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CAVITATION 

by Christopher James Bradshaw Vian 

Light emission, acoustic pressure, surface erosion/corrosion and sonochemical rates 
are compared in a number of different ultrasonic systems representing "idealised" and 
"real world" scenarios. The spatial correlation between the measurements is shown. 

An electrochemical sensor based on surface erosion/corrosion of a passive 
metallic solution/metal interface is developed and shown to be applicable to a number 
of environments. Counting of discrete surface erosion/corrosion events on either an 
aluminium or titanium electrode is used to investigate cavitation activity as a function 
of position within an ultrasonic reactor with up to 4 x 105 events being recorded in 30 
s. The technique represents a 4 orders of magnitude increase in sensitivity compared 
to similar weight loss techniques. To conduct measurements in the "real world" 
environment (e.g. an ultrasonic cleaning vessel) a new unipolar linear optocoupled 
current follower is described and its performance analysed. The application of this 
current follower reduces the noise signal recorded from> 100 IlA to < 0.1 1lA. This 
allows measurement of erosion/corrosion events in situations that would otherwise be 
precluded. The processes that lead to erosion/corrosion on the surface of an electrode 
are investigated using high-speed photography with particular reference to the 
difference between sharp "primary" and rounded "secondary" peaks. 

A stable and reproducible electrochemical flow cell is used to make sonochemical 
measurements as a function of position. It is found that mass transfer within 
ultrasonic vessels made spatial resolved measurements umealistic with this system. 
A bi-polar optocoupled current follower is constructed to allow the electrochemical 
measurement of sonochemical activity under adverse conditions and used to show a 
rate ofI3- generation of 1.3 nM S-1 in an ultrasonic cleaning bath. 

A systematic study of a single transducer ultrasonic reactor at different drive 
frequencies is made using all available techniques. This shows an excellent 
correlation between pressure and light measurements at 92 kHz and pressure, light 
and surface measurements at 23 kHz. The relationship between the frequency and the 
light, surface and sonochemical measurements is investigated revealing that light 
emission and sonochemical activity occur at different frequencies. 

The light emission, acoustic pressure and surface activity are measured as a 
function of position in three ultrasonic cleaning baths demonstrating the 
inhomogeneous nature of the inertial cavitation generated. The placing of items 
within a cleaning bath is shown to reduce cavitation activity. 

Measurements made in the NPL reference vessel reveal a close spatial correlation 
between light emission, acoustic pressure, surface erosion/corrosion activity and 
broadband acoustic emission. The invasive nature of sensors is shown using light 
emission measurements. 
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A Electrode area (cm2
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c Concentration (morl dm3 or morl cm3
) 

F Faradays constant (96,480 C mor l
) 

h Drive frequency (Hz) 

If Mass transfer limited current (A) 

km Mass transfer coefficient (typically cm S-l) 

n Number of electrons 

P Pressure (kPa) 
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RE Blake radius - the threshold value for Ro in the Blake equation (m) 

Rcril The critical radius below which no interaction between a bubble and 

the sound field will be seen (m) 

Rmax The maximum radius of the bubble (m) 
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Rr The resonant bubble radius (m) 

t Time (s) 

t1 The time after the pressure exceeds the Blake pressure that a bubble 

responds (s) 

t2 The time at which the liquid ceases to be under tension (s) 

c Extinction coefficient (mol dm-3 cm-l
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(]' Surface tension 
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Abbreviations 

ADC Analogue to Digital Converter 
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Cavitation 
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Symbols and Abbreviations 

1. Introduction 
Cavitation of a liquid is the phenomenon where a pressure change or action of an 

appropriate energy influx causes the generation and activity of bubbles (or cavities) 

(1, 2). In turn the action of the cavities can cause a number of effects from acoustic 

pressure shocks (3-5) to light emission (6-23). The effects can be both beneficial and 

detrimental depending on the situation and location of the bubble centre. 

Interestingly it was the detrimental effect of cavitation on the action of propellers that 

first lead to its discovery. While this is an interesting process, with a variety of 

unusual effects produced within a liquid which is at room temperature, the generation 

and characterisation of this phenomenon is far from trivial. In addition the methods 

available for the generation of cavitation are varied. Young (2) describes how there 

are four ways in which cavitation can be produced: 

1. Hydrodynamic cavitation produced by pressure variations in a flowing liquid. 

2. Acoustic cavitation produced by the pressure variations within a sound field. 

3. Optical cavitation produced by photons from a laser beam causing local 

heating, liquid breakdown and bubble formation. 

4. Particle cavitation produced by elementary particles creating local heating in 

the liquid. 

However, Lauterborn (24) splits the methods of creating cavitation into two different 

groups; those brought about as a result of mechanical tension in the liquid (here we 

are able to classify hydrodynamic (25, 26) and acoustic cavitation as part of this 

group) and those created by an energy deposit (for example optical (27-37) and 

particle (38) cavitation). While these areas are of general interest, this thesis 

investigates the characterisation and monitoring of acoustic cavitation and 

specifically that generated by ultrasound. 

1. 1. Ultrasound and cavitation 
Ultrasound is defined as the frequency above the range of human hearing (> 16 kHz) 

and is widely used in research, medicine and industry for process where the 

generation of cavitation can have either positive (e.g. cleaning or organic destruction 
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(39,40)) or detrimental (e.g. erosion of surfaces (5,27,38,41-47)) consequences. In 

medical fields ultrasound is used as a diagnostic tool, for therapy and through the use 

of HIFU (high intensity focused ultrasound) the possible treatment of cancer (48). In 

biology it is used to destroy cells and in the pharmaceutical industry it is used to 

extract bioactives from plant materials. In sonochemistry ultrasound is used to 

destroy organic pollutants and the formation of nanoparticles. In addition to these 

applications ultrasonic baths are used for critical cleaning in many situations. 

Acoustic cavitation can be divided into two forms; inertial and non-inertial cavitation 

(49, 50). Inertial cavitation was previously described as 'transient cavitation' and 

non-inertial as 'stable cavitation', this was after the duration that the cavitating 

bubbles were thought to exist for (transient cavitation was thought to last 

approximately one pressure cycle). After the discovery by Gaitan and Crum (11) that 

it was possible for a single bubble to undergo repeated light emission (indicative of 

the presence of inertial (51, 52) cavitation) over many thousands of pressure cycles 

the current appellations were considered more appropriate. 

For cavitation to take place, be it inertial or non-inertial, then the tension in the liquid 

must exceed the Blake pressure (53) in order that the bubbles within the liquid can 

grow (1). The Blake pressure can be calculated from equation 1.1 

30-
(valid for Ro« Rr) (1.1) 

where Ro is the equilibrium bubble radius which is termed Rs the Blake radius in 

equation 1.1; R,., the radius of a bubble that would be in pulsation resonance with the 

incident sound field; Ps (the Blake pressure) is the minimum acoustic pressure at 

which a gas bubble of radius Rs will rapidly grow; Po is the hydrostatic liquid 

pressure outside the bubble and 0- is the surface tension of the liquid. As the pressure 

within the liquid reduces below the Blake pressure for a given bubble the bubble 

begins to rapidly expand. Due to the inertia of the system this expansion continues 

beyond the point in time where the pressure is above the Blake threshold until the 

bubble wall is stationary. Here it can no longer be maintained and it begins to reduce 
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Chapter 1: Introduction 

in size. If the cavitation is to be inertial then the motion of the bubble will be more 

violent; an explosive isothermal growth will be followed by a rapid adiabatic collapse 

leading to the possible breaking up of the bubble. This has the effect of concentration 

the energy in the liquid to a tiny point. Figure 1.1 shows a schematic of the bubble 

radius as a function of time during a bubble rebound (left) and inertial cavitation 

collapse (right). 
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Figure 1.1: Plots showing the radius of a bubble as a function of time under the action of a 
pressure wave. The bubble has an initial radius of 10 llm and is subjected to a sound field 
of 160 kPa peak to peak (left) or 300 kPa peak to peak (right). The right hand bubble 
undergoes a inertial collapse where as the right hand bubble is an interesting repetitive 
oscillation. Developed from (1) by (54). 

The concentration of energy during the collapse of the bubbles leads to extreme 

conditions at the point of collapse. It has been calculated that at the point of bubble 

collapse the temperature within the bubble reaches in excess of 5000 K (55-57) and 

the pressure over 50 MPa. The collapse of the bubble and the conditions within it 

generate acoustic pressure shocks, chemical radicals (58-60), light emission and, if 

the collapse happens near enough to a surface, surface erosion/corrosion (1,5, 38, 41-

47). 
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Chapter 1: Introduction 

The conditions that precipitate the initiation of cavitation are not reliant only on the 

presence of acoustic pressure in excess of the Blake pressure. The Blake pressure 

only requires that the radius of the bubble that is to be the nucleation point for the 

cavitation be greater than Rcril which is defined as the critical dimension below which 

any change in hydrostatic pressure will have no effect. Therefore if the acoustic 

pressure is above the Blake pressure then bubbles within the liquid whose radius is 

greater than Rcril (R > Rcrit) will be active and undergo cavitation. This does not 

explain whether the cavitation will be inertial or non-inertial. To determine this 

Holland and Apfel (61) introduced an analytical function that incorporated both upper 

and lower radius thresholds. Figure 1.2 shows how the variation in the pressure field 

leads to change in the radius of the bubble. This model is discussed in detail beyond 

the scope of this thesis in Leighton (1) . 

