ABSTRACT

PANG, HAO. Harnessing of Energy Emanating from Hydrodynamic Cavitaticior
ManufacturingProcesses (Under tharBction of Dr. Gracious Ngaile)

In a manufacturing process, properties of the raw materials such as the shape, size, mechanical
charateristics, 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. Thauxierations 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. Ia 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 cosenda loss of time. Raw materials, sefimished productsrad 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 concurfently.
these manufacturing operations are concentrated and cemityircarried 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 thbricant in real time and -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 va 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 effebesmioicess parameters on the
cavitation characteristics were studied using the computational fluid dynamic (CFD) analysis and
the flow visualization method. In order to evaluatnditions of the surface treatdy the
cavitation, the energy dispersive spescopy (EDS)Knophardness 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.



Furthemore, a concept of tuning the cavitation via the fiaduced 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
tobesufficimt t o generate dents on the specimen sur
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 fourtddddalir the
pattern of cavitation energy release, which further affittie texture and hardenipgtternsThe
section profile of dents changed from the micrater shapes to irregular shapes with the specimen
hardness increasing. The hardnesshefirocessed specimen increased first and then saturated
with the cavitation processing time, however, the surface roughmigsity remains the same and

thenmonotonicallyincreased with the processing time.

In the nanolubricant formulation study, theydrodynamic cavitation was successfully
employed to disperse Si@anoparticles in a base oil and the setup developed has the potential to
be scaled up for industrial production. The nanopatrticle diameter decreased from 2668 nm to 585
nm with the processg 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 relatvke siz
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 desigrcadfitation 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 genllyaequiresthe raw materials, machines, tools, energy and
manpowerto process a producflthough thee are numerous manufacturing processiesy
follow a common pattern of energy flowwhe energy flowfrom the machine, to the tool and to
the raw material. Most dhe energy supplied by the machineusedto modify the shapeor size
of the raw material as wedls altermechanical properties. In the map of energy flow, the fluid
plays an indispensabtele by serving as lubricant,a coolant or a reaction agefor example,
in cold forging, the otbased or watebased lubricants are applied at the interface between the
workpiece and tooling. These lubricants reduce friction at the interface, l¢adihgwer forming
load or energy consumptiolesstool wear and a better surface finish of the workpiece. In hot
forging, the liquid containing solid lubrication particles is sprayed onto the hot toolirtg andl
and lubricate the tooMaporization 6 this liquid removes the heat in the tooling and prevents
overheating and softening of the tooling. In hydroforming, minersboivaterareused to transfer
the pressure or potential energy from the machine/tool, i.e. cylinder or bladder, to thesomrkpi
such as the sheet and tubéus a liquid (mineral oil, water, eta@jan 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 mnufacturing procesthrough liquidlubricant, coolanbr other liquidmeda.
There are two points pertinent to the fluid and its enéogymprovementFirst, in the current
manufacturing process, this energyisectly passed tdhe workpiece viahe fuid, which may
alterthephysical and chemical propertiekthe fluidin a passive wayFor example, the viscosity
of the fluid varieswith the pressure and temperature between the tooling and workBeamnd
formulation of the liquietype lubricant ad coolant is usually carried olly a seprate
manufacturingentity. Thusprocuring and stockingf lubricantsis a must prior to being utilized
These two points incentivize us to find a method of exploiting the ecergentrated ithe fluid
to achiee more functionsFor example, the properties of a lubricant cadddierately altezd to

induce lubrication functionThis method will bring about possibilities of integrating different



operationswvhich at presentakeplace at different locationgfter integration, tle total number of

operations iramanufacturingprocess will decreasencreasing efficiency and productivity

Making a processnultifunctional is favorable forthe enhancement of productivity and
reduction of the manufacturing cost. Firssince multiple operations are implemented
simultaneously and in a single workstatitre material handling system candwwided. Second,
the lead time consumed by the workpiece transfer among workstations is saved and the cycle time
may be shortened duothe simultaneous implementation of operations. Thinéequipment for
a singleoperation is not in needlfter its task is accomplished by the multifuncéiboperation
Fourth, if formulation of the manufacturing fluid (lubricant and coolant) tegiratedinto the
process, the usage cadtthese fluidswill decrease.

Sincethe cavitatiorbubble carstore the energy ahe inceptiorandgrowth stge and release
this concentrated energy duritige collapse stagehis phenomenomran beused to enhare
manufacturing processeSavitation is a phenomenon where the liquid phase transforms into the
vapor phase due tpressure drop. Typical cavitation development can be divided into three stages:
the bubble inception, growth and collapse. In the inoepitage, 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 ashe growth stage. In the collapse stage, these expanded bubbles undergo high
pressure and then implode. This implosresults inthe highpressure wave, the higtelocity
micro-jet and an extremely concentrated heat generation. In the first two stagggidimand
growth), the energy conveyed to the fluid is stored in numerous bubbles. This-beabley
energy is then released in leem of mechanical and thermahergyat the third stage (collapse).
It should be noted that the energy released in dllepse stage is dargethat it canplastically

deformhardmetallic materiad and cause a temperature rise of several thousand kelvins.

Figure 1.1 shows thatthe energy released by theavitation which is categozed into
mechanical, thermal and acoustic typEsis energycan be harnessed fearious applicatiogin
the manufacturing proces8s shown inFigure 1.1, the mechanical energy in the form tbie
pressure wavera micrajet 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 remadditionally, the concentrated



heat generatioand high temperatura the implosion siteanactivate chemical reactismmong
the additives in the lubricant or reactsdretweerthelubricant and workpiece surface. Meanwhile
the high temperature gives rise b thermal decomposition of chemical species in the lubricant,

leading toa change in lubricity and viscosity

é A

Surface Treatment:
1) Modity Surface Morphology
i1) Work Hardening
iii) Remove Oxide

. 4 ™\
Mechanical Energy ) Material Response:
(Pressure Wave & 1) Change Microstructure
Micro-jet) J i) Improve Formability
Y,
Lubricant Formulation:
Energy released by —| 1) Disperse/Create/Modify Nanoparticles
Hydrodynamic 11) M1X/Emu151fy the Colloids
Cavitation N
~
Thermal Ener Lubricant Formulation:
gy i) Enhance Chemical Reactivity
(Heat Generation . .
during Collapse) i) Form Radical ) .
\111) Change Lubricity and Viscosity
s N
. ] Measurement, Detection & Quantifica-
->[ Acoustic Energy tion of Cavitation Characteristics

. S

Figurel.1. Utilization of Energy of Cavitation for Multifunctional Process
1.2. Objective

The ngjor objectives of this study are:

ADevelop the techniquehich harnesses the energy released by the hydrodynawiiation
for surface treatmerand lubricant formulation. Thigchniqueshould have the potential of being

implemented concurrently and-&itu with the forming process.

AStudy the mechanics of hydrodynamic cavitatiestablish parameters that are critical for

harnessing cavitation energpnd stidy theinfluence of these parameters in the technique above



ADerive an analytical model chatarizing the interaction between the flomduced vibration
and cavitation and explore the feasibility of tuning the cavitation characteristics via the flow

induced vibration.

ABased on the knowledge acquired frthra study abovedevelop a multfunctional 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.

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

multifunctional manufacturing process are summarized.

Chapter 3 develops a hydrodynaravitationbased 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 hydrodynarmavitationbased nanoparticle dispersion process for
nanolubricant formulation and studies thierlnation mechanisms of the nanolubricant in the metal

forming process.

Chapter 5 develops a new valve type low pressure homogenizer foprodsstion of the
emulsion lubricant and studies the disruption mechanism and efficiency of various homogenizer

designs.

Chapter 6 develops a device which takes advantage of thenftlweed vibration to tune the
cavitation characteristics for the engineering application. It also presents an analytical model to

determine the condition for the fleimduced vibration ah cavitation.



Chapter 7 proposes a novel drawing die to harness the cavitation energytimeeaid in
situ for surface treatment and lubricant formulation. It numerically studies the effects of the process

parameter on cavitation characteristics.



CHAPTER 2
Literature R eview

2.1.Layout and Energy Flow in Manufacturing Process

In the manufacturing proceshain 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
operationto be completed before startiraotherresult in waste and additional cost. If the
operations which scatter at different sites can be concentrated in one station and carried out
concurrently, thevaste will bereduced and manufacturing productivity will be enhan€geglre
2.1 showsan example of th&aditional process layospline 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 lubricantrandferred to the forging station by the
material handling system. Since the lubricant is usually purchased from other supbippm®g
and storing the lubricant results in additional cost. Meanwhile, since some lubdcaoiting
aretoxic, thespeializedequipment is needed to carry out the dipmngd 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 themgelmd posprocessing
in Figure2.1 can also save cost. For exampmelishing or peening, lubrication and machining

couldbe integratedo enhance productivity

As shown inFigure 2.2, the energyoriginating from the machindifurcates. One branch of
energy flowsto the tool andhento the raw materialThe other branch enters the fluid and then
passed down to the workpiece. The energy flowing to the fluid hes fibrrs: kinetic energy,
potential eergy and heat. For example, in the water jet cutting process, the pressurized water
which contains abrasivgarticlesis 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 hydirjgorocess, 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 thifiim there This thin film undergoes considerable pressure. In the

machining process, the fluid is sprayed onto the cutting zone between the tooling and workpiece



and serves as the lubricant and coolant. The heat generated during machining entersati fluid
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{h®pessing

and intermediate operations, such as the lubricantulation and surface treatmehtarnessing

of the energy could be realized via the cavitation.
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2.2.Mechanics of Gavitation

Understanding the mechasiof cavitation is fundamental ftwarnessing its energy for the
manufacturing process. &bebasic physics determine the method of activating the cavitation,
controlling ts 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.



2.2.1.Definition and Types of Cavitation

The concept of phase transformation and vaporspresneed to be introduced for
understanding the cavitation. A phase transformation diagfagure2.3] shows conditions of the
temperature and pressure under which a substance exists in the solid, liquid etatapércurve
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.

LIQUID

Boiling

oy (Ty) EESE.......... Cavitation

VAPOR

T'; le i
Figure2.3. Phase Transformation Diagram (Franc et al., 2006)

As seen in the phase diagrafidure 2.3], the phase transformation from the liquid to the
vapor can be driven by two mechanisms: reidacin 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 reduwced 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 whater 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 @smooth surface is more susceptible to cavitation than a surface

of distributed roughness of equivalent roughness h&ight



The bubble nuclei whose size range from several microns to several hundred microns widely
exist in the liquid of most of the engimeey 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 cavitatan initiate with ease. In conclusion,
the bubble nuclei facilitagthe cavitation inception and makée thresholghressure for inception

deviatefrom the vapor pressur&l@rch et al., 2015)

The cavitation can occur either in the flowing or stagjaild. The former type in the flowing
liquid is known as the hydrodynamic cavitation (HDC). Examples are the flow thtbeghrrow
passages (e.g. venttube, orifice or hydraulic valves), flow around the hydrofoil and flow stirred
by the propeller bladeThe 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 cavitatiooimitepshold.

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 emywere invented (Brennen et al.,
2014; Franc et al., 2006). The pressure coeffidient is the minimum pressure across the fluid
domain normalized by a reference pressure and velocity. Selection of the reference pressure and
velocity dependsrothe 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 rup&teeganeously
when the pressure drops to the vapor pressure, cavitation appears as,longdas . If the
liquid is completely degassed and homogengus, 0 is required for cavitation inception. In
the liquid containing ggreat amount of contaminant gas and saturated with nuclei, cavitation
occurs even if 0 . In addition to the contaminant gas, the residence time of bubbles,
temperature, turbulence and roughness of the solid surface can significamtiyreffeavitation
inception numbey , which makes it hard to acquire a systematic and unified cavitation inception
condition (Rood, 1991Q'hern, 1991



The inception of the hydrodynamic cavitation can be facilitated by various factors. i)
geometris which sharply accelerate the liquid and cause the abrupt pressure drop. These
geometries can ke sharp reduction dhe cross section area of the liquid ducts (Venturi tube) or
the curvature which makes liquid concentrated or converged (Hydrofoilgth 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 mgure, the vortex center is in favor of cavitation inception. iii) high
shearing. The high shearing is widely seen in the-Bpged submerged jet and wake of a bluff at
high Reynolds numbers. The pressure fluctuation due to the turbulence and tfiéeshorstable

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., @0First, 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 l@-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 an@uabéle 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 teetitears
jet and small interfacialvave. 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 cloutoavita
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 #apor at the vortex center alters the vortex size
and shape. Meanwhile, cavitation vortices have effects on the pressure and velocity field of the
wake. Belahadiji et al. (1995) studied the cavitating turbulent wake of a vsadged obstacle.

