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(where it was not needed) and reduce the scattering of the sound beam, which
produced positive results. The use of multiple transducers also produced good results
when compared to the same wvessel with only one transducer emitting sound.
Unfortunately, the acoustic streaming was not evident in the multiple transducer

vessel.
Through experimentation and confirmation with relevant theory, the factors affecting

streaming and cavitation in this type of system were presented and an optimised

system was achieved.
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1 Introduction

The object of this thesis was to investigate the factors contributing to and influencing
ultrasonic dispersion, in an attempt to optimise both the cavitation and streaming
effect associated with high power acoustics. This was done with the intention of
designing and building an ultrasonic dispersion cell with a removable treatment vessel
for the processing of a wide range of organic samples, thereby providing a stable,

controllable platform for biochemical researchers.

In this context, dispersion is defined as a process where a solid 1s dissolved or at least
broken down to small particles typically in a liquid medium. This has many industrial
applications; high power ultrasound is being used to homogenise or mix paints, in
breaking of micro-organism cells and as a catalyst to chemical reaction (due to the

thorough micro-mixing properties of high intensity ultrasound).

1.1 Previous Work

This project was based on and a continuation of research by Ricardo de Quieros into
ultrasonic dispersion. It is therefore important that the key issues of his findings are

briefly discussed: [12]

A wide variety of ultrasonic apparatus and sources were experimented with, revealing
the need for a high power (above 200 Watts) and high intensity system. The
importance of delivering high intensity acoustic energy to the receptor vessel was
obvious. A serious power saturation problem became evident during his research
(where an increase in the acoustic power above 80 Watt would not increase the
acoustic intensity in the receptor vessel). Mr De Quieros found that a commercial

unit, the VCX500 manufactured by Vibracel, provided a flexible powerful (up to 500
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2 Literature Review

This chapter consists of a review of the work done by others in the field of ultrasound
and other relevant areas. It begins with a brief overview and background into
ultrasound and then goes on to discuss the fundamental effects of high power
ultrasonics, with the core focus being on cavitation and streaming, It is then followed
by an imvestigation into reflection and transmission of sound at material boundaries
and through materials respectively. Transducer's modes of operation and various
related physical properties are discussed, since transducers form an integral part of
any ultrasound research. Lastly, a thermal theory was presented, as temperature plays

an important role in a solvent’s ability to dissolve, as well as affecting cavitation.

2.1 An Overview of Ultrasonics

Ultrasound, very simply, is a sound wave whose frequency is too high for the human
auditory system to hear — typically from 18 kHz wpwards into the MHz range and
beyond. Over the past few years ultrasound has been used in many new applications
including imaging (medical as well as mechanical spheres), water purification,
distance measuring devices, food processing and many other areas that are still being

developed. [3] [16]
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2.2 Cavitation

As already mentioned, cavitation and streaming perform an integral role in sonic
processing. Cavitation provides a disruptive force required to breakdown samples,
while the streaming provides the macro mixing quality. Together they create an
effective homogenisation mechanism. Both cavitation and streaming occur at similar
acoustic intensities, but other than that they are distinctly different in terms of the
factors that influence their magnitudes and occurrence. This section considers the
factors causing cavitation and the physical properties contributing to its strength. It
then goes on to discuss radiation pressure and the factors influencing acoustic

streaming. [2][1]

2.2.1 Cavitation Threshold

Cavitation, loosely defined, is a rupture or cavity that is formed in a liquid when the
tensile force on the liquid molecules is larger than the vapour pressure. These cavities
subsequently collapse violently, sending out shock waves and causing powerful micro
jetting sufficiently destructive to erode metal surfaces. Micro jetting defines a
situation when a bubble collapses from one side sending a small jet of high velocity

liguid through the bubble and out the other side. [20]

