
 

 

ABSTRACT 

PANG, HAO. Harnessing of Energy Emanating from Hydrodynamic Cavitation for 

Manufacturing Processes (Under the Direction of Dr. Gracious Ngaile). 

 

In a manufacturing process, properties of the raw materials such as the shape, size, mechanical 

characteristics, are physically and chemically modified to fabricate products.  A manufacturing 

process may consist of various operations to produce a final product. These operations can be 

categorized as core operations and the auxiliary operations. The auxiliary operations are the service 

of the core operations. Core operations referrers to processes like forming and machining, whereas,   

auxiliary operations may include treatment of the workpiece surface, lubrication, and cooling of 

workpiece and tooling. In a conventional manufacturing layout, auxiliary operations are carried 

out at different sites. The sequential arrangement of these core and auxiliary operations may lead 

to higher production costs and a loss of time.  Raw materials, semi-finished products and tooling 

may need to be transported from one location to another. These inherent manufacturing 

inefficiencies could be improved if core and auxiliary operations are carried out concurrently.  As 

these manufacturing operations are concentrated and concurrently carried out, the waiting time, 

energy consumption and transportation cost can substantially be reduced.   

The goal of this research is to integrate the auxiliary operations into the core ones. For example, 

treat the workpiece surface and formulate the lubricant in real time and in-situ with the core 

operation. In order to achieve this, the energy in the fluid which is commonly used as a lubricant 

or as a coolant in most core manufacturing operations can be harnessed and directed to target 

locations via the cavitation phenomenon. To test this concept a cavitation generator was developed 

for these auxiliary operations. Meanwhile, the process feasibility of cavitation was tested on this 

prototype and the process windows were investigated. The effects of the process parameters on the 

cavitation characteristics were studied using the computational fluid dynamic (CFD) analysis and 

the flow visualization method. In order to evaluate conditions of the surface treated by the 

cavitation, the energy dispersive spectroscopy (EDS), Knop hardness test (HK) and confocal laser 

scanning microscope (CLSM) were used. In order to characterize the lubricant formulated by the 

cavitation, the ring compression test and dynamic laser scattering technique (DLS) were used. 



   

 

Furthermore, a concept of tuning the cavitation via the flow-induced vibration (FIV) was proposed 

and an analytical model was established for this concept. 

In the surface treatment study, the energy released by the hydrodynamic cavitation was found 

to be sufficient to generate dents on the specimen surface reaching a surface roughness of 7.5 ɛm. 

The cavitation also led to a 19% increase in the specimen hardness at most. The chamber 

geometries, such as the throat and dimple, and the pressure drop were found to be able to alter the 

pattern of cavitation energy release, which further affected the texture and hardening patterns. The 

section profile of dents changed from the micro-crater shapes to irregular shapes with the specimen 

hardness increasing. The hardness of the processed specimen increased first and then saturated 

with the cavitation processing time, however, the surface roughness initially remains the same and 

then monotonically increased with the processing time.  

In the nanolubricant formulation study, the hydrodynamic cavitation was successfully 

employed to disperse SiO2 nanoparticles in a base oil and the setup developed has the potential to 

be scaled up for industrial production. The nanoparticle diameter decreased from 2668 nm to 585 

nm with the processing time increasing from 15 min to 90 min. The formulated nanolubricant 

exhibited a 14% friction reduction compared to the pure base fluid. The lubrication mechanisms 

of the nanolubricant in the metal forming process were shown to depend on the relative size of 

nanoparticles with respect to the surface roughness of the tribopairs. In the emulsificaiton study, 

the merits of cavitation were exploited to facilitate droplet disruption without compromising other 

disruption mechanisms via the appropriate design of cavitation chambers. As a result, the 

nanoemulsion with the droplet size of 92~95 nm was formulated.   
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CHAPTER 1  

Intr oduction 

1.1. Introduction  

A manufacturing process generally requires the raw materials, machines, tools, energy and 

manpower to process a product. Although there are numerous manufacturing processes, they 

follow a common pattern of energy flow. The energy flows from the machine, to the tool and to 

the raw material. Most of the energy supplied by the machine is used to modify the shape or size 

of the raw material as well as alter mechanical properties. In the map of energy flow, the fluid 

plays an indispensable role by serving as a lubricant, a coolant or a reaction agent. For example, 

in cold forging, the oil-based or water-based lubricants are applied at the interface between the 

workpiece and tooling. These lubricants reduce friction at the interface, leading to a lower forming 

load or energy consumption, less tool wear and a better surface finish of the workpiece. In hot 

forging, the liquid containing solid lubrication particles is sprayed onto the hot tooling and to cool 

and lubricate the tool. Vaporization of this liquid removes the heat in the tooling and prevents 

overheating and softening of the tooling. In hydroforming, mineral oils or water are used to transfer 

the pressure or potential energy from the machine/tool, i.e. cylinder or bladder, to the workpiece, 

such as the sheet and tube. Thus, a liquid (mineral oil, water, etc) can be viewed as a medium 

between the machine/tool and the workpiece. 

Apparently, a branch of the energy originating from the machine flows into the fluid and the 

fluid assists the manufacturing process through liquid lubricant, coolant or other liquid media. 

There are two points pertinent to the fluid and its energy for improvement. First, in the current 

manufacturing process, this energy is directly passed to the workpiece via the fluid, which may 

alter the physical and chemical properties of the fluid in a passive way. For example, the viscosity 

of the fluid varies with the pressure and temperature between the tooling and workpiece. Second, 

formulation of the liquid-type lubricant and coolant is usually carried out by a separate 

manufacturing entity. Thus procuring and stocking of lubricants is a must prior to being utilized. 

These two points incentivize us to find a method of exploiting the energy concentrated in the fluid 

to achieve more functions. For example, the properties of a lubricant can be deliberately altered to 

induce lubrication function. This method will bring about possibilities of integrating different 
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operations which at present take place at different locations. After integration, the total number of 

operations in a manufacturing process will decrease, increasing efficiency and productivity. 

Making a process multifunctional is favorable for the enhancement of productivity and 

reduction of the manufacturing cost. First, since multiple operations are implemented 

simultaneously and in a single workstation, the material handling system can be avoided. Second, 

the lead time consumed by the workpiece transfer among workstations is saved and the cycle time 

may be shortened due to the simultaneous implementation of operations. Third, the equipment for 

a single operation is not in need after its task is accomplished by the multifunctional operation.  

Fourth, if formulation of the manufacturing fluid (lubricant and coolant) is integrated into the 

process, the usage cost of these fluids will decrease. 

Since the cavitation bubble can store the energy at the inception and growth stage and release 

this concentrated energy during the collapse stage, this phenomenon can be used to enhance 

manufacturing processes. Cavitation is a phenomenon where the liquid phase transforms into the 

vapor phase due to a pressure drop. Typical cavitation development can be divided into three stages: 

the bubble inception, growth and collapse. In the inception stage, the bubble nuclei which initiate 

from walls of the container or gas contaminant in the liquid will grow when the ambient pressure 

is below a threshold. With the ambient pressure remaining low, bubbles gain further growth. This 

is referred to as the growth stage. In the collapse stage, these expanded bubbles undergo high 

pressure and then implode. This implosion results in the high pressure wave, the high-velocity 

micro-jet and an extremely concentrated heat generation. In the first two stages (inception and 

growth), the energy conveyed to the fluid is stored in numerous bubbles. This bubble-bearing 

energy is then released in the form of mechanical and thermal energy at the third stage (collapse). 

It should be noted that the energy released in the collapse stage is so large that it can plastically 

deform hard metallic materials and cause a temperature rise of several thousand kelvins. 

Figure 1.1 shows that the energy released by the cavitation, which is categorized into 

mechanical, thermal and acoustic types. This energy can be harnessed for various applications in 

the manufacturing process. As shown in Figure 1.1, the mechanical energy in the form of the 

pressure wave and micro-jet can be used to (a) break up the lubricant agglomerates and disperse 

them in the carrier liquid, (b) deform or disrupt the droplets in the colloid system and (c) modify 

the surface morphology by plastic deformation or material removal. Additionally, the concentrated 
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heat generation and high temperature at the implosion site can activate chemical reactions among 

the additives in the lubricant or reactions between the lubricant and workpiece surface. Meanwhile, 

the high temperature gives rise to the thermal decomposition of chemical species in the lubricant, 

leading to a change in lubricity and viscosity. 

 

Figure 1.1. Utilization of Energy of Cavitation for Multifunctional Processes. 

1.2. Objective 

The major objectives of this study are: 

Å Develop the technique which harnesses the energy released by the hydrodynamic cavitation 

for surface treatment and lubricant formulation. This technique should have the potential of being 

implemented concurrently and in-situ with the forming process.  

Å Study the mechanics of hydrodynamic cavitation, establish parameters that are critical for 

harnessing cavitation energy and study the influence of these parameters in the technique above. 
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Å Derive an analytical model characterizing the interaction between the flow-induced vibration 

and cavitation and explore the feasibility of tuning the cavitation characteristics via the flow-

induced vibration. 

Å Based on the knowledge acquired from the study above, develop a multi-functional forming 

process, such as the drawing process, and demonstrate the viability of the proposed concept. 

1.3. Organization 

The outline of the overall dissertation is as follows. 

Chapter 1 briefly presents the motivation and objectives of this dissertation. 

Chapter 2 introduces the fundamentals of cavitation and mechanisms of bubble growth and 

collapse. Meanwhile, current manufacturing processes that harness the cavitation energy are 

surveyed and evaluated. Based on this literature review, the technical challenge in the 

hydrodynamic cavitation based process and the issues of integrating the cavitation into a 

multifunctional manufacturing process are summarized. 

Chapter 3 develops a hydrodynamic-cavitation-based surface treatment process, evaluates its 

feasibility and explores the influence of process parameters on the cavitation characteristics, 

surface morphology and surface hardness. 

Chapter 4 develops a hydrodynamic-cavitation-based nanoparticle dispersion process for 

nanolubricant formulation and studies the lubrication mechanisms of the nanolubricant in the metal 

forming process. 

Chapter 5 develops a new valve type low pressure homogenizer for mass-production of the 

emulsion lubricant and studies the disruption mechanism and efficiency of various homogenizer 

designs. 

Chapter 6 develops a device which takes advantage of the flow-induced vibration to tune the 

cavitation characteristics for the engineering application. It also presents an analytical model to 

determine the condition for the flow-induced vibration and cavitation. 
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Chapter 7 proposes a novel drawing die to harness the cavitation energy in real-time and in-

situ for surface treatment and lubricant formulation. It numerically studies the effects of the process 

parameter on cavitation characteristics. 
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CHAPTER 2  

Literature R eview 

2.1. Layout and Energy Flow in Manufacturing Process 

In the manufacturing process chain, operations are carried out at different stations and then 

sequentially connected by the material handling system.  The material handling system is used to 

transfer the workpiece from one station to another with the help of the conveyor, sorter and stacker. 

In the traditional sequential process layout, transportation of the workpiece and waiting of one 

operation to be completed before starting another result in waste and additional cost. If the 

operations which scatter at different sites can be concentrated in one station and carried out 

concurrently, the waste will be reduced and manufacturing productivity will be enhanced. Figure 

2.1 shows an example of the traditional process layout (spline shaft). At the beginning, the initial 

stock undergoes the phosphate coating so that the lubricant can adhere to the workpiece surface. 

The coated workpiece is then dipped into the lubricant and transferred to the forging station by the 

material handling system. Since the lubricant is usually purchased from other suppliers, shipping 

and storing the lubricant results in additional cost. Meanwhile, since some lubricants or coatings 

are toxic, the specialized equipment is needed to carry out the dipping and transfer the workpiece. 

If the coating, lubrication and forging are integrated and carried out in multifunctional equipment, 

the cost discussed above can be saved. Similarly, integration of the machining and post-processing 

in Figure 2.1 can also save cost.  For example, polishing or peening, lubrication and machining 

could be integrated to enhance productivity. 

As shown in Figure 2.2, the energy originating from the machine bifurcates. One branch of 

energy flows to the tool and then to the raw material. The other branch enters the fluid and then 

passed down to the workpiece. The energy flowing to the fluid has three forms: kinetic energy, 

potential energy and heat. For example, in the water jet cutting process, the pressurized water 

which contains abrasive particles is ejected from the nozzle at a high speed, the kinetic energy of 

the water is used to deform and remove the material. In the tube hydroforming process, the fluid 

fills the interior of the tube and is energized by the pump. The potential energy or the pressure of 

the fluid bulges the tube. In the wire extrusion process, the fluid enters the interface between the 

die and wire and form a thin film there. This thin film undergoes considerable pressure. In the 

machining process, the fluid is sprayed onto the cutting zone between the tooling and workpiece 
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and serves as the lubricant and coolant. The heat generated during machining enters the fluid and 

is dissipated. Meanwhile, the fluid forms a dynamic lubrication film with the kinetic energy at the 

tool-workpiece interface. The energy reserved in the fluid can be harnessed for the post-processing 

and intermediate operations, such as the lubricant formulation and surface treatment. Harnessing 

of the energy could be realized via the cavitation. 

 

Figure 2.1. Process Layout of Spline Shaft 

 

Figure 2.2. Energy Flow in Manufacturing Process 

2.2. Mechanics of Cavitation 

Understanding the mechanics of cavitation is fundamental for harnessing its energy for the 

manufacturing process. These basic physics determine the method of activating the cavitation, 

controlling its intensity and transferring the energy borne by the bubbles to the target. This section 

will focus on the theory of bubble dynamics, such as bubble growth and collapse. 
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2.2.1. Definition and Types of Cavitation 

The concept of phase transformation and vapor pressure need to be introduced for 

understanding the cavitation. A phase transformation diagram [Figure 2.3] shows conditions of the 

temperature and pressure under which a substance exists in the solid, liquid or vapor state. A curve 

which represents different combinations of the temperature and pressure separates the liquid and 

vapor domain. Two phases coexist on this curve and the phase transformation occurs when this 

curve is crossed. 

 

Figure 2.3. Phase Transformation Diagram (Franc et al., 2006) 

As seen in the phase diagram [Figure 2.3], the phase transformation from the liquid to the 

vapor can be driven by two mechanisms: reduction in the pressure and rise in the temperature. 

Cavitation is the phase transformation from the liquid to vapor which is driven by the decreasing 

pressure, if we suppose the local temperature at the cavitation events is constant. When the pressure 

is reduced below a threshold, cavitation occurs. In practice, this threshold for cavitation inception 

is not the same as the vapor pressure and this discrepancy is caused by the contaminant gas in the 

liquid and container walls. Arndt et al. (1992) showed that the water quality influences the 

minimum pressure at the center of cavitation vortex. This pressure in the water which is not 

contaminated by the gas is 40% higher than that in the gaseous water. Arndt et al. (1968) found 

out that an isolated irregularity on a smooth surface is more susceptible to cavitation than a surface 

of distributed roughness of equivalent roughness heightȂ 
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The bubble nuclei whose size range from several microns to several hundred microns widely 

exist in the liquid of most of the engineering application. The contaminant gas dissolved in the 

liquid is the main source of these nuclei and it is almost impossible to completely remove the gas 

from the liquid. These spherical nuclei either are freely suspended in the liquid or are trapped in 

crevices on the solid surface. If cavitation is viewed as rupture of the liquid when the difference 

between the ambient pressure and vapor pressure overcomes the tensile strength of the liquid, the 

nuclei are the weak points of the liquid where the cavitation can initiate with ease. In conclusion, 

the bubble nuclei facilitates the cavitation inception and makes the threshold pressure for inception 

deviate from the vapor pressure (Mørch et al., 2015). 

The cavitation can occur either in the flowing or static liquid. The former type in the flowing 

liquid is known as the hydrodynamic cavitation (HDC). Examples are the flow through the narrow 

passages (e.g. venturi tube, orifice or hydraulic valves), flow around the hydrofoil and flow stirred 

by the propeller blade. The later type in the static liquid is prompted by an oscillating pressure 

generated by an ultrasonicator and therefore is called the acoustic cavitation or ultrasonic 

cavitation. Some parts of the cycle may have the pressure below the cavitation inception threshold. 

Development of the hydrodynamic cavitation (HDC) can be divided into inception, bubble 

growth and bubble collapse. In order to predict the cavitation inception, two dimensionless 

numbers, the pressure coefficient and cavitation inception number, were invented (Brennen et al., 

2014; Franc et al., 2006). The pressure coefficient ὅ  is the minimum pressure across the fluid 

domain normalized by a reference pressure and velocity. Selection of the reference pressure and 

velocity depends on the research subject (Franc et al., 2006). The cavitation inception number „ 

is the vapor pressure normalized by the same reference values above. Cavitation inception is 

judged by comparing these two numbers. In a hypothesis that the flow ruptures instantaneously 

when the pressure drops to the vapor pressure, cavitation appears as long as „ ὅ . If the 

liquid is completely degassed and homogenous, „ ὅ  is required for cavitation inception. In 

the liquid containing a great amount of contaminant gas and saturated with nuclei, cavitation 

occurs even if „ ὅ . In addition to the contaminant gas, the residence time of bubbles, 

temperature, turbulence and roughness of the solid surface can significantly affect the cavitation 

inception number „, which makes it hard to acquire a systematic and unified cavitation inception 

condition (Rood, 1991; O'hern, 1990).  
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The inception of the hydrodynamic cavitation can be facilitated by various factors. i) 

geometries which sharply accelerate the liquid and cause the abrupt pressure drop. These 

geometries can be a sharp reduction of the cross section area of the liquid ducts (Venturi tube) or 

the curvature which makes liquid concentrated or converged (Hydrofoil at a high attack angle). ii) 

vortex. These stable rotational structures usually develop at the tip of the propeller blade, the draft 

tube of a turbine and the hub of a propeller. Since the pressure at the center of the vortex is way 

lower than the peripheral pressure, the vortex center is in favor of cavitation inception. iii) high 

shearing. The high shearing is widely seen in the high-speed submerged jet and wake of a bluff at 

high Reynolds numbers. The pressure fluctuation due to the turbulence and the short-li fe, unstable 

vortices at the frontier of the flow separation region facilitate the cavitation inception.  

The hydrodynamic cavitation takes different forms; i) traveling bubbles, ii) attached or sheet 

bubble, and iii) cavitating vortices (Franc et al., 2006). First, traveling bubbles start from the micro 

nuclei and expand when they enter the low pressure region. They implode and disappear when 

they are carried to the high recovery pressure zone. Second, bubbles of the sheet cavitation are 

attached to the low-pressure side of the blade and foil. Under appropriate the cavitation number 

and orientation of the bluff, a coherent sheet covers the surface of the bluff. The sheet cavitation 

can significantly alter the drag and lift force acting on the bluff and the bubble cloud shed from its 

closure usually leads to severe cavitation erosion. Pham et al. (1999) found out that the instability 

of the sheet cavitation which is in the form of the bubble cloud can be attributed to the re-entrant 

jet and small interfacial wave. Similar viewpoints are proposed by De Lange et al. (1997). In 

studies of Amromin (2007), it showed the detachment of sheet cavitation depends on the flow 

speed, surface wettability and size of the hydrofoil. Chan (1990) reported that the cloud cavitation 

and traveling cavitation cause more severe erosion in comparison with the sheet cavitation. Third, 

bubbles of vertical cavitation appear in the center of vortices which develop in the turbulent wake 

of a bluff. It is observed in the experiment that the vapor at the vortex center alters the vortex size 

and shape. Meanwhile, cavitation vortices have effects on the pressure and velocity field of the 

wake. Belahadji et al. (1995) studied the cavitating turbulent wake of a wedge-shaped obstacle. 

They found out that the Strouhal number strongly depends on the development of cavitation, as 

does the distance between the vortices. It was reported that cavitation breaks the connection 

between the elongation rate of the vortex filaments and their rotation rate. Ausoni et al. (2007) 

found out the vortex shedding frequency increases by 15% due to cavitation. Meanwhile, vortex 



11 

 

advection velocity increases and the streamwise vortex spacing decreases. By experimentally and 

numerically studying the cavitation in the hydrofoil, Ji et al. (2014) and Liu et al. (2019) concluded 

that vortex stretching and turbulent stress terms are the major causes of cavitation development 

and vortex dilatation and baroclinic torque are related to the shape of the cavity. 

2.2.2. Rayleigh-Plesset Equation 

In addition to cavitation inception, mechanisms of bubble growth and collapse are crucial to 

understanding the cavitation phenomenon and its effects on the engineering application. The 

Rayleigh-Plesset equation provides an insight into the dynamics of bubble growth and collapse 

and is widely used due to its simplicity. This model describes the behavior of a single spherical 

bubble whose center is fixed in an infinite liquid under a uniform pressure far from the bubble. It 

deals with a simple case that is amenable to analysis and demonstrates many important features of 

bubble behavior. Complicated cases that include non-spherical, bubble interaction and motion of 

the bubble center can be extended from this model.  