• 

H-~-----+----------------"Timet 

!<min 
~~~--------------------~Timet 

~ t 
2 

Figure 1.2: The model response of a bubble undergoing inertial cavitation to the pressure 
field. Further explanation of the model can be found in (1, 61, 62). (Figure taken from 
Leighton's (1) redrawing of Holland and Apfel (61).) 

Figure 1.2 shows how as the negative phase of the sound field increases the liquid 

initially goes into tension. After t = tJ the negative pressure amplitude reaches the 

Blake pressure (PE) which is followed by a lag time before the bubble responds and 

begins to grow. At t = t2 the liquid ceases to be under tension but the inertia, surface 
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tension and viscosity of the bubble cause the bubble to continue expanding until it 

reaches its maximum size (Rmax). The forces acting on the bubbles then cause the 

bubble to rapidly collapse to Rmin. 

Power (62) incorporated the model and equations of Holland and Apfel (61) and 

Leighton (1) into a Microsoft Visual Basic program that allowed the pressure 

threshold as a function of bubble size to be calculated. Figure 1.3 shows the output 

from this model at 25 kHz with the Blake (-) and expansive (- -) pressure 

thresholds. This model relies upon a number of approximations. These include: 

• The Holland and Afel model (61) requires that the temperature inside the 

bubble reach at least 5000 K. This is not unreasonable given that the 

temperature inside a bubble has been measured to be well in excess of this 

(55-57). 

• The model also assumes that the bubbles (nuclei) will undergo prompt 

cavitation; that is to say they will cavitate after one acoustic cycle. 

Throughout this thesis the Visual Basic program developed by Power is used for the 

calculation of pressure thresholds; specifically the expansive pressure threshold is 

used. 

The threshold plots seen in figure 1.3 show that bubbles of different sizes have 

different pressure thresholds. At a pressure amplitude of 150 kPa a bubble with a rest 

radius of 10 /lm will undergo inertial cavitation at 25 kHz; whereas under the same 

conditions a bubble of initial radius 50 /lm will undergo non-inertial cavitation. 

However, bubbles that are not of suitable size to undergo inertial cavitation are not 

precluded from interaction with the sound field. Those which are either too small or 

too large to initiate inertial cavitation will still be subjected to the action of the 

pressure field and undergo non-inertial cavitation. Instead of the explosive growth 

seen for bubbles undergoing inertial cavitation the growth of the bubble is more 

measured as the pressure decreases. During this period the amount of gas within the 

bubble increases as fmiher dissolved gas from the liquid surrounding the bubble is 

drawn into the bubble through 'rectified diffusion'(63-68). Figure 1.4 shows a 

schematic representation of the processes involved in this phenomenon. Rectified 

diffusion, under the appropriate physical conditions, can increase the size of bubble. 
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Consequently it may either now be big enough to undergo inertial cavitation or be so 

big that it collapses and forms a number of smaller bubbles that can undergo rectified 

diffusion in order to grow to a suitable size to undergo inertial cavitation. 

500r-r-------.-------.--------.-------r------~~ 

400 

ro 
0.. 300 
~ -~ 
::::J 
CJ) 
CJ) 

~ 200 
0.. 

100 

inertial cavitation 

--------t __ ----
o 20 40 

-" -------------- -
non-inertial cavitation 

-

60 80 100 

Initial bubble radius /l-1m 

Figure 1.3: Plot showing the theoretical pressure threshold for inertial cavitation (- -) and 
the Blake pressure (-) as a function of bubble radius at 25 kHz. Calculated using the 
Visual Basic program developed in (62). 

P<Pg 

Pressure drops, 
gas into bubble 

Surface area large 

P>Pg 

Pressure rises, 
gas out of bubble 

Surface area small 
Figure 1.4: Schematic representation of bubble growth through rectified diffusion. Note 
in (a) the bubble is large and the flux of gas into the bubble exceeds (c) where the bubble is 
small. 
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The extreme conditions found at the point of bubble collapse are not restricted to the 

action of an acoustic pressure field within a liquid; the same explosive isothermal 

growth followed by rapid adiabatic collapse is seen with other forms of cavitation 

generation. Such are the pressures and temperatures experienced at bubble collapse 

that it has been postulated that it is possible to initiate nuclear fusion within them (69, 

70). Evidence for fusion in deuterated acetone has been reported using acoustic 

cavitation with and without neutron seeding (71). The veracity of these results is 

disputed and the subject lies outside the purview of this thesis but is of interest to 

note. 

1.2. Effects of cavitation 
Cavitation has effects that can be seen in the bulk of the liquid in which it is taking 

place in addition to the localised activity seen at the point of bubble collapse (1). 

These effects include acoustic pressure shocks, light emission, chemical change (from 

radical formation), increase in temperature (72) and if the cavitation is taking place in 

vicinity of a surface, surface erosion/corrosion. It is these effects that can make 

cavitation both a useful and detrimental effect. These effects will be discussed in the 

following sections. 

1.2.1. Physical effects 
A number of physical effects within the liquid surrounding cavitation activity can be 

seen. These include acoustic streaming (or bulk flow), micro streaming, microjetting, 

acoustic shock waves and cluster collapse (5, 73, 74). We shall now look at these in 

turn: 

1.2.1.1. Acoustic streaming 
Acoustic streaming (53, 75) is bulk flow of liquid due to pressure imbalance in the 

liquid caused by the attenuation of the pressure field. Using sonoelectrochemistry 

(76) it has been suggested that at the tip of an ultrasonic hom the streaming speed can 

be up to 10 cm S-l (77). 

1.2.1.2. Microstreaming 
Microstreaming (65, 78-81), as the name suggests, takes place on a smaller scale than 

acoustic streaming. When small obstacles, such as bubbles, are placed in a sound 
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field the frictional forces at the boundary layer lead to circulation of the solution in a 

small (often microscopic) layer. This is termed microscopic streaming. The way in 

which the solution circulates around the obstacle was investigated by Elder (82) who 

utilised aluminium powder to visualise the flow. This lead to four distinct patterns 

being observed. They are summarised below and shown in figure 1.5. 

Type a: Seen in a low viscosity liquid at low pressure if the surface of the 

bubble is contaminated. 

Type b: Seen over a wide range of viscosities and pressure amplitudes 

Type c: Seen at the same time as the onset of surface wave modes. 

Normally seen in low viscosity liquids but can be seen on those of 

higher viscosity if the pressure is great enough. 

Type d: Seen in low viscosity liquids with high pressure amplitude; 

allowing more than one surface mode to be excited. 

(b 

Figure 1.5: Schematic representation of the four types of microstreaming identified by 
Elder(82). Taken from are-drawing of the original by Leighton(J). 

It is also possible to use electrochemical methods to detect micro streaming (63, 64, 

68, 83-91). Here the motion of the gaslliquid interface of a tethered bubble using a 

novel electrochemistry approach. (84, 85, 88) In this technique a microelectrode (92) 

(25 Ilm diameter platinum) was positioned, using a micrometer and stage, close (~ 5 -

10 Ilm) to the gas/liquid interface of a large gas bubble (bubble equilibrium radius, Ro 

~ 2 mm). The position of the microelectrode with respect to the gas/liquid interface 

was determined by employing standard scanning electrochemical microscopy theory 

to analyse the negative feedback (93, 94) approach curves measured as the 
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microelectrode approached the insulating bubble wall (employing Fe(CN)/ as a 

redox agent). The motion of the gas liquid interface could then be followed as 

additional current resulting from the ensuing enhanced mass transfer due to forced 

convection (84). This forced convection was produced by bubble oscillation as the 

result of acoustic irradiation of the liquid at the appropriate frequency and pressure 

ranges required to excite at the bubble wall either Faraday wave motion (a surface 

wave at /p12 where /p represents the drive frequency) or the excitation of bubble 

pulsation (88) at/p. 

« c ...,. 
._"' 

120 5.0 

1\ -80 200 
110 

-90 150 4.5 
100 

-100 100 
-0 4.0 

90 ! 
...., 

50 CD 

« -1 10 (Jl 
(Jl 3.5 

80 c 0 c 

! ::::: ...., 
-120 CD 

-50 ---0 3.0 70 t -130 OJ 
-100 

\ 60 -140 -150 2.5 

50 \t -150 -200 2.0 
0.0 0.5 1.0 1.5 2.0 2.5 3.0 

40 • • Time/ms • 1.5 
30 • • • • • 1.0 • • 20 

10 0.5 

0 500 1000 1500 2000 2500 

Distance/I-lm 

Figure 1.6: Image (scale bar = 2 mm) and plots taken from refs (84, 88) showing the 
average current (.) and associated mass transfer coefficient for a single air bubble driven 
into oscillation by a sound field operating at 1.46 kHz. The so lution contained 5 mmol dm-
3 [Fe(CN)6t in 0.2 mol dm-3 Sr(N03)z. The insert shows the oscillation in the current 
(- ) and pressure ( ) as a function of time employing high temporal resolution 
equipment. The experiment was performed at ca. 20-23 °c under aerobic conditions. The 
solid horizontal line represents the steady state current or mass transfer coefficient for the 
microelectrode in a stagnant solution. 
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These studies have shown that this electrochemical technique is able to monitor the 

motion of the gas/liquid interface with high sensitivity. Motion below the /-tm scale 

could easily be detected by the micro electrode as enhancements in mass transfer. 

Figure 1.6 shows a surface wave on a tethered bubble and the current time history 

recorded for a micro electrode positioned next to the gas/liquid interface of an 

oscillating bubble. 

Clearly this acoustoelectrochemical (95) approach to the study of bubble dynamics is 

useful. 

1.2.1.3. Microjetting 
If a bubble is close to a surface when it collapses then the surface can inhibit the flow 

of solution and lead to an asymmetrical collapse. This creates a jet towards the centre 

of the bubble which can continue through the bubble and impinge onto the surface. 

This is thought to be a major mechanism in the surface erosion/corrosion associated 

with cavitation. The impact of the jets on the surface leaves characteristic pits that 

are approximately one-tenth of the radius of the original cavity (96-98). Through 

laser induced cavitation and high-speed photography the study of microjets is 

extensive (34, 37, 99-102). Lauterbom et al. observed jets with velocities of 120 m s

I. Their work enabled the theoretical work of Plesset and Chapman (102) to be 

confirmed. Figure 1.7 shows the agreement between the theoretical (-) and 

experimental (0) measurements. 

10 
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0::1/;:>§P~%2s~+lici Boundary;~}3;;W~;; 
Figure 1.7: Plot showing the comparison of the theoretical (- ) and experimentally (0) 
derived shapes of a bubble collapsing near to a surface. Taken from Lautherbom and 
Bolle(lOJ) with the theoretical work of Plesset and Chapman(J02). Experimental work 
conducted at 300,000 fps, initial bubble radius was 2.6 mm and the bubble centre 3.9 mm 
from the surface. 

Under certain conditions the wall of the bubble furthest from the surface may traverse 

the bubble interior and penetrate the bubble wall nearest the surface. An excellent 

example of such an effect, taken by Crum, is shown in figure 1.8. 

Figure 1.8: Jet formation during collapse of an oscillating gas vapour at low pressure 
(0.04-0 .05 bar) in a 60 Hz sound field . First published by Prosperetti(l03). 
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1.2.1.4. Acoustic pressure shocks 
The collapse of a bubble emits a pressure pulse back into the surrounding liquid in the 

form of a shock wave. It has been shown that the shock generated at the point of 

collapse of a laser generated bubble can have an amplitude up to 1 GPa. These 

shocks are thought to damage adjacent surfaces (99). Hirsimaki (37) has suggested, 

through the use of simultaneous high-speed imagery and electrochemical surface 

erosion/corrosion measurements, that the shock has as important role in the damage 

to local surfaces as microjetting. In the isolated case of the single bubble generated 

by a laser bubble the shock is rapidly attenuated only a surface within close proximity 

will be affected. This is not the case when the collapsing bubble is part of a cluster. 

1.2.1.5. Cluster collapse 
Hansson (4, 5) et al. have described the concept of cluster collapse where the 

collapse of a cloud of bubbles causes damage to a surface remote from initial bubble 

collapse. The energy associated with the collapse of a bubble (or shell of bubbles in a 

cloud) at the edge of a cluster is transferred to its neighbours. This inward transfer of 

collapse energy, concentrating into the centre of the cluster, can result in very 

energetic collapses at the centre. This is seen in the presence of violent microjetting 

and high amplitude shock waves. The damage done to surfaces through a cluster 

collapse is still attributable to individual bubbles, but the magnitude of the effects are 

magnified by the cluster collapse. 

1.2.2. Increase in temperature 
The energy being introduced to the cavitating liquid from the sound energy will lead 

to an increase in temperature of the liquid. This can be seen to be significant in 

magnitude in chapter 8 of this thesis. The heating of the liquid has been used as a 

measure of cavitation (104). It is though a poor method for doing so with it being 

difficult to separate the heating effect of the cavitation from that caused by other 

factors. For example over prolonged usage ultrasonic transducers are liable to heat 

up and, given that for good acoustical transmission they have to be in close contact 

with the cavitating liquid, this heat can be transferred to the liquid causing heating 

above that seen from cavitation alone. 
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1.2.3. Light emission 
Light emission as a side effect from cavitation was first observed by Frenzel and 

Schultes in 1934 (l 05-1 07) when they tried to speed up the photographic developing 

process by agitating the solution with ultrasound. Upon finishing their developing the 

effect of specks of light was found on their images. Further investigation revealed 

that the light was being generated from the cavitation. Similar light emission can be 

seen from many situations where cavitation exists (l06, 107). In sonoluminescence 

only a single flash of light is seen for each pressure cycle. It is assumed that the 

bubble responsible for the luminescence is then destroyed by the bubble collapse and 

subsequent luminescence is as a result of different bubbles. This is not always the 

case. Under certain well controlled conditions it is possible to trap a single bubble at 

a pressure anti-node that will luminesce every pressure cycle for many tens of 

thousands of cycles. This is known as single bubble sonoluminescence (SBSL) and 

the more common form of sonoluminescence, where light emission is seen from a 

large number of bubbles throughout the cavitating vessel, multi-bubble 

sonoluminescence (MBSL). 

1.2.3.1. Mechanism of sonoluminescence 
The mechanism that leads to the emission from light at bubble collapse is much 

debated and no single theory is universally accepted. A number of theories have been 

proposed including thermal, mechanochemical, electric, opacity and a quantum 

theory. The majority of these theories were developed for MBSL light emission 

before being adapted to suit SBSL light emission as well. Each is discussed briefly in 

tum below. 

1.2.3.2. Thermal mechanism 

The thermal mechanism for light emission was proposed by Griffing (l08). The 

theory proposes that heat is generated by the compression of the gas and vapour 

within a bubble collapse. The heat generated within the bubble cannot be dissipated 

to the surrounding liquid because the thermal transport is slower than the bubble 

collapse. Consequently there is a concentration of energy into the confines of the 

bubble such that the' conditions are extreme enough that molecular excited states and 

radicals are formed. The recombination of the radicals and relaxation of the excited 
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states dissipates the excess energy in the form of light, giving rise to light emission. 

The theory is supported by emission spectra from the sonoluminescence of 

hydrocarbons which show vibrationally resolved bands attributed to the emission 

from the excited states of diatomic molecules (109). The theory though does not 

explain the short duration of the flashes oflight seen. 

1.2.3.3. Electrical mechanism 
The electrical mechanism for light emission was first proposed by Frenkel (110) and 

is as a consequence of work which reveals that a single argon bubble can be 

characterised as a spark like plasma. Lepoint et at. (111) assume that the bubble 

expansion and a major part of its collapse is governed by Rayliegh-Plesset dynamics. 

The mechanism speculates that just prior to the collapse of the bubble needle like jets 

invade the bubble and deposit a minute spray of droplets (radius 150 nm) into the 

bubble. The distortion of the electrical double layer surrounding the bubble results in 

the jets and the droplets they deposit being oppositely charged. The shockwave 

electric field creates a plasma which releases energy as the form of light in a very 

short burst. An overpressure is associated with the plasma formation and this is 

believed to induce a deceleration in the bubble collapse. This theory does not explain 

why light emission is observed in liquid mercury (1). 

1.2.3.4. Mechanochemical mechanism 
The mechanochemical mechanism is based upon spherical microshock waves 

propagating within the bubble was proposed by Jarman (112) and has been supported 

by Barber and Putterman (113) and Lofstedt et al. (114). The shock waves reach 

supersonic speeds and induce the super heating of the gas at the centre of the bubble. 

The gas then emits light according to Bremsstrahlung radiation. By coupling the 

Rayleigh-Plesset and Euler equations Wu and Roberts and Moss et al. predicted that 

the temperature within the bubble could reach 105-106 K. 
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1.2.3.5. Quantum vacuum radiation 
Eberlein (115, 116) uses quantum vacuum radiation theory to explain the light 

emission from a collapsing bubble. This is supported by the absence of UV radiation 

from the emission. 

The level of light emission seen from MBSL is very low (of the order of a few 

hundred counts per second at a single photon counter module) and as such requires 

very dark conditions and specialised equipment for a meaningful measurement to be 

made. It is possible, through the addition of chemicals such as luminol (62, 83, 117-

122) to the cavitating liquid, to increase the level of light emission to the point where 

it can be clearly seen with the naked eye. We shall now look at this process in more 

detail. 

1.2.3.6. Multi-bubble sono(chemi)luminescence 

Multi-bubble sono(chemi)luminescence (MBS(C)L) is the augmentation of the multi

bubble sonoluminescence with light emission from excited chemical states created by 

cavitation. It is well known that an alkaline solution containing luminol will generate 

light if subjected ultrasound of sufficient intensity. The mechanism has been 

investigated and determined by a number of authors (123, 124). The luminescence is 

as a result of an oxidative chemiluminescent process involving sonochemically 

generated OH' (118). The proposed mechanism (125) by McMurray et al. for 

luminescence from luminol is shown in figure 1.9. Various studies have shown that 

the process is more efficient at higher pH and that the H20 2 concentration has a 

significant effect on the level of light emission (123, 126, 127). The addition of 

EDT A as a chelating agent to remove any metal ions from the luminol containing 

solution reduces any the possibility of an artificial signal being created by H20 2 being 

catalysed to OH·. 
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Figure 1.9: Proposed mechanism of sono( chemi)luminescence taken from McMurray(J 2 3) 

The level of light emission recorded from MBS(C)L is significantly greater than that 

recorded for MBSL in isolation. As part of a high resolution study into the effect of 

frequency on the level of light emission from a single transducer ultrasonic reactor 

Birkin et al. (128) demonstrated that, despite the increased level of light emission 

seen from a solution containing luminol, there was an excellent correlation between 

the relative level ofMBSL and MBS(C)L at a given frequency, see figure 1.10. 
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Figure 1.10: Plot showing the MBSL20 (--) and MBSCL20 (-0-) output of the 
sonochemical cell as a function of drive frequency. Taken from Birkin et al(J 28) 
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1.2.4. Radical chemical formation 
In the preceding section we have seen how radicals (60, 129-135) formed in the 

process of inertial cavitation can be utilised to increase the level of light emission 

seen from a cavitating liquid. The presence of OH" and H" (136) radicals and the 

effect that they have on the chemistry of the bulk of the cavitating liquid can also be 

measured. 

The formation of hydroxyl radicals (OH") by cavitation was established by Weissler 

through the detection of H20 2, it being the geminate recombination product of the 

hydroxyl radicals. The presence of both hydroxyl radicals and hydrogen atoms (H") 

was shown by Riesz et al. who used spin traps to convert the short lived radicals into 

more stable nitroxyl radicals that it was possible to detect using ESR (electron spin 

resonance) (137). The spin traps were chosen such that the OH" product would form 

a doublet in the ESR spectrum whereas the H" product would form a triplet allowing 

the two to be differentiated and confirming the presence of both OH" and H" radicals. 

The bulk concentration of radicals with an ultrasonic reactor is quite low (138, 139). 

It has been proposed that the local concentration of radicals generated around a single 

cavitation event can reach 4 mmol dm-3 (130). This despite that it is thought that only 

10% of the radicals generated in the vapour phase within the bubble reach the 

solution (140). 

1"2.4"1" Chemical dosimetry 
Numerous dosimeters have been used by sonochemists to determine the rate of OH" 

radical formation as a result of cavitation (141, 142). In dosimetery the radiation 

dose is determined from the chemical change of a well known and characterised 

chemical reaction. Fricke and Hart (143) outlined the properties of the ideal 

dosimeter but no single reaction is likely to be ideal and fulfil all the requirements. 

The principle properties hoped to be found in a dosimeter as outlined by Fricke and 

Hart are: 
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• It must sensItIvIty enough; aqueous chemical dosimeters can measure doses 

between 10 - 10 I 0 rads with an absolute accuracy of 1-2 %. This is limited by the 

value of the absorption coefficient. 

• It must be stable before and after irradiation. 

• The dosimeter should show an independence of product yield on the dose rate, 

quality of radiation and temperature. 

• Ideally the relationship between the dose and amount of reaction product would 

be linear. 

In sonochemistry many dosimeters have been utilised( 62); principle amongst these 

are the Fricke (141), terephthalate (139) and Iodide (144) (or Weissler) systems. The 

Fricke dosimeter uses an acidified solution of Fe2
+ which, when subjected to 

conditions that generate OB' forms Fe3
+. Initially developed for work on ionising 

radiation it has also seen use in sonochemical measurements (139, 141, 143). The 

terephthalate dosimeter is specific to only the measurement of OB' formation. The 

terephthalate ion undergoes a hydroxylation which makes it possible to detect using 

fluorescence spectroscopy. Further details of the mechanism and its use in 

sonochemical measurements can be found elsewhere (144). 

The generation of free radicals as a by-product of cavitation was first confirmed by 

Weissler in 1959 (60). Previously to this he had recorded the oxidation of r to 13- in 

a solution of potassium iodide when subjected to ultrasonic cavitation (145). 

Reactions 1.1 to 1.4 show the cascade of reactions involving the OB' radical and 

iodide to form the 13- ion. 

r + ·OB • -OB + t (1.1 ) 
t+r • h·- (1.2) 
2h·- • 2r+h (1.3) 
h+r .. • h- (1.4) 

The Weissler reaction is a particularly powerful dosimeter as it is possible to measure 

the formation of 13- using both electrochemical and UVNis absorption spectroscopy. 
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1.3. Electrochemical measurements 
Electrochemistry offers a very powerful method for measurmg the effects of 

cavitation. Through the use of a redox couple it is possible to record bulk flow within 

a reactor through increased mass transfer (54, 146-148). The use of a suitable 

chemical dosimeter enables the formation of radicals by the action of cavitation to be 

recorded (62). The reformation of passivated films on an electrode surface makes it 

possible to monitor surface erosion/corrosion in real time and at a specific location 

(37, 54, 149). Of particular interest to this work is the use of electrochemistry to 

monitor the chemical change taking place within a cavitating liquid and to monitor 

the reformation of passive films (150-153) destroyed after surface erosion corrosion. 

In this section we shall look at a number of previous studies where electrochemistry 

has been used to measure cavitation. First, we shall look at the measurement of 

chemical change as a result of radical species formation before second, looking at the 

use of passivated electrodes to study surface erosion corrosion. 

1.3.1. Chemical measurements 
Compton and co-workers (154) reported the direct measurement of OR' radicals 

using electrochemistry through an increased current beyond that which would be 

associated with purely mass transfer enhancement. Power et al. reported the 

detection of H" radicals using a Cu2
+ system (136). Though both are impressive 

achievements they do not give an indication as to the overall level of radical 

generation within the bulk of the cavitating liquid. Such electrochemical 

measurements were made, also by Power et al. (62, 128, 155, 156) whilst 

investigating the frequency dependence of both light emission (through MBSL and 

MBS(C)L) and chemistry and the correlation between them (157). By making use of 

a flow cell it was possible to make a measurement without having to consider the 

mass transfer enhancement effect of acoustic streaming within the liquid and make 

accurate measurements as to the concentration of b -produced by radicals. The study 

showed that there was a general trend that both the light emission and rate of 

chemical change (radical fonnation) increased as a function of drive frequency, (see 

figure 1.9). 
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Figure 1.11: Plot showing the frequency dependemce of both MBS(C)L light emission and 
the production of 13- (indicative of radical production) in a single transducer cylindrical 
reactor. Taken from Power (62). 
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Further analysis of the frequency range around 124 kHz also showed that there is a 

strong correlation between the MBSL output and sonochemical yield of a variety of 

reactions. Figure 1.12, taken from reference (121) shows this correlation. 
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Figure 1.12: Plot taken from reference (121) showing the frequency dependence of both 
MBSL output of the cell (-0-) and three sonochemical reactions (.). 

1.3.2. Surface erosion/corrosion measurements 
In section 1.2.1 we have seen that the action of a collapsing bubble or the associated 

shock can cause the pitting and damage of a surface local to it. If the surface local to 

the collapse is an electrode covered by a passive layer then it is possible to identify 

the presence of surface events electrochemically (54, 149, 158). When the passive 

layer is damaged it reveals the active electrode underneath; this causes a current to 

flow as the passive layer is reformed. Figure 1.14 shows the sequence of events 

associated with this process. This procedure has been reported for a number of 

metals (158, 159). Offin et al. made use of a novel dual electrode where a platinum 

microelectrode was set in close proximity to a lead electrode that was passivated with 

a lead sulphate layer (42). This allowed the simultaneous investigation of the mass 

21 



Chapter 1: Introduction 

transfer and erosive/corrosive effects of cavitation. The electrode was used to map 

the cavitation activity at the surface of an ultrasonic hom, see figure 1.13. 

Figure 1.13: Taken from reference (74) showing the mapping procedure used to analyse 
the cavitation field from an operating ultrasonic hom. 

Hirsimaki (37) made use of the same methodology in accompaniment of high-speed 

imaging to investigate the processes that lead to surface erosion as a result of single 

bubble laser induced cavitation. The time resolved real-time measurement that the 

use of electrochemistry allows enabled the process by which bubbles collapse causes 

damage to be investigated in a way not previously possible. This suggested that the 

pressure shock at the collapse of a bubble had a more significant role in the erosive 

process (37). 
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Figure 1.14: Schematic representing the sequence of events expected for an erosion 
corrosion event produced by cavitation. 

This section has shown that clearly the use of electrochemistry is a powerful 

measurement technique for the study of cavitation. 

1.4. Measurement of acoustic cavitation 
Despite wide use of devices that make use of acoustic inertial cavitation there is no 

recognised and agreed method by which it is measured. Consequently comparison 

between different experimental and industrial setups is problematic and the 

exploitation of the phenomena is thus curtailed. Apfel identified three "golden rules" 

that should govern the measurement and investigation of cavitation. These were: 

Know thy sound field (including the vessel containing the liquid) 

Know thy liquid (including all it contains) 

Know when something happens (a measure ofthe effects of cavitation) 

As Walton (l07) also notes that, 

"Physicists may, for example, take some care over setting up a known sound field yet 

be content with "tap water ". Chemists, by contrast, may go to great pains to 

characterise the liquid yet be content with a commercial sonicator producing an 

essentially unknown soundfield" 

This inconsistency makes it difficult to compare results between different studies. 
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1.4.1. COMORAC (104) 
With this in mind the UK Department of Trade and Industry commissioned the UK 

National Physical Laboratory (NPL) and Southampton Universities Institute of Sound 

and Vibration Research (ISVR) to look at this area. The result was an exhaustive 

technical report (160) that detailed the current state of measurement techniques within 

the field and demonstrated the need for a standardised method of measurement. For a 

detailed description of the different measurement techniques used to measure 

cavitation the reader is directed towards this technical report (160). The publishing of 

the technical report led to the formation of the Characterisation Of Measures Of 

Reference Acoustic Cavitation or COMORAC project where a number of different 

measurement techniques were tested under the same conditions at NPL (104, 161). 

The experiments were conducted in a standardised reference vessel at NPL and 

reported that it was possible to differentiate between "hot" and "cold" spots of 

cavitation (62). The COMORAC project was continued in two ways by NPL: first a 

large cylindrical reference vessel was developed and then extensively characterised 

using a hydrophone (162). Second a new, novel, broadband acoustic sensor was 

developed (163, 164). 

1.4.2. NPL reference vessel 
The reference vessel is based on a model P1800-25 Ultrasonic Processing Cell 

produced by Sonic Systems with a volume of 30 dm3
. The stainless steel vessel has 

thirty 25 kHz PZT transducers bonded to it and is controlled by a computer. To 

facilitate measurement an XYZ positioning system is mounted above the vessel. The 

facility is sighted at Teddington, London and allows the accurate comparison of 

different measurement protocols. The reference vessel has been characterised using a 

hydrophone (162) and with the NPL cavitation sensor (unpublished). Within this 

thesis light emissive and surface erosion/corrosion measurements will be presented. 

1.4.3. NPL cavitation sensor 
The NPL cavitation sensor measures the broadband acoustic emissions seen from 

bubble collapse. N eppiras (165) identified that hydrophones need a high frequency 
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response in order to measure the sharp edges of cavitation shocks. Figure 1.15 shows 

a schematic of the sensor. The sensor is a hollow cylinder of 4mm thick polyurethane 

onto the inside of which is mounted a 110 /lm thick piezoelectric film which responds 

to sound waves in the MHz range. The polyurethane acts as a shield, attenuating the 

MHz noise from outside sensor but leaving the drive signals below 120 kHz 

unaffected (166). This makes the sensor spatially specific to the volume within it. In 

order to minimise the effect that the sensor has on the conditions within the liquid to 

be measured, the fabric of the sensor is acoustically matched to water. The 

invasiveness of the sensor will be looked at in chapter 9. 

51IllU 1 

i 
; 22m", , , 
I 
y 
t 
~ 5mm 

t 
! ?nun 

Figure 1.15: Schematic of the cavitation sensor developed by NPL. Taken from Zeqiri et 
al.(l63) 

The NPL are developing associated electronics to allow the operation of the device 

without attendant specialist equipment and training. The sensor has already been 

used in a number of studies (167-169) and results from use of the sensor will be 

compared to other methods for measuring cavitation in chapter 9. 

1.5. Summary of work presented 
The primary aim of the work presented in this thesis is characterisation of cavitation 

through the concurrent measurement of a number of the resultant effects of the 

presence of inertial cavitation. Specifically the light emission (through either the 

action of MBSL or MBS(C) L), acoustic pressure, chemical change and rate of 

surface erosion/corrosion events on a passivated electrode will be examined. In order 

that the research obeys Apfels three golden rules (170) certain measures are followed. 

To comply with "know thy liquid" the content of solutions used through out the work 

are recorded. The pressure measurements made fulfil the second rule of "know thy 
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sound field" and the light emiSSive, sonochemical and surface erosion/corrosion 

measurements fulfil the third criteria of "know when something happens". 

Measurements were conducted in a number of different environments from the 

idealised conditions of a single transducer ultrasonic reactor (chapters 3 to 6) through 

to the chaotic conditions found in commercial cleaning baths and the NPL reference 

vessel (chapter 9). As such the work in this thesis is split into two parts; in the first 

part encompassing chapters 3 - 6 the work is conducted in idealised conditions; in the 

second part consisting of chapters 7, 8 and 9 the work is conducted in the more 

realistic earthed confines of ultrasonic cleaning baths and the NPL reference vessel. 

We shall now look briefly at the work presented in each chapter. 

Chapter 2 covers the broad experimental techniques used to conduct the experiments 

in the following chapters. 

Part A 

Chapter 3 deals with the measurement of chemical change through both 

electrochemical and spectroscopic means. A measurement protocol will be discussed 

that allows repeatable, accurate electrochemical measurements to be made with a 

limited degree of spatial resolution. 

Chapter 4 covers the action of near surface bubble collapses on aluminium and 

titanium electrodes. A new method for counting the number of events taking place in 

a given time will be introduced and the method compared to existing techniques. The 

new method will then be used to measure the variation in activity at the surface of a 

hom and in a single transducer reactor. 

Chapter 5 investigates further the mechanism through which current time events are 

formed on the surface of a passivated electrode by the means of concurrent high 

speed imaging and electrochemistry. Investigations were conducted under the 

repeatable conditions found at the tip of an ultrasonic hom as well as the different 

conditions found with an electrode placed in a single transducer ultrasonic reactor. 
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Chapter 1: Introduction 

Chapter 6 brings together the techniques demonstrated in chapters 2 and 3 along 

with low light and pressure measurements to investigate the level of cavitation taking 

place in a relatively large single transducer ultrasonic reactor at a number of different 

frequencies as a function of position within the reactor. 

PartB 

Chapter 7 deals with the problems associated with conducting sensitive 

electrochemical measurements in the earthed conditions found in commercial 

ultrasonic reactors. Various methods are considered to isolate the electrochemical 

cell from the surrounding environment and the development of two novel optically 

isolated current followers for fast surface erosion/corrosion events and slow chemical 

change measurements are discussed and tested. 

Chapter 8 sees a series of experiments conducted on three ultrasonic cleaning baths 

with low light, pressure, chemical and surface erosion/corrosion event measurements 

conducted to give a rounded view as to the level of cavitation taking place within the 

baths. In addition to this a number of objects are introduced into one of the baths to 

simulate the effect that items to be cleaned will have on the level and distribution of 

areas of high cavitation activity within the bath. 

Chapter 9 concentrates on measurements within the NPL reference vessel; bringing 

together measurements made by staff at the NPL with the NPL broad band cavitation 

sensor with measurements conducted as part of this project using low light imagery 

and photon counting, surface event measurements and chemical change 

measurements. 

Chapter 10 brings together the results in chapters 3 to 9 and draws final conclusions 

from the work before suggesting possible directions for further work. 
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2. Experimental 

2. 1. Lab based ultrasonic equipment 

Three different methods were used to generate ultrasonic cavitation in the laboratory 

at Southampton: an ultrasonic horn, single transducer ultrasonic reactors and 

commercial ultrasonic baths. Each of these devices has differing characteristics. The 

ultrasonic horn provides an intense and repeatable localised volume, the reactors 

provided a repeatable larger active volume and the ultrasonic baths provided an 

example of the industrial world situation. Each system will now be discussed in turn. 

2.1.1. Ultrasonic Horn 

The ultrasonic horn used was an Adaptive Biosystems ultrasonic horn transducer with 

a 3 mm diameter titanium tip (also by Adaptive Biosystems) operating at ~ 23 kHz. 

The horn provided a localised and repeatable volume containing inertial cavitation, in 

a region close to the face of the emitting surface. This extent of the area of inertial 

cavitation can be seen from the MBSL emission in image B in Figure 2.1. 

Figure 2.1: Showing the confined region of MBSL light emission, and therefore inertial 
cavitation, at the tip of the ultrasonic horn. Image A shows the horn within a cell under 
ambient ]jght condition, image B is an intensified image of the same area with the horn 
operating. The horn is being driven at 120 V and 23 .18 kHz in distilled water. 

2.1.2. Ultrasonic Reactors 

Four single transducer ultrasonic reactors were used; denoted from this point on as 1, 

2, 3 & 4. Reactors 1&4 have been employed in previous studies (62, 128, 155) 

whereas reactors 2&3 were constructed as part of this project. It was found that the 

transducer driving reactor 1 had degraded and therefore was no longer able to 

generate the pressures amplitudes required for the generation of inertial cavitation 

(described in more detail in chapter 3). This necessitated the construction of reactors 

2 & 3. Reactors 1, 2 & 3 were all water jacketed allowing the temperature control of 

the solution within the reactor. 
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Chapter 2: Experimental 

Figure 2.2 shows a schematic of reactor 1 including the dimensions of the cell. The 

glass water jacketed cell was bonded to a Morgan Electro Ceramics Ltd. transducer 

with resonance frequency of27 kHz using slow set epoxy resin (Streurs Epofix). 
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Figure 2.2: Schematic of ultrasonic reactor 1 used in previous studies (62, 128, 155). 

After the failure of reactor 1 the construction of replacement reactors of a similar 

design became imperative. Initially replacement reactors were constructed in the 

same manner as that used for reactor 1 (e.g. a glass base). However, it was found that 

after a sustained period of use the bases of the reactors became cracked. This was 

found to be due to the epoxy within the thread of the transducer being extruded from 

the transducer through the base of the reactor. An image of the transducer complete 

with the extruded epoxy can be seen in figure 2.3. 

Figure 2.3: The centre of the transducer has become pronounced during use. This is 
thought to be responsib le for the shattering of the bases of the glass cells. Transducer 
shown a MPI-C-28. 
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Chapter 2: Experimental 

In order to overcome this problem, reactors 2 and 3 differed in construction from 

reactor 1 in two important ways. First, the glass base of the reactors were replaced by 

a plastic sheet (from the front of a CD case) and second, fast set epoxy resin (RS) was 

used to bond the transducer to the base. This prevented ingress of the resin into the 

threaded hole of the transducer. These two alterations in the construction of the 

reactor enabled reactors 2 and 3 to be used for prolonged periods without damage. 

Reactor 2 was driven by an MPInterconsulting MPI-C-40 transducer with resonant a 

frequency of 40 kHz and had internal dimensions of 60 mm diameter and 106 mm 

height. Reactor 3 was driven by an MPInterconsulting MPI-C-28 transducer with a 

resonant frequency of 28 kHz. Figure 2.4 images A and B show schematics of the 

reactors 2 and 3 respectively. 

54mm 

106 mm 97 mm 

A B 
Figure 2.4: Schematics of reactors 2 (A) and 3 (B). Both are water jacketed drum reactors 
with plastic bases. 

In contrast to reactors 1-3 which had double walled glass sides reactor 4 consisted of 

a single walled cylinder of 1 mm polymethylmethacrylate (PMMA) with a machined 

metal base sealed in the cylinder with a rubber o-ring and Teflon tape. The driving 

transducer (Morgan Matroc Ltd, 33 kHz resonance frequency(1 71)) was bonded to 

the metal base using Epofix epoxy resin (Streurs). Figure 2.5 shows a schematic of 

reactor 4 and its construction. 
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Figure 2.5: Schematic of reactor 4 showing the entire reactor (A) and also focusing on the 
base of the reactor and how the metal base was attached to the body of the reactor (B). 

2.1.3. Commercial ultrasonic baths 

Three commercial ultrasonic cleaning baths were used to conduct experiments: an 

Ultrawave USO bath, a Branson BI210E-MT bath and a Semat ultrasonic bath named 

A, Band C respectively. All three were standard ultrasonic baths with timers 

allowing the variation of the period of sonication. All three baths were used without 

modification except for thorough cleaning prior to use. 

2.1.4. Electrical signal generation 

The electrical signal required to drive the ultrasonic horn and reactors 1-4 was 

generated using a Thurlby Thandar TGI0I0 function generator and amplified by a 

Brllel & Kjear 2713 Power amplifier. This setup had a maximum zero to peak 

voltage amplitude of 150 V. The signal was monitored using an oscilloscope. The 

drive voltage was recorded separately for each experiment and can be found in the 

relevant figure legend. 
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Chapter 2: Experimental 

2.2. Surface event measurement 

A major component of this thesis involved the counting of erosion/corrosion events 

on a passive electrode under potential control. The measurements were conducted 

using aluminium and titanium electrodes. 

2.2.1. Electrode construction 

Aluminium electrodes were constructed by sealing aluminium WIre (various 

thicknesses, Advent) in Epofix epoxy resin (Streurs) inside glass Pasteur pipettes 

(figure 2.6). The electrodes were connected to shielded coaxial cable (RS 7/0.2 mm) 

by soldering. Titanium (Advent) electrodes were constructed in two different 

supporting materials; Epofix epoxy resin and glass. The epoxy supported electrodes 

were constructed in a similar manner to those for aluminium. The titanium wire was 

sealed within a glass Pasteur pipette using Epofix epoxy resin, but due to difficulties 

in soldering the titanium wire to the coaxial cable the connection between the two 

was made using conductive silver paint (RS) coated with lacquer. 

Due to its low melting point (660°C) aluminium is unsuitable for sealing in glass as it 

was found to become molten when glass was sealed around the electrode wire. 

Titanium though has a high enough melting point (1660 °C) to be sealed in glass. 

The glass electrodes were constructed by first sealing a short section of wire (ca 5 

cm) at the end of a soda glass support with a blow torch. The glass support was then 

placed in an electrode fabricator and the glass collapsed around the electrode wire 

using a heating element whilst keeping the electrode under reduced pressure (figure 

2.6). To form an electrical connection between the electrode wire and the coaxial 

cable was made by melting indium wire (Aldrich, 1 mm diameter 99.99% purity). 
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Figure 2.6: Showing the method by which aluminium and titanium electrodes were 
constructed 

The electrodes produced using both methods were polished to produce a smooth 

reproducible surface with successive grades of silicon carbide paper (400, 600 and 

1200 Deer) and an alumina slurry (1 )..lm and 0.3 )..lm Buehler) supported on 

Microcloth (Buehler). The electrodes were polished back to a smooth minor like 

surface before each experiment unless stated otherwise. 