They foundout 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 regenifet al. (2007)

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

10



advection velocity increases and the streamwise vortex spacing decreases. By experimentally and
numerically studying the cavitation in the hgthil, Ji et al. (2014) and Liu et al. (2019) concluded

that vortexstretching 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 Ejuation

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
RayleighPlesset equation provides an insight into the dynaofidgibble 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 tha amenable to analysis and demonstrates many important features of
bubble behavior. Complicated cases that includespirerical, bubble interaction and motion of
the bubble center can be extended from this model.

There are several main assumptiongha RayleighPlesset model shown iBquationl
(Brennen, 2014). First, the liquid is incompressible. Second, the liquid is either Newtonian or
inviscid. Third, the gravity is neglected. Fourth, the air content efbtlibble is constant. This
model is derived from the Navi&toke 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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Since the RayleigiPleasset equation is a secearder and highly nodinear 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 bulkd growth and collapse which hold on a more general case. After the

simplification above, the bubble wall velocity is givenyuation2.
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As seen inEquation2, the bubble growth rate is asymptotic. It initially increases and then
approaches a constant in the final stage of growth. WhenY , the limit of growth rate is
Equation3.
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Under the assumption that the liquid is inviscid &fd ‘Y , the collapse speed of the bubble

wall is given byEquationd. The inward velocity will increaslike'Y 7 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 radis is reached. At this moment, the pressure and temperature in the bubble
are elevated to a high level approximatedHguation6 and Equaton 7 (Brennen, 2014). For
examplejf 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 bAguation6 and Equaton 7 tell us that themaximum pressure
generated would be about 1010 bar and the maximum temperature would béimes®f 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 b¥quation8 (Brennen, 2014). If a bubble with a diameter of 1 mm collapse in the
water under 1 baEquation8 gives a collapse time of .09 ms. The infinite collapse speed and the
extremely short ctdpse time above are derived based on the hypotbésie gas and zero

viscosity. In practicehoweverthe viscosity and gas slow down the collapse.

o] &)puN—Y~ Equa8i
0 0

The presste in the surrounding of a collapsing bubble is also of interest. It can be derived by
substituting the bubble size given by the Rayldiigisset equation into the Nawvi8toke equation.
The evolution of nordimensional pressure outside a collapsing buistddown inFigure2.4. As
shown inFigure2.4, a maximum pressure appears as soon as the bubble radius drops below about
0.6 times the initial radius. The magnitude of thisximum pressure and its distance from the
bubble center is written dsquation9 and Equation10. Calculation based oBquation9 and
Equation10 demonstrates a high pressure occurs in the neighborhood of the bubble during the
collapse. For example, when thebble size is reduced to the twentieth of its initial size and the

collapse pressurs il bar, the maximum pressure in the proximity of the bubble is 1260 bar.
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2.2.3.Stability of Bubble

The RayleighPlasset model not only reals some crucial features of the growth and collapse
but also provides criteria for bubble stability. If the solution of the RaylRlghset equation
(bubble radius) is plotted against the tension experienced by the liquid) , one can obtain
Figure2.5. 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 oee 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, howevenhbégrytgpressure
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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
Figure2.5) 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 radiuseypteBtake
respectively. A perturbation analysis of the RayleRjasset equation gives their formula
(Equationll andEquationl2). Based orEquationll andEquationl2, the locus of peaks can be
written asEquationl3. It should be noted that the Blake radius is dictated by the Blake pressure.
The lowerthe 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 cawitatitensity. They both result in a

decrease in the Blake radius and qualify more bubbles as unstable.
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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 Venttigre2.6) as an example and suppose that the
minimum pressuretdhe 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 transithé&atalile state to
the unstable state. As a result, it still gains explosive growth though the pressure at D already

recovers from the minimum pressure.
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Figure2.6. Bubble Evolution in Venturi (Franc et a22006)
2.2.4 Bubble Collapse Dynamics

Features of the bubble collapse revealed by the Rayilagset equation are discussed in the
previous section. The bubble collapse is characterized by the high inward velocity, especially at
the initial period of collaps, 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 Rayleiglasset model should be caresied. It is

reported that the compressibility tends to lessen the velocity of collapse. Another necessity to
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consider the compressibility is that it plays a role in the formation of shock waves, which is

generated while the bubble recovers its size fatigvthe collapse.

The bubble collapse is followed by a-salled rebound phase, in which the shock wave or
pressure pulse is generated. Since almost all bubbkbe practical situation somewhat contain
the gas, the gas which is highly compressed afirlaé stage of collapse overcome the ambient
pressure and cause the bubble to recover its size from the minimunitsgzés known as the
rebound phase. The rebounding bubble emits a pressure wave that propagates outward and quickly
steepens to form a gbk front (Akhatov et al., 2001igure2.7 shows the pressure distributions
in the liquid before (left) and after (right) the moment of minimum size. As showigure2.7,
in the rebound phase, a peak of pressure is generated in the liquid and this peak propagates
outwards from the bubble cent&igure2.7 also presents that the pressure pulse radiated into the

liquid is attenuateds 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 rammdensable gas, flow conditions, shape of bubbles,
distance from tl 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) thel Nggcosity causes the
bubble collapse to slow down. ii) less roondensable gas permits the bubble to collapse farther
and the resultant pressure tohigher. Yu et. al. (1995)umerically studied the influence of shear,
viscosity, and surface tensiom the collapse of a single bubble. It was found out that a strong
shear flow significantly increased the collapse rate, and the formation of¢néraat liquid jet
was be eliminated. Different from the symmetric collapse of a spherical bubble, thehesical
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 splitstiwotoroidal 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 aolid boundary, intensive impulsive pressures occur not only at the first collapse but also
at the second collapse of a bubflemitaet al. (1984) reported that the spacing between bubbles

and their relative position affected the amplitude of pressuplse 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 strédnghd 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

Equation14 forward a formula of the amplitude of the pressure wave (Brennen, 2014). Two
points can be found out iBquation14. First, the pressure pulse amplitude is eddlfom 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 tfRecha et al.,

2000).
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In addition to the pressure wave, the migbis released by the bubble collapse. Bubbles,
egecially those mainly consisting of the vapor, hardly undergo uniform shrinkage towards its
center during the implosion. Due to its inherent instability, even a sma#iptwarical disturbance

can make the bubble departure from its spherical shape. Thejstican be viewed as one of

these disturbances.
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The microjet is a reentrant flow that penetrates the bubble, leading to fission or
fragmentation of the bubble. The migei is caused by the asymmetry, such as the solid surface
near the bubble, theayity 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, theayjgt penetrates the bubble and impinges
the solid surface. A soalled water hammer pressure which acts on the solid surface can be derived
from the velocity of the micrget. An experimental formula of the micjet speed is given by
Equation15. As shown inEquationl5, the higher the collapse pressure is, the higher the micro
jet velocity is. Meanwhile, the micyjet velocity decays sharply with the distance from the bb
center. The water hammer pressure givekdpyationl16is proportional to the micret velocity.

For example, a micr@et in the water with a velocity of 140 m/s corresponds to a pressure of 210
MPa. Kodama etla(2000) reported that the calculated water hammer pressure falls in the range

of 40~50 MPa given their condition.
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2.3. Surface Treatment in Manufacturing Process

Thesurface treatment is a process which alberadd the surface of the workpiece. There are
many types of surface treatment processes which have different functions, such as surface
hardenigy, surface polishing, surface texturing and coating. The surface hardsnisgd to
increase the hardness of the surface via the work hardening and enhance the fatigue strength by
generating a superficial layer with compressive residual stgasmce plishing is a process to
improve the surface roughness by abrasive partidhésh are bound together or float in the fluid
In this process, the irregularities on the workpiece surface flstened orremoved.Surface
texturing is a process to modifyetistructures of the surface to improve the tribological properties

thermal properties and intadial properties

The surface treatment process is an important-grosiessing operation or intermediate

operation in the manufacturing processin For example, surface hardening is usually arrahge
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asthe postprocessingperationto enhance the mechanical propertieshefproduct. Similarly,
the surface polishing is arrangetithe endo tighten the tolerance and improve the surface finish.
The surfacdexture can be either used as the ypvstess operation or intermediate operation. In
the latter case, it can improve the lubrication conditionraale a process condition friendly to
the subsequent operationk.is well established that there is a @dose between the surface
roughness/morphology and the friction conditftiratab et al., 2013)/akuda et al2003 Tang et

al. 2013;Braun et al2014).

2.3.1.Surface Hardening
Conventional Methods

The surface hardening process, which is also c#legeenimy processis 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 stréftgtipeening process includes three types:
shot peening, laser peagiand jet peenindn theshot peeningrocess, peeningeads which are
made of hard materials such dee$ orceramic are blasted on the workpiece surface at high
velocity. The mpact of these shots on the surface plastically deftttenmaterial. As sesult, the
surface hardness is elevated due to plastic deformation@mdm@essive residual stress region is
introducedo the surfacsince the plastic deformation is inhomogenous in the depth dire€tien
shot peening processwadely usedfor its short cycle time. But there are some limits as well: i)
the impact of shots on the surface creates numerous indentations, which tleveurface
roughness of the treated workpiece, ii) the surface may not be uniformly peened, especially when
it has comptated geometries. The ovprocessed region whetige impacts overlap mdyacture
and undeiprocessed regiamay be insufficiently hardenedi) the process hardly treats the
internal surface or curvy interigsince these surfaces cannot be reacheshbg. Different from
the shot peeninghelaser peening process employs laser energy to gendiigtefessure plasma
to induce a mechanical impulse in the workpiece. The mechanical impulse or shock wase yield
the surface material and generates redidompressive stress. The workpiece is coated with an
opaque material and then coeéwith a transparent dialectic material, which is commonly water
or glass. The opaque coat is vaporized by the laser and transfiotm@tasma, lead to a shock
wave.The water or glass is used to confine the shock wave near the workpiecasaperplasma

absorbs the laser energy and further expand between the workpiece and the dielectric medium
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(water or glass), a shock waigeintensified The laser peeningan ackeve higher residual stress

and more deptthan the shot peening. But it also has some drawbacks: i) the curvy internal surface
is a challenge for this technique, ii) this process indltergsile stress in the inner material, which
candistort the workpieeif it is thin. iii) the overprocessing can induce the internal fracture and
thermal relaxation can occur in the workpiecelhet elevated temperature. In thet peening
processapressurizediquid jet, which is usually the watgis ejected onto th&orkpiece surface

and the impact of the water droplet onto the surface causes the plastic tefuriitze jet peening
processcan process complicatednd internalgeometriessince the medium is liquidBut an
increase in the meness and compressive stagemsower in this process than the other two
processes (shot peening and laser peeniganwhile the high speed jet can cause the delicate

or thin workpiece to fail or fracture.

Solid target

Figure2.8. Shot RRening(Azhari et al., 2016)

21



High Pressure Plasma

Inertial Tamping \

Layer or <

Transparent Overlay

Laser Beam

Ablative Layer
(Paint or Tape)

Pressure wave

Figure2.9. Laser Peening (Gujba et al., 2014)

| e

Nozzle feedmal

E Workpiece

Figure2.10. JetPeening (Azhari et al., 2016)
Cavitation in Surface Hardenirgy

The cavitation peening is a process that employs the pressure wave angtmaleased 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 pressurerntanly 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 procemstime is within the incubation period.
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The cavitation peeninganintroduce 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 peang with aeration. They found out that the depth of the compressive residual
stress layer was up to around X4@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 pemweinythe
cavitation peeningoes noincreasdhe surface roughnesg the cavitation peening cdreat the
internal surface since the liquid is us@ylthe cavitation peening is superior in enhancing the
fatigue strength to the shot peening. Soyanal. (2019 comparedhe 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,
laserpeening and finally water jet peeniffggure2.11]. 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 peeningpmrformed the shot peening in enhancing the fatigue
strength by comparing the size of the initial harmless crack for frafftigare 2.12]. The SP
represents the shot peening and CP refers to the cavitation peefRiggre?.12.
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The cavitation peening can be categorized into two types: hydrodynamic cavitation peening

and ultrasonic cavitation peening. In the first type, a submergeeshagd cavitating jet, which

is usually generated by tiventuri 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 othe 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 peemnthé& 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 theitatvon 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 stafidlistance of 10 mm and a nozzle angle of
45° induce more compressive residual stressre hardnesand less distortion at the surface
profile [Figure2.13, Figure2.14 andFigure2.15].
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Anocther 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 downstreame poetbsu
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 injectioagsure (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 workglmeffects of the cavitation number,
Soyamaet al. (2017) concluded that the peening intensity increased with the cavitation number
first and then decreasdéigure 2.16]. The uphill may be due to the enhancement of collapse
violence by the higher collapse pressure. Therdolvmay be due to the decreasing number of