There are several main assumptions in the Rayleigh-Plesset model shown in Equation 1 

(Brennen, 2014). First, the liquid is incompressible. Second, the liquid is either Newtonian or 

inviscid. Third, the gravity is neglected. Fourth, the air content of the bubble is constant. This 

model is derived from the Navier-Stoke equation, the mass conservation and a boundary condition 

of the stress equilibrium at the bubble interface. It solves for the evolution of the bubble radius 

with a varying ambient pressure. 
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Equation 1 

Since the Rayleigh-Pleasset equation is a second-order and highly non-linear equation, its 

analytical equation is only available in some special cases. For example, the liquid is inviscid and 

the ambient pressure is constant. The solution of such a special case still reveals the main 

characteristics of bubble growth and collapse which hold on a more general case. After the 

simplification above, the bubble wall velocity is given by Equation 2. 
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Equation 2 

As seen in Equation 2, the bubble growth rate is asymptotic. It initially increases and then 

approaches a constant in the final stage of growth. When ὙḻὙ , the limit of growth rate is 

Equation 3. 
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Under the assumption that the liquid is inviscid and ὙḺὙ, the collapse speed of the bubble 

wall is given by Equation 4. The inward velocity will increase like Ὑ Ⱦ until the last term, which 

represents the resistance to collapse from the gas in the bubble, has a comparable magnitude to the 

first two terms, which drive the collapse. Subsequently, the inward velocity decreases and a 

minimum bubble radius is reached. At this moment, the pressure and temperature in the bubble 

are elevated to a high level approximated by Equation 6 and Equation 7 (Brennen, 2014). For 

example, if a bubble expands to 100 times of its initial size in the growth stage and then is subjected 

to a collapse pressure of 0.1 bar, Equation 6 and Equation 7 tell us that the maximum pressure 

generated would be about 1010 bar and the maximum temperature would be 4×104 times of the 

ambient temperature. The example above indicates that the bubble collapse generates a great 

amount of pressure and temperature in the bubble. 
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Absence of the gas in the bubble will lead to an infinite inward velocity at the end of the 

bubble collapse, which is the moment of the minimum bubble size. The collapse time can be 

approximated by Equation 8 (Brennen, 2014). If a bubble with a diameter of 1 mm collapse in the 

water under 1 bar, Equation 8 gives a collapse time of .09 ms. The infinite collapse speed and the 

extremely short collapse time above are derived based on the hypothesis of no gas and zero 

viscosity. In practice, however the viscosity and gas slow down the collapse. 

ὸ Ȣωρυ
”Ὑ

ὖ ὖ
 Equation 8 

The pressure in the surrounding of a collapsing bubble is also of interest. It can be derived by 

substituting the bubble size given by the Rayleigh-Plasset equation into the Navier-Stoke equation. 

The evolution of non-dimensional pressure outside a collapsing bubble is shown in Figure 2.4. As 

shown in Figure 2.4, a maximum pressure appears as soon as the bubble radius drops below about 

0.6 times the initial radius. The magnitude of this maximum pressure and its distance from the 

bubble center is written as Equation 9 and Equation 10. Calculation based on Equation 9 and 

Equation 10 demonstrates a high pressure occurs in the neighborhood of the bubble during the 

collapse. For example, when the bubble size is reduced to the twentieth of its initial size and the 

collapse pressure is 1 bar, the maximum pressure in the proximity of the bubble is 1260 bar.  
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Figure 2.4. Pressure outside the Bubble during Collpase (Franc et al., 2006) 

ɩ
ὖ ὖ

ὖ ὖ

Ὑ
τὙ

ρ

Ὑ
Ὑ

ρ

Ⱦ

 Equation 9 

ὶ

Ὑ

Ὑ
Ὑ

ρ

Ὑ
τὙ

ρ

Ⱦ

 Equation 10 

2.2.3. Stability of Bubble 

The Rayleigh-Plasset model not only reveals some crucial features of the growth and collapse 

but also provides criteria for bubble stability. If the solution of the Rayleigh-Plasset equation 

(bubble radius) is plotted against the tension experienced by the liquid (ὖ ὖ , one can obtain 

Figure 2.5. The evolution of the bubble size under different amounts of gas and ambient pressures 

constitutes a family of curves. Apart from the curve which corresponds to the bubble without any 

gas inside, each curve has a peak which distinguishes the branch with a positive slope from the 

one with a negative slope. In the branch at the left side of the peak, the bubble radius varies 

inversely with respect to the ambient pressure. In the other branch, however, any ambient pressure 
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below the vapor pressure gives rise to an explosive bubble growth no matter whether ambient 

pressure decreases or not. Therefore, the locus of peaks of various amounts of gas (dashed line in 

Figure 2.5) divides the bubbles into two types: stable and unstable bubbles. Stable bubbles sit in 

the zone below the dashed line and unstable bubbles fall into the zone above it. 

Coordinates of the peak discussed above are referred to as the Blake radius and Blake pressure 

respectively. A perturbation analysis of the Rayleigh-Plasset equation gives their formula 

(Equation 11 and Equation 12). Based on Equation 11 and Equation 12, the locus of peaks can be 

written as Equation 13. It should be noted that the Blake radius is dictated by the Blake pressure. 

The lower the pressure level, the smaller the critical bubble size. This accounts for the observation 

that a reduced pressure leads to an increase in the number of bubbles in a cavitating flow and that 

the turbulence facilitates the cavitation inception and cavitation intensity. They both result in a 

decrease in the Blake radius and qualify more bubbles as unstable.  

 

Figure 2.5. Bubble Radius and Tension (Brennen, 2014) 
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Blake radius and pressure are useful for understanding the evolution of a nucleus passing 

through a low pressure region. Use the Venturi (Figure 2.6) as an example and suppose that the 

minimum pressure at the throat is smaller than the Blake pressure. From A to B, the bubble grows 

and passes a series of stable states as the fluid converges and the pressure decreases. Since the 

bubble exceeds the Blake threshold at the most narrow choke, it transits from the stable state to 

the unstable state. As a result, it still gains explosive growth though the pressure at D already 

recovers from the minimum pressure.  

 

Figure 2.6. Bubble Evolution in Venturi (Franc et al., 2006) 

2.2.4. Bubble Collapse Dynamics 

Features of the bubble collapse revealed by the Rayleigh-Plasset equation are discussed in the 

previous section. The bubble collapse is characterized by the high inward velocity, especially at 

the initial period of collapse, high pressure inside and outside the bubble and high temperature 

concentrated at the collapse site. Since the collapse rate is likely to reach the acoustic speed, the 

fluid compressibility which is neglected in the Rayleigh-Plasset model should be considered. It is 

reported that the compressibility tends to lessen the velocity of collapse. Another necessity to 



17 

 

consider the compressibility is that it plays a role in the formation of shock waves, which is 

generated while the bubble recovers its size following the collapse.  

The bubble collapse is followed by a so-called rebound phase, in which the shock wave or 

pressure pulse is generated. Since almost all bubbles in the practical situation somewhat contain 

the gas, the gas which is highly compressed at the final stage of collapse overcome the ambient 

pressure and cause the bubble to recover its size from the minimum size. This is known as the 

rebound phase. The rebounding bubble emits a pressure wave that propagates outward and quickly 

steepens to form a shock front (Akhatov et al., 2001). Figure 2.7 shows the pressure distributions 

in the liquid before (left) and after (right) the moment of minimum size. As shown in Figure 2.7, 

in the rebound phase, a peak of pressure is generated in the liquid and this peak propagates 

outwards from the bubble center. Figure 2.7 also presents that the pressure pulse radiated into the 

liquid is attenuated as it travels away from the bubble center.  

Formation of the shock wave is a complicated process which is affected by many factors, such 

as the viscosity of the liquid, the amount of non-condensable gas, flow conditions, shape of bubbles, 

distance from the bubble to the solid surface and bubble interaction. Ivany et. al. (1965) carried 

out the numerical analysis of the collapse of the spherical bubble considering effects of the fluid 

compressible, surface tension and viscosity. They found out: i) the liquid viscosity causes the 

bubble collapse to slow down. ii) less non-condensable gas permits the bubble to collapse farther 

and the resultant pressure to be higher. Yu et. al. (1995) numerically studied the influence of shear, 

viscosity, and surface tension on the collapse of a single bubble. It was found out that a strong 

shear flow significantly increased the collapse rate, and the formation of the re-entrant liquid jet 

was be eliminated. Different from the symmetric collapse of a spherical bubble, the non-spherical 

bubble emits a series of shock waves rather than one shock wave in the first round of rebounding. 

The part of the bubble far from the boundary collapses first accompanied by the emission of the 

first shock waves. Subsequently, the bubble splits into two toroidal cavities and emits the second 

shock wave. As the toroidal cavities contract to the tip cavities, a third shockwave is generated 

(Brujan et al., 2002; Supponen et al., 2017). Tomita et al. (1986) found out that if a bubble is very 

close to a solid boundary, intensive impulsive pressures occur not only at the first collapse but also 

at the second collapse of a bubble. Tomita et al. (1984) reported that the spacing between bubbles 

and their relative position affected the amplitude of pressure impulse and the collapse time. 
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Research by Wang et al. (1999) showed that the shock wave forms near the surface of the cloud 

and propagates inward when the bubble interaction is strong. This shock wave of the outer bubbles 

considerably increases the strength and speed of the shock wave of the inner bubbles. In contrast, 

when the bubble interaction is weak, the enhancement of the shock wave does not occur. In this 

case, bubble collapse starts from the center of the cloud and the shock wave propagates outwards. 

Equation 14 forward a formula of the amplitude of the pressure wave (Brennen, 2014). Two 

points can be found out in Equation 14. First, the pressure pulse amplitude is scaled from the 

collapse pressure. Second, the pressure pulse amplitude decays sharply with the radial distance to 

the bubble center. In the reality, the shock amplitude even decays faster than ὶ (Pecha et al., 

2000). 

 

Figure 2.7. Shock wave or Pressure Pulse in the Rebound Phase (Brennen, 2014) 

ὖ
ρππὙ ὖ

ὶ
 Equation 14 

In addition to the pressure wave, the micro-jet is released by the bubble collapse. Bubbles, 

especially those mainly consisting of the vapor, hardly undergo uniform shrinkage towards its 

center during the implosion. Due to its inherent instability, even a small non-spherical disturbance 

can make the bubble departure from its spherical shape. The micro-jet can be viewed as one of 

these disturbances.  



19 

 

The micro-jet is a re-entrant flow that penetrates the bubble, leading to fission or 

fragmentation of the bubble. The micro-jet is caused by the asymmetry, such as the solid surface 

near the bubble, the gravity and the neighboring bubbles. Such an asymmetry give rise to the non-

uniform pressure distribution across the bubble, making one side of the bubble to move inward 

more rapidly than the opposite side. 

When a bubble collapses near a solid wall, the micro-jet penetrates the bubble and impinges 

the solid surface. A so-called water hammer pressure which acts on the solid surface can be derived 

from the velocity of the micro-jet. An experimental formula of the micro-jet speed is given by 

Equation 15. As shown in Equation 15, the higher the collapse pressure is, the higher the micro-

jet velocity is. Meanwhile, the micro-jet velocity decays sharply with the distance from the bubble 

center. The water hammer pressure given by Equation 16 is proportional to the micro-jet velocity. 

For example, a micro-jet in the water with a velocity of 140 m/s corresponds to a pressure of 210 

MPa. Kodama et al. (2000) reported that the calculated water hammer pressure falls in the range 

of 40~50 MPa given their condition.  

Ὗ ‒
ὖ ὖ

”
 Equation 15 

ὖ ”ὧὟ  Equation 16 

2.3. Surface Treatment in Manufacturing Process 

The surface treatment is a process which alters or add the surface of the workpiece. There are 

many types of surface treatment processes which have different functions, such as surface 

hardening, surface polishing, surface texturing and coating. The surface hardening is used to 

increase the hardness of the surface via the work hardening and enhance the fatigue strength by 

generating a superficial layer with compressive residual stress. Surface polishing is a process to 

improve the surface roughness by abrasive particles which are bound together or float in the fluid. 

In this process, the irregularities on the workpiece surface were flattened or removed. Surface 

texturing is a process to modify the structures of the surface to improve the tribological properties, 

thermal properties and interfacial properties.  

The surface treatment process is an important post-processing operation or intermediate 

operation in the manufacturing process chain. For example, surface hardening is usually arranged 
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as the post-processing operation to enhance the mechanical properties of the product. Similarly, 

the surface polishing is arranged at the end to tighten the tolerance and improve the surface finish. 

The surface texture can be either used as the post-process operation or intermediate operation. In 

the latter case, it can improve the lubrication condition and make a process condition friendly to 

the subsequent operations. It is well established that there is a close tie between the surface 

roughness/morphology and the friction condition (Ibatab et al., 2015; Wakuda et al. 2003; Tang et 

al. 2013; Braun et al. 2014).  

2.3.1. Surface Hardening 

Conventional Methods 

The surface hardening process, which is also called the peening process, is used to increase 

the surface hardness and generate the compressive residual stress in the superficial layer, which 

further leads to good wear resistance and fatigue strength. The peening process includes three types: 

shot peening, laser peening and jet peening. In the shot peening process, peening beads which are 

made of hard materials such as steel or ceramic are blasted on the workpiece surface at high 

velocity. The impact of these shots on the surface plastically deforms the material. As a result, the 

surface hardness is elevated due to plastic deformation and a compressive residual stress region is 

introduced to the surface since the plastic deformation is inhomogenous in the depth direction. The 

shot peening process is widely used for its short cycle time. But there are some limits as well: i) 

the impact of shots on the surface creates numerous indentations, which lowers the surface 

roughness of the treated workpiece, ii) the surface may not be uniformly peened, especially when 

it has complicated geometries. The over-processed region where the impacts overlap may fracture 

and under-processed regions may be insufficiently hardened. iii) the process hardly treats the 

internal surface or curvy interiors since these surfaces cannot be reached by shots. Different from 

the shot peening, the laser peening process employs laser energy to generate a high pressure plasma 

to induce a mechanical impulse in the workpiece. The mechanical impulse or shock wave yields 

the surface material and generates residual compressive stress. The workpiece is coated with an 

opaque material and then covered with a transparent dialectic material, which is commonly water 

or glass. The opaque coat is vaporized by the laser and transformed into plasma, lead to a shock 

wave. The water or glass is used to confine the shock wave near the workpiece layer. As the plasma 

absorbs the laser energy and further expand between the workpiece and the dielectric medium 
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(water or glass), a shock wave is intensified. The laser peening can achieve higher residual stress 

and more depth than the shot peening. But it also has some drawbacks: i) the curvy internal surface 

is a challenge for this technique, ii) this process induces tensile stress in the inner material, which 

can distort the workpiece if it is thin. iii) the over-processing can induce the internal fracture and 

thermal relaxation can occur in the workpiece at the elevated temperature. In the jet peening 

process, a pressurized liquid jet, which is usually the water, is ejected onto the workpiece surface 

and the impact of the water droplet onto the surface causes the plastic deformation. The jet peening 

process can process complicated and internal geometries since the medium is liquid. But an 

increase in the hardness and compressive stress seems lower in this process than in the other two 

processes (shot peening and laser peening). Meanwhile, the high speed jet can cause the delicate 

or thin workpiece to fail or fracture. 

 

Figure 2.8. Shot Peening (Azhari et al., 2016). 
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Figure 2.9. Laser Peening (Gujba et al., 2014). 

 

Figure 2.10. Jet Peening (Azhari et al., 2016). 

Cavitation in Surface Hardening 

The cavitation peening is a process that employs the pressure wave and micro-jet released by 

the bubble collapse to strengthen the workpiece surface. Sonde et al. (2018) concluded that it is 

the pressure pulse rather than the water hammer pressure that is mainly responsible for the plastic 

deformation of the materials and compressive residual stresses. Although impacts on the solid 

surface during the bubble collapse can cause erosion, the cavitation peening does not damage the 

surface because its processing time is within the incubation period.  
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The cavitation peening can introduce the compressive residual stress to the superficial layer 

of the workpiece and elevate the yield stress by the work hardening. Han et al. (2007) studied the 

water cavitation peening with aeration. They found out that the depth of the compressive residual 

stress layer was up to around 140 ‘ά under the optimal process condition. Gao et al. (2014) 

studied the response of stainless steel and nickel alloy to the ultrasonic cavitation peening. It was 

observed that the sample hardness was enhanced by 18% compared to the untreated sample. Since 

the cavitation peening brings about the compressive residual stress and the work hardening, it can 

improve the fatigue strength and fatigue life of the workpiece (Soyama, 2020).  

Compared with the conventional shot peening, the merits of cavitation peening are i) the 

cavitation peening does not increase the surface roughness, ii) the cavitation peening can treat the 

internal surface since the liquid is used iii) the cavitation peening is superior in enhancing the 

fatigue strength to the shot peening. Soyama et al. (2019) compared the fatigue strength of the 

stainless steel treated by the cavitation peening, water jet peening, laser peening and shot peening. 

The highest fatigue strength was obtained with the cavitation peening, followed by shot peening, 

laser peening and finally water jet peening [Figure 2.11]. In their other works, it was observed that 

the cavitation peening extended the fatigue life by 10 times at most. Takahashi et al. (2018) 

concluded that the cavitation peening outperformed the shot peening in enhancing the fatigue 

strength by comparing the size of the initial harmless crack for fracture [Figure 2.12]. The SP 

represents the shot peening and CP refers to the cavitation peening in Figure 2.12. 
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Figure 2.11. Fatigue strength by Various Peening Methods (Soyama et al., 2019). 

 

Figure 2.12. Crack Size rendered Harmless by Surface Treatment (Takahashi et al., 2018). 

The cavitation peening can be categorized into two types: hydrodynamic cavitation peening 

and ultrasonic cavitation peening. In the first type, a submerged high-speed cavitating jet, which 

is usually generated by the venturi or orifice, carries bubbles to the workpiece surface and these 

bubbles collapse above the workpiece surface. Different from the hydrodynamic type, the 
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ultrasonic type generates the cavitation using the acoustic wave propagating in the chamber in 

which the workpiece is positioned (Bai et al., 2018).  

Effects of the process parameter of the hydrodynamic cavitation peening on the residual stress, 

fatigue strength, hardness and surface roughness have been studied experimentally and 

numerically. One of the most important parameters is the standoff distance, which is defined as 

the distance from the nozzle to the target workpiece. The standoff distance not only affects the 

surface condition of the workpiece but also distinguishes the cavitation peening from the water jet 

peening. The process is categorized as the water jet peening when the workpiece is too close to the 

nozzle because the peening is accomplished by the impact of the water columns at the jet center. 

The standoff distance is larger in the cavitation peening than in the water jet peening. Balamurugan 

et al. (2018) employed the cavitation peening to generate the compressive stress in the surface of 

the forming tool. Their study revealed that the stand-off distance of 10 mm and a nozzle angle of 

45° induce more compressive residual stress, more hardness and less distortion at the surface 

profile [Figure 2.13, Figure 2.14 and Figure 2.15].  

  

Figure 2.13. Compressive Residual Stress as a 

Function of SOD and Nozzle Angle. 

Figure 2.14. Hardness as a Function of SOD 

and Nozzle Angle.  
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Figure 2.15. Profile Roughness as a Function of SOD and Nozzle Angle  

Another process parameter is the cavitation number. If the cavitation is generated by the 

nozzle and orifice, the cavitation number can be defined as the ratio of downstream pressure to the 

upstream pressure for simplicity. Macodiyo et al. (2006) noticed the significance of the cavitation 

number on the residual stress and surface roughness. Soyama et al. (2005) found out the cavitation 

peening using a large nozzle at low injection pressure (cavitation number = .014) produced higher 

fatigue strength than that using a small nozzle at high injection pressure (cavitation number = .0057)  

at the same flow rate. Through widely reviewing works on the effects of the cavitation number, 

Soyama et al. (2017) concluded that the peening intensity increased with the cavitation number 

first and then decreased [Figure 2.16]. The uphill may be due to the enhancement of collapse 

violence by the higher collapse pressure. The downhill may be due to the decreasing number of 

bubbles and their premature collapse.  
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Figure 2.16. Peening Intensity as a Function of Cavitation Number (Soyama et al., 2017). 

It was reported that there was an optimal processing time of cavitation peening for fatigue 

resistance. The compressive residual stress saturates after the processing time exceeds a critical 

value. So does the fatigue life. The mass loss and surface roughness monotonically increase with 

the processing time (Soyama, 2019). Soyama et al. (2000) evaluated the residual stress in the 

stainless steel and copper induced by the cavitating jet and studied effects of the processing time 

on residual stress. The residual stress was observed to change from tension to compression within 

a 10 s exposure to the cavitating jet. Meanwhile, there was an optimal process time which is about 

1/25 to 1/5 of the incubation period for both stainless steel and copper. Toh et al. (2007) induced 

the compressive residual stress on the machined surface using ultrasonic cavitation. They found 

out that the required processing time depended on the workpiece hardness and there was an optimal 

frequency as well. 



28 

 

 

Figure 2.17. Residual Stress and Exposure Time to Jet (Soyama et al., 2000). 