2.2.2. Electrochemical instrumentation for surface events 

2.2.2.1. Under normal conditions 

The time scale of the current time transients produced by the cavitation surface 

erosion/conosion events on the electrodes necessitated that a relatively simple 
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instrumental setup was employed. To this end, a current follower was connected at 0 

V verses a counter/reference electrode consisting of either a silver wire or a stainless 

steel needle (see figure 2.7). Two current followers were used in this project, both 

constructed in house. One was battery powered and the other mains powered. In 

order to cope with the fast current time events generated by the erosion/corrosion 

events the operational amplifiers in the current followers were OPA121KP with a 

bandwidth of 2 MHz. Current time transients were then recorded using either a 

Tektronix TDS 224, a LeCroy 9310AM oscilloscope or a TiePie Engineering 

Handyscope HS3 (100 MHz) USB oscilloscope. All the data was stored on a Pc. 

2.2.2.2. Under earthed conditions 

The earthed metal tanks used in commercial ultrasonic cleaning baths and the NPL 

reference vessel introduced a large amount of electrical noise and interference into the 

signal recorded from the electrodes. Consequently a novel optically isolated fast 

unipolar current follower was developed that enabled measurements in such 

conditions to be made. The construction of this current follower, its' testing and an 

examination of alternative methods of isolating the electrochemistry from the 

surrounding environment is discussed in chapter 7. 

2.2.2.3. Peak Counting 

In previous studies (54, 74, 172) a computer with a fast data acquisition system has 

been used to count the number of surface events taking place within a certain period. 

These studies have concentrated on events on the surfaces of lead or stainless steel 

electrodes which are longer in period then those seen for both aluminium and 

titanium (lead electrodes take 60 IlS to return to 10% of the maximum value (54), 

aluminium 15 Ils). This, coupled with the necessity of the system being portable for 

use with the NPL test rig, requires an alternative way of counting and analysing the 

events taking place. To accomplish this, an Amptek Pocket MCA 8000A Multi 

Channel Analyser (MCA) was employed to analyse the signal from the electrodes. 

The MCA records the number of peaks as a function of the magnitude of the peak. 

The ability of the MCA to collect worthwhile data will be discussed in greater detail 

in chapter 4 section 4.5.1. 
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Chapter 2: Experimental 

2.2.3. Experimental setup for ultrasonic horn 

To conduct surface event measurements in a repeatable environment the Adaptive 

Biosystems ultrasonic hom was mounted vertically above a cell into which a working 

electrode could be introduced from the base and into which a counterlreference 

electrode could also be placed. The hom could be positioned vertically using a 

Newport micrometer stage (25 mm travel 1 0 ~m resolution). In addition a Photon 

Control XY stage (25 mm travel and 1 0 ~m resolution in both directions) was 

employed so that the electrode could be positioned accurately in the area of intense 

cavitation near the hom tip. A schematic of the setup can be seen in figure 2.7. For 

line scans one of the micrometer screws could be removed from the XY stage and 

replaced by a Parker L25i positioner to allow automation of the process. 
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Figure 2.7: Schematic of the experimental setup used for making surface erosion/corrosion 
measurements at the tip of an ultrasonic horn. 

2.2.4. Experimental setup for reactors 

For surface measurements within either reactors 1-4 or the ultrasonic cleaning baths 

the working electrode and counter reference electrode were mounted vertically within 

the vessel. A schematic of the setup can be seen in figure 2.8. 
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Figure 2.8: Schematic of the experimental setup for making surface erosion/corrosion in 
single transducer reactors. 

2.3. Chemical change measurements 

Two different methods were utilised in this work to conduct the chemical change 

measurements; electrochemical and UV /VIS detection. F or both measurements the 

level of chemical change was determined using flow cells as direct assay within the 

ultrasonic environment was not possible. 

2.3.1. Electrochemical measurements 

2.3.1 .1. 3 electrode flow cell 

The three-electrode cell, a schematic of which can be seen in figure 2.9, had been 

used in previous studies (62, 128, 173). In this work the flow cell was employed as 

both a 2 and 3 electrode system. For both set-ups a 0.5 mm platinum working 

electrode sealed in glass was used. In the 3 electrode system a stainless steel counter 

electrode and an in house manufactured saturated calomel reference electrode (SeE) 
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were used. When used as a 2 electrode set-up the SCE electrode was used as a 

counter/reference electrode. Two configurations were used for the inlet to the flow 

cell; a 1.6 mm diameter Teflon tube and a 1 mm diameter, 18 gauge needle. 
0.5 mm diameter Pt 
working dcctrode Satumted calumel 

reference electrode 

1 mm gap between 
LL_...:::;~==t---------jr electrode and flow 

outlet 

mm 

Solution drawn 
through 18 

gauge needle 

1 mm 

mm 

Figure 2.9: Schematic of the three electrode flow cell (adapted from (62)). 

2.3.1.2. Acquisition under normal conditions 

Depending on the requirements of the experiment and the number of electrodes used 

different measurement protocols were used. For the majority of measurements only 

two electrodes were used. In this case where a varying potential was required an in

house USB 2 electrode potentiostat was used. When a single potential difference 

between the working and reference electrodes was required either the USB 

potentiostat was used or a separate potential source and current follower was 

employed. When experiments were conducted at which the potential between the 

working and counter/reference electrodes was maintained at 0 V, a current follower 

alone was used. When three electrodes were used an in-house three electrode 

potentiostat was used. With the exception of the measurements conducted using the 

USB potentiostat the output from the current follower (whether in a potentiostat or a 

stand alone device) was interfaced with a PC using an ADC card (either a National 

instruments PCI-6025E or a Measurement Computing CIO - DA5802116) and the 

data recorded by an in-house Visual Basic based software. 
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2.3.1.3. Bi-polar optocoupled measurements 

In order to conduct measurements in the environments found in the ultrasonic 

cleaning baths and the NPL reference vessels it was necessary to use a bipolar 

optically isolated current follower. In addition to being a current follower the device 

also encompassed a rudimentary voltage source making it possible to vary the 

potential between the working and counter/reference electrodes. The necessity of this 

device, construction, testing, as well as alternative methods of isolating the 

electrochemistry from the earthed environment, is discussed in chapter 7. The signal 

from the current follower was recorded using either a National Instruments PCI-

6025E ADC card or a Tie Pie Engineering Handyscope HS3 USB oscilloscope. 

2.3.2. UVNIS Spectroscopy 

A PC based Avantes UV100-2 spectrometer with an Avantes Mini-D2 UV-VIS-NIR 

Light source (both Anglia instruments) was used to record the absorbance and 

spectrum of solutions irradiated by ultrasound. The light source was connected 

directly to a cuvette holder and onto the spectrometer by means of a fibre optic cable. 

A Hellma Precision quartz cuvette with a 1 cm path length was used for each 

measurement. 

In addition an optical flow cell with a 1 cm path length was constructed. A schematic 

of the flow cell is shown in Figure 2.10. The flow cell was used to measure the 

absorbance of the solution within the reactor as a function of time, therefore allowing 

any change as a function of position or power to be studied. Flow cells used in 

previous work (39) had a short path length (~1 mm) which wasn't sufficient to pick 

up the low concentrations of h - generated. A peristaltic pump (detailed in section 

2.3.31) was used to draw solution through the system. Solution was either drawn 

from the reactor directly or passed through an electrochemical flow cell prior to 

arrival in the optical cell. This enabled simultaneous UV NIS absorbance and 

electrochemical measurements to be made. 
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Top of cuvette 
sealed with epoxy 

and glass slide 

From Reactor 

1 cm path 
length 

Teflon tubing sealed to .r---- cuvette using epoxy resin ---+--+ ~ 

Figure 2.10: Schematic of optical flow cell. Constructed using a low volume plastic 
cuvette. 

2.3.3. Pumping system 

The pumping system by which solution is removed from the reactor is almost as 

important as the flow cell in which the measurement is made. For the 

electrochemical measurements, a constant stable flow is required. In this work a 

peristaltic pump (Pharmacia Fine Chemicals, P-l) was used for this purpose. 

2.3.3.1. Peristaltic pump 

The peristaltic pump produced significant fluctuation in the rate of flow. To reduce 

this fluctuation, two different "damping systems" were employed: the first (for high 

flow rates) consisted of a syringe with the plunger pulled fully back attached to a T 

joint in the piping just before entering the pump (figure 2.11 B I)' The second (for 

low flow rates) consisted of a syringe with the plunger fully removed and the end 

sealed with latex from a glove and insulating tape (figure 2.11 B2)' 
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Figure 2.11 : Schematic of the peristaltic pump (A) and the damping systems used to 
smooth the flow (BI & B2)' 

2.4. Pressure measurement 

Pressure measurements were conducted with either a Briiel & Kjaer 8103 hydrophone 

or a Gras Type 10 CT hydrophone attached to a Briiel & Kjaer 2635 charge amplifier 

and recorded using either a fast PC based ADC card (Measurement Computing PCI

DAS 4020112) or a LeCroy 931 OAM oscilloscope attached to a PC in order to save 

the data. 

2.5. Low light measurement 

The level of light emitted from a solution undergoing intense multibubble 

sonoluminescence (MBSL) within an ultrasonic reactor can be measured as being of 

the order of 60 photons per second (see figure 6.1 in chapter 6). The addition of a 

chemical additive such as luminol (3 -Aminophthalhydrazide) can boost the light 

output by means of sonochemiluminescence to around 5000 photons per second. 

Even with the addition of chemical additives the level of light recorded is still 

significantly less than the level of ambient light found in a laboratory. Consequently 

in order for accurate and repeatable results to be made it was imperative that all 

measurements were conducted in black out conditions, ideally in a dark room. 

Working in a dark room it was possible to reduce the level of light recorded with the 

single photon counter module to ~3 counts S-l . The only exception to this was the 
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measurements conducted on the NPL reference vessel the reasons for which are dealt 

with in chapter 9. 

2.5.1. Imaging of the reactor 

The low intensity of light generated by cavitation makes the use of standard 

photographic equipment impractical. Consequently two low light camera systems 

were employed so that immediate images could be made. The two cameras were a 

Darkstar intensified CCD video camera from Photonics Science and a unit 

constructed in-house from a separate image intensifier and video camera. The in

house constructed unit consisted of a c-mount lens (25 mm Schneider fO.95 or 25 mm 

Fujinon fl.4) focusing the image onto the three stage phosphor intensifier (Photek 

MCP325 intensifier controlled by a Photek MCPU - 2.3 control unit) the image from 

which was recorded using a JAI CV-A50 CCD camera connected to a Cyberoptics 

imagenation PXC200A capture card in a PC. The images were recorded using in 

house software based on the manufacturer supplied software and adapted in Visual 

Basic. The Photek intensifier setup was capable of producing a luminous gain of the 

order of 2 x 107 compared to a normal CCD camera. The arrangement of the system 

can be seen in figure 2.12. 
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Figure 2.12: Schematic of the Photek intensifier based camera system. 

The Photonics Science Darkstar camera was not capable of the same level of light 

amplification as the Photek intensifier based system but was more portable and easier 
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to position. The image from the Darkstar camera was recorded using either the same 

Cyberoptics capture card as for the Photek system or by a Hauppage USB WIN-TV 

capture device and software. 

2.5.2. Stacking Software 

To remove random noise from the images, multiple images were stacked and/ or 

averaged using Tambaware Software Image Stacker V 1.03. The effect of this 

software can be seen in figure 2.13. Figure 2.13 (a) shows an original image; while 

figure 2.13 (b) is the result of stacking and averaging 93 other images recorded at the 

same time leading to a considerably clearer image. 

Figure 2.13: Low light images of Reactor 4 containing 1000 ml water driven at 23 kHz and 
150 V (~250 kPa). Image a is the original recorded using the Photek intensifier system. 
Image b is the amalgamation of image a with 93 other images recorded at the same time 
using image stacking software. 

2.5.3. Photon counting measurements 

To make quantitative measurements of the light output two photon counters were 

used. A prototype SensL PCM SN 10 prototype photon counter with an active 

detector 150 /lm by 10 /lm in size and a SensL PCMPlus-20 intelligent photon 

counting module with an active detector 150 by 20 /lm. The prototype PCM SN 10 

was a standard photon counter module generating a pulsed output that required 

external measurement. The signal from the photon counter was analysed using an EG 
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& G Multi-channel scaler connected to a PC. The dwell time was set to 50 ms for all 

experiments and readings recorded for either 10 or 8 sec at a time. In contrast the 

PCMPlus-20 counting module had an on board counting device and was controlled 

from a computer by means of a USB connection and data recorded using SensL 

integrated environment software. The PCMPlus-20 photon counting module was 

used for all experiments except for those in chapter 3 for which the PCM SN 10 

module was used. 

2.5.4. Use of luminol 

The addition of a solution containing luminol to a cavitating environment can greatly 

increase the level of light emission through the process of sonochemiluminescence. 

An example is shown in figure 2.14 which shows the luminescence from a Guinness 

Surger device. The elevated level of light emission from Luminol also permits the 

use of long time scale standard photography of a particularly active reactor such as 

the image of reactor 4 in figure 2.14. 

Figure 2.14: MBS(C)L images of a Guinness Surger and Reactor 4 that would not be 
possible without the addition of a luminol containing solution. 

The use of luminol does have certain draw backs; as reported by Offin (54) there is 

persistence in the emission from luminol beyond the period of sonication. In Offins 

work (54) this is characterised by a stream of light seen emanating from the end of an 

ultrasonic hom. In this study a similar effect could be seen in the forming of a 

43 



Chapter 2: Experimental 

"glowing cup" in a reactor after a prolonged period of sonication. The presence of 

this phenomenon was not restricted to the single transducer reactors but could be 

observed in all environments tested. Figure 2.15 show an example in reactor 3. 

Figure 2.15: Image showing the continued luminescence ofa luminol so lution beyond the 
period of sonication. Image is of reactor 3 after being sonicated for 30 s at 143 kHz and 80 
V (zero to peak) and then left for one minute prior to imaging. The reactor contained 100 
ml 100 mM Na2C03, 0.1 mM EDT A and 5 ~M luminol solution held maintained at 25 C. 

If quantitative measurements of the level of light emission from an ultrasonically 

cavitated vessel containing a lumionl solution were made using a single photon 

counter or photo multiplier tube then the persistence of the luminol could be seen 

more clearly. The graph in figure 2.16 shows that the luminescence from the vessel 

containing luminol extends beyond the period of sonication. Light emission in figure 

2.16 recorded using a EMI-Gencon Inc. RFI/B-293 photo multiplier tube (PMT) 

powered by a 2 kV power supply (Brandenburg 475R). 
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Figure 2.16: PMT trace showing the persistence of the luminescence from a solution of 
luminol beyond the point at which sonication ended (0 s). The initial signal from the PMT 
tube prior to sonication is represented by (---). Reactor 3 was driven for 30 s at 143 kHz 
and 80 V (zero to peak) with 100 ml 100 mM NaZC02, 0.1 mM EDTA and 5 ~M luminol 
solution held maintained at 25 C. The PMT tube was driven at 1600 V. 

The persistence in the luminescence from solutions containing luminol beyond the 

period in time during which they are subjected to cavitation presents certain 

problems. The continuation in the luminance precludes the use of luminol to amplify 

the light output of images acquired of an ultrasonic hom or any similar situation 

where a high degree of flow takes place due to the location of the luminescence being 

extended to locations in which no cavitation is found. For the majority of situations 

where there is no substantial flow (e.g. single transducer reactors) the region of light 

emission is not significantly increased by the persistence of the luminol light 

emission; the emission having subsided before the solution moves away from the 

point of cavitation. 
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2.6. High-speed imaging 

High-speed imaging was used to further understand the processes involved in the 

removal and then reformation of passivated oxide layers on electrodes. Experiments 

were conducted at the tip of the ultrasonic hom and in the centre of a single 

transducer ultrasonic reactor (reactor 4). Imaging was conducted using a Photron 

APX-RS camera and a Navitar 12 x Zoom c-mount lens connected to a fast PC by 

means of a firewire (IEEE 1394) cable. The camera was mounted on an XY stage 

enabling the easy positioning of the camera and ensuring an accurate focus could be 

attained. The images were analysed using Photron Fastcam Viewer software version 

2.4.3.8. Illumination was provided by a Fostec DCR 150W Light Source positioned 

such that the image reaching the camera was a silhouette. Electrochemical 

information was collected using a 250 flm diameter aluminium working electrode and 

a silver wire counter/reference electrode with the signal amplified by a battery current 

follower and recorded on a Le Croy 9310 digital oscilloscope connected to a PC 

using a GPIB port. To ensure simultaneous recording of the high-speed imagery and 

the electrochemistry the signal from the electrochemistry was monitored by a PC 

based ADC card (National Instruments PCI-6025E) and when the magnitude of the 

current from the electrochemistry exceeded a trigger value (signifying the presence of 

an event) a TTL pulse was sent to the camera and oscilloscope to trigger them. 

Despite both the camera and the oscilloscope being triggered simultaneously there is 

an uncertainty in the exact position of the actual trigger relative to the zero time 

stamp on the high-speed image frames of up to three quarters of a frame. Both the 

camera and the oscilloscope were configured such that the trigger would fall in the 

centre of the data recorded. A schematic of the set up with the ultrasonic hom is in 

figure 2.17. 
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Figure 2.17: Schematic of the setup used to make high-speed images of surface 
erosion/corrosion events. 

2.7. NPL Sensor 

An NPL broadband acoustic sensor was used to compare the broadband high 

frequency acoustic emission with light, pressure and surface erosion/corrosion 

measurements. The sensor is described in detail in literature (J 63, 164) and is hoped 

to be the basis of a standardised unit of cavitation. The output from the sensor was 

recorded using an NPL cavimeter which showed the level of activity in terms of volts. 

Prior to use the sensor was soaked in distilled water for at least 24 hrs to ensure that 

the surface was fully wetted to give consistent results. 

2.8. NPL Reference vessel 

NPL have developed an acoustic cavitation reference vessel in order that different 

measurement methods can be compared. The reference vessel is based on a model 

P1800-25 Ultrasonic Processing Cell produced by Sonic Systems with a volume of 30 

dm3
. The vessel is positioned within an enclosure below a 3-axis positioning system 
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(Time and Precision) allowing the positioning of sensors within the vessel. Control 

of the vessel and the positioning system is conducted by a Lab View based program 

on aPC. 

Side View 
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Figure 2.18: Schematic ofthe NPL reference vessel. Taken from Hodnett (J 62). 

X-scan 
direclic 

Figure 2.18 shows a schematic of the reference vessel taken from (162). The vessel is 

made of a stainless steel with a hard-chromed inner surface and is 330 mm high with 

a diameter of 312 mm giving a volume of approximately 30 dm3
. Bonded in three 

rows of ten are thirty identical 25 kHz PZT transducers; in the work conducted in this 

thesis only the middle set of transducers were utilised these being at the "half height" 

of the vessel. The controlling computiong program allowed the variation of the drive 

power transmitted to the transducers from 10 to 600 W. The water within the vessel 

was provided by a Elga Option 10 water system. 

2.9. Chemicals 

All solutions, except those for use in the NPL reference vessel, were made up using 

water from an USF Elga Purelab Option E 1 0 water purification system. Water 

purified in this manner had a conductivity of below 0.01 flS cm- l and a low organic 

content (manufacture quoted TOC < 30 ppb). All chemicals were used without 

further purification; their suppliers and purity can be found in table 2.1 . 
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Name Formula Supplier Purity 
Potassium Chloride KCI Fisher 99.7% 
Potassium Iodide KI Timstar AR 
Sodium Sulphate Na2S04 Fisher LRG 
Potassium Ferricyanide K3FE(CN)6 Sigma 99+% 
Sodium Nitrate NaN03 Fisher 99+% 
Stontium Nitrate Sr(N03)2 Sigma 99+% 
3 -Aminophthalhydrazide CgH7N30 2 Aldrich 97% 
Hydrogen peroxide H20 2 BDH 29-31 % 
Sodium Carbonate Na2C03 BDH 99% 
EDTA Lancaster 
Table 2.1 :Table of chemicals 
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3. Sonochemical measurements 

It is well known and understood that the action of inertial cavitation can lead to the 

formation of radicals in the high temperatures and pressures found at the point of 

bubble collapse (1). The measurement of the concentration of these radicals or their 

bi-products provides a good method for ascertaining the level of sonochemical 

activity. 

Previous studies have shown that it is possible to detect radicals generated by the 

action of inertial cavitation (be they R' or OR') either directly using electrochemistry 

(174) or indirectly by the use of various radical trapping methods (141-143). Though 

these methods are effective they are often difficult and intricate in their deployment. 

The simplest method available is the use of a dosimeter that enables the generation of 

the ORe radicals to be monitored using either electrochemistry or UV NIS 

absorbance spectroscopy. 

3.1. Use of dosimeter 

The dosimeter chosen for this work was KI which works through the oxidation of r to 

13 - by RO' radicals according to the Weissler reaction (60, 145). The advantage of 

this dosimeter is that it can be detected using both electrochemical and 

spectrochemical measurements(62). Figure 3.1 shows a cyclic voltamogram of a 

solution of 10 mM KI and 90 mM KCl. The solution has been subjected to sonication 

for 600 s which resulted in a concentration of 17 11M 13- ions being present; the 

current associated with which is too small to be observed when compared to the r 
oxidation and oxygen reduction signals. In figure 3.1 it can be seen that at above 

+0.4 V vs. SCE the iodide (r) ions are oxidised to h, some of which is plated onto the 

electrode surface and some forms b-. On the reverse scan the iodine can be seen to be 

stripped from the electrode surface as well as h/I3 - being reduced at the electrode 

surface. Reaction (1.4) has shown that 12 and b - are in equilibrium in solution and 

therefore if one species is reduced so will the other species. In homogeneous 

conditions (i.e. when h is not plated on the surface of the electrode) 13 -/h can be 

reduced at 0 V vs. SCE and from the current the concentration of sonochemically 

generated b - can be ascertained. 
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Figure 3.1: Cyclic voltamogram of a solution of 10 mM KI and 90 mM KCI after 
exposure to ultrasound. Solution now contains 17 11M 13- which cannot be observed on 
the CV. The solution was irradiated at 143 kHz and 220 kPa (zero to peak) in reactor 3. 
CV conducted on a 0.5 diameter Pt electrode with a SCE reference electrode and Pt 
gauze counter electrode. 13- concentration calculated using UVlVisable absorbance. 

One of the mam constraints of measurmg chemical change is that both 

electrochemical and spectrometric measurements are only feasible ex-situ from the 

reactor. It is theoretically possible to make spectrometric measurements utilising the 

reactor as the absorbance cell; measuring the absorbance across the entire width of 

the reactor. In reality this is impractical; apart from the cell having to be constructed 

of quartz any bubbles in the reactor, be they large individual bubbles or part of 

cavitation bubble cloud, will alter the absorbance (through scattering (54)) of the 

solution and therefore adversely affecting the result. Even if this could be applied to 

a small scale lab based reactor it would be impossible and impractical in a 

commercial ultrasonic bath with metal sides impervious to light. 

There are also a number of complications associated with in situ electrochemical 

measurements within a cavitating environment. Acoustic streaming and other 

localised flow induced by the primary pressure field and cavitation, affects the mass 

transfer of analyte to the electrode surface. This variation leads to a variable current 

recorded at the electrode that is not solely dependent on the concentration of the 
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analyte within the solution (J 75). Consequently for both spectrometric and 

electrochemical measurements flow cells were employed where a small proportion of 

the solution is removed from the reactor, analysed and then returned to the reactor in 

a closed loop system. 

We will now look at the flow cells used and then apply them to make measurements 

within single transducer ultrasonic reactors. 

3.2. Flow cells 

Previous studies (62, 128) utilised a 3 electrode flow cell system in which the solution 

to be analysed was drawn from the base of the sonochemical reactor by means of a 

1.6 mm diameter Teflon tube, passed through a peristaltic pump and then driven into 

the flow cell. Though this system works well it is only capable of giving an overall 

or global measurement for the reactor; providing poor spatial and time resolution 

within the reactor as a result of the inlet to the system being easily moved by the 

action of the activity within the reactor. In an effort to improve the spatial resolution 

of the measurements two approaches were used; changing the conformation of the 

inlet system for the three electrode flow cell and a new needle based flow cell. 

The needle flow cell was discarded as it was found that the narrow outlet from the 

needle leading to the electrode lead to the surface of the electrode becoming blocked 

by bubbles; out gassed from the solution. The conformation of the system with the 

electrode being in close proximity to the glass support prevented the bubbles being 

removed from the surface of the electrode making measurements impossible. The 

pressure within the reactor and capillary flow through the needle exacerbates these 

problems. Consequently work concentrated on the use of the three electrode flow 

cell. 

3.2.1. Three electrode cell 

The spatial resolution of the three electrode cell was constrained by the manner that 

solution was transferred from the reactor to the flow cell; the flexibility of the Teflon 

tubing resulted in the position of the inlet moving within the reactor. To improve the 
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resolution the conformation of the inlet system was altered such that the solution was 

drawn directly from the reactor through a 19 gauge needle and onto the electrode 

surface. In addition to improving the spatial specificity of the measurement the use of 

the needle changed the jet profile onto the surface of the electrode compared to that 

from the Teflon tube. Figure 3.2 shows that the needle moved the outlet 1mm closer 

to the electrode; effectively moving the electrode further up the flow region of the of 

the wall jet electrode flow* . In addition the outlet from the needle was approximately 

three quarters the diameter of that from the Teflon tube; therefore for a given pump 

rate the velocity of solution within and exiting the needle will be greater than that 

from the Teflon tube. The greater flow reduces the size of the diffusion layer and 

increases the mass transfer rate to the electrode; leading to an increase in current. 

Typical mass transfer rates for ferricyanide of 1.94 x 10-2 cm S-l (see figure 3.3) were 

produced by this experimental arrangement. 

A 

I 

I 
1_ " 

Flow of solution 
from reactor 

2mm 

0.5 mm Pt 
working 

electrode --t: 

Flow of solution 
from reactor 

1 mm 

19 Gauge 
stainless steel 

needle 

Figure 3.2: Comparison of the geometry of the Teflon tubing and needle inlets two the 
three electrode flow cell. 

Figure 3.3 shows the effect of the change in conformation on the current with the 

current recorded (and therefore mass transfer) with the needle inlet ( _m ) being 

significantly larger than that with the Teflon tube (-). 

* For both the needle and Teflon tubing inlets the jet onto the electrode is within the potential core 

region as described in (1 76). The moving of the electrode further up this region increases the velocity 

of the solution. 
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Figure 3.3: Comparison of mass transfer for different flow settings and inlet systems; 
1.6 mm Teflon tubing (- ) and a needle ( - ). Recorded using a 3 electrode cell with 
a 0.5 mm diameter Pt working electrode held at -0.2 V (the MTLP) vs. a SCE reference 
electrode with a stain less steel counter electrode. The aqueous solution employed 
consisted of 5 mM K3Fe(CN)6 in 0.1 M Sr(N03)2 supporting electrolyte. 

Figure 3.3 shows a large fluctuation in current caused by a variation in the flow rate 

over time. The peristaltic pmnp used pulses solution as the wheels used to force the 

solution through the pump rotate. The resultant variation in i can be as great as 25 % 

(flow setting 3xl0: lowest km= 1.5 X 10-2 cm S-I , average km= 1.94 X 10-2 cm S- I , 

highest km=2.4 1 x 10-2 cm S-I) . Such instability is undesirable and consequently other 

pumping systems were investigated. 

3.2.2. Pumping systems 

Clearly variation in the flow of analyte to the electrode surface will result in a 

variation in the current recorded at the electrode due to changes in mass transfer. 

Therefore the ideal situation for a pumping system is one that provides a constant 

flow of solution, enabling variations in the chemistry to be accurately recorded. 

Figure 3.3 shows that the peristaltic pumping system initially employed (an un-
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damped system) was non-ideal, causmg large periodic variations in the flow and 

consequently current. Two different pumping systems were looked at; a continuous 

flow pump and a syringe pump; neither of which were found to be suitable. The 

continuous flow pump was found to not be physically robust enough for the task and 

the syringe pump was found to have a non-continuous rate of flow. 

Other pumping methods having been found not to be suitable alternatives to the 

peristaltic pump, the possibility of "damping" the flow from the peristaltic pump was 

looked at such that the fluctuations in the rate, and therefore the current recorded at 

the electrode, were minimised. In attempts to mitigate this effect, and reduce the 

magnitude of the surges, a reservoir of air was inserted into the system between the 

pump and the flow cell. This air pocket acted as a damping component in the system 

and creating a more stable flow. 

The damping reservoirs used were the body of a 60 ml syringe attached to a T piece 

situated on the inlet of the peristaltic pump. Varying the seal at the open end of the 

syringe allowed that the flow rate at which the damping was effective could be 

adjusted from low flow rate (latex glove) to high flow rate (fixed syringe plunger). 

The two damping systems can be seen in figure 2.11. The effect of these 2 systems 

on the current at various pump rates can be seen in figures 3.4 and 3.5. 
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Figure 3.4: Comparison of different methods of damping; (- ) un-damped, (- ) soft 
damping and (- ) hard damping; of a peristaltic pump at lower flow rates. A 
corresponds to a flow rate of 40 mJ hr- l and B to a flow rate of 80 ml hr- l

. Recorded 
using the three electrode flow cell with a 0.5 mm diameter Pt working electrode held at 0 
V vs. a SCE counter/reference electrode. Aqueous solution of 0.1 M Sr(N03h and 5 
mM K3Fe(CN)6. 

As can be seen in figure 3.4 at both flow rates both damping systems significantly 

reduce the fluctuations in current caused by variation in the flow from the pump. The 

improvement is even more significant in figure 3.5. Here it can be seen that the 

addition of the "soft damping" has the greatest effect at slow and medium flow rates 

(40,80 and 388 ml hr-l) where as the addition of hard damping has the greatest affect 

at high flow rates ( 697 ml hr-l). Specifically at a flow rate of 388 ml hr- l the addition 

of the soft damping reduces the peak: to peak: amplitude of the signal from the 

electrode from 8.2 IlA to 0.12 IlA; a reduction of over 60 times. 
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Figure 3.5: Comparison of different methods of damping; (-) un-damped, (- ) soft 
damping and (- ) hard damping; of a peristaltic pump at high flow rates. A 
corresponds to a flow rate of 388 ml hr- I and B to a flow rate of 697 ml hr- I

. Recorded 
using the three electrode flow cell with a 0.5 mm diameter Pt working electrode held at 0 
V vs. a SCE counter/reference electrode. Aqueous solution of 0.1 M Sr(N03h and 5 
mMK3Fe(CNk 

The addition of damping to the peristaltic produces a constant stable flow of solution 

from the reactor to the flow cell allowing accurate amperometric measurements to be 

made. 

3.2.3. Optical flow cells 

UV Nis adsorption measurements were conducted in two ways. Both involved the 

removal of solution from the reactor to make the measurements ex-situ. For 

continuous, time correlated measurements the optical flow cell described in figure 

2.10 was introduced between the electrochemical flow cell and the pump. When the 

time dependence of the concentration of the 13- was not of interest, instead of using 

the flow cell, aliquots of solution were removed from the reactor and analysed in a 

quartz cell. 
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3.3. Repeatability measurements 

The ease with which the electrochemical measurement procedure can be adapted in 

order to make scans of a reactor and to make measurements in different environments 

makes it a more appealing method for measuring the level of chemical change within 

a cavitating environment than UV IVisible spectroscopy. The main concern with the 

technique is its repeatability. It was found that slight variations in the flow rate 

through an electrochemical flow cell can result in fluctuations in the current leading 

to inaccuracies in the measured chemical change. Of particular concern is what effect 

the damping of the flow system has on the repeatability of measurements; the use of 

"slow damping" required a period of priming before a stable flow is reached. 

To ascertain the repeatability of the system the three electrode flow cell with a needle 

inlet was mounted so as to draw solution from the centre of reactor 3. The reactor 

was filled with 100 ml of a solution containing 10 mM potassium iodide and 90 mM 

potassium chloride so that an identifiable chemical change would take place after a 

period of exposure to sonication. The peristaltic pump with "soft damping" (see 

figure 2.11 in chapter 2) was primed and the level of solution within the reactor 

topped up to the level pre-priming. The solution was then irradiated, the current 

recorded and a sample of the final solution collected for analysis with a UV Nis 

spectrometer to determine the exact concentration of 13- produced over this period. 

Figure 3.6 shows an example current time trace from the flow cell and figure 3.6 (a) 

the absorbance spectrum recorded for the corresponding final sample. 
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Figure 3.6: Plot of a current time trace showing the formation of 13- and the final steady 
state current. Insert (a) shows the UV /Vis absorbance spectrum of the final solution with 
an absorbance of 0.134 at 350 nm corresponding to an 13- concentration of 5.7 IlM. 
Reactor 3 containing an aqueous solution of 90 mM KCI and 10 mM KI irradiated for 
120 s at 143 kHz driven at 75 V and thermostated at 25°C. Electrochemical signal 
recorded using the three electrode flow cell with a 0.5 mm diameter Pt working electrode 
held at 0 V vs. a SCE counterlreference electrode and a flow rate of 3 88 ml hr- I provided 
by peristaltic pump with "soft damping". 

As can be seen in figure 3.6 the current proceeds cathodically during the sonication. 

Interference from the ultrasound generation equipment dominates the signal during 

sonication. Once the drive signal is removed a steady state current is established 

which was measured to be 59 nA. The absorbance spectrum of the final solution in 

figure 3.6 (a) shows that the absorbance as a result of 13- concentration within the 

solution was 0.134 corresponding to a concentration of 5.1 /-lM. The experiment was 

repeated a total of seven times with varying periods of sonication to give a spread of 

concentrations of 13 -produced. The results of these experiments are plotted in figure 

3.7. 
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Figure 3.7: Calibration plot of steady state current vs. final concentration with line of 
best fit (- - - -) generated using Sigma plot. Line of best fit has a gradient of 0.012 A M
I with an R2 value of 0.99. 

Figure 3.7 shows, as would be expected, that there is a close correlation between the 

final current and b - concentration from the experiments. The line of best fit through 

the assembled points in figure 3.7 has a gradient of 0.012 A M-1
. This value can be 

used directly to interpolate currents recorded from the flow cell to the concentration 

of 13 - in solution at that point of time. Working from the measurements in figure 3.7 

it is also possible to calculate the effective mass transfer constant ofI3-. 

The limiting current at the working electrode is related to the other variables in the 

system by equation (3.1). 

(3.1) 

where I, is the limiting current at the working electrode, n is the number of electrons 

involved in the process, F is Faradays constant, A is the area of the electrode, km is the 

mass transfer constant for the system and c is the concentration of the ion under 

investigation. The reaction taking place at the electrode involves 2 electrons as can 

be seen in reaction 3.1. 
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The gradient of the line of best fit in figure 3.7 corresponds to ft/ c and by substituting 

in the values of the other known parameters for the experimental conditions used it is 

possible to calculate the effective mass transfer constant (km). The values of the 

known parameters are listed in table 3.1. 

Parameter 
n 
F 
A 

c 

Value 
2 
96,480 C mor l 

Electrode ofradius 0.25 mm :. 

A = (Jr' 0.25 x 10-1 y cm2 

A = 1.96 X 10-3 cm2 

Gradient from figure 3.7: 
-0.0112 A mor l dm3 

-11.2 A morl cm3 

Unknown 

Table 3.1: Table of parameters referring to figure 3.7 and equation (3.1). 

Inserting these values into equation (3.1) gives the effective mass transfer coefficient 

to be 0.029 cm S-I the calculations for which can be seen in equation 3.2. 

I, = nFAkmc 

~=nFAkm 
c 

k J;) 
In nFA 

k _ 11.2 A motl cm 3 

m - (2.96480Cmotl .1.96xl0-3 cm2
) 

11.2 C S-I mol-I cm3 

k m = I? 
378Cmor cm-

k
m 

= 0.029 cm S-I 

Equation 3.2: Calculation of effective mass transfer coefficient of three electrode flow 
cell at flow rate of388 ml h('. 

The reproducibility of the current from the flow cell system here demonstrated means 

that for the examined conformation of the flow cell and solution conveyance 

mechanism it is possible to interpolate the concentration from the current measured. 

For measurements where it was not possible to use the exact same conformation as 
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has been examined here, the effective mass transfer coefficient of the experimental 

setup was calculated independently. This was achieved by measuring the final h

concentration using UV IVisible spectroscopy and equating this to the steady state 

current recorded at the electrode. 

3.4. Reactor 1 Measurements 

The reactor designated reactor 1 in this work has been used extensively in previous 

studies(39, 62, 155, 177). In these studies it had been shown to be generating both 

high pressures and a large rate of chemical change (62, 128). In order to check the 

performance of reactor 1, a number of analytical tests where performed. In particular 

it was believed that the transducer powering the reactor had degraded over time. The 

tests performed included measuring the rate of a standard sonochemical reaction 

(specifically the Weissler reaction) and the acoustic pressure amplitude recorded 

using a calibrated hydrophone. The sonochemical reaction was monitored using the 3 

electrode flow cell as well as the optical flow cell. In this case the two measurements 

were performed in series with the output from the electrochemical cell flowing 

directly into the inlet for the optical flow cell. This gave a dual conformation of the 

rate of production of h- production as can be seen in figure 3.8. In the Weissler 

reaction, r reacts with oxidising species (associated with the production of OR") 

according to the Weissler reaction (145) to give h -. This is an ideal system as the 13-

is both electrochemically active and can be detected UV NIS spectroscopy (13-

adsorbs strongly at 350 nm, I:': = 26,500 M- I cm- I
). 
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Figure 3.8: Graph of current (- ) and Absorbance at 350 run () against time. An 
aqueous solution of 90 mM KCI and 10 mM KI irradiated for 300 s after 60 s at 124 kHz 
with a drive vo ltage of 100 V. Potential of a 0.5 nun Pt working electrode held at + 
0.2 V vs. a SCE reference electrode with a stainless steel counter electrode. Absorbance 
measured at 350 nm. 

Figure 3.8 shows that the current proceeds cathodically as the concentration of h

builds up in the solution. At the same time the absorbance at 350 nm increases as 

expected. The rate of 13- production was calculated independently for the two 

methods and found to be 10.2 nM S- l for the absorption and 9.8 nM S- l for the 

electrochemical measurement. The rates were calculated by working out the gradient 

ofa line of best fit through the relevant trace as can be seen in figure 3.9. 
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Figure 3.9: Plot showing the concentration of I3- (-) as a function of time during the 
period of irradiation. Concentration of 13- calculated from the plot of UVN1S 
absorbance at 350 nm from figure 3.8. Line of best fit calculated using Sigma Plot (-) 
giving the rate of 13

- production as 10.2 nM S-I. 

The rates recorded were substantially below that seen in previous studies( 62). The 

acoustic pressure amplitude (zero to peak) within the reactor was found to be 150 kPa 

at 124 kHz with drive voltage amplitude of 100 V. This is over 100 kPa less than the 

pressure reported previously( 62). Table 3.2 shows a comparison of the rate of I3 - at 

similar pressures. It can be seen that the figures are in excellent agreement. This 

indicates that there has been a reduction in the pressure amplitude, and therefore level 

of cavitation, that reactor 1 is capable of producing. 

Power's Thesis (62) 
Power's Thesis (62) 
Dual Experiment 

Pressure 
/ kPa 
258 
150 
150 

Rate of OH' production 
/ nM S-1 

40 
10 

10.2 

Table 3.2: Comparison of pressures and consequent production ofOH' at each pressure. 
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3.5. Variation within a Reactor 

Having established that the electrochemical flow cell system was capable of 

accurately measuring the concentration of b- we shall now examine the variations in 

the rate of chemical change in a cavitating environment. We shall demonstrate the 

flow cells ability to detect variations in chemical rate at different reactor drive 

voltages before attempting to detect variations in the rate of chemical change as a 

function of position 

3.5.1. Rate of 13- production as a function of pressure amplitude 

Increasing the drive voltage to a reactor will increase the acoustic pressure it 

generates (see chapter 6). Consequently changing the drive voltage is an easy method 

to confirm that an electrochemical flow cell is capable of detecting variations in the 

rate of chemical change. Reactor 3 was driven at two pressures (125 and 220 kPa, 

drive voltages of 50 and 75 V) at a frequency that was known to generate high rates 

of chemical change (143 kHz) whilst the current passed at the working electrode was 

recorded. The variation in the rate of change of current (and therefore 13- production) 

can be seen in figure 3.10. 
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Figure 3.10: Comparison of two different pressures 220 kPa & 125 kPa (50 & 75 V) for 
reactor 3 at 143 kHz. Reactor contained 100 ml of 10 mM KI, 90 mM KCl solution, 
kept at 25°C. Recorded using a 3 electrode cell with a 0.5 mm Pt working electrode held 
at +0.2 V vs. a SCE reference electrode with a stainless steel counter electrode and 
needle inlet pumped using peristaltic pump with syringe + plunger damping. Final 
absorbance of 0.258 at 350 nm giving e- concentration of9.7 f.lM. 