bubbles and their premature collapse.
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It was reported that there was aptimal 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 ¢l@ndension 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 coppbret al. (2007) induced
the compressive residustress 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
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Extensive research has proved that the cavitation peening proceksardan the surface,
induce compressive stress in the workpiece and elevate its fatigue strength. Compared with the
shot peeimg, the cavitation peening exhibits its advantage in processing the coarpléor
internalgeometries and attenuating surface damage. However, most research adopts the specimen
with simple geometries, such as the flat plate, block and cylinder, aedrdiiéarch covers the
effects of the workpiece geometry on the cavitating flow and surface treatment. How to determine
the process parameters for the complex geometriéi§ ensopen topic. In additigrthere are still
some limits on the workpiece fanis 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 higispeed jet or a slender specimen may lose its stability in thespegd jet
due to the fluigstructure interactior his requires a different configuration between the workpiece
and cavitation nozzle. At last, the control methodchefflow and cavitation characteristic, which
further influencs the hardness and residuals stress, and corresponding equipment needs more

studies. The current process parameter, such as the bore diameter aruff stemtadnce, are

insufficient for preciseontrol.
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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 aimeter.
the workpiece has aaplicated geometries, the shape of the grinding wheektebe specialized,
which increases the manufacturing cost. Since tremendous amounts afdgterated in the
grinding the coolant is used to avoid heat damage to the workpiece. Meanwhite| tvear is
inevitable in grindingln the magneticlarasive polishing or burnishinthe magnetic fields used
to drive the abrasive particles to plastically deform and remove the material so that the surface
roughness is reduceth this processferromagnetic particles armixed orsintered with fine
abrasiveparticles. The abrasive particles are pressed onto the workpiece surface and slide on it by
the magnetic field. This process can polish the-foe surface with complicated geometries. But
it can hardly reach some narrow space or internal surface due to the lthetrofgnetic head or
the brushThe abrasive jet polishing is a polishing process in which thedpghkd jet containing
the abrasive particles is ejected onto the workpiece suiféeeabrasives with the high kinetic
energy flatten or cut off irregular asperities on the workpiece surface, leading to lower surface
roughness (Chen et al., 201Qompared to grinding, abrasive jet polishing has the advantages
such as i) no heat damaggcapability of processing the complicated geometry and iii) capability

of polishing the tiny structure, such as the mibate and edge.
Cavitation in Surface Polishing

On the basis of the abrasive jet polishing, the cavitation assisted abrasivisfehQ@CAJP)
additionally employs the cavitation to accelerate polishiig CAJPinherits the advantages of
AJP.Moreover, the cavitation significantly improves the efficiency of conventional AJP. Zhao et
al. (2020) proposed a novel rotary abrasive flmishing method which incorporates cavitation
to improve the surface quality and process efficiefigure 2.18]. In this novel process, the
cavitation bubbles generated by the venturi tube collapse above the workpiece artiveolle
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 streshigimel 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 micrbubbles due to the ultrasonic cavitation increased removal rate by 380%
at most, without compmaising the surface roughness compared to the conventiondlFiglire

2.19]. Wang et al. (2017) studi¢de material removal of the alumina ceramics under the ultrasonic
vibration assisted AJP. Their studies showed that both pajistepth and amounts of material

removal increased when the ultrasonic cavitation was added.
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Figure2.18. Rotary CAJPZhao et al.2020)
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Figure2.19. Ultrasonic type CAJPBeaucamp et gl2017)

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 th@brasive 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 &avorttpiece will be
recirculated to the tank after the filtering for refiBgure2.20]. Configuration of the workpiece

and nozzle depends on the polishing need. The pravesisamism of this type of CAJRonsists
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of [Figure2.21] 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.
i) cavitation erosion. The pressure wave agh-speed micrget 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 erastbrm&rc

cutting/micro plowing by abrasives.
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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 thetnalsonic 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., 2Q08avitation erosion,i)
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 paggieshe 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 assistedJR to posprocess the workpiece built by the powder bed fusion
method. Their studies showed that removal of small parmaéit particles was attributed to the

cavitation. Another mechanism of abrasives energized by the ultrasonic wave was supported by
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the micreplowing and micrecutting marks on the workpiece surfadan et al. (2020) studied

the optimal process condition of the ultrasonic cavitation assisted AJP. They found out that the
optimal condition was achieved when tiavitation erosion mecham (removal of irregularities)

and abrasion mechanism (polishing or homogenization) were balffigede 2.22]. Beaucamp

et al. (2018) studied the process mechanism in ultrasonic cavidgsmied AJPThe mechanism

was found tdbe 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.
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Figure2.22. Equilibrium between tw&urface kishingMechanismgTanet al, 2020)

The CAJP has manifested its superior material removal efficiency to the conventional AJP.
However, the effects of the process paransedee 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 inherentamplexity of CAJP (multiphysics and multiphase) and various process mechanisms,
whose order of importance is closely tied to the process parameters, calls for more rékearch.
Lv et al. (2019) numerically studied the evolution of ultrasonic cavitatiaméperiod andhe
effects of the CAJP parameters. They found out that the cavitation intensity increased with a
decreasing jet velocity and an increasing vibration amplitNdgalingamet al. (2018) studied
effects of ambient pressure and temperatureavitation and surface roughness in ultrasonic
cavitationrassisted 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 declidenear the boiling point of the liquid. Chen et al. (2Gt9yiedthe 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 arighing mbstance
decreased. Moreover, it was reported ¢hstirong cavitation effect improved surface qualibyle

treatinga rough workpiece surface. However, as the workpiece surface was smoothened, the strong

cavitation effect was adverse to the scefguality.

In addition to little knowledge aheeffects of the process parameter, CAJP is still faced with
some challenges, which may be the research gap waitibgfill ed First, although the bulky
cooling by the slurry prevents a continuous Feamhaged 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 structureeed 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 beundorm across the workpiece surface.

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

polished.
2.3.3.Surface Texturing
Conventional Methods

In the surface texturing process, the surface structure or morphology is motiifeed. are
mainly two types ofhesurface structure generatedthis technique: the protrusicend thedent
Because thdenttype hagheadvantages of large contact area, small separation of mating surfaces,
high wearing resistance and low manufacturing cost, it is meedthan the protrusion typ@
manufacturingDents can improve hricationperformanceThere are three reasons for thgthe
dent can retain the lubricant and increase the film thickness, leading to the hydrodynamic
lubrication regime, ii) thelentcan trap the wearing particles and eliminate the plowing effect, iii)
thedentreduces the area of sollid contact and increases #@rea of solidiquid contact The
effect of the dimple on improving the tribology depends on numerous factors, which can be divided

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

such as boundgy mixed and hydrodynamic

Current surface texturing technologies include laser surface texturing, mackisimgg and
blasting, etcLaser 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 energgsomption and may results in microstructural
change due to the heatfected zone. In addition, the solidified melt rim around the dimple may
have a negative effect on lubrication (Kovalchenko et al., 2005; Etsion et al.,[EQ@fide2.23).
Machining, such as micrmilling and viboromechanical texturing where the tool is subjected to
ultrasonic vibration, is another method to generate the surface texture (Matsumura et al., 2012;
Greco et al., 2009Figure2.24, Figure2.25]. 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 uiaistsuffers 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, et (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. Becaibegphotochemical texturing
and throughmask 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 andiform 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 tleeavdikese
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 particlesAnother drawback is some d=ite or fragile workpiece may fail under the

strong blasting.
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In summary,processg the complicated and delicate geometries using the current surface
treatment techniques is costly and calls for careful selection of the process parameters. Meanwhile,
itis impossible to employ these techniques to seate surfacesvhichmay be hard to be reached

by theenergy beam, tools amarticles, for example, thaternal surfacesr corner.
Cavitation in Surface Texturing

Limits of the current surface texturing process call for a new surface texturing prdicess
the hydrodynamic cavitation based surféeeturingemploys the liquid, it is not limited by the
complicated geometryinternal surface andarrow spacekFigure 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 micrget and shock wave relsad by the bubble collapse only cause the plastic
deformation of the workpiece, leading to the unchanged surface finish. This period is also the

processingwvindow of the cavitation peeningds the exposure time increases, the fracture of
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material occurs,dading 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 addmuld be inthe mass loss period.
Howe\er, distinct from the cavitation polishing, the cavitation texturing a@onsnakingthe
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.
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Figure2.26. Hardness and Material Loss of Material under Cavitation
2.4. L ubrication in Manufacturing Process

The lubricatiorplays a critical rolén the manufacturing processs Proper lubrication reduces
the friction ketween 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, lubricationfis@ntly 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, thesmiai
contact occurs. The normal load is completely carried by the asperities of thpdirnbAs two
surfaces rub, these asperities are flattened and sheéfredding 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 seadmlid contact still occurs but is limited to
localized zonesMeanwhile, 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 rubbirfges, 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.

Toachieve lubricatiomliquid lubricant is usually used. The liquid lubricant can be classified
as oitbased and watdvased. The oibased lubricanis subdivided into th@atural, synthetic or
mineral oil. The watebased lubricant can be further dividetio emulsions and solutisnThe
waterbased emulsiohas anoil content from 310% and the emulsifier is generally usedaduce
the surface energgnd stabilize the oil droplets. Theaterbased solutiois 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 yiémrsianofluid is a colloid
system in which nanoparticles are dispersedbase 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 radditives (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 thddbwand piron-disc
tribotest. A 75% drop in friction was observed with the graptéteosheet suspension compared
to the pure paraffin oil. Ghaednia et al. (2015) reported that the @a@oadditives reduced the
friction coefficient by 23% compared to the base fluid, namely, pure mineral oil. In the course of
investigating the performanag# nanolubricants, a wide range of nanoparticles has been studied
including ZnO, CuO, Mo% WS, graphite, SiQ Al20,, TiO2 and PbS, etc.

Nanoparticles as lubricant additives are of interest to the lubricant developer due to their
excellent physical anchemical 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 nanopatrticles and base fluid, the lubrication regime and conditions ofysatiiaces, etc, these
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nanoparticles either transform the sliding friction to rolling friction by serving as thestat®
bearing ball or reduce the straight asperity contact by physically or chemically forming a protective
tribofilm on the contact (Raport 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). Iniaddiv the
friction reduction capability, the naradditives 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 nanoplsi 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 €@05) and Hwang et al. (2007)

Due to the merits of the nanofluid in hidation and cooling, it is widely used in the machining,
grinding and hot metal forming, etc. Khalil et al. (2015) utilized thgdAhanolubricant 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 Mo&olubricant in the grinding under
minimum quantity lubrication condition. Their studies showed that the ¢thlemical film formed
on the workpiece surface by the nanolubricant lead to a de€k ®0% in forceratio and a 48
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
Ti6AIl4V. 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 SiO
nanolubricant in end milling of Aluminum 606[6. They concluded that athin protectivefilm
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 nan®iO2 as additives in the hoolling 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 th@i@aromncentration of 1.5%.
Properties of Nanalibricant

There are many factoedfecting 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 concentratioanoparticles is widely exnned. Xie
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et al. (2016) investigated the tribological properties of the nanolubricant withMa&oand
nanceSiO, as additives using the reciprocating baiflat tribometer. They found otiheaddition

of naneMo$; and SiQ improved lubrication performance of the base lubricant, which is mainly
EOTS5 engine oil. The optimal concentration for ndmaS, and naneSiO, for antHriction was

1.0 wt% and 0.7wt% respectiveljFigure 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 whyhe optimal concentration reported by the literature varies greatly, from
the low end of 0.1% (Luo et al., 2014)abigh end of 1% (Li et al., 2011).
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Figure2.27. Friction Coefficientsvs Nanoparticles @centration(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)sicture (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 namades and base oil using tball-on-disc
tribo-tester. Withthe addition of naneCuO and ZnO in mineral oil or synthetic oil, the friction
coefficient significarly decreases compared with their pure counterparts. However, friction
improvement was not observed when the abueatiored nanoparticles were added to the
vegetable oil. Rabaso et al. (2014) discovered the morphology ofNM@8g especially the
structural defect, affected the durability of the lubricant in thetigist Peng et al. (2010) reported
that SiQ nanoparticlesvith a diameter of 58nm exhibited better tribological propertidéisatoad
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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 fulleli&rg1F) naneWS; 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 assemblygualpOs and TiQ nanoparticles as

an additive in engine oil. A substantial drop in friction was observed, in the orde/S6P4833

44% and 913% for the boundary, mixed, and hydrodynamic lubrication regimes respectively