Extensive research has proved that the cavitation peening process can harden the surface, 

induce compressive stress in the workpiece and elevate its fatigue strength. Compared with the 

shot peening, the cavitation peening exhibits its advantage in processing the complex and/or 

internal geometries and attenuating surface damage. However, most research adopts the specimen 

with simple geometries, such as the flat plate, block and cylinder, and little research covers the 

effects of the workpiece geometry on the cavitating flow and surface treatment. How to determine 

the process parameters for the complex geometries is still an open topic. In addition, there are still 

some limits on the workpiece for this technique. For example, the size of the workpiece for the 

ultrasonic type may be limited by the container size and ultrasonicator power. Another example is 

the rigidity of the workpiece for the hydrodynamic type. A thin plate specimen may yield under 

the impact of the high-speed jet or a slender specimen may lose its stability in the high-speed jet 

due to the fluid-structure interaction. This requires a different configuration between the workpiece 

and cavitation nozzle. At last, the control method of the flow and cavitation characteristic, which 

further influences the hardness and residuals stress, and corresponding equipment needs more 

studies. The current process parameter, such as the bore diameter and stand-off distance, are 

insufficient for precise control.  
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2.3.2. Surface Polishing 

Conventional Methods 

Grinding is a slow material removal process by a rotating abrasive wheel to enhance the 

surface finish. The grinding wheel is composed of abrasive grains held together in a binder. When 

the workpiece has complicated geometries, the shape of the grinding wheel needs to be specialized, 

which increases the manufacturing cost. Since tremendous amounts of heat are generated in the 

grinding the coolant is used to avoid heat damage to the workpiece. Meanwhile, the tool wear is 

inevitable in grinding. In the magnetic abrasive polishing or burnishing, the magnetic field is used 

to drive the abrasive particles to plastically deform and remove the material so that the surface 

roughness is reduced. In this process, ferromagnetic particles are mixed or sintered with fine 

abrasive particles. The abrasive particles are pressed onto the workpiece surface and slide on it by 

the magnetic field. This process can polish the free-form surface with complicated geometries. But 

it can hardly reach some narrow space or internal surface due to the limit of the magnetic head or 

the brush. The abrasive jet polishing is a polishing process in which the high-speed jet containing 

the abrasive particles is ejected onto the workpiece surface. The abrasives with the high kinetic 

energy flatten or cut off irregular asperities on the workpiece surface, leading to lower surface 

roughness (Chen et al., 2017). Compared to grinding, abrasive jet polishing has the advantages 

such as i) no heat damage, ii) capability of processing the complicated geometry and iii) capability 

of polishing the tiny structure, such as the micro-hole and edge. 

Cavitation in Surface Polishing 

On the basis of the abrasive jet polishing, the cavitation assisted abrasive jet polishing (CAJP) 

additionally employs the cavitation to accelerate polishing. The CAJP inherits the advantages of 

AJP. Moreover, the cavitation significantly improves the efficiency of conventional AJP. Zhao et 

al. (2020) proposed a novel rotary abrasive flow polishing method which incorporates cavitation 

to improve the surface quality and process efficiency [Figure 2.18]. In this novel process, the 

cavitation bubbles generated by the venturi tube collapse above the workpiece and collective 

effects of the cavitation/turbulence increases the randomness of motion of particles so that uni-

directional polishing is avoided. Compared with the traditional method, this novel method can 

achieve better surface roughness, lower residual stress and higher efficiency. Beaucamp et al. 

(2017) introduced ultrasonic cavitation to the jet polishing system to elevate the efficiency. They 
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found out that the micro-bubbles due to the ultrasonic cavitation increased removal rate by 380% 

at most, without compromising the surface roughness compared to the conventional AJP [Figure 

2.19]. Wang et al. (2017) studied the material removal of the alumina ceramics under the ultrasonic 

vibration assisted AJP. Their studies showed that both polishing depth and amounts of material 

removal increased when the ultrasonic cavitation was added. 

 

Figure 2.18. Rotary CAJP (Zhao et al., 2020). 

 

Figure 2.19. Ultrasonic type CAJP (Beaucamp et al., 2017). 

Either hydrodynamic or ultrasonic cavitation can be utilized to assist AJP. Therefore there are 

two types of CAJP: a hydrodynamic type and an ultrasonic type. In the hydrodynamic type, the 

slurry (a mixture of the abrasive particles and fluid) is pumped through the nozzle, which takes the 

orifice or venture geometries, to generate the cavitating jet. The jet sprays on or flows through the 

workpiece and polishes it. The abrasive slurry and the debris removed from the workpiece will be 

recirculated to the tank after the filtering for reuse [Figure 2.20]. Configuration of the workpiece 

and nozzle depends on the polishing need. The process mechanism of this type of CAJP consists 
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of [Figure 2.21] i) direct abrasion by particles. The particles transported by the fluid collide with 

irregularities of the workpiece surface and then plastically deform them and finally fracture them. 

ii) cavitation erosion. The pressure wave and high-speed micro-jet impact the workpiece surface 

and remove the irregularities. iii) abrasion by particles which are energized by the bubble collapse. 

The particles accelerated by the pressure wave and micro jet slide or impact upon the workpiece 

surface. Nagalingam et al (2019) employed the CAJP to improve the roughness of internal surfaces, 

which yields a maximum of 47.5% reduction in surface roughness after 3 hrs. Their research 

showed that polishing mechanisms are the hydrodynamic cavitation erosion and micro-

cutting/micro plowing by abrasives.  

 

Figure 2.20. System of Hydrodyanmic type CAJP (Nagalingam et al., 2019). 
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Figure 2.21. Process Mechanism of CAJP (Nagalingam et al., 2019). 

In the ultrasonic type, an ultrasonic horn is submerged in the slurry and generates an acoustic 

wave which propagates towards the workpiece, which sits in the slurry as well. Or the workpiece 

in the slurry is actuated by the ultrasonic oscillator. Both methods prompt the cavitation bubbles 

which develop in the surroundings of the workpiece and finally collapse above the surface. Process 

mechanisms of the ultrasonic type may include (Ichida et al., 2005): i) cavitation erosion, ii) 

abrasion by particles which are energized by the bubble collapse, and iii) abrasion by particles 

which are excited by ultrasonic wave energy. The first two mechanisms were discussed in the 

hydrodynamic type. In the last mechanism, the abrasive particles gain the kinetic energy from the 

acoustic wave and repeatedly remove the irregularities with the oscillating motion. These process 

mechanisms were evidenced by the surface topography analysis. Tan et al. (2017) proposed an 

ultrasonic cavitation assisted AJP to post-process the workpiece built by the powder bed fusion 

method. Their studies showed that removal of small partially-melt particles was attributed to the 

cavitation. Another mechanism of abrasives energized by the ultrasonic wave was supported by 
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the micro-plowing and micro-cutting marks on the workpiece surface. Tan et al. (2020) studied 

the optimal process condition of the ultrasonic cavitation assisted AJP. They found out that the 

optimal condition was achieved when the cavitation erosion mechanism (removal of irregularities) 

and abrasion mechanism (polishing or homogenization) were balanced [Figure 2.22]. Beaucamp 

et al. (2018) studied the process mechanism in ultrasonic cavitation assisted AJP. The mechanism 

was found to be the fluid vibration in the impingement region of the jet. The fluid vibration was 

caused by the acoustic pressure wave from the nozzle and shock wave at the nozzle. The model 

based on this mechanism agreed with the experimental results. 

 

Figure 2.22. Equilibrium between two Surface Finishing Mechanisms (Tan et al., 2020). 

The CAJP has manifested its superior material removal efficiency to the conventional AJP. 

However, the effects of the process parameters are not well known since this novel process is still 

in the preliminary stage of development. Previous research on the cavitation erosion and 

conventional AJP lays a solid foundation for the investigation of process parameters of CAJP. But 

the inherent complexity of CAJP (multiphysics and multiphase) and various process mechanisms, 

whose order of importance is closely tied to the process parameters, calls for more research. Zhe 

Lv et al. (2019) numerically studied the evolution of ultrasonic cavitation in one period and the 

effects of the CAJP parameters. They found out that the cavitation intensity increased with a 

decreasing jet velocity and an increasing vibration amplitude. Nagalingam et al. (2018) studied 

effects of ambient pressure and temperature on cavitation and surface roughness in ultrasonic 

cavitation-assisted AJP. They found out that the increase in ambient pressure (at a constant 

temperature) enhanced the material removal rate. Moreover, the mass loss increased with the 

temperature and declined near the boiling point of the liquid. Chen et al. (2019) studied the effects 
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of the operating pressure and gap on cavitation characteristics and surface conditions. They found 

out that the vapor content increased as the pressure drop increased and the polishing distance 

decreased. Moreover, it was reported that a strong cavitation effect improved surface quality while 

treating a rough workpiece surface. However, as the workpiece surface was smoothened, the strong 

cavitation effect was adverse to the surface quality. 

In addition to little knowledge of the effects of the process parameter, CAJP is still faced with 

some challenges, which may be the research gap waiting to be fill ed. First, although the bulky 

cooling by the slurry prevents a continuous heat-damaged zone on the workpiece surface, the 

significant temperature rise during the bubble collapse may still create numerous localized heat-

affected zones which are spaced from each other. Second, the application of CAJP to various 

materials and structures need to be studied. For example, the hardness and toughness of the 

workpiece material may limit its feasibility. That is because the enhancement of the material 

removal rate by the cavitation erosion may decline when the hard and tough material is processed. 

Third, due to the heterogeneous nucleation sites and randomness of the flow structure, such as the 

turbulence and vortex, abrasion by the CAJP may be non-uniform across the workpiece surface. 

For example, some regions may excessively wear off while other regions are insufficiently 

polished. 

2.3.3. Surface Texturing 

Conventional Methods 

In the surface texturing process, the surface structure or morphology is modified. There are 

mainly two types of the surface structure generated by this technique: the protrusion and the dent. 

Because the dent type has the advantages of large contact area, small separation of mating surfaces, 

high wearing resistance and low manufacturing cost, it is more used than the protrusion type in 

manufacturing. Dents can improve lubrication performance. There are three reasons for that: i) the 

dent can retain the lubricant and increase the film thickness, leading to the hydrodynamic 

lubrication regime, ii) the dent can trap the wearing particles and eliminate the plowing effect, iii) 

the dent reduces the area of solid-solid contact and increases the area of solid-liquid contact. The 

effect of the dimple on improving the tribology depends on numerous factors, which can be divided 

into three categories: i) the dent characteristics, such as shape, density, depth and pattern, ii) 
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operating condition, such as load, sliding velocity and contact type and iii) lubrication regimes, 

such as boundary, mixed and hydrodynamic. 

Current surface texturing technologies include laser surface texturing, machining, etching and 

blasting, etc. Laser machining can be used to produce surface texture by melting and vaporizing 

the metal with the laser beam. It has a short process time and provides precise control of the size 

and shape. However, it requires high energy consumption and may results in microstructural 

change due to the heat-affected zone. In addition, the solidified melt rim around the dimple may 

have a negative effect on lubrication (Kovalchenko et al., 2005; Etsion et al., 2004) [Figure 2.23]. 

Machining, such as micro-milling and vibromechanical texturing where the tool is subjected to 

ultrasonic vibration, is another method to generate the surface texture (Matsumura et al., 2012; 

Greco et al., 2009) [Figure 2.24, Figure 2.25]. These machining techniques rely on the oscillation 

of the cutting tool or specially designed machining parameters, such as revolution speed and feed 

rate, to generate the texture. The machining technique is fast but it suffers from the plowing effect, 

short tool life and difficulty of the control algorithm. Another type of surface treatment technology 

is etching. The typical process of this type includes photochemical texturing and electromechanical 

texturing, etc (Zhang et al., 2012; Madore et al., 1997; Byun et al., 2010; Costa et al., 2009). They 

submerge the workpiece in the chemical solution or electrolytes to selectively dissolve parts of the 

workpiece which are not covered by the protection layer. Because both photochemical texturing 

and through-mask electromechanical texturing adopt the photolithography to generate the pattern, 

coating of the workpiece with the photoresist layer is needed. Therefore, they are not suitable for 

the generation of a regular and uniform pattern on a complicated and curvy surface. The shot 

peening and abrasive jet blasting are also used to treat the surface (Peyre et al., 2000; Miao et al., 

2010). In this case, a bead or abrasive particles are blasted onto the surface of the workpiece. These 

two processes not only generates texture but also hardens the surface by cold working. One of the 

drawbacks of this method is that material in the narrow space may be out of reach of the beads or 

abrasive particles. Another drawback is some delicate or fragile workpiece may fail under the 

strong blasting.  
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Figure 2.23. Dent with Rim made by Laser Ablation (Kovalchenko et al., 2005). 

 

 

Figure 2.24. Machining of Micro Dimple  

(Matsumura et al., 2012). 

Figure 2.25. Vibromechanical Texturing (Greco 

et al., 2009). 

In summary, processing the complicated and delicate geometries using the current surface 

treatment techniques is costly and calls for careful selection of the process parameters. Meanwhile, 

it is impossible to employ these techniques to treat some surfaces, which may be hard to be reached 

by the energy beam, tools and particles, for example, the internal surfaces or corner. 

Cavitation in Surface Texturing 

Limits of the current surface texturing process call for a new surface texturing process. Since 

the hydrodynamic cavitation based surface texturing employs the liquid, it is not limited by the 

complicated geometry, internal surface and narrow space. Figure 2.26 shows how the hardness 

and mass loss of the material evolves with the exposure time to the cavitation. In the incubation 

period, the micro-jet and shock wave released by the bubble collapse only cause the plastic 

deformation of the workpiece, leading to the unchanged surface finish. This period is also the 

processing window of the cavitation peening. As the exposure time increases, the fracture of 
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material occurs, leading to material loss. The material loss rate increases sharply first and then 

saturates. This period (mass loss) is the process window of cavitation polishing.  

The process window of the cavitation texturing also should be in the mass loss period. 

However, distinct from the cavitation polishing, the cavitation texturing aims to making the 

workpiece surface rough rather than smooth so that more lubricant can be retained. As a result, no 

abrasive particles are used in the cavitation texturing. 

 

Figure 2.26. Hardness and Material Loss of Material under Cavitation. 

2.4. Lubrication in Manufacturing Process 

The lubrication plays a critical role in the manufacturing processes. Proper lubrication reduces 

the friction between the workpiece and tooling, leading to less tool wear and better surface finish. 

In addition, the lubrication can reduce the load and energy required by the manufacturing. In the 

metal forming process, such as the rolling and forging, lubrication significantly affects the metal 

flow, which furthers dictates the part integrity. In machining, good lubrication is favorable for 

increasing the material removal rate. 

Lubrication is usually classified into various regimes, such as boundary lubrication, mixed 

lubrication and hydrodynamic lubrication. i) Boundary lubrication. In this regime, the solid-solid 

contact occurs. The normal load is completely carried by the asperities of the tribo-pair. As two 

surfaces rub, these asperities are flattened and sheared off, leading to a severe surface damage and 

a great amount of heat generation. ii) Mixed lubrication. In this regime, two rubbing surfaces are 
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partially separated by the lubricant film. The solid-solid contact still occurs but is limited to 

localized zones. Meanwhile, the lubricant trapped at the interface bears parts of the normal load. 

Therefore the mixed lubrication is superior to the boundary lubrication. iii) Hydrodynamic 

lubrication. In this regime, a thick lubricant film exists between two rubbing surfaces, which fully 

separates them. This lubrication regime usually prevails under conditions of the high sliding speed, 

low interfacial load, and high lubricant viscosity. This regime exhibits the supreme lubrication 

condition among the three regimes.  

To achieve lubrication, a liquid lubricant is usually used. The liquid lubricant can be classified 

as oil-based and water-based. The oil-based lubricant is subdivided into the natural, synthetic or 

mineral oil. The water-based lubricant can be further divided into emulsions and solutions. The 

water-based emulsion has an oil content from 3-10% and the emulsifier is generally used to reduce 

the surface energy and stabilize the oil droplets. The water-based solution is free of the oil and no 

emulsifier is used.  

2.4.1. Nanolubricant 

In addition to the conventional lubricant mentioned above, the nanolubricant attracts attention 

for its superior lubricant performance to its base carrier in recent years. The nanofluid is a colloid 

system in which nanoparticles are dispersed in base fluids such as water, mineral oils, liquid 

paraffin, and vegetable oils. Extensive research has shown that the nanofluid exhibited the superior 

lubrication performance to the pure fluid without any nano-additives (Gulzar et al., 2016; Dai et 

al., 2016; Shahnazar et al., 2016). Huang et al. (2006) investigated tribological properties of the 

paraffin oil containing the graphite nanosheet as additives using the four-ball and pin-on-disc 

tribotest. A 75% drop in friction was observed with the graphite nanosheet suspension compared 

to the pure paraffin oil. Ghaednia et al. (2015) reported that the nano-CuO additives reduced the 

friction coefficient by 23% compared to the base fluid, namely, pure mineral oil. In the course of 

investigating the performance of nanolubricants, a wide range of nanoparticles has been studied 

including ZnO, CuO, MoS2, WS2, graphite, SiO2, Al2O2, TiO2 and PbS, etc.  

Nanoparticles as lubricant additives are of interest to the lubricant developer due to their 

excellent physical and chemical properties. Their ultrafine size makes it possible for them to enter 

into the interface with ease as compared to their micro counterparts. Depending on the properties 

of nanoparticles and base fluid, the lubrication regime and conditions of mating surfaces, etc, these 
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nanoparticles either transform the sliding friction to rolling friction by serving as the nano-scale 

bearing ball or reduce the straight asperity contact by physically or chemically forming a protective 

tribofilm on the contact (Rapoport et al., 2003; Luo et al., 2014). Furthermore, the high surface to 

volume ratio of nanoparticles enhances their chemical reactivity and absorption ability, thus 

facilitating the formation of a lubricant film at the interface (Xu et al., 2019). In addition to the 

friction reduction capability, the nano-additives are able to increase the thermal conductivity. Lee 

et al. (1999) experimentally showed that the nanofluids have substantially higher thermal 

conductivities than the same liquids without nanoparticles. The thermal conductivity can be 

enhanced by more than 20% at a nanoparticle volume fraction of 4%. Similar findings were 

reported by the research carried out by Murshed et al. (2005) and Hwang et al. (2007).  

Due to the merits of the nanofluid in lubrication and cooling, it is widely used in the machining, 

grinding and hot metal forming, etc. Khalil et al. (2015) utilized the Al2O3 nanolubricant in the 

turning process of AISI 1050 and investigated its effect on the tool wear.  A tool wear reduction 

was reported. Kalita et al. (2012) studied the role of MoS2 nanolubricant in the grinding under 

minimum quantity lubrication condition. Their studies showed that the tribo-chemical film formed 

on the workpiece surface by the nanolubricant lead to a decline of 45ï50% in force-ratio and a 48ï

55% decrease in abrasive wheel wear, compared with the conventional lubricant. Li et al. (2019) 

studied the cooling and lubricating effects of the graphene oxide nanosheet lubricant in turning of 

Ti6Al4V. A significant further reduction in cutting temperature, friction force and tool/workpiece 

abrasion was observed compared to the pure base lubricant. Sayuti et al. (2014) applied the SiO2 

nanolubricant in end milling of Aluminum 6061-T6. They concluded that a thin protective film 

on machined surfaces formed by the nanolubricant prompted a reduction of the cutting force and 

cutting temperature, and an improvement of the surface quality. Xia et al. (2017) applied the oil-

in-water emulsion with nano-TiO2 as additives in the hot rolling process and studied its effects on 

the friction, rolling force, surface roughness and oxide scale. It was reported that the rolling force 

was reduced and the surface roughness was improved at the nano-TiO2 concentration of 1.5%. 

Properties of Nanolubricant 

There are many factors affecting the tribological performance of the nanolubricant, such as 

the concentration of nanoparticles, properties of particles and base fluid, lubrication regime and 

mating surfaces. Among these factors, the concentration of nanoparticles is widely examined. Xie 
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et al. (2016) investigated the tribological properties of the nanolubricant with nano-MoS2 and 

nano-SiO2 as additives using the reciprocating ball-on-flat tribometer. They found out the addition 

of nano-MoS2 and SiO2 improved lubrication performance of the base lubricant, which is mainly 

EOT5 engine oil. The optimal concentration for nano-MoS2 and nano-SiO2 for anti-friction was 

1.0 wt% and 0.7wt% respectively [Figure 2.27]. Although the presence of the optimal 

concentration is well established (Luo et al., 2014; Jiao et al., 2011; Jatti et al., 2015; Thottackkad 

et al., 2012; Li et al., 2011), its value strongly depends on the characteristics of nanolubricant and 

test condition. This is why the optimal concentration reported by the literature varies greatly, from 

the low end of 0.1% (Luo et al., 2014) to a high end of 1% (Li et al., 2011). 

 

Figure 2.27. Friction Coefficients vs Nanoparticles Concentration (Xie et al., 2016). 

In addition to the concentration, properties of nanoparticles and base fluid influence their 

lubrication performance, such as i) compatibility between nanoparticles and base fluid (Wu et al., 

2007; Alves et al., 2013), ii) structure (Rabaso et al., 2014), iii) size (Su et al., 2015; Peng et al., 

2010) and iv) shape (Rapoport et al., 1999)  of nanoparticles. Alves et al. (2013) studied the anti-

friction performance of different combinations of nano-oxides and base oil using the ball-on-disc 

tribo-tester. With the addition of nano-CuO and ZnO in mineral oil or synthetic oil, the friction 

coefficient significantly decreases compared with their pure counterparts. However, friction 

improvement was not observed when the above-mentioned nanoparticles were added to the 

vegetable oil. Rabaso et al. (2014) discovered the morphology of nano-MoS2, especially the 

structural defect, affected the durability of the lubricant in the tribo-test. Peng et al. (2010) reported 

that SiO2 nanoparticles with a diameter of 58nm exhibited better tribological properties in the load-
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carrying capacity as compared to ones of larger size. The size range in this study was from 58 nm 

to 684nm. Rapoport et al. (1999) found out that the fullerene-like (IF) nano-WS2 outperformed the 

platelet ones under the low load and is inferior to the later under high load.  