The pressure required to initiate cavitation would have to be of the order of 1000 atm
for water in theoretical calculations. However, the presence of minute gas bubbles and
impurities in real liquids provide a non-uniformity around which a cavity can form at
much lower tensile forces. These gas bubbles or impurities are called cavitation nuclei
and are the source of most common cavitations. The tensile force in the ultrasonic
context is provided by an oscillating sound field, which creates a sinusoidal by
varying pressure. During the rarefaction stage, a saturated vapour filled bubble forms
in the liquid. This bubble then, (during the compression stage) collapses due to the
high pressure aided by surface tension pulling the bubble closed. The pressure

threshold that cavitation occurs at is governed by the equation below. [4]
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compressive forces on the bubble, leading to a rapid and violent collapse. If one wants
to decrease the initial bubble size the cavitation nuclei size needs to be reduced. This
can be achieved by degassing and removing all impurities from the liquid. The effect
is that the cavitation becomes more vaporous in nature, and is known for being more
violent. This is because there is very little gas in the bubble to hold it open, as the
vapour under the high pressures dissolves back mto the water when the cavity
collapses. [2] The violence of the cavitation can be increased by increasing the sound
pressure. However, this will only work up to the point where the hquid starts
cavitating in another region (1.e. between the intended region and the transducer) as
this causes the sound beam to be scattered and absorbed by the misplaced cavitation
before it gets to the area intended for treatment. Hueter and Bolt [2] describe a method
of overcoming this saturation problem, which involves having a pressurised
transmission medium and a sound transparent window allowing the sound beam to

pass into the target area.

Another factor that increases the strength of cavitation is the surface tension (o)

ey / : ~
where Mf/"/R represents the inward pressure on the bubble exerted by the surface
)

tension pulling it closed. If the surface tension is increased, it will once again increase
the forces involved during collapse and lead to more violent cavitation, However, an
increase in surface tension will also require an increase in sound pressure to form, and
grow, the cavity bubble. [2]

The temperature of the cavitating liquid (in this case water), according to Hueter &
Bolt, affects the cavitation strength. Graph 2-1 shows relative weight loss on brass as
a function of temperature for a 575 KHz system. This may be because the change in
temperature is changing the cavitation threshold, limiting the number of cavitation
bubbles and so reducing the damaging effect. Hueter & Bolt also go on to say that
vapour pressure, and hence temperature, affects the maximum size of the bubble, thus

altering the strength of the cavitation [2].
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2.3.2 Acoustic Streaming

Acoustic streaming is simply the reaction of a fluid to the forces discussed above. The
fluid motion is alse affected by factors such as viscosity, density and physical
restraints of the vessel. As a result, the streaming theory becomes a complex problem
that is case specific. The equations in the section entitled Radiation Pressure give an
idea of the factors influencing streaming. In Shutilov [4] and Beyer [8] it is stated that
the streaming is proportional to the total acoustic absorption coefficient of the fluid.
This correlates with Oseen forces, as the harmonic distortion is a form of absorption

in the liquid.

Shutilov [4] gives the following equation for calculating this absorption coefficient:

a, = "{ ﬁ;: [4] pg 145 Equation 2-5
K

Py 3{:
The velocity of the streaming in an unbounded situation is given by:

Equation 2-6

=20 [18] Equation 2-7

where both p and n, are the coefficient of viscosity, /, is acoustic intensity, R is
particle radius, p, is the mean density, ¢, is the mean sound speed, P the average

acoustic power, ¥ a geometry coefficient, and a is the absorption coefficient

The amount and velocity of streaming is proportional to @’. This is unfortunate
because cavitation is more pronounced at low frequencies; however if one needs more
acoustic streaming and can afford to reduce the cavitation this could be done by
increasing the frequency of the sound wave. [19] It is must also be noted that
increased viscosity increases the absorption, and therefore the streaming magnitude,
but decreases the streaming velocity according to Equation 2-7, and that streaming

velocity is proportional to acoustic intensity. [4] [18]
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Figure 2-1 shows an incident wave represented by 4, , the reflected wave 4, and the

transmitted wave B, .

Material 1

4 4

Boundary T ‘ Z, =cp

B Z,=¢,p,

!