[Figure2.28]. 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 naadditives is maximized in a ceiaegime and diminishes in
other regimes (Greenberg et al., 2004; Chin et al., 2003; Liu et al., 2017).
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Conditions of the mating surface can significantly influence thefactiion function of nane
additives, such as the oxide film (Xia et al., 2017), coating (Xu et al., 2018; Bettez et al., 2010)
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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 ail-water emulsion with nan®iO asadditives for potential
application in hot rolling processes. A Balt-disc tribotest was used. The results from this study
showed that the oxide scale plays an important role in the tribological behavior eTi@ano
additive and that the level of surtacoughness can significantly influence the function of nano
TiO2 additive. Kogovsek et al. (2013) also observed that a relatively rough tribopair is more

favorable for Mo nanotubes to reduce friction in the mixed regime than a smooth one.
Formulation of Nanolubricant

The section abovehowed 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 exrout today, practical applications of these
nanolubricants in the industry require a eefective formulation methodology. The effectiveness
of nanolubricants depends on numerous factors such as compatibility with base fluid, particle size
and morpholgy, concentration, dispersion stability and surface characteristics of tribdpadgrs.
to the Van der Waal forces, nanopatrticles in the liquid tend to agglomerate to reduce their surface
energy.Poor dispersion stability may cause the nanoparticles tomggate, 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 f@noparticle dispersion namelyiechanical
stirring (Huang eal., 2006; Rabaso et al., 2014; Ali e al., 2016) and ultrashspersionXie et
al., 2016; Peng et al., 2010; Koshy et al., 20Ihe mechanical stirring is usually used in the

coarse dispersioand carbe aranged as a pyprocessing of thaltrasoric dispersion

The ultrasonic dispersion mainly relies on the cavitation stoefsagment agglomeratethe
shockwave and water hammer pressure during the cavitation collapse induces the cavitation stress
When thecavitationstress acting on the agglorate can overcome the attractive force in the
agglomerates anthese agglomerates are brokeningp 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 oA\ Al 203, and AIOOH
nanopowders in ethanol by the ultrasonic method. Their findings were summarized as i) the
aggl omerates size decreased with the ptheocessi
size remained unchanged regardless of procetisiegii) 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 Imit of the patrticle 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 comslitor deagglomeration.
Low-frequency ultrasound was found to be more effective than thefi@ighency ultrasound at

de-agglomerating

Compared with ultrasonic dispersion, the hydrodynamic cavitation based dispersion can be
easily scaled up for mass prarion in the industryThe hydrodynamic cavitation based dispersion
can be carried out using the homogeni&nce thehomogenizer caoontinuously operate, the
hydrodynamic cavitation based dispersion can hager productivitythan theultrasonic

dispersion
2.4.2 Emulsion

The anulsion 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 ohéhwater, most emulsions contain the emulsifier
or surfactant which facilitatete formation of the emulsion and provide stability to the emulsion
once madeThe emulsiorcan beemployed as the lubricant/coolant in the manufacturing process
(Beynon et a].1998; Brinksmeier et al., 2015). For example, the hot rolling of steel and aluminum
and the machining. Beynon et al. (1998) reported that the-eibter emulsion used on the hot
rolling typically hadan oil content of 5~10%. Brinksmeier et al. (2016ported that the water
based emulsion used in the metalworking industryameall content from 3 to 10%.Avila et al.

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

with the dry cutting and another syntleefiuid. 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) &2fl3
Wang et al. (1993) investigated the lubricity of theiwilvater 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 fradtiedlisperse phase
and droplet size distributiorsome 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 performarige.Vicenteet al (2006)
found thathelubrication performance of emulsions strongly depemdthe 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 phatbe lubricant film was dominated lblye latter However, when the
viscosityof thedispersed phase four times that othe continuousphase the formeffilled the
contact and determindtie tribological propertiesDick et al. (2005) evaluated thigbological
propertieof three commeraily available oHin-water emulsions thecold rolling of low carbon
steel The effect of the viscositygn the lubricatiorwassignificant at high velocity and reduction
and not observableat lower speeds and lower reductiolsthe former process cottidn, the

friction decreases with the viscosity.

In addition, the tribology propertiesf emulsionsdepend on the olume fraction of the
disperse phasdNakaharaet al. (1988) found outhe lubricant filmthickness decreases with
decreasing the oil congtration, especially in the lowpeed 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
speedDouaireet al. (2014) observed thaidrication in the boundary regime gianproved when
the oil volume increase@nd an increase in the oivolume was adverse to lubricatiom the

elastohydrodynamic regime

The sze distribution of droplets dictates the stability of the emulsiome Ftability ofan
emulsion increases as ttimpletsize decrease€ambiellaet al. (2006) found out that the droplet

size distribution bthe oitin-water emulsions did not affect the lubrication performance

4 4



Formulation of Emulsion

Emulsification aims for generating a colloidal system that ctsxsfghe 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 emulsip the emulsifier or surfactant is generally used. The deformation of
droplets followed by their fragmentation is the essence of the emulsification prddess.the
stress acting on the droplets exceeds a critical value, the droplet is fragniémeieds 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 turbules@atense 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 typesotor-stator dispersing
machine, ii) ultrasonic disruptor and iii) hitdhw homogenizer (HPH). The homogenizer is-sub
divided into the orifice type, countgt type and valve type. The rotstator dispersing machine
is the colloid mill with smooth orobthed 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 thedit@stion,
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. Althougte thotorstator dispersing machine can process large
guantities of emulsions fast, it is incapable to reduce the droplet size to thacsab level.

Therefore this machine is generally used in coarse emulsification in the industry.

Cavitation, either hyedynamic or ultrasonic, also finds its application in emulsification
(Salve et al., 201 %Patil et al., 2018)The ultrasonic disruptor submerges an ultrasonic probe in
the mixture of fluids. HigHfrequency vibration of the probeeates an oscillating gssure 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, tbigpse, emitting the shock wave and hgpeed

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

generallyused in laboratories.

Extensive studies are devoted to its process window and optimization of efficetioy
ultrasonicemulsification Carpenter et al. (2017) successfully formulated mustard oil in water
nanoemulsion using the ultrasonic method avaluated 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 2025 min.Jadhav et al. (2015) studied the optimization of ultrasonic emulsification of
the paraffin wax in water. The droplet size was observed to decreassagabtant 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 equipmennéiguration[Figure2.29]. Compared to the mixture under one
atmosphere, the mixture under an additional pressure yields the nanoemulsion at a lower energy
density[Figure2.30].
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The homogenizer is a continuously operated emulsification devidenéoemulsions. Most

of the homogenizsrforce 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 viley, are called the

orifice type and valve type respectivedditionally, homogenizers are categorized as -igh
pressure homogenizer (HPH) or lgsessure homogenizer (LPH). Most HPHs operate at a
pressure difference from 5 MPa to several hundred MPESsldperate at a pressure difference
below 5 MPa.

The dfects of the process parameter in the low/high pressure are studied. Carpenter et al.
(2017) studied the effect of orifice and ventggbometries on the formation and stability of mustard
oil in waternanoemulsion. 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
tubebased cavitating device outperformed the orifia@ebased device. Floyret al. (2000)
explored the feasibility of preparing fine -@il-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 mayhag 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 palail-based submicron emulsions using a hydrodynamic cavitation
homogeizer and explored the possibility of encapsulation of curcumin usjirggire2.31]. An
increase in the inlet pressure and increase in the distance between the orifice plate and blade were
observed to intensity the cavitationaténg 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 ventdbased hydrodynamic cavitation homogenizer in emulsifying the
coconut oil inthe 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 tireglection. Tang et al. (2013)
developed a higipressure hydrodynamic cavitation device to produce highly statldsions.
With the operating pressure and the number of emulsification passes increasing, the droplet size
decreased and stability increas€tat was attributed to the faster vibration motion of the blade
and higher hydrodynamic cavitation forcgsigure 2.32]. Zhang et al. (2016) explored the
feasibility of hydrodynamic cavitation as an efficient emulsification methodheir study, the
average droplet size of ail-water emulsions decreased with the inlet pressure, the number of

cavitation passes and surfactant concentration increasing.
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and blade respectivelyJang et al2013)

Extensve researctnas beemlevoted to identifying the dominadisruptionmechanism in a

homogenizer. Innings et al. (2011) theoretically identified the domaisntption mechanism in

a scale model of a real industrial homogenizer and verified the thebpe@idaction 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 effegble 2-1]. Casoli et al. (2010)
developed amumerical procedure for predictiaf the emulsification performance of a valve type
HPH. Casoli et al. (2010) believed that bregkis mainly caused by the inertial force due to the
turbulent velocity fluctuation. The fluid dynamic parameters, espgciaé turbulence eddy

dissipation rate, were used to judge if the brepkoccurs 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 that emulsion under the laminar condition
resulted in bigger droplets compared to the transition and turbulent condition at the same energy
density.

Table2-1. Summary ofeffects of Different Disruption Mchanismsifnings et al.2011).

TV initial TV final TT imitial Il final
drop drop drop drop
Weber/ Loy Lows High Medium
capillary
Stokes number  Low Lows High Medium
Eddy life time  Very short Very short Long Short

The role of the hydrodynamic cavitatidime in homogenizeis controversial. On one hand,
the cavitation may impair other disruption mechanisms related to the hydrodynamic stress and
increase the recoalescence rate. fiéw droplets suspended in the large continuous vapor pocket
are more likely to remerge. Pawar et al. (2017) compared the sonochemicaifafieatavitation
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 cohererduspocket attached to the
wall and the bubble cloud along the boundaries of the-$pgled 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 dignion 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 upstreamtwifice (t
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 wasaeoed 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 angdraulic 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. Gothsdh (@046) 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 aiage effect was due to the weakened hydrodynamic
stress and reduced turbulence. Freudig et al. (2003) compared thestaggleorifice type
homogenizer to the twstage one in terms of emulsification performance. They found out that the
two-stage homogerer was superior to the singdtage 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, wpiopastional

to impulsive pressure amplitude and miggbvelocity.
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Figure2.33. Schematic ofr hree cavitation Patterns irrifices.
(A: Cavitating &t; B: ChokedCavitation;C: Hydraulic Hip).

On the oher hand, the cavitation induces the pressure wave and -jgicto 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 lowupedssmogenizer.

Clarke et al. (2010) listed conditions for an effective cavitation mechanism and how it disrupted
droplets. In general, an appropriate backpressure or mesdtigdeed constriction can mitigate the

side effect of cavitation on emulsificati. 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 bargssure which changed the
cavitation pattern in the downstream of the first orifice. The leistabil droplet size was achieved

at a backpressure of 30% of the inlet presdBue 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 &effect of the backpressure using a double staged orifice homogenizer. They

50



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 backpreampers

droplet disruptionSchlenderet al. (2016) investigated how the bubble collapse was affected by
various backpressures using the sonochemical luminescence method, which measured the OH
radicals induced by the cavitation. It was found out thatltubble collapse violence increased

with Thoma numbefTh) first and reached a maximum at Th = 0.28. With further increasing
Thoma number, the cavitation collapse violence decreased and reach O at TfFRQOrg2.34).
Meanwhle, more stages of the constriction than two did not further improve the emulsification
performanceFinke et al. (2014) studied the performance of the single, double and triple stage
orifice homogenizers. There was an optimal Thoma numberQ@.J)Lfor doplet 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 zonasimbe long enough to facilitate a complete

development of the free jet and a sufficient stabilization of the droplets.
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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 disruptiorhar@sms, 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 stted above, the homogenizer can be classified eitherifaedype, venturi type and
valve type based on the constriction geometry or as HPH and LPH based on the operating pressure.
The valve typehomogenizer allows for convenient adjustment of diperating pressurdn
contrastpressuradjustmentor the oher types of homogenizer requidsangingheorifice plate
or venturi tube, which i®ound to increase process time and ddostmpared with HPH, the LPH
has advantages, such as low energy consumption, low recoalesce rate of fragmented droplets
(Tesch efal., 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 nanascale dropletLCarpenter et. al (2017) studied the emulsifaraperformance 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 circulahape 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 tre 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
homogenizerlfnings et al., 2011; Casoli et al., 2010; Hakansson et al., 20hé)orifice plate,
venturi tube and their variant prevail in the low pressure homogenizer (Meneguzzo et al., 2020;
Carpenter et al., 2017; Agrawal et al.,, 201Vhe valve tpe 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 neetb 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 liteature review shows that the cavitation phenomenon can convert the energy borne by
the fluid into the shock wave and miget for treating the workpiece surface and for processing
the liquidbased mixture. Studies on the cavitatimased peening and polisg show that the
cavitation energy can be employed to change the morphology, hardness, and stress state of the
workpiece surface. The cavitatidiased peening has the advantages of processing complicated
and internal geometries. Studies on ttadubricant and emulsionsshow that the cavitation
energy can be used to formulate the lubricant and coolant which contain various fphases.
hydrodynamic cavitation has the potential for esié¢ctive 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 ragybithe 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 workfmetirg interface and
remove the heat. Therefore the appropristieface 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 cavitagohdbassisted
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 apaiions. In addition, the relatively mature
cavitationbased processes, imanoparticledispersing 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 proceskeh 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 ppeocessing or pogirocessing. This causes waste and an increase in the
manufacturing cost compared to theltitlunctional manufacturing process. Therefore another aim
of our work is to study the method of implementing the surface treatment and lubricant formulation

concurrently and wsitu with a metal forming process.
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CHAPTER 3
Surface Texturing/hardening using Hydrodynamic Cavitation

