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1.  Ultrasonic Cleaning:

A lack of understanding regarding the fundamentals of ultrasonic cleaning technology is the major reason why ultrasonic cleaning technology has remained stagnant for the past twenty years. The rapid progress in the ultrasonic cleaners was achieved as user requirements and peripheral technologies such as conveyor and instrumentation technologies and sheet metal welding techniques, advanced.  Unfortunately, I have not seen any major developments in ultrasonic cleaning core technology except for a few exceptions. Although the exterior design and conveyor systems advanced, without a fundamental change and innovation in the basic technology, ultrasonic cleaning technology cannot meet current demands.

To maximize innovations in ultrasonic cleaning to meet the needs of a new era, it is essential to fully and properly understand the technology and eliminate the traditional myths about basic ultrasonic cleaning principles:  what is true ultrasonic cleaning and what are the mechanisms that determine whether or not contaminants are removed. 

Ultrasonic cleaning employs high frequency sound waves radiated in a cleaning liquid.  Countless microscopic vacuum nuclei (also known as cavities) are formed and collapsed, creating a high intensity cleaning effect. True ultrasonic cleaning does not exist without these cavities.  Therefore, it is essential to have a thorough and accurate understanding of the cavitation phenomenon (formation and collapse of cavities) to effectively use ultrasonics for cleaning.

When powerful sound waves, in the 20KHz or higher ranges (known as ultrasonics) are radiated in a liquid, a certain level of sound pressure changes occur, resulting in cavities. Cavities are made of countless microscopic vacuum nuclei (also known as micro cavities) and their size varies by frequency level and sound pressure changes.  100 microns to teen-mm level of cavities are typically used for cleaning applications.  The shapes primarily fall into the following two categories:  gaseous nebula-type cavities [photo 1] and spherical nebula-type cavities [photo 2].  The author distinguishes them from those generated by non-ultrasonic sources and calls these true cavities (microscopic vacuum nuclei).
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Cavities (microscopic vacuum nuclei) repeat their generation and collapsing actions as described below. Let me explain using 25KHz as an example.


1)  Generation process: Positive shockwaves
During the initial (1/200, 000 second) sound decompression process, countless misty microscopic vacuum nuclei are generated.  These microscopic vacuum nuclei continue to merge and grow in size.  At about 3 to 4/200,000 second, they reach their maximum size.  They look like clusters of grapes, and form a mass consisting of numerous microscopic vacuum nuclei. During this process, a liquid flows at high-speed in the cavity region.  In the case of 6mm outer diameter cavities, a maximum of 200m/sec of liquid movement occurs in the area surrounding the cavities.  This is the so-called ‘force’ of positive shockwaves. The force of these shockwaves is determined by the size (and the shape) of cavities and the liquid speed.  The liquid and cavity inside the microscopic vacuum nuclei are highly pressurized.  This process plays one part in ultrasonic cleaning.  If the force is applied in only one direction, contaminants will get into the materials to be cleaned.  The following pressuring process is the key to the ultrasonic cleaning.

2)  Collapse process:  Negative shockwaves
Microscopic vacuum nuclei grown during the decompression process now shrink in size. At 6/200,000 sec, these microscopic vacuum nuclei collapse.  The collapse process occurs in less time than the generation process to reach its maximum stage.  The reverse action to the generation process occurs during this stage:  a high-speed liquid flow takes place in the direction of the center of the cavities.  Approximately 220m/sec of speed has been observed.  The liquid between the microscopic vacuum nuclei is exposed to decompression, swelling, then shockwaves resulting from high-speed and high-pressure liquid and intensified turbulence.  These shockwaves towards the center of cavities are called negative shockwaves.  These are the drive to the cleaning force and uniquely characterize ultrasonic cleaning. 