Material 2

Figure 2-1 Sound Wave Reflection and Transmission [8] Pg 48

The amount of energy reflected is calculated by

Z, - ion 2-
A == Z, A, [8]Pg49 Equation 2-9
Z,+Z,

and the amount of energy transmitted is calculated by
B - 2Z,

‘ A, [8]Pg49 Equation 2-10
Z+Z,

Although the above discussion is limited to orthogonal wave material boundaries, the
two above equations may still be used for magnitude calculations for the orthognal
components in the next section and the angles are calculated as shown in the

following sub-section.
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2.3.4 Refraction at Material Interfaces

As mentioned previously, the magnitudes of the reflected and transmitted rays can be
calculated by the above equations for all angles of incidences. Figure 2-2 shows an

incident sound wave at an arbitrary angle ., measured from the normal. The angle of

the reflected ray is such that 6, = 8, .
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ray
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Figure 2-2 Sound Wave Refraction

The angle of the transmitted wave is calculated by the following equation

Equation 2-11

sinf,  sinf,

<y C,

where the angle of refraction can be altered by changing the speed of sound of the
material. This provides flexibility in terms of making acoustic lenses that transmit
most of the sound energy (i.e. similar Z), yet can be tuned to have suitable refractive

indices {by varying p inversely to c). [8]
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2.3.5 Absorption in Non-Cavitating Liquids

The absorption of sound in a non-cavitating liguid is primarily caused by the frictional

or viscous damping and, consequently, heating.
. ¥ .
J = ,[0(.3 o Equation 2412

gives the intensity of the sound as a function of distance x, which is an exponential
falloff where the absorption coefficient, «, is determined by the sum of the internal

friction of the Liquid and the conduction as shown below:

a=a +a, Equation 2-13

Where Internal friction according to Stokes is

Equation 2-14

Eguatinn 2-15

In the above equations @ is sound frequency, 1 is viscosity, ¢ is sound velocity, p is
the density, K is the thermal conductivity, T the temperature in Kelvin, a the thermal
coefficient of expansion, A the wavelength, ¥ the mechanical equivalent of heat and

C, the specific heat of the liquid. A large o would result in a rapid falloff in sound

intensity as waves travel through a liquid. To reduce the absorption in the liquid the
sound frequency and the viscosity should be reduced, and the sound speed and density

should be increased, among other things.
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2.4 Transducers

Transducers are responsible for the generation of ultrasonic energy or, more precisely,
the conversion of energy from one form to another (in this case electrical to
mechanical energy). Modern transducers make use of a complex combination of
electrical and mechanical properties of various materials to create an ultrasonic
source. It is therefore important that this section explains the principles of simple
harmonic motion and resonance, the implications for transducers, and the use of
equivalent circuits for a simple analysis of transducers. In addition to this, various
types of transducers are discussed, the operation of piezoelectric materials is then

explained and, finally, a few critical properties of transducers are mentioned.

2.4.1 Simple Harmonic Motion and Resonance

In order to explain simple harmonic motion and to create an intuitive understanding of
how a system would resonate, a basic example of a mass on the end of a spring will

be used to lay a foundation.

- —G\ M

SN

Figure 2-3 Mass and Spring [2] Pg 14

In the system shown in Figure 2-3 above, there are two potential forces being exerted
on the mass: firstly, the force exerted by the spring which is proportional to the
displacement, but in the opposite direction to the displacement as defined by the

equation £ =-Ku , where K is Hooke’s spring constant as defined by Hooke’s law

5

and u 1s displacement; secondly, the force as a result of acceleration that is in the

same direction as the acceleration as defined by the equation F =ma where m is the
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However, this is not a very realistic solution, as it does not include any velocity
related forees such as friction or damping. This frictional force, which is proportional
to but in the opposite direction of the velocity, is then introduced into the differential

equation giving:

oty o -@ M

Figure 2-4 Mass, Damper and Spring [2] Pg 14

d’u LR d_u+ Ku =0 Equation 2-20
dr’ " d

m

Which can be solved to give

u =U cos{wt)e™ Equation 2-21

It is once again solved to reveal the characteristic equation, which is a sinusoid falling
off exponentially as shown in Graph 2-3 below, where

K= _&n_ Equation 2-22
2m

and the resonant frequency is

w, = ‘002 —x? Equation 2-23

or more fully

K (R
“r= ;—(ij’

Equation 2-24

This implies a decrease in resonant frequency when the frictional force is increased.

