitation (OC)(Mancuso et al., 2016).
 3.1 Acoustic cavitation: In this process, sound waves, typically ultrasound (16 KHz–100 MHz), are used to change the liquid's pressure. Sono-chemistry is the term used to describe the chemical alterations caused by the cavitation caused by the passage of sound waves. High-intensity ultrasound irradiation with wave frequencies ranging from tens of kHz to tens of MHz causes a phenomenon known as acoustic cavitation (AC). When ultrasound waves are used on liquids, expansion occurs repeatedly. Phases of compression and (rarefaction) can cause mechanical vibration of liquids. Negative pressure is generated by expansion cycles, which pull molecules apart. Compression cycles, on the other hand, create positive pressure and push (Vajnhandl & Majcen Le Marechal, 2005) Molecules together. Cavitation Nuclei can effectively store ultrasonic energy while expanding up to a certain size. Commonly tens of microns in size (Bang & Suslick, 2010). the cavitation occurs when a bubble reaches a critical size during growth, it goes through a significant radial excursion reaches a maximum size before abruptly collapsing. Increases in reaction rates and yields of reactions with liquids can result from low-frequency and high-intensity ultrasound because it changes the state of the medium.
3.2 Hydrodynamic cavitation: Cavitation is caused by pressure changes, which are obtained through the system's geometry by causing a change in velocity. For instance, the exchange of pressure and kinetic energy can be accomplished in flow through orifices, venturi, etc. based on the geometry of the system.
3.3 Optic Cavitation: The liquid continuum is ruptured by high intensity (laser) photons, which causes optic cavitation. OC uses the light of a pulsed laser to create a single cavitation bubble in liquids(Tomita & Shima, 1986). Dense free-electron plasmas may be produced during such a process, which is then followed by explosive vaporisation and mechanical expansion. This type of energy is transferred to the atomic system by recombination and collision following optical breakdown. Rising pressures can result in shock waves, and these waves' tensile stress components can then form bubbles by exceeding the spinodal limit well below the water's critical point (Tinne et al., 2014). OC can create bubbles in liquids at precisely defined points, enabling controlled studies of the bubbles, collapse dynamics, and shock wave emission.
3.4 Particle cavitation: cavitation is the result of any other form of elementary particle beam, such as a proton, rupturing a liquid, such as in a bubble chamber. When any kind of elementary particle, like a proton, ruptures a liquid, as in a bubble chamber, particle cavitation (PC), which is based on bubble growth in a superheated liquid, is created. A charged particle that moves through a liquid leaves an ionisation trail after it for a brief period of time. Rapid local heating is produced by the energy released. A line of microscopic bubbles can form along the track if the liquid is overheated by expansion. Using electron microscopy, cavitation of rubber particles in toughened grades of nylon, polystyrene, polycarbonate, PVC, epoxy, and urethane-methacrylate resins has been observed in both thermoplastics and thermosets (Bucknall et al., 1994). It is widely acknowledged that PC is essential for increasing toughness.
To produce sufficient intensities for physical and chemical applications, OC and PC are insufficient and are typically used for single bubble cavitation. Among these four types of cavitation, AC and HC have been the subjects of the most research, particularly in the context of wastewater treatment. The AC is a result of changes in liquid pressure brought on by sound waves, typically ultrasound (16 kHz-100 MHz). The fields of chemical synthesis, biotechnology, waste stream treatment, polymer degradation, and petrochemical industry have all made extensive use of the AC or sono-chemical processes (Wang et al., 2021). The active cavitation zone is also constrained to the area around the transducers, which restricts its development and makes it difficult to be amplified. However, the ultrasonic cavitation process uses more energy. The advantages of HC technology over AC include its ability to operate on a large scale, improved energy efficiency, and straightforward equipment (Barik & Gogate, 2018). The energy efficiency of the ultrasonic cavitation disinfection process and the DYNAJETS® (a jet nozzle HC reactor used in their study) were compared by Loraine et al. It showed that DYNAJETS® had power efficiencies that were 10 to 100 times higher than those of ultrasonic disinfection. Senthilkumar et al.  used two orifice plates on a 50 L HC setup to study the decomposition reaction of KI aqueous solution, which was a typical ultrasound-induced reaction. It was discovered that the iodine released by B. Wang et al. Chemical Engineering Journal 412 (2021) 128685 3 HC was three times higher than that released by AC when the equivalent energy was input (Senthil Kumar et al., 2000). For a variety of industrial applications, including the treatment of industrial wastewater containing refractory substances like dyes, antibiotics, and pesticides, HC offers a potentially alluring path for process intensification.
Two main processes lead to the breakdown of organic compounds in wastewater: (1) the attack of free radicals in the cavitation bubble, on the interface between the bubble and its surroundings, and in the bulk solution; and (2) pyrolysis inside or close to the bubble. The characteristics of the compound, as well as the pattern and intensity of cavitation, determine which of the two mechanisms predominates (Rajoriya et al., 2017). In some instances, the strength of the shockwaves produced by the collapsing cavity can also aid in the breaking of molecular bonds, particularly those in complex, high-molecular-weight compounds. The rate of oxidation/mineralization of the pollutants is accelerated by the intermediates that have been broken-down .
4. Hydrodynamic Cavitation and its Fundamentals
A compression effect occurs when the flow passes through constrictive elements or irregular geometries, such as holes or sharp edges, and it results in a reduction in static pressure because the pressure is transformed into kinetic energy as a result of the accelerating velocity and pressure variation related to flow (Wilcox, 2006) Separation. Once the static pressure falls below the regional saturated vapour pressure, cavitation takes place (Yan & Thorpe, 1990). Sheet cavitation, which is primarily brought on by negative pressure gradients appears in liquids where boundary layer separation or wall-flow reversal occurs on a solid surface. Cavity oscillation, shakiness, and increased cavitation intensity and cloud shedding is a possibility. Valves, pumps, propellers, and hydrofoils may perform poorly as a result of the periodic process of sheet to cloud cavitation. Super-cavitation is the term used to describe cavitation that spreads beyond the cavitating object and moves with the wake (Crowe et al., 2006). Also, high-speed rotating objects can cause vortex cavitation, which forms in a swirling motion.