3.1.Introduction

Section2.3.1 and sectior2.3.2 show the potential of cavitation in surface harderang
polishingand point out its advantages, such as good adaptability to the ecelgeometries and
structures. But application of cavitation in surface texturing is little studied and the process window
is unknown. As stated in secti@rB.3 thecurrent surfacéexturing process, such as laser ablation,
etching and blasting, is limited by twemplicatedvorkpiecegeometriesinternal surface and the
corner which cannot be reached by émergy beam, tools and particl@herefore the success of
cavitation in peening and polishing and the limit of the curserface texturing process motivate
us to develop a cavitation based surface texturing process. Since the cavitation texturing is
accompanied by the hardening, this process is ctikethydrodynamicavitationbased surface

texturing/hardening process

The overall objective of thishapteris to develop the hydrodynameavitationbased surface
texturinghardeningprocess, evaluate its feasibility and explore process parameters that are
influential for texturing. The specific objectives are to (a) dgvelo apparatus for hydrodynamic
cavitationbased 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 geriments, (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 softwarkingbe 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 andhandiess tester.
3.2. Test Setup for Surface Treatment

The texturing system in thishapteremploysthe energyreleased byhe bubble collapse,
which is in form of the pressure wave and migh to modify the surface topology. The core

component of this system is the hydrodynamic cavitation device, wheh aisieedle valve
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concept to create the pressurkFguraBilshbwsmraeross i al
section of the cavitation device. The pump pushes the fluid through the constriction formed by a

noseshaped constriction insert (#4) and the conical wall of the main housing (#5). The pressure

q

di fferential P due to t he Cclberpsssureidifarentialcane f f e c

be changed by advancing or retracting the constrictiartii#4) via the control shaft. After the
bubbles flow to the chamber, their behavior is controlled by the chamber inserts (#8), which is
interchangeableln Figure 3.1, the bubble collapse in the chamber will gaeterdents 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 gj&sses 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 alsoxeured The conceptual and detailed
work (Lowrie, 2018).

1. Control
Shaft

5. Main Housing

6. Viewing
Door

4, Constrict
Insert

8. Chamber
Insert

Figure3.1. Components of the Cavitation Device
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Two chamber inserts are used to controllibbble behaviorFigure3.1 andFigure3.2 show
the interior of the chamber, if insert A, which is like a venturi tube, is used. As shdviguire
3.2, insert A leads to three sectionstioé fluid domain in the chamber, which are labeled as the
convergence section, the neck section and the divergence sddt®rollapse of bubbles
generates the texture on the specimen, whichowislas the black spots igure3.2. Similarly,
if insert B shownFigure 3.3, which has a dimple geometry and three bluffs, is positioned in the
chamber, the fluid domain drits corresponding textured area on the specimen can be divided into
two sections: the dimple section and the blockage section.

. Texture - Sample

Convergence  Neck Divergence
Section Sectio Section,

Inlet Outlet

Chamber
Insert

Constriction

Insert Main Housing

Figure3.2. Chamber Insert A and Sample

. Texture - Sample

Dimple Section Blockage Section

Inlet Outlet

Chamber
Insert

Constriction
Insert

Main Housing

Figure3.3. Chamber Insert B and Sample

The external of the cavitation device is showFkigure3.4. There are two pressure gauges at
the inlet and outlet and a flow meter in the downstream. Thessyre 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 lighbrough the plex glasses (#7) and the fluid medium. The light passing the
fluid medium enters the lens of the higheed camera, which is positioned opposite to the LED
source. As a result, the bubble cloud is visualized as the shadphotography, becae 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.
Outlet Pressure

Gauge ,
Cavitationw '
Device ’& P
— ~

Figure3.4. Cavitation Generator

In addition to the cavitation device, other peripheral equipment is showigune 3.5 and
Figure3.6. Besides the cavitation devidbgere 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 4.78PM (18liters/min) and a motor working at the power of 3 HP.

The torque is ainsmitted 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 temperatunet.cdhstheat

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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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 thdh a mb e r i nsert and pr e
Understanding the flow and cavitation behavior dictated by these variablemnepeavenues for
designing efficient hydrodynamic cavitation based systems. For example, the systems that can be
used for nordeterministicsurface texturing and hardening. Of interastthe bubble evolution

and the pattern of the cavitation energy released by bubble collapse.
3.3.1.CFD Modeling

A transient multiphase CFD model is establishezing 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 watktha secalled mixture
model is adopted to simulate the two phases. The SeBaegr cavitation model is used. Third,
the isothermal condition is assumed and the overall domain is under room temperature. Fourth, the

turbulence phenomenon is incorporated the realizablekl t ur bul ence model i s

Figure3.7. shows the meshed flow domain enclosed by the constriction insert and a-venturi
like chamber insert. The position of the constriction insert and theberansert is indicated by
the orange and green hatclFigure3.7. 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 O-Pt&%emm.
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.

Chamher Insert

" Chasber Insert

Figure3.7. 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 measuredh 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 thee tstep size is fixed at‘1i 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 collapséviasorms, such as the micjet and
shock wave. The velocity of the ond-jet can be further converted to thesled water hammer
pressure. Therefore the water hammer pressure (WHP) and shock wave amplitude (SWA) can be

used to evaluate the cavitatienergy 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
variablessuch as the vapor volume fraction and mass transfer rate betveagpor 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 th&dhsterred between two

phases per unit volume and unit time.

The SchnerSauer cavitation model used in this study employs the Rayldagset 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 pressurel() is greater than the vapor pressurg,(the vapor phase transforingo the liquid
phase due tthe bubble collapse at the salled condensation rate given Bguation17. The
vapor volume fraction| () is defined as a function of the bubble radity$ and bubble number
density €) in Equation18. The waterjet velocityEquaton 19) can be evaluated in terms of the
condensation rata( ) and vapor volume frachn ( ). CombineEquation17, Equation18 and

Equaton 19, obtain the formula of waterjet velocitiquation20).
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It is well known that the water hammer pressufe | is caused by the igro-jet and is
proportional to its velocitydd ). By pluggingEquation20 into Equation21, the water hammer

pressure{ ) is derived a€quation22. As shown inEquation22 and Equation23, the water
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hammer pressure can bemputedusing the condensation rate and vapor volume fraction. The

expression given biquation23is used as the indicator of the water hammer pressure.
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The shock wave released by the bubble collapse has the magnitude gigumaltipn24. If
Equation24 is expanded while neglecting the second derivative, one can write the shock wave

amplitude 0 ) as a function of condensation réte and vapor volume fractign.
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CombineEquation 24, Equation 25, and Equation 26, the shock wave amplitude () is

derived asEquation27. The expression given Hdyquation28is used as the imchtor of shock
wave amplitude.
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As a result, the water hammer pressire and the shock wave amplitude can be
computed out of two varidds, the condensation rate and the vapor volume fraction using

the expression shown Eguation23andEquation28. 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 occurstae 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 dictatestranslation of bubbles, and the
pressue distribution, which governs the bubble growth and collapseathtationenergy 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 insetecteskas 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 chamlesert geometry on the surface morphology and hardness
of the processed specimenstudied experimentallyAs mentionedn section3.2, two chamber
inserts, A and B, are used atin@ corresponding fluid domaiis shown inFigure3.2 andFigure
3.3 receptively. Apart from the chamber insert geometries, the réisepfocess parameters are

fixed. For example, a pressure drop of @k®a 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 theawatearh
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 (referringigure3.2 for the chamber
interior) is shown inFigure 3.8. The figure shows highpeed fluid jet is ejected from the
constriction. A recirculation in the near field of the dome of the constrictsant is also observed.
The maximum velocity of fluid jets leaving the constriction is 81 m/s. The-s$pgled jet
decelerates from the neck section to the divergence seEtgure 3.8 also shows the fluid is

vortex-free in most of the fluid domain.
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Figure3.8. Velocity Field ofFluid undercavitation Insert A

When insert A is used, bubbles leaving the nozzle and translating along the centerline of the
chamber exerience three stages: i) collapse, ii) regrowth and iii) collapse. As shokigure
3.9a, the vapor volume fraction in the neagldi of the dome of the constriction insert ranges from
0.8 to 1. It decreases td2(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 somewhsdcding 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 Figure3.9a 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 Figure3.9b iswhere the bubble cloud concentrates. Note: the red line in
Figure3.9b 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 cavibat zone is observed betweEigure3.9a and b.
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As pointed out irsection3.3, thecavitationenergy can be evaluated usthgwater hammer
pressure (WHP) indicator and shock wave amplitude (SWA) indicator givEiqugtion23 and
Equation28. As shown inFigure3.9(a) and (b), the collapse events mainly occur at two sites: i)
the joint between the convergence and neck sections and ii) the upstreamwdrtiende section.

In order to quantitatively evaluate the cavitation energy, indicators of the WHP and SWA are
integrated with respect to the area of two regi@mmove and results are showrFigure3.11. As
shownin Figure3.11, the area integral of WHP and SWA indicators is higher in the joint site than
in the divergence site, which indicatdst a larger fraction of the total cavitation energy is
assigned to the formeites. Therefore it can be expected that the former site is more textured and

hardened than the latter site.
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Figure3.11 Energy Released in Joint and Divergence Sites
Fluid Flow exhibited by Chamber Insert B

The velocity field under chamber insert B (referrindrigure 3.3 for the chamber interior) is
shown inFigure3.12. The fluid is accelerated as it leaves the constriction and decelerates as it
flows through the dimple and blockage sectionert®x is generated on the two sides of the

mainstream along the centerline, especially in the near field of bluffs in the blockage section.

Velocity [m s*-1]
| e

!‘i R

Figure3.12. Velocity Field ofFluid under cavitation Insert.B

The vapor volume fraction shown Kigure3.13(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 actated. Bubblenucleifrom 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. Asishdwigure

3.12, there is a recirculating flow in tltemple 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 fist 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 vefyYCFD simulation.
As shown irFigure3.13(b), the bubble cloud propagates from the constriction to the leftmost bluff.
This bubble cloud concurs with the cavitation zone showhigpyre3.13(a). Note: the red line in
Figure 3.13(b) indicates the outline of insert B and the zone between two redidities fluid

domain.
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Distribution of the WHP and SWA indicatorBifure 3.14a and b] shows that the cavitation
energy is mainlyeleased 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 infténen8VHP Figure
3.15shows 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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Figure3.15. Energy Released in Dimple and Blockage Sites
3.4.2.Surface Texture

Generatinghe surface texture by exploitintdhe micro-jet and shock wave emanating from
hydrodynamic cavitation (HDC) &s investigated on the specimen made of Al6061 T6. The
surface morpholog was measured by 8D confocal laser scanning microscope (CLSM),
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KEYENCE VK-X200. This instrument can establish a 3D image by scanning the surfacanand

measure the size of structagenerated by thelDC.

Figure3.16a 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-affeea¢d zone is
generated by the high temperature during the bubble collapse, which leads to the color change.
Figure3.16b and ¢ show that the oxygen (O) and carbon (C) concentration increases significantly
in the heataffected zae. 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 carborrich area towards the dent; ii) the contaminant in water which conkercarbon 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 heaffected zone. The high @rcentration may be because the high temperature

during the bubble collapse can facilitdtes oxidization of aluminum.

Morphologies of the heaffecied zonewerecharacterized using the confocal laser scanning
microscope CLSM) and the section profileagobtained. As shown ifigure3.17, the surface
morphology modified by the HDC is concave or ddaminant. The maximum depth of the dent
shown inFigure3.17 is about 17 & . To quantity the surface morphology, the surface roughness

parameterY), which represents the valley deptused.
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Numerous heaaffected 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 utigergo
high cavtation energy byhe 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 measureméntsease carried out for each

of these four regions.

As shown inFigure3.18, in the case of insert A, dents at the joint site are more clustered than
those at the divergence sit¥.of the two sites avages about.5° daand6.1‘ dresepctively.Y
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 darergen
site. In addition to the CHDased explanation which focuses on the cavitation energy, another two
probable reasons are given hereby. First, the convergeugejointis narrow, leading to
overlapping impacts from micqets. There is a high probabylithat microjets repeatedly hit the
samelocationat 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 jat site.

With insert B applied)Y of the dimple site and blockage site averages 3dand 6.9 a
respectivelyFigure3.18]. As shown irFigure3.18, the blockagsite is more dented by HDC than
the dimple site. This is in agreemamith the distribution of WHP type cavitation energy shown

by CFD simulation.
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Figure3.18. Y 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 migo-jet and shock wave. The Knoop hardness test is carried out for the Alunimun 6061
specimen before and after the processing. Effectiseo€hamber insert geometry on the surface

hardness are studied.