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By measuring the gradient of the current time trace during sonication the rate of 

production of h- was calculated to be 79 nM S-l at 220 kPa and 31.6 nM S-l at 125 

kPa. More significantly figure 3.10 demonstrates that it was possible to identify 

differences in the rate of chemical change using the electrochemical flow cell setup. 

3.5.2. Variation of 13- production by position 

Having established that the electrochemical flow cell was capable of detecting 

variations in the rate of chemical change caused by different drive voltages (and 

therefore pressure amplitudes), its ability to identify spatial variation in the chemistry 

within a reactor was investigated. The movement and acquisition of data from the 

electrochemistry was automated by means of a Visual Basic control program. In 

order to control the movement of the inlet, the flow cell was mounted on a single axis 

positioner such that the end of the needle was positioned within the central axis of the 

reactor. Measurements were taken at 17 points within reactor 2 with a resolution of 2 

mm starting 2 mm from the base. The drive signal of 150 kHz and 85 V was 

maintained throughout the experiment and the current time signal from the flow cell 

recorded for 30 s at each point; the gradients of the resulting slopes were elucidated 

by means of a Microsoft Excel Macro. The flow cell and solution transport regime 

were the same as for the repeated experiment and calibration seen in figure 3.6 

therefore the currents were converted to rates of chemical change and plotted in 

figure 3.11. 
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Figure 3.11: Plot of the rate of chemical change as a function of displacement of 
sampling volume from the base of reactor 2. Each point calculated from the rate of 
change of current with respect to time over 30 s. Three electrode flow cell with 0.5 mm 
Pt working electrode held at 0 V vs. a SCE counter/reference electrode with a flow rate 
of 388 ml hr- l provided by a soft damped peristaltic pump. Reactor 2 with 115 ml of 
aqueous solution containing 90 mM KCl and 10 mM KI irradiated at 150 kHz and driven 
at 85 V. 

40 

Figure 3.11 shows that there is a large degree of variation in the rate of chemical 

change recorded within the reactor ranging from 7 nM S·I to 22 nM S-I. In general 

greater rates were recorded towards the base of the cell with a significant 

discontinuity seen at 14 mm from the base of the cell. To show that the different 

rates seen in figure 3.11 were not as a result of a change in the global rate of chemical 

change within the reactor the average of the first 1 s of data recorded at each position 

was taken and plotted versus the position in the reactor in figure 3.12. The plot is 

linear, confirming that the variation is as a result of localised effects. The data in 

figure 3.11 is taken from only a single experiment and therefore does not represent a 

definitive view of the sonochemical rate within the reactor. 
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Figure 3.12: Plot of initial concentration of 13- at each point of a vertical scan through 
reactor 2. Aqueous solution of 90 mM KCI and 10 mM KI irradiated for 30 s at each 
point at 150 kHz and a drive voltage of 85 V. Three electrode flow cell with 0.5 mm Pt 
working electrode held at 0 V vs. a SCE counter/reference electrode with a flow rate of 
388 ml hr- l provided by a soft damped peristaltic pump. 

The combination of the spread of rates seen in figure 3.11 and the conformity of 

global rates recorded in figure 3.12 confirms that it may be possible to see changes in 

the rate of chemical change as a function of distance. Given the relatively large 

volume which the flow cell is sampling for each measurement and the mixing of 

solution caused by flow within the reactor it is unsurprising that no fine structure is 

elucidated from the scan. 
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3.6. Conclusions 

In this chapter we have discussed the construction of a repeatable electrochemical 

flow cell and pumping system and utilised this to identify an ultrasonic reactor that 

had ceased to function properly. The flow cell has also been used to detect changes 

in the electrochemical rate as a function of reactor pressure and position within the 

reactor. The detection of spatial variation in the rate at which sonochemical products 

of cavitation are formed is not proven. Some variation between points is seen but as 

to whether this is genuine variation or experimental error is unclear. Definitive 

conclusions should not be formed from the single scan conducted in this reactor. 

Regardless of whether it is possible to see spatial variation in the measurements, 

making repeated measurements within the reactor and averaging provides a more 

accurate measure of the rate of sonochemical change. 
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4. Transient Events 

4.1. Introduction 

A commonly used method to measure the effectiveness of cavitation within an 

ultrasonic reactor is the monitoring of the degradation of aluminium foil by surface 

transient events (104, 160). In this process the foil is mounted within the reactor and 

subjected to the cavitation field. After a predetermined time the foil is removed and 

examined for signs of degradation which are then held to correspond to the areas at 

which high levels of cavitation are taking place. Though simple and cheap this is not 

the most scientifically rigorous method available and difficult to compare to results 

garnered from other measuring techniques. Though the measurement of the 

degradation of a foil may not in its self be a usable measurement technique; the 

premise of measuring the relative rate at which a surface is damaged within a 

cavitating body is a useful one. If the surface onto which the cavitation acts is an 

electrode held under conditions such that the surface is a passivated layer; then the 

reformation of this passive layer after damage by a surface erosion/corrosion 

cavitation event can be followed electrochemically (see figure 4.1) (42, 54, 158). 

After the removal of the protective passive layer through the action of a cavitation 

bubble collapse (stage 1) the exposed material becomes electrochemically active. As 

the passive layer reforms (stage 2) current passes through the electrode to oxidise the 

material at the surface to reform the passive layer. Before the passive layer is 

reformed the exposed material will also undergo corrosion of the surface in 

accompaniment to the erosion from the action of the cavitation event. 

The use of electrodes in such ways has been the subject of previous research; 

specifically on the use of lead electrodes passivated with lead sulphate (42, 54). This 

work has shown that it is possible to map the presence of inertial cavitation taking 

place at the tip of an ultrasonic hom by monitoring the number of distinct passive 

layer reformation events recorded on an electrode (54). In a similar manner 

cavitation events have previously been detected on the surface of aluminium (158) 

and stainless steel electrodes (149, 158) by monitoring the reformation of an oxide 

layer. In this chapter we shall look at the behaviour of aluminium electrodes in a 

cavitating environment and examine their suitability as a method of gauging the 
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presence of inertial cavitation. We shall also for the first time look at the use of 

titanium electrodes in the same manner. 

Stagel 

Stage 2 

Bubble wall fonns toroidal 
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Figure 4.1: Schematic representing the sequence of events expected for an erosion 
corrosion event produced by cavitation. 

4.2. Transients on Aluminium electrodes 

It is well known that aluminium is a reactive metal that rapidly forms an inert oxide 

on surface exposed to oxidising conditions. As mentioned previously the reformation 

of the protective aluminium oxide layer after it has been destroyed by a surface 

erosion/corrosion cavitation event can be detected and monitored electrochemically. 

4.2.1. Size and shape of transients 

In order to study the effect of inertial cavitation on the surface of the aluminium, 

electrodes were positioned within an inertial cavitation cloud produced by an 

ultrasonic hom using micropositioners (described in chapter 2 and elsewhere (159, 

175)). The inertial cavitation produced by this device has been shown to be within ~2 

mm of the surface of the emitter (74). Hence the electrode was typically positioned 

to within ~ 1.5 mm from the emitter surface. These conditions are thought to be 

suitable for the investigation of inertial cavitation events; generating both 
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luminescence and surface erosion/corrosion events (54, 159). The extent of the 

luminescence can be seen in the lowlight image of a cavitating hom in figure 2.1. 

The localised area of inertial cavitation allows the effects of inertial cavitation events 

on the surface of an electrode to be studied. When an event occurs near to the 

electrode surface it can remove some of the protecting layer of oxide, exposing the 

metal underneath to the solution and to the electrochemical environment. The oxide 

layer quickly reforms producing an anodic current spike. Such an erosion/corrosion 

event is shown in figure 4.2 peak 1. 
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Figure 4.2: Plot showing a typical current time transient recorded for a surface event on 
an aluminium electrode (diameter 250 J.!m). The ultrasonic drive frequency was 23.17 
kHz, voltage amplitude to the transducer was 100 V (zero to peak) corresponding to a 
power of 56 ± 5 W cm'2 (calculated by Offin (54). The electrode was positioned 0.5 mm 
from the tip of the ultrasonic horn and held at 0 V VS. a Stainless Steel reference 
electrode in an aqueous 0.25 M Na2S04 solution. Insert A is recorded under the same 
conditions except for a different current follower. 

30 

The rapid nature of events such as figure 4.2 peak 1 imparted significant strain on the 

equipment used; for a large transient from an aluminium electrode the rise time of the 

transient is around 0.66 /-LS for ~ 45 /-LA; with the current follower set to a gain of 104 
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A y-I this corresponds to a slew rate of over 650,000 Y sol required of the operational 

amplifier within the current follower. If a standard operational amplifier, as used for 

passivated lead electrodes, was used then the elevated slew rate can result in the 

signal bouncing as in figure 4.2 (insert A), peak 2. 

The erosion/corrosion transients recorded on aluminium were found to be of 

considerably shorter period compared to those recorded on lead electrodes. A lead 

electrode takes approximately 60 )lS (54) for the current to return to 10 % of the 

maximum current in the transient compared to ~ 15 )ls seen for the aluminium 

electrode in peak 1 in figure 4.2. 

4.2.2. Process of reformation 

The process by which a passivated layer reforms at the surface of an electrode has 

been studied elsewhere (54, 152). Two methods of passive film growth have been 

identified; ion migration and place exchange. Burstein and Davenport described an 

analysis that allowed the process taking place to be ascertained by plotting the current 

time data from a reformation transient in a particular manner. Their analysis suggests 

that if the method by which the passive layer is reformed is due to ion migration then 

the tail of a 10g(I) vs. (1 tr ll2 should be vertical and that the slope of 10g(I) vs. log(t) at 

long t should be linear. Figure 4.3 shows the transient from figure 4.2 in such a way. 
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Figure 4.3: Plots of log(il A) vs. (ity1l2 and log(il A) VS. log(t/s) for the erosion/corrosion 
transient in figure 4.2. 

Figure 4.3 suggests that the reformation of the passive layer is predominantly ion 

migration in character. Offin (54) used the same analysis to investigate a large 
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number of surface erosion/corrosion events on stainless steel electrode passivated 

with an oxide layer. Though the materials involved are different the analysis is 

instructive. In (54) four different scenarios are presented and the two most realistic (2 

and 3) identified. These are: 

Scenario 2: A large amount of material is removed from the electrode surface 

resulting in bared metal (physically reasonable) 

Scenario 3: A small amount of material removed, not resulting in freshly bared 

metal (physically reasonable) 

Pertinent to this work it is identified that though there may be events such as that in 

figures 4.2 and 4.3 that are predominately formed through ion exchange the majority 

of events are a mixture of the two processes. 

4.2.3. Secondary events 

After an electrode had been subjected to prolonged exposure to intense inertial 

cavitation (~120 s with the electrode positioned 0.5 mm away from a hom operating 

at 23 kHz and 100 V zero to peak), an alteration in the shape of some of the transients 

recorded at the electrode could be seen. In addition to the sharp, saw tooth peak seen 

in figure 4.2 peak 1, other more symmetric peaks would appear interspersed between 

the saw tooth peaks. These "secondary" peaks were generally smaller in amplitude 

than the saw tooth or "primary" peaks, with longer rise times and a more rounded 

apex. A good example of this can be seen in figure 4.4 where the sharp primary peak 

(labelled 'a') is followed by a more rounded secondary peak (labelled 'b') 55 /-lS later. 

74 



Chapter 4: Transient events 

60 a 

« 40 :::J.. -...... c 
Q) ..... ..... 
:::J 
() 

20 

b 

0 

0 20 40 60 80 

Time / I-lS 

Figure 4.4: Current time plot showing a saw tooth "primary" peak (a) followed by a 
smaller "secondary" peak (b). Recorded on a 250 11m aluminium working electrode held 
at 0 V vs. an Ag counter/reference electrode. Electrode held 1.5 mm from the tip of the 
ultrasonic hom operating at 23.16 kHz and 100 V zero to peak drive voltage in 0.25 M 
Na2S04' 

The event labelled 'b' in figure 4.4 is substantially smaller in magnitude in 

comparison to the primary peak that precedes it, making discrimination between the 

two easier. Such disparity was not always the case as the current time trace (-) in 

figure 4.5 shows. Here the secondary peak, labelled b2, is of comparable size to the 

preceding primary peak Ca2) and is larger than the first primary peak recorded Cal). 

Also included in figure 4.5 is the differential of the current time signal with respect to 

time ( ). This emphasises the differences with the event 'ai' having a higher 

differential signal (11.875 A S-I) compared to 'b2' (10.625 A S-I) even though the 

current time trace for 'ai' gives a smaller maximum when compared to 'b2'. 

It is also instructive to note that the separation between the primary and secondary 

peaks is not constant. In figure 4.5 the two normal "spike" transients (marked al and 

a2 respectively) are separated by 87.5 flS which corresponds to two pressure cycles at 

the drive frequency of 23.16 kHz. In contrast the gaps between the primary and 

secondary transients are 54 and 58 flS for al to bl and a2 to b2 respectively. Overall 
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the period of separation between the primary events and secondary events was found 

to vary from as little as 20 fls to over 100 fls. 
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Figure 4.5: Current time plot (-) to show an example of the presence of slow rising 
' secondary ' transients (b l,2) as well as fast rising normal transients (al ,2) on an 250 f..lm 
diameter aluminium electrode held at 0 V vs. a Ag counter/reference electrode after the 
surface has become damaged by the inertial cavitation events. The ultrasonic drive 
frequency was 23.16 kHz, voltage amplitude to the hom was 100 V (zero to peak). 
fncluded on the plot is the differential (- ) with respect to time. 
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After an aluminium electrode had been held within a cavitating environment for long 

periods of time (upward of 1000 s exposure) the surface erosion/corrosion events 

recorded tended to be more secondary(b) in nature than primary(a). Figure 4.6 

shows two events with fast rise times that can be considered normal or primary events 

(designated al and a2 respectively) each of which is followed by a series of peaks (six 

and two respectively) which exhibit slow rise times and thus are considered to be 

secondary events (designated b1 a-f and b2a-b). The repeated nature of the secondary 

events precipitated the examination of the electrode under a microscope to compare 

the surface before (figure 4.6 image A) and after exposure to cavitation (figure 4.6 

image B). The complete restructuring of the surface of the electrode seen in figure 

4.6 image B would suggest that the cause of the secondary events was associated with 

a change in the morphology of the surface. This, in tum, may act as a nucleation 

centre for further inertial events. This mechanism suggests, correctly, that nucleation 
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sites as well as pressure amplitude are important for erosion/corrosion event 

detection. 
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Figure 4.6: Current time trace with two "primary" peaks (aJ&a2) followed by a number 
of secondary peaks (b J&b2) recorded on a 250 f..Lm aluminium electrode the surface of 
which has degraded from a clean smooth surface (image A) to a totally reconstructed one 
(image B). The electrode was held at 0 V vs. an Ag counterlreference electrode and 
mounted 0.25 mm from the tip of an ultrasonic hom operating at 23.37 kHz and 100 V 
zero to peak in 0.1 M Na2S04. 

4.2.4. Damage of electrodes over time 

The preceding section suggests that the surface of the electrodes were being damaged 

by prolonged exposure to cavitation. Further investigation into the extent of the 

damage was undertaken. Figure 4.7 shows images of two electrodes that have been 

severely damaged by cavitation and demonstrates that not only has the surface of the 

electrode become pitted from the repeated action of inertial cavitation events (figure 

4.7 images A and B) but the aluminium wire which constitutes the working electrode 

has been both extruded from the suppOli and eroded back within the epoxy support of 

the electrode (circled areas on images B and C). 
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Figure 4.7: Images of two 250 Jlm aluminium electrodes damaged by the action of 
inertial cavitation at the tip of an ultrasonic hom. Image Band C are of the same 
electrode but from different angles . 

The deformation of electrodes seen in figure 4.7 is obviously a less than ideal 

situation. In addition to the changes in the shape of the current time transients 

recorded on the electrode seen (figure 4.4) the working surface of the electrode is 

being receded away from the surface of the electrode support. This reduces the 

likelihood of inertial cavitation events taking place close enough to the electrode to 

register a surface erosion/corrosion event. To ascertain over what time frame the 

electrodes became damaged, an electrode was exposed to ultrasonic cavitation from 

the ultrasonic hom for 300 s and the electrode removed and imaged every 60 s (see 

figure 4.8). 

Figure 4.8: Showing the damage caused to the surface of the same aluminium electrode 
(diameter 250 Jlm) after 0, 1, 2, 3, 4 and 5 minutes held 0.5 mm from the tip of the 
ultrasonic hom. The ultrasonic hom was driven at 23.17 kHz and a voltage of 100 V 
(zero to peak). 
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Figure 4.8 shows that even after only 1 minute of exposure to the cavitation 

environment there is already evidence of pock-marking on the surface of the 

electrode. After each successive period of sonication the damage to the electrode 

becomes more distinct with a bias to one side of the electrode becoming apparent 

after 180 s of exposure. After 300 s it is possible to see that the aluminium of the 

electrode has started to be extruded over the edge of the epoxy support towards the 

bottom of the image. 

The damage seen in figure 4.8 to the surface of an aluminium electrode over 300 s of 

sonication, though substantial, is not of the same order as that seen in either figure 4.6 

image B or figure 4.7. It is inconvenient that secondary surface events are recorded 

in addition to those expected from the primary events. However, over the periods of 

sonication expected for measurements purposes, the extreme damage and highly 

recessed electrode surface (such as that seen in figure 4.7) can be avoided by the 

polishing of the electrode between measurements. 

4.3. Titanium electrodes 

As demonstrated above aluminium electrodes are susceptible to considerable damage 

when exposed to cavitation over prolonged periods. Consequently an alternative 

material for the working electrode was investigated. Principally the possibility of 

replacing of aluminium with titanium which is considerably harder was investigated 

(titanium is 4.0 on the Mohs scale compared to 2.9 for aluminium (178)). Titanium, 

like aluminium, forms a passive oxide film when held at 0 V vs. either silver or 

stainless steel and consequently also produces anodic current spikes when subjected 

to inertial cavitation surface erosive events. 

4.3.1. Size and shape of transients 

The current time transients recorded from the action of surface erosion/corrosion 

cavitation events on a titanium electrode are in general of a reduced amplitude and 

increased duration in comparison to those seen on aluminium. Figure 4.9 shows a 

typical titanium transient which is approximately one tenth the amplitude of those 

recorded on aluminium (such as in figure 4.2). Conversely the duration of the 

titanium transients are substantially greater with the current only returning to 10 % of 
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the peak value after ~ 200 IlS has elapsed compared to ~ 10-40 IlS for aluminium. 

Interestingly if the total charge passed during each event is compared there is little 

difference between the two materials; during the surface erosion/corrosion event on 

an aluminium electrode in figure 4.2 a total of 246 pC is passed and during the 

transient recorded with the titanium electrode in figure 4.9 a total of 192 pC of charge 

is passed. 
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Figure 4.9: A typical transient from an inertial cavitation surface event on a titanium 
electrode (diameter 250 Jlm) positioned 0.5 mm from the tip of the ultrasonic hom. The 
ultrasonic drive frequency was 23 .17 kHz, voltage amplitude to transducer was 100 V 
(zero to peak). Images A and B show the damage to two 250 Jlm diameter titanium 
electrodes both exposed to over 1000s of inertial cavitation in the NPL reference vessel 
and at the tip of an ultrasonic horn respectively. 

Detection of surface erosion/corrosion events on titanium was more difficult than on 

aluminium due to the events being smaller and of longer period; the smaller 

magnitude of the events also made the measurements more susceptible to electrical 

interference and noise; the transient in figure 4.9 clearly shows the presence of high 

frequency noise. Despite the difficulties associated with conducting measurements 

using titanium electrodes, the increased hardness of titanium compared to aluminium 

allowed measurements to be made where an aluminium electrode would have 

suffered considerable damage. Image A and B in figure 4.9 show how even after an 

extended period in a cavitating environment a titanium electrode still retains a 
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comparatively smooth surface. In image B we can see that the glass support of the 

electrode is eroded away in preference to the electrode material. 

4.3.2. Comparison of aluminium and titanium 

If we compare directly the damage sustained by aluminium and titanium electrodes 

after a 10 minute exposure to inertial cavitation, the advantage of using titanium over 

aluminium becomes clear. In figure 4.10 the surface of the aluminium electrode can 

be seen to resemble a golf ball after the period of sonication where as the titanium 

electrode is not significantly affected. 

, 

Titanium 10 min 

Figure 4.10: Images comparing the surface of 250 Ilm aluminium and titanium 
electrodes before and after ten minutes at the tip of an ultrasonic hom in the region of 
inertial cavitation. The ultrasonic horn was driven at 23.17 kHz and 100 V (zero to 
peak), the electrodes were held 0.5 nun from the tip of the ultrasonic horn in a central 
position. 

The different characteristics of aluminium and titanium lend themselves to different 

measurement criteria. Surface erosion/corrosion events on aluminium produce large, 

fast current time transients that are easy to measure; the metal though is easily 

damaged limiting the period of time over which measurements can be made. 

Erosion/corrosion events on titanium produce smaller, harder to detect transients but 

the increased hardness of the metal allows measurements to be made over a 

prolonged period in highly active environments. Consequently aluminium electrodes 

are suited to making more accurate measurements over shorter periods of time or in 

less active environments, whereas titanium electrodes are good for making 
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measurements m conditions where aluminium electrodes would suffer prejudicial 

damage. 

4.4. Sensitivity of the technique 

4.4.1. Weight calculations 

In order to compare the results made here to other measures of cavitation it is 

informative to contrast the loss of material from electrodes with other detection 

techniques which rely on material degradation. This, however, is not realistically 

possible because of the small amounts of material involved in erosion/corrosion 

events. If we consider a typical event like that in figure 4.2 it is possible to estimate 

the amount of material lost. During the transient 246 pC of charge is passed before 

the current returns to 10% of its peak value; using Faraday's law, the amount of oxide 

formed to replace that removed by the event is ~4.24 x 10-16 moles. This corresponds 

to a mass of 4.33 x 10-14 g or 43.3 fg of Ab03. It is interesting to compare this mass 

with the erosion of materials in mass loss experiments. In these cases a detection 

limit of the order of ~ 1 mg can be found in the literature (179). Comparing these 

numbers indicates that the electrochemical erosion/corrosion measurement is 

approximately 11 orders of magnitude more sensitive. However, this is based on the 

comparison of a single cavitation event (the electrochemical measurement) with mass 

loss from many events (179). The activity measurements carried out in this work and 

in previous studies (54, 74, 158) have relied on between 10 and 107 electrochemical 

erosion/corrosion events to monitor the spatial characteristics of inertial cavitation. 

Hence, it is likely that the erosion event can be used with a 4 orders of magnitude t 

increase in sensitivity compared to direct mass loss with a 1 mg resolution. 

An alternative method for comparmg the detection of electrochemical 

erosion/corrosion cavitation events with other mass loss techniques would be the 

t The size and hence charge associated with the erosion/corrosion event will change this estimation. 

However, the calculation was based on a large anodic event (current maximum ~50 /lA) and can be 

considered as a worst case scenario. Hence this represents a conservative estimate of the sensitivity of 

the technique. 
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recording of the number and magnitude of events taking place over a prolonged 

period of time. This could then be compared to the mass of material lost from the 

electrode as it became damaged such as the one in figure 4.7. For a heavily eroded 

electrode such as that in figure 4.7 the aluminium wire that forms the electrode has 

been removed to a distance of approximately 100 /lm from the surface of the epoxy 

support. With the wire of the electrode having a diameter of 250 /lm this corresponds 

to a volume of aluminium metal removed of ~1.5 x 10-6 cm3
. Consequently, given 

that the density of aluminium is 2.7 g cm-3 (180, 181), the mass of aluminium eroded 

from the electrode is ~ 4 /lg which is still three orders of magnitude below the 

detectable mass change levels (179). 

4.4.2. Chronogravoampometric analysis (Time verses material 

plot) 

The same calculation performed to ascertain the mass of aluminium oxide formed by 

an individual surface event can be applied to a current time trace, allowing the mass 

of material formed at the surface of electrode to be monitored as a function of time. 

Figure 4.11 shows such a plot and from this it is possible to see that for each peak in 

the standard time current trace ( trace a) there is a corresponding step in the 

mass/charge change time trace (trace b). In particular it is possible to see that there is 

a significant change in the mass of material formed at the electrode corresponding to 

the first major peak at ~60 /lS. 

Though interesting on a purely inquisitive level the validity of the value of the mass 

change shown in figure 4.11 is debatable. In addition to the current that is passed 

thorough the circuit as a direct result of the cavitation event there is also a 

background current (as evidenced by the presence of a positive gradient preceding the 

first peak) as well as the effect of the double layer charging which, though lower in 

magnitude than the oxide reformation current, will reduce the accuracy of the mass 

calculation. It should also be considered that the effect of corrosion on the exposed 

material is not taken into account in the above calculations. The degradation of the 

metal and surface will be greater than that taken purely from the electrochemical 

current. 
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Figure 4.11: Plots showing a series of surface erosion/corrosion events (a) and the 
integrated charge and therefore mass change (b). Recorded on a 250 11m Al electrode 
held at 0 V vs. a Ag counter/reference electrode in 0.1 M N a2S04. The electrode was 
held 0.5 mm away from an ultrasonic hom driven at 23.43 kHz and 100 V zero to peak. 
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4.5. Use of the electrodes for conducting measurements 

Though measurement of individual surface erosion/corrosion events is instructive it is 

of little use in differentiating between areas of high and low cavitation activity. In 

order to achieve such measurements a method of recording activity over a prolonged 

period is needed. The suitability of a multi channel analyser (MeA) to fulfil this 

requirement is now investigated and its effectiveness in comparison to existing 

techniques considered. Having established the technique we shall look at the ability 

of the surface erosion/corrosion event measurements to map both the activity close to 

the tip of an ultrasonic hom and then within a single transducer ultrasonic reactor. 
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4.5.1. The MeA method 

In order to translate the discrete events discussed so far in this chapter into a method 

for assessing the level of cavitation at a given point, a measurement has to be made 

over a prolonged period of time. In previous work conducted with lead electrodes 

this has been achieved by recording a current time trace using a PC based ADC card 

and then either recording the average current or the number of discrete peaks within 

that trace (54). By comparing either the average current or the total number of peaks 

between different points it was possible to discern the changes in the level of 

cavitation. In general a surface event on a lead electrode is longer in period than one 

recorded on an aluminium electrode; therefore in order to make comparable 

measurements a fast acquisition system is required. In addition to this, for this study 

one of the guiding principles was that any measurement technique developed would 

be applicable in a variety of different locations. The use of a computer based ADC 

card would therefore obviously severely limit the portability of the system. Given the 

requirement that the measurement device be both portable and be capable of making 

fast measurements; the use of a portable counting instrument was therefore pursued. 

The portable device chosen was an Amptek Pocket MCA 8000A Multi Channel 

Analyser (MCA). The MCA is designed for use in XRF (X-Ray Fluorescence) 

spectroscopy and is capable of counting the number of peaks as a function of their 

magnitude over a set period of time at high resolution. Using computer control of the 

MCA (e.g. commercial control software or bespoke Visual Basic programs) it is 

possible to control the period over which the MCA collects data as well as the trigger 

voltage which the magnitude of a peak has to be greater than in order for it to be 

counted. Through the computer link the MCA transferred the data in two forms of 

interest; first, the total number of events over the threshold voltage and second, a 

histogram showing the distribution of these events as a function of their magnitude 

(see figure 4.12). Thus using the MCA it was possible to make a single measurement 

that gave information about both the number and magnitude of the surface 

erosion/corrosion cavitation events taking place on an electrode over a period of time. 
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Figure 4.12: Example of a histogram of peak heights recorded using the MeA. The 
greyed out area indicates the counting threshold of 24.4 IlA below which no events are 
recorded. The histogram contains 44,357 events recorded over 30 s on an aluminium 
electrode held at 0 V vs . an AG counter/reference electrode and 0.5 mm from the tip of 
an ultrasonic horn running at 22.65 kHz and 125 V zero to peak in a 0.1 M Na2S04 
solution. 

The distribution of peak amplitudes in figure 4.12 is in broad agreement with similar 

measurements conducted for different electrode materials (54) with a high number of 

smaller events recorded dropping off as the peak amplitude increases. This is to be 

expected given that a smaller peak can be as a result of a large event taking place a 

distance from the electrode surface or due to a small event close to the surface of the 

electrode. Conversely a large peak requires both for there to be a powerful collapse 

and for it to take place in close proximity to the surface of the electrode and is 

therefore less likely. 

The multi channel analyser was not designed for this specific purpose, therefore it is 

imperative to show conformity between results recorded using the MCA and results 

acquired using established techniques. In order to accomplish this, simultaneous 

measurements were conducted using the MCA and an ADC card (Measurement 

Computing PCI-DAS 4020112) over a period of 30 seconds. The resultant current 

time trace from the ADC card was then analysed using a bespoke Visual Basic 

86 



Chapter 4: Transient events 

program in order to ascertain the number and magnitude of peaks recorded. The 

program can be found in appendix C. The experiment was repeated 7 times with two 

different sets of conditions in order to investigate the validity of this approach. The 

number of events recorded using both the MCA and the ADC card are detailed in 

table 4.1. 

Experiment 

2 
3 
4 
5 
6 
7 

Horn 
distance 

Imm 
1 
1 
1 
1 

0.5 
0.5 
0.5 

Trigger threshold 

I bin ImV l'fJA 
75 91.6 9.2 
75 91.6 9.2 
75 91.6 9.2 
75 91.6 9.2 
75 91.6 9.2 
75 91.6 9.2 

200 244.1 24.4 

MCA ADC card Average 
Count Count Current 

I Counts I Counts InA 
57 49 15 
65 44 18 
4 1 18 
7 6 19 

17670 24112 186 
91496 85071 459 
44357 45447 875 

Table 4.1: Comparing the number of peaks recorded using the MCA and an ADC card 
and software techniques. 

The number of events recorded in table show that there is a good correlation between 

the numbers of events recorded using the different methods. The agreement between 

the number of events recorded using the two methods can be illustrated by plotting 

the number of events from the two methods together as in figure 4.13 ( note the large 

variation in the number of events recorded under different conditions requires that the 

axes be logarithmic, however the 1: 1 correlation is clearly apparent). 

If we now look at the distribution of the amplitude of the peaks recorded using both 

the MCA and ADC approach then it is possible to see the correlation between the two 

methods. The two histograms presented in figure 4.14 correspond to the sixth 

experiment in table 4.1. As in figure 4.12 both the histograms in figure 4.14 show a 

steady reduction in the number of events recorded as the magnitude of the event 

increases. The slight increase in the number of events recorded at the highest peak 

current is as a result of all events with a magnitude greater than 50 J-lA being assigned 

as having this magnitude. 
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Figure 4.13: Plot comparing the number of events recorded using the MCA and ADC 
card and software techniques. 
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Figure 4.14: Comparison of the size distribution of events recorded using the MCA (A) 
and ADC card with software (8) counting techniques. 

B 

-

Any difference in the number of events recorded using the MCA and the ADC card 

counting methods are as a result of a number of factors. Some of the variation 

observed may be attributed to slight differences in the time at which the 

measurements were made; this is likely to be a small factor in comparison to the 
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differences III the time resolution and peak discrimination method of the two 

techniques. In addition for the purpose of this experiment the time resolution of the 

ADC card measurement is 500 kHz. Hence if the peak corresponding to an event 

were only slightly greater than the threshold or trigger voltage in the 2 IlS between 

measurements then no peak would be recorded using the ADC card. This non

recording of some lower magnitude events can be seen regardless of the total number 

of events recorded. For experiments where there are a greater number of events, the 

ADC method resolves more peaks than the MCA. This increase is thought to be as a 

result of the peak counting method of the MCA which only counts discrete peaks 

where as the counting method used for the ADC card output may count multiple 

peaks more than once. 

From the comparison experiments detailed in table 4.1 and figures 4.13 and 4.14 it 

can be seen that the MCA collects comparable results to the use of the ADC card and 

counting software but in a more portable and practical manner. It should be noted 

that in addition to making it possible to record the number of events taking place over 

an extended period time, the use of the MCA substantially reduced the volume of data 

recorded. The extended current time traces recorded for the comparison were each 

recorded at a resolution of 500,000 samples per second over 30 seconds. As a 

consequence each file consisted of 15,000,000 data points and had a size of 

approximately 250 MB. If a scan of a cavitating environment, such as those 

conducted in this chapter as well as later in this thesis, were to be conducted using 

this technique then even a relatively modest number of points would soon result in 

serious issues in handling the data. In contrast each individual file from the MCA is 

only 20 kb in size; a reduction in size of over 12,000 times. 

4.5.2. Effect of trigger point 

It is instructive to remember that the number of events recorded is highly dependent 

on the value chosen for the threshold or trigger value. In order to make reliable 

measurements the trigger voltage (and hence current) must be selected such that it is 

great enough that genuine peaks are identifiable from the background signal but low 

enough such that majority of events are recorded. Table 4.2 shows the effect of the 
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trigger voltage on the number of events recorded for a number of current time traces 

recorded using the fast ADC card. 

Trigger Experiment 
ImV I~A 5 6 7 
50 5 81403 321706 534239 
92 9.2 24112 85071 262710 
100 10 21416 73229 228666 
200 20 8377 21122 66431 
244 24.4 6528 15415 45447 
500 50 2676 5424 13372 
1000 100 1054 2037 4030 

Table 4.2: Showing the affect that changing the trigger threshold has on the number of 
events recorded. 

Consequently it is important that to compare two measurements conducted using the 

counting technique, be it using the MCA or ADC, the relevant counting thresholds 

are known. 

4.5.3. Distribution of current passed 

Modifying the to the data analysis program used to interpret the ADC data for table 

4.1 it was possible to estimate the charge passed during the period of each event. The 

visual basic program on which the analysis is based can be found in appendix C. This 

analysis makes it possible to see in figure 4.15 the distribution of the current passed 

during individual events in the same way that the magnitude of the peaks was seen in 

figure 4.12. 
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Figure 4.15: Histogram showing the distribution of the number of events as a function 
of charge passed. 

The distribution in the level of charge passed during each event in figure 4.15 shows 

a similar form to that seen for the peak magnitudes in figures 4.12 and 4.14 with a 

large number peaks involving the passing of smaller quantities of charge and 

considerably fewer peaks for which greater charge is passed. Interestingly the 

quantity of charge passed for the events represented by the second column is similar 

to that used for the weight calculations in section 4.4.1, indicating that the values used 

are representative. 

It should be noted that the method by which the current passed during each event was 

calculated was considerably cruder than the method used for the analysis of single 

events in section 4.5.1. Therefore the accuracy of individual measurements is low; 

this does not affect the validity of distribution as a whole. Similarly the manner in 

which the data was analysed lead to a difference in the number of discrete events 

identified; the current passed method recognised significantly fewer events than that 

for the peak finding (72175 compared to 85071). Two factors are thought to be 

responsible for this effect. First the current calculation analysis did not reset until the 

voltage had dropped below the trigger value resulting in some double peaks and some 

secondary peaks being counted with the initial peak. Second, smaller peaks that only 

just registered with the peak finding program would not have been identified by the 
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current passed analysis (the current had to be greater than the threshold for three 

measurements for a measurement to be recorded, see appendix C for details). Though 

individual measurements will be effected, the overall conclusions are still valid. 

4.5.4. Repeatability 

In section 4.2.5 we saw how over time the form and number of transients recorded on 

an electrode changed as the surface of the electrode was reconstructed by the effect of 

the cavitation. It would therefore not be unreasonable to expect that over a period of 

prolonged exposure there would be a substantial change in the number of events 

recorded on an electrode. Specifically the presence of high amplitude secondary 

events such as those seen in figure 4.5 will increase the number of peaks counted by 

the MCA. Any such increase in the number of events recorded will create an inherent 

error in any scanning measurements conducted where the same electrode is subjected 

to a prolonged period of sonication. 

To test this hypothesis an electrode was positioned 0.5 mm from the tip of the 

ultrasonic hom and subjected to the effects of cavitation for a total of twenty minutes 

(1200 s) made up of 120 x 10 s bursts. In each burst the number of events taking 

place was recorded using the MCA. After this period of time the surface of the 

electrode had become seriously deformed (see figure 4.16 images B-D). 
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Figure 4.16: Images showing the effect on a polished 250 ~m diameter aluminium 
electrode (A) that 20 minutes of exposure to cavitation has at the surface (B) mid way 
down the erosion (C) and at the deepest point of the erosion (D) approximately 100~m 
from the surface. 

Images B-D in figure 4.16 correspond to the same electrode but are focused on 

different planes within the eroded electrode; B on the supporting epoxy resin at the 

tip, C at the top of the eroded aluminium and D on the furthest eroded portion of the 

electrode; approximately 100 flm from the surface. The pitted nature of the damage 

to the electrode made the removal of all the solution from the electrode before 

imaging impossible, as a result it is possible to see a bubble that has been trapped 

within the electrode in image C. 

Figure 4.17 shows how the number of events recorded at the electrode varied during 

the sonication. When the electrode was new up until it had been exposed to 

approximately 170 s of ultrasound the number of events recorded fluctuated greatly. 

The number of surface erosion/corrosion events recorded then settled out at 80,000 in 

10 seconds until around 1100 s of exposure when the number of events staried to 

reduce. The initial instability in the number of events recorded may be as a result of 

the surface events starting to be damaged. Hence the electrode represents a 

nucleation site. This increases the likelihood of a surface erosion/corrosion cavitation 

event being reproducibly detected. 
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Figure 4.17: Plot showing the variation in the number of surface erosion/corrosion 
events recorded on an electrode as a function of exposure time. Recorded on a 250 !Im 
diameter aluminium electrode held at 0 V vs. an Ag wire counter/reference electrode and 
positioned 0.5 mm from the tip of an ultrasonic hom operating at 23.38 kHz and 100 V 
zero to peak in a 0.1 M Na2S04 solution. The MeA threshold set to 1.2 !IA. 

It was to be expected that there would be a certain level of variance in the number of 

events recorded at the electrode surface over time; not least because the conditions at 

the tip of the ultrasonic hom are unlikely to remain constant leading to a variation in 

the level of cavitation taking place. The spread in number of events recoded when the 

electrode is first exposed to the cavitation is all the same greater than would be 

hoped. After the electrode has been exposed for a short time (by which time the 

surface of the electrode will have become roughened) the number of events recorded 

stabilises to a value of around 80,000 counts in lOs though still with several points at 

which the number of events recorded is below this value. Overall the short term 

repeatability when the electrode is newly polished is less than would be expected; 

conversely the repeatability in the counting measurements over a longer time period 

is greater than expected. Consequently though not perfect it has been shown that the 

number of events recorded on the electrode is stable over a prolonged period and thus 