The Bernoulli theorem can be used to explain the phenomenon of hydraulic cavitation. The Bernoulli equation states that the liquid pressure decreases as kinetic energy rises. The cavities start to form and grow when the local pressure falls to the threshold pressure for cavitation, which is typically below saturated vapour pressure at the operating temperature. The generated cavitation bubbles typically range in size from a few nano-meters to a few millimetres, depending on the flow conditions(Sežun et al., 2019). The cavities collapse when the pressure returns to or surpasses the vapour pressure, and the micro-jets create turbulence downstream of constriction as depicted in Fig1. The geometry of the structures and the liquid's flow conditions influence turbulence intensity.
The amount of cavities produced and the turbulence's strength both affect the cavitation's intensity in HC. A dimensionless number called the cavitation number (Cv) is used to define the phenomenon of hydrodynamic cavitation. The following Eq. (1) provides it:
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Figure 1: Hydrodynamic cavitation (HC) reactor's various cavitational events at various stages with a pressure profile: adapted from (Thanekar & Gogate, 2018) 
where Pv is the liquid's vapour pressure, v0 is the device's throat velocity, and is the liquid's density. P2 is the fully recovered downstream pressure. Since the velocity at the cavitating device's throat (v0) increases with an increase in operating inlet pressure, Cv decreases with an increase in operating inlet pressure for all conventional cavitation devices, including orifice or venturi devices. The cavitation inception number Cvi is the Cv at which cavitation begins to occur. According to studies under ideal circumstances, the cavitation inception typically happens at Cvi = l, and there are noticeable cavitational effects when the Cv value is 1. However, cavities can often be created at Cv levels above 1 because there are frequently trace amounts of dissolved gases and suspended particles. The nuclei needed to start cavitation are generated by suspended particles and dissolved gases (Simpson & Ranade, 2018). Additionally, a number of variables, including the geometry of the flow and the size or dimension of the constriction, affect the value of Cvi. According to Yan and Thorpe, the Cvi increases roughly linearly with the diameter ratio, but the cavitation inception number does not change for a given orifice with the liquid velocity. Since the number of cavitation events and the generated cavities increase at a smaller Cv despite the intensities of cavity collapse decreasing, the lower the Cv value, the higher the cavitation intensity is typically. However, choked cavitation, or so-called super-cavitation, will happen when the Cv falls to a certain level. Because there are more cavities in this situation, they begin to coalesce with one another and form a cavity cloud, which will lower the collapse pressures (Yan & Thorpe, 1990). Sezun et al. claim that HC can be broadly classified into three types: attached cavitation, developed or cloud shedding cavitation, and super-cavitation. According to the attached cavitation phenomenon, a significant number of vapour bubbles are adhered to the surface of the constriction and have taken the form of an attached cloud. Further, the previously attached cavitation cloud becomes unstable and begins to shed from the primary cavitation structure, either completely or partially, as the flow velocity or static pressure in the system increases. The developed or cloud shedding cavitation stage is at that point. Super-cavitation happens when the flow velocity is increased further or the system pressure is decreased (Sežun et al., 2019). In comparison to attached cavitation and super-cavitation, developed shedding cavitation is the most aggressive. The flow situation will change at various cavitational stages. Different flow regimes can exist in the flowing system depending on the level of cavitation. The single liquid phase first manifests as a two-phase bubbly medium in the cavitation zone during the initial stages of cavitation. Then, during the stage of choked cavitation, the flow changes from a two-phase bubbly flow to a two-phase annular jet flow, in which the annular vapour cloud surrounds the liquid core at the centre. More energy and active radicals cannot be produced when choked cavitation forms. Critical Cv is the Cv for the start of choked cavitation. The cavitation state when using HC for wastewater treatment should be halfway between cavitation inception and choked cavitation. Therefore, between Cvi and critical Cv, there is typically an optimal Cv. It is crucial to determine the ideal Cv for a particular reactor in order to achieve the greatest cavitational effect, whether through numerical simulation or experiment. According to reports, Cv values between 0.1 and 0.2 provide better degradation efficiency (Saharan et al., 2011., Rajoriya et al., 2017). Vichare et al.'s cavitation number (Cv') was also used to describe the cavitational conditions, as shown in equation (2).
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perimeter of holes overall Pipe circumference, when examining the impact of the hole perimeter or hole number, the definition of Cv' is helpful because it took into account how the flow geometry affects cavitation. Researchers can analyse and partially explain the phenomena and outcomes of the HC process with the aid of the definitions of Cv and Cv'. It is unavoidable, though, to acknowledge that some arguments exist suggesting that the cavitation number is not a reliable indicator of the onset or intensity of cavitation.
5. Reactors of Hydrodynamic Cavitation
Additionally, these gadgets are straightforward, simple to use, and require less upkeep. However, because cavitation happens close to solid walls, orifice or venturi-based designs are vulnerable to clogging and erosion (Šarc et al., 2017). As a result of the high operating and maintenance costs associated with generating high pressure and speed, rotating type devices are not always able to produce an intense cavitation condition to generate the spectacular impact of the induced effects, which limits their use in industry.
In contrast to the venturi and orifice, the cavitational intensity can be controlled with much less flexibility. As a result, many researchers are also attempting to enhance the functionality of rotating type HC devices. In a vortex flow, cavitation is produced by vortex-based HC reactors. In a vortex flow, cavitation is produced by vortex-based HC reactors. The vortex-based HC reactors here refer to the reactors that do not need moving parts to generate vortex, as opposed to the rotating type HC reactors with stators and rotors. Vortex-based HC devices have received a lot of attention recently in the treatment and disinfection of water.