The lubrication regime is another significant factor in the nanolubrication. Ali et al. (2016) 

examined the tribological behavior of piston ring assembly using Al2O3 and TiO2 nanoparticles as 

an additive in engine oil. A substantial drop in friction was observed, in the order of 48-50%, 33-

44% and 9-13% for the boundary, mixed, and hydrodynamic lubrication regimes respectively 

[Figure 2.28]. These results show that nanolubricants are most effective in the boundary regime. 

Depending on the relative size of nanoparticles with respect to the film thickness, improvement of 

the lubrication performance by nano-additives is maximized in a certain regime and diminishes in 

other regimes (Greenberg et al., 2004; Chin et al., 2003; Liu et al., 2017).  

 

Figure 2.28. Friction Coefficient under Boundary Lubrication (BL), Mixed Lubrication (ML) 

 and Hydrodynamic Lubrication (HL) (Ali et al., 2016). 

Conditions of the mating surface can significantly influence the anti-friction function of nano-

additives, such as the oxide film (Xia et al., 2017), coating (Xu et al., 2018; Bettez et al., 2010) 

and surface roughness (Xia et al., 2017; Kogovġek et al., 2013). For example, Xia et al. (2017) 
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studied the growth behavior of oxide scale formed on the workpiece surface and its effects on the 

tribological characteristics of the oil-in-water emulsion with nano-TiO2 as additives for potential 

application in hot rolling processes. A Ball-on-disc tribotest was used. The results from this study 

showed that the oxide scale plays an important role in the tribological behavior of nano-TiO2 

additive and that the level of surface roughness can significantly influence the function of nano-

TiO2 additive. Kogovsek et al. (2013) also observed that a relatively rough tribopair is more 

favorable for MoS2 nanotubes to reduce friction in the mixed regime than a smooth one. 

Formulation of Nanolubricant 

The section above showed the superiority of the nanofluid in lubrication and cooling to the 

conventional lubricant and its wide application in engineering. While the tribological benefits of 

nanolubricants are evident from the research carried out today, practical applications of these 

nanolubricants in the industry require a cost-effective formulation methodology. The effectiveness 

of nanolubricants depends on numerous factors such as compatibility with base fluid, particle size 

and morphology, concentration, dispersion stability and surface characteristics of tribopairs. Due 

to the Van der Waal forces, nanoparticles in the liquid tend to agglomerate to reduce their surface 

energy. Poor dispersion stability may cause the nanoparticles to agglomerate, resulting in loss of 

friction-reducing ability.  

In order to fragment these agglomerates and homogeneously distribute nanoparticles among 

the liquid, two techniques are commonly used for nanoparticle dispersion namely: mechanical 

stirring (Huang et al., 2006; Rabaso et al., 2014; Ali e al., 2016) and ultrasonic dispersion (Xie et 

al., 2016; Peng et al., 2010; Koshy et al., 2015). The mechanical stirring is usually used in the 

coarse dispersion and can be arranged as a pre-processing of the ultrasonic dispersion. 

The ultrasonic dispersion mainly relies on the cavitation stress to fragment agglomerates. The 

shockwave and water hammer pressure during the cavitation collapse induces the cavitation stress. 

When the cavitation stress acting on the agglomerate can overcome the attractive force in the 

agglomerates and these agglomerates are broken up into small particles. Apart from the minor 

turbulence driven by the ultrasonic wave, the hydrodynamic stress is absent in the ultrasonic 

dispersion. Ultrasonic based dispersion techniques have been employed in most of the 

nanolubrication studies carried out to date. They are excellent for producing small quantities but 

may not be suitable for large quantities due to the low power and efficiency of ultrasonicator.  
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Effects of the process parameter in ultrasonic dispersion, such as the processing time, 

power/vibration amplitude and frequency, have been extensively studied to find out the optimal 

process condition.  Ivanov et al. (2012) studied the dispersion of nAlïAlN, Al 2O3, and AlOOH 

nanopowders in ethanol by the ultrasonic method. Their findings were summarized as i) the 

agglomerates size decreased with the processing time until it reached 0.5 ɛm. Subsequently, the 

size remained unchanged regardless of processing time. ii) increasing frequency was favorable to 

the improvement of dispersion efficiency. Bittmann et al. (2009) studied the dispersion of titanium 

dioxide nanoparticles into the epoxy resin by the ultrasonic method. They found out there existed 

a lower limit of the particle size. This limit cannot be undershot even when the sonicating time and 

amplitude were set at a high level. Graves et al. (2016) studied the ultrasonic dispersion of a low 

wt% copper nanopowder mixture and determined the optimum conditions for de-agglomeration. 

Low-frequency ultrasound was found to be more effective than the high-frequency ultrasound at 

de-agglomerating 

Compared with ultrasonic dispersion, the hydrodynamic cavitation based dispersion can be 

easily scaled up for mass production in the industry. The hydrodynamic cavitation based dispersion 

can be carried out using the homogenizer. Since the homogenizer can continuously operate, the 

hydrodynamic cavitation based dispersion can have higher productivity than the ultrasonic 

dispersion.  

2.4.2. Emulsion 

The emulsion is a colloidal system consisting of at least one hydrophilic liquid and one 

lipophilic liquid. The hydrophilic and lipophilic phase is usually termed as the water and oil 

respectively for simplicity. In addition to the oil and water, most emulsions contain the emulsifier 

or surfactant which facilitates the formation of the emulsion and provide stability to the emulsion 

once made. The emulsion can be employed as the lubricant/coolant in the manufacturing process 

(Beynon et al., 1998; Brinksmeier et al., 2015). For example, the hot rolling of steel and aluminum 

and the machining. Beynon et al. (1998) reported that the oil-in-water emulsion used on the hot 

rolling typically had an oil content of 5~10%. Brinksmeier et al. (2015) reported that the water-

based emulsion used in the metalworking industry had an oil content from 3 to 10%. Ávila et al. 

(2001) adopted two emulsions in turning of AISI 4340 and compared their lubrication performance 

with the dry cutting and another synthetic fluid. It was found out that one of two emulsions gave 
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the best lubrication performance in terms of the tool life and surface finish. Lo et al. (2013) and 

Wang et al. (1993) investigated the lubricity of the oil-in-water emulsion in the strip rolling and 

the factors which affect the hydrodynamic pressure distribution and film thickness in the 

lubrication zone. 

Properties of Emulsion 

The emulsion has many properties, such as the viscosity, volume fraction of the disperse phase 

and droplet size distribution. Some of them can significantly affect the lubrication performance. 

Some of them may be irrelevant to the lubrication but still important for the usage.  

The viscosity of the emulsion may affect lubrication performance.  De Vicente et al (2006) 

found that the lubrication performance of emulsions strongly depends on the ratio of the viscosities 

of the two phases. When the viscosity of the dispersed oil phase is lower or comparable to that of 

the continuous aqueous phase, the lubricant film was dominated by the latter.  However, when the 

viscosity of the dispersed phase is four times that of the continuous phase, the former filled the 

contact and determined the tribological properties. Dick et al. (2005) evaluated the tribological 

properties of three commercially available oil-in-water emulsions in the cold rolling of low carbon 

steel. The effect of the viscosity on the lubrication was significant at high velocity and reduction 

and not observable at lower speeds and lower reductions. In the former process condition, the 

friction decreases with the viscosity.  

In addition, the tribology properties of emulsions depend on the volume fraction of the 

disperse phase. Nakahara et al. (1988) found out the lubricant film thickness decreases with 

decreasing the oil concentration, especially in the low-speed range. They deduced that the lubricant 

film is mainly formed by the coarse emulsion at the low speed and by the fine emulsion at the high 

speed. Douaire et al. (2014) observed that lubrication in the boundary regime was improved when 

the oil volume increased and an increase in the oil volume was adverse to lubrication in the 

elastohydrodynamic regime. 

The size distribution of droplets dictates the stability of the emulsion. The stability of an 

emulsion increases as the droplet size decreases. Cambiella et al. (2006) found out that the droplet 

size distribution of the oil-in-water emulsions did not affect the lubrication performance. 
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Formulation of Emulsion 

Emulsification aims for generating a colloidal system that consists of the lipophilic phase (oil) 

and hydrophilic phase (water). In the emulsification, a continuous phase is disrupted to the discrete 

phase and then homogenously distributed in another phase. In order to reduce the surface energy 

and stabilize the emulsion, the emulsifier or surfactant is generally used. The deformation of 

droplets followed by their fragmentation is the essence of the emulsification process. When the 

stress acting on the droplets exceeds a critical value, the droplet is fragmented. There is another 

process which proceeds together with the droplet disruption but counteracts it. It is called 

recoalescence. Once the droplets are fragmented, their children droplets may collide with each 

other. This collision is more frequent when the turbulence is intense or the flow rate is high. If the 

emulsifier is in lack or cannot rapidly absorb to the new interface created by the children droplets, 

these droplets may remerge due to collision.  

Common emulsifying devices can be classified into four types: i) rotor-stator dispersing 

machine, ii) ultrasonic disruptor and iii) high/low homogenizer (HPH). The homogenizer is sub-

divided into the orifice type, counter-jet type and valve type. The rotor-stator dispersing machine 

is the colloid mill with smooth or toothed rotors and stators, which can continuously operate. It 

relies on the shearing force, elongation force and inertia force of the turbulence to break up droplets. 

The velocity gradient, which is either perpendicular to the flow direction or in the flow direction, 

can induce shearing and elongation. The inertial force resulting from the velocity fluctuation of 

the turbulence acts perpendicularly to the droplet surface and can locally deform the droplet surface, 

creating bulges or protrusions. Although the rotor-stator dispersing machine can process large 

quantities of emulsions fast, it is incapable to reduce the droplet size to the sub-micron level. 

Therefore this machine is generally used in coarse emulsification in the industry.  

Cavitation, either hydrodynamic or ultrasonic, also finds its application in emulsification 

(Salve et al., 2019; Patil et al., 2018). The ultrasonic disruptor submerges an ultrasonic probe in 

the mixture of fluids. High-frequency vibration of the probe creates an oscillating pressure field, 

which further induces the cavitation phenomenon and the turbulence. The cavitation occurs when 

the pressure in the fluid is below the vapor pressure, leading to the vaporous bubbles. When these 

bubbles undergo a high recovery pressure, they collapse, emitting the shock wave and high-speed 

micro-jet. The shock wave can deform the droplet or even activate resonance of droplets and the 
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micro-jet can break up the droplet as well. Due to the small output of the ultrasonic disruptor, it is 

generally used in laboratories.  

Extensive studies are devoted to its process window and optimization of efficiency of the 

ultrasonic emulsification. Carpenter et al. (2017) successfully formulated mustard oil in water 

nanoemulsion using the ultrasonic method and evaluated the effects of the process parameters. 

They found out: i) the droplet size increased from 87.38 nm to 212.8 nm with the oil concentration 

increasing from 0.10 to 0.40. ii) the droplet size decreased with the increasing power amplitude. 

iii) no significant decreases in droplet size was observed when the sonication is elongated to 

beyond 20ï25 min. Jadhav et al. (2015) studied the optimization of ultrasonic emulsification of 

the paraffin wax in water. The droplet size was observed to decrease as the surfactant concentration, 

processing time and vibration amplitude increase. Leong et al. (2009) studied the performance of 

ultrasonic emulsification under different configurations. They found out that the minimum droplet 

size is independent of equipment configuration [Figure 2.29]. Compared to the mixture under one 

atmosphere, the mixture under an additional pressure yields the nanoemulsion at a lower energy 

density [Figure 2.30]. 

 

 

Figure 2.29. Various Configurations. Figure 2.30. Pressurized Mixture. 

The homogenizer is a continuously operated emulsification device for fine emulsions. Most 

of the homogenizers force the mixture to flow through a narrow constriction, resulting in one or 
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several high speed jets. These jets either shoot through the slow fluid in the downstream or impact 

with each other.  If the narrow constriction is formed by the orifice or valve, they are called the 

orifice type and valve type respectively. Additionally, homogenizers are categorized as high-

pressure homogenizer (HPH) or low-pressure homogenizer (LPH). Most HPHs operate at a 

pressure difference from 5 MPa to several hundred MPa. LPHs operate at a pressure difference 

below 5 MPa. 

The effects of the process parameter in the low/high pressure are studied. Carpenter et al. 

(2017) studied the effect of orifice and venturi geometries on the formation and stability of mustard 

oil in water nanoemulsion. The emulsification efficiency was found to depend on the cavitation 

number. The optimal cavitation number is .17~.2. In addition, it was observed that the venture-

tube-based cavitating device outperformed the orifice-plate-based device. Floury et al. (2000) 

explored the feasibility of preparing fine oil-in-water emulsions with a new ultra high pressure 

homogenizer. It was found out that an increase in the inlet pressure did not markedly influence 

droplet size distributions. The reason may be that the high turbulence and short residence time due 

to the high inlet pressure promote the recoalesce and counteract the droplet breakup. Parthasarathy 

et al. (2013) formulated the palm-oil-based submicron emulsions using a hydrodynamic cavitation 

homogenizer and explored the possibility of encapsulation of curcumin using it [Figure 2.31]. An 

increase in the inlet pressure and increase in the distance between the orifice plate and blade were 

observed to intensity the cavitation, leading to more cavitation events and more growth of each 

bubble. As a result, the emulsification performance was promoted. Ramisetty et al. (2014) studied 

the performance of venturi-based hydrodynamic cavitation homogenizer in emulsifying the 

coconut oil in the water. There was a reduction in the droplet size with the increasing inlet pressure, 

which was attributed to the intensified cavitation. It was also found out that an increase in the 

number of passes and emulsifier concentration facilitated the droplet reduction. Tang et al. (2013) 

developed a high-pressure hydrodynamic cavitation device to produce highly stable emulsions. 

With the operating pressure and the number of emulsification passes increasing, the droplet size 

decreased and stability increased. That was attributed to the faster vibration motion of the blade 

and higher hydrodynamic cavitation forces [Figure 2.32]. Zhang et al. (2016) explored the 

feasibility of hydrodynamic cavitation as an efficient emulsification method. In their study, the 

average droplet size of oil-in-water emulsions decreased with the inlet pressure, the number of 

cavitation passes and surfactant concentration increasing. 
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Figure 2.31. Liquid Whistle Hydrodynamic Cavitation Reactor (Parthasarathy et al. 2013). 

 

Figure 2.32. Liquid Whistle Hydrodynamic Cavitation Reactor (5, 6 and 7 is the chamber, orifice 

and blade respectively) (Tang et al. 2013). 

Extensive research has been devoted to identifying the dominant disruption mechanisms in a 

homogenizer. Innings et al. (2011) theoretically identified the dominant disruption mechanism in 

a scale model of a real industrial homogenizer and verified the theoretical prediction by visualizing 

the deformation of the droplet. They found out the deformation of initial droplets was mainly 

attributed to the initial force caused by the turbulence effect [Table 2-1]. Casoli et al. (2010) 

developed a numerical procedure for prediction of the emulsification performance of a valve type 

HPH. Casoli et al. (2010) believed that break-up is mainly caused by the inertial force due to the 

turbulent velocity fluctuation. The fluid dynamic parameters, especially the turbulence eddy 

dissipation rate, were used to judge if the break-up occurs and evaluate the homogenizing 
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performance. Kekemen et al. (2014) studied the effects of the flow condition of an orifice type 

HPH on the droplet size of emulsion. They found out that emulsion under the laminar condition 

resulted in bigger droplets compared to the transition and turbulent condition at the same energy 

density.  

Table 2-1. Summary of Effects of Different Disruption Mechanisms (Innings et al., 2011). 

 

The role of the hydrodynamic cavitation the in homogenizer is controversial. On one hand, 

the cavitation may impair other disruption mechanisms related to the hydrodynamic stress and 

increase the recoalescence rate. The new droplets suspended in the large continuous vapor pocket 

are more likely to remerge. Pawar et al. (2017) compared the sonochemical effect of the cavitation 

devices with different geometries. They found out that the excessively large cavitation cloud 

produced in both the venturi tube and orifice plate was unfavorable for the net sonochemical effect. 

It was evidenced that the cavitation yields decreased due to the strong interactions among 

cavitation bubbles. Some researchers reported that the coherent vaporous pocket attached to the 

wall and the bubble cloud along the boundaries of the high-speed jet played a negative role in 

droplet disruption (Schlender et al., 2015; Schlender et al., 2015; Gothsch et al., 2016). Schlender 

et al. (2015) studied the disruption mechanism and emulsification efficiency of a high pressure 

homogenizer where two orifices were coaxially arranged in series. In this double stage orifice 

homogenizer, they found out that the droplet breakage mainly occurred in the upstream orifice (the 

first stage) and the downstream orifice (the second stage) was only responsible for providing the 

backpressure. Because the second orifice eliminated the continuous vapor pocket, which was 

unfavorable for droplet disruption, the energy efficiency was enhanced by the second stage. 

Schlender et al. (2015) studied the influence of the cavitation pattern of an orifice type high 

pressure homogenizer on the emulsification efficiency. Three cavitation regimes, such as the jet 

cavitation, choked cavitation and hydraulic flip, were observed with the diameter ratio varying 

[Figure 2.33]. They found out that the coherent vapor pocket of the choking and hydraulic flip 

regime should be avoided for a high emulsification efficiency. Gothsch et al. (2016) showed that 

the cavitation negatively affected the disruption of droplets in their homogenizer, especially the 
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large fixed vapor pocket adhering to the wall and small bubbles scattering along the boundary 

between the jet and slow medium. This negative effect was due to the weakened hydrodynamic 

stress and reduced turbulence. Freudig et al. (2003) compared the single-stage orifice type 

homogenizer to the two-stage one in terms of emulsification performance. They found out that the 

two-stage homogenizer was superior to the single-stage one and there was an optimal bore 

diameter for disruption efficiency. They attributed these phenomena to the role of the backpressure 

in cavitation. A small backpressure promoted the bubble collapse violence, which is proportional 

to impulsive pressure amplitude and micro-jet velocity. 

 

Figure 2.33. Schematic of Three cavitation Patterns in Orifices.  

(A: Cavitating Jet; B: Choked Cavitation; C: Hydraulic Flip). 

On the other hand, the cavitation induces the pressure wave and micro-jet to assist 

emulsification. The cavitation is recognized as an efficient disruption mechanism (Carpenter et al., 

2017; Agrawal et al., 2017; Karbstein et al., 1995), especially in the low pressure homogenizer.  

Clarke et al. (2010) listed conditions for an effective cavitation mechanism and how it disrupted 

droplets. In general, an appropriate backpressure or multiple-staged constriction can mitigate the 

side effect of cavitation on emulsification. These two methods can elevate the violence of bubble 

collapse and establish a stabilization region for the children droplets, where they were coated by 

the emulsifier and separated by the continuous phase. Schlender et al. (2015) studied the disruption 

mechanism of a double stage orifice type homogenizer. They found out that droplets were broken 

up only in the first orifice. The second orifice delivered a back-pressure which changed the 

cavitation pattern in the downstream of the first orifice. The smallest oil droplet size was achieved 

at a backpressure of 30% of the inlet pressure. But it should be noted that excessive backpressure 

will harm the cavitation intensity by reducing the number of bubbles and enervating them. Freudig 

et al. (2003) studied the effect of the backpressure using a double staged orifice homogenizer. They 
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found out: i) the mean diameter of droplets decreased with the backpressure and reached the 

minimum at a critical value of the backpressure. ii) further increase in the backpressure hampers 

droplet disruption. Schlender et al. (2016) investigated how the bubble collapse was affected by 

various back-pressures using the sonochemical luminescence method, which measured the OH 

radicals induced by the cavitation. It was found out that the bubble collapse violence increased 

with Thoma number (Th) first and reached a maximum at Th = 0.28. With further increasing 

Thoma number, the cavitation collapse violence decreased and reach 0 at Th = 0.58 [Figure 2.34]. 

Meanwhile, more stages of the constriction than two did not further improve the emulsification 

performance. Finke et al. (2014) studied the performance of the single, double and triple stage 

orifice homogenizers. There was an optimal Thoma number (0.1ï0.4) for droplet size reduction, 

which was achieved by the second stage orifice and backpressure. It showed that the secondary 

orifice must be larger than the primary orifice so that the ideal Thoma number above can be 

acquired. The length of the stabilization zone must be long enough to facilitate a complete 

development of the free jet and a sufficient stabilization of the droplets.  

 

Figure 2.34. Intensity of Sono-chamiluminescence vs Thoma number (Schlender et al., 2016). 

In summary, whether cavitation has a positive or negative effect on droplet disruption depends 

on the process conditions and homogenizer design. In order to use the energy released by bubble 

collapse and prevent it from weakening other disruption mechanisms, the design of a homogenizer 
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should be capable of creating violent bubble collapse but be able to prevent vapor phase formation 

in the turbulent viscous and turbulent inertial regions. 

As stated above, the homogenizer can be classified either as orifice type, venturi type and 

valve type based on the constriction geometry or as HPH and LPH based on the operating pressure. 