can be used to measure variation in the level of cavitation between different points. 
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4.5.5. Map of an ultrasonic horn 

Previous studies have made use of passivated lead electrodes to map the activity at 

the tip of an ultrasonic hom (54, 74). Consequently this provides an ideal way to 

demonstrate the ability of the aluminium electrodes coupled with the MCA to 

measure cavitation. The experimental setup of the scan can be found in chapter 2 

figure 2.7. The electrode was scanned over an area 5 x 5 mm at a resolution of 0.5 

mm and the sound switched off between measurements by a Visual Basic program. 
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Figure 4.18: Linear (A) and logarithmic (B) contour maps of 2 dimensional surface 
event scan of a 3 mm diameter ultrasonic hom tip with a 250 Ilm diameter aluminium 
working electrode held at 0 V vs. a stainless steel counter/reference electrode and 
positioned 1 mm from the tip in the Z plane. Scan conducted at a resolution of 0.5 mm 
and events with a magnitude > 2.4 IlA counted using a MeA. Hom driven at 22.58 kHz 
and 125 V in a solution of 0.1 M Na2S04. The white circles represent the position of the 
hom relative to the scans. 

20 

The number of events recorded at each point varied from 0 to over 15,000 in 30 

seconds depending on the location of the electrode with respect to the hom tip. As 

would be expected the greatest number of events were recorded close to the centre of 

the hom. There were though a significant number of events recorded beyond the 

edge of the hom where the cloud of cavitation from the hom was continuing to 

impinge on the electrode. In order to visualise the scan the results are presented in 

figure 4.18 in the form of two contour maps. Figure 4.18 map A is a map created 

using a linear scale for the number of counts; consequently the majority of the scan is 

hard to observe due to the prevalence of the highly active points at the centre of the 
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scan. Figure 4.18 map B uses a logarithmic scale for the number of counts instead 

and as a result more detail in the scans can be seen. 

Figure 4.18 having shown that it is possible to map the cavitation activity surrounding 

the tip of an ultrasonic hom we shall now move on to look at the detection of surface 

events in a reactor. 

4.5.6. Measurements in a reactor 

The previous section has shown that the detection of erosion/corrosion events can be 

useful in the characterisation of inertial cavitation in the region surrounding the tip of 

an ultrasonic hom. However, this detection/characterisation system must be capable 

of monitoring the spatial characteristics of inertial events within other environments; 

specifically those found in a large ultrasonic reactor. In order to demonstrate this, the 

detection system was deployed in a single transducer cylindrical cell. 

Whereas an ultrasonic hom generates a reproducible localised area of cavitation, an 

ultrasonic reactor has a cavitation field which is far more varied and frequency 

dependant (155). For example luminescent imaging of a cylindrical sonochemical 

reactor has shown that there are many regions of cavitation activity which are highly 

spatially dependant (62, 155). Using low light imaging techniques these areas can be 

observed from the multi bubble sonoluminescence (MBSL) produced by inertial 

cavitation. In the cylindrical reactor employed here, the regions of the liquid where 

inertial cavitation exists can be identified using the low light images. This enables 

accurate location of the electrode within an inertial cavitation zone. When this is 

done current time transient events similar to those seen when an electrode is located 

in close proximity to the tip of an ultrasonic hom are observed (see figure 4.19). 
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Figure 4.19: Example of a surface erosion/corrosion event transient recorded in a single 
transducer reactor. Event recorded on a 250 f..Lm AI electrode held at 0 V vs. a SS 
counter/reference electrode and positioned centrally 80 mm above the base of reactor 4. 
The reactor contained 1 dm3 0.1 M Na2S04 and was driven at 22.81 kHz and 150 V zero 
to peak. Image A shows the presence of a bubble cloud at the tip of a similar electrode 
in reactor 2 operating at 38 kHz and 100 V zero to peak. 

A characteristic of the ultrasonic hom was that when the conditions were such that 

inertial cavitation was taking place at the tip of the hom a cloud of bubbles could be 

seen in the vicinity of the tip. Similarly when an electrode was placed within an 

ultrasonic reactor at a point at which surface events were recorded it was often 

possible to identify a cloud of bubbles at the electrode tip such as that seen in image 

A in figure 4.19. Further to this if an intensified image of the reactor is taken (figure 

4.20 a) it is possible to see that there is a corresponding region of light emission at the 

tip of the electrode (figure 4.20 c). 
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Figure 4.20: Images of an electrode in reactor 4 showing the MBSL (a) the ambient 
light image (b) and combined image (c). Images a & c show the luminescence at the tip 
of the electrode. 

This observation suggests that when inertial cavitation is detected at the electrode 

(e.g. by monitoring erosion/corrosion events), luminescence is centred around the 

electrode tip. This occurrence is understandable as two criteria must be satisfied to 

generate inertial events. First, the acoustic pressure conditions must be sufficient to 

drive a bubble to inertial collapse. Second, an appropriate nucleation site must be 

available. Clearly placing an electrode within a pressure anti node will enable both 

criteria to be satisfied. 

Another important consideration is affect that the electrode has on the pressure field 

within the reactor. Previous studies have shown that due to differences in the 

acoustic properties of an electrode compared to the solution in which it rests it is 

invasive; affecting the pressure and therefore cavitation field surrounding it. As a 

consequence in the same way that an electrode placed in the neighbourhood of an 

ultrasonic hom can result in an extension of the region of inertial cavitation field 

towards the electrode so it should be expected that the placement of an electrode 

within a cavitating vessel is going to have an effect on the regions of inertial 

cavitation within the vessel. 
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4.5.7. Correlation of surface and light effects in a reactor 

A distinctive characteristic of cavitation within a single transducer cylindrical 

ultrasonic reactor is that given the correct conditions a stable and regular modal 

structure can be observed (62, 155). This modal structure can be seen as regular 

patterns in sonoluminescent images (see figure 4.21). When the reactor is viewed 

from the side this is manifested as a series of bands of light (see figure 4.21a); from 

above as concentric rings (see figure 4.21 b). These perspectives are entirely expected 

and predictable given the three-dimensional structure of the sound field. 

Figure 4.21: Intensified images of reactor 3 recorded from the side (A) and from above 
(B) showing banding (A) and concentric rings (B) formed from MBSL). Reactor 
contained 140 ml pure water and is driven at 40 kHz with a voltage of 100 V (zero to 
peak). Both images are averages of 100 individual images. 

The high spatial resolution of the surface erosion/corrosion event measurements 

makes it possible for the banding structure within a cylindrical reactor to be 

investigated. It would be expected that if an electrode were to be drawn up through 

the reactor, stopping at regular intervals to make measurements, the band structure 

should be evident as regions of zero activity (where the acoustic pressure is below the 

critical threshold for inertial cavitation and being manifest by a lack of luminescence) 

interspersed with regions at which a number of surface cavitation events would be 

recorded (corresponding to locals where the pressure exceeds the critical threshold 

and the luminescent bands are seen). Thus by comparing the number of events 

recorded on an electrode the relative level of inertial cavitation activity can be found 

as a function of position within the vertical scan. In order to demonstrate this, a mode 
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was generated within a cylindrical reactor and an electrode placed in the centre of the 

cell and scanned vertically with a resolution of 2.5 mm. From the number of surface 

events recorded, using the MeA, the presence of bands of inertial cavitation activity 

can be seen (see figure 4.22). 
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Figure 4.22: Variation in number of surface events recorded in 30 seconds as a function 
of vertical position within the reactor of a centrally placed electrode. Insert A shows the 
variation in the number of events as a function of horizontal position 7.5 mm above the 
base of the scan. MeA trigger set to channel 246 (0.3 V). 250 ~m aluminium electrode 
held at 0 V VS. silver wire and current follower set to 105 V A-I gain. Reactor 3 
contained ~ 140 ml solution driven at 40 kHz and 100 V (zero to peak amplitude). 

Figure 4.22 shows that the bands of inertial cavitation activity are separated by 15 ± 2 

mm in the vertical direction. This compares to a spacing of 13 ± 2 mm measured 

from the luminescent image (see figure 4.21A). Similarly when an electrode was 

placed 7.5 mm from the bottom of a vertical scan (in a region where inertial events 

where detected in the centre of the cell) and then scanned horizontally across the 

reactor at 5 mm resolution, the horizontal activity was observed, figure 4.22 insert A. 

The horizontal scan across the reactor shows a ring like structure to the mode excited, 

similar to that observed in the low light images, figure 4.21B. Figure 4.22 insert 

suggests that the inertial activity not apparent at the edge of the cell (close to the 

liquid/solid interface at the water jacket). It should be noted that the mode generated 
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within the cylindrical vessel will have an influence on the interpretation of these 

scans. For example an asymmetrical mode will have pressure nodes on the axis of 

the cylinder and therefore no cavitation activity. Conversely a symmetrical mode 

would have pressure antinodes on the axis and hence cavitation activity. Care should 

therefore be taken in comparing the activities measured using single line scans within 

the cell. 

4.6. Conclusions 

This chapter has shown that it is possible to record surface erosion/corrosion events 

on both aluminium and titanium electrodes. We have seen that after prolonged 

exposure to the effects of cavitation the surface of aluminium electrodes become 

highly damaged and different, more "rounded", current time peaks are seen. In 

comparison titanium electrodes have been shown to be more resistant to damage and 

therefore suited to situations where aluminium would not survive. To enable the 

mapping of inertial cavitation activity a new, portable, counting technique has been 

developed. The technique was tested below an ultrasonic hom and within a single 

transducer reactor. 

Although the electrochemical technique is simple, relatively accurate and portable, it 

would be wrong to say that it represents an 'ideal' inertial cavitation measurement 

technique. As with all localised measurement techniques (e.g. hydrophones), to map 

an entire vessel, a single electrode would have to scan all three dimensions of the cell, 

which is time-consuming (during which time the cavitation might change because of 

changes in the temperature, gas content etc.). Similarly a large array of electrodes 

capable of mapping large areas of the vessel would be invasive. However, the 

electrodes sensor represents a useful addition to the other measurement techniques 

available, in particular it has shown to be capable of resolving bands within a reactor. 
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5. High-speed imaging 

The use of high-speed imagery to study the effects of cavitation, be it ultrasonic 

cavitation or laser induced cavitation, is extensive (34, 37, 99-102). Most pertinent to 

this study, the action of a collapsing bubble cloud impinging on a passivated 

electrode has been studied at great length by Offin et al. (54). In this section we will 

use high-speed imaging to look at the processes on aluminium electrodes. We shall 

look at 6 sets of data covering three separate situations. 

1) Individual primary transients induced by the action of an ultrasonic hom 

2) Primary and secondary transients generated by an ultrasonic hom; specifically 

examining any difference in their formation. 

3) Events recorded on an electrode placed in a single transducer reactor. 

For each situation simultaneous high-speed imaging and current time transients 

recorded at the electrode in question will be presented in order to interpret the events, 

and their erosive nature. A clearing of the observed bubble cloud is associated with 

the collapse of the bubbles due to cavitation (be it due to individual collapses or a 

cluster collapse). It is therefore expected that surface erosion/corrosion activity 

would be associated with such occurances. 

5. 1. Primary horn events 

The current time transients and concurrently recorded high-speed images from two 

surface erosion/corrosion cavitation events on a 250 f!m aluminium electrode 

generated by an ultrasonic hom are now presented. For each set of results the current 

time trace is annotated with a series of numbered circles representing the temporal 

position of the correspondingly numbered high-speed video frame. 
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Figure 5.1: Plot of a current time transient fonned as a result of erosion/corrosion of a 
250 /lID aluminium electrode recorded simultaneously with the images in figure 5.2. The 
numbered circles represent the duration and position of the high-speed video images in 
figure 5.2. Event recorded in 0.1 M Na2S04 with the ultrasonic hom driven at 22.66 kHz 
and 110 V zero to peak. Electrode positioned 1 rom from the tip of the hom and held at 
o V vs. an Ag counter/reference electrode. 

If we look at the current time trace in figure 5.1 and the corresponding high-speed 

images in figure 5.2, each image at a time we can see the action of the collapsing 

bubbles and how this results in the current time transient recorded. In images 1-3 it 

can be seen that there are a number of bubbles on or near the surface of the electrode. 

In particular a bubble can be seen just to the left of the centre of the electrode. In 

image 4 this bubble (along with the other bubbles present in the preceding images) is 

no longer visible and there is a sharp increase in the current passed corresponding to 

the reformation of the passivated oxide layer after its removal by the action of the 

collapsing bubble cloud. In images 5 through 8 the bubble cloud can be seen to be 

reforming the bubble cloud through the generation of a large number of smaller 

bubbles interspersed between the tip of the hom and the electrode. If we examine the 

same period of time in figure 5.1 it can be seen that the current passed is reducing as 

the oxide layer on the electrode is reformed; implying that there is no observable 

erosive mechanism here. For images 9 through 13 it can be seen that the bubbles 
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between the electrode and the ultrasonic hom reduce in volume in a similar manner as 

happened in images 1-3 . On this occasion though there is not the same clearing of the 

bubbles as seen in image 4 and consequently there is not the same deflection in 

current. 

Figure 5.2: Simultaneous high-speed video images for figure 5.1 . Recorded at \50,000 
frames S· 1 with a shutter speed of 11150000 s. 

Similarly if we look at the current time trace and images in figure 5.3 we can see that 

in images 1 to 3 there is a bubble cloud between the tip of the hom and the electrode. 

This can be seen to collapse away in image 4 such that there are no bubbles seen 

between the electrode and the hom. At the same point in time a substantial increase 

in the current passed is observed corresponding to the reformation of the damaged 

oxide layer. In image 5 it is possible to see the presence of some small bubbles 

indicating the reformation of the new bubble cloud. Images 6 to 8 show that a new 

bubble cloud has formed. 
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Figure 5.3: Current time trace of a surface erosion/corrosion event recorded on a 250 
J.1m electrode and simultaneous high-speed video images. The numbered circles on the 
current time trace represent the duration and timing of the same numbered high-speed 
images. Event recorded in 0.1 M Na2S04 with the ultrasonic hom driven at 22.66 kHz 
and 110 V zero to peak. Electrode positioned 1 mm from the tip of the hom and held at 
o V vs. an Ag counter/reference electrode. Images recorded at 150,000 frames S·I with a 
shutter speed of 11150000 s. 

5.2. Secondary events 

As discussed in chapter 4 after an aluminium working electrode had been exposed to 

surface cavitation for a prolonged period of time, in addition to the "saw tooth" like 

transients seen in figures 5.1 and 5.3, current time events with a slower rise time and 

more symmetrical peak shape are recorded. In chapter 4 these events were referred to 

as secondary events. Here we shall look at simultaneous electrochemical 

measurements and high-speed imaging to investigate the mechanism behind the 

creation of secondary events and whether it differs from that for primary events. 
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Figure 5.4: Current time trace of a primary (A) and a secondary (B) surface 
erosion/corrosion events recorded on a 250 !lm aluminium electrode simultaneously with 
the high-speed video images in figure 5.5. The numbered circles represent the duration 
and position of the high-speed video images in figure 5.5. Event recorded in 0.1 M 
Na2S04 with the ultrasonic hom driven at 22.66 kHz and 110 V zero to peak. Electrode 
positioned 1 mm from the tip of the hom and held at 0 V vs. an Ag counter/reference 
electrode. 

o 

The current time trace in figure 5.4 shows the presence of a saw tooth shaped primary 

peak at ~ -160 JlS (marked A), followed 80 JlS later by a more symmetrical secondary 

peak (marked B). Looking at the corresponding high-speed images (figure 5.5) it can 

be seen that prior to peak A the bubble cloud between the ultrasonic hom reduces in 

size (images 1-2) before clearing almost entirely (image 3), prior to frame 4 there is 

an increase in the current for peak A. This suggests that the same process responsible 

for the clearing is responsible for the erosion. The formation of a multitude of 

smaller bubbles (image 4) leading to the reformation of the bubble cloud between the 

hom and the electrode. After ~65 Jls the current passed by the electrode begins to 

increase again for the start of peak B; reaching a maximum 80 JlS after the apex of 

peak A before decreasing symmetrically. It was expected that the inherent difference 

in the shape between peaks A and B would be as a result of obviously different 

processes taking place at the surface of the electrode. If we look at the images 

corresponding to peak B (images 13-18) the behaviour of the bubble cloud between 
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the electrode and the hom is similar with that seen during the formation of peak A 

except that the current begins to rise prior to the clearing of the bubble cloud. As the 

current passed increases the bubble cloud collapses (images 13-14) resulting in a 

clearing of the cloud as a result of a shock at the point of maximum current (image 

15). The current then reduces and the bubble cloud reforms (images 16-18). 

Figure 5.5: Simultaneous high-speed video images for figure 5.4. Recorded at 150,000 
frames S-I with a shutter speed of 111 50000 s. 

Figure 5.6 shows another example of a saw toothed primary peak (C) being followed 

83 IlS later by a more rounded secondary peak (D). The corresponding high-speed 

images in figure 5.7 shows that it is again difficult to determine any difference in the 

process leading to the formation of the different peaks. Prior to peak C the bubble 

cloud rearranges (images 1-3) before clearing and showing possible material ejection 

from the surface of the electrode (image 4) as peak C is seen to form on current time 

trace (figure 5.6). After peak C has reached its maximum (image 5) the bubble cloud 

reforms (images 6-15) before clearing at the same point as peak D (image 16-18). If 

we compare the three images preceding the "primary" peak C (images 2-4) and the 

"secondary" peak D (images 15-17) it can be seen that despite the current time traces 

for the two peaks being markedly different the shape and action of the bubble cloud 

formed between the tip of the ultrasonic hom and the working electrode is the same in 

that there is a clearing of the cloud at the point of maximum current. It should be 

noted that when the current begins to rise for the formation of peak D, indicating the 
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beginning of the erosIve corrOSIve action, there are bubbles In contact with the 

surface. 
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Figure 5.6: Current time trace of a primary (C) and a secondary (D) surface 
erosion/corrosion events recorded on a 250 /lm aluminium electrode simultaneously with 
the high-speed video images in figure 5.7. The numbered circles represent the duration 
and position of the high-speed video images in figure 5.7. Event recorded in 0.1 M 
Na2S04 with the ultrasonic hom driven at 22.66 kHz and 110 V zero to peak. Electrode 
positioned 1 mm from the tip of the hom and held at 0 V vs. an Ag counter/reference 
electrode. 

Figure 5.7: Simultaneous high-speed video images for figure 5.6. Recorded at 150,000 
frames s'\ with a shutter speed of 11150,000 s. 
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5.3. Reactor events 

The use of an ultrasonic horn to study the processes that lead to the erosion/corrosion 

of the surface of an electrode is instructive. However, for most situations where an 

electrode is likely to be used for the measurement of such events the ultrasonic source 

is going to be remote from the electrode. Such an example is a single transducer 

reactor. Therefore we shall now look at simultaneous electrochemical measurements 

and high-speed imagery for an electrode in a single transducer reactor to determine if 

the mechanisms seen are the same as those at the surface of an electrode near the tip 

of an ultrasonic horn. 

The acquisition of high-speed video sequences of the processes taking place in a 

reactor imposed a number of constraints. Primary amongst these, unlike for 

measurements at the tip of an ultrasonic horn, it was not possible to use glassware 

that had optical windows that assist imagery. Consequently the images recorded were 

less clear. Also the area that had to be covered by the images was greater as the 

bubble cloud formed at the tip of the electrode was not bounded by the tip of the 

horn. This necessitated the use of slower frame rates; decreasing the temporal 

resolution of the imagery. 

The experiments carried out in chapter 4 have shown that it is possible to record 

individual surface erosion/corrosion events in a single transducer reactor (see figure 

4.19); it was also shown that such events can only be recorded at certain points within 

the reactor due to the variation in the sound field and therefore the cavitation activity 

(see figure 4.22). As a consequence the position of the electrode within the reactor is 

of great importance. To conduct concurrent high-speed imaging and electrochemical 

measurements, the single walled reactor 4 was used to aid the imaging of the activity 

and the electrode placed in the central axis of the reactor 80 mm from the base; this 

being a position where it was known that there was high surface erosion/corrosion 

activity (see chapter 6 figure 6.9). We shall now examine two current time traces and 

accompanying high-speed images taken of reactor 4. 
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-140 -120 -100 

Figure 5.8: Two surface erosion/corrosion events (A & B) recorded on a 250 Ilm 
diameter aluminium electrode in reactor 4. The numbered circles represent the duration 
and position of the high-speed video images in figure 5.9. The electrode was positioned 
centrally 80 mm from the base of the reactor which contain 1 dm3 Na2S04 and held at 0 
V vs. a stainless steel counter reference electrode. The reactor was driven at 22.81 kHz 
with a drive voltage of 150 V zero to peak. 

Figure 5.8 shows a current time trace with two saw tooth like peaks (A & B) 

separated by - 43 Ils or one pressure cycle (the reactor being driven at 23 kHz). 

These peaks being similar to those seen in figures 5.1 and 5.3 recorded at the tip of an 

ultrasonic hom. If we look at the accompanying images in figure 5.9 we can see that 

a bubble cloud similar to that seen at the tip of the ultrasonic can be seen. The bubble 

cloud is similar to that observed in figure 4.19 and is approximately 2 mm in 

diameter; located at the bottom of the downward pointing electrode. Concentrating 

on peak A we can see that the bubble cloud collapses prior to the peak (image 1 &2) 

to a point where no bubbles are seen (image 3) before the bubble cloud reforms after 

the erosion/corrosion has taken place (image 4-6). 

The same process can be seen to be taking place for peak B where the bubble cloud 

collapses and disappears prior to the increase in current (images 7&8) before the 

reforming of the bubble cloud (images 9-11). Interestingly the bubble cloud can be 
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seen to collapse once again (images 11-13) but this time there is no accompanying 

erosion/corrosion transient in figure 5.8. Throughout all of the images a nucleation 

point just off the electrode can be seen. 

Figure 5.9: Simultaneous high-speed video images for figure 5.8. Recorded at 112,500 
frames S·I with a shutter speed of 11112,500 s. 

The presence of peaks with slower rise times and more rounded shape was not 

confined to when an ultrasonic hom was used. We shall now look at a set of data 

which contains two "saw tooth" peaks (A&B) and two "rounded" peaks (C&D). 
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Figure 5.10: Two "primary" (A &B) and two "secondary" (C&D) surface 
erosion/corrosion events recorded on a 250 Ilm aluminium electrode in reactor 4. The 
numbered circles represent the duration and position of the high-speed video images in 
figure 5.11. The electrode was positioned centrally 80 mm from the base of the reactor 
which contain 1 dm3 Na2S04 and held at 0 V vs. a stainless steel counter reference 
electrode. The reactor was driven at 22.81 kHz with a drive voltage of 150 V zero to 
peak. 

Comparing the high-speed images recorded in figure 5.11 preceding each of the four 

peaks in figure 5.10 it can be seen that there is very little difference between the saw 

tooth like "primary" peaks (A and B) and the more rounded "secondary" peaks (C 

and D). Preceding peak A the bubble cloud can be seen to collapse (images 1-3) 

before rebounding (image 4). The same process can then be seen to repeat for peaks 

B (images 7-9), C (images 12-14) and D (images 17-19). For the secondary peaks C 

and D the current can be seen to rise before the bubble cloud has dispersed and 

cleared. 

Looking at the way in which the bubble clouds clear prior to each of the surface 

erosion/corrosion events; and in particular the surface of the electrode and its support; 

the presence of bubbles on the surface of the electrode can be seen in all cases. For 

the more rounded peaks C and D these bubbles appear to be larger in size suggesting 
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that bubbles that are in contact with the surface are in some way responsible for the 

broadening of the transients recorded. 

Figure 5.11: Simultaneous high-speed video images for figure 5.10. Recorded at 
112,500 frames S· 1 with a shutter speed of 11112,500 s. 

5.4. Conclusions 

In this chapter we have examined the processes leading to erosion/corrosion events 

on aluminium electrodes caused by the action of cavitation through simultaneous 

high-speed imagery and electrochemistry. This has shown that a collapse and 

clearing of a bubble cloud surrounding the tip of the electrode causes damage to the 

electrodes surface; producing a current/time transient as the protective oxide reforms. 

This process was found to hold regardless of whether the electrode was positioned 

near the tip of an ultrasonic hom or in a single transducer reactor and whether the 

current time transient recorded was a fast rising primary event or a more rounded 

secondary event. No definitive difference between the generation of a sharp or 

rounded peak could be ascertained; the only possible cause for the more rounded 

peaks found was the interference of bubbles trapped on the electrode surface with the 

electrochemistry. 
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6. Characterisation of a reactor at different 

frequencies 

It is well known from previous studies that changes in the drive frequency of a reactor 

can result in variation in the cavitation taking place (62, 155, 177). If all other 

parameters are maintained (temperature, drive voltage, reactor size, ac pressure and 

the liquid) then it is possible to "tune" a reactor to a given frequency that produces an 

elevated level of MBSL light emission from the reactor and therefore cavitation. In 

order to compare the measurements of the different sensing techniques already 

outlined in chapters 3 to 5 a reactor was driven at various frequencies and the 

response of the techniques recorded. Reactor 4 was chosen for these experiments due 

to its size; this allowed all techniques to be applied within the vessel at several 

different points in space. 

Previous work with this reactor (171) and those of a similar construction (62, 155, 

177, 182) has shown that conditions suitable for the generation of cavitation are only 

seen at certain frequencies. Therefore it was considered superfluous to conduct every 

available test at all available frequencies. Therefore certain frequencies were 

identified for study in greater detail. 

6. 1. Data collection 

6.1.1. Light output 

To identify the frequencies of interest, the MBSL light output of the Reactor 4 was 

measured at 1 kHz resolution between 20 and 160 kHz using a single photon counting 

module (SensL PCMplus SN 20). Light output was chosen for determining the 

frequencies of interest for 2 important reasons. First, light output is recognised as an 

important indication of the presence of inertial cavitation. Second, due to the ex-situ 

nature of the technique which allows a simple measurement pertaining to the global 

level of activity within the reactor, it is possible to conduct measurements at many 

frequencies in a relatively short period of time. Figure 6.1 shows the level of MBSL 

light emission from the reactor as a function of frequency. 
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Figure 6.1 shows that MBSL light generation as a result of cavitation occurs at a 

number of different frequencies, each of which can be identified by the level of light 

emission measured from the reactor being greater than the background level. 

However at a greater number of frequencies the level of light emission measured 

from the reactor was indistinguishable to the background level suggesting that no 

inertial cavitation was taking place. In order to investigate the reactor further, a 

number of frequencies were chosen for more detailed low light measurement as well 

as acoustic pressure, surface erosion/corrosion and chemical change measurements. 
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Figure 6.1: Plot of the drive frequency compared to the level of light output from the 
reactor. Recorded using a Sensl PCMPlus-20 intelligent photon counting module over a 
period of 20 s at each frequency. Reactor contained I dm3 0.1 M Na2S04 solution and 
was driven at 150 V. X marks the six high activity frequencies selected for further 
study; 0 marks the two low activity frequencies. 

180 

In total eight frequencies were selected for further investigation. At SIX of the 

frequencies selected the level of light emission from the reactor was measured to be 

greater then the background (23, 47.97, 82, 92, 103 and 126 kHz and represented by 

X in figure 6.1). For these frequencies it was assumed that inertial cavitation was 

taking place within the reactor. The other two frequencies selected (40 and 120 kHz, 
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represented by 0 in figure 6.1) corresponded to frequencies at which the measured 

light emission from the reactor was indistinguishable from the background light level, 

leading to the assumption that little or no inertial cavitation was taking place. 

The photon counter measurements give an indication as to the presence of cavitation 

taking place within the reactor but generate little or no information as to the spatial 

location of this cavitation. In order to get a better idea as to the location of the light 

generating cavitation within the reactor; the reactor was imaged from the side and 

above using image intensified cameras at each of the selected frequencies. Figure 6.2 

images a-i shows the reactor from the side at the selected frequencies. 

From figure 6.2 (b and g) it is apparent that the frequencies at which no light was 

observed using the photon counting module, coincide with little or no luminescent 

area seen using the imaging techniques as expected. This leads to the conclusion that 

there is an absence of luminescence and therefore inertial cavitation (assuming that it 

is necessary to have inertial cavitation for luminescence). Of the frequencies at which 

a modal structure within the reactor can be seen there are great variations in the shape 

of the pattern induced. For 23 and 92 kHz (see figure 6.2 images a and e 

respectively) banding structure is seen occupying almost the entire volume of the cell; 

whereas for the frequencies 103 and 126 kHz (see figure 6.2 images f and h) the light 

(and therefore the cavitation) is seen to be localised along the central axis of the 

reactor. The images for 47.97 and 82 kHz reveal a more chaotic and less structured 

form (figure 6.2 images c and d) appearing to be an amalgamation of the central and 

dispersed forms seen at other frequencies. 
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Figure 6.2: MBSL images of the reactor at different frequencies . Images correspond to ; 
(a) 23 kHz, (b) 40 kHz, (c) 47.97 kHz, (d) 82 kHz, (e) 92 kHz, (f) 103 kHz, (g) 120 kHz, 
(h) 126 kHz and (i) image of reactor with light up. Reactor contained 1 dm3 of 0.1 M 
Na2S04 solution and was driven at 150 V zero to peak. Tmages are a stacked composite 
of over 100 images. 
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Figure 6.3: Stacked low light images looking down the central axis of the reactor at 
different frequencies. Images correspond to; (a) 23 kHz, (b) 40 kHz, (c) 47.97 kHz, (d) 
82 kHz, (e) 92 kHz, (f) 103 kHz, (g) 120 kHz, (h) 126 kHz and (i) image of reactor with 
light up. Reactor contained 1 dm3 of 0.1 M Na2S04 solution and was driven at 150 V 
zero to peak. Images a stacked composite of over 100 images. 

Figure 6.3 shows the reactor imaged from above at the selected frequencies . As with 

the imaging from the side of the reactor there is no discemable light output at either 

40 kHz or 120 kHz (images b and g respectively) . The frequencies that showed a 

central column of luminescence in figure 6.2 (103 and 126 kHz) are characterised by 

a central spot as would be expected. Correlation between the intensified images 

taken from the side and above the reactor is extended to all of the frequencies studied 

except 92 kHz where the extended luminescence seen in figure 6.2 is replaced by a 

single region ofluminescence along the axis of the reactor in figure 6.3 . 

The light output of the reactor having been characterised both in magnitude (using the 

photon counter) and in position (using the image intensified imaging) we shall now 
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look to see as to whether of other key indicators of the level of cavitation (pressure 

measurements, chemical change and surface events) show the same frequency 

dependence and spatial distribution as the light output. First we shall examine the 

pressure as measured within the reactor at various points. Second we shall move onto 

investigating the presence of erosion/corrosion surface events. Third we shall look at 

the rate of chemical change within the reactor. 

6.1.2. Pressure measurements 

For inertial cavitation to take place it is well understood that the acoustic pressure 

with in the liquid must be greater than a threshold value and a nucleation site be 

present (1). Table 6.1 shows the calculated expansive pressure thresholds for the 

drive frequencies under investigation. 

Frequency / kHz 

23 
40 

47.97 
82 
92 
103 
120 
126 

Pressure threshold / 
kPa 
119 
126 
128 
138 
140 
143 
147 
149 

Table 6.1: Calculated pressure expansive pressure thresholds for the frequencies of 
interest. Calculated using program developed by Power (62). 

Consequently mappmg the acoustic pressure within the reactor at the different 

frequencies gives an indication as to where inertial cavitation may be taking place. 

This can then be correlated with the measurements carried out for the light emission, 

erosion/corrosion events and chemical change. 

The pressure measurements were carried out using a Gras Type 10 CT hydrophone 

connected to a Brllel & Kjaer 2635 charge amplifier. The hydrophone was taped to 

an 8 mm glass rod which was then mounted on a single axis positioner and the 

pressure scanned vertically through the cell. The hydrophone was scanned 100 mm 

in 2 mm increments; starting with the tip of the hydrophone 10 rom from the base of 
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the reactor, placing the centre of the hydrophone 20 mm from the base. The pressure 

at each point was recorded using a Measurement Computing PCI-DAS 4020112 ADC 

card in a computer with the pressure amplitude extracted using a Visual basic 

program (see appendix C). The reactor was scanned in 4 locations; the central axis 

and at 10, 20 and 25 mm from the central axis. All four measurements were carried 

out in the same plane within the reactor as the reactor was considered to have 

rotational symmetry around the central axis (155). 

Figure 6.4 shows the central pressure scans recorded at each frequency with the 

corresponding inertial pressure threshold. The frequencies at which light was 

recorded (23, 47.97, 82, 92, 103 and 126 kHz) the measured zero to peak pressure 

exceeds the calculated threshold. Conversely at the two frequencies where no light 

emission was recorded (40 and 120 kHz) the recorded pressures are considerably 

below the threshold. 

Figures 6.5 and 6.7 show how the pressure amplitude varies as a function of position 

from the central axis towards the wall. This is done by plotting the four pressure 

scans conducted across the reactor at each frequency into a contour map. 
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Figure 6.4: Centre axis zero to peak pressure as a function of position plots at 23, 40, 
47.97,82,92 103, 120 and 126 kHz in reactor 4. Each plot consists of 50 point with a 
resolution of 2 mm. Reactor containing 1 dm3 0.1 M Na2S04 driven at 150 V. The 
relevant calculated inertial pressure thresholds are shown for each frequency (- -) 
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Figure 6.5: Contour maps of reactor 4 driven at 23, 40, 47.97 and 82 kHz 
corresponding to maps A, B, C and D respectively. Each map derived from four vertical 
scans with a resolution of 2rnm at 0, 10, 20 and 25 rnm from the central axis of the 
reactor. Reactor 4 containing 1000 ml 0.1 M Na2S04 driven at 150 V. . 

20 

Figure 6.5 map A shows that the banding at 23 kHz becomes more apparent with 

three bands (at approximately 50, 85 and starting at 120 mm from the base of the 

reactor) where the acoustic pressure exceeds the calculated presence threshold. The 

other frequencies in figure 6.5 show no definitive banding. 

Figure 6.6 shows the constituent pressure scans used to construct figure 6.5 A. 

Though the absolute magnitude of the pressure was found to decrease towards the 

edge of the reactor, the position of the pressure nodes and antinodes within the reactor 

remained constant. 
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Figure 6.6: Plot of the four vertical scans conducted in reactor 4 driven at 23 kHz and 150 
V. Vertical scans carried out at 0 mm (-), 10 mm (---), 20 mm ( ...... ) and 25 mm (--
--) from the central axis of the reactor. Conducted in 1 dm3 0.1 M Na2S04 solution. 

Figure 6.7 shows that at higher ultrasonic drive frequencies the banding in the z 

direction (vertically away from the transducer) is more evident. In particular the 

pressure map of the reactor at 92 kHz exhibits a regular banding with a period of ~8 

mm throughout the entire height of the reactor. 

The pressure maps in figures 6.S and 6.7 show that as the ultrasonic drive frequency 

increases the spacing between pressure nodes decreases. This is in agreement with 

the theoretical model of a single transducer reactor presented by Birkin et al (155). 
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Figure 6.7: Contour maps of reactor 4 driven at 92, 103, 120 and 126 kHz corresponding to 
maps A, B, C and D respectively. Each map derived from four vertical scans with a 
resolution of 2 nun at 0, 10, 20 and 25 mm from the central axis of the reactor. Reactor 4 
containing 1 drn3 0.1 M Na2S04 driven at 150 V zero to peak. 

At all the frequencies at which it was considered that inertial cavitation was taking 

place (23,47.97, 82,92, 103 and 126 kHz) it is worth noting that towards the edge of 

the reactor the pressure drops considerably. The effect is seen least at 23 kHz (figure 

6.5 a) where pressures in excess of 200 kPa are still recorded 25 mm from the centre 

of the reactor. Conversely at 103 k Hz and 126 kHz (figure 6.7 b and d respectively) 

no pressures over 200 kPa are recorded except for in the central region. This is 

similar to what was seen from the low light images in figure 6.2 where the area over 

which light was emitted was greater at 23 kHz than at either 103 or 126 kHz. 
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6.1.3. Surface erosion/corrosion event measurements 

One of the significant physical effects of cavitation is the damage of a surface by the 

impingement of a collapsing bubble (micro jetting) or shockwave impact generated 

by a collapsing bubble on to the surface (1). Previous studies have shown that if the 

surface onto which the bubbles act is a passivated electrode, then it is possible, under 

the correct experimental conditions of solution and electrode potential, to monitor the 

destruction and reformation of the passivated layer using electrochemistry (54, 158). 

Hence by monitoring the output from such an electrode, it has been possible to 

characterise the cavitation environment surrounding an ultrasonic hom (54). In 

chapter 4 it was shown that it was possible to record such events with simple 

electrochemical circuits using aluminium and titanium electrodes. Specifically it was 

shown that it was possible to use an aluminium electrode to map the cavitation 

environment surrounding the tip of an ultrasonic hom and identify bands of activity 

within a different single transducer ultrasonic reactor. 

In order to conduct the scans ofreactor 4 a 250 11m aluminium electrode was attached 

to a plastic rod connected to the same positioner as that used for the pressure scans 

allowing an automated 100 mm travel in the Z direction as well as 25 mm manual 

positioning in the XY plane. A diagram of the setup used can be seen in figure 2.S. 

As with the pressure scans, instead of scanning the entire bath only a single YZ plane 

from the central axis to the edge of the reactor was scanned; the reactor assumed to 

have rotational symmetry. The electrode was 0 V vs. a stainless steel 

counter/reference electrode and the electrochemical signal amplified using an in 

house battery current follower. The number and magnitude of peaks generated by the 

surface cavitation events were recorded using a multi-channel analyser (Amptek 

Pocket MCA SOOOA Multi Channel Analyser) connected to a PC. The MCA 

recorded over a period of 30 s (4096 levels over 5 V). The threshold for peak 

detection was set at channel 200 corresponding to a trigger voltage of 244 m V or 

peak height of 2.44 IlA. To control the scanning process a visual basic program was 

written that controlled the MCA, automated positioner and provided a gating pulse to 

operate the drive signal for the reactor. The gating pulse for the drive signal was 

required due to the prolonged period of time required for the MCA to transfer data to 

the PC (>30 s, longer than the acquire time). Over such an extended duration of 
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sonication there is an increases in the likelihood of significant changes in the 

temperature and other conditions within the reactor. Figure 6.8 shows a schematic 

diagram of the order in which events took place during the scan process. 
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Figure 6.8: Schematic showing the procedure for surface scans of reactor 4 

In addition, as discussed in chapter 4, after prolonged exposure to erosive cavitation 

events the aluminium electrodes cease to behave as expected. As a consequence the 

resolution of the scans used to investigate the surface events was less than that used in 
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the pressure measurements. Consequently the electrode used for the surface event 

scans was scanned vertically over 100 mm at a resolution of 5 mm in four positions at 

o 10, 20 and 25 mm from the central axis of the reactor. However it should be noted 

that the sampling area of the electrodes is considerably less than that of the 

hydrophone. In order to attempt to investigate the same locations within the reactor 

for the surface scan as for the pressure scan the scan was started 20 mm from the base 

of the reactor. 

The light emission and pressure experiments have shown little variation between the 

results seen for high and low frequencies; high pressure and increased light emission 

have been recorded for both. However the surface cavitation event measurements are 

more complicated with no events being recorded at the majority of the frequencies. 

As table 6.2 shows for only four frequencies were any events recorded. The number 

of events recorded at two of these frequencies (82 and 103 kHz) is three to four orders 

of magnitude less than the number seen at 23 and 47.97 kHz. 

Frequency Total surface events 
/ kHz recorded / events 

23 3238583 
40 0 

47.97 227921 
82 18 
92 0 
103 266 
120 0 
126 0 

Table 6.2: Details of the number of surface events recorded in each scan as a function of 