5.1 Venturi type HC reactor
Typically, the venturi is made up of a diverging section, a throat, and a converging section. The smooth converging and diverging sections of the venturi make sure that it generates a higher velocity at the throat for a given pressure drop across it and a lower Cv at the same time in comparison to the orifice. The cavities can stay in the low-pressure area for as long as necessary to grow to their largest size before collapsing thanks to the smooth diverging sections.
The schematic diagram in figure 2 shows the venturi orifice type HC reactor that is typically used in studies. A pump, a holding tank, two pressure gauges, a rotameter, control valves, and the HC device make up the closed-circuit device. To regulate the temperature of the flowing liquid, the tank has a cooling jacket or cooling coil. By changing the control valve, the main circuit's flow can be managed. By changing the flow rate, the fluid's inlet pressure can also be managed. At the reactor's inlet and outlet, two pressure gauges are used to measure the pressure, respectively. The fluid flow through the mainline can be measured by the rotameter to examine the reactors' hydraulic parameters.
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Figure 2: The orifice and venturi-based HC reactor. D stands for the throat diameter of the venturi tube or orifice plate, αc for the half convergence angle,   βc for the half divergence angle, and l for the throat length: adapted from(Wang et al., 2021).
The venturi can be classified into circular venturi, slit venturi, and elliptical venturi based on its geometrical characteristics. The most extensively researched venturi are circular and slit venturi. The venturi's geometrical parameters have a big impact on cavitation behaviour. To achieve the required cavitational intensity, it is crucial to optimise the venturi's operating and geometrical parameters. Numerous studies have discussed optimising the venturi's geometrical parameters based on the divergence angle's impact, the ratio of the throat's diameter to its length (or, in the case of slit venturi, the ratio of the slit height to its length), and the ratio of the throat's perimeter to its open area (α).
5.1.1 Throat's diameter/height to length ratio's effect:
The maximum size of the cavity before the collapse is determined in part by the ratio of the throat diameter/height to length. The residence time of the cavities in the low-pressure zone is dependent on the throat's length. In an investigation by Kuldeep and Kumar, the cavitation efficiency of various HC reactors was examined in relation to different throat height/diameter to length ratios of 1:1, 1:2, and 1:3. The optimal ratio among the three studied ratios, as demonstrated in the report, is 1:1 in the case of the venturi, where this parameter has a negligible impact on the number of cavities and their growth rate(Kuldeep & Saharan, 2016). Contrarily, in the case of orifice type HC reactors, the effect of the throat length on cavitation behaviour is more obvious because the number of cavities produced in the orifice plate was naturally lower than that in the venturi. More cavities will be created in the lower pressure area as the throat length increases. Higher L/H and W/H ratios have been found to benefit cavitation volume enhancement, though L/H has a less significant effect. As the throat and solid surface (edge) become wider under conditions of higher W/H, more bubbles will be generated and the shear area will also grow(Abbasi et al., 2020).
5.1.2 Divergence angle’s effect:
The number of cavities produced and their dynamic behaviour in the venturi are primarily influenced by the size and shape of the throat and convergent section. The total impact of cavitation depends on how many cavities are created and how strongly they collapse (Kumar & Pandit, 1999). Additionally, the shape of the divergent section affects the maximum size of the cavities that can form as well as how long they can last. The divergent section's design prevents early cavity collapse. The pressure recovery rate of venturi type HC devices is significantly influenced by the divergence angle. When the divergence angle is greater, the cavity quickly collapses, whereas when it is smaller, pressure recovery is smooth and the cavity can grow more easily (Rajoriya et al., 2016).  The pressure recovery rate typically rises as the divergence angle rises.
To maximise the pressure recovery rate, Kuldeep and Kumar simulated three different half divergence angles of 5.5°, 6.5°, and 7.5°. The maximum cavitation yield was found to be achievable at a half divergence angle of 6.5°, as opposed to the other half of the divergence angle discussed. The cavities abruptly collapsed due to the large divergence angle. If the divergence angle had been smaller, the pressure recovery would have been smooth and the cavities would have grown to their largest size before rupturing, producing higher cavitational intensities(Kuldeep & Saharan, 2016)
5.2 Orifice type HC reactor
The orifice plate has received extensive research due to its ability to produce intense cavitation conditions more efficiently than other HC devices. In a given cross-sectional area of the pipe, the orifice plate can accommodate more holes and is simple and straightforward to design. Contrary to the venturi, which has smooth converging and diverging sections, the sudden contraction and divergence of an orifice causes temporary cavitation. Additionally, the pipeline's sudden expansion causes the pressure to recover right away, which causes the cavity to collapse quickly and intensely. A significant amount of energy is lost as a result of the boundary layer separation that takes place as the liquid moves through the constriction, which results in a persistent pressure drop. As a result, a fluid turbulence of extremely high intensity develops downstream of the constriction. Its intensity is influenced by the size of the pressure drop, which is in turn influenced by the constriction's geometry and the liquid's flow conditions, or the scale of turbulence (Adnađevic et al., 2019). A higher intensity of cavitation or cavitational yield can be attained by modifying the geometric properties of the orifice plate (such as the number of holes, hole size, and shape of the orifice).
Orifice plates can be classified as either single-hole orifice plates or multiple-hole orifice plates depending on how many holes they have. For the same flow area, the multiple-hole orifice plate can produce more cavitation than a single-hole orifice because, in the case of a large number of cavitation holes, a large number of cavities will be produced (Rajoriya et al., 2016). The number of holes, the size and shape of the holes, and the arrangement of the holes are all crucial considerations in the design of the multiple-hole orifice plate. The following factors are typically the main focus of research on the cavitational effect of the orifice plate: 1. The proportion of the entire perimeter to the entire flow area (α); 2. The proportion of the pipe's throat to its cross-sectional area (β). 