The valve type homogenizer allows for convenient adjustment of the operating pressure. In 

contrast, pressure adjustment for the other types of homogenizer requires changing the orifice plate 

or venturi tube, which is bound to increase process time and cost. Compared with HPH, the LPH 

has advantages, such as low energy consumption, low recoalesce rate of fragmented droplets 

(Tesch et al., 2003) and low possibility of obstruction of constriction (Meneguzzo et al., 2020). 

With assistance of hydrodynamic cavitation, the LPH can efficiently produce the fine emulsion 

with nano-scale droplets. Carpenter et. al (2017) studied the emulsification performance of various 

hydrodynamic cavitation based LPHs which adopt the orifice and venturi shape and analyzed the 

properties of mustard oil/water nanoemulsion formulated  by these LPHs. They observed that the 

single hole orifice plate of the circular shape is an efficient device which produced emulsion of 

lowest droplet size i.e. 87 nm at an optimum cavitation number of 0.19 (optimum operating 

pressure of 1 Mpa). Agrawal et. al (2017) studied the emulsification efficiency of a venturi type 

LPH and compare its efficiency with an ultrosonicator. In their study, the venturi type LPH was 

used to formulate the citronella oil/water emulsion with 1% wt. Under the pressure drop of 1.4 

Mpa, the droplet size was reduced to up to 200 nm by their LPH.  

Although the valve geometry and low operating pressure exhibit some advantages in 

emulsification, a combination of these two concepts is barely seen in the design of homogenizer. 

The valve geometry is confined to the high pressure homogenizer rather than low pressure 

homogenizer (Innings et al., 2011; Casoli et al., 2010; Håkansson et al., 2011). The orifice plate, 

venturi tube and their variant prevail in the low pressure homogenizer (Meneguzzo et al., 2020; 

Carpenter et al., 2017; Agrawal et al., 2017). The valve type LHP may face two technical 

challenges: i) the impact of high speed jet on the chamber wall suppresses the cavitation so that 

merits of cavitation are not exploited for disruption. ii) the low hydrodynamic stress caused by the 

low operating pressure needs to be enhanced. The goal of this study is to address the challenges 

above and explore designs of the valve type LPH that better exploit the disruption mechanisms of 

hydrodynamic stress and cavitation. 
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2.5. Summary and Research Areas for Future Study 

The literature review shows that the cavitation phenomenon can convert the energy borne by 

the fluid into the shock wave and micro-jet for treating the workpiece surface and for processing 

the liquid-based mixture. Studies on the cavitation-based peening and polishing show that the 

cavitation energy can be employed to change the morphology, hardness, and stress state of the 

workpiece surface. The cavitation-based peening has the advantages of processing complicated 

and internal geometries. Studies on the nanolubricant and emulsions show that the cavitation 

energy can be used to formulate the lubricant and coolant which contain various phases. The 

hydrodynamic cavitation has the potential for cost-effective mass production of the nanolubricant 

and fine emulsions. 

The literature review also points out the significance of surface treatment and 

lubricant/coolant in the manufacturing process. The appropriate surface treatment can improve the 

friction condition between the workpiece and tool by affecting the surface roughness of the rubbing 

surfaces and properties of the lubricant film. The colloidal mixture which may contain different 

liquid phases and solid particles can improve the friction at the workpiece-tooling interface and 

remove the heat. Therefore the appropriate surface treatment and lubricant is favorable for 

elongating the tooling life, enhancing the workpiece integrity (surface finish, tolerance and shape), 

reducing the energy consumption and increasing the productivity (material remove rate).  

 Studies on polishing, peening, dispersing and emulsification revealed their own process 

mechanism and preliminarily established the relationship among the process parameters, 

cavitation characteristic and process outcome. However, since most cavitation based or assisted 

processes are still in the development stage, the process window and limitations are still 

insufficiently known. One of the aims of our work is to extend our knowledge of the process 

window and find out the limit of cavitation in these applications. In addition, the relatively mature 

cavitation-based processes, i.e. nanoparticle dispersing and emulsification, face some technical 

issues which hassle the designer and impede their application. For example, the low efficiency and 

difficulties of precisely controlling the cavitation characteristics. Another aim of our work is to 

find out the method of enhancing the process efficiency of cavitation and tuning its characteristics 

for a specific application. Finally, the cavitation assisted processes which are reviewed in this 

chapter are independent of the core manufacturing process (i.e. the machining and forming) and 
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are arranged as the pre-processing or post-processing. This causes waste and an increase in the 

manufacturing cost compared to the multifunctional manufacturing process. Therefore another aim 

of our work is to study the method of implementing the surface treatment and lubricant formulation 

concurrently and in-situ with a metal forming process. 
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CHAPTER 3  

Surface Texturing/hardening using Hydrodynamic Cavitation 

3.1. Introduction  

Section 2.3.1 and section 2.3.2 show the potential of cavitation in surface hardening and 

polishing and point out its advantages, such as good adaptability to the workpiece geometries and 

structures. But application of cavitation in surface texturing is little studied and the process window 

is unknown. As stated in section 2.3.3, the current surface texturing process, such as laser ablation, 

etching and blasting, is limited by the complicated workpiece geometries, internal surface and the 

corner which cannot be reached by the energy beam, tools and particles. Therefore the success of 

cavitation in peening and polishing and the limit of the current surface texturing process motivate 

us to develop a cavitation based surface texturing process. Since the cavitation texturing is 

accompanied by the hardening, this process is called the hydrodynamic-cavitation-based surface 

texturing/hardening process. 

The overall objective of this chapter is to develop the hydrodynamic-cavitation-based surface 

texturing/hardening process, evaluate its feasibility and explore process parameters that are 

influential for texturing. The specific objectives are to (a) develop an apparatus for hydrodynamic-

cavitation-based surface texturing process, (b) study the effect of process parameters on the 

cavitation characteristics via computational fluid dynamics (CFD) simulations and verify the CFD 

models with flow visualization experiments, (c) study the effect of process parameters on the 

transformation of properties of the workpiece.  

To achieve these objectives, CFD is used to simulate the response of cavitation to various 

process parameters. ANSYS Fluent is the CFD software used in the study. Accuracy of the CFD 

simulation is verified by the flow visualized by the shadowgraphy method. The texture on the 

surface is characterized by the confocal laser scanning microscope and micro-hardness tester.  

3.2. Test Setup for Surface Treatment 

The texturing system in this chapter employs the energy released by the bubble collapse, 

which is in form of the pressure wave and micro-jet, to modify the surface topology. The core 

component of this system is the hydrodynamic cavitation device, which uses a needle valve 
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concept to create the pressure differential ȹP for cavitation inception. Figure 3.1 shows a cross 

section of the cavitation device. The pump pushes the fluid through the constriction formed by a 

nose-shaped constriction insert (#4) and the conical wall of the main housing (#5). The pressure 

differential ȹP due to the constriction effect initiates the cavitation. The pressure differential can 

be changed by advancing or retracting the constriction insert (#4) via the control shaft. After the 

bubbles flow to the chamber, their behavior is controlled by the chamber inserts (#8), which is 

interchangeable. In Figure 3.1, the bubble collapse in the chamber will generate dents on the 

samples (#7) which sit on two sides of the chamber and sandwich chamber inserts (#8). The 

samples for texturing are fixed by two viewing doors (#6). When the shadowgraph method is used 

to visualize the cavitating flow, the transparent plex glasses is placed at the position of the sample 

(#7) and substitute the sample (#7) so that the light can be transmitted through the fluid. Note it is 

the surface condition of the sample (#7) rather than the chamber inserts (#8) that is characterized, 

though the latter is also textured. The conceptual and detailed design can be found in Lowrieôs 

work (Lowrie, 2018). 

 

Figure 3.1. Components of the Cavitation Device. 
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Two chamber inserts are used to control the bubble behavior.  Figure 3.1 and Figure 3.2 show 

the interior of the chamber, if insert A, which is like a venturi tube, is used. As shown in Figure 

3.2, insert A leads to three sections of the fluid domain in the chamber, which are labeled as the 

convergence section, the neck section and the divergence section. The collapse of bubbles 

generates the texture on the specimen, which is shown as the black spots in Figure 3.2. Similarly, 

if insert B shown Figure 3.3, which has a dimple geometry and three bluffs, is positioned in the 

chamber, the fluid domain and its corresponding textured area on the specimen can be divided into 

two sections: the dimple section and the blockage section.  

 

Figure 3.2. Chamber Insert A and Sample. 

 

Figure 3.3. Chamber Insert B and Sample. 

The external of the cavitation device is shown in Figure 3.4. There are two pressure gauges at 

the inlet and outlet and a flow meter in the downstream. These pressure gauges are used to measure 

the pressure drop, which is the difference between the inlet pressure and outlet pressure indicated 

by these two pressure gauges. The LED light source, which can slide on the rail for a variable 
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position, casts the light through the plex glasses (#7) and the fluid medium. The light passing the 

fluid medium enters the lens of the high-speed camera, which is positioned opposite to the LED 

source. As a result, the bubble cloud is visualized as the shadow in photography, because the 

bubble wall scatters and refracts the light, causing less light to be received by the camera. In other 

words, the liquid and bubble cloud can be distinguished by the contrast of brightness in 

photography. 

 

Figure 3.4. Cavitation Generator. 

In addition to the cavitation device, other peripheral equipment is shown in Figure 3.5 and 

Figure 3.6. Besides the cavitation device, there are the power module and cooling module in the 

overall system. The power module is composed of a plunger pump operating at a speed of 1750 

RPM and at the flow rate of 4.75 GPM (18liters/min) and a motor working at the power of 3 HP. 

The torque is transmitted from the motor to the plunger pump via the belt drive and the plunger 

pump supplies the fluid for the cavitation. The cooling module is used to dissipate the heat 

generated by shearing and bubble collapse and maintain the fluid temperature constant. The heat 

will accumulate and then cause overheating of the pump if it is not removed from the circuit. 

Because the temperature effect on cavitation and texturing is not the focus of this study, the 

temperature is maintained as a constant.  
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Figure 3.5. Hydraulic Circuit of Surface 

Treatment System. 

Figure 3.6. Hydrodynamic-cavitation-based 

Surface Treatment System. 

3.3. CFD Modeling and Evaluation of Cavitation Energy 

The CFD simulation for the test setup is carried out to study the characteristics of the flow 

and cavitation as a function of geometries of the chamber insert and pressure drop ȹP. 

Understanding the flow and cavitation behavior dictated by these variables opens new avenues for 

designing efficient hydrodynamic cavitation based systems. For example, the systems that can be 

used for non-deterministic surface texturing and hardening. Of interest are the bubble evolution 

and the pattern of the cavitation energy released by bubble collapse.    

3.3.1. CFD Modeling 

A transient multi-phase CFD model is established using ANSYS Fluent to study behaviors of 

the cavitating flow. Several assumptions are made in the simulation. First, because the chamber 

has a small thickness compared to its other dimensions, the 3D flow is simplified to 2D. Second, 

the mixture consists of only two phases, liquid water and vapor water, and the so-called mixture 

model is adopted to simulate the two phases. The Schnerr-Sauer cavitation model is used. Third, 

the isothermal condition is assumed and the overall domain is under room temperature. Fourth, the 

turbulence phenomenon is incorporated and the realizable k-Ů turbulence model is used.  

Figure 3.7. shows the meshed flow domain enclosed by the constriction insert and a venturi-

like chamber insert. The position of the constriction insert and the chamber insert is indicated by 

the orange and green hatch in Figure 3.7. The red arrow shows the flow direction. The fluid domain 
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is mainly meshed with triangle elements. The element size ranges from 0.05 mm to 0.25 mm. The 

inflation mesh is used on the wall to resolve the boundary layer. For better convergence and 

accuracy, the mesh is refined until the minimum cell orthogonality is above 0.7 and maximum cell 

skewness is below 0.3. 

 

Figure 3.7. Meshed Fluid Domain. 

A total pressure type boundary condition is used at the inlet. Because the dynamic pressure at 

the inlet pressure gauge is insignificant compared to the static pressure, the static pressure at the 

inlet measured in the experiment is used as inlet pressure in the simulation. A zero static pressure 

is applied at the outlet.  

The coupling method is used to solve the conservation equations. Time advancement is 

addressed by the implicit transient formulation and the time step size is fixed at 1 ‘ί. Thirty 

iterations are carried out for each time step. The overall time length of the simulation is 6~8 

milliseconds. 

3.3.2. Evaluation of Cavitation Energy in CFD Analysis 

The cavitation energy emitted by the bubble collapse has two forms, such as the micro-jet and 

shock wave. The velocity of the micro-jet can be further converted to the so-called water hammer 

pressure. Therefore the water hammer pressure (WHP) and shock wave amplitude (SWA) can be 

used to evaluate the cavitation energy which is harnessed to texture and harden the workpiece 
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surface. Although the water hammer pressure (WHP) and shock wave amplitude (SWA) are not 

available in the cavitation model of ANSYS Fluent, they can be derived from the known solution 

variables, such as the vapor volume fraction and mass transfer rate between the vapor and liquid 

phase. The vapor volume fraction is the volumetric percent of the vapor phase relative to the total 

volume of two phases. The mass transfer rate is the mass of the fluid transferred between two 

phases per unit volume and unit time. 

The Schnerr-Sauer cavitation model used in this study employs the Rayleigh-Plasset equation 

to calculate the mass transfer rate between the liquid and vapor phases, which serves as the source 

and sink term of the vapor transportation equation. Depending on the liquid pressure, this mass 

transfer rate can be categorized as the condensation rate and vaporization rate. In their model, when 

the pressure (ὖ) is greater than the vapor pressure (ὖ), the vapor phase transforms into the liquid 

phase due to the bubble collapse at the so-called condensation rate given by Equation 17. The 

vapor volume fraction (‌) is defined as a function of the bubble radius (Ὑ) and bubble number 

density (ὲ) in Equation 18. The waterjet velocity (Equation 19) can be evaluated in terms of the 

condensation rate (ά ) and vapor volume fraction (‌). Combine Equation 17, Equation 18 and 

Equation 19, obtain the formula of waterjet velocity (Equation 20). 
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It is well known that the water hammer pressure (ὖ ) is caused by the micro-jet and is 

proportional to its velocity (ὠ ). By plugging Equation 20 into Equation 21, the water hammer 

pressure (ὖ ) is derived as Equation 22. As shown in Equation 22 and Equation 23, the water 
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hammer pressure can be computed using the condensation rate and vapor volume fraction. The 

expression given by Equation 23 is used as the indicator of the water hammer pressure.  

ὖ ὧ”ὠ  Equation 21 
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The shock wave released by the bubble collapse has the magnitude given by Equation 24. If 

Equation 24 is expanded while neglecting the second derivative, one can write the shock wave 

amplitude (ὖ) as a function of condensation rate ά  and vapor volume fraction ‌. 

ὖ
”

τ“ὒ

Ὠὠ

Ὠὸ
 Equation 24 

ὠ
τ“

σ
Ὑ  Equation 25 

ὨὙ

Ὠὸ

ς

σ

ȿὖ ὖȿ

”
 Equation 26 

Combine Equation 24, Equation 25, and Equation 26, the shock wave amplitude (ὖ) is 

derived as Equation 27. The expression given by Equation 28 is used as the indicator of shock 

wave amplitude.  
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As a result, the water hammer pressure ὖ  and the shock wave amplitude ὖ can be 

computed out of two variables, the condensation rate ά  and the vapor volume fraction  ‌ using 

the expression shown in Equation 23 and Equation 28. They will be employed to predict the surface 

texturing and hardening later. 
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3.4. Influence of Chamber Insert Geometry  

After the cavitation inception occurs at the constriction formed by the constriction insert and 

the main housing, bubbles are carried to the chamber and collapse there. Because the chamber 

insert significantly affects the flow structure, which dictates the translation of bubbles, and the 

pressure distribution, which governs the bubble growth and collapse, the cavitation energy released 

by bubble collapse, which is used to texture/harden the surface, varies with the geometry of the 

chamber insert. Therefore the geometry of the chamber insert is selected as a parameter of the 

texturing/hardening process. In this section, the CFD simulations were carried out to determine 

the influence of chamber insert geometry on the characteristics of the flow and cavitation. 

Meanwhile, the influence of the chamber insert geometry on the surface morphology and hardness 

of the processed specimen is studied experimentally. As mentioned in section 3.2, two chamber 

inserts, A and B, are used and the corresponding fluid domain is shown in Figure 3.2 and Figure 

3.3 receptively. Apart from the chamber insert geometries, the rest of the process parameters are 

fixed. For example, a pressure drop of 4100 kPa is used for both cases.  

3.4.1. Characteristics of Flow and Cavitation 

The velocity field and vapor volume fraction distribution are collectively analyzed to predict 

the bubble evolution, such as the growth and collapse. Meanwhile, indicators of the water hammer 

pressure (WHP) and shock wave amplitude (SWS) derived in section 3 are presented to evaluate 

the cavitation energy. 

Fluid Flow exhibited by Chamber Insert A 

The velocity field of the fluid under chamber insert A (referring to Figure 3.2 for the chamber 

interior) is shown in Figure 3.8. The figure shows high-speed fluid jet is ejected from the 

constriction. A recirculation in the near field of the dome of the constriction insert is also observed. 

The maximum velocity of fluid jets leaving the constriction is 81 m/s. The high-speed jet 

decelerates from the neck section to the divergence section. Figure 3.8 also shows the fluid is 

vortex-free in most of the fluid domain. 
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Figure 3.8. Velocity Field of Fluid under cavitation Insert A. 

When insert A is used, bubbles leaving the nozzle and translating along the centerline of the 

chamber experience three stages: i) collapse, ii) regrowth and iii) collapse. As shown in Figure 

3.9a, the vapor volume fraction in the near field of the dome of the constriction insert ranges from 

0.8 to 1. It decreases to 0.2 at the joint between the convergence and neck sections. This is the first 

bubble collapse site where the bubble size decreases. In the neck section, the vapor volume fraction 

increases back to 0.7, which indicates bubbles restore their size somewhat. The second collapse 

site is the upstream end of the divergence section, where the vapor volume fraction decreases from 

0.8 to zero. Therefore, numerous collapse events should occur in the second collapse site.   

The cavitation zone shown in Figure 3.9a is verified by the bubble cloud visualized by the 

shadowgraphy method. Based on the physics of this method which is introduced in section 2, the 

shadow area shown in Figure 3.9b is where the bubble cloud concentrates. Note: the red line in 

Figure 3.9b indicates the outline of insert A and the zone between two red lines are the fluid domain. 

A similarity of the location and size of the cavitation zone is observed between Figure 3.9a and b.  
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a) Vapor Volume Fraction b) Visualized Flow 

Figure 3.9. Cavitation Zone under cavitation insert A. 

As pointed out in section 3.3, the cavitation energy can be evaluated using the water hammer 

pressure (WHP) indicator and shock wave amplitude (SWA) indicator given by Equation 23 and 

Equation 28. As shown in Figure 3.9(a) and (b), the collapse events mainly occur at two sites: i) 

the joint between the convergence and neck sections and ii) the upstream of the divergence section. 

In order to quantitatively evaluate the cavitation energy, indicators of the WHP and SWA are 

integrated with respect to the area of two regions above and results are shown in Figure 3.11. As 

shown in Figure 3.11, the area integral of WHP and SWA indicators is higher in the joint site than 

in the divergence site, which indicates that a larger fraction of the total cavitation energy is 

assigned to the former site. Therefore it can be expected that the former site is more textured and 

hardened than the latter site. 

  

a) Water Hammer Pressure b) Shock Wave Amplitude 

Figure 3.10. Indicators of Water Hammer Pressure and Shock Wave Amplitude (Insert A). 
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Figure 3.11. Energy Released in Joint and Divergence Sites. 

Fluid Flow exhibited by Chamber Insert B 

The velocity field under chamber insert B (referring to Figure 3.3 for the chamber interior) is 

shown in Figure 3.12. The fluid is accelerated as it leaves the constriction and decelerates as it 

flows through the dimple and blockage sections. Vortex is generated on the two sides of the 

mainstream along the centerline, especially in the near field of bluffs in the blockage section. 

 

Figure 3.12. Velocity Field of Fluid under cavitation Insert B. 

The vapor volume fraction shown in Figure 3.13(a) demonstrates the bubble evolution under 

insert B. The fluid ejected from the constriction accelerates to a critical velocity at which the 

cavitation inception is activated. Bubble nuclei from the constriction rapidly grow in the near field 
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of the dome of the constriction insert. This is the first site of bubble growth. As shown in Figure 

3.12, there is a recirculating flow in the dimple section which merges to the mainstream along the 

centerline finally. High vorticity in the dimple section makes it a second bubble growth site where 

the maximum vapor volume fraction reaches 1. Bubbles from the two growth sites undergo 

collapse first at the center of the dimple section and then restore their size as they move 

downstream along the centerline. These bubbles completely collapse when they enter the blockage 

section.  

The cavitating flow is visualized by the shadowgraph method to verify the CFD simulation. 

As shown in Figure 3.13(b), the bubble cloud propagates from the constriction to the leftmost bluff. 

This bubble cloud concurs with the cavitation zone shown by Figure 3.13(a). Note: the red line in 

Figure 3.13(b) indicates the outline of insert B and the zone between two red lines is the fluid 

domain. 