both frequency and position in reactor 4. All scans conducted with a 250 /lm AI electrode 
held at open circuit potential vs. a stainless steel counter/reference electrode and the events 
collected using a multi channel analyser with counting threshold set to 2.44 /lA. Reactor 
contained 1000 ml 0.1 M Na2S04. 

It should be noted that the absence of recorded events at certain frequencies could be 

as a result of the electrode sampling too small a volume and therefore missing the 

points within the reactor at which conditions are commensurate with events taking 

place. The number of points at which measurements were made within the reactor 

including numerous points recorded at the pressure maxima suggest that this was 

unlikely. The data presented in table 6.2 gives little indication as to the spatial 

variation of the surface cavitation events within the reactor. A better indication as to 
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the variation in the location of the surface events can be seen from the central scans of 

the reactor plotted in figure 6.9. 

The presence of surface erosion/corrosion events is considered to be a threshold 

phenomena where by the conditions (specifically the acoustic pressure) has to be in 

excess of a certain value in order for any activity to be recorded. Consequently at the 

majority of points at which the threshold is not exceeded no events are recorded. 

Once the conditions at the electrode surface are such that surface erosion/corrosion 

events are recorded the number of events observed can vary from 10 to 100,000 

leading to points at which few events are recorded being lost in the background in 

comparison to the points of high activity. Given that the presence of any number of 

events indicates the presence of inertial cavitation, it is prudent to plot the surface 

event scans using a logarithmic scale. It should also be considered that the central 

axis scans in figure 6.9 represent only a single scan through the reactor and repeated 

scans of the same axis would possibly have revealed more information. 

128 



CJ) 
+-' 
C 
:::J 
0 
() 

--() 
Q) 
CJ) 

0 
CY) 

c 
CJ) 
+-' 
C 
Q) 
> 

UJ 

Chapter 6: Characterisation of a reactor at different frequencies 

Base of reactor Surface of liquid 

100000 

1000 

10 

o A 

100000 

1000 

10 

0 B 

100000 

1000 

10 

0 C 

100000 

1000 

10 

o D 

o 

~ . . . . . . . . . . . . . . . ~ 

.................... /\ • • • • • • • • • • • • • • 
20 40 60 80 100 120 

Distance from base of reactor / mm 

Figure 6.9: Plots of number of events as a function of position for the central axis 
surface scans in reactor 4 at 23, 47.97, 82 and 103 kHz in plots A, B, C and D 
respectively. All scans conducted with a 250 /-lm AI electrode held at open circuit 
potential VS. a stainless steel counter/reference electrode and the events collected using a 
multi channel analyser with counting threshold set to 2.44 /-lAo Reactor contained 1 dm3 

0.1 M NaZS04 and was driven at 150 V Zero to peak. 
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By combining the four vertical scans conducted within the reactor it is possible to 

form a 2 dimensional representation of the surface event activity within the reactor. 

With no events having been recorded at four frequencies, only those at which events 

were recorded are plotted in figure 6.10. 
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Figure 6.10: Contour plots of the surface event scans in reactor 4 at 23 , 47.97, 82 and 103 
kHz in plots A, B, C and D respectively. All scans conducted with a 250 /lm Al electrode 
held at open circuit potential vs. a stainless steel counter/reference electrode and the events 
collected using a multi channel analyser with counting threshold set to 2.44 /lA. Reactor 
contained 1 dm3 0.1 M Na2S04 and driven at 150 V. 

20 

The global view of the reactor afforded by figure 6.10 indicates the presence of 

similar banding at 23 kHz to that seen in both the pressure and light emission results. 

Three bands of recognisably higher activity can be seen at 50, 85 and 120 mm from 

the base of the reactor. With the reactor being driven at 47.97 kHz two areas of 

elevated activity can be seen at 95 and 115 mm from the base on the central axis of 

the reactor. There is also a corresponding region of activity seen towards the edge of 
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the reactor at 95 mm from the base. At higher frequencies (82 and 103 kHz) there is 

no evidence of the systematic banding seen in the pressure and light emission 

measurements, rather there are isolated points at which surface erosion/corrosion 

events were recorded. It should be noted that the number of events recorded at higher 

frequencies was four orders of magnitude less than the number recorded at 23 kHz. 

6.1.4. Chemical Measurements 

The high temperatures and pressures generated by bubbles collapsing during 

cavitation events cause the formation of OH' and H' radicals; making the 

measurement of the rate at which these are formed a good indication as to the level of 

cavitation. Though it is possible to detect the radicals directly, it is more practical to 

make use of a dosimeter. In chapter 3 the Weissler reaction was identified a suitable 

dosimeter and a system utilising an electrochemical flow to measure the rate of 

formation of 13- (the product of the Weissler reaction) developed. The system 

developed was employed within reactor 4 at the frequencies of interest to see if 

differences in the rate of formation of 13- (and therefore production of OH' from 

cavitation) could be seen. 

Two sets of measurements were made at each of the frequencies of interest; first a 

global measurement at the centre of the reactor and second a coarse scan along the 

central axis of the reactor. 

The global measurements were made over 200 s with the sound field being applied 

for 120 s. Figure 6.11 shows the current time traces recorded at each of the 

frequencies, the period during which the sound field was applied to the reactor is 

shown by the shaded area. As the measurements were made successively the same 

solution was used at all frequencies and therefore the magnitude of the current 

increases for the start of each successive current time trace. The two frequencies that 

were associated with an absence of cavitation (40 and 120 kHz) showed no increase 

in current indicating that no 13- was generated as a result of OH' radicals formed from 

cavitation. For all the frequencies at which MBSL light emission had been seen (see 
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figure 6.1) a noticeable change in current is seen during the period of sonication 

(figure 6.11 a, c, d, e, f and h) . 
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Figure 6.11 : Current time traces showing the rate of chemical change at 23 , 40, 47.97, 
82, 92, 103, 120 and 126 kHz. All experiments carried out using the three electrode 
electrochemical flow cell with the needle inlet position in the centre of the reactor. 
Solution drawn through the flow cell at 388 ml hr- I using the soft: damped peristaltic 
pump. 0.5 mm Pt working electrode held at 0 V vs. a SCE counterlIreference electrode. 
Reactor 4 driven at 150 V at all frequencies with 1000 ml of 90 ruM KCI and 10 ruM KI 
solution. 

To calculate the rate of formation of b- (and therefore OH") at each frequency the 

gradient of the current time trace in figure 6.11 between 40 and 160 s (the period of 

sonication) was calculated using Microsoft Excel. This gave the rate of change of 

current which is related to the change in concentration of 13- (see chapter 3 section 

3.3). The discontinuities in the current seen at higher frequencies (figure 6.11 graph 

e, f and h) are thought to be as a result of bubbles being drawn up through the needle 

inlet to the flow cell, momentarily impeding mass transfer and therefore causing a 

temporary reduction in the magnitude of the recorded current. 
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It was found that the measurement technique employed was not capable of making 

accurate measurements as part of a scanning system. Therefore the measurements 

from the scans are not presented here in isolation but instead are averaged together 

with the global measurements performed in figure 6.11 to produce a single rate of 

formation ofI3- for each frequency (table 6.3). 

Rate of 13-

Frequency formation 
/ kHz / nM S-1 

23 0.53 
40 a 

47.97 0.56 
82 0.92 
92 2.34 
103 0.87 
120 0.11 
126 1.84 

Table 6.3: Detailing the average rates of chemical change recorded in reactor 4 as a 
function of frequency. Average calculated from 6 positional measurements and one 
global measurement conducted in the centre of the reactor. All experiments carried out 
using the three electrode electrochemical flow cell with the needle inlet position in the 
central axis of the reactor. Solution drawn through the flow cell at 388 ml hr- I using the 
soft damped peristaltic pump. A 0.5 mm diameter Pt working electrode was held at 0 V 
vs. a SCE counter reference electrode. Reactor 4 driven at 150 V at all frequencies with 
1000 ml of 90 mM KCl, 10 mM KI solution. 

6.2. In comparison 

Having looked at the results from the various measurement techniques in isolation we 

shall now compare them to see the correlation between them. The first part of this 

section will deal with measurements taken for the reactor as a whole. The second part 

of this section will look at spatially resolved measurements and compare them to 

establish whether there is correlation. 

6.2.1. Entire reactor measurements 

Previous studies have found a relationship between the drive frequency of a reactor 

and the resulting MBSL light emission and sonochemical change within the 

reactor( 62, 128). These studies have shown a general increase in the level of light 

emission and chemical change with higher drive frequencies( 62, 128). To ascertain if 

a similar correlation could be seen for the results presented here the results taken from 

the light emission, acoustic pressure, surface cavitation events and chemical change 
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experiments were averaged over the entire reactor and plotted against the reactor 

drive frequency (see figure 6.12) . 
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Figure 6.12: Plots comparing the light emission, pressure, surface events and chemical 
change as a function of drive frequency in reactor 4. 
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Figure 6.12 shows that, as reported elsewhere, there is a general increase in the light 

emission and sonochemical change at higher drive frequencies. There is also a 

noticeable increase in the maximum acoustic pressure recorded with frequency. 

Conversely if we look at the relationship between the drive frequency and the number 

of surface events recorded there is an inverse relationship; more events are seen at 

lower drive frequencies. 

6.2.2. Spatial correlation between measurements 

In addition to comparing the global measurements averaged over the entire reactor it 

is also instructive to compare the spatial measurements in order to investigate further 

the relationship between light emission, acoustic pressure and the presence of surface 

erosion/corrosion events. Looking at the results presented for the low light imaging 

and the pressures measurements (see figure 6.2 and figures 6.4 and 6.7 respectively) 

it is possible to infer a basic correlation between high AC acoustic pressure amplitude 

and the emission of light through MBSL. However, a direct comparison is hindered 

by the difference in position of the volume sampled and scale of the plots. We shall 

now concentrate on the results recorded at the two frequencies at which the spatial 

correlation between the MBSL light emission, acoustic pressure amplitude and 

surface event activity is most prevalent; 23 and 92 kHz. For both frequencies we 

shall investigate the relationship between light emission and maximum acoustic 

pressure amplitude as a function of position. In addition at 23 kHz we shall also 

include the results from the surface erosion/corrosion event experiments; this is not 

possible for the results recorded at 92 kHz due to no surface erosion/corrosion events 

being recorded. 

6.2.2.1. Pressure and light measurements at 92 kHz 

Figures 6.2 and 6.7 show that the experiments at 92 kHz exhibit the most pronounced 

and regular banding of all the frequencies investigated. It is possible to calculate the 

pitch of the pressure amplitude banding on axis to be 8 mm ± 1 mm. A direct 

correlating measurement from the intensified image shows the bands to be spaced by 
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8.5 nun ± 1.5 nun. It should be noted that the errors exhibited for the measurement 

taken from the lowlight images is due to the distortion in the image caused by the lens 

as well as normal random experimental error. A direct comparison between the light 

and pressure results can be shown by superimposing a contour map of the pressures 

recorded over the intensified image of the MBSL light emission. To enable the 

relative positions of the light emission and pressure maxima with respect to the 

reactor to be more easily visualised, in figure 6.13 both are superimposed over an 

image of the reactor taken utilising the same conditions as the low light image but 

with ambient light. 

Figure 6.13: Composite image of reactor 4 showing the low light light emission image 
when driven at 92 kHz (black and white) with the corresponding acoustic pressure 
contour map (colour) to show the correlation between the two measurements. 

Figure 6.13 shows a strong correlation between the areas exhibiting high pressure 

amplitude and those with increased light emission; particularly at the top of the 

reactor. Lower down the reactor the situation is less clear with a series of pressure 

maxima observed with no corresponding area of light emission. Note that the 

ambient light image of the reactor clearly shows that the image of the reactor is 
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distorted due to the lens. The base of the reactor is found to be 15 % narrower than 

the top in the image; this obviously has a detrimental effect on the comparison. 

Interestingly the underlying image also reveals that the uppermost band of light is in 

fact a reflection of one of the lower bands at the surface of the solution. 

Figure 6.14 shows a plot of the light emission through the central region of the image 

on the same graph as the central scan of the pressure measurements giving a better 

indication as to the correlation between the results. 
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Figure 6.14: Plot comparing the central pressure scan and luminance trace from reactor 
4 driven at 92 kHz as a function of distance. Pressure trace consisted of 50 point scan 
with a resolution of 2 mm. Luminance trace calculated from lowlight image using 
Matlab. For both measurements reactor 4 contained 1 10.1 M Na2S04 driven at 150 V. 

The confused nature of figure 6.14 makes a direct comparison between the light 

output and the acoustic pressure is problematic. Two factors hinder the comparison. 
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First the distortion of the original low light image makes the positioning of the 

luminence and pressure plots relative to each other difficult. Second the size of the 

active element of the hydrophone (6 x 6 mm) is greater than the scan resolution (2 

mm) and congruous in size to the measured pitch of the banding (8 mm). 

Consequently there will be spatial averaging of the pressure signal; making it less 

well defined and harder to compare to other results. 

6.2.2.2. Pressure, light and surface event measurements at 23 kHz 

Like the images for 92 kHz the intensified images presented in figure 6.2 showing the 

reactor driven at 23 kHz are an excellent example of banding within the reactor. The 

pressure scans also exhibit the same banding which can superficially be assumed to 

be of the same pitch as that seen from the light measurements. In contrast to the 

experiments carried out at 92 kHz, at 23 kHz significant surface cavitation event 

results were recorded that can, as a result, be presented simultaneously with the light 

and pressure measurements. Direct measurement of the pitch of the banding from the 

different techniques gives the pitch as 38 ± 5 mm for the light emission 

measurements, 36 ± 2 mm for the pressure measurement and 35 ± 5 mm for the 

surface event measurements. The accuracy of the band separation measurements for 

the surface events is limited by the resolution of the scan being only 5 mm. The 

increased separation between the bands of cavitation at 23 kHz compared to 92 kHz 

reduces some of the problems seen at 92 kHz with correlating the measurements. The 

effect of the distortion of the intensified image is reduced and in particular the spatial 

averaging of the hydrophone has a significantly reduced effect. As a consequence the 

measuring of the bands is simpler; though assigning the points within the bands to 

measure between becomes more problematic. The plotting of contour maps showing 

the location of areas of increased acoustic pressure and surface event activity next to 

the corresponding low light images in figure 6.15 makes clear that there is a 

correlation between the different measurements. 
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Figure 6.15: Composite image of reactor 4 showing the intensified MBSL light 
emission image when driven at 23 kHz (images a & b, black and white portions) with the 
corresponding acoustic pressure contour map (image a, colour portion) and logarithmic 
surface event contour map (image b, colour portion) to show the correlation between the 
measurements. 

Figure 6.15a shows that, similar to the situation seen at 92 kHz, there is excellent 

agreement between the presence of MBSL light emission recorded in the intensified 

image and pressure maxima recorded by the acoustic pressure measurements. In 

addition figure 6.15b shows that locations at which an increased number of surface 

events were recorded correspond to the areas of light emission and increased acoustic 

pressure. The conformity between the measurements observed in figure 6.15 IS a 

clear indication of the co-dependence of the phenomena, as would be expected. 

The clarity seen for the results in figure 6.15 recorded at 23 kHz is greater than that 

seen in figure 6.13 with the reactor driven at 92 kHz. This increase in clarity is 

associated with the increase in the separation between the bands of activity, which 

resultantly makes the effects of spatial averaging of the hydrophone and distortion of 

the intensified images less pronounced. 
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Analysing the image intensified frame to find the light emission as a function of 

position with in the central scan (as done for the 92 kHz) further emphasises the 

agreement between the measurements. Figure 6.16 shows that when the light, 

pressure and surface event measurements are plotted together. 
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Figure 6.16: Plot comparing the central pressure scan and luminance trace from reactor 
4 driven at 23 kHz as a function of distance with three bands of increased activity 
identified (a, b and c). Pressure trace consisted of 50 point scan with a resolution of 2 
mm. Luminance trace calculated from lowlight image using Matlab. Surface scan 
consisting of20 points with 5 mm resolution conducted with a 250 11m Al electrode 0 V 
vs. a stainless steel counter/reference electrode. Events co llected using a multi channel 
analyser with counting threshold set to 2.44 I1A For all measurements reactor 4 
contained I dm3 0.1 M Na2S04 driven at 150 V. 
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Figure 6.16 clearly shows that all three measurements show maxima at between 40 

and 60 mm from the base of the reactor and again between 80 and 100 mm. There is 

also an indication of a third maxima located between 110 and 130 mm from the base; 

this though extends beyond the bounds of the measurement area of the surface and 

pressure measurements. 

The correlation between the light emISSIOn, acoustic pressure and surface 

erosion/corrosion measurements seen at 23 kHz seen in figure 6.16 confirms a 

relationship between the different measurements. The poor correlation seen at 92 

kHz in figure 6.14 is as a result of problems with the acquisition of the data; in 

particular the spatial averaging of the hydrophone and distortion seen in the 

intensified images. This makes it difficult to say with any certainty if the two 

measurements are observing the same point in the reactor. The situation is not 

improved by the manner in which light measurements are made; it is not possible to 

sample a specific volume within the reactor, instead the measurement is in effect an 

average of a plane through the reactor. 

6.2.3. Measurements at different drive voltages 

With all the measurements presented in this chapter so far the reactor has been driven 

at the maximum voltage allowable for the equipment (150 V corresponding to a Pmax 

of 350 kPa; 3.45 Atm). Using the greatest available drive voltage created the most 

intense cavitation within the reactor making the resultant effects easier to detect. By 

making measurements this way and using only a single drive voltage does constrain 

the number of different pressures at which measurements can be made. Consequently 

in addition to the detailed measurements of the reactor presented above a selection of 

measurements were made at lower drive voltages and hence pressure amplitude 

values. 

6.2.3.1. Pressure measurements 

With the variation within the reactor being of less interest at the lower voltages, 

pressure and surface scans were only conducted on the central axis of the reactor and 

only a single, global, chemical change measurement carried out. Similarly 
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measurements were only carried out at two frequencies: 23 and 126 kHz. The 

pressure measurements presented in figure 6.17 show that varying the drive voltage 

did result in a variation in the pressures recorded as expected. 
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Figure 6.17: Plot of maximum acoustic pressure vs. drive voltage at 23 kHz (x) and 126 
kHz (0). Measurements taken along the central axis of reactor 4 containing 1000 ml 
Na2S04. 

Figure 6.18 shows that at 23 kHz there a maximum in the pressure towards the top of 

the reactor. As a consequence the maximum pressure calculated for the purposes of 

figure 6.17 is derived only from points up to 100 mm from the base of the reactor as a 

similar maximum had not been seen in other measurements. Figure 6.17 shows that 

there is a relationship between the drive voltage and the zero to peak acoustic 

pressure. In agreement with the measurements carried out at maximum drive voltage 

the pressures recorded at the higher drive frequency, 126 kHz (represented by 0 in 

figure 6.17) are generally greater than the pressures recorded at the lower frequency, 

23 kHz (represented by x in figure 6.17). The variation in the pressure within the 

reactor as a function of position on the central axis of the reactor can be seen for 23 

kHz in figure 6.18. 
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Figure 6.18: Central axis pressure as a function of position in reactor 4 driven at 23 kHz 
and at drive voltages of 50 (- -), 75 (- - -), 100 ( ..... ), 125 (- -) and 150 V (-). 
Measurements conducted in 1000 ml 0.1 M Na2S04 solution. 

Figure 6.18 shows the repeated pressure scans along the central axis of the reactor at 

different drive voltages. Note that at all drive voltages the banding seen in figure 6.4 

is maintained. 

6.2.3.2. Light measurements 

Figure 6.19 shows the relationship between the peak to peak acoustic pressure and the 

light emission at 23 and 126 kHz. The level of light emission recorded is substantial 

less than that recorded in the measurements purely at the maximum drive voltage in 

figure 6.1. Light emission is only recorded when the zero to peak pressure is in 

excess of the calculated inertial cavitation pressure threshold. 
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Figure 6.19: Plot of light emission vs. maximum acoustic pressure at 23 kHz (x) and 92 
kHz (0). Measurements taken over 30 s with photon counter module held 6 cm above 
the centre of reactor 4 containing 1000 ml NaZS04. 

The low light images at both 23 and 126 kHz go some way to explaining the cause of 

the odd light measurements in figure 6.19. For the images of the reactor at 23 kHz in 

figure 6.20 it can be seen that the characteristic banding seen in figure 6.2 is only 

present at 150 V (figure 6.20, image a). At all other drive voltages the image shows a 

reduced localised emission that significantly is not present along the central axis of 

the reactor, down which the photon counter measurements are made. This explains 

why at voltages below 150 V levels oflight only just above background are recorded. 
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Figure 6.20: Lowlight images of reactor 4 driven at 23 kHz with a drive voltage of 150 
(image a), 125 (b), 100 (c), 75 (d) and 50 V (e) and reference image of the reactor with 
ambient light (image f). Images a to e composites of 100 images stacked together. 
Reactor 4 filled with 1 dm3 of 0.1 M Na2S04 solution. 

Similarly, though to a lesser extent, the intensified images in figure 6.21 relating to 

the reactor driven at 126 kHz show that the light emission within the reactor changes 

as the drive voltage is reduced. At 150 V (figure 6.21 image a) the low light image 

shows extensive banding that extends through out the width of the reactor with the 

area of the greatest light intensity being situated towards the base of the reactor along 

the central axis. As the voltage (and therefore pressure) is decreased the light 

emission becomes concentrated towards the centre of the reactor and moves upwards. 

In figure 6.19 it can be clearly seen that the photon counter measurement at the 

lowest acoustic pressure (corresponding to a drive voltage of 50 V) is significantly 
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lower than those recorded at the other pressures. On first inspection it would appear 

that the low light images are in disagreement with this but it should be noted that for 

the low light image of the reactor at 50 V (figure 6.21 image e) the image intensifier 

gain is a factor of ten greater than for the other measurements in order for the image 

to be seen. Interestingly MBSL light emission is seen despite the pressure 

measurements in figure 6.17 suggesting that the conditions are not suitable for inertial 

cavitation to take place. 

Figure 6.21: Lowlight images of reactor 4 driven at 126 kHz with a drive voltage of 150 
(image a), 125 (b), 100 (c), 75 (d) and 50 V (e) and reference image of the reactor with 
ambient light (image f) . Images a to e composites of 100 images stacked together. 
Images a to d acquired at an intensifier gain of 8 and image e acquired with a gain of 10. 
Reactor 4 filled with 1000 ml of 0.1 M Na2S04 solution. 
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6.2.3.3. Surface measurements 

The relationship observed between the pressure amplitude and the number of surface 

events is not as straight forward as would be expected. The plot of pressure 

amplitude verses total number of surface events in figure 6.22 shows that the number 

of events reaches a maximum at a pressure of ~ 190 kPa and reduces either side of this 

pressure. Interestingly there are a number of surface events recorded at 90 kPa, 

substantially below the calculated inertial cavitation threshold. 
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Figure 6.22: Plot of surface events vs. pressure at 23 kHz in reactor 4. Number of 
events at each point a summation of events recorded in a 20 point scan along the central 
axis of the reactor conducted with a 250 !lm Al electrode held at open circuit potential 
vs. a stainless steel counter/reference electrode. Events collected using a multi channel 
analyser with counting threshold set to 2.44!lA For all measurements reactor 4 
contained 1000 ml 0.1 M Na2S04 solution 

Figure 6.23 the set of individual scans through the central axis of the reactor. Clearly 

the presence of banding can be identified at all pressures. At 190, 225 and 257 kPa it 

is possible to see strong bands at 60 and 100 mm from the base of the reactor with the 

presence of a third band becoming apparent at 120 mm from the base at maximum 

pressures of 190 and 225 kPa. 
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Figure 6.23: Central axis surface event scans conducted at 23 kHz with maximum zero to 
peak acoustic pressures of257 kPa (- ), 225 kPa (- ), 190 kPa (- ), 128 kPa (- ) and 94 
kPa V (- ) in reactor 4. Scans conducted with a 250 Jlm diameter Al electrode held at open 
circuit potential vs. a stainless steel counter/reference electrode. Events collected using a 
multi channel analyser with counting threshold set to 2.44 JlA For all measurements reactor 4 
contained 1 dm3 0.1 M Na2S04 solution 
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6.2.3.4. Chemical measurements 

With the limited ability of the electrochemical measurement apparatus to spatially 

resolve variation in the rate of chemical change only a single measurement from the 

centre of the reactor was carried out at each drive voltage. As with the measurements 

made at different frequencies the rate of chemical change was calculated from the 

gradient of the current time trace as the current proceeded cathodically. Figure 6.24 

shows the variation in the rate of sonochemical change as a function of maximum 

pressure. 
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Figure 6.24: Plot of rate of chemical change vs. acoustic pressure at 23 (x) and 126 (0) 
kHz. 

Figure 6.24 shows that below the calculated inertial threshold the rate of chemical 

change at 126 kHz reduces to approximately one tenth of the value seen above. At 23 

kHz significantly lower rates of sonochemical change are recorded. Of the five points 

corresponding to reactor being driven at 23 kHz, only that with the maximum 

pressure above 250 kPa shows sonochemical change. 

The measurements conducted at different drive voltages, and hence acoustic pressure, 

have shown that the below a certain threshold the level of activity with the reactor 

reduces significantly. The light, chemical and surface erosion/corrosion 

measurements have all been seen to reduce below the calculated threshold pressures. 

The pressure measurements made at 126 kHz are likely to be below the real pressures 

due to the active element of the hydrophone being large in comparison to the pitch of 

the banding within the reactor (active element 6 mm, banding ~6.5 mm from MBSL 

images). Consequently the measurements are spatially averaged, reducing the 

extremes of pressure recorded. 
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6.3. Conclusions 

In this chapter we have looked at the cavitation field within a relatively large bench 

top cylindrical single transducer ultrasonic reactor. We have seen that whilst keeping 

all other factors the same it is possible to tune the reactor to have a high level of 

activity at a variety of different frequencies. From light emissive measurements 6 

active and two inactive frequencies chosen for further study. A series of experiments 

were carried out to measure the light emission (both quantitatively and qualitatively), 

acoustic pressure, surface erosion/corrosion activity and level of sonochemical 

change as a function both of frequency and position. From these experiments and the 

supplemental investigation into the effect of variation in drive voltage at both lower 

and higher frequencies a number of trends could be observed. 

As has been reported elsewhere (62, 128) a correlation between the light emission, 

acoustic pressure and the rate of sonochemical change can be seen at higher 

ultrasonic drive frequencies. At lower drive frequencies (specifically 23 and 47.97 

kHz) the correlation is not applicable; even with acoustic pressures in excess of 250 

kPa low levels of light emission and sonochemical change are recorded in 

comparison to the higher frequencies. Conversely at the lower frequencies a large 

number of surface erosion/corrosion events are recorded which are absent at higher 

frequencies. 

The spatial correlation between the pressure field and the light emission could be seen 

at both high (92 kHz) and low (23 kHz) frequencies. Figures 6.15 and 6.16 have 

shown that at 23 kHz there is an excellent agreement between the light, pressure and 

surface event measurements. 

Overall this chapter has shown that, with the techniques presented here, it is possible 

to accurately map the cavitation within a reactor for light emission, acoustic pressure 

and surface cavitation activity. From this it is possible to compare the effects and 

build up a more detailed picture of the activity within the reactor than would be 

provided by a single isolated measurement. 
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7. Applying electrochemistry to noisy industrial 

applications 

7. 1. Introduction 

The work presented in section A has demonstrated the ability to locate and quantify 

inertial cavitation activity within an idealised reactor using electrochemical and other 

physical measurements. However, one of the major objectives of this work was to 

transfer measurements performed under these ideal conditions to the more robust and 

trying environments found in ultrasonic baths and large scale ultrasonic reactors. In 

particular measurements were to be carried out in a reference cavitation vessel that 

the National Physical Laboratory (NPL) has constructed as part of an on going project 

to assign a unit for cavitation(l61, 163, 164, 183). 

All the "real world" devices studied in this work were built around a metal vessel 

connected to electrical earth. Initially it was intended that the metal of the vessel 

could be used as the counter/reference electrode for electrochemical measurements; 

reducing the number of electrodes and simplifying the system. When the baths were 

powered up, even before the sound field was initiated, the effective earthing of the 

entire solution generated high levels of electrical noise in the instrumentation. 

Consequently any electrochemical signal generated by the effects of cavitation, be it 

as a result of a surface erosion/corrosion event or change in the chemical composition 

of the solution, was obscured in the electrical interference. 

The use of a separate counter/reference electrode did not reduce the level of 

interference in the electrochemical signal. In figure 7.1 the high amplitude noise in 

the electrical signal obscures any electrochemical component in the current time 

trace. In essence the earthed metallic walls of the vessel acted as an additional 

interferent electrode within the cell. For measurements to be carried out in the "real 

world" applications a means of isolating the sensitive electrochemical apparatus from 

this additional interferent electrode had to be developed. 
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Figure 7.1: Current time trace displaying the dominating noise recorded in the NPL 
reference vessel with the vessel running at 150 W. A 250 fim Ti electrode held at 0 V vs. 
an Ag counter reference electrode. Vessel contained an aqueous solution of 0.1 M NaN03. 

Two methods of insulating the electrochemical cell from the earthed environment 

were investigated: 

1) The use of a physical barrier between the electrodes and the earthed vessel 

2) The use of electronics to electrically isolate the normal mains earth and a 

separate virtual earth for measurements thus allowing the electrochemistry to 

proceed unhindered. 

We shall now examme these two methods and the effect that they had on the 

electrical noise; starting with the use of a physical barrier between the electrodes in 

the electrochemical cell and the remainder of the vessel. Note that barrier must be 

acoustically transparent so as not to perturb the sound field and associated cavitation 

processes. 
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7.2. Physical isolation of the cell 

The simplest method available to attenuate the electrical nOIse from the earthed 

vessels was to create a physical barrier preventing ionic conduction between the 

electrochemical cell and the vessel; removing the path through which the noise was 

transmitted. In addition to the removal of the electrical noise, one of the perceived 

advantages of using a barrier method is that by isolating a reduced volume of the 

vessel it is not required to fill the entire reactor with the appropriate chemicals, be 

they a dosimeter or an electrolyte. Reducing the chemicals used and increasing the 

spatial resolution of any chemical measurements made. 

Two different materials were used as barriers; small rubber balloons and latex glove 

fingers; both were chosen for being malleable, thin and of small volume. The 

effectiveness of the barriers was tested by placing both electrodes at the end of a long 

glass tube with the barrier (either a balloon or a latex finger) attached over the end 

with an elastic band. Electrolyte was then added to the top of the tube such that it 

filled the barrier and the then barrier manipulated to remove any trapped air bubbles. 

For experiments the entire assembly was lowered into the ultrasonic vessel such that 

the level of solution within the isolated system was the same as within the vessel. 

Glass 
support--+ 

tube 

Washed balloon or ~ 
latex glove finger 

Solution isolated 
from external 
environment 

Silver wire 
counter/reference 

Electrode - ____ ~I 
250 11m aluminium 

i4t--- electrode sealed 
in epoxy resin 

Figure 7.2: Diagram of setup used to test the effectiveness of the isolation barriers. A 
small balloon or latex finger was placed over the end of a glass tube in order to create a 
volume isolated from the rest of the reactor. 
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To ascertain the effectiveness of the barriers at removing the electrical interference, 

working and counter/reference electrodes were placed within a small balloon and 

lowered into the NPL reference vessel. When the vessel was switched on it became 

apparent that although there had been a substantial reduction in the level of noise 

recorded, it was still considerable as can be seen in figure 7.3. 
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Figure 7.3: Plot of the electrical noise experienced inside of the balloon isolation setup 
when placed inside the NPL reference vessel at 100 W. 250 11m Al working electrode held 
at 0 V vs. an Ag counter/reference electrode in a solution of 0.1 M Na2S04. 

Figure 7.3 shows a reduction in the noise to about 10% of the level seen in figure 7.1. 

However this is still at too high a level for successful measurements to be made. 

Similar experiments with the latex fingers showed them to be even less effective. 

Further investigation into the insulating nature of the barriers found that though of 

high resistance neither was ionically insulating. Consequently neither barrier was 

capable of fully mitigating the effect of the earthed baths. 

Though found to be of little use for electrically isolating electrodes from the reactors, 

a small volume of chemically isolated solution would still be of use for monitoring 

the production of the chemical bi-products of cavitation through UV Nisible 

absorbance spectroscopy. To investigate this possibility two 1.6 mm diameter Teflon 

tubes were fed down through the glass support tube into the isolated volume (with the 
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electrode removed). The tubes acted as the inlet and outlet for the optical flow cell 

(see figure 2.10). It was hoped that the small volume contained within the isolated 

volume would allow the variation in rate of chemical change within the reactors to be 

more easily studied as a function of position. 

On exposure to ultrasound the solution within the glove became opaque as the 

material of the glove degraded. This prevented accurate absorbance measurements 

being made. Similarly it was found that the powder used to prevent the balloons from 

sticking together caused the solution held with in the balloon to become opaque. 

Through repeated washing and soakings it was possible to remove the powder such 

that absorption measurements could be made on the isolated solution. As in chapter 3 

the chemical dosimeter used was potassium iodide reacting via the Weissler 

reaction( 60, 145) to give h - which easily detectable due to its strong absorbance at 

350 nm. 

The balloon was placed inside an ultrasonic bath at various points and the absorbance 

recorded. Global measurements on this bath had recorded an average rate of h

production of 1.2 nM S-l. Regardless of the duration of sonication no recordable level 

of 13 - was found inside the balloon; a similar situation was found when an ultrasonic 

hom was placed inside the balloon and sonicated for 600s. When the same 

experiment was repeated in a glass vial for comparison low, but measurable, levels of 

13 - were recorded. Suggesting the material of the balloon was preventing the 

formation of 13-. Consequently barrier methods were rejected in favour of electronic 

methods of isolation. 
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7.3. Electronic isolation methods 

It having been established that the use of physical barrier methods were insufficient to 

reduce the interference from the earthed vessels of commercial baths to a acceptable 

level; further work concentrated on isolating the electrochemical circuit 

electronically. Two different methodologies were used: the first using linear 

optocouplers and the second an isolating amplifier. The different time resolutions 

required for chemical change and surface erosion/corrosion event experiments 

necessitated that different optocoupled apparatus was developed for each system. As 

a consequence three sets of equipment were developed: a fast unipolar optocoupled 

current follower for surface measusurements, a slower bipolar optocoupled current 

follower for use in chemical change measurements and an isolation amplifier based 

current follower suitable for either measurement. The construction and performance 

of each is now discussed. 

7.3.1. Optocoupled fast current follower for surface events 

To overcome the noise problems seen in the earthed vessels, an optically isolating 

electrochemical device was developed. In this system the only connection between 

the earthed electronics (oscilloscope etc.) and the electrochemical sensor was via a 

linear optocoupler. In such a case the noise caused by the earthed vessel is removed 

by having the electrochemistry referred to a "virtual" earth that is not connected to 

mains earth. The linear optocouplers used consisted of an efficient AlGaAs LED 

emitter coupled to two independent PIN photodiodes (184) one of which transfers the 

signal from the virtual earth to the mains earthed side of the circuit and the other 

returns the signal to the virtual earth side of the circuit. Using a simple feedback 

circuit the linearity of the LED output can be controlled from the returned signal, 

making the chip accurate over a considerable drive current and independent of 

conditions such as temperature (184, 185). Due to the optocouplers being reliant on 

LED's this system in its simplest form is only unipolar; this does not pose a problem 

for measuring surface erosion/corrosion events which are also unipolar. The 

optocoupling integrated chips chosen for this application had a high band width of 

200 kHz which is suitable for the measurement of surface events. The optocoupled 

bridge between the normal and virtual earthed environments was incorporated into a 
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circuit along with a fast current follower using an op amp (op amp 1 in figure 7.4) 

with a bandwidth of >200 kHz (OPAI21KP) capable of gains between 103 V A-I to 

108 V A-I by selecting different values for the feedback resistor. The 

counter/reference electrode was connected to virtual earth to leave the working 

electrode at a constant potential of 0 V VS. the reference electrode. Power for the 

circuit was supplied by 2 Tracor power DC/DC converters (model no. TEL 2-0521); 

separate components for the normal and virtual earthed circuits. The DC/DC 

converters supplied a stable +/- 5 V supply. The isolated power supply was powered 

by a 9 V PP3 alkaline battery and the mains earthed side by a 9 V mains DC adapter. 

The initial circuit diagram for the fast optocoupled current follower can be seen in 

figure 7.4. 

eIRE 

Current follower 
OpAmp (1) (OPA121KP) 

Selectable feedback resistor 
from 1 kO to 100 MO 

+ 

(Battery) 

(Battery) 

Drive Op Amp (2) 
(TL071CP) 

linear Optocoupler 
(IL300A) 

Output Op Amp (3) 
(TL071CP) 

~""'''''''-Vout 

(Battery) (Mains) 

Figure 7.4: Initial circuit diagram offast unipolar optocoupled current follower. 

To ascertain whether the isolating current follower was functioning correctly the 

current follower was used in place of a standard current follower in the apparatus for 

measuring electrode surface events at the tip of an ultrasonic hom (chapter 4). When 

the ultrasound was switched on it was possible to see the detection of surface 

erosion/corrosion events on the oscilloscope. However, the short time span and high 

slew rate of the current spikes generated by the surface events appears to cause the 

optocoupled set-up to "ring" or oscillate after each event. An example of such an 

occurrence can be seen in figure 7.5. The ringing peaks have a period of 5.3 )lS, 
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corresponding to a frequency of 190 kHz; similar to the frequency of the optocouplers 

suggesting they were responsible for the apparent oscillation of the circuit.. 
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Figure 7.5: Trace of similar transients; one recorded directly ( .... ), and one via the 
optocoupler (--). Current follower gain in both cases set to 104 V A-Ion a 250 11m 
diameter AI electrode 0.5 mm from the tip of an ultrasonic hom operating at 23.24 kHz and 
100 V (zero to peak amplitude). Recorded in aqueous 0.25 M Na2S04 solution. 

The repeating peaks in figure 7.5 prevent the accurate recording of the number and 

size of events as was done in Section A to ascertain the surface erosion/corrosion 

activity. Consequently for the optocoupled current follower to be usable the 

"ringing" or oscillation of the system had to be removed. To achieve this, a capacitor 

was added between the input of the optocoupler and the positive input of the drive op 

amp (op amp 2). By varying the value of this capacitor and that of the drive resistor 

(resistor 3) it was possible to remove the oscillation seen in figure 7.5. Figure 7.6 

shows the modified circuit diagram. 
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Figure 7.6: Modification of fast optocoupled current follower with added damping 
capacitor (capacitor 1) to remove the ringing. 

After the modifications in figure 7.6 the current follower transmited bounce free 

transients (see figure 7.7). However, it was observed that there was an increased 

number of large amplitude events. To investigate this, an oscilloscope probe was 