3)  Movement of cavities: Cleaning and Dislodging 
Contaminants on the surface of the materials are pushed by positive shockwaves and then pulled by negative shockwaves.  More than 20,000 of these actions are repeated per second.  Through complicated compression and swelling processes, these contaminants are dislodged with cavities at high speeds.  The speed of the cavity’s movement is limited to the lower threshold of sound pressure changes.  Thus, the movement of spherical nebula-type cavities (with a lower attenuation rate) is in the range of about 1/8( (wave length).  In the case of gaseous nebula-type cavities, the traveling distance is negligible.  Its travel speed reaches 50m/sec to 150m/sec.  This is the principle of ultrasonic cleaning removing the contaminants, which is different from non-ultrasonic cavities.


4)  The major misunderstanding about ultrasonic cleaning
The major misunderstanding about ultrasonic cleaning technology is the belief that visible bubbles generated from ultrasonic radiation are the microscopic vacuum nuclei (also known as cavities) described above. 
Many cleaning solvents except water, contain a lot of air.  Alcohol, chlorinated solvents, hydrocarbon solvents, and other cleaning solvents have a dissolved oxygen level over 20mg per liter.  When a powerful ultrasonic is irradiated in these solvents, dissolved air will become bubbles and rise to the surface, then burst due to the pressure change.  These bubbles never dissipate nor shrink their size in the liquid.  I call this phenomenon ultrasonic gas aeration.  Burst air on the surface will return and dissolve into the liquid, which will feed a perpetual cycle of ultrasonic bubbling phenomenon.  These minute air bubbles are generated on the surface of the transducer, and absorb and block effective ultrasonics.  Without preventing these air bubble obstacles, we cannot even begin to discuss the frequencies and type of ultrasonic generators. 

[Photo 3]     Miminal cleaning power
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More than 99% of ultrasonic energy has been dissipated on the surface of ultrasonic transducer in non-aqueous ultrasonic cleaners without features to preventing dissolved oxygen.  (Estimated by Author)

Non-aqueous system’s inefficiency was overlooked by many, because the solvents themselves have cleaning power.  We cannot be nonchalant about this in these eco-conscious times.  Ultrasonic cavities are high-speed phenomenon repeating over 20,000 generation and collapse actions per second, which is not a phenomenon visibly seen by human eyes.

Please consider that most of the visible air bubbles in the tank are dissipated and their energy is not effectively used.

 
2.  The importance of cavitation control


The author would call early ultrasonic cleaners where the materials to be cleaned is placed over the transducer to perform cleaning task, first generation ultrasonic cleaners.  On the other hand, those cleaners with cavitation control are considered second generation ultrasonic cleaners.  I would like to describe the cavitation control performed in second generation cleaners.  This is the basic concept behind ultrasonic cleaning systems.  Next generation ultrasonic cleaning systems will not be possible without cavitation control.

 
[Photo 4]
Cavitation distributions from Second generation ultrasonic cleaning
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1)  Location Control of Ultrasonic Cavitation
This technique is employed to control or localize cavitation generation in order to maximize its effectiveness.  Place the materials to be cleaned where the cavitation is targeted and choose the right type of cavitation. 
The location of cavitation and its distribution pattern are determined by the following factors: frequency, liquids, liquid temperature, liquid depth, location of transducer, liquid flow direction, temperature distribution, the materials to be cleaned.

The basic distribution patterns of cavitation may be designed as horizontal, vertical, grid, evenly distributed, cylindrical patterns depending on the cleaning objectives.  Ultrasonic cleaning engineers must thoroughly communicate with users to clearly understand users’ objectives at the tank unit and establish cavitation patterns for each tank.  The design must meet the basic elements such as the depth of the liquid for ultrasonic cleaning technology.    

2)  Density Control of Ultrasonic Cavitation

Ultrasonic cavities are formed in points not on plane.  They are apart and not conjoined to each other.  Degreasing may be okay to use in this situation, but the spaces in between the cavities will cause defects in precious cleaning applications.  That’s why we try to employ various methods to enhance the density of cavities.  Or we may try to extend the traveling distance of cavities.  We may also improve ultrasonic frequency waveform, generation efficiency, ultrasonic radiation efficiency, output efficiency, transducer element attachments, reduction of waste liquid and other efforts.  Some of the latest ultra compact systems, high-speed systems, and high-density ultrasonic cleaners were developed based on these concepts.