5.2.1 Total perimeter to total flow area(α) ratio’s effect 
The parameter, which measures the impact of the orifice plate geometry, is defined as the ratio of the total perimeter of the hole to the total flow area. Two crucial factors for the design of orifice-type HC devices are the total perimeter of the hole and the total flow area. The shear layer's area is indicated by the hole's overall perimeter. It is discovered that the cavitational yield is significantly influenced by the shear layer's turbulence and the area it occupies. The cavitational activity is facilitated by the expansion of the holes' overall perimeter (Song et al., 2019). The total flow area determines the fluid flow rate, which in turn determines the number of passes the fluid makes through the orifice during a given operating period. The quantity of holes and the diameter of the holes affect both the overall perimeter and the overall flow area.
The definition of parameter quantifies the impact of the geometry of HC devices on cavitation behaviour and improves the understanding of the analysis of the geometry parameter's impact on cavitational yield. The orifice plate's hole size, shape, and number are what determine it. In order to maximise the extraction of internal lipids from wet microalgae, Lee et al.  optimised the HC devices, which included 12 different orifice plates, based on and values. They also conducted a correlation analysis of various parameters, including flux, the flow rate at the orifice plate, the number of rotations per minute, and Cv (Lee et al., 2011). It's interesting to note that neither the highest value of nor the lowest number of cavitations results in the maximum yield of lipids. They explained that this was due to the surge pressure caused by the change in flow rate in the HC reactor and noted that, as the steam fraction and the number of fluid rotations increased, the oil extraction efficiency increased and the smaller the fluctuating pressure decreased. Therefore, given that has a variety of effects on a process, there might be an ideal value for.
5.2.2 Total flow area to the cross-sectional area of the pipe (β) ratio’s effect
The ratio of the total flow area or the area of the hole opening to the pipe cross-sectional area is another parameter known as β. By altering the diameter and quantity of holes in the plates, it can be changed. When the pipe's diameter is fixed, the value of β represents the orifice's effective area, so the flux through the orifice and the number of rotations change as β changes. The intensity of the turbulence is typically correlated with the value of, which affects the bubble life. The parameter β'(the vale of the orifice to pipe diameter ratio) may also be used in place of β. For a fixed pipe size, Moholkar and Pandit examined the bubble behaviour for two different values of β'. The findings showed that 'is inversely proportional to the turbulence intensity. When the ratio of the orifice to pipe diameter is 0.5, the permanent head loss is 73% of the pore pressure difference, and when the ratio is 0.75, it is 60% of the pore pressure difference. As the ratio increases, the permanent head loss decreases. Additionally, for larger β’ values, the bubble lifetime also increases as the turbulence intensity decreases. When turbulence is present, cavitation happens immediately, and as turbulence increases, the violent collapse of cavities results in pressure pulses of high magnitude(Moholkar & Pandit, 1997). The plates with more holes have less cavitational activity when plates with holes of the same diameter are compared, and the cavitational yield can be reduced by concentrating cavitation bubbles into larger holes.
5.3 Rotational type HCRs
A region swept by high-speed impellers or other sharp blades causes cavitation in elementary rotational HCRs (ERHCRs), like an HSH or mixer. The rotors propel the fluid, and because of viscosity, the static pressure drops as the fluid accelerates. The only treatment effects that occur before the rotor reaches the critical rotational speed are mechanical impact and shear force. HSHs and mixers are both widely commercialised and simple to use. Advanced Rotational HCR (ARHCRs) (Figure 3) typically employ a circular disc or cylinder with numerous dimples or gaps (cavitation generation units, CGUs) driven by a high-speed motor to produce cavitation as opposed to using impellers to do so. Eq. 3 can be used to describe the fluid behaviour in ARHCRs, where r and are the rotor's radius and rotational speed, respectively. 
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The flow regions in ARHCRs that are not disturbed by the rotor are indicated by the subscripts 1 and 2, respectively. The fluid is first pumped with an axial velocity of v1 into the undisturbed area of the devices. Due to the viscosity, when the fluid enters the disturbed region, the rotor propels it there with a linear velocity of wr. According to the velocity triangle, the real flow velocity and direction can be expressed as  and  (based on the radial flow direction), respectively. Then, the upstream flow separates into two streams. The other portion strikes the back edge of the CGU, creating a separation region with low pressure(Badve et al., 2013). One portion enters the CGU and creates a vortex inside. As shown in Figure 3, cavitation can be induced in the separation region and the vortex centre. ARHCRs can be divided into batch and continuous types based on the treatment mode. For older devices that are frequently produced at laboratory scale for mechanism research, fluids must be trapped in the reactor's internal chamber for a predetermined amount of time by switch valves at the inlet and outlet to achieve a satisfactory result. Continuous type ARHCRs with scaled-up dimensions offer significantly higher cavitation intensities and treatment capabilities compared to batch type ARHCRs, which have a limited treatment capacity (Chipurici et al., 2019). The fluids can either be delivered directly to the following process after a single treatment, which is known as non-circulation treatment, or they can be placed in a tank that connects to the HC system, which is known as circulation treatment.
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Figure 3:Advanced Rotational HCR: adapted from (Sun et al., 2020)