 

 

a) Vapor Volume Fraction b) Visualized Flow 

Figure 3.13. Vapor volume fraction and visualized flow for cavitation Insert B 

Distribution of the WHP and SWA indicators [Figure 3.14a and b] shows that the cavitation 

energy is mainly released at two sites: i) the dimple site (the center of the dimple section) and ii) 

the blockage site (somewhere in the blockage section). The maximum WHP and SWA occur in 

the former site but the latter site has a larger area than the former site in terms of the WHP. Figure 

3.15 shows that the cavitation energy in the WHP form is higher in the latter site than the former 

site. Therefore, if the WHP is assumed to play a dominant role in surface texturing and hardening, 

the blockage site should be more textured and hardened than the dimple site. 
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a) Water Hammer Presure b) Schock Wave Amplitude 

Figure 3.14. Indicators of Water Hammer Pressure and Shock Wave Amplitude (Insert B). 

 

Figure 3.15. Energy Released in Dimple and Blockage Sites. 

3.4.2. Surface Texture 

Generating the surface texture by exploiting the micro-jet and shock wave emanating from 

hydrodynamic cavitation (HDC) was investigated on the specimen made of Al6061 T6. The 

surface morphology was measured by a 3D confocal laser scanning microscope (CLSM), 
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KEYENCE VK-X200. This instrument can establish a 3D image by scanning the surface and can 

measure the size of structures generated by the HDC.  

Figure 3.16a shows the sample surface textured by the proposed process. It shows that there 

are scattering spots with the color change. It is legitimate to forward that a heat-affected zone is 

generated by the high temperature during the bubble collapse, which leads to the color change. 

Figure 3.16b and c show that the oxygen (O) and carbon (C) concentration increases significantly 

in the heat-affected zone. The high C concentration can be attributed to three causes: i) the heat 

generation causes the carbon in the aluminum to precipitate and then the carbon atom diffuse from 

the carbon-rich area towards the dent; ii) the contaminant in water which contains the carbon may 

react with aluminum and yields the aluminum carbide at the high temperature condition; iii) the 

contaminant containing the carbon is burned by the high temperature during bubble collapse and 

deposited to the heat-affected zone. The high O concentration may be because the high temperature 

during the bubble collapse can facilitate the oxidization of aluminum.  

Morphologies of the heat-affected zone were characterized using the confocal laser scanning 

microscope (CLSM) and the section profile was obtained. As shown in Figure 3.17, the surface 

morphology modified by the HDC is concave or dent-dominant. The maximum depth of the dent 

shown in Figure 3.17 is about 17 ‘ά. To quantity the surface morphology, the surface roughness 

parameter (Ὓ), which represents the valley depth, is used.   



70 

 

 

Figure 3.16. Surface Texture under HDC. 

 

Figure 3.17. Dents generated by HDC and its Profile. 
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Numerous heat-affected zones and dents shown above appear on the specimen surface under 

the chamber insert A and B. For insert A, two dented regions, which are shown to undergo the 

high cavitation energy by the CFD simulation (the joint site between the convergence section and 

neck section and the upstream half of the divergence section), are characterized. For insert B, the 

dimple site and blockage site are characterized. 50 measurements of Ὓ were carried out for each 

of these four regions.  

As shown in Figure 3.18, in the case of insert A, dents at the joint site are more clustered than 

those at the divergence site. Ὓ of the two sites averages about 7.5 ‘ά and 6.1 ‘ά resepctively. Ὓ 

is higher in the joint site than in the divergence site. These facts match up with the prediction from 

the CFD simulation that more cavitation energy is assigned to the joint site than to the divergence 

site. In addition to the CFD-based explanation which focuses on the cavitation energy, another two 

probable reasons are given hereby. First, the convergence-neck joint is narrow, leading to 

overlapping impacts from micro-jets. There is a high probability that micro-jets repeatedly hit the 

same location at the joint site. Second, bubble interaction is more intense at the joint site than at 

the divergence site. The geometry focusing effect, which increases the bubble collapse violence, 

may occur at the joint site. 

With insert B applied, Ὓ of the dimple site and blockage site averages 3.7 ‘ά and 6.9 ‘ά 

respectively [Figure 3.18]. As shown in Figure 3.18, the blockage site is more dented by HDC than 

the dimple site. This is in agreement with the distribution of WHP type cavitation energy shown 

by CFD simulation. 
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Figure 3.18. Ὓ of Dented Areas under Insert A and B. 

3.4.3. Surface Hardening 

In addition to the surface texturing, the proposed process hardens the specimen surface using 

the micro-jet and shock wave. The Knoop hardness test is carried out for the Alunimun 6061 

specimen before and after the processing. Effects of the chamber insert geometry on the surface 

hardness are studied. 

The hardness is measured along the centerline of the specimen. As shown in Figure 3.19, the 

red zone is subjected to the HDC and the white zone is not in contact with the fluid. Five 

measurements are carried out at each point on the centerline (blue line). Figure 3.19 shows that the 

hardness is enhanced by 19% at most compared to the virgin material if insert A is used. 

Meanwhile, it is shown that the joint site is more hardened than the divergence site, which is in 

agreement with the CFD results that more cavitation energy is assigned to the former site. With 

insert B in use, the hardness is enhanced by 17% at most and the maximum hardness occurs in the 

blockage site [Figure 3.20]. This concurs with the findings from the CFD simulation that the WHP 

type energy is higher in the blockage site than in the dimple site. 
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Figure 3.19. Hardness Distribution in the Axial Direction under Insert A. 

 

Figure 3.20. Hardness Distribution in the Axial Direction under Insert B. 

In summary, insert A forces all bubbles initiating from the constriction and growing in the 

convergence section to pass the collapse site at the convergence-neck joint, which is shown in 

numerical results. Because this collapse site almost spans the throat and very near to the wall of 
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the chamber insert, almost all bubbles experience violent crushing there, resulting in the repeated 

impacts of micro-jets on that relatively small area and a strong geometry focusing effect. 

Tremendous amounts of the cavitation energy are released in the form of the micro-jet and shock 

wave at the joint site. After these bubbles travel through this first collapse site, they restore the 

size somewhat and then collapse again in the divergence section, releasing the remaining cavitation 

energy. CFD results show that a larger fraction of cavitation energy is released at the first collapse 

site (joint site) than at the second collapse site (divergence site). In contrast, with insert B in use, 

only parts of bubbles from the constriction are carried to the collapse site at the center of the dimple 

section and the rest of the bubbles, which translate to the two circular sides, continue growing or 

at least maintain their large radius. This is supported by the numerical velocity field and vapor 

volume fraction under insert B. In the viewpoint of cavitation energy, the water hammer pressure 

type energy is higher in the blockage site than in the dimple site. Based on the comparison above, 

we notice two points: i) the cavitating flow under insert A releases the energy at the convergence-

neck joint and then at the divergence section in sequence, ii) only parts of the cavitating flow under 

insert B release the energy at the dimple site and the blockage site in sequence, the rest of cavitating 

flow skip releasing the energy at the dimple site and mainly release the energy at the blockage site.  

The analysis above is in agreement with the experimental findings that i) the convergence-

neck joint under insert A has a higher Ὓ and hardness than the dimple site under insert B, and ii) 

Ὓ and hardness are higher in the blockage site under insert B than in the divergence site under 

insert A. Therefore a general guideline for selecting the cavitation insert geometry is summarized 

below. First, the throat geometry (insert A) is favorable to create the violent bubble collapse, 

making the majority of cavitation energy is concentratedly released there. Second, the dimple 

geometry (insert B) can facilitate the bubble growth and delay the collapse to the downstream so 

that more energy is used to texture or harden the surface in the downstream. 

3.5. Influence of Pressure Drop  

The previous section studied the influence of the chamber insert on the cavitating flow and 

properties of the processed specimen. In addition to the chamber insert, the pressure drop between 

the inlet and outlet of the cavitation device is another process parameter. Moreover, the pressure 

drop is a good indicator of the energy consumption of the process. Three levels of the pressure 

drop were adopted: Ўὖ = 2100 kPa, Ўὖ = 4200 kPa psi and Ўὖ = 6300 kPa. It should be noted 
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that these pressure drops were chosen based on the maximum pressure and fluid flow rate that the 

hydrodynamic-cavitation-based texturing system can withstand. The chamber insert geometry is 

fixed at insert B.  

3.5.1. Characteristics of Flow and Cavitation 

As the pressure drop increases, the cavitation zone propagates towards the blockage section. 

This point is numerically and experimentally supported as seen in Figure 3.21[a, b & c]. At Ўὖ 

of 2100 kPa, the cavitation mainly concentrates in the dimple section. At Ўὖ of 4200 kPa, the 

cavitation zone extends past the dimple section. At Ўὖ of 6300 kPa, the cavitation zone further 

expands towards the blockage region.  

 
 

a) Case I Ўὖ = 2100 kPa 

 

 

b) Case II Ўὖ = 4200 kPa 

 

 

c) Case III Ўὖ = 6300 kPa 

Figure 3.21. Vapor Volume Fraction and Visualized Flow of three Cases. 
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Indicators of the water hammer pressure (WHP) and shock wave amplitude (SWA) are used 

to demonstrate the cavitation energy distribution. As shown in Figure 3.22a, Figure 3.23a, and 

Figure 3.24a, regardless of the pressure drop, the cavitation energy is mainly released at two sites 

which are located in the dimple section and blockage section respectively. With the pressure drop 

increasing, the dimple site expands in the area and the blockage site shifts towards the downstream 

[Figure 3.22a, Figure 3.23a and Figure 3.24a]. A similar expansion of the dimple site is also 

observed in terms of the SWA indicator [Figure 3.22b, Figure 3.23b and Figure 3.24b].  

The cavitation energy under various pressure drops is quantified using the area integral of the 

WHP indicator and SWA indicator. As shown in Figure 3.25, the cavitation energy released at the 

dimple site increases with the pressure drop. In the blockage site, the Ўὖ case has the highest 

cavitation energy in terms of the WHP [Figure 3.26a], which is followed by the Ўὖ case and then 

Ўὖ case. Since the pressure drop causes a negligible variation in the SWA type cavitation energy 

in the blockage site [Figure 3.25b and Figure 3.26b], this part of cavitation energy may not 

significantly affect the surface texturing and hardening. In conclusion, the cavitation energy 

released at the dimple section can be ranked in the ascending order as Ўὖ case, Ўὖ case and Ўὖ 

case. In contrast, the cavitation energy released at the blockage section can be ranked in the 

ascending order as Ўὖ, Ўὖ and Ўὖ. 

  

a) Water Hammer Pressure b) Shock Wave Amplitude 

Figure 3.22. Indicators of Water Hammer Pressure and Shock Wave Amplitude (Ўὖ). 
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a) Water Hammer Presure b) Schock Wave Amplitude 

Figure 3.23. Indicators of Water Hammer Pressure and Shock Wave Amplitude (Ўὖ). 

 

  

a) Water Hammer Pressure b) Shock Wave Amplitude 

Figure 3.24. Indicators of Water Hammer Pressure and Shock Wave Amplitude (Ўὖ). 
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a) Area Integral of WHP Indicator b) Area Integral of SWA Indicator 

Figure 3.25. Energy Released in Dimple Sites under Ўὖ, Ўὖ and Ўὖ. 

¶  ¶  

a) Area Integral of WHP Indicator b) Area Integral of SWA Indicator 

Figure 3.26. Energy Released in Blockage Sites under Ўὖ, Ўὖ and Ўὖ. 

3.5.2. Surface Texture 

Results from the surface morphology show the cavitation energy at Ўὖ was insufficient to 

generate sizable and numerous dents on the specimen surface. Therefore, only the Ўὖ case and 

Ўὖ case were studied.  Results of the surface morphology under Ўὖ have been presented in 

section 4.2. 
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As shown in Figure 3.27, the blockage site is more dented than the dimple site at Ўὖ. In 

contrast, the specimen under Ўὖ is more dented in dimple site than in the blockage site. This 

indicates that variation in the pressure drop shifts the location of the most dented region. In addition, 

with the pressure drop increasing from Ўὖ to Ўὖ, Ὓ in the dimple site increases and Ὓ in the 

blockage site decreases. These findings are in agreement with the prediction from the CFD 

simulation in section 5.1.  

 

Figure 3.27. Ὓ of Dented Area at Ўὖ and Ўὖ. 

3.5.3. Surface Hardening 

Effects of the pressure drop on the surface hardness distribution are studied. Specimens 

processed under the pressure drop of Ўὖ and Ўὖ are characterized using the Knoop Hardness test. 

The hardness is measured along the axial direction (streamwise direction) and the transverse 

direction (spanwise direction) 
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Figure 3.28 and Figure 3.29 show that two sites are subjected to hardening, which are in the 

dimple section and blockage section respectively. The maximum increase percent in the hardness 

under Ўὖ and Ўὖ is 17% and 16% respectively, which occurs at the blockage site and dimple site 

respectively. As shown in Figure 3.28 and Figure 3.29, the hardness at the dimple site increases 

and the hardness at the blockage site decreases with the pressure drop. Meanwhile, the blockage 

site is more hardened than the dimple site under Ўὖ. In contrast, an opposite situation occurs 

under Ўὖ. 

  

Figure 3.28. Hardness in Axial Direction 

under Ўὖ. 

Figure 3.29. Hardness in Axial Direction 

under Ўὖ. 

Hardness distribution in the transverse direction which crosses the dimple site and blockage 

site leads to the same conclusion as above. As shown in Figure 3.30 and Figure 3.31, hardness at 

the dimple site is higher in Ўὖ case than in Ўὖ case. Figure 3.32 and Figure 3.33 show that the 

hardness at the blockage site is higher in Ўὖ case than in Ўὖ case. 
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Figure 3.30. Hardness in Transverse Direction at Dimple Site under Ўὖ. 

 

Figure 3.31. Hardness in Transverse Direction at Dimple Site under Ўὖ. 

 

Figure 3.32. Hardness in Transverse Direction at Blockage Site under Ўὖ. 
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Figure 3.33. Hardness in Transverse Direction at Blockage Site under Ўὖ 

Characteristics of the cavitation energy, surface texture and hardness presented in this section 

can be summarized in Table 3-1. Table 3-1 shows the agreement between the CFD results and 

experimental results. Since the increasing pressure drop causes more cavitation energy to be 

assigned to the upstream (dimple site), the dent depth and surface hardness in the dimple site 

increase and those in the blockage site decrease. 

Table 3-1. Effect of Pressure Drop on Cavitation, Surface Texture and Hardness.  

CFD Dimple Site Blockage Site 

Ў╟  Low Cavitation Energy High Cavitation Energy 

Ў╟  High Cavitation Energy Low Cavitation Energy 

Texture Dimple Site Blockage Site 

Ў╟  Mean Ὓ = 3.7 ‘ά Mean Ὓ = 6.9 ‘ά 
Ў╟  Mean Ὓ = 7.3 ‘ά Mean Ὓ = 4.5 ‘ά 

Hardness Dimple Site Blockage Site 

Ў╟  collapse region: 148~150 ὯὫὪȾάά  collapse region: 149~154 ὯὫὪȾάά  

Ў╟  collapse region: 152~154 ὯὫὪȾάά  collapse region: 147~149 ὯὫὪȾάά  

3.6. Influence of Sample Hardness  

The material properties, especially the hardness, is another process parameter which may 

influence the texture. Aluminum 6061 T6 and annealed Aluminum 6061 (TO) were used for 

samples.  The Knoop hardness for AL6061T6 and AL6061TO are 114.8 kgf/mm2 and 43.7 

kgf/mm2 respectively. The hydrodynamic cavitation experiments were conducted using a pressure 

drop ῳὴ of 6300 kPa for a duration of 60min. The venturi type chamber insert A was used.   

The experimental results show that the dents on the T6 samples are more sparsely distributed 

than those on the TO samples. Figure 3.34 and Figure 3.35 show dent distributions on TO and T6 
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samples respectively. As shown in Figure 3.34, the surface of TO samples is packed with textured 

dents appearing as the black dots. In contrast, the harder sample, T6 exhibits only three dents in 

the areas with similar size as that probed for softer sample TO. The difference in the dent density 

between TO and T6 samples can be explained in the following way: For hard material, only the 

intense bubble collapse results in dents. For softer materials, however, not only the intense bubble 

collapse but also that collapse of bubbles with relatively small impulsive pressure may be enough 

to generate dents. Thus, the number of bubble collapse events which satisfy the collapse violence 

threshold for dent generation increases as the sample hardness decreases.  

 

Figure 3.34. Dents on TO Samples. 

 

Figure 3.35. Dents on T6 Samples. 
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The experimental results also show that the dent profiles on TO and T6 samples are different. 

As shown in Figure 3.34 dents on the TO sample resemble mico-craters with circular cross-section 

when viewed from the top. The dent shape in the depth plane has a well define V-shape. In contrast, 

as shown in Figure 3.35, dents on T6 samples have an irregular cross section shape, their walls 

have a steep slope and the bottom of these dents is broader than that of micro-craters. This 

difference in the dent profile can be attributed to the material ductility and indentation mechanism. 

Since the ductility of the annealed sample is enhanced, the denting mechanism from micro jects 

suggests that plastic deformation mode is dominant. 

In contrast, for the T6 aluminum samples, the texturing mode is a combination of plastic 

deformation and fracture. One phenomenon that is seen on T6 samples, is a clear color change 

surrounding the dents. This is assumed to be attributed to local heat generation from the implosion 

of the bubble.  

3.7. Influence of Processing Time 

The processing time is a crucial process parameter and indicates the cost-effectiveness of the 

proposed process. In this section, the effect of the processing time on the surface morphology and 

hardness is investigated. Other process parameters are fixed and listed as follows: i) the pressure 

drop of 900 psi, ii) insert A and iii) TO sample material. 

3.7.1. Surface Texturing 

As the processing time increases, the dent density increases. Figure 3.36 shows how dent 

distribution changes with respect to the processing time. Dents in the appearance of black dots are 

sparsely distributed at the processing time of 15 min. The dent density increases with the 

processing time. When the processing time reaches 60 min, the sample surface is already clustered 

with dents [Figure 3.36d]. 
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a) 15 min b) 30 min 

  

c) 45 min d) 60 min 

Figure 3.36. Dent Distribution and Dent Profile at Various Processing Times. 

Under the given process conditions, Ὓ almost remain the same from the processing time of 

15 min to 30 min. The material may be still in the incubation period and the cavitation just results 

in the plastic deformation. Ὓ increases as the processing time varies from 30 min to 60 min. This 

observation concur with the theory of the cavitation erosion 
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Figure 3.37. Ὓ under Various Processing Times. 

3.7.2. Surface Hardening 

The hardness is measured in the neighborhood of the dimple site where the maximum hardness 

was found to occur in the previous work. As shown in Figure 3.38, the hardness almost linearly 

increases with the processing time until 30 min and then saturates. This saturation might be due to 

the low strain hardening exponent of Aluminum 6061 TO.  

 

Figure 3.38. Effect of Processing Time on Hardness (under Insert B at  Ўὴ φσππ Ὧὖὥ ). 
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3.8. Conclusions 

In this chapter, a hydrodynamic cavitation based surface texturing/hardening process is 

developed. This process can harden the surface and the hardening percent and distribution can be 

controlled by process parameters, such as the chamber geometries, pressure drop and processing 

time. This process can generate the dent type texture on the surface, however, the distribution of 

the dents is stochastical. Since obtaining a deterministic pattern of dents is beyond the capability 

of our current process parameters, a new method is needed to precisely direct and concentrate the 

cavitation energy to a specified location. This method will be explored in Chapter 6. 

¶ In the proposed process, the cavitation energy in form of the micro-jet and shock wave is 

employed to modify the surface morphology and enhance the surface hardness. The developed 

process is manifested to be able to generate the dented surface with the surface roughness 

parameter of 7.5 ‘ά.  The increase percentage in hardness is 19% at most compared to the 

virgin material.  

¶ The chamber insert geometry and the pressure drop between the inlet and outlet have 

significant effects on the characteristics of the cavitating flow, surface morphology and surface 

hardness. The parametric analyses of these two variables show a fairly good agreement among 

the cavitation characteristics derived from CFD simulation, surface morphology and hardness.  

¶ The convergence/neck geometries can locally elevate collapse violence and facilitate the 

release of tremendous amounts of the cavitation energy, leading to a significant modification 

of surface morphology and enhancement of the surface hardness. In contrast, the dimple 

geometry can delay the release of the cavitation energy, assigning more cavitation energy for 

the surface texturing and hardening to the region in its downstream. 

¶ The pressure drop can redistribute the cavitation energy released and alter the location of the 

most textured and hardened area. With the pressure drop increasing, the most textured and 

hardened area is moved towards the upstream. 

¶ The hardness of the sample significantly influences the density, shape and dimensions of dents. 

Dents on the Aluminum 6061 T6 sample are more sparsely distributed than those on the TO 

sample. Dents on the TO sample are like mico-crater. Dents on the T6 sample have the irregular 
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shape and relatively steep wall. Dents on the T6 sample have larger average depth (125%) and 

smaller equivalent radius (47%) than those on the TO sample. This may be because indentation 

on the T6 and TO samples is attributed to fracture and plastic deformation respectively.  