N . . 1 . .
Again, increasing the mass will decrease the frequency as the — term will dominate
m

7 2
1
over the| — | term.
bm}
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2.4.2 Equivalent Circuits

Transducers are generally driven by an electrical source that sces the transducer as an
electrical load. For this reason it is useful to be able to express the mechanical
parameters and properties of the transducer in terms of its electrical equivalent. This
can also serve to extend one’s understanding of the mechanical system if one looks at

the equivalent electrical circuit [5] Pg 73.

p
LILD
S GREN

R
~

|

AR,

NN

SR
&

Figure 2-5& Mechanical System [2] Pg 14

du . Equation 2-25
m«;? + 1+ K judz = e’
!

The characteristic differential equation that describes the above example of a
resonating mechanical system shown again here in Figure 2-5 can also be expressed
as an equivalent electrical cireuit of an inductor, capacitor and resistor in series as
shown in Figure 2-6. Table 2-1 gives a list of mechanical parameters and their
equivalent electrical parameters. (Note that a parallel mechanical system is expressed

as a series electrical system and vice versa.)

-
}":M E—K R;—Rm

11

3

Figure 2-6 Electrical System [2] Pg 14

di Equation 2-26

L4 ris L Jz’a’z =V,e’”
dt C
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2.4.3 Types of Transducers

Ultrasonic waves are primarily generated with electro-mechanical transducers such as
those using piezoelectric crystals that are discussed in the section below. However,
there are other ultrasound generators, namely whistles and sirens, which use entirely
mechanical means to create tensile forces high enough to cause cavitation. These are
generally used in high volume industrial processes. Anocther common electro-
mechanical method of creating ultrasound is with the use of a magneto-strictive
transducer that makes use of the electromagnetic properties of certain metals to create
a mechanical vibration. These were very common in the 1950°s, but they have now
been superseded in most arcas by piczoelectric technology and will not be

investigated further in this thesis. [5]

24.4 The Pieroelectric Effect

Piezoelectric transducers have found wide acceptance because of their ability to
convert ¢lectrical energy to mechanical cnergy at high efficiencies as well as being
able to reverse the process Le. to convert mechanical energy into electrical energy
also at high efficiencies. [5] Piezoelectric transducers have been in common use for

over forty years and as a result there are many commercial transducers on the market.

2.4.4.1 How Piezoelectric Materials Function

The internal mechanisms that give piezoelectric materials their properties are
illustrated in Figure 2-7, where the crystalline structure is shown. When a stress is
applied to the crystal a change in dimensions, known as strain, results. This has the
effect of squashing the lattice so that more positive molecules (in this case) are at the
bottom and the majority of the negative molecules are at the top, creating a potential
difference between the two surfaces of the crystal. The converse of this process is also
true: if a voltage is placed on the crystal surfaces, it pulls the molecules to compress
the crystal resulting in a strain, which in turn would cause a stress if the crystals were

fixed to rigid supports.
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2.4.7 Amplitude Measurement Methods

It consistent, reproducible ultrasonic intensities are required, it is important to
maintain constant amplitude at the emitting surface of a transducer. 1t is therefore
necessary to measure this amplitude. This can be achieved very accurately with a
microscope, but this method of measurement does not lend itself to a practical/real-
time measurement or to feedback control systems. It 1s for this reason that designers
use current feedback in transducers” amplifiers. In the equivalent circuit section, it can
be seen that the current’s equivalent parameter in mechanical terms is velocity. Using
velocity for amplitade measurement seems incotrect, however if one Integrates the
current 1t will give transducer displacement. As a result the current can be used as a
relatively good approximation of amplitude. If a device 1s said to be using current
feedback it implies that it controls the power being transmitted to the transducer by
looking at the current. This 1s the mechanism that the Vibracel ultrasonic source uses
to control the amount of power being delivered to the transducer to maintain a set

amplitude.
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2.5 Thermal Considerations

In a project of this nature where the temperature is critical in terms of its effect on
cavitation threshold, the ability of a solvent to dissolve, and to some extent to the
operation of transducers, it is important to understand the modes in which temperature
is reduced, maintained and transmitted. In this project we have a situation where the
ultrasonic transducers are putting energy into a system in which most energy results in
heating. It is important to understand the difference between heating energy and
temperature. Heating energy is the mechanism or source that causes a rise in
temperature 1.€. the flow of thermal energy out of a system will cause a decrease in
temperature. There are three modes in which temperature can be transmitted:
convection, conduction and radiation. Convection and conduction will be discussed
below, as these are the two main modes of heat transfer that will be encountered in
this project. Another important property of materials that will be discussed is heat
capacity or a measure of the "energy required to raise the temperature of a unit mass

of a substance by one degree” [6].