The hardness is measured along the centerline of the specimen. As siiogure.19, the
red zone is subjected to thdDC and the white zone is nat contact with the fluid. Five
measurements are carried out at each point on the centerline (blugijneg3.19 shows that the
hardness is enhanced by 19% at most compared to the virgin material if inserus&d.
Meanwhile, it is shown that the joint site is more hardened than the divergence site, which is in
agreement with the CFD rdtsithat more cavitation energy is assigned to the former site. With
insert B in use, the hardness is enhanced by 17%sitand the maximum hardness occurs in the
blockage siteffigure3.20]. This concurs with théndings from theCFD simulationthat the WHP

type energy is higher in the blockage site than in the dimple site.
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Figure3.20. Hardness Distribution in the Axial Direction under Insert B

In summary, inseé A forces all bubbles initiating from the constriction and growing in the
convergence section to pass the collapse site at the convergakcmint, which is shown in

numerical results. Because this collapse site almost spans the throat and vevythreeavrat| of

73



the chamber insert, almost all bubbles experience violent crushing there, resutimgepeated

impacs of microjets on that relatively small area and a strong geometry focusing effect.
Tremendous amounts of the cavitation enenggreleased in the form dhe micro-jet and shock

wave at the joint site. After these bubbtesvel throughthis first collapse site, they restore the

size somewhat and then collapse again in the divergence section, releasing the remaining cavitation
energy. &D 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 cariadti¢ collapse site at the center of the dimple
section and the rest tiebubbles, 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 reledsegmnergy 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 releasinghe 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 hashigher™Y and hardness than the dimple site under insert B, and ii)
“Y and hardnesarehigher in the blockage site under insert B than in the divergence site under
insert A. Therefore a general guideline for selecting the cavitation insert geomeimynsszed
below. First, the throat geomet(insert A is favorable to creatthe violent bubble collapse
making themajority of cavitation energy is concentratedly released there. Second, the dimple
geometry(insert B)can facilitate the bubble growth dudelay 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 influeraf the chamber insert on the cavitating flow and
properties of th@rocessedspecimenin addition to the chamber insert, the pressure drop between
the inlet and outlet of the cavitation deviseanother process parameter. Moreover, the pressure
drop is a good indicator dhe energy consumption of the process. Threelke of the pressure
drop were adopted0 = 2100 kPaYd = 4200 kPa psi an#d = 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
hydrodynamiecavitationbased texturing system can withstand. The charnisert 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 seEmime3.21]a, b & c]. AtY0
of 2100 kPa, the cavitation mainly concentrates in the dimple sectiofd Atf 4200 kPa, the
cavitation zone extends past the dimple sectiorY/0Atof 6300 kPa, the cavitation zone further

expands towards the blockage region.
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Indicators of the water hammer pressure (WHR) shock wave amplitude (SWA) are used
to demonstrate the cavitation energy distribution. As showfigare 3.22a, Figure 3.23a, and
Figure3.24a, 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 expandshaarea and thblockage site shifts towards the downstream
[Figure 3.22a, Figure 3.23a andFigure 3.24a]. A similar expansion of the dimple site &so
observed in terms dhe SWA indicator Figure3.22b, Figure3.23p andFigure3.24b].

The cavitation energy under various pressdrops is quantified using the area integral of the
WHP indicator and SWA indicator. As shownRigure3.25, the cavitation energy released at the
dimple site increases with the pressure drop. In the blocksmetts Y0 case has the highest
cavitation energy in terms of the WHRidure3.26a], which is followed by th&0 case and then
Y0 case. Sincéhe pressure drop causes a negligible variatithérSWA type avitation energy
in the blockage siteHigure 3.25b andFigure 3.26b], this part of cavitation energy may not
significantly affect the surface texturing and hardening. Inclesion, the cavitation energy
released at the dimple section can be ranked in the ascending d¥dercase Y0 case and0
case. In contrast, the cavitation energy released at the blockage section can be ranked in the

ascending order 84 , YO andY0 .
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3.5.2.Surface Texture

Results fromthe surface morphology show the cavitation energytatwas insufficient to
generate sizable and numerous dentsherspecimen surface. Therefore, otlgY0 case and
Y0 case were studied. Results of the surface morphology ¥dddrave been presented in

section 4.2.
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As shown inFigure 3.27, the blockage sitesimore dented than the dimple site/0 . In
contrast, the specimen und&s 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 frdfn to Y0 , Y in the dimple site increases andlin the
blockage site decreases. These findings are in agreementheigirediction from the CFD

simulation in section 5.1.

10
B Dimple Sect. M Blockage Sect.

Figure3.27."Y of Dented Area a¥0 andY0 .

3.5.3.Surface Hardening

Effects of the pressure drop dhe surface hardness distribution are studied. Specimens
processed under the pressure drogibfandY0 are claracterized 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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Figure3.28 andFigure 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
underYD and¥d is 17% and 16% respectivelyhich occurs at the blockage site and dimple site
respectively As shown inFigure 3.28 andFigure 3.29, the hardness at tltémple 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 utder In contrast, an opposite situation occurs

underY0 .
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Hardness distribution in the transverse direction which crobsedimple site and blockage
site leads to the same conclusion as above. As shokigune3.30 andFigure3.31, hardness at
the dimple site is higher M0 case than iY0 case Figure3.32 andFigure3.33 show that the

hardness at the blockage site is higheriin case than itY0 case.
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Characteristics adhecavitation @ergy, surface texture and hardness presenthikisection
can be summarized ifable 3-1. Table 3-1 shows the agreement between the CFD results and
experimental results. Since the increasing presswp dauses 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.

Table3-1. Effect of Presure Drop on Cavitation, Surface Texture and Hardness

Dimple Site Blockage Site
Low Cavitation Energy High Cavitation Energy

High Cavitation Energy Low Cavitation Energy
Dimple Site Blockage Site

MeanY =3.7' @ Mean"Y =6.9' a
MeanY =7.3" & MeanY =4.5' &
Dimple Site Blockage Site

collapse region: 148~150"Qr@ & | collapse region: 149~15@"Qr® &
collapse region: 152~150Q'Th & collapse region: 147~140"Qre &

3.6.Influence of Sample Hardness

The material properties, especially the hardnéssanother process parameter which may
influence the textureAluminum 6061 T6 and annealed Aluminum 6061 (TO) wereal fige
samples The Knoop hardness for AL6061T6 and AL6061TO are 114.8 kgt/emd 43.7
kgf/mm? respectively. The hydrodynamic cavitation experiments were conducted using a pressure
dropuny of 6300 kPa for a duration of 60min. The venturi type charmsert A was used.

The experimental results show that the dents on the T6 samples are more sparsely distributed
than those on the TO samplégyure3.34 andFigure3.35 show dent distributions on TO and T6
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samples respectively. As shownFigure3.34, the surface of TO samplespacked with textured

dents appearing as the black dots. In contrast, the harder sample, T6 exhilitise@ndents 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.dedter 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.

~

109.273pm 4y

[2] 57.874um

Figure3.35. Dents onl'6 Samples
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The experimentalesults also show that the dent profiles on TO and T6 samples are different.
As shown inFigure3.34 dents on the TO sample resemble micaters with circular crossection
when viewed from the top. The dent shapthe depth plane has a well defineskape. In contrast,
as shown irFigure 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 btbadethat of micrecraters. This
difference in the dent profile can be attributed to the material ductility and indentation mechanism.
Since the ductility othe annealed sample is enhanced, the denting mechanism from micro jects
suggests that plastic defeation mode is dominant.

In contrast, for the T6 aluminum samplése 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 Idvatéd to local heat generation from the implosion
of the bubble.

3.7.Influence of ProcessingTime

The processing time is a crucial process parameter and indicates tefexisteness of the
proposed process. In this sectithe effect of the processg time on the surfaceorphology and
hardnesss investigated. Other process parameters are fixed and listed assfajltve pressure

drop of 900 psi, i) insert A and iii) TO sample material.
3.7.1.Surface Texturing

As the processing time increases, the demsdy increased-igure 3.36 shows how dent
distribution changes with respect to the procgsime. Dents in the appearance ofckldots are
sparsely distributed at the processing time of 15 min. The dent ydensitases with the
processing time. When the processing time reaches 60 min, the sample surface is already clustered
with dentg Figure3.36d].
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Figure3.36. Dent Distribution and Dent Profile at Various Processing Times
Under the given process conditioi,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 deformatioriY increasess tre processing time varies from 80n to 60 min This

observation concur with the theory of the cavitation erosion
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3.7.2.Surface Hardening

The hardness is measured in the neighborhood of the dsitgplhere the maximum hardness
was found to occur in the previous work. As showifrigure 3.38, the hardness almost linearly
increases with the processing time until 30 min and then saturates. This saturation mighobe due

the low strain hardening exponentAdtiminum 6061 TO.
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3.8.Conclusiors

In this chapter, a hydrodynamic cavitation based surface textugmggningprocess is
developedThis process can harden the surface and the hardening percent and distribution can be
controlled by process parameters;isas 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 istochastical. Since obtaining a deterministic pattern of dents is beyond the tapabili
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.
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CHAPTER 4
Nanolubricant formulation using Hydrodynamic Cavitation

4.1. Introduction

As stated in sectiof.4.1, the nanolubricant exhiis superior tribology properties compared
to its purebasecarrier. The hydrodynamic cavitation based dispersion is considered as a potential
technique of efficiently formulating nanolubricant.ost of the investigations of nanolubricants
have focused on bearing type applications, such as those encoumtengghes, etc. At present,
nanolubrication for metalworking processespecially the metal forming process sparsely
studied despite the fact that these processes exhibit severe tribological canditi@ metal
forming processa workpiece is subgted to severe sliding while undergoing plastic deformation,
usually at a very high interface pressure. For example in a forging process, therqukce
interface can be subjected to a pressure exceeding 2,000 MPa. These features of metal forming
proesses may influencthe tribological properties of nanolubricants and put forward special
requirements on their selection and usddeerefore, a study on the lubrication mechanism of the
nanolubricant in the metal forming process is needed.

The overall ofective of this chapteris to develop a hydrodynamaavitationbased
nanoparticle dispersion process for nanolubricant formulation and explempplication of
nanolubricants for metal forming processes. The specific objectives are to (a) develop a
hydrodynamiccavitationbased system to formulate SiOil nanolubricants, (b) evaluate the
process feasibility based on lubricant characteristics and tribological performances and study
effects of certain process parameters, and (c) ascertain the lubrivettbranisms of SigOil
nanolubricants for metal formingocessedViost ofthework 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 carriedooué 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 usedhaptes

consists of Si@particles and vegetable oil at a concentration of 0.5% wt. The @icles were
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procured from US Research Nanomaterials, Inc. Table 1 shows properties of the vegetable oil and
SiO; powder which were used in thebapter

Table4-1. Nancparticles and base fluid properties

\(/g;‘éfg 5962 cp
Vegetabl Density
oil (@20C) 0.91-0.92 g/ml
Chemicals |protein, fatty aci
SiOy Particle Size| 20 to 30 nm

Agglomerate| up to several

Powder : .
Size hundred micron

The SiQ particles in aggregate conditions were dispersed in the oil by a hydrodynamic
cavitationbased dispersing system shown in the circuit diagfgufe4.1]. The setup consists
of a cavitation generator,@oler, 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 shBignne4.2.
The core component of the system is the cavitation generator shokiguire 4.3 with two
pressure gauges connected to the inlet and the outlet ports. These gaugesheqrissure drop
in the fluid which is responsible for cavitation. When the cavitation generator operates, the fluid
is pushed through the gap between a +sbsgped constriction insert (# 4 kigure4.4) and the
conical wall of the main housing (# 5kigure4.4). The pressure differential created by this gap
initiates the cavitation. The gap size and its corresponding pressure differential can be adjusted by
the controkhaft (#1 inFigure4.4). As the bubbles flow to the chamber, their growth and collapse
behavior are governed by the chamber insert (f8gare4.4). In the setup shown iRigure4.4,
a venturi type camber insert is usedrigure 4.5 shows a cross section view of thavitation
generator. lirigure4.5, the fluid flow domain is shadewl 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 nanopatrticles.
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Figure4.4. Components of the Cavitation Generator

Figure4.5. Flow domain (black) and Bubble Cloud of Cavitatiorije).
4.3. Dispersion Rerformance
4.3.1.Influence of Processing Time on Brticle Size

To assess the dispersion performance of the proposed device, effects of the processing time
was studied. Three levels were selecte % min), & (60 min), and4 (90 min). Thedispersion
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 tegen{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 rahtee 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 presenfegune 4.6 and
Figure4.7. Three nanolubricants which are labellssed on their processing timeapts, Lubt
and Lubg, are formulated at a fixed pressure drop and under diffprenessing times. They are
compared to the pure base oil, alinis labelled as Lulzontrol. The processing condition for these
lubricants are showin Table4-2. Figure4.6 shows that nanoparticle agglomerates are more finely
brokendown with the processing time. As the processing time increases:f(tbrin) to t (60
min), the peak of the profile shifts towards the small particle size. l.e., from 5000 nm to 2000 nm.
With further increase in the processing time, the peak of thfdepcontinues to shift to smaller

particle size.