¶ As the processing time increases, the dent density monotonically increases. The equivalent 

radius of dent increases initially and then saturates with the processing time. So does the 

surface hardness. 
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CHAPTER 4  

Nanolubricant formulation using Hydrodynamic Cavitation 

4.1. Introduction  

As stated in section 2.4.1, the nanolubricant exhibits superior tribology properties compared 

to its pure base carrier. The hydrodynamic cavitation based dispersion is considered as a potential 

technique of efficiently formulating nanolubricant. Most of the investigations of nanolubricants 

have focused on bearing type applications, such as those encountered in engines, etc. At present, 

nanolubrication for metalworking processes, especially the metal forming process, is sparsely 

studied, despite the fact that these processes exhibit severe tribological conditions. In a metal 

forming process, a workpiece is subjected to severe sliding while undergoing plastic deformation, 

usually at a very high interface pressure. For example in a forging process, the tool-workpiece 

interface can be subjected to a pressure exceeding 2,000 MPa. These features of metal forming 

processes may influence the tribological properties of nanolubricants and put forward special 

requirements on their selection and usage. Therefore, a study on the lubrication mechanism of the 

nanolubricant in the metal forming process is needed. 

The overall objective of this chapter is to develop a hydrodynamic-cavitation-based 

nanoparticle dispersion process for nanolubricant formulation and explore the application of 

nanolubricants for metal forming processes. The specific objectives are to (a) develop a 

hydrodynamic-cavitation-based system to formulate SiO2/Oil nanolubricants, (b) evaluate the 

process feasibility based on lubricant characteristics and tribological performances and study 

effects of certain process parameters, and (c) ascertain the lubrication mechanisms of SiO2/Oil 

nanolubricants for metal forming processes. Most of the work in this chapter can be found in our 

published paper (Pang et al., 2020). 

4.2. Test Setup for Nanolubricant Formulation 

Dispersion of nanoparticles in a base fluid is carried out on a device that makes use of the 

hydrodynamic cavitation energy. It is the collapse of these bubbles that releases energy in the form 

of shock wave, micro jets, localized heat energy, etc. The nanosuspension used in this chapter 

consists of SiO2 particles and vegetable oil at a concentration of 0.5% wt. The SiO2 particles were 
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procured from US Research Nanomaterials, Inc. Table 1 shows properties of the vegetable oil and 

SiO2 powder which were used in this chapter.  

Table 4-1. Nano-particles and base fluid properties.  

Vegetable 

oil 

Viscosity 

(@20oC) 
59-62 cp 

Density 

(@20oC) 
0.91-0.92 g/ml 

Chemicals protein, fatty acid 

SiO2 

Powder 

Particle Size 20 to 30 nm 

Agglomerate 

Size 

up to several 

hundred microns 
 

The SiO2 particles in aggregate conditions were dispersed in the oil by a hydrodynamic-

cavitation-based dispersing system shown in the circuit diagram [Figure 4.1]. The setup consists 

of a cavitation generator, a cooler, a pump, a motor, and a tank. The pump driven by the motor 

sucks the fluid from the tank and pushes the fluid through the cavitation generator. The cooler is 

used to maintain the temperature of the fluid. The actual overall system is shown in Figure 4.2. 

The core component of the system is the cavitation generator shown in Figure 4.3 with two 

pressure gauges connected to the inlet and the outlet ports. These gauges monitor the pressure drop 

in the fluid which is responsible for cavitation. When the cavitation generator operates, the fluid 

is pushed through the gap between a nose-shaped constriction insert (# 4 in Figure 4.4) and the 

conical wall of the main housing (# 5 in Figure 4.4). The pressure differential created by this gap 

initiates the cavitation. The gap size and its corresponding pressure differential can be adjusted by 

the control shaft (#1 in Figure 4.4). As the bubbles flow to the chamber, their growth and collapse 

behavior are governed by the chamber insert (#8 in Figure 4.4). In the setup shown in Figure 4.4, 

a venturi type chamber insert is used. Figure 4.5 shows a cross section view of the cavitation 

generator. In Figure 4.5, the fluid flow domain is shaded in black and the cavitation cloud is shaded 

in white. The shearing stress in the flow and micro jets emanating from the bubble collapse are 

responsible for breaking down the nanoparticle agglomerates into fine nanoparticles.  
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Figure 4.1. Circuit Diagram of Hydrodynamic cavitation-based Dispensing System. 

 

Figure 4.2. Hydrodynamic cavitation-based Dispensing System. 

 

Figure 4.3. Cavitation Generator. 
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Figure 4.4. Components of the Cavitation Generator. 

 

Figure 4.5. Flow domain (black) and Bubble Cloud of Cavitation (white). 

4.3. Dispersion Performance 

4.3.1. Influence of Processing Time on Particle Size 

To assess the dispersion performance of the proposed device, effects of the processing time 

was studied. Three levels were selected: t1 (15 min), t2 (60 min), and t3 (90 min). The dispersion 

performance of the proposed device is evaluated by characteristics of nanolubricants formulated 

by it. The formulated nanolubricants were characterized by determining the particle size 

distribution (PSD) using the dynamic laser scattering technique (DLS).  

Particle size distribution (PSD) was measured using the DLS analyzer known as Malvern 

Zetasizer Nano ZS. The particle size distribution is a histogram of the size of nanoparticles 
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dispersed in the base oil. In this histogram, the overall range of the particle diameter is divided 

into a series of intervals and a narrow rectangle is erected over each interval. The relative volume 

of nanoparticles falling into a certain diameter internal is proportional to height of the rectangle of 

that interval. For each nanolubricant variant, three samples were prepared and three measurements 

were taken for each sample. 

The influence of processing time on PSD of nanolubricants is presented in Figure 4.6 and 

Figure 4.7. Three nanolubricants which are labelled based on their processing times, Lubt1, Lubt2 

and Lubt3, are formulated at a fixed pressure drop and under different processing times. They are 

compared to the pure base oil, which is labelled as Lub_control. The processing condition for these 

lubricants are shown in Table 4-2. Figure 4.6 shows that nanoparticle agglomerates are more finely 

broken down with the processing time. As the processing time increases from t1 (15 min) to t2 (60 

min), the peak of the profile shifts towards the small particle size. I.e., from 5000 nm to 2000 nm. 

With further increase in the processing time, the peak of the profile continues to shift to smaller 

particle size. 

Table 4-2. Nanolubricant Variants under Different Processing Times. 

 Process Time 
Pressure Drop 

(Inlet Pressure Outlet Pressure) 

Lub_control Pure base oil 

Lubt1 15 min 4100 kPa 

Lubt2 60 min 4100 kPa 

Lubt3 90 min 4100 kPa 

The percentile diameter and mean diameter can be extracted from the PSD curve in Figure 4.6 

to statistically described features of the curve. Three percentile diameters denoted as D (v) @ 0.2, 

D (v) @ 0.7 and D (v) @ 0.9 are adopted. For example, D (v) @ 0.2 is the particle diameter below 

which 20% of the particles in volume can be found. In Figure 4.6 D (v) @ 0.2 is the x-coordinate 

of the red dashed line. If the percentile diameter and the mean diameter marked in Figure 4.6 are 

plotted in Figure 4.7, a proportional relationship between the processing time and the particle size 

is discovered. D(v) @ 0.7, D(v) @ 0.9 and mean particle diameter decrease with increasing 

processing time. For example the mean particle size of 2668nm at t1 (15min) decreased to that of 

585nm at t3 (90min). Thus, the mean particle diameter is reduced by 78% when the processing 

time increases from t1 (15 min) to t3 (90 min).   
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Figure 4.6. Volume-weighted PSD of Nanolubricants under Different Processing Times. 
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Figure 4.7.  Percentile and Mean Diameter of Nanolubricants as a Function of Different 

Processing Times.  

Reduction in nanoparticle size as a function of the processing time shows the potential and 

capability of this hydrodynamic cavitation based methodology for nanolubricant formulation. The 

hydrodynamic cavitation test setup used in this study is equipped with 2.0 KW motor. Because the 

flow rate of the pump is fixed, the power consumption of the dispersion system varies with the 

pressure drop of the cavitation generator. The power used for dispersion at the pressure drop of p1 

= 4100 kPa is 1.24 KW. As shown in Figure 4.7, when the processing time is elongated to t3 (90 

min), almost all nanoparticle agglomerates are broken up to the submicron size. This data can be 

used to quantify the capacity of the dispersion system, which is 15 liters/hr. It should be noted that 

the simplicity of the hydrodynamic cavitation based test setup makes it ideal for scaling up as 

compared to conventional ultrasonic based systems commonly used in nanolubriant formulations.  

4.3.2. Influence of Pressure Drop on Particle Size 

In addition to the processing time, the influence of the pressure drop was studied. Three 

nanolubricant variants, which are labelled as Lubp1, Lubp2 and Lubp3, were processed at different 

pressure drops to study the influence of pressure drop on the PSD. The same processing time is 

used in formulation of them. Details of the process condition of these three nanolubricants are 

specified in Table 4-3. The pure base oil labelled as the Lubcontrol is used as a baseline. It is found 

out that there is a saturation point of the pressure drop for breakup of agglomerates. Before the 

saturation value is reached, increasing the pressure drop refines the particle size. Whereas, beyond 
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the saturation value no further particle size refinement is observed [Figure 4.8 and Figure 4.9]. 

Figure 4.8 shows two peaks of PSD at 50nm and 5000 nm respectively when p1 (2000 kPa) was 

used. As p1 (2000 kPa) increases to p2 (4100 kPa), the peak at the high end shifts towards the 

smaller particle diameter and become wide. As p2 (4100 kPa) increases to p3 (6200 kPa), the area 

enclosed by the high end peak and its position barely change.  

Table 4-3. Nanolubricant Variants under Different Pressure Drops.  

 Process Time 
Pressure Drop 

(Inlet Presure Outlet Pressure) 

Lubcontrol pure base oil 

Lubp1 60 min 2000 kPa 

Lubp2 60 min 4100 kPa 

Lubp3 60 min 6200 kPa 
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Figure 4.8. Volume-weighted PSD of Nanolubricants under Different Pressure Drops. 
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The percentile diameter and mean diameter shown in Figure 4.9 provide statistical proof of 

presence of the saturation point of the pressure drop. As p1 (2000 kPa) increases to p2 (4100 kPa), 

the D(v) @ 0.7 or @ 0.9 and the mean diameter decrease significantly. However, as p2 (4100 kPa) 

increases to p3 (6200 kPa), the percentile diameters at p2 (4100 kPa) and p3 (6200 kPa) have 

overlapped ranges. So do the mean diameters at p2 and p3. Therefore no further decrement in 

particle size is observed. With adequate pressure drop, the mean diameter of the nanolubricant can 

be reduced to about 1100~1800 nm. 

 

Figure 4.9. Percentile and Mean Diameter of Nanolubricants as a Function of Different Pressure 

Drops. 

4.4. Utilization of the Formulated Nanolubricant in Metal Forming  

The previous section has shown that using appropriate processing time and pressure drop, the 

proposed system is able to effectively break up the nanoparticle agglomerates. But it is still 

unknown how much dispersion or refinement of the particle size is needed to achieve a satisfactory 

lubrication performance in metal forming. In other words, the tribological performance of 

nanolubricants formulated under different processing times and pressure drop need to be evaluated 

so that an optimal value is determined in terms of tribological performance. A well-known method, 

the ring compression test, is used for lubricant evaluation. Figure 4.10 shows a 150-ton hydraulic 

press and the ring compression tooling used in the tests. The sample material used is Aluminum 

6061 T6. The ring samples had inner diameter of 16mm, outer diameter of 32mm and height of 
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10mm. The height reduction is about 30%. The surface roughnesses of ring samples were kept 

consistent, and the Ὑ  of the initial ring sample ranged from 0.4 to 0.5 ‘ά.  

The ring samples before and after compression are shown in Figure 4.11. To account for the 

presence of SiO2 nanoparticles on the deformed ring samples, a chemical analysis was carried out 

on the surface of nanolubricant-specimen system using Energy Dispersive Spectroscopy (EDS). 

The Si compositional map [Figure 4.12a] indicates a high concentration of Si shown as a bright 

yellow spot on the specimen surface. Figure 4.12c shows that wt% of Si and O at this spot is 11% 

and 21% respectively. The SiO2 nanoparticles shown as the white shade in SEM image [Figure 

4.12b] have the size of 1.6~5.2 ‘ά, which is in good agreement with the PSD obtained by the DLS 

technique. 

 

Figure 4.10. Press and Tooling for Ring Compression Test. 

 

Figure 4.11. Ring Samples before and after Compression. 
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Figure 4.12. Chemical Element Distribution showing SiO2 Particles on the Ring Sample. 

4.4.1. Influence of Processing Time and Pressure Drop on Tribology Property  

Effects of the processing time and pressure drop on the tribological performance of 

nanolubricants are discussed using the shear friction factor. Tribological performance of five 

nanolubricants, each of which is processed under a specific pressure drop and time, is evaluated 

and plotted on the shear friction factor curve shown in Figure 4.13. The PSD of these five nano-

lubricants labelled as Lubt1, Lubt2, Lubt3 (or Lubp2), Lubp1 and Lubp3 was measured in Section 3 

and their process condition can be referred to in Table 4-2 and Table 4-3.The pure base oil is used 

as the baseline. Shear friction factors of the lubricants are extracted from Figure 4.13 and converted 

to the shear friction factor chart [Figure 4.14] for the purpose of quantitative analysis. 

Influence of the processing time on the tribological performance of nanolubricants are 

discussed using the shear friction factor. Tribological performance of Lubt1, Lubt2, Lubt3, is 

evaluated and plotted on the shear friction factor curve [Figure 4.13]. The pure base oil is used as 

the baseline. Their PSD was discussed in Section 3 and their process conditions were presented in 
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Table 4-2. Four ring samples were compressed to evaluate the lubrication performance of each 

lubricant variant. Shear friction factors of the lubricants are extracted from Figure 4.13 and 

converted to the shear friction factor chart [Figure 4.14] for the purpose of quantitative analysis. 

 

Figure 4.13. Shear Friction Factor Calibration Curve. 

In order to examine the influence of the processing time on tribology performance, data for 

Lubt1, Lubt2 and Lubt3 is used. It is found out that an increase in the processing time is favorable 

for the reduction of the shear friction factor. As shown in Figure 4.14a, Lubt2 and Lubt3 have 

smaller shear friction factor than Lubt1. This is because elongation of the processing time facilitates 

the breakup of large SiO2 agglomerates. However, due to the large standard deviation of the shear 

friction factor of the Lubt2, Lubt2 and Lubt3 exhibit close tribological performance. If the largest 

processing time is used, the shear friction factor is improved by 13.6 % in comparison with that of 

the pure oil.  

Data of Lubp1, Lubp2 and Lubp3 is used to study the influence of the pressure drop on 

tribology performance. As shown in Figure 4.14b, the shear friction factor of the lubricant 

processed using the lowest pressure drop is about the same as that of the pure oil. However, as the 

pressure drop increases to p2 (4100 kPa), the shear friction factor drops. Additional increase in the 

pressure drop from p2 (4100 kPa) to p3 (6200 kPa) does not improve lubrication performance 

significantly. This similarity in tribology performance has good agreement with the similarity in 
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the PSD of Lubp2 and Lubp3. Using the given process parameter, the shear friction factor is 

improved by 15 % at most, compared with pure oil. 

 

 

Figure 4.14. Shear Friction Factor of Nanolubricants under Different (a) Processing Times and 

(b) Pressure Drops. 

In summary, the relationship between the tribology performance of nanolubricants and the 

processing time/pressure drop is asymptotic. Before a saturation point of the processing time or 

pressure drop, which is t2 (60 min) and p2 (4100 kpa) for the test setup used in this study, increasing 

the processing time or pressure drop leads to a significant friction reduction. Beyond the saturation 

point, the lubrication performance is not further improved. This indicates that a satisfactory 

lubrication performance can be achieved as long as the processing time or pressure drop is beyond 

a critical value. Combining the foregoing finding with influence of the processing time and 

pressure drop on the particle size distribution, it is logical to deduce that once the nanoparticle 

agglomerates are broken up to a critical size, further reduction of size does not improve the 

lubrication performance. The mechanism behind the asymptotic feature of lubrication performance 

is discussed in the following section. 
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4.5. Lubrication Mechanisms of Nanolubricant in Metal Forming 

The previous sections showed that with appropriate process parameters, the hydrodynamic 

cavitation-based dispersion process can be used to formulate large quantities of SiO2/Oil 

nanolubricants with fine nanoparticles. The nanoparticle agglomerates can be broken up to a small 

size, i.e. submicron level, if a sufficiently long processing time (up to 90min) is selected. However, 

once the particle size is refined to a critical value, further refinement does not continuously 

improve the lubrication performance. The asymptotic feature of lubrication performance can be 

explained by a hypothesis: lubrication performance of nanolubricants depends on the relationship 

between the nanoparticle size and the surface roughness/morphology of the tribopair, and this 

relationship dictates the active lubrication mechanism. To test this hypothesis, experiments were 

carried out by altering the surface roughness of the ring samples, whereas a single nanolubricant 

with known particle size distribution was used. In this study, one of nanolubricant variants 

formulated above, namely Lubt2 [Table 4-2], was tested alongside the ring specimens having 

different surface roughnesses.  

In order to precisely control the surface roughness, ring samples were polished using the SiC 

sandpapers of different grit size, 320 grit and 1200 grit. For each surface roughness, four samples 

were prepared. The Ὑ  of the 320 grit ring sample, 1200 grit ring sample and dies were 0.55 ‘ά, 

0.15 ‘ά and 0.05 ‘ά respectively. The surface morphology of the ring samples before and after 

the ring compression test was evaluated using a non-contact profilometer, Keyence VK-X1000. It 

is a confocal laser scanning microscope (CLSM), which is able to measure the surface structure 

and plot out its 3D model and section profile.  

4.5.1. Lubrication Performance under Different Surface Roughnesses 

The tribological performance of Lubt2 under the tribopair having two different surface 

roughnesses is shown in Figure 4.15. Figure 4.15 shows that the 320 grit ring sample exhibited a 

shear friction factor of 0.21, which is lower than that of the 1200 grit ring samples. In this case the 

ring samples with higher surface roughness exhibited better friction condition compared with ring 

samples with smoother surfaces.  
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 Figure 4.15. Shear Friction Factor of Nanolubricant for Ring Samples with Different Surface 

Roughnesses. 

4.5.2. Evolution of Surface Morphology in Tribology Test 

The ring compression test showed the ring samples with rough surface resulted in the lower 

friction than those with smooth surface for the same nannolubriant. To ascertain the active 

lubrication mechanisms which depend on the relationship between the nanoparticle size and 

surface roughness/morphology of the tribopair, evolution of surface morphology of the deforming 

ring samples was studied. Figure 4.16a & b show the surface morphology of the ring samples 

before they were subjected to plastic deformation. Figure 4.16c shows the surface of a deformed 

ring sample on which micro dents are evenly distributed. Appearance of these dents are combined 

effect of crack propagation and plastic deformation (Peng et al., 2010; Rabaso et al., 2014). A 

representative size of these dents (black dots) is given in Figure 4.16d & e. The outer diameter of 

dents is in the order of 50 ‘ά and the dent depth is about 4‘άȢ These micro dents have the potential 

to create hydrostatic or hydrodynamic lubrication conditions. Due to the fact that metal 

deformation speed is relatively low, hydrostatic lubrication condition is more plausible to occur 

than hydrodynamic lubrication condition.  
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Figure 4.16. Micrograph of the Surface of 320 grit Sample: (a) and (b) are before compression, 

(c) and (d) are after compression, (e) profile of the dent. 
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Figure 4.17. Micrograph of the Surface of 1200 grit Sample: (a) and (b) are before compression, 

(c) and (d) are after compression, (e) profile of the dent. 

Similar micrographs are plotted for ring samples which were polished by 1200 grit sandpapers 

[Figure 4.17]. The deformed specimen shows a similar dent distribution pattern. The major 

difference is the size of the dents. Figure 4.17e shows a representative dent depth of 2.5 ‘ά for 

1200 grit ring sample, which is lower than the dent depth observed for 320 grit ring sample. In this 

study, the dent depth is viewed as the most significant characteristics of surface morphology for 

the active lubrication mechanism. Because there are numerous dents on the surface of ring samples 

and each of them has its own depth, it is of interest to find out the mean depth of hundreds of dents 

and what range the majority of dent depths fall into. In this section, a mean dent depth chart [Figure 

4.18] and a histogram of dent depth distribution [Figure 4.19], which depicts the relative number 

of dents with a certain depth, are used to show the surface morphology. To establish the dent depth 

distribution, 100 dent depth measurements were randomly taken from each of the ring samples 

polished by 320 grit and 1200 grit sandpapers respectively.  
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Figure 4.18 shows the mean value and standard deviation of dent depth of the deformed 320 

grit and 1200 grit ring samples. Because the contact pressure acting on the ring sample varies with 

the radial distance from its center and the contact pressure affects the surface morphology, 

measurements of dent depth are categorized into three types based on their radial position: i) inner 

section, ii) middle section and iii) outer section. Figure 4.18 shows that 320 grit ring samples have 

deeper dents in all locations (i.e., inner, middle and outer sections) compared to the 1200 grit 

samples after compression. To get a clear picture of the dent depth distributions, Figure 4.19 shows 

frequency (the ratio of the number of dents with a certain depth to the total number of dents) vs 

dent depth for 320 grit and 1200 grit samples. The distribution reveals that the relative number of 

dents on 320 grit samples which have depth above 3.9 ‘Í is higher than that of their counterparts 

on 1200 grit sample. Specifically speaking, 86% dents of 320 grit sample has the depth above 3.9 

‘Í, whereas 18% dents of 1200 grit sample has the depth above 3.9 ‘Í. Note that Figure 4.7 

showed 90% nanoparticles in this lubricant has the diameter less than 3.9 ‘Í. This difference in 

dent depth distribution between 320 grit sample and 1200 grit sample is important for 

understanding the active lubrication mechanisms as discussed below.  