The geometry and arrangement of the CGUs in particular, which make up the ARHCR structure, is crucial for disinfection as well as other applications. So far, on the effects of geometrical factors, no research has been done. Using ARHCRs achieve significantly better performance than NRCHRs without any structure. They have a great potential for optimisation, as shown by this(Sun & Yoon, 2018). CFD stands for computational fluid dynamics technique can be a useful and affordable tool for researching internal and improving the geometrical structure of by taking into account external characteristics ARHCRs. Considering how challenging it is to capture both the spatial and temporal successful CFD approaches to ARHCRs, cavitation variations The ability to precisely describe the flow characteristics has not yet been created.
Disinfection as well as other applications depend heavily on the structure of ARHCRs, particularly the geometry and placement of CGUs. Geometrical effects have not yet been the subject of any studies. Without any structure optimisation, ARHCRs outperform NRCHRs in terms of performance, showing how highly optimised they are (Sun & Yoon, 2018). The computational fluid dynamics (CFD) method can be a useful and affordable tool for researching the internal and external characteristics of ARHCRs and further optimising their geometrical structure. Successful CFD approaches to ARHCRs have not yet been developed because it is extremely difficult to capture both the spatial and temporal variations of cavitation. Additionally, cavitation and water impurities may cause significant erosion damage to the structures (Zhang et al., 2017), so it is important to thoroughly investigate the corresponding damage mechanisms and the durability of ARHCRs.