2.5.1 Thermal Conduction, Heat Flow

Thermal conduction is the process whereby heat energy flows from one material to
another, always from a higher temperature to a lower temperature. This is usually
through some form of transmitting medium. The thermal conductivity of a material is
an indication of its ability to transmit heat energy and so reduce the temperature of the

hot material.

. AT Equation 2-30
Qcona’ = k! A XX-

Where ( is heat energy transfer rate, &, is the thermal conductivity coefficient, 4 the

area through which the energy is passing, Ax the thickness of the material and A7

the temperature difference.
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3 Experimental Method

This chapter considers equipment and methods used in measurement and presentation
of the results. Firstly, it looks at the typical set-up of equipment used in this project
(transducers, temperatures, solvents etc.) based on previous work done by Mr De
Quieros.[12] It then discusses the use of foil samples placed in the cavitation field
and the image processing software used to analyse the damaged samples. Next it
looks at the accuracy and reliability of the foil-image processor method as a whole.
The method used to capture and analyse streaming in receptor vessels is then briefly
reviewed. Finally the measurement of temperature in the thermal profiles is
addressed, as well as the use of equivalent circuits to accurately estimate the real

temperatures.

3.1 Experimental Set-up

This section will consider the physical parameters of a typical or base set-up for most
experiments in this project. The relevant chapters then explain the slight variation of

particular parameters.

As this was a continuation of research, a brief review of the previous equipment and

method used by Mr De Quieros is appropriate. A wide variety of ultrasonic baths with
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seconds), sonicating it, and then removing the foil for visual inspection of the
cavitation damage. This was a substantial body of work and provided a base from

which further experimentation could be conducted.

3.2 Foil Method

Cavitation fields are unfortunately extremely difficult to measure and analyse due to
their chaotic nature and rapid variation. A method of taking a “long exposure image”
of the cavitation field to effectively accumulate or average the region in which the
cavitation is prevalent is needed. This foil technique of measuring the destructive
ability of a particular cavitation field involves inserting a piece of aluminium foil into
the cavitation field for a short time. The cavitation caused permanent damage to the
foil, either totally destroving the foil, or partially damaging it causing it to appear
pitted and bubbled. The foil unfortunately does disturb the sound field and for this
reason the foil used must be extremely thin foil. (Section 1.1 contains references to

other methods on cavitation measurement.)

3.3 Digital Image Processing

When analysing foil samples that were damaged or partially destroyed by ultrasonic
cavitation, it was evident that an accurate, quantifiable means of analysing the foil
samples was needed. Essentially what was required was a value representing the area
of the foil that was destroyed or damaged. One of the best methods of doing this
would be a digital image processor, as calculating these areas manually would be
extremely time-consuming and error prone. The use of relative weight loss in the
samples used in Heuter and Bolt [2] does not provide information about areas that

were damaged, but only about the mass removed from the sample.

It was decided to use Matlab™'s digital image processing toolbox to calculate these

values, as the language is easy to master and there are examples and help with similar
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Figure 3-6 Final destroyed mask image

This final mask in Figure 3-6 appears to have quite a few outlier pixel groups, but on
closer inspection the pixel groups do in fact represent smaller areas of destroyed foil.
Other 1solated pixels do represent errors in the method, but these cannot be reduced
without altering the larger relevant areas. With this in mind, and the fact that these
isolated pixels numbers are very small compared to the total number of pixels, this

compromise was found to be acceptable.

For the above foil sample the damaged foil percentage is 31.15 % and the destroyed
percentage is 7.95%. These were calculated by summing the pixels representing the
damaged and destroyed areas and expressing them as a percentage of the total number
of pixels. The image processor produces a reliable, reproducible and resource efficient
method of analysing foil samples that have been damaged by a cavitation field. This
method is not only attractive in terms of its speed, but also its flexibility that allows
batches of samples to be processed unsupervised. [10] The complete code can be

viewed in Appendix A.