 

Figure 4.18. Mean of Dent Depth on Ring Samples with Different Surface Roughness. 
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Figure 4.19. Dent Depth Distribution on Ring Samples with Different Surface Roughness. 

4.5.3. Lubrication Mechanisms 

By correlating the surface morphology of compressed ring specimens (refer Figure 4.16, 

Figure 4.17, Figure 4.18 and Figure 4.19), and nanolubricant characteristics (refer Figure 4.7), 

active lubrication mechanisms exhibited at the tool-workpiece interface can be ascertained. To 

establish potential lubrication mechanisms, a schematic diagram showing the interaction among 

nanoparticles, base fluid and triboparis is used [Figure 4.20]. In Figure 4.20, small and large SiO2 

nanoparticles characterized by PSD given earlier in Figure 4.7 are shown together with the dent 

depth designated by ŭ. 

 

 Figure 4.20. Schematic Diagram of Die-workpiece Interface. 

The potential lubrication mechanisms in this case are mainly the adsorption lubrication from 

the vegetable oil, hydrostatic lubrication, mending and to a less extent rolling effects of the 

nanoparticles. The presence of hydrostatic lubrication mechanism may have taken place in certain 
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locations on the compressed ring samples as evidenced by the evenly distribution of dents shown 

in Figure 4.16c (for 320 grit sample) and Figure 4.17c (for 1200grit).  

The difference in the dent depth on the ring specimens which were polished for different 

surface roughness [Figure 4.18 and Figure 4.19] may alter lubrication mechanisms in the following 

way: The mean dent depth (ŭ) for 320 grit ring samples is in the order of 4.7 ‘ά [Figure 4.18] and 

a large portion of dents on the 320 grit sample has the depth above 3.9 ‘Í [Figure 4.19]. From the 

PSD analysis of the nanolubricants, the majority of SiO2 nanoparticles has the diameter less than 

3.9 ‘ά [Figure 4.7]. Under this scenario, i) mending effect, ii) rolling effect of nanoparticles and 

iii) hydrostatic lubrication mechanism can be activated to reduce the friction at the interface.  

In the mending effect, shallow valleys on the die surface are filled by numerous small 

nanoparticles and dents on the ring samples are also filled with nanoparticles of various sizes, 

leading to a reduced straight asperity contact. Because the dent depth is larger than the particle 

diameter, nanoparticles reduce engagement among asperities of two mating surfaces rather than 

protrude out of the dent and cause plowing. Xia. et al. (2017) pointed out that a smooth surface 

adversely affects the filling of valleys between asperities by nanoparticles in the thin film regime. 

However, change in surface roughness or morphology in the work of Xia et al. (2017) is due to 

oxidation rather than plastic deformation. In the rolling effect, nanoparticles serve as the nano-

scale bearing balls and transform the sliding friction to rolling friction. Under the scenario of the 

rough surface (320 grit sample), a deep dent relative to the particle diameter can encapsulate 

multiple layers of nanoparticles and the oil. These two conditions (multiple layers and oil) may be 

the prerequisites for the rolling function of nanoparticles (Rapoport et al., 2003; Xie et al., 2016). 

As a result, although nanoparticles of the layer which is adjacent to the deforming material are 

bound to embed with little opportunity to roll, nanoparticles of other layers are free to roll in the 

oil. The oil entrapped in the dent, if volumetric enough, can also activate the hydrostatic lubrication. 

Note: the hydrostatic lubrication is inactive in most of friction/wear test where no significant 

plastic deformation occurs because straight furrows are bad at retaining the oil under the high load 

compared to dents in our case. 

On the contrary, most of the dents of the 1200 grit sample have the depth (ŭ) in the order of 

2.8 ‘ά [Figure 4.18] and only a small portion of dents on the 1200 grit sample has a depth above 

3.9 ‘Í [Figure 4.19]. While the nanoparticles less than 2.8 ‘ά in size can be accommodated in 
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dents of 1200 grit sample, nanoparticles with the size in the order of 3.9 ‘ά are hardly 

accommodated. As a result, these large nanoparticles will create solid-solid contact with the die, 

reduce the potential of rolling and create unfavorable conditions for hydrostatic lubrication. These 

factors lead to a higher friction factor for 1200 grit ring samples as compared to the 320 grit ring 

sample. This observation demonstrates the importance of formulating nanolubricants with particle 

size distributions that correlate with surface topography of the deforming workpiece.   

In conclusion, the scenario where the nanoparticle diameter is larger than the dent depth of 

tribopairs leads to higher friction than the opposite scenario, because in the former scenario 

plowing of the interface by nanoparticles may occur at some locations where dents are overfilled 

and the rolling effect and hydrostatic lubrication are not activated. In addition, this point also 

explains the phenomenon mentioned at the beginning of Section 4.3 that the lubrication condition 

first ameliorates as the particle size decreases and then stalls after the particle size is refined to a 

critical value. Before the nanoparticle size is refined to the critical value, which is around the 

average dent depth, only absorption lubrication mechanism and limited mending effects occur. 

Although a small portion of dents is underfilled by nanoparticles, triggering mend effects, more 

dents are overfilled, leading to the solid-solid contact and plowing. After the nanoparticle size is 

reduced to less than the average dent depth, the mending effect is facilitated and two additional 

lubrication mechanisms, such as the hydrostatic lubrication mechanism and rolling effects, are 

activated. Further refinement of nanoparticle size does not bring in additional lubrication 

mechanisms, leading to no further friction reduction. 

4.6. Conclusions 

A hydrodynamic-cavitation-based process was developed to disperse SiO2 nanoparticles in a 

base oil and effects of the process parameters were investigated. In addition, the tribological 

performance of the formulated nanolubricant was evaluated and potential lubrication mechanisms 

were ascertained. The following conclusions can be drawn from this study. 

¶ The study demonstrates that the hydrodynamic cavitation-based process can be used to 

effectively dispense SiO2 nanoparticles in base fluid for large quantities of nanolubricant 

formulation. The setup can easily be scaled up for mass production of nanolubricants.    

¶ The processing time of the proposed process plays a significant role in formulating SiO2/Oil 
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nanolubricants. Using the process parameters in this study, the mean diameter of nanoparticles 

obtained via the hydrodynamic cavitation based dispersion was 580 nm. From the ring 

compression test, the shear friction factor for the SiO2/Oil nanolubricant was improved by 14% 

in comparison with that of the pure oil. 

¶ The study has found that as the processing time increases, the nanoparticle agglomerates are 

broken up into smaller particles. As the processing time increases from 15 min to 90 min, the 

volume mean diameter of nanoparticles is reduced from 2668 nm to 585 nm and the reduction 

percent is 78%. With the particle size decreasing, the shear friction factor decreases first and 

then stabilizes. The minimum shear friction factor is achieved once the processing time reaches 

60 min. 

¶ Insufficient pressure drop is unfavorable for dispersion of the nano-particles, but there is a 

saturation point of pressure drop for particle breakup and lubrication improvement. Before this 

point is reached, increasing the pressure drop refines the particle size and reduces the friction 

factor. Beyond this point, increasing the pressure drop does not further refine the nanoparticle 

size and enhance lubricant performance. The mean diameter is reduced by 57% when the 

pressure drop increases from 2000 kPa to 6200 kPa.  

¶ The lubricant mechanisms of the SiO2/Oil nanolubricant in metal forming processes are 

specific to the relative size of nanoparticles with respect to surface roughness/morphology of 

the tribopairs, especially the dent depth. When the nanoparticle size is larger than the average 

depth of dents on the deforming tribopairs, only absorption lubrication mechanism and limited 

mending effects of nanoparticles occur. The mending effect refers to the filling of dents by 

nanoparticles, which reduces straight asperity contact or engagement. After the nanoparticle 

size is reduced to less than the average dent depth, the dent is sufficiently deep to encapsulate 

nanoparticles, even multilayers of them, and entrap the oil. As a result, the mending effect 

becomes more pronounced, plowing is avoided and two additional lubrication mechanisms, 

such as the hydrostatic lubrication and the rolling function of nanoparticles as tiny bearing 

balls, are activated. As long as the nanoparticle is smaller than the dent depth, further reduction 

in particle size does not activate new lubrication mechanisms, leading to an upper limit of 

friction improvement by addition of nanoparticles.   
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CHAPTER 5  

Emulsification using Hydrodynamic Cavitation 

5.1. Introduction   

As stated in section 2.4.2, although the valve geometry and low pressure homogenizer (LPH) 

exhibit some advantages in emulsification, a combination of these two concepts is barely seen in 

the design of homogenizer. In addition, the emulsification efficiency of valve type LPH needs to 

be enhanced so that the fine emulsion can be obtained at a relatively low energy input. 

The study is to explore designs of the valve type LPH that better exploit the disruption 

mechanisms of hydrodynamic stress and cavitation to mass-produce the fine emulsion. The 

following specific objectives need to be achieved. 

¶ Study the flow characteristics and disruption mechanism of a conventional valve type 

homogenizer using the CFD method.  

¶ Propose various designs for the low pressure homogenizer and numerically study their 

feasibility in terms of the flow characteristic and disruption mechanism using the CFD method. 

¶ Experimentally evaluate the emulsification performance of the proposed designs based on the 

droplet size in emulsions. 

5.2. Approach 

A conventional HPH designed by Floury et al. (2000) is used as the baseline. In their design 

shown in Figure 5.1, there is a gap between the valve piston and the valve seat. The fluid domain 

of this homogenizer consists of the i) entrance of the gap, ii) gap and iii) exit of the gap and their 

main dimensions are denoted in Figure 5.2.  
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Figure 5.1. Valve-type 

Homogenizer. 
Figure 5.2. Fluid Domain of Homogenizer. 

The HPH designed by Floury et al. (2000) is a so-called pilot model with the dimensions 

shown in Table 5-1. Due to the tiny gap width (Ὤ) of 3 ‘ά, their homogenizer operates at a low 

flow rate of 0.192 L/min, which is incomparable to ones used in the industry, and a high pressure 

drop of 26 Mpa, which is beyond the capacity of our equipment. Therefore, Flouryôs pilot model 

is scaled up so that its flow characteristics can be used as an industrial example and be the baseline 

in comparison with our new homogenizer.  Dimensions of the model before and after scaling-up 

are shown in Table 5-1. The gap width is scaled up from 3 ‘ά to 200 ‘ά, leading to an increase 

in the flow rate from 0.192 ὒȾάὭὲ to 6.75 ὒȾάὭὲ and a reduction in the pressure drop from 26 

ὓὴὥ to 6.2 ὓὴὥ. 

Table 5-1. Scaling-up of Valve-type Homogenizer. 

 Pilot model Scale model 

Gap width, Ὤ 3 ‘ά 200 ‘ά 
Inlet diameter, Ὑ 3 άά 13.5 άά 

Piston diameter, ὶ 2.25 άά 10.125 άά 

Outlet diameter, ὶ 1.5 άά 6.75 άά 

Pressure drop, 

ɝὖ ὖ ὖ  
26 ὓὴὥ 6.2 ὓὴὥ 

Flow rate, ὗ 0.192 ὒȾάὭὲ 6.75 ὒȾάὭὲ 

Internal geometries of the low pressure valve type homogenizers proposed by us are shown in 

Figure 5.3. There are three geometric variants: i) smooth parabolic nose valve, ii) serrated 

parabolic nose valve and iii) smooth parabolic nose valve with Y chamber. In Variant I, the 

constriction formed by the nose valve and conical wall creates a pressure drop, leading to the 
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cavitation in the chamber downstream [Figure 5.3a]. In Variant II, the valve nose is transformed 

from the smooth surface to serrated surface. The micro grooved added to the valve nose  changes 

the velocity field in the constriction, leading to larger deformation force exerted on the droplet by 

the continuous phase [Figure 5.3b]. In Variant III, the insert is introduced to the chamber, creating 

a Y shaped fluid domain. The concentration and stagnation effect caused by the insert enhance the 

cavitation-based and turbulence-based emulsification [Figure 5.3c]. 

 

 

 
a) Smooth Parabolic Nose 

Valve 

b) Serrated Parabolic Nose 

Valve 

c) Smooth Parabolic Nose 

Valve with Y chamber 

Figure 5.3.  Various Valve-type Homogenizers. 

The flow characteristics of the homogenizer is studied using the CFD and these numerical 

results will be used to quantify the disruption mechanism. Disruption mechnisms of the 

homogenizer can be categorized as laminar viscous (LV), turbulent viscous (TV), turbulent inertial 

(TI) and cavitation. Table 5-2 shows basic variables and governing equations of LV, TV and TI 

(Lyklema et al., 2005; Innings et al., 2011; Casoli et al., 2010). Three disruption mechanisms are 

distinguished based on the Reynolds number ὙὩ and the relationship between the droplet 

diameter Ὠ and the length of energy bearing eddiesὰ [Table 5-2]. In LV regime, the strain rate 
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or shear rate of the fluid results in a stress exerted on the droplet. The TV regime, the droplet inside 

turbulent eddies undergoes a viscous force which is tangential to the droplet surface. In TI regime, 

the pressure fluctuation due to the turbulence leads to an inertial force which is perpendicular to 

the droplet surface. Table 5-2 shows equations of the stress acting on droplets and characteristic 

deformation times in these regimes. From these equations, the following findings can be made: i) 

the high strain rate (​ὺ) and eddy dissipation rate (‐) are favorable for deformation and disruption. 

ii) the increase in the density and viscosity of the continuous phase facilitates deformation and 

disruption, iii) the high viscosity ratio –Ⱦ– imposes a challenge for disruption.  

In order to quantify the intensity of three disruption mechanisms, the strain rate and other two 

dimensionless numbers, the Capillary number (ὅὥ) and Weber number (ὡὩ), are used (Inning et 

al., 2011). In this study, the strain rate is derived from the velocity field of CFD results. ὅὥ and 

ὡὩ is TV and TI type stress normalized by the Laplace pressure respectively [Table 5-2] (Lyklema 

et al., 2005; Innings et al., 2011; Casoli et al., 2010). In this study, they are calculated from i) eddy 

dissipation rate (‐), ii) viscosity (–) and density (”) of continous phasse and iii) droplet diameter 

(Ὠ). ‐ is provided by CFD results. – and ” is obtained by interpolating from properties of two 

phases (viscosity and density) and the CFD variable, vapor volume fraction. Since only the 

trajectory of oil droplets is tracked and no droplet break-up model is used in CFD simulation, a 

constant Ὠ of 100 ‘ά is used in calculation of ὅ and ὡ . 

Table 5-2. Disruption Mechanism: LV, TV and TI.  

Regime 

Laminar 

Viscous 

(LV) 

Turbulent Viscous 

(TV) 

Turbulent Inertial 

(TI) 

Classification criteria  Low ὙὩ  High ὙὩ & Ὠ ὰ High ὙὩ & Ὠ ὰ 

Stress acting  

on droplets „ 
„ –​ὺ 

„ ”
Ⱦ
–
Ⱦ
‐Ⱦ  

or –‐Ⱦὰ Ⱦ 

„ ”‐ȾὨȾ  
or ”‐ȾὰȾ 

Characteristic 

deformation time †  
†

–

 „
 

Dimensionless number  ὅὥ
–‐ȾὨȾ

τ‎
 ὡὩ

”‐ȾὨȾ

τ‎
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– ‌– ρ ‌–  Equation 29 

” ‌” ρ ‌”  Equation 30 

An intense cavitation type disruption occurs when two conditions are satisfied: i) the bubble 

gains sufficient growth before collapse and ii) in the collapse stage the bubble size rapidly diminish. 

Dular et al. (2006) and Gibson et al. (1982) reported that the pressure wave amplitude and micro-

je velocity are proportional to initial bubble size before collapse and the collapse rate of bubbles. 

Because the Schnerr-Sauer cavitation model is adopted in this CFD simulation, the bubble size is 

equivalent to the vapor volume fraction (‌). The vapor volume fraction is defined as the relative 

volume of the water vapor with respect to the mixture of water vapor and liquid. The collapse rate 

is the mass of the vapor phase transformed back to the liquid phase per unit time under high 

collapse pressure. At last, the vapor volume fraction and collapse rate are used to quantify the 

intensity of the cavitation disruption mechanism, 

5.3. CFD Modeling 

In order to study the flow characteristic and disruption mechanism of three variants of the 

valve type low pressure homogenizers, the CFD method is used. The CFD software is ANSYS 

Fluent. There are three phases present in the homogenizer: i) water liquid, ii) water vapor due to 

cavitation and iii) mineral oil. A so-called multiphase model is adopted for the first two continuous 

phases and the cavitation is described by the Schnerr-Sauer model. A discrete phase model is used 

for the mineral oil so that the oil droplets released at the inlet are tracked during their transportation. 

Interaction between the continuous and discrete phases is turned on and the oil droplets are tracked 

by the means of the steady state. Several other assumptions are made in the simulation. First, the 

3D flow is simplified to 2D axisymmetric. Second, the isothermal condition is assumed and the 

overall domain is under room temperature. Third, the realizable k-Ů turbulence model is used. 

Figure 5.4 shows the section view of Variant I. If the fluid domain in Figure 5.4 is meshed, 

Figure 5.5 is obtained. The size of elements in the mesh of fluid domain ranges from 0.002 mm to 

0.25 mm. The inflation mesh is used for the boundary layer near the wall so that the y+ remains 

below 20. In order to ensure the simulation accuracy, iterations of mesh improvement are run until 

a high mesh quality is achieved. The cell orthogonality is above 0.7.  
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Figure 5.4. Section View of Variant I. 

 

Figure 5.5. Meshed Fluid Domain of Variant I. 

The pressure drop of 6.2 Mpa is applied to the inlet and outlet. A total pressure of 6.2 Mpa is 

applied at the inlet and a zero static pressure is applied at the outlet. Non-slip condition is used for 

the walls. The impact of the oil droplets onto the wall is modeled by the water-jet type model. 

CFD simulation in this study is a steady state analysis and the pseudo-transient solution 

method is used for better convergence. The numerical results are considered as legitimate until 

three conditions are satisfied simultaneously: i) the convergence is tightened to below 1e-3, ii) the 

net mass flow rate, which is the absolute difference in mass flow rate between the inlet and outlet, 

is reduced to a near-zero value, iii) the vapor volume fraction stabilizes at a constant value.   
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5.4. Conventional Valve Type Homogenizer 

5.4.1. Feature and Work Principle  

There is a narrow gap in the conventional valve type homogenizer. As the mixture of oil and 

water flow through this gap, the oil droplets undergo the deformation due to elongation and 

shearing. These deformed oil droplets are then fragmented under the turbulence (TV and TI) in the 

downstream region of the valve 

5.4.2. Flow Characteristics and Disruption Mechanism 

The emulsification performance of the homogenizer depends on the flow characteristics and 

the disruption mechanism which is derived from the former. Table 5-2 has already given the stress 

exerted on the droplet and the dimensionless number of various disruption mechanisms. Therefore, 

the strain rate, Capillary number (Ca) and Weber number (We) are derived from the basic fluid 

properties, such as the velocity, turbulence eddy dissipation rate and analyzed. In addition, another 

two variables related to the cavitation mechanism are used, the vapor volume fraction and collapse 

rate. The vapor volume fraction is the relative volume of the water vapor phase to the mixture of 

water vapor and liquid phases. At the vapor volume fraction of 0, no cavitation occurs and at the 

vapor volume fraction of 1, all the liquid is transformed to the vapor and super-cavitation occurs. 

The collapse rate is the mass of the vapor phase transformed back to the liquid phase per unit time 

under high pressure. A high collapse rate corresponds to a rapid and violent bubbles collapse, 

which further corresponds to a larger amplitude of pressure wave and velocity of the micro-jet. 

Simply speaking, in order to obtain an effective cavitation-based disruption at a certain local region, 

two conditions need to be satisfied: i) the upstream of this region has a high vapor volume fraction 

and ii) a high collapse rate occurs at this region. 

The strain rate derived from the velocity is first examined to show the deformation effect of 

the elongation and viscous force acting on droplets. As shown in Figure 5.6, the high strain rate 

concentrate at three regions: i) the entry to the gap, ii) the near-wall region in the gap and iii) exit 

of the gap. The first and third high-strain-rate regions are caused by acceleration and deceleration 

of fluid due to the gap. The second one is caused by the shearing due to the wall. These findings 

are in agreement with points in work of Floury et al. (2004). Note a small portion of the red area 

in Figure 5.6 exhibited the strain rate higher than the upper limit of legend. In order to obtain a 
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more quantitative analysis, the strain rate is plotted along four paths: , (through the gap), ,, , 

and , (cross the gap). As Figure 5.7, two humps, 4e5 and 7e5 Ó , appear in the strain rate profile 

along ,, which correspond to the two high-strain-rate regions at the entrance of the gap and exit 

of the gap respectively.  

 

Figure 5.6. Stain Rate of Scale Model of Valve-type Homogenizer. 

 

Figure 5.7. Strain Rate along ὒ. 










































































































