5.4 HCRs based on vortex
[bookmark: _Hlk144177080]Two popular vortex-based HC reactor types are the vortex diode and the swirling jet cavitation reactor. They produce vortex flow devoid of the need for moving parts. The setup's cylindrical swirling cavitation chamber is where the cavitation is produced. A swirling jet is produced when water circulates in a circular motion through the cavitation chamber. The cavitation bubbles are produced because its central pressure is lower than the vapour pressure of water. The swirling jet is then launched from the swirling cavitation chamber and strikes the combined chamber's bottom surface, where the pressure quickly builds and the cavitation bubbles burst. As depicted in Fig. 4(a), a vortex diode typically consists of three components: an axial port, a disc-shaped chamber, and an inlet tangential port (Kulkarni et al., 2009). Through the tangential port, the flow enters the vortex diode chamber, and there, the highly swirling flow causes the low-pressure area where the cavities form to form around the axis of rotation. The risk of reactor clogging and erosion is lower in this instance because the cavitating zone is separated from the HC device's solid walls (Sarvothaman et al., 2019). The performance of 11 diodes with various sizes but the same geometric shape as shown in Fig. 4(b) was examined by Kulkarni et al.  These diodes' diameters (dC) range from 25 to 150 mm, and their aspect ratios (dC/h, where h is the diode's height) fall between 4 and 6. The analysis shows that higher diodicity will result from larger diode size (i.e., diameter) when the aspect ratio of diodes remains constant. The operating range of flow rates is wider for larger diodes, which can aid in stabilising the vortex and thereby boosting its strength (Kulkarni et al., 2009). 