3.3.3 Mean Deviation on Foil Samples

In the above description of the image processor one can clearly see that it produces
accurate results with a near perfect repeatability on the same foil sample irrespective

of scanning position. This was due to the methods reliance on pixel groups and not
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individual pixels for calculations. All scans were done at the same resolution for
consistency in the image processor. However, the errors in results obtained in this
thesis reflect the inconsistency of the cavitation field, which is unfortunately rather
chaotic. The errors obtained in the tests conducted in this thesis do not necessarily
reflect a failure of the foil method but merely show the chaotic nature of the cavitation
fields. Nonetheless, a measure of certainty needs to be established for the validation
of results in the proceeding chapters. A series of test were done on foil samples under
identical conditions to establish the standard deviation and give a range in which the
results vary due to errors. It was found that this standard deviation was 0.08 of the
total. This means that there was 69% certainty that a value of X would be in the range
X + X times by 0.08, as many of the foil sample tests were done in very similar

experimental set-ups to the tests where the mean deviation was calculated.

3.4 Streaming

In order to measure the various parameters associated with, and influencing acoustic
streaming, a method of visualizing the streaming patterns and recording these to be
analysed was needed. There are various methods of doing this, using a wide variety of
liquids, powders and dyes to visualise the streaming effects. In this project water-like
solvents are primarily used, and for this reason it would make good sense to use water
in the tests. Fine aluminium powder introduced into the water generates a dark cloud,;
this 1s then enhanced by placing a black surface behind the reaction vessel together
with a backlight, giving a typical image shown in Figure 3-7. Fortunately, the reaction
vessel was made of glass, making recording of the streaming patterns with a digital

video camera effortless.
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4 Static Pressure

e

['his chapter is concerned with the effects of static or atmospheric pressure on
cavitation with reference to its strength, density, and ultimately its ability to disrupt
solids. A number of tests needed to be carried out in an environment in which the
static pressure of the water could be varied while still enabling an acoustic intensity
sufficient to cause cavitation to be transmitted into the vessel. {2] This discussion
consists of two parts: firstly, the design and construction of the pressure apparatus,
together with comparisons between this new vessel and the original glass cup hom
{used in previous tests including those done by Mr Ricardo de Quieros [12]); and

secondly, a description of the tests and conclusions drawn from them.

4.1 Design of the Pressure Apparatus

In addition to the primary requirement of bearing the pressure, this new vessel had to
be made of relatively lightweight material so as not to overload the transducer, yet
strong enough to withstand up to two Bars of internal pressure and one Bar of external
or negative pressure. The vessel needed to be constructed in such a way that the
internal volume was easily accessible for checking and replacing of test samples etc.
An important requirement that was not immediately obvious was that all the air
needed to be removed from the vessel to ensure that degassed water would not
breathe’ while cavitating (i.e. absorb minute amounts of air into the water, allowing
the water to cavitate more easily). It was also necessary to make provision for internal

mechanical connections that were used to hold the test piece in place.
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5 Tri-Reactor Vessel

In the previous chapter, the sound intensity transmitted to the receptacle was
increased with an increase in static pressure; however, this method was time-
consuming and complex. This chapter will consider a second method of transmitting
increased acoustic intensity to the receptacle. This method involves the use of
multiple transducers in an ultrasonic bath set-up. In an attempt to overcome the
saturation effect when the most acoustic energy was transmitted through a single path
to the receptacle, three transducers were fixed to a triangular bath (hence the Tri-
Reactor name) and a variety of receptacies, including a triangular prism vessel, were
tested in this new bath. In the interests of completeness, the effect of static pressure on
the multiple transducer baths was also measured to confirm the results of the previous
chapter. Finally, a comparison between this new vessel and the 500 Watt Vibracel (in

terms of power and its destructive capability) as well as its ability to process

biological samples was discussed.