connected to the output from the current follower op amp (point A in figure 7.6) and 

the signal before and after the optocoupling chip compared. The pre-optocoupler 

signal in figure 7.7 is represented by the dotted line (-- ... ) and the signal post 

optocoupler by the solid line (-). Clearly the signals pre and post optocoupler are 

not the same; the signal post optocoupler being considerably greater. Furthermore the 

amplification does not appear to be linear. The non-linearity of the peaks makes it 

very difficult to correct the error whether it by electronics means or in post

experimental data-analysis. 
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Figure 7.7: Traces of the signal before C····) and after C-) going through the optocoupler 
showing the non-linear response of the optocoupling circuit. Current follower gain set to 
104 V A-Ion a 250 flm Al diameter electrode 0.5 mm from the tip of an Ultrasonic hom 
operating at 23.24 kHz and 100 V Czero to peak amplitude). Recorded in 0.25 M NaZS04 
solution. 

The non-linearity seen in figure 7.8 precluded the use of a damping capacitor to 

remove the ringing from the system. Consequently the other aspects of the 

electronics were re-examined in order to remove the ringing. 

In figure 7.5 the "ringing" generated by the optocoupled original system had a 

frequency of approximately 200 kHz suggesting that the problem originated with the 

response time of the linear optocoupling chip. Further analysis of the circuit, 

specifically measurement of the current being passed by the drive resistor (resistor 3) 

to the optocoupler, revealed that the current draw on the drive operational amplifier 

greater than it was capable of. Consequently when a transient was passed to the 

optocoupling system both the drive op amp and the optocoupler would respond. At a 

given current, the strain on the drive op amp would become too great and causing it to 

cut out resulting in the output voltage from the optocoupler falling to zero. After the 

optocoupler had responded and the current had returned to a lower level, with the 

transient still preceding, the output current would again rise until the op amp cut out 
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as the current draw again became too great. This would be repeated until the voltage 

from the transient had reached zero resulting in the ringing seen in figure 7.5. 

Substituting the drive op amp (op amp 2) with an alternative model capable of 

passing high enough currents at a high bandwidth (a TS921IN) the ringing was 

removed. A further instability in the system was traced to the power supply; the drain 

on the 9 V PP3 battery was too great and as a consequence the battery was heating up 

and rapidly losing power. The battery was replaced by a higher power 6 V lead acid 

battery (Maplin Aino Micro AM 6-4.5, 6 V 4.5 A h). Figure 7.9 shows the final 

circuit diagram. 

In certain circumstances, particularly when dealing with small signals, it became 

desirable to improve the signal to noise characteristics of the equipment further. 

Consequently an optional secondary amplification stage was added (op amp 4 in 

figure 7.9). Using a 1 kO resistor on the input stage and a 100 kO resistor for the 

feedback resistor this boosted the signal from the optocoupled system a further one 

hundred times. Given that it is only possible to make measurements using the MCA 

from a positive signal, an inverter was required after the amplification stage (op amp 

5 in figure 7.9) for measurements to be made. 
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Figure 7.10: Plot showing the signal recorded in the dormant NPL tank through the fast 
optocoupled current follower with (B) and with out (A) the 1 MHz low pass filter. Signal 
collected from a 250 flm Ti working electrode held at 0 V vs. a Ag counter/reference 
electrode in a 0.1 M NaN03 solution. 

Figure 7.9 also shows the addition of a 1 MHz filter that could be applied to either the 

1 x or 100x outputs. This was necessitated by the presence of some high frequency 

noise. Figure 7.10 shows the output from the current follower with (A) and without 

(B) the 1 MHz filter. Reducing the high frequency noise diminishes the chances of 

false events being recorded. 

Ideally the fast optocoupled current follower should be capable of transmitting a 

linear signal in addition to isolating the electronics from the electrical noise 

associated with the earthed environment. To test the linearity of the current follower 

triangular waveforms from a signal generator were passed across a 120 kQ resistor 

and onto the optocoupled current follower set to a gain of 105
• Comparing the input 

and output waveforms at three different frequencies (1, 10 and 50 kHz) plotted in 
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figure 7.11 it was possible to see the extent of the linearity of the optocoupled current 

follower. 

The use of a 120 kO resistor between the signal generator and current follower and 

the use of a 100 kO resistor as the feedback resistor leads to the setup acting as a 0.8x 

voltage multiplier. Consequently the transmitted waveforms in figure 7.11 at 1 and 

10kHz are of the order of 0.4 V in amplitude rather than the reference input signal 

amplitude of 0.5 V. The unipolar optocoupler results in only the negative portion of 

the input signal being transmitted through the current follower producing a rectified 

signal from the output. 

In figure 7.11 it is possible to see that at the lower frequencies (1 and 1 0 kHz) there is 

an excellent level of linearity. At 50 kHz the linearity of the current follower is 

reduced as the signal is distorted by the limitations of the electronics. It is also 

interesting to note that there would appear to be a delay in the transmission of the 

signal being introduced of the order of between 5 and 7 IlS. This results in a sharp 

lead in to the transmitted peak at the higher frequencies (l0 and 50 kHz) as well as 

the shifting of the 50 kHz signals such that the transmitted peaks are no longer 

directly associated with the negative input peaks from which they were generated. 
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Figure 7.11: Comparison of the input (- - - -) and output (-) signals through the fast 
optocoupled current follower. 0.5 V triangular wave form passed cross 120 kG resistor and 
through the current follower with 105 gain. Note that the expected output voltage is 0.4 V 
C····)· 

Figure 7.12 shows the linearity of the current follower with the 100x amplification 

stage in use. The extra amplification stage has reduced the linearity; even at 1 kHz 

there is a significant delay in the transmission of the signal and the deformation of the 
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triangular signal. At 10kHz the signal now resembles saw tooth like peaks rather 

than the regular triangular shape of the input signal. There is also a more notable 

temporal offset with the peaks continuing beyond the expected cut off. 
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Figure 7.12: Comparison of the input (- - - -) and output (~) signals through the fast 
optocoupled current follower with 100x secondary amplification. Input signal 0.5 V 
triangular wave form passed cross 120 kQ resistor and through the current follower with 
103 + 100x gain. Note that the expected output voltage is 0.4 V C·····). 

The linearity seen in figure 7.11 and in particular figure 7.12 is not ideal. Despite this 

the wave forms transmitted are repeatable and therefore meaningful measurements 

can be made with the optocoupled current follower. The elongated response and 

break down of the linearity at higher frequencies precludes the use of the output for 

time critical or detailed kinetic work. Given that for the majority of measurements of 

interest for this study the main importance of the current follower is to transmit a 
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signal from which it is possible to count the number of discrete events this, though 

regrettable, does not preclude the use of the current follower. 
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Figure 7.13: Time current trace showing a series of surface cavitation events recorded at 
the central point ofthe NPL reference vessel driven at 150 W. Event recorded on a 250 !lm 
Ti electrode held at 0 V vs. an Ag counter/reference electrode in a 0.1 M NaN03 solution. 
Measurement made using the fast optocoupled current follower set to 104 gain with further 
100 x signal amplification and I MHz low pass filter. 

Having shown that the fast optocoupled current follower can transmit a wave form it 

is important to confirm that it is capable of making measurements within the earthed 

vessels for which it is intended. Figure 7.1 showed the high level of electrical 

interference seen with a standard current follower. When the same experiment is 

repeated using the optocoupled current follower in figure 7.13 a series of distinct 

events is easily identifiable and the level of electrical interference is substantially 

reduced. It should also be noted that the level of back ground noise in figure 7.13 is 

excellent and would be considered good inside of a faraday cage rather than in the 

inherently noisy environment experienced inside the NPL reference vessel. 
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7.3.2. Bipolar optocoupled slow current follower 

Ampometric measurements do not require the short timescales that the surface 

repassivation measurements require. They do though require accurate currents to be 

recorded and for them to be bipolar. Therefore a second current follower was 

produced that was capable of passing both positive and negative currents accurately 

and repeatably. For the surface erosion/corrosion measurements there was no 

requirement for the potential between working and counter/reference electrodes to be 

varied. In contrast, though it is possible to make ampometric measurements at 0 V, it 

is often essential or at least advantageous to make chemical measurements at a variety 

of different potentials. Consequently the ability to alter the potential between the 

electrodes was integrated into the current follower. 

The optocoupling circuit used for the bipolar optocoupled current follower was a 

modification of one discussed in an application note for Vishay linear optocouplers 

(184). The final circuit used for the current follower can be seen in figure 7.14. In 

addition to the circuit seen in figure 7.14 either a 330 Hz or 1 MHz low pass filter 

could be added to the output to reduce any higher frequency noise. Power was 

supplied to the non-isolated portion of the circuit by a multi-voltage supply set to 

12 V; the isolated portion of the circuit was powered by a 12 V lead acid battery 

(Maplin Aino Micro AM 12-3.3, 12 V 3.3 A h) and both power supplies were passed 

through independent DC/DC (XP power IH1205S) to give stable bi-polar 5 V 

supplies. To enable the alteration of the potential between the working electrode and 

the counter/reference electrode a potentiometer was placed between the positive and 

negative battery power terminals. By varying the value of the resistance of the 

potentiometer it was possible to vary the potential between the electrodes (though it 

would theoretically be possible to construct an entirely optically isolated potentiostat 

this was considered as to have few advantages over the potentiometer based system 

used as well as being significantly more complicated to construct). 
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Figure 7.14: Circuit diagram of bipolar optocoupled current follower. 
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One of the principle requirements of the bipolar optically isolated current follower 

was that the current information passed was accurate such that they could be used to 

interpolate chemical concentrations within the analyte. To ascertain the linearity of 

the current follower a triangular wave form at different frequencies was connected to 

the input via a 120 kO resistor. As with the testing of the unipolar opticoupling 

current follower a range of frequencies were used but due to the different application 

of the bipolar system lower frequencies were focused upon. The use of the 120 kO 

resistor and a gain of 105 (as with the fast optocoupled current follower) coupled with 

a drive signal of 0.25 V amplitude resulted in an output signal of the order of 0.2 V in 

amplitude. In figure 7.15 triangular waveforms from two frequencies are presented; 

those at 1 kHz and 0.01 Hz. At both frequencies there is excellent linearity and 

agreement between the input and output signals. Due to the lower frequencies 

examined it is not possible to see if the temporal offset seen in figure 7.11 for the fast 

optocoupled system afflicts the bipolar system as well. Such an offset presents less of 

a problem for the intended purpose of the bipolar current follower as the time frame 

on which the events of interest take place is of the order of seconds rather than 

microseconds. 
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Figure 7.15: Comparison of the input (----) and output (-) signals through the bipolar 
optocoupled current follower. Plots A and B showing I kHz and 0.01 Hz 0.25 V amplitude 
triangular wave forms respectively passed across a 120 kQ resistor and through the current 
follower set to 105 gain. 

In the course of the testing it became apparent that the system was unable to handle 

output voltages greater than 300 m V; putting a constraint on the gain setting selected 

so that overloading of the optocoupling circuit did not take place. If the situation was 

encountered where it was necessary to increase the range of the current follower then 

this could be done by the reduction in the resistance between the drive op amp (op 

amp 2 in figure 7.14) and the optocoupler. Given the excellent stability of the overall 

system it was decided to leave the setup as it was. 

In figure 7.15 it can be seen that the output signal from the bipolar optocoupled 

current follower has a number of high frequency noise spikes. Though not 
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overwhelming their presence is likely to affect any automated data processing. 

Therefore in order to remove these artefacts a 330 Hz low pass filter was added to the 

output. With the filter added the output from the current follower is cleared of the 

high frequency noise and still retains its linearity as can be seen in figure 7.16. 
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Figure 7.16: Comparison of the input (----) and output (-) signals through the bipolar 
optocoupled current follower with 330 Hz low pass filter. A 0.01 Hz 0.25 V amplitude 
triangular wave form passed across a 120 kO resistor and through the current follower set 
to 105 gain. 

The conformity of the bipolar optocoupled current follower with non optocoupled 

systems was established by running similar experiments with both a standard current 

follower and the bi-polar optocoupled current follower and comparing the results. 

Because the potential of the optocoupled system could not be altered as a function of 

time and therefore produce a cyclic voltamogram, in order to get a range of currents 

the pump rate for a flow cell was varied thereby giving different mass transfer 

coefficients and a corresponding change in the current passed. The two systems are 

compared in figure 7.17 and can be seen to be in broad agreement. 
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Figure 7.17: Plot showing the variation of currents observed at different flow rates for an 
undamped peristaltic pump (points A, B and C corresponding to flow rates of 40, 80 and 
388 ml hr- I respectively) and demonstrating the correlation between the normal (- ) and 
the bipolar optocoupled (- ) current followers. Measurements made using a needle inlet 
into the three electrode flow cell with a O.S mm Pt electrode held at 0 V vs. a SCE 
counter/reference electrode with a solution containing S mM K3Fe(CN)6 and 0.1 M 
Sr(N03)2' 

The same experiment conducted in figure 7.17 was repeated in a commercial earthed 

bath in figure 7.18 to demonstrate the isolating abilities of the optocoupled current 

follower. 
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Figure 7.18: Plot showing the variation of currents observed at different flow rates for an 
undamped peristaltic pump (points A, B and C corresponding to flow rates of 40, 80 and 
388 m1 hr- I respectively) and demonstrating the reduction in electrical noise seen with the 
bipolar optocoupled ( ) current follower in comparison to the normal current follower 
(-) when measurements are carried out in an operating commercial ultrasonic bath 
(Ultrawave USO, Bath A). Measurements made using a needle inlet into the three electrode 
flow cell with a O.S mm Pt electrode held at 0 V vs. a SCE counter/reference electrode with 
a solution containing S mM K3Fe(CN)6 and 0.1 M Sr(N03h. 
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Figure 7.18 shows that the optocoupled current follower reduces the electrical noise 

from the earthed system by two orders of magnitude compared to a standard current 

follower. The noise recorded for the standard current follower in figure 7.18 does not 

appear to be prejudicial to the conductance of measurements within the earthed 

vessel; it should be noted however that currents recorded from the redox couple used 

(Fe(CN)63
- to Fe(CN)64

-) are several orders of magnitude greater than those expected 

from the chemical measurements. Consequently the levels of electrical nOIse 

recorded in figure 7.18 are too great for successful measurements to be made 

necessitating the use of the optocoupled current follower. 

7.3.3. Isolation amplifier 

The isolation circuits using linear optocouplers are complicated in nature and required 

a large amount of modification and prototypes before they were of practical use. As 

one of the aspirations of this project was to create a method of measuring cavitation 

that was simple and yet affective, an alternative to the use of linear optocouplers was 

investigated. Specifically a circuit employing a Burr-Brown IS0122 precision 

Isolation Amplifier was made. The isolation amplifier is a single chip device into 

which a signal can be fed directly without having to be passed through a series of 

chips and resistors. The chip then passes the signal digitally across a 2 pF differential 

capacitive barrier (186) isolating one side of the chip from the other. It was hoped 

that the isolation this offers would be capable of removing the electrical noise seen 

from the earthed systems. 

The isolating amplifier was added to a simple current follower capable of a gain of 

105 or 106 (the gains found to be most relevant to measuring surface events). The 

circuit (as with the fast optocoupled current follower) was designed such that the 

working electrode was held at 0 V with respect to the counter/reference electrode. 

The device was powered by Traco Power TEL2-0523 DC/DC converters; one for the 

isolated chips and the other for the mains side, each DC/DC converter was powered 

by its own 9 V pp3 battery. These produced a stable supply voltage of +/- 15 V 

required to power the isolating amplifier. The circuit diagram can be seen in figure 

7.19. 
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Figure 7.19: Circuit diagram of isolation amplifier based current follower. 

The simplicity of the system is appealing with fewer parts in comparison to the 

optocoupler systems. When used in a commercial bath it was capable of removing 

the majority of noise as can be seen in figure 7.20. The reduction in noise allowed 

peaks corresponding to the reformation of the surface of the electrode after an inertial 

cavitation event to be recorded, such as that marked 1 in figure 7.20 plot (B). 
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Figure 7.20: Plot comparing the signal recorded from a 250 flm Al electrode held at 0 V 
vs. Ag counter reference electrode in an operating Ultrawave U50 bath using a normal 
current follower (A) and the isolation amplifier current follower (B). Bath contained 500 
ml of 0.1 M Na2S04 solution. 

When the isolation amplifier system was transferred to the NPL vessel the level of 

electrical noise seen was significantly less than that seen for a standard current 

follower. In figure 7.21 it can be seen that the standard current follower (trace A) is 

saturated out by the interference of greater than 5 ).lA, in contrast the isolation 

amplifier based current follower (trace B) exhibits a noise signal with an amplitude of 

only 0.2 ).lA 
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Figure 7.21: Plot comparing the signal recorded from a 250 /Jm Ti electrode held at 0 V vs. 
Ag counter reference electrode in the NPL reference vessel operating at 150 W using a 
normal current follower (A) and the isolation amplifier based current follower (B). Vessel 
filled with 0.1 M Na2N03 solution. Note: scale (B) is significantly larger than (A) 

The surface events recorded in figure 7.13 using the fast unipolar optocoupled current 

follower only have a magnitude of ~ 1 IlA and therefore would be significantly 

influenced by the level of noise recorded in figure 7.21. 

Figures 7.20 and 7.21 demonstrate that the isolation amplifier based current follower 

is capable of removing the majority of the electrical interference from the earthed 

vessels. However, the noise recorded is greater than that recorded for the 

176 



Chapter 7: Applying electrochemistry to noisy industrial applications 

optocoupoled systems. As a result the current followers using the linear optocoupling 

systems were preferred. 

7.4. Conclusions 

When the methods developed for and in the idealised reactors of the laboratory were 

first transferred to the "real world" situations of a commercial bath and the NPL 

reference vessel it was thought that overcoming the noise problems seen would be 

trivial. In reality overcoming these issues resulted in the fabrication of two novel 

devices that allow both fast and slow measurements to be made in the hostile "real 

world" environments and the construction of a third less successful device. Though 

designed specifically for this project the optocoupled current followers have potential 

applications in many situations where low current measurements are required in 

electrically noisy environments. Pertinent to this project the development of the two 

optocoupled current followers (the fast unipolar variant for surface events and the 

slower bipolar variant for measuring the change in chemistry) allows the full range of 

electrochemical measurements devised in idealised isolated reactors to be carried out 

in commercial baths and the NPL reference vessel. The implementation of these 

experiments and their results will be discussed in the following chapters. 
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8. Analysis of commercial baths 

8.1. Introduction 

Ultrasonic cleaning baths are used in many applications. One could assume that 

objects placed within the bath will be cleaned to the same extent irrespective of at 

which point within the bath they are positioned. In this chapter we shall investigate 

this assumption of homogeneity of cavitation activity within commercial baths by 

systematically scanning and investigating three ultrasonic baths using low light, 

acoustic pressure measurements, surface erosion/corrosion from cavitation events and 

cavitation induced chemical change techniques. In addition to these measurements 

objects representative of items that might be placed within a bath in order to be 

cleaned are introduced to one of the baths and the effect this has on the cavitation 

field studied. 

Initially we discuss the problems encountered in facilitating the scans before 

examining the results from the three baths. Finally the effect of the addition of 

objects to the cavitation field within the bath will be presented. 

8.2. Testing of the baths 

In total three baths were tested: an Ultrawave USO bath, a Branson B1210E-MT bath 

and a Semat bath. These are designated Bath A, Band C respectively. Bath A (the 

Ultrawave USO bath) was subjected to the most rigorous examination, having been 

used extensively in the adaptation and development of the sensing techniques 

explained in greater detail below. Chemical change measurements as a result of the 

sonochemical effects of cavitation were only conducted in bath A. The experiments 

conducted in each bath are detailed in table 8.1. 
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Measurement 

Low light imaging 
Photon 
measurements 
Pressure scan 
Surface scan 
Chemical 
measurement 

counter 

change 

Bath A 
(U/trawave 

U50) 
<I' 

<I' 

<I' (2) 
<I' (2) 

<I' 

Bath B Bath C 
(Branson (Semat Bath) 

B1210E-MT) 
<I' <I' 

<I' <I' 

<1'(1) <1'(1) 
<1'(1) <1'(1) 

Table 8.1: Showing the experiments were conducted on each of the baths examined. 

We shall now look at the techniques developed to conduct the measurements. 

8.3. Problems presenting themselves with the scanning of the 

baths 

The scanning of commercial baths presented a series of challenges not seen for the 

idealised cylindrical reactor studied in chapter 6. As previously discussed in chapter 

7 the noisy, the earthed environment of the baths resulted in a bespoke electronic 

circuitry having to be developed in order for the electrochemical measurement of 

surface erosion/corrosion events and sonochemical activity to take place. In addition 

the size of the baths necessitated a change in equipment and procedure compared to 

those employed for the single transducer reactors investigated in chapter 6. 

8.3.1. Three dimensional scanning 

When scanning reactor 4 in chapter 6 it was possible to make a limited number of 

measurements in a single plane and assume that this was representative of the entire 

reactor due to the expected symmetry of both the reactor and the associated sound 

field(62, 155). The field within the commercial baths was found to be non-uniform. 

The scannmg system developed incorporated a GPIB controlled Parker DigiPlan 

XYZ stage (ICS Electronics USB-GPIB interface connected to a Parker Digiplan 

1185-100 GPIB interface card controlling three Parker CD20 Stepping Motor Drives 

driving 3 Unislide steppers with a 450 mm travel in each axis) allowing either the 

entire bath (or specifically a plane within it) to be scanned as a single experiment. 

Two scanning programs were created; one to measure the acoustic pressure and 

another to record the number of cavitation erosion/corrosion events on the surface of 

an electrode. Both programs were developed in visual basic and allowed full XYZ 
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control of the scan and the measurements. A scanning program was not developed 

for chemical measurements as it was felt that the ambiguous nature of the spatial 

resolution of the technique did not warrant the conducting of full scans of the baths 

(Chapter 3). The orientation of the axes relative to the baths can be seen in figure 

8.1. 

z 

" . .' 
. ' .' .' 
. .......................... . ....... . 

Figure 8.1: Schematic showing the direction of the X, Y and Z axis in relation to the 
baths 

A simple raster system was used to scan each bath employed. This consisted of a 

series of X axis scans, at the end of each scan the electrode was moved the required 

increment in the Y direction before being returned to the original X position in a 

single movement and the next X axis scan initialised. The process was then repeated 

until the end of the scan was reached. Figure 8.2 shows a schematic of the scan for a 

10 X by 4 Y scan. 
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Figure 8.2: Schematic of the raster scans used to conduct XY plane scans of the baths 
with each measurement represented by X. 
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Though the system developed was capable of conducting measurements in three 

dimensions it was only utilised to make scans of single planes within the baths. In 

Bath A measurements were made in multiple planes as detailed in Table 8.1. 

8.3.2. Temperature increase 

It is well known that the temperature of a cavitating vessel is likely to increase over a 

period of extended irradiation(1). Associated with this increase in temperature is a 

change in the speed of sound of the liquid and therefore acoustic characteristics (1). 

To scan even a single plane within a bath takes an extended period of time; for a 

surface scan anything up to 4 hours. With the bath left in continuous operation for 

this period of time the temperature of the solution within the bath would increase by 

approximately 30°C. Such an increase is unacceptable. Hence a number of 

alternative techniques (compared to continuous operation) were developed. 

8.3.2.1. Direct cooling of the bath 

To reduce the temperature increase within the ultrasonic baths a length of 6 mm 

copper tubing was placed into the bath and water from a water bath maintained at 

2SoC was pumped through it. The tubing was bent into a U shape and placed at one 

end of the bath to reduce its interference with the bath. 

8.3.2.2. Reduction in the period of sonication 

With no direct method of controlling the commercial baths from a computer an 

indirect method capable of dealing with mains voltages was required. Therefore a 

radio controlled mains socket system (Brennen Stuhl FE433) was modified by means 

of a relay chip such that it could be switched remotely using TTL pulses from an 

ADC card in a computer. Details and a circuit diagram of the device can be found in 

appendix B. The modified remote switching socket allowed the turning on and off of 

the commercial baths in the same way that it had been possible for the reactors. The 

remote switching and cooling system reduced the temperature rise during a four hour 

scan to less than SoC. 
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8.3.3. Light emission measurements 

To acquire MBSL images of the baths the Photek image intensifier based camera was 

mounted vertically above the baths. The camera was positioned such that the entirety 

of the bath was within the image. The MBSL images provide a spatial indication as 

to the relative levels of light emission originating from the bath. Quantitative 

measurements were made using the SensL PCMPlus 20 single photon counting 

module mounted centrally 300 mm above the bath. It was necessary to increase the 

level of light emitted for some experiments, to achieve this a solution containing 

luminol was added to the bath which produced chemiluminescent (MBS(C)L) light 

emission in addition to the MBSL light emission; amplifying the emission (62, 123, 

127, 155). 

The level of MBSL light emISSIon recorded from the commercial baths was 

significantly greater than would be expected given the low light images recorded at 

the same time. For completeness the MBSL photon counter measurements are 

included for bath A only but the MBS(C)L measurements are considered more 

accurate. 

8.3.4. Pressure scans 

A Gras Type 10CT Hydrophone was connected to a Bruel & Kjaer 2635 charge 

amplifier and attached to the XYZ positioning system by means of a 10 cm plastic 

tube held in a clamp. This allowed the hydrophone to be positioned anywhere within 

the bath. The signal from the charge amplifier was recorded using a computer based 

ADC card (Measurement Computing PCI-DAS 4020112) and bespoke Microsoft 

Visual Basic based acquisition software which also controlled the positioning stage. 

Figure 8.3 shows a typical pressure time trace acquired within bath A. It should be 

noted that the pressure activity is chopped "on/off' at a frequency of 50 Hz. 
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Figure 8.3: Plot showing the pressure as a function of time in bath A. The bursting on 
and off of the sound field within the bath can clearly be seen. Recorded centrally in bath 
A with 0.5 dm3 0.1 M NaZS04 solution at 25 DC. 

The variation in the pressure output over time seen in figure 8.3 precluded the use of 

the measurement routine used for reactor 4 in chapter 6. In the continuously driven 

reactor it was possible to take a brief snap shot over a period of 2 ms and assume that 

the pressure was representative. When the same procedure was used in the baths 

some points fell within the time frame of the bath bursting "on" and others when it 

was "off' leading to a large variation in the pressure measurements for adjacent 

points. Figure 8.4 is a case in point showing the pressure traces from two successive 

points. For the first point it can be seen that the measurement was taken during a 

period of activity; conversely for the second point the bath was in a period of 

inactivity and consequently the pressure recorded is effectively zero. By increasing 

the period of time over which data was collected from 2 ms to 20 ms the complete 

sound cycle of the bath could be recorded ensuring that the pressure recorded was 

representati ve. 
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Figure 8.4: Plot of two successive pressure-time traces recorded in bath A as part of a 
scan of the bath. 5 mm separated the location of the two measurements, demonstrating 
the need for an extended period of data collection. Trace (a) corresponds to a time at 
which the sound field had burst on and trace (b) corresponds to a time when the sound 
field had burst off. Bath A contained 500 ml 0.1 M Na2S04 solution at 25°C. 

8.3.5. Surface scans 

The conditions within the ultrasonic baths studied were such that it was decided to 

use aluminium electrodes to measure erosion/corrosion events in this environment. A 

stainless steel electrode was used to act as the counter/reference electrode and was 

strapped to the glass support of the working electrode to maintain the same level of 

separation through out the experiment. The working electrode was maintained at 0 V 

vs. the counter/reference electrode. Both electrodes were held in a small spring 

loaded clamp that was attached to the positioning system by a boss connected to a rod 

held vertically in the positioning system clamp. 
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The signal from the working electrode was amplified and isolated using the fast 

optocoupled current follower described in chapter 7. An Amptek Pocket MCA 

8000A Multi Channel Analyser (MCA) was used to record the number and 

magnitude of the events and a LeCroy 9310 AM digital oscilloscope used to monitor 

the signal. The MCA and positioning system were controlled using a visual basic 

program. By using the optocoupled current follower it was possible to record surface 

events on the working electrode, such as peak A in figure 8.5, which would not have 

been possible with a standard current follower due to the interference caused by the 

metal vessel. 
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Figure 8.5: Plot showing an example surface erosion/corrosion event recorded on a 250 
/..lm aluminium electrode in bath A. The working electrode was held at 0 V vs. a 
stainless steel counter/reference electrode in 500 ml 0.1 M Na2S04 solution at 25°C. 

It should be noted that the events seen from the optocoupled current follower, like 

peak A in figure 8.5, are broader and less sharp than those seen from the standard 

current follower. This is caused by the reduced bandwidth of the optocoupling chip 

as described in chapter 7. 
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8.3.6. Sonochemical Measurements 

Unlike the pressure and surface erosion/corrosion measurements the evaluation of the 

sonochemical activity of the solution as a result of the cavitation were shown to have 

a poor spatial variation in idealised reactors (Chapter 3). Consequently instead of 

scanning the entirety of the bath a series of spot measurements were carried out in 

Bath A (the only bath for which chemical measurements were conducted). As with 

the measurements carried out in chapters 3 and 6 the Weissler reaction was employed 

following the formation of 13 - induced by the cavitation. Similarly the experiments 

were conducted using a three electrode flow cell with "soft damping" and a flow rate 

of 380 ml hr- I
, consequently from the recorded current it was possible to determine 

the concentration of the chosen dosimeter within the solution from the calibration 

carried out in section 3.3 of chapter 3 and the graph in figure 3.7. Given that the 

measurements were being conducted in the earthed environment of the industrial bath 

it was necessary to make use of the bipolar opotocoupled current follower developed 

and characterised in chapter 7. The results the techniques employed recorded in each 

bath are now presented, starting with bath A. 

8.4. Bath A (Ultrawave U50) 

Bath A was the smallest of the ultrasonic baths tested having a volume of ~0.5 dm3 

with internal dimensions of 150 x 85 x 65 mm. Figure 8.6 shows a schematic of the 

bath, as viewed from above, showing the coverage of the different techniques applied. 

All the results reported for this bath are orientated in the same manner as figure 8.6. 

Extent of surface and 
pressure scans 

• 

Figure 8.6: Plan view of bath A showing the extent and position of the low light 
measW"ements (light grey rectangle), the pressure and surface scans (white rectangle) and 
the positions at which chemical measW"ements were made (represented by .) 
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8.4.1. Light measurements 

Intensified images and photon counting measurements of bath A were made using 

either a sodium sulphate solution or a luminol solution giving multi-bubble 

sonoluminescence and multi-bubble sonochemical luminescence respectively. 

8.4.1.1. Sonoluminescent measurements 

The MBSL light emission from Bath A was found to be approximately 300 counts s-' 

with a background of ~ 6 counts s-' . Figure 8.7 shows the output from the photon 

counter as it was repeatedly switched on (areas marked A) and off (areas marked B). 
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Figure 8.7 : Plot showing the MBSL light emission from bath A as recorded by the 
photon counter whi lst the bath was in operation (marked A) and whilst the bath was idle 
(marked B). The photon counter was mounted 30 cm above bath A containing 500 ml 
0. 1 M Na2S04 so lution; background 7 counts S- I. 

Although the MBSL light emission from the bath as detected by the photon counter is 

relatively high, to produce a usable image the image intensifiers were required to be 

at maximum gain. As consequence the images have a large amount of noise even 

after stacking and averaging (see figure 8.8). 
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Figure 8.8: Image of MBSL produced from bath A made up of 101 stacked and 
averaged images. The bath contained 0.5 dm3 of 0.1 M Na2S04 solution. 

The intensified image in figure 8.8 shows the presence of light emission (and by 

association cavitation) within bath A. A number of points (marked A and D in figure 

8.8) can be seen to have greater MBSL light emission compared to those only a short 

distance away (marked Band C in figure 8.8) implying that the level of cavitation is 

not uniform throughout the bath. The clarity of the image in figure 8.8 is less than 

that seen for the images of the single transducer reactors in chapter 6 due to a number 

of factors. The lack of a stable mode within the reactor reduces the effect that 

stacking the images has; in addition the metal surface of the bath causes the emitted 

light to reflect and scatter confusing the image. The wide aperture used to acquire the 

images (typically fD.95 on a 25 mm lens) lead to a very shallow depth of field and, as 

cavitation is expected to be seen through out the entire depth of the bath, some of the 

light emission is going to be recorded out of focus; reducing the clarity of the image. 

8.4.1.2. Sonochemiluminescent measurements 

Though figure 8.8 gives an indication of the presence of areas of varying light output 

the low level of light emission and consequent high amplification employed make the 

images noisy and more difficult to interpret. Replacing the sodium sulphate solution 

used in figure 8.8 with a solution containing luminol the light emission from the bath 

was increased through the presence of sonochemical luminescence in addition to 

sonoluminescence. Consequently a lower gain on the amplifier was required to 

generate suitable images. The addition of the luminol solution increased the light 

emission from the bath, as measured using the photon counter, to 1260 counts S-I. 
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Obviously the change in composition of the solution will result in some changes to 

the field within the bath; compared to the single transducer reactor examined in 

chapter 6 the field within the bath is less ordered and not forming standing wave 

modes and therefore the benefit gained from the increase in light emission is greater 

than any detrimental effect the change of solution might have. 

Figure 8.9 : Intensified image of bath A containing a luminol solution to increase the 
level of light emission. The bath contained 0.5 dm3 of a solution of 0.1 M Na2C02, 0.1 
mM EDTA and 5 11M luminol and the image is constructed from 100 individual images 
stacked and averaged together. 

Figure 8.9 shows there is a point of increased activity at either end of the bath (over 

what is assumed to be the location of the drive transducers and marked A and B in 

figure 8.9). In addition to the factors causing the lack of clarity for the MBSL image 

in figure 8.8 (lack of stable mode, small depth of field and scattering from the baths 

internal surface) the precision of the image in figure 8.9 is reduced by the 

luminescence from the luminol solution persisting beyond the period under which it 

is subjected to cavitation; resulting in a level of "smearing" of the luminescence 

beyond the actual location of the cavitation. 

If instead of looking at an amalgamated image (such as that in figure 8.9) we look at a 

series of images of the bath over a period of time and compare them to an average 

image it is possible to more clearly see how the position of the light emission within 

the bath varies over time. Figure 8.1 0 shows eight images recorded at 1 second 

intervals next to calculated images showing the difference of image from the average. 

Where the recorded image (I -8a) shows a greater level of light emission than the 
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average Image (9) the calculated image (l-8b) is black; where the level of light 

emission is less the calculated image is white and where there is no change the image 

IS grey. 

Figure 8.10: Shows a series of eight individual intensified images (l-8a) taken at 1 
second intervals of the light emission from bath A containing a luminol solution and 
eight accompanying images (l-8b) showing their difference from the average image (9). 
Areas where the calculated images are black correspond to an increase in light emission 
compared to the average, white a decrease and grey no change. The bath was fiJled with 
500 ml of a solution of 0.1 M Na2C02, 0.1 mM EDT A and 5 11M luminol. 

Figure 8.10 shows that though there are two significant areas of light emission within 

the bath (marked A and B on average image 9) that can be seen to be present in every 

one of the images the detail within these broad areas changes between each 

successive frame. Area A also appears to have a greater level of variation in activity 

compared to area B. This variation in the light emission from the bath as a function 

of time, and consequently the cavitation field, is likely to have an effect on the other 

measurements conducted on the bath in particular the pressure measurements which 

were conducted over a short period of time and as a consequence more susceptible to 

variations in activity. 
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8.4.2. Pressure Measurements 

The size of the Gras Type 10CT hydrophone employed limited the vertical resolution 

in the bath. Consequently two planes within the bath were scanned; one at the base 

and one just below the surface of the bath. Figure 8.3 has shown that the sound field 

of bath A bursts in a 20 ms cycle, if we look at a Fast Fourier Transform of the 

pressure time trace in figure 8.11 it is possible to see a series of peaks corresponding 

to the fundamental frequency of the bath (60 kHz, X in figure 8.11) and a number of 

sub-harmonics. The short period pressure time trace in figure 8.11A elucidates a 

similar figure for the drive frequency of the bath. Between points 1 and 2 there are 

17 IlS corresponding to a frequency of 59 kHz. 
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Figure 8.11: Plots showing the FFT pressure signal and direct pressure signal (insert A) 
from bath A. Recorded in 500 ml 0.1 M NaZS04 solution. 

500 

In figure 8.11A (recorded on an oscilloscope) the positive pressure reaches a 

maximum of 800 kPa this corresponds to a voltage of 8 V from the charge amplifiert. 

The ACD card used for the automated collection of data in the pressure scanning 

t Without the use of the charge amplifier the direct signal from the hydrophone would be of the order 

of 80 V. The Charge amplifier was set to its lowest sensitivity setting to reduce the measured voltage 

to the greatest possible extent. It would have been theoretically possible to make use of a voltage 

divider to reduce the voltages recorded further but such equipment was not readily available. 
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program was only capable of measuring +/- 5 V. Any voltage that is greater than 5 V 

is recorded as being 5 V by the ADC card clipping the signal. The affect on the 

signal can be seen in the trace in figure 8.12 where signal from the hydrophone is 

clipped at both plus and minus 5 V (areas shaded dark grey) . 
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Figure 8.12: Plot showing the pressure time trace as recorded by the ADC card used for 
the pressure scans. The clipping of the signal at +/- 5 V can be clearly seen. 

The methodology employed to calculate the pressure within reactor 4 in chapter 6 

relied on identifying the maximum and minimum pressures and halving the difference 

between them; giving an effective zero to peak pressure amplitude. The clipping of 

the signal seen in figure 8.12 resulted in many points having recorded pressure 

amplitudes of 500 kPa. 

The two planes within the bath that were scanned using the hydrophone produced 

decidedly different pressure contour maps. As can be seen in figure 8.13 in general 

the pressure recorded at the top of the bath (map B) is greater than that recorded 

lower in the bath (map A). There is also a marked variation in the location of the 

regions of high pressure between the two planes; at the top of the bath there is a large 

central region of saturated high pressure, where as lower in the bath the regions of 

higher pressure are concentrated towards the edges of the bath. The high number of 
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points in the scan near the surface of the bath for which the pressure measurement has 

saturated out (figure 8.13, map B) precludes any examination of the field in more 

detail. 
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Figure 8.13: Contour maps of bath A showing the amplitudal pressure at the base and 
surface of bath A (Maps A and B respectively). The hydrophone was scanned over an 