Table4-2. Nanolubricant Variants under Different Processing Times

Process Time Pressure Drop
(Inlet Pressure Outlet Pressure)
Lub_control Pure base oll
Lubty 15 min 4100 kPa
Lubt, 60 min 4100 kPa
Lubts 90 min 4100 kPa

The percentile diameter and mean diameter can be extracted from the PSD Eigueeh6
to statistically described features of the curve. Tpereentile 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 patrticles in volume can be found-itjure4.6 D (v) @ 0.2 is the xcoordinate
of the red dashed line. If the percentile diameter and the mean diameter mdrigpded.6 are
plotted inFigure4.7, aproportionalrelationshipbetween 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 2668nr{iL&ttin) decreased to that of
585nm at 4 (90min). Thus, the mean particle diameter is reduced by 78% when the processing

time increases from {15 min) to & (90 min).
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Reduction in nanoparticle size as a function of the prougpsisne shows the potential and
capability of this hydrodynamic cavitation based methodology for nanolubricant formulBtien.
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 thpei&on system varies with the
pressure drop of the cavitation generator. The power used for dispersion at the pressurerdrop of p
=4100 kPa is 1.24 KW. As shown igure4.7, when the processing time is elongated; (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 cavitatidrased 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 PressureDrop on Particle Size

In addition to the processing time, the influence of the presiae was studiedThree
nanolubricant variants, which are labelled as Lubpbp and Lubp, 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 tife process condition of these three nanolubricants are
specified inTable4-3. 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 pressuwp tr 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 obselFigur¢ 4.8 and Figure 4.9].
Figure4.8 shows two peaks of PSD at 50nm and 5000 nm respectively wh{gaqd kPa) was
used. As p (2000 kPa) increases te (1100 kPa), the gak at the high end shifts towards the
smaller particle diameter and become wide. A&R00 kPa) increases ta 6200 kPa), the area

enclosed by the high end peak and its position barely change.

Table4-3. Nanolubricant Variants under Different Pressure Drops

Process Time Pressure Drop
(Inlet Presure Outlet Pressure)
Lubcontrol pure base oll
Lubp 60 min 2000 kPa
Lubp, 60 min 4100 kPa
Lubps 60 min 6200 kPa

96



Lubcontrol
12 -
S
v 9 -
£
2 6 -
S
3
0 . : | |
10 100 1000 10000
15 Lubp:
12 D(v) @ 0.9:
Q D(v) @ 0.7 : 5510 nm
< g9 4240 nm
e D(v) @ 0.2
3 5 48 nm | Mean
Q I Diameter:
= 3 | 2446 nm
|
0 | L
10 100 1000 10000
15 Lubp:
—_ 12 Mean D(v) @ 0.7 : D(v) @ 0.9:
3\1 Diameter: 2260 nm 3640 nm
[ 9 1617 nm
€
2 6
>° D(v) @0.2:
3 91 nm
O T 1
10 100 1000 10000
15 Lubps
12 Mean Div) @ 0.7 : D(v) @0.9:
§ Diameter: 1870 nm 3750 nm
2 9 1467 nm
£
G 6 D(v) @0.2:
= 248 nm
3
0 . ~— !

10 100 1000 10000
Particle Diameter (nm)

Figure4.8. Volumeweighted PSD oNanolubricantsinder Different Pressure Draps

97



The percentile diameter and mean diameter showrignre 4.9 provide statistical proof of
presence of the saturation point of the pressure drop: @900 kPa) increases te @100 kPa),
the D(v) @ 0.7 or @ 0.9 artdle mean diameter decrease significantly. However; @p0 kPa)
increases to P(6200 kPa), the percentile diameters at{(4100 kPa) and (6200 kPa) have
overlapped ranges. So do the mean diameters ahg p. Therefore no further decrement in
patticle size is observed. With adequate pressure drop, the mean diameter of the nanolubricant can
be reduced to about 1100~1800 nm.
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Drops
4.4. Utilization of the Formulated Nanolubricant in Metal Forming

The previous section has shown that using appropriate processirantippeessure droghe
proposed system is able to effectively break up the nanoparticle agglesneBat 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 pisgiag timesnd pressure drapeed to be evaluated
so that an optimal value is determined in terms of tribological performance. Awaes¥in method,
the ring compression test, is used for lubricant evaludtiguire4.10 shows a 15@on 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. Theheight reduction is about0%6. The surface roughnesses of ring samples were kept

consistent, and th¥ of the initial ring sample ranged from 0.4 to 0.5

The ring samples before and after compression are shokigure4.11. To account for the
presence of Si©nanoparticles on the deformed ring sampdeshemical analysis was carried out
on the surface of nanolubricaspecimen system using Energy Dispersive Spectroscopy (EDS).
The Si compositional mag-jgure4.12a] indicates a high concentration of Si showradsight
yellow spot on the specimen surfaéegure4.12c shows that wt% of Si and O at this spot is 11%
and 21% respectively. The Si@anoparticles shown as the white shade in SEM imiigeife
4.12b] have the size of 1.6~5'2 & which is in good agreement with the PSD obtained by the DLS

technique.

Figure4.11. Ring Samples before and af@ompression
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Figure4.12. Chemical Element Distribution showing SiParticleson the Ring Sample
4.4.1 Influence of ProcessingTime and Pressure Dop 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 presed under a specific pressure drop and time, is evaluated
and plotted on the shear friction factor curve showhigure4.13. The PSD of these five nano
lubricants labelled as LuhtLubt, Lubt (or Lubp), Lubp. and Lubp was measured in Section 3
and their process condition can be referred fBaile4-2 andTable4-3.The pure base oil is used
as the baseline. Shear friction fastof the lubricants are extracted fréigure4.13and converted

to the shear friction factor chafifjure4.14] for the purpose of quantitative analysis.

Influence of theprocessing time on the tribological performance of nanolubricants are
discussed using the shear friction factor. Tribological performance ofi, Lulbt,, Lubts, is

evaluated and plotted on the shear friction factor cufigufe4.13]. 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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Table4-2. Four ring samples wereompressedo evaluatethe lubrication performance of each
lubricant variant Shear friction factors of the lubricants are extracted figure 4.13 and

converted to the shear friction factor ch&igure4.14)] for the purpose of quantitative analysis.
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Té 2 | ® Lubp3 ., m=023
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Figure4.13. Shear Friction Factor Calibration Curve

In order to examine the influence of the processing time on tribology performance, data for
Lubty, Lubt and Lubg is used. It is found out thahincrease irthe processg time is favorable
for the reduction of the shear friction factor. As shownFigure 4.14a, Lubt and Lubg have
smaller shear friction factdihan Lubt. This is because elongation of the processing time facilitates
the breakup of large Si@&gglomerates. However, duethelarge standard deviation of the shear
friction factor of the Lubt, Lubt and Lubg exhibit close tribological performanck the largest
processing time is used, the shear friction factor is improved by 13.6 % in comparison with that of

the pure oll.

Data of Lubp, Lubp and Lubp is used to study the influence of the pressure dnop
tribology performanceAs shown inFigure 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($100 kPa), the shear frictidactor drops. Additional increase in the
pressure drop from2p(4100 kPa) to (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 Lubpand Lubp. Using the given process parameter, the shear friction factor is

improved by 15 % at most, compared with pure oil.
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Figure4.14. Shear Friction Factor of Nanolubricants under Different (a) Processing Einte

(b) Pressure Drops

In summary, the relationship between the tribology performance of nanolubricants and the
processing timipressure drojs asymptotic. Before a saturation point of the processingdime
pressure dragpvhich is £ (60 min)and p (4100 kpa¥or the test setup used in this study, increasing
the processing timer pressure droleads 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 processimg firessure drojs beyond
a critical value. Combining the foregoing finding with influence of the processing dirde
pressure dropn the particle size distribution, it is logical deduce that once the nanoparticle
agglomerates are broken up to a critical size, further reduction of size does not improve the
lubrication performance.fie mechanism behind the asymptotic feature of lubrication performance

is discussed in the followingestion.

102



4.5. Lubrication Mechanisms of Nanolubricant in Metal Forming

The previous sections showed that with appropriate process parameters, the hydrodynamic
cavitationbased dispersion process can be used to formulate large quantities 2DilSiO
nanolubricarg 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 patrticle size is refined to a critical value, further eefent 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 siaeface 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 LubtZdble 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. Th¥ of the 320 grit ring sample, 1200 gring sample and dies were 0.55
0.15° aand 0.05 drespectively. The surface morphology of the ring samples before and after
the ring compression test was evaluated using ecootact profilometer, Keyence VK1000. It
is a confocal laser scamg 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 Lubunder the tribopair having two differesurface
roughnesses is shown kiigure4.15. Figure4.15 shows that the 320 grit ring sample exhibited a
shear friction factor of 0.21, which is lower than that of the I#@0ing 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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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 te@me 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 studieBligure4.16a & b show the surface morphology of the ring samples
before they were subjected to plastic deformatidgure4.16c shows the surface of a deformed
ring sampleon which micro dents are evenly distributed. Appearance of these dents are combined
effect of crack propagation and plastic deformaiiBeng et al., 201(Rabaso et al., 2014A
representative size of these dents (black dots) is givEigure4.16d & e. The outer diameter of
dents is in the order of 50 dand the dent depth is about 48These 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 plausiblectr

than hydrodynamic lubrication condition.
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Figure4.16. Micrograph of the Surface of 320 grit Sample: (a) and (b) are before compression,

(c) and (d) are after compression, (e) profile of the.den
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Figure4.17. 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 ringwales which were polished by 1200 grit sandpapers
[Figure 4.17]. The deformed specimen showssimilar dent distribution pattern. The major
difference is the size dhe dents.Figure4.17e shows a representative dent depth of 2¢or
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 thegenumerous 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 deptrigiaat |
4.18] and a histogram of dent depth distributiéiigure4.19], which depicts the relative number
of dents with a certain depth, are used to show the surface morphologiafliskshe 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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Figure4.18 showsthe mean value andahdard 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,
measuremenisf dent depth are categorized into three types based on their radial position: i) inner
section, ii) middle section and iii) outer sectiigure4.18 shows that 320 grit ring samples have
deeper dents in all lotians (i.e., inner, middle and outer sections) compared to the 1200 grit
samples after compression. To get a clear picture of the dent depth distribtigars4.19 shows
frequency (the ratio of the number of tewith a certain depth tilve 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 aBa®el is higher than that of their counterparts
on 1200 grit sample. Specifically speaking, 86% dents of 320 grit sample has the depth@&bove
‘1, whereas 18% dents of 1200 grit sample has the depth 8t®ve . Note thatFigure4.7
showed 90% nanoparticl@s this lubricant has the diameter less tBa® | . 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.
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Figure4.18. Mean of Dent Depth on Ring Samplegh Different Surface Roughness
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Figure4.19. Dent Depth Distribution on Ring Samplegh Different Surface Roughness

4 5.3 Lubrication Mec hanisms

By correlating the surface morphology of compressed ring specimens Kigtee 4.16,
Figure4.17, Figure 4.18 and Figure 4.19), and nanolubricant characteristics (refégure 4.7),
active lubrication mechanisms exhibited at tbel-workpiece interface can be ascertain€d.
establish potentidubrication mechanisms, a schematic diagram showing the interaction among
nanoparticles, base fluid and triboparis is usegyre4.20]. In Figure4.20, small and large Si©
nanoparticles characterized by PSD given earlid¢tigure4.7 are shown together with the dent

-~

depthdesi gnated by 0.

ﬂ Metal Flow Direction
:> Dents due to

0.36~0.5um - 20~70pm = Plastic

0 2'5-:()-49 u.n I
}
/' /|Sample \\\

Figure4.20. Schematic Diagram of Dieorkpiecelnterface

The potential lubrication mechanisnmsthis casere 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 lubooathiechanism may have taken place in certain
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locations on the compressed ring samples as evidendée éyenly distribution of dents shown
in Figure4.16c (for 320 grit sample) angigure4.17c (for 1200grit).