3)  Intensity Control of Ultrasonic Cavitaion
If the cavitation intensity is too minute, contaminants can’t be removed.  In contrast, overly high cavitation intensity will damage the substrate. Cavitation intensity control is a key to ultrasonic cleaner design. Parts and components to be cleaned these days are becoming more precise and intricate, which limits the selection of cavities to be employed.  User’s more in depth knowledge of ultrasonic cavities will most certainly enhance his/her control of cavitation intensity.  In general, the intensity of cavities is proportional to the liquid pressure, and inversely proportional to the frequency, liquid vapor pressure, and the amount of dissolved oxygen.  The intensity of cavities is proportional to the mass of liquid intake/discharge per unit time from cavities.  As long as you understand the principles, you will clearly know what to control.

Cavitation control is critical and basic to designing ultrasonic cleaners.  It is not feasible to introduce new ultrasonic cleaning technologies without cavitation control.

3.  The third-generation ultrasonic cleaning technology [Basic Concept]

Before even seeking new ultrasonic technologies, I must focus on the importance of ultrasonic cleaning which constructs a basic framework.  It is important to understand the basic principles, and applications are endless once you understand the basics.
This is the author’s basic technology which was presented in 1993 at the International conference in Washington D.C.  We were still in the era of CFCs and it was the world first non-CFC technology discovered and implemented.  Without proper cavitation control, you may experience significantly poor cleaning performance and this sometimes may lead to the damage of transducers.  I strongly believe without this cavitation control concept, no innovation in the cleaning industry will emerge. 

I call this third-generation cleaning technology an Enhanced Cavitation system.

1)  Enhanced Cavitation System
We can call the ultrasonic cleaners which have the capability to control the amount of dissolved oxygen for each application, third-generation ultrasonic cleaning systems with enhanced cavitation control.  The control of the amount of air (dissolved oxygen amount) is critical to the future advancement of ultrasonic cleaning technology. In the case of a few ppm or more of dissolved oxygen level, in water or aqueous ultrasonic cleaners, gaseous nebula-type cavities are formed.  Gaseous nebula-type cavities only produce a very weak impact force (intensity) because the liquid movement is slow during the generation and collapse of cavities.  Additionally, the traveling distance of cavities are fairly short (limited to a few mm) which results in uneven cleaning.  This is certainly better than those systems which only produce visible air bubbles, but not sufficient to accommodate precision cleaning needs.  Therefore, spherical nebula-type cavities are more effective.  Spherical nebula-type cavities control the dissolved oxygen amounts and deliver stable and effective ultrasonic cleaning.  This is the third-generation ultrasonic cleaner with enhanced cavitation system.

 
2) Spherical nebula-type cavities
If you want to achieve the most efficient precision cleaning in the range of 20KHz to 10MHz, it is absolutely necessary to control the dissolved oxygen level at low levels and utilize spherical nebula-type cavities.

Spherical nebula-type cavities have fast traveling speed with high intake/discharge per unit time.  Thus, their cleaning power can be maximized and diffusion capability (contaminants being dislodged and carried away) is optimal. Air entering from the liquid surface, dissolved oxygen in the liquid, and the air on the materials being cleaned can be effectively removed from the ultrasonicated region to maintain a dissolved oxygen level to 2ppm or lower in the sorrounding of the objects and transducer. The proper level of dissolved oxygen (air) amount is determined by the ultrasonic frequency, liquid type, temperature, and most importantly the precision level of cleaning.  Degassing only is not sufficient to use this technology stably and to optimize ultrasonic energy use.  Cavitation control is very important here.  After publishing this technology in Japan, many tried to copy our products.  Even a clone of our products might not achieve the same cleaning results without understanding and mastering the basics of this cavitation control technology.

Here is the application of spherical nebula-type cavitation technology. 

[Photo 5] Third-generation cavitation distribution
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