5.1 Experimental Apparatus

The apparatus for this chapter varied from the rest of this project primarily in terms of
the method of driving the transducers. Figure 5-1 shows the basic layout of
equipment, the signal generator, amplifier, transformer and power meter. The
transformer was used to increase the voltage of the amplifier to enable the transducers
to work efficiently and the amplifier to be loaded with the correct impedance. Once
again, the receptacle, bath, and transducers were cooled by circulation of the cooling
liquid (23°C), which also acted as the transmission medium. The rate of flow of

cooling water was 250ml /min.
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Bottle Solvent  |Destroyed Damaged |Disruption index per
(ml) level (ml) Foil %  Foil %  |unit volume
10 5 4.7 24.6 13.6 + 1.08
10 10 8.7 59.8 7.7 +£0.61
20 10 0.1 13.6 2.8+0.22
20 20 9.2 43.0 3.1+£0.24
30 10 1.3 15.0 53+042
30 30 5.6 51.5 2.1+£0.16
50 10 0.2 13.3 6.8 +0.54
50 20 1.6 22.8 3.2+0.25
50 50 10.1 36.0 1.1 £0.09
100 30 0.8 10.7 1.4 +0.01
100 100 8.2 45.3 0.6 + 0.04

Table 5-1 Disruption Results for Plastic Bottles

From the Table 5-1, it can be seen that the small botties with low volumes produced
the most disruption as was expected; however when considering the disruption of
organic materials, solvent saturation needs to be taken into consideration. This could
mean that higher volumes of solvent would need to be used, and a compromise will
need to be made between the disruptive force required and the amounts of solvent

needed to fully dissolve the organic compound (a decision made by the end user).

5.4.3 Receptacle material

The glass receptacle tests were carried out in exactly the same manner as the plastic
and although very similar trends can be seen, confirming the small bottle, low volume
recommendation, the disruption is significantly lower when compared to that
associated with the plastic bottles. This confirms conclusions made by Mr. De
Quieros [12] and the theory of sound transmission through solid/liquid interfaces that
glass is a poor material for use in this context. (Graph 5-6 shows a theoretical

calculation of the sound transmission from water through the glass/plastic to water

Tri — Reactor Vessel 61















5.8.3 Differential Pressure Effects

Tests similar to those in Chapter 4 using differential pressure were carried out on this
triangular reactor vessel. Although the values in Table 5.3 below cannot be directly
compared with those in Chapter 4, the ratio of any of the weighted sums over it’s 0/0
differential pressure disruption index can enable a comparison with those in Chapter
4. It was found that although the pressure did increase the disruption, the increase of
differential pressure was roughly 3/5ths as effective in the triangular reactor vessel as
it was in the Vibracel unit. This could be due to two possible factors: firstly, the use
of three transducers in overcoming the problematic saturation effect in the
transmitting medium rendering the static pressure less effective; and secondly, the
previously mentioned lack of feedback control and resulting relative power in the

triangular vessel when compared to the Vibracel unit as the pressure was increased.

DestroyedDamaged Disruption
Pressure

foil %  {foil %  |Index
0/0 7.5 385 17.8+ 1.4
0/0.25 5.8 48.6 200+ 1.6
0/0.5 6.9 60.7 248+1.9
0/0.75  113.7 40.9 22.8+ 1.7

Table 5-3 Differential Pressure Results
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5.6 Comparison between Tri-reactor and Vibracel Unit

In order to gauge the differences and make a comparison between the tri-reactor and
the Vibracel unit, three quantities or effects were compared. Firstly, simply looking at
the electrical power being introduced into the system gives us an idea of effectiveness
of the transducer. However this is extremely inaccurate as there are many
mmefficiencies in the transmission of ultrasound to the receptacle in both the
transducers. The second method somewhat overcomes this problem by looking at the
disruption within the receptor vessel (which i1s common to both arrangements} and
comparing the power at which the disruption saturates, a high power indicating a
better design in terms of delivering disruptive power to the receptacle. The third is
simply comparing the vessels in terms of how the end product is intended to function

i.e. its ability to disperse the organic sohids.

When comparing the tri-reactor vessel which was driven at 550 Watts (max. at 0 Bar)
and the Vibrace! unit driven at 190 Watts (max. at O Bar) it implies that the tri-reactor
vessel has a large advantage over the Vibracel unit due to the tri-reactor delivering

more powdr.