[image: ]
Figure 4: (a) Typical diode geometry (b) Kulkarni et al., diode geometry  adapted from  (Kulkarni et al., 2009)

6. Conditions for optimum operation
The system's inlet pressure, the geometry of the constriction used to create cavitation, and the physicochemical characteristics of the liquid medium should all be optimised.Following are a few of the crucial factors to take into account in this regard (Gogate & Pandit, 2001; Senthil Kumar et al., 2000; Vichare et al., 2000)
1. The system's rotor speed & inlet pressure depending on the type of equipment: Increased pressures or rotor speed can be used, but avoid operating above a certain optimal value to prevent supercavitation (Shirgaonkar & Pandit, 1998)
2. Liquid physicochemical characteristics and the initial radius of the nuclei: The criteria for choosing physicochemical characteristics to achieve smaller initial sizes of the nuclei are similar to those used for acoustic cavitation.

3. The diameter of the constriction used to create cavities, such as a hole in an orifice plate: According to the application, optimisation must be done. For applications requiring intense cavitation, such as the degradation of complex chemicals like Rhodamine B (Sivakumar & Pandit, 2002) larger diameters are advised; on the other hand, applications requiring less intense cavitation, such as KI decomposition, should use smaller diameters with a greater number of holes.

4. Ratio of the free area available for the flow, or the cross-sectional area of the holes on the orifice plate to the total cross-sectional area of the pipe: For high cavitation intensities and the subsequent desired beneficial effects, lower free areas must be utilised (Gogate & Pandit, 2001; Vichare et al., 2000)

7. Mechanical, Thermal & Chemical effect Hydrodynamic cavitation
The intensity of the individual cavities collapsing in terms of temperature and pressure is significantly less than the cavitation intensity caused by the passage of ultrasound, despite the fact that the mechanism of chemical effects of hydrodynamic cavitation is similar to the sono-chemical process(Senthil Kumar et al., 2000). Figure 6 depicts the Effects of collapsing of bubble. However, by changing the geometrical and operating parameters, as mentioned above, it is possible to effectively control the frequency of such cavitation events as well as the intensity to a certain extent. Figure 5 depicts three hypothetical zones where the mechanical and chemical effects of the collapsing cavity might be felt.
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Figure 5 schematic representation of collapsing cavity zones :  adapted from (Gogate & Pandit, 2001)
The cavity's interior can be thought of as a high temperature microreader. Due to the cavitational collapse's adiabatic nature, there are extreme temperatures and pressures inside the cavity.As a result of this bond breaking, the cavity's contents (typically solvents and solutes/reactants if they are volatile) undergo pyrolysis. Once more, the strength and volume of the cavitation events determine how many free radicles are produced. The process for estimating the number of free radicals under the specified cavitating conditions has been thoroughly described by Naidu et al., 1994), Sochard et al., 1998)
The temperature is high enough in the cavity-liquid interfacial region to trigger reactions using the free radical mechanism. According to Krishna et al., the ability of the solute to accumulate at the interface and the activation energies for bond breakage determine the relative efficiency of the solute to undergo reaction(Krishna et al., 1989).
 If the free radicals in the cavity and interface region have sufficiently long half-lives, they can travel to the bulk liquid and react with it. Along with the cavities collapsing, flow conditions and flow-generated turbulence affect how quickly the cavities are transferred. Specifically in heterogeneous systems, cavitation has a significant physical impact by accelerating up mass and heat transfer. These are the main effects of cavitation that are currently understood.
1. shock waves are produced.
2. Liquid microjet formation
3. turbulence between surfaces
[image: ]
Figure 6: Mechanical, thermal & chemical effect of bubble collapse 

8. Advantages and Disadvantages associated with hydrodynamic cavitation
The following are some of hydrodynamic cavitation's main benefits:
1. Reactions that necessitate moderately demanding conditions can be easily carried out in ambient conditions, as will be covered in the following stages.
2. It is one of the most affordable and energy-efficient ways to produce cavitation.
3. The machinery used to produce cavitation is straightforward.
4. Such reactors require very little maintenance.
5. The aforementioned process can be easily scaled up.
Although the degree of cavitational intensity and the number of cavitation events can also be controlled by adjusting the operating and geometric conditions already present in the reactor (Gogate & Pandit, 2000),the hydrodynamic cavitation phenomenon provides significantly lower intensity of collapse of the individual cavities in terms of temperature and pressure than the acoustic cavitation (Moholkar & Pandit, 1997; Senthil Kumar et al., 2000). Poor pressure recovery downstream of the constriction is another drawback of hydrodynamic cavitation reactors (typically, for an orifice to pipe diameter ratio of 0.5, the total permanent pressure head loss is approximately 73% of the orifice pressure differential). Therefore, the pump's discharge pressure needs to be higher to produce higher cavitation intensities. However, it should be emphasised once more that the circumstances can be significantly improved by changing the reactor's geometry and operating parameters, which will change the fluid's turbulent structure.  The performance of hydrodynamic cavitation reactors is poor in the case of viscous mediums, just like the acoustic cavitation reactors. In this scenario, cavitation is challenging to produce and pumping such viscous materials is expensive, which has an impact on the process' overall economics.
9. Applications of hydrodynamic cavitation

Hydrodynamic cavitation has gained significant attention in various fields due to its unique ability to induce physical and chemical changes in fluids. Research and literature suggest a wide range of applications for hydrodynamic cavitation. Here are some notable examples:

· Wastewater Treatment:
Hydrodynamic cavitation can effectively break down organic pollutants and disrupt cell structures, aiding in the degradation of contaminants in wastewater. It has been explored as an energy-efficient method for enhancing oxidation processes and reducing the concentration of pollutants.