area 105 by 55 nun at a resolution of 5 nun in 500 m1 of 0.1 M Na2S04' 

8.4.3. Surface measurements 

The electrode used for the surface erosion/corrosion event measurements was small in 

comparison to the size of the active element of the hydrophone. This would have 

allowed more planes to have been scanned within the bath but in order to be able to 

make valid comparisons the same two planes were examined. Similarly, though the 

electrode was smaller than the hydrophone, the dimensions of each scan were kept 

constant to allow a better comparison between the two sets of measurements and to 

reduce the length of time during which the electrode was exposed to the inertial 
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cavitation (degradation of the electrode having been seen in chapter 4 to lead to a 

change in its behaviour). 

F or the pressure scan at every point, even those at which no cavitation was present, a 

pressure could be recorded. In contrast the surface erosion/corrosion event scans 

(like those conducted in reactor 4) contained a large number of points at which no 

surface events were recorded as a result of the conditions not being conducive to 

inertial cavitation surface events. When the conditions surrounding the electrode 

were correct for surface events then transients similar to that seen in figure 8.5 were 

observed. These were counted as a function of position, using the MeA, and the 

results plotted as contour maps as in figure 8.14. 
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Figure 8.14: Contour maps showing the distribution of surface erosion/corrosion events 
at the top and base (maps A and B respectively) of bath A. Events recorded on a 250 )lm 
Al electrode held at 0 V vs. a SS counter/reference electrode using the MCA collecting 
over 20 seconds with a threshold of 0.5 )lAo Bath A contained 500 ml of 0.1 M Na2S04. 
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The contour maps of the surface activity at the top and bottom of bath A in figure 

8. 14 show how the areas at which there is increased levels of cavitation activity vary 

as a function of position in three dimensions. In both the map relating to the scan 

conducted near to the surface of the bath and that carried out near to the base of the 

bath there is a clear bias to the presence of surface event activity toward the top of the 

map, near to the edge of the bath. 

8.4.4. Chemical measurements 

As explained earlier in this chapter it was felt unnecessary to attempt to conduct a 

series scans of the bath using the chemical change apparatus. Instead a measurement 

in the centre of the bath as well as a series of spot measurements located around the 

bath were carried out to confirm that the rate of chemical change recorded was similar 

throughout the bath. 
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Figure 8.15: Plot of current as a function of time using a chemical tracer method to 
detect sonochemical effects of cavitation with in bath A over a 900 s period (indicated by 
the grey shaded area) . Recorded with the electrochemical flow cell with the soft damped 
peristaltic pump at 388 mllu·-I

. A 0.5 mm diameter Pt electrode held at 0 V vs. a SCE 
counter/reference electrode was used to monitor the change in 13- concentration as a 
function oftime. The bath contained 0.5 dm3 90 mM KCI 10 mM KI aqueous solution. 

Figure 8. 15 shows the current time trace from the central point within bath A. The 

area shaded grey corresponds to the period during which the bath was operational for 

(900 s) during which the current proceeds cathodically. This is due to the 
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sonochemical oxidation ofr to produce h-. By measuring the gradient of the current 

time trace the rate of chemical change taking place within the bath can be calculated 

to be 1.3 nM S-1 of 13-. Three further measurements were made at different points 

within the bath to see if any variation in the rate of cavitation induced chemical 

change could be found. Figure 8.6 shows the location of the three points A, Band C. 

Figure 8.16 shows the respective current time traces. 
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Figure 8.16: Plot showing the variation of currents as cavitation leads to a change in the 
chemical composition of the solution at three points within bath A (traces A, Band C 
corresponding to the same named points in figure 8.6) during a period of sonication 
(indicated by the grey shaded area). Recorded with the needle fed three electrode flow 
cell with the soft: damped peristaltic pump running at 388 ml kl . A 0.5 mrn Pt electrode 
held at 0 V vs. a SCE counter/reference electrode was used to monitor the change in 13-

concentration as a function of time. The bath contained 500 ml 90 mM KCI 10 mM KI 
solution at ambient temperature. 
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The calculated rates for the three traces shown in figure 8.16 were 0.89 +/- 0.12, 

1.27 +/- 0.14 and 1.31 +/- 0.13 nM S-1 for points A, Band C. A difference in the 

recorded rates of formation of 13- from the sonochemical effect of the cavitation can 

be seen between point A and points B and C but the differences recorded between the 

points is marginal. Acoustic streaming and general mixing of the solution within the 

bath will make the detection of any localised variation in the sonochemistry difficult. 

8.4.5. In comparison 

If we compare the low light images in figures 8.8 and 8.9 with the pressure and 

surface activity maps in figures 8.13 and 8.14 respectively it can be seen that, though 

not as explicit as that for reactor 4, there is a correlation between the presence of light 

emission, high acoustic pressure amplitudes and surface erosion/corrosion activity. 

In particular using all three measurement techniques it is possible to see the presence 

of increased activity at two points, one either end of the bath, thought to correspond 

to the location of the drive transducers. 

B.5. Bath B (Branson B1210E-MT) 

In addition to the extensive measurements conducted on bath A (Ultrawave bath) two 

other commercial baths were studied. Both were baths in general use within the 

laboratory and therefore access to them was limited; restricting the number of 

measurements that could be made. Consequently only surface event, acoustic 

pressure and light measurements were made; these thought to be the most pertinent. 

The two baths (a Branson B1210E-MT (bath B) and a Semat ultrasonic bath (bath 

(c)) were both considerably larger than the Ultrawave bath (bath A). 

Bath B had internal dimensions of 135 x 150 x 100 mm deep. It had a quoted 

operating frequency of 47 kHz (found to be 49 kHz by experimental measurement) 

and nominal power consumption of 80 W. For the experiments the bath was filled 

with 1.5 dm3 of 0.1 M Na2S04 which corresponded to a level 1 cm above the 

minimum operating level. 
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8.5.1. Light Measurements 

To acquire a usable image of the light emission it was necessary to use the highest 

available intensifier gain resulting in the somewhat noisy image seen in figure 8.17 B. 

The intensified image in figure 8.17 shows that the light emission from the bath is not 

uniform with a series of hot spots being present towards the edges of the bath and a 

more concentrated region of elevated light emission towards the centre of the bath. 

As image A in figure 8.17 demonstrates the top and bottom of the bath cover different 

areas in the final image and so attributing the luminescence to an exact point within 

the bath is difficult. 

Figure 8.17: Ambient light (A) and intensified (B) images of bath B. Image B shows 
the MBSL light emission from bath and is a composite of 101 individual images. The 
scale bar is taken for the base of the bath. The bath contained 1.5 dm3 0.1 M Na2S04 
solution . 

8.5.2. Pressure measurements 

To avoid contact with the side of the bath the hydrophone was scanned over the 100 x 

100 mm area (shown by the superimposed squares in image A and B in figure 8.18) 

in 10 mm steps. The pressures seen in bath B were substantially lower than those 

recorded in bath A; consequently there were not the same problems associated with 

saturation of the ADC card used to record the pressure. Looking at the pressure 

signal over a relatively long period of time (see figure 8.19) it is possible to see that 

there is a variation in the signal similar to that seen for bath A (figure 8.3). 
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The variations in the pressure signal recorded in figure 8.19 have a period of 10 ms 

suggesting that the signal is associated with the 50 Hz variation in the mains signal 

(two "bursts" making up the 20 ms period of the mains supply). 
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Figure 8.19: Plot of a long period pressure time trace recorded in bath B showing the 
bursting nature of the sound field within the bath. The bath contained 1.5 dm3 0.1 M 
Na2S04 solution. 

If we look at the Fast Fourier Transform of the pressure signal from figure 8.19 in 

figure 8.20 it can be seen that addition to the fundamental frequency of the bath is 49 

kHz (Peak X). In addition there are a number of other frequencies at which there is a 

significant pressure signal; unlike the measurements conducted for bath A these are 

not seen at the harmonics of the drive frequency. Figure 8.20 A shows the acoustic 

pressure signal over a short period of time. From this the period of the signal 

between points 1 and 2 can be calculated as 20.2 IlS confirming the drive frequency of 

the bath to be ~49 kHz. 
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Figure 8.20: Plots showing the FFT pressure signal and direct pressure signal (insert A) 
from bath B. Bath contained 1.5 dm3 0.1 M Na2S04 solution. 

250 

Figure 8.21 shows the pressure amplitude within the bath plotted as a contour map. 

From this is possible to see that at relatively few points does the pressure within the 

bath exceed 200 kPa in contrast to what was seen for bath A. The pressure though is 

in excess of the calculated inertial pressure threshold (129 kPa) at almost every point 

within the scan. Of significant interest is the distribution of the regions of increased 

pressure. It could be expected that the pressure field within the bath would be 

relatively uniform with the pressure at a maximum towards the centre of the bath 

where items to be cleaned are most likely to be placed. Instead of the expected semi

uniform distribution of the pressure maxima, the points at which the greatest pressure 

was recorded are concentrated towards the edges of the bath with a single hot spot 

towards the centre of the bath. 
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Figure 8.21 : Contour map bath B showing the amplitudal pressure variation within bath 
B. The hydrophone was scanned over an area 100 by 100 rom at a resolution of 10 rom 
in 1.5 dm3 of 0.1 M Na2S04 solution. 

8.5.3. Surface events 

The surface erosion/corrosion measurements were conducted over the 100 x 100 mm 

grid as the pressure measurements, with the same 10 mm resolution. The procedure 

used to carry out the scan was the same as that used for bath A. The electrode was 

mounted such that the surface of the electrode was at the approximate midpoint 

vertically and then scanned through a single XY plane. Due to the threshold nature of 

the surface events there are no events recorded for the majority of points within the 

bath and those points for which events are detected vary massively. Consequently the 

contour map in figure 8.22 uses a logarithmic scale. 

Figure 8.22 shows the presence of increased surface activity around the edges as well 

as a central hot spot. This is superficially similar to that seen for the pressure 

measurements but the location of the hot spots are not the same. 
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Figure 8.22: Contour map showing the distribution of surface erosion/corrosion events 
in bath B over an area 100 by 100 mm with a resolution of 10 mm. Events recorded on a 
250 Ilm Al electrode held at 0 V vs. a SS counter/reference electrode using the MCA 
collecting over 30 seconds with a threshold of 0.85 1lA. The bath contained 1.5 dm3 of 
0.1 M Na2S0 4. 

8.5.4. In Comparison 

When the low light images (figure 8.17), pressure (figure 8.21) and surface event 

scans (figure 8.22) are compared it can be seen that there is little in the way of 

correlation between the image and the scans. Whereas the low light image indicates 

the presence of cavitation throughout the area of the bath the scans exhibit large areas 

for which there is a relatively low pressure and an absence of surface 

erosion! corrosion activity. 

B.6. Bath C (Semat) 

Bath C was the largest bath tested having internal dimensions of 240 x 140 x 100 mm 

deep. The drive frequency of the bath was found to be 46 kHz by experimental 

measurement. For these experiments the bath was filled with 2 dm3 of 0.1 M Na2S04 

which corresponded to a level 6 cm; this being above the minimum operating level. 
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8.6.1. Imaging 

The intensified imaging of the bath required a high degree of amplification to record 

an image. Consequently there is a high level of noise even in the stacked image. 

Figure 8.23: Ambient light (A) and intensified (B) images of bath C. Image B shows 
the MBSL light emission from bath and is a composite of 101 individual images. The 
scale bar is taken for the base of the bath. The bath contained 2 dm3 0.1 M Na2S04 
solution. 

The intensified image of bath C in figure 8.23 exhibits the variation in light emission 

through out the vessel as has been seen for the other two baths studied. In particular 

there is an area of elevated light emission towards the centre of the bath with little in 

the way of light emission towards the edge of the bath. 

8.6.2. Pressure measurement 

The pressure scan was carried out over an area 190 x 100 mm the position of which 

relative to the base of the bath is depicted by the rectangle in figure 8.23 . The scan 

had a resolution of 10 mm with the hydrophone positioned at the midpoint of the 

solution vertically. As with bath B the pressures recorded were substantially less than 

those recorded for bath A and as a consequence there were no problems with the 

clipping of the ADC card used to acquire the data. In contrast to the pressure bursting 

recorded in the other two baths the pressure recorded in bath C did not have distinct 

times of the pressure being either on or off. As can be seen in figure 8.24 instead 

there was a more complex situation where a period of intense pressure was followed 

by a period of reduced pressure before the onset of the next period of high pressure. 

Though the variation was less pronounced than that seen for baths A and B it was still 

necessary to conduct measurements over a time period greater than 10 ms in order to 

achieve a consistent pressure measurement. 
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Figure 8.24: Plot of a long period pressure time trace recorded in bath C showing the 
varying nature of the sound field within the bath. The bath contained 2 dm3 0.1 M 
Na2S04 solution. 
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Figure 8.25 shows a contour map of the pressure scan within bath C. The pressures 

were significantly less than that recorded in bath A, but greater than those recorded in 

bath B. Of particular note is the presence of pressure in excess of 400 kPa being 

recorded towards the centre of the bath, similar in location to the areas of elevated 

light emission seen in the low light image in figure 8.23. 
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Figure 8.25: Contour map showing the amplitudal pressure variation within bath C. 
The hydrophone was scanned over an area 190 by 100 mm at a resolution of 10 mm in 2 
drn3 of 0.1 M Na2S04 solution. 

8.S.3. Surface measurement 

The surface erosion/corrosion scan was conducted over the same area and with the 

same resolution as the pressure scans covering an area 190 x 100 mm area with a 

resolution of 10 mm. The scan was conducted 30 mm from the base of the reactor 

placing the electrode at the mid point of the solution within the bath. The procedure 

for the scan was the same as that for baths A and B. 

Figure 8.26 shows a contour map of the surface erosion/corrosion event scan. Again 

due to the threshold dependence of the technique no events are recorded at a large 

number of points. The areas at which a significant number of events were recorded 

are concentrated towards the centre of the bath in the same way as the light emission 

and pressure measurements were in figures 8.23 and 8.25. The limited number of 

events recorded towards the bottom of figure 8.26 as we look at it is unexpected, as 

are the two apparent lines of high activity of angling from the centre of the bath 

towards the edge. This may be as a result of the scan only being conducted through a 
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single XY plane within the bath and further investigation of the bath may have shown 

a more ordered distribution. 
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Figure 8.26: Contour map showing the distribution of surface erosion/corrosion events 
in bath C over an area 190 by 100 mm with a resolution of 10 mm. Events recorded on a 
250 /lm Al electrode held at 0 V vs. a SS counter/reference electrode using the MCA 
collecting over 30 seconds with a threshold of 0.85 /lA. The bath contained 2 dm3 of 0.1 
MNa2S04. 

8.6.4. In comparison 

Through all the measurements conducted on bath C it is possible to see an increase in 

the likelihood of the presence of cavitation towards the centre of the bath. In 

particular the low light images and pressure measurements (figures 8.23 and 8.25 

respectively) show a similar indication as to where cavitation is taking place. The 

surface measurement in figure 8.26 is less clear showing the same increase in activity 

towards the centre of the bath seen for the other two measurements but with this only 

tending to one side of the bath rather than the more even distribution observed with 

the other techniques. 

\ 
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8.7. Effect of addition of cleaning items 

All of the measurements presented so far in this chapter have been conducted in 

ultrasonic baths with the minimal disturbance to the field possible. The addition of 

the measuring equipment for the pressure, surface activity and chemical change 

experiments (a hydrophone, electrode and needle respectively) as well as the copper 

piping utilised to cool the baths will have had an effect on the field but it was hoped 

to have been minimised. This is an artificial situation when compared to how small 

cleaning baths, such as those examined here, would be used in practice. Commonly 

when baths are used multiple objects are normally placed within them in addition to 

methods of supporting the items such as a basket all of which is likely to alter the 

sound field and hence the type of cavitation taking place. This may have an influence 

on the cleaning power of the bath. In the final section of this chapter we shall 

examine the effect on the measured cavitation within bath A of the addition of several 

items to be cleaned. 

First, we shall look at a series of experiments conducted using purely light emissive 

methods to ascertain the effect of a number of sample objects. Second, a set of 

experiments investigates the effect of a single item on a small portion of the bath 

using pressure and surface erosion/corrosion event measurements in addition to 

luminesence measurements. 

8.7.1. Effect on light emission 

Photon counting measurements and intensified imaging were used to monitor the 

effect of sample cleaning items on the luminescence from bath A. The emission from 

the bath was recorded first with the bath alone as a reference, the basket provided by 

the manufacturers to support items in the bath was added and the effect on emission 

recorded before two sample cleaning condition (a 10 ml glass vial and three coins) 

were examined. It would be possible to use MBSL light emission to monitor the 

effect that placing objects within the cleaning bath (this is done in the section that 

follows this). However, as can be seen when comparing the images in figure 8.8 and 

figure 8.9 the use of a solution capable of MBS(C)L increasing the light output and 

therefore makes changes easier to detect. Consequently this series of experiments 
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was conducted with a solution containing luminol. For all the experiments the 

camera and photon counter were placed vertically above the bath in order to give a 

view over the entire vessel. 

Figure 8.27 shows the light emission from the bath as a function of the items added. 

Clearly the addition of only the basket used to support items to be cleaned reduces the 

light emission from the bath by a factor of 2. An even greater reduction was seen 

when the sample items were added; the addition of the coins to the bath having the 

greatest detrimental effect on the light emission. 
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Figure 8.27: Plot showing the difference in light emission from bath A with the bath 
alone (Bath); the bath plus wire support basket (Basket) ; the bath, basket and three coins 
(Coins) and the bath with the basket and a vial of solution added (Vial). The photon 
counter was mounted 30 cm above the bath and each measurement repeated four times 
(represented by each bar) . The bath contained 500 ml of a solution of 0.1 M Na2C02, 
0.1 mM EDT A and 5 !-1M luminol. 

The change in light emission caused by the added items can also be seen in the 

relevant low light images. The images shown in figure 8.28 show the bath with and 

without the added items. Note the intensifier gain used to acquire the images d, f and 

h in figure 8.28 being nearly eight times greater than that used to acquire image b 

(image b acquired at a luminous gain of ~9 ,000 ; images d, f and h acquired at a 

luminous gain of ~ 70,000 (J 06)) . 
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Figure 8.28: Images showing the change in light emission from bath A unperturbed (b), 
with the addition of a wire supporting basket Cd), with the addition of the basket and 
three coins (f) and with the addition of a wire basket and a vial of solution (h) and the 
respective ambient light images (a, c, e and g) to indicate the location of the added items. 
Each intensified image is a stacked and averaged combination of 101 individual images. 
The bath contained 500 ml of a solution of 0.1 M Na2C02, 0.1 mM EDT A and 5 11M 
luminol 

Figure 8.28 shows the effect of the added items on the light emission from bath A. 

The addition of only the basket used to support items within the bath has a large 

effect on the light emission seen (image d) . The same regions of activity are seen, but 

in addition there are localised bright spots at the intersections of the wires of the 

basket. The effect of addition of the coins to the basket (image f) is mainly to 

obscure possible luminescence from below; possibly explaining the reduction in light 

recorded by the photon counter module. The glass vial being transparent appears to 

have less effect than the coins on the image (image h) . It would appear that the 

addition of the basket confines the light emission to the volume between the base of 

the bath and the basket. Consequently the addition of further objects to the bath has 

less of an effect on the light emission. 
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8.7.2. Localised effects 

Having investigated the effects of adding items to a bath on a bath wide scale we 

shall now look at the local effects. Specifically we shall look at the effect on the 

pressure, surface erosion/corrosion and MBSL light emission in a small section of a 

bath when a sample cleaning item is added. The experiment involved a sample object 

(1 p coin, 20 mm diameter) being placed into bath A on the wire basket and 

measurements conducted in the bath without any additions, with the basket present 

and with the basket and the coin added. The pressure and surface measurements were 

conducted over a 30 x 30 mm portion of the bath at a resolution of 5 mm centred on 

the coin. 

8.7.2.1. Light emission 

Figure 8.29 shows the intensified images of the bath with the no addition (a&b), the 

wire basket (c&d) and the basket and coin (e&f). 

Figure 8.29: Images showing the change in MBSL light emission from bath A 
unpelturbed (b), with the addition of a wire supporting basket (d) and with the addition 
of the basket and a coins (f) and the respective ambient light images (a, c and e) to 
indicate the location of the added items. The white square superimposed onto the image 
corresponds to the region scanned by the pressure and surface measurements. Each low 
light image is a stacked and averaged combination of 101 individual images. The bath 
contained 500 ml of a solution of 0.1 M Na2S04 solution. 
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The images in figure 8.29 show that as with the measurements made using MBS(C)L 

the addition of the basket has a large effect on the light emission. The further 

addition of the coin makes little further difference except to prevent any light 

emission from below. The overall level of light emission can not be directly 

measured from the images due to the processing that takes place to generate the final 

images, an indication as to the relative light emission can be inferred from the stack 

divisor required to produce a usable image§. In this case image b required a divisor 4 

times greater than that for images d and f suggesting a significantly greater level of 

light emission. As with the images obtained with the assistance of 

chemiluminescence in figure 8.28 it is possible to see in images d and f the presence 

of localised regions of elevated light emission at the intersections of the wires from 

the supporting basket. 

8.7.2.2. Pressure measurements 

The reduced area of the bath over which the pressure and surface scans were 

conducted is indicated by the white boxes in figure 8.29 images a-f. The hydrophone 

was positioned within the bath such that the tip of the hydrophone was 2 mm above 

the surface of the basket. The procedure for carrying out the pressure scan was the 

same as that used for the pressure scans of bath A. As the measurements were 

conducted in bath A there were again issues with the clipping of the ADC card due to 

the large pressures involved. The pressure maps corresponding to the bath alone (a) 

with the basket added (b) and with the bath and coin added (c) are presented in figure 

8.30. 

The pressure maps in figure 8.30 show very clearly how the addition of items to the 

bath alters the pressure field. The pressure map of the unperturbed bath (figure 8.30 

map a) it can be seen that the majority of the area under investigation is subjected to 

pressures in excess of 400 kPa peak to peak amplitude. The addition of the wire 

§ The image stacking software used for the lowlight images (Tambaware Image Stacker Vl.03) 

generates the final image by adding the luminance data from all the images and then dividing this by 

the divisor to give the luminance data for final image. Therefore the smaller the divisor required to 

produced a useable image the lower the level of initial light emission. 
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basket to the bath (figure 8.30 map b) dramatically reduces the pressures recorded 

with few points now being recorded with pressures in excess of 300 kPa and 

numerous points where the pressure is below 200 kPa. The further addition of the 

coin to the bath (figure 8.30 map c) causes a further reduction in the areas at which 

higher pressures are recorded. 
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Figure 8.30: Contour maps showing the variation in the amplitudal pressure over the 
same area in the unperturbed bath (a), in the bath with the addition of the wire support 
basket (b) and with the addition of the basket and alp coin ( c). The hydrophone was 
scanned over a 30 by 30 mm area corresponding to the white squares superimposed onto 
figure 8.29 with a resolution of 5 mm. The bath contained 500 ml 0.1 M Na2S04 
solution. 
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The expansive pressure threshold for a system running at 59 kHz, such as bath A, is 

133 kPa. Looking at the amplitudal (zero to peak) pressure after the addition of the 

items to the bath the acoustic pressure is still well in excesses of this. This suggests 

that the presence of inertial cavitation should still be detected. 

8.7.2.3. Surface events 

The surface event scans were conducted over the same area as the pressure scans 

shown by the white boxes on images a-f in figure 8.29 with a resolution of 5 mm and 

with the electrode held 2 mm above the bottom of the basket. The same measurement 

procedure was used for the reduced area as for the scans of the entire bath. The 

resultant maps of the surface event activity corresponding to the bath alone (a) with 

the basket added (b) and with the bath and coin added (c) are presented in figure 8.3l. 
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Figure 8.31: Contour traces showing the distribution of the surface erosion/corrosion 
activity over a portion of bath A in the unperturbed bath (a), in the bath with the addition 
of the wire support basket (b) and with the addition of the basket and alp coin (c). 
Scans conducted over a 30 by 30 mm area corresponding to the white squares 
superimposed on the images in figure 8.29. Events recorded on a 250 !lID Al electrode 
held at 0 V vs. a SS counter/reference electrode using the MCA collecting over 30 
seconds with a threshold of 0.85 !lA. The bath contained 2 dm3 of 0.1 M Na2S04. 
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The contour maps of the surface activity in figure 8.31 show the dramatic reduction in 

the relative activity caused by first the addition of the wire basket (map b) and then 

the addition of the coin (map c). To illustrate the reduction further if the total number 

of events recorded for each situation (140268, 7483 and 73 events for maps a, b and c 

respectively) are considered it can be seen that the level of cavitation surface events 

taking place within the bath is significantly affected by the addition of items to the 

bath. This agrees with the MBSL, MBS(C)L and pressure measurements. 

8.7.3. Conclusions 

The examination of the affect of the addition of items to cleaning bath A has shown 

that, as would be expected, there is a large affect on the level of light emission, 

acoustic pressure and surface event activity even from the addition of a wire basket 

used to support items to be cleaned 
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B.B. Conclusions 

In this chapter we have seen how it is possible to systematically scan commercial 

baths using the same techniques previously employed in idealised reactors. Through 

this it has been possible to see that the cavitation within the bath rather than being 

uniform is present in distinct patches that can be detected separately using light 

emission, acoustic pressure and surface activity measurements. It has also been seen 

that it is possible to measure the rate of chemical change within an ultrasonic bath 

through electrochemical means. 

Having established that the spread of cavitation within the cleaning baths was not 

even sample objects were added to bath A and their effect on the level and 

distribution of the cavitation investigated using light emissive, pressure and surface 

erosion/corrosion techniques. From this it was possible to see that even the addition 

of a wire basket intended to support items to be cleaned within the bath lead to a 

significant alteration and reduction in the inertial cavitation taking place and the 

further introduction of sample items to be cleaned reduced the recorded levels to an 

even greater extent. 
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9. NPL tests 

As part of an ongoing project to attribute a standard unit to cavitation, the National 

Physical Laboratory (NPL) has constructed a reference cavitation vessel in which 

different methods of quantifying cavitation can be compared and calibrated (162). 

This vessel enables techniques (such as those presented in the preceding chapters of 

this thesis) to be compared in an accurate manner. It was one ofthe principle aims of 

this project to transfer any methods developed in Southampton to the reference vessel 

so that they could be compared with other existing techniques. Due to the size of the 

reference vessel it was not possible for it to be transferred to Southampton for 

experiments to be conducted; all experiments having to be conducted at the NPL in 

Teddington. This seriously constrained the number of measurements that could be 

made. 

In conjunction with the reference vessel, NPL has developed a broadband acoustic 

sensor that is hoped to be a quick and accurate sensor for cavitation. The sensor 

detects the high frequency broadband acoustic pressure signals generated by the 

cavitation bubble collapse. Extensive work has been carried out by NPL mapping the 

entire reference vessel with both their broadband sensor and a standard hydrophone at 

a variety of different drive powers and conditions (162). Supplementing these results 

with measurements of the light emission, surface erosionicorrosion cavitation events 

and chemical change, it was hoped to produce a rounded view of the reference vessel 

and the relationship between the measurements. 

In this chapter will shall first discuss the procedures and results for the light emission, 

surface erosionicorrosion event and chemistry measurements and then compare these 

to the measurements carried out by NPL for the acoustic pressure and high frequency 

broadband emission. Finally the effect of NPL' s broadband sensor (163, 164) on the 

conditions within a cavitating body will be investigated through the means of low 

light imaging. 
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9.1. Light emission measurements 

In order to acquire both quantitative and spatial light emISSIOn measurements 

experiments were conducted using a photon counter (for quantitative measurements) 

and an image intensifying video camera (spatial measurements) in the same manner 

as for the measurements conducted on both the single transducer reactors and 

ultrasonic cleaning baths (see chapters 6&8). That the reference vessel was 

intrinsically tied to the laboratory at NPL prevented measurements being carried out 

in the same darkroom in which all other low light measurements had been made. 

Consequently for worthwhile measurements to be made it was necessary to create 

blackout conditions surrounding the vessel. The blackout conditions consisted of two 

levels of light reduction; first the room as a whole and second the enclosure 

surrounding the vessel. To reduce the light within the room as a whole all extraneous 

equipment was switched off and the all sources of light (such as windows) covered 

up. For all equipment that it was not possible to switch off, any status lights or other 

sources of illumination were covered up using black insulating tape. The level of 

light inside the enclosure was further reduced by completely covering the enclosure 

in fibre board. This was cut to shape and the secured by means of gaffer tape such 

that very little light could enter. The picture in figure 9.1 shows the enclosure with 

the added blacking out and the photon counter mounted in position for conducting a 

measurement. 

The measures taken to reduce the extraneous light reaching the vessel reduced the 

light level within the enclosure to 4 counts S-I a level comparable to that recorded in 

the dark room in Southampton (typical background 2 - 6 counts S-I). The inability to 

use the darkroom to conduct the light emission measurements for the NPL reference 

vessel also precluded the use of the Photek intensifier based imaging system used in 

all other experiments. Instead measurements were conducted using a Photonics 

Science Darkstar image intensified camera attached to a Hauppage USB WIN-TV 

capture device and attendant software. This setup was not capable of the same level 

of light amplification as the Photek intensifier based system available in the dark 

room. As a consequence in addition to standard MBSL measurements the solution 

within the reactor was replaced with a solution containing luminol so that multi-
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bubble sonochemiluminescent (MBS(C)L) measurements could be conducted with 

the accompanying increase in the level oflight emission (62, 123, 127). 

Figure 9.1: Image of the NPL reference vessel as setup for conducting intensified 
imaging and photon counting measurements. The enclosure surrounding the vessel was 
augmented with a fibreboard surround to prevent the ingress of light to the vessel. This 
reduced the level oflight recorded within the enclosure to be reduced to 4 counts S-I . 

We shall now look first at the quantitative measurements conducted using the photon 

counter for both the MBSL and MBS(C)L cases before moving on to look at the 

intensified images. 

9.1.1. Photon counting measurements 

The photon counter was attached to the three dimensional positioning system of the 

reference vessel and positioned centrally above the vessel. For measurements 

covering the entire bath the photon counter was placed 250 mm above the centre of 

the bath but it was possible to reposition the counter as required. The light emission 

from the bath was measured for 20 s and the average light output over that period 

calculated. The level of light emission from the vessel was measured as a function of 

the drive power for MBSL emission and MBS(C)L emission from a solution 

containing luminol. 

217 



~ , 
CJ) 

CJ) 
+-' 
C 
~ 
0 
() 

--c 
0 
CJ) 
CJ) 

·E 
Q) 

+-' 
..c 
0) 

::i 

Chapter 9: NPL tests 

10 

• • 
8 • 

• • 
• • 6 • 

• 
4 

• 2 Background 4 counts S-1 

o ~--~------~--------~------~--------~------~--~ 
o 100 200 300 400 500 

Power / W 

Figure 9.2: Plot showing the level of MBSL light emission from the NPL reference 
vessel as a function of the vessel drive power. Each point is the average of three 
separate measurements conducted with the photon counter mounted 25 cm above the 
centre of the vessel which contained an aerobic aqueous solution of 0.1 M NaN03. 

Figure 9.2 shows the MBSL light emission from the NPL reference vessel as a 

function of drive power. From this it is possible to see that at all powers except from 

20 W a measurable level of light was detected. The level of emission from the vessel 

is very low at all drive powers; being only slightly greater than the background level 

of 4 counts S-l (in comparison reactor 4 driven at 92 kHz emits 64 counts S-l) . 

Consequently it is inadvisable to draw much in the way of conclusions from the data 

apart from to say that the presence of MBSL within the reference vessel can be 

inferred at all powers above 20 W. 

To further the understanding of how the sonoluminescence from the reference vessel 

varies as a function the drive power, the solution within the vessel was replaced with 

an alkali solution containing luminol in order to increase the level of light emission 

(62, 123, 127). Figure 9.3 shows the resultant plot of the MBS(C)L as a function of 

the drive power ofthe reference vessel. 
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Figure 9.3: Plot showing the MBS(C)L light emission from the NPL reference vessel as 
a function of the vessel drive power. Each point on the plot is the average of three 
individual measurements conducted with the photon counter placed 25 cm above the 
centre of the bath. The sonochemiluminescent solution in the reference vessel contained 
5 flM luminol and 0.1 M Na2C03, was at room temperature (~25 0C) and was not 
degassed. 

. 

The addition of the solution containing luminol to the reference vessel resulting in the 

presence of both MBSL and MBS(C)L lead to a substantial increase in the light 

emission from the vessel. In figure 9.3 it can be seen the level of light emission has 

increased by over two orders of magnitude to levels that are detectable by the human 

eye (over approximately 1000 counts S·l). As with the measurements conducted 

under purely sonoluminescent light emissive conditions in figure 9.2 the 

measurements conducted for sonochemiluminescence in figure 9.3 show an absence 

of light emission at a drive power of 20 W. There is an increase in the level of 

emission seen at powers of 50 and 100 W when the level of light emission plateaus at 

around 1000 counts S·l at drive powers below 350 W before undergoing a steady 

increase to a maximum of just over 3,500 counts S·l at a power of 500 W. 

9.1.2. Intensified lowlight imaging 

To conduct the imaging of the bath the Photonics Science camera was mounted onto 

the positioning system such that it was vertically above the centre of the bath. The 
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camera control box, video capture system and laptop computer used to store the 

images were located outside the vessel enclosure to reduce the level of light 

contaminating the image. Figure 9.4 depicts the setup used for the intensified image 

acquisition. 

Figure 9.4: Image showing the setup used for the acquiring of intensified images of the 
light emission from the NPL reference vessel. 

The low level of light emission from MBSL (see figure 9.2) and the limited gain of 

the Photonics Science intensified video camera seriously impaired the ability to 

image the non-chemically assisted luminesence emanating from the vessel. Even 

though there was a measurable level of MBSL light emission from the vessel in 

figure 9.2, as figure 9.5 shows no usable image could be recorded even at the 500 W, 

the greatest power available. 
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Figure 9.5: Images showing NPL reference vessel with ambient light (a) and MBSL 
light emission (b) when the vessel was driven at 500 W. Intensified image b is an 
amalgamation of 43 individual images recorded when the reference vessel contained an 
aerobic aqueous solution of 0.1 M NaN03. 

Looking at the low light MBSL image in figure 9.5 (image b) it is just possible to 

discern the presence of light emission in the centre of the reactor. Due to the high 

level of noise associated with the image further deductions as to the location of the 

light emission relative to the vessel were not possible. Figure 9.6 shows that the 

addition of a luminol containing solution to the reference vessel increases the light 

emission to the point where an image can be easily recorded. It should be noted that 

figure 9.6 is recorded under the same conditions as figure 9.5 except for the addition 

of the sonochemiluminescent solution. 

Figure 9.6: Images showing the NPL reference vessel with ambient light (a) and 
MBS(C)L light emission (b) when the vessel was driven at 500 W. Intensified image b 
is an amalgamation of a series of individual images. The sonochemiluminescent 
solution in the reference vessel contained 5 flM luminol and 0.1 M Na2C03, was at room 
temperature (- 25 °C) and was not degassed. 

Intensified images of the reference vessel at 20, 50, 100, 150, 200,250, 300, 350, 400, 

450 and 500 W were recorded in order to ascertain how the variation in the drive 

power affected the light emission from the reference vessel. 
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Figure 9.7: Intensified images showing the MBS(C)L light emission from the NFL 
reference vessel at a variety of different drive powers. The images a - k relate to drive 
powers of 20, 50, 100, 150, 200, 250, 300, 350, 400, 450 and 500 W respectively and 
image I is an ambient light image of the vessel. Each intensified image is an 
amalgamation of over 20 individual images; for images a - h the images were acquired 
at an intensifier gain of 10, image I was at a gain of 9.5 and images j and k an intensifier 
gain of 8. The sonochemiluminescent solution in the reference vessel contained 5 11M 
luminol and 0.1 M Na2C03, was at room temperature (- 25 °C) and was not degassed. 

The intensified images in figure 9.7 show that the location of the light emission 

within the reference vessel changes significantly as the drive power is increased. At 

20 W (the lowest power investigated and image a in figure 9.7) no significant light 

emission is recorded as would be expected from the photon counter measurements in 

figure 9.3. When the power of the vessel is increased to 50 W it becomes possible to 

see the presence of sonochemical luminescence towards the centre of the bath. The 
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intensity of the light emission at the centre of the bath increases at 100 Wand in 

addition the presence of concentric rings away from the centre of the vessel becomes 

apparent; suggesting the presence of cavitation. At 150 - 250 W (images d -f 

respectively) the level of light emission surrounding the central spot increases and the 

central area of luminescence becomes less concentrated. The looser nature of the 

central spot is likely to have been partially responsible for the reduction in the photon 

counter measurements at these powers compared to those at 100 W; the photon 

counter being situated directly above the centre. 

At drive powers above 300 W (figure 9.7 images g-k) the light emission steadily 

increases with the drive power and a hot spot at the bottom left of the vessel becomes 

apparent. To acquire images i, j and k recorded at powers of 400, 450 and 500 W 

respectively, the amplification of the camera had to be reduced due to the intense 

emission recorded at the centre of the vessel. As a result any activity away from this 

central point became harder to identify. Interestingly at the drive powers of 350, 400 

and 450 W (images h, i and j respectively) it would appear that at the very centre of 

the central area of luminescence there is a reduction in the level of light emission. 

9.2. Surface event measurement 

The electrochemical monitoring of the presence of surface cavitation 

erosion/corrosion events within the NPL reference vessel required the use of specific 

equipment designed for this purpose. As was discussed in chapter 7 it was not 

possible to conduct electrochemical measurements in the tank without the use of 

specialised optocoulped current followers described previously. The novel current 

followers were required as a consequence of the interference caused by the earthed 

metal tank out of which the reference vessel was constructed. Using the fast unipolar 

optocoupled current follower it was possible to conduct measurements within the 

vessel with an acceptable level of electrical interference. 

In order to allow the movement and exact positioning of the working electrode within 

the reference vessel the electrode was mounted at the end of a 45 cm long glass tube 

by means of an SQ 13 screw j oint and the glass tube which in turn was attached to the 

to the XYZ positioning stage. A silver wire counterlreference electrode was attached 
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to the outside of the glass tube and to keep electrical interference to a minimum 

shielded coaxial cable was used to connect both electrodes to the current follower. 

The setup used to conduct the measurements can be seen in figure 9