The dfference in the dent depth on the ring specimens which were polished for different
surface roughnesgigure4.18andFigure4.19] may alter lubrication mechanisms in the following
way: The mean dent depth (U0) foraFp@élgand t r i n
a large portion of dents on the 320 grit sample has the dbptre 3.9 | [Figure4.19]. Fromthe
PSD analysis of the nanolubricants, the majority of,8#&noparticles hathe diameter less than
3.9 qa[Figure4.7]. Under this sceario, 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
nanopaticles 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 moiatmg surfaces rather than
protrude out of the dent and causevwpi. Xia. et al.(2017)pointed out that a smooth surface
adversely affectthefilling of valleys between asperities by nanopatrticles in the thin film regime.
However, change in surfaceughness or morphology e 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 scexfidhie
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 (thedtiyers and oil) may be
the prerequisites fdherolling function of nanopdicles (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 aratiyathining the oil under the high load

compared to dents in our case.

On the contrary, most dhe dents ofthe 1200 grit sample heethed e pt h (U0) i n t he
2.8 a[Figure4.18] and onlya small portion of dents on the 1200 grit sampleddepth above

3.9'1 [Figure4.19]. While the nanoparticless$s than 2.8 din size can be accommodated in
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dents of 1200 grit sample, nanoparticles with the size in the ord&9df & are hardly
accommodatedAs a result, these large nanoparticles will create solid contact with the die,
reducethe potental of rolling and create unfavorable conditions for hydrostatic lubrication. These
factors lead t@ higher friction factor for 1200 grit ring samples as comparada820 grit ring
sample. This observation demonstrates the importance of formulatiolybacants 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 oppe 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 penomenon menti@d at the beginning of Section 4ttt 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 nanopatrticle size is refined to thecatitralue, which is around the
average dent depth, only absorption lubrication mechanism and limited mending effects occur.
Although a small portion of dents underfilled by nanoparticles, triggering mend effects, more
dents are overfilled, leading toefsolidsolid contact and pieing. 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 eftects, a
activated. Further refinement of nanoparticle size does not bring in additional lubrication

mechanisms, leading to no further friction reduction.
4.6.Conclusions

A hydrodynamiecavitatiorrbased process was developed to disperser&i@particles in a
baseoil 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 thlig stu

T The study dembhmydmradyyersani-bcasealvipiracdtcieosns ¢ an
effectivel ynanesmpamtsiecl|SeisO in base fluid for

formul ation. The setup can easiulby ilcemandgcal ed

T The processing time of the proposed 2/pQiolcess
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nanolubricants. Using the process parameters
obtained via the hydrodyaoaamiwasc ®8i0t antm.o nF rboe
compress$shenshesatr fric#iOodanbhaoborchaot whe Bmf
in comparison with that of the pure oil

The study has found that as the procesesi ng |

broken up into smaller particles. As the proc
vol ume mean diameter of nanoparticles is red
percent is 78%. Wi th the parftaicdlog diexzeg eds@Erse
then stamihimem.sfAdar friction factor is ach
60 min.

l nsufficient pressure drop i-parutnifcalveosr,abbh et ft
satur at iporne spsouorpet f of particle breakup and | ub
point is reached, i ncreasing the pressure dr
factor. Beyond this point, i ncreasingi ¢he pr
size and enhance |l ubricant performance. The
pressure drop increases from 2000 kPa to 620
The lubricant mex @ahi s@mmobbé brtiheanli Oanr emet al
specific tonetbe mahapawvei cslies with respect t
the tribopairs, e&MWpecitdlel ynatntog ad ¢ n hadveea mtgle.e |
depth ot heedesooming tribopairs, onlyedbsorp
mending effects of nanoparti ¢lhfeis| loiccgrof Tdhert
nanoparticles, which reduces straight asper:
Size is redubaevde rtacg el edsesntt hdadrpg tch ,e ntt Hey dleretp it o
nanoparticles, even multilayers of them, an
becomes mor e wvirnagnousn caevdo, i dpeldo and two additi o
such as the hydrosdodlabtimg lfubmctciadmoaf andnod pa
balls, are activated. As |l ong as the nanopar
in particle size does not activate new | ubr
frictiemenmpbgvaddition of nanoparticles.
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CHAPTER 5
Emulsification using Hydrodynamic Cavitation

5.1. Introduction

As stated in sectioB.4.2 dthough the valve geometry and Igressure homogenizer (LPH)
exhibit some advantages in emulsificati a combination of these two concepts is barely seen in
the design of homogenizdn addition, theemulsification efficiencyof valve type LPHheeds to
be enhanced so thitte fine emulsion can be obtained at a relatively low energy input.

The study isto explore designs of the valve type LPH that better exploit the disruption
mechanisms of hydrodynamic stress and cavitatiomassproduce the fine emulsiormhe
following specific objectives need to be achieved.

1 Study the flow characteristics and disiop mechanism of a conventional valve type
homogenizer using the CFD method.

1 Propose various designs for the low pressure homogenizer and numerically study their
feasibility in terms of the flow characteristic and disruption mechanism using the CFDdmetho

1 Experimentally evaluatthe emulsification performance of the proposed designs based on the

droplet size in emulsions.
5.2. Approach

A conventional HPH designed Iiyoury et al. (2000)s used as the baseline.their design
shown inFigure5.1, there is a gap between the valve pistontaedalve seat. The fluid domain
of this homogenizer consists of the i) entrancthefap, ii) gap and iii) exit othegap and their
main dimensions are denotedrigure5.2.
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Figureb.1. Valvetype

Figure5.2. Fluid Domainof Homogenizer

Homogenizer

The HPH designed by Floury et al. (2)0is a so-called pilot model with the dimensions
shown inTable5-1. Due to the tiny gap widtHQ of 3* & their homogenizer operates at a low
flow rate of 0.192 L/min, which is incomparable to ones used imthestry, and a high pressure
drop of 26 Mpa, which is beyond the capacity
is scaled up so that its flow characteristics can be used as an industrial example and be the baseline
in comparison with our newomogenizer. Dimensions of the model before and after seafing
are shown ifrable5-1. The gap width is scaled up from 3ato 200° ¢ leading to an increase
in the flow rate from 0.19874 "Qto 6.750F& "Qand a reduction in the pressure drop from 26
0N d6.20 N w

Table5-1. Scalingup of Valvetype Homogenier.

Pilot model Scale model

Gap width,Q 3" & 200° a
Inlet diameterY 34 & 13.54 a
Piston diameteli, 2.250 a 10.125a4 a
Outlet diameter, 154 & 6.750 a

Pressure drop, 260 1 & 6.20 i &
30 0 0

Flow rate,0 0.192074 Q¢ 6.75074 Q¢

Internal geometries of the low pressure valve type homogenizers prdpossare shown in
Figure 5.3. There are three geometric variants: i) smooth parabolic nose vahserigted
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 downstreaRigure5.3a]. In Variant Il, 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 exkert the droplet by

the continuous phas€&igure5.3b]. In Variant Ill, the insert is introduced to the chamber, creating

a Y shaped fluid domain. The concentration and stagnation effect caused by the insee #aghanc

cavitationbased and turbulendmsed emulsificatiorFigure5.3c].

Inlet Inlet
\\ N

9
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N
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” IR / Ss1 A
a) Smooth Parabolic Nose b) Serrated Parabolic Nose ¢) Smooth Parabolic Nose
Valve Valve Valve with Y chamber

Figure5.3. Various Valvetype Homogenizers

The flow characteristics of the homogenizer is studied using the CFD and these numerical
results will be used to quantify the disruption mechani€isruption mechnisms of the
homogenizer candxcategorized as laminar viscous (LV), turbulent viscous (TV), turbulent inertial
(TI) and cavitationTable5-2 shows basic variables and governing equations of LV, TV and TI
(Lyklema et al., 2005; Innings et a011; Casoli et al., 20107 hree disruption mech&ms are
distingushed based on the Reynolds numb¥rQand the relationship between the droplet

diameter Q and the length of energy bearing eddie§Table5-2]. 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 Tl regime,
the pressuréuctuation due to the turbulence leads to an inertial force which is perpendicular to
the droplet surfaceélable5-2 shows equations of the stress acting on droplets andctérstc
deformation times in thesegienes. From thesegeations, the following findings can be made: i)

the high strain rate (0 and eddy dissipation rate)(are favorable for deformation and disruption.

i) the increase in the density and viscosity of the continuous phase¢atasiléformdion and

disruption, iii) the high viscog/ ratio— - i mposes a chall enge for dis

Il n ordert hientqgeunasnittiyf yof t hr® e tdiesrmrsuptaiion rmae eh
di mensionless numbebDg, atnhe WEd 2K}, In aamfele munsifehdg r e {
al .,. 20d1Yhis study, the strain rateodéasndderi v
wQ s TV and Tl type stress nor marhblez3 @yklema t he L
et al., 2005; Innings et al., 2011; Casolietal.,2010)l n t hi s study, edaddyey ar e
dissipation rate-(), ii) viscosity ) and density”( ) of continous phasse and iii) droplet diameter
(Q. - is provided by CFD results. andi s obt ained by interpolatin
phases (viscosity and density) a idce onty¢he CFD v
trajectory of oil droplets is tracked and no droplet kvep model is used in CFD simulation, a

constaniQof 100‘ dis used in calculation af andw .

Table5-2. Disruption Mechanism: LV, TV and Tl

. L?‘m'” Turbul ent] Turbul enf
Regi me Vi sco ( TV (T1)
(LV)

Classificd LoWwQ Hi gy&Q a Hi gy&Q a

Stress a 0 oo T _ T oL TQT
on dr,opl " or —-Ta 7 or " -Taf
Charact e + -
def or matti o ”
. i __T’QT ”_T’QT
Di mensi onl 6 —— wQ ———
T T
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- |- p | - Equation29
L I p | " Equation30
An intense cavitation type disruption occurs when two conditions are satisfied: i) the bubble

gains sufficient growth before collapse and ii) in the collapesge the bubble size rapidly diminish.
Dular et al.(2006)and Gibson et a(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 SchrreSauer cavitation model is adopted in this CFD simulation, the bubble size is
equivalent to the vapor volume fractign)( 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 gouentify

intensity ofthe cavitation disruption mechanism,
5.3.CFD Modeling

In order to study the flow characteristic and disruption mechanism of three variants of the
valve typelow 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 sealled multiphase model is adopted faz thist two continuous
phases and the cavitation is described by the ScBaerer 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 ctimuous and discrete phases is turned on and the oil droplets are tracked
by the means ahe steady state. Several other assumptions are made in the simulation. First, the
3D flow is simplified to 2D axisymmetric. Second, the isothermal condition is ssdwand the

overall domain is under room temperature. Third, the realizablek ur bul ence model

Figure5.4 shows the section view of Variant I. If the fluidmain inFigure5.4 is meshed,
Figure5.5is obtainedThe 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&remain
below 20. In order to ensure the simulation accuracy, iterations of mesh improvement are run until

a high mesh quality is achieved. The cell orthogonaigbove 0.7.
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Figure5.5. Meshed Fluid Domain of Variant |

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 apgligne outlet. Notslip condition is used for

the walls.The mpact of the oil droplets onto the wall is modeled by the watdype model.

CFD simulation in this study is a steady state analysistlamgseudetransient solution
method is used for betteonvergence. The numerical results are considered as legitimate until
three conditions are satisfied simultaneously: i) the convergence is tightened to b&lavy the
net mass flow rate, which is the absolute difference in mass flow rate betwédptthad outlet,

is reduced to a neaero value, iii) the vapor volume fraction stabilizes at a constant value.
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5.4.Conventional Valve Type Hbomogenizer

5.4.1 Feature and Work Principle

There is a narrow gap in the conventional valve type homogenizer. As theerokoil 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 forfiable5-2 has already given the stress
exerted on the droplet and the dimensionless nuoflvarious 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 dissipatimamdtanalyzed. 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 liquiphases. 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-sapiation occurs.

The collapse rate is the mass of the vapor phase transformed back to thehlzgpaighber 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 thgemicro
Simply speaking, in order to obtain an effeetcavitationbased 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 velocityfiist examined to show the deformation effect of
the elongation and viscous force acting on droplets. As show#gure 5.6, the high strain rate
concentrate at three regions: i) the entry to the gap, ii) thewadbregion in the gap and iii) exit
of the gap. The first and third higdtrainrate regios 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 i points inwork of Floury et al. (2004)Note a small portion of the red area
in Figure5.6 exhibited the strain rate higher than the upper limit of legend. In order to obtain a
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more quantitative analysis, theastr rate is plotted along four paths: (through the gap), ,,
and, (cross the gap). ABigure5.7, two humps, 4e5 and 7€5 , appear in the strain rate profile
along, , which correspond tthe two highstrainrate regions at the entrance of the gap and exit

of the gap respectively.

Figure5.6. Stain Rate of Scale Model of Vakgpe Homogenizer

Figure5.7. Strain Rate along .
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