Looking at Graph 5-5 the disruption as function of power reaching a maximum at
roughly 300 Watts can clearly be seen; however it reaches 80% of the saturation value
at 50 Watts. When comparing this to the Vibracel unit where the disruption saturates
at about 100 Watts and reaches 80% of its reaching a maximum value at just over 40
Watts, it can be deduced that the tri-reactor vessel is more effective at delivering

power to the receptacle.
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6 Transmission Media

This chapter considers the use of various liquids as a medium for the transmission of
high power ultrasound to the treatment vessel. The goal was to reduce the attenuation
in the transmission medium by some other means than the use of the time-consuming
static pressure method. This chapter begins with a look at acoustic attenuation, due
firstly to sound waves being reflected at material boundaries in theory, and secondly,
to the effects of cavitation absorbing and scattering the sound energy in the actual
system. This was followed by a series of tests showing the effect of using a broad
cross section of different liquids as transmission media. The media were discussed in
terms of the attenuation of the sound travelling through them and an optimum solution

for a transmission medium was found.

6.1 Acoustic Attenuation

As already mentioned, the attenuation was believed to come from two main sources:
the scattering effect of cavitation, and reflection at material boundaries. However,
there is a third source of attenuation, namely the viscous losses. This needs to be
taken into account when considering oils as transmission media that have significantly

higher viscosity than water or water-based solutions. [2]
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7 Streaming

As mentioned before, the effects of acoustic streaming provide a mixing and stirring
action. It was desirable to maximise these mixing effects to improve the dispersion
process and therefore it was critical that the factors influencing streaming are
discussed and quantified in the context of a disruption cell. This chapter looks at the
streaming patterns set up in the treatment vessel and how these are affected by factors
such as amplitude (or acoustic intensity), the water gap between the transducer and

the vessel, the vessel size, and, finally, the volume of iquid in the vessel.

7.1 Test Conditions

The tests conducted in this chapter were done under the conditions that produced the
best disruption as set out in previous chapters, namely a 50ml plastic bottle 1mm
above the transducer, and water both inside and outside the receptacle. The height of
the coolant/transnussion medium was set at 35mm above the transducer face. Only
the variable under investigation was changed to see its effect on acoustic streaming.
The streaming patterns of the tests that were done used the same basic apparatus

shown in Figure 7-1.
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8 Thermal Shocking

This chapter was concerned with the use of thermal cycling to increase the dissolving
quahities of the solvent as well as increasing the disruptive force of the cavitation. It
first looks at the dependence of violent cavitation on temperature. Next, the effect of
introducing solvents at different temperatures, and finally the real temperature profile

calculations, using thermal modelling of the system.

8.1 Test Conditions

A fluid dispenser (on loan from industry) provided a flexible and accurate means of
adding the solvent in the correct volumes, at a set temperature and at the right time
mntervals. The fluid dispenser consisted of two pump, storage and delivery systems:
one for the hot solvent and one for the cold solvent. The unit’s delivery system and

experimental environment 1s shown in Figure 8-1 and Figure 8-2.
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Appendix A

Image Processor Code Function

% figure, imshow(lady), title(scaled image™y;

ledge = edge(lad), sobel’, (2% 11

Yfigure, imshow{ledge), title{ binary gradient mask’);
SE = ones(6,2);

ledgedil = dilate(Tedge, SE spatial | 1}

Y%ligure, imshow(ledgedil), title(dilated gradient mask?;

seld = ones(3,1);

Ifinal = erode(ledgedilsely);
Hinal = erode(final, zeD);

figure, imshow{Ifinal), title( Final damage image mask™;

Dam = 100" (sum{{swm(Ifinal)) s}
black pixels to the total pixels

Ith = im2bw{Im,0.2};

seD = ones(3,1);
Itherode = erode(lth,seD);

%figure, imshow(ltherode), title('eroded image’y;

Itherode = dilate(ltherode, SE, spatial’,1);
figure, imshow({Itherode), title( Destroyed image mask’,

Des = 100*((m*n)-(sum{{sum{Itherode})))/(si};
total pixels

r = [Des Damj;

Appendix A

%L oading the Image

% getting size of image

% show image

% damaged foil computation

% normalize image

% show image

% edge detection

% show image

% setting up dilate matrix

% Ehlating edges to group damaged foil
% show image

Y setting up erode matrix
Y% Eroding grouped areas to onginal size

% show trnage

Y% calculating percentage of

% Destroyed foil compuation

%% thresholding the image to reveal black destroyed areas

% show image

% erodingto reduce outlier points
% show image

% Dilating to original size
% show image

% calculating percentage of black pixels to the

% returning Destroyed and damaged as a percentage




