· Chemical Synthesis:
Researchers have investigated the use of hydrodynamic cavitation as a green and sustainable method for enhancing chemical reactions. The intense pressure fluctuations and high temperatures generated during cavitation can lead to increased reaction rates and yield improvements in processes like biodiesel production, polymerization, and nanoparticle synthesis.

· Emulsification and Mixing:
Hydrodynamic cavitation can be employed to create stable emulsions by disrupting larger droplets into smaller ones. This is valuable in industries such as food and cosmetics, where the uniform distribution of ingredients is crucial. The process can also aid in mixing liquids with disparate viscosities.

· Enhanced Mass Transfer:
The formation and collapse of cavitation bubbles can increase the contact area between phases (e.g., gas-liquid or liquid-solid), facilitating efficient mass transfer. This property is beneficial in applications such as extraction, absorption, and stripping processes.

· Water Disinfection:
Studies suggest that hydrodynamic cavitation can lead to the production of reactive oxygen species and free radicals, which have antimicrobial properties. This makes it a potential method for water disinfection and pathogen inactivation.

· Nanomaterial Fabrication
Hydrodynamic cavitation can induce nucleation and particle growth in solutions, leading to the synthesis of nanoparticles. The controlled conditions within cavitation zones can influence particle size and morphology, making it suitable for tailored nanomaterial production.

· Degassing
Cavitation-induced microbubbles can facilitate the removal of dissolved gases from liquids, such as degassing water for industrial processes or removing dissolved oxygen in beverages.

· Enhanced Digestion and Extraction:
In the food and beverage industry, hydrodynamic cavitation has shown potential for enhancing digestion and extraction processes, leading to improved yields and product quality.

· Crystallization:
The formation of cavitation bubbles can provide nucleation sites for crystallization, aiding in the controlled formation of crystalline products in various applications, including pharmaceuticals and chemicals.

· Cell Disruption:
Hydrodynamic cavitation has been explored for cell disruption in biotechnology and biofuel production. The mechanical forces generated during cavitation can disrupt cell membranes, releasing intracellular components.

As research and technology continue to advance, hydrodynamic cavitation is likely to find new applications and refinements in existing fields. However, it's important to note that while hydrodynamic cavitation offers numerous benefits, careful consideration of process parameters, system design, and potential side effects is essential to ensure safe and efficient implementation in various applications.




10. Conclusion
Hydrodynamic cavitation either used alone or effectively combined with other advanced oxidation processes, HC offers a very promising application prospect for reducing the pollutant load of various wastewater. It is challenging to determine which cavitation reactor is superior because the geometric and operational characteristics of various types of cavitation reactors vary widely. For a particular HC reactor, the combined effects of different operating parameters lead to the hydraulic characteristics or degradation efficiency of the HC device.
The best operating circumstances for each HC configuration must therefore be further investigated. One of the practical options that takes into account all relevant decision-making factors that are crucial to reaction performance is the Response Surface Methodology (RSM).
It has been demonstrated that the HC-based hybrid process offers better degradation efficiency when compared to HC alone. Combining HC with other AOPs can not only accelerate the breakdown of pollutant molecules but also speed up the process and use less oxidant. The structure and kind of reactants also influence how much degradation occurs. The ideal AOP combination differs for various types of pollutants. The ideal combination of target pollutants' degradation still needs to be investigated. While HC or other HC-based hybrid techniques offer a promising future in the treatment of wastewater or disinfection, there is still a long way to go. 
In conclusion, HC is a good method for treating and disinfecting low-concentration wastewater, but there is still a long way to go before industrial applications. To this end, we offered some recommendations for additional research: (1) In order to further increase the removal rate and mineralization rate of HC, it is necessary to study the microscopic mechanism of HC as well as the pollutants' decomposition pathway and combine the two processes. (2) The necessary experimental verifications will be more convincing when various geometric parameters of the reactor or operating conditions are optimised using the CFD modelling approach. (3) Since the outlet pressure of HC devices also influences cavitation behaviour, studies looking into operation parameter should explicitly state whether or not the outlet pressure value is constant. Additionally, more research on the outlet pressure or the ratio of inlet pressure to outlet pressure needs to be done. (4) More research and clarification are needed to fully understand the synergistic effect and mechanism of combining hydraulic cavitation with other advanced oxidation processes. (5) The performance of various HC reactors or hybrid technologies should be compared using the same criteria. (6) Although it is simple to scale it up on a large scale, the majority of studies are still conducted on a laboratory scale with only a few attempts at pilot scale. Also, to cut the cost of construction, the HC reactor wastewater treatment system design can be improved.  To treat the wastewater, the same or different types of HC reactors can be used in series or parallel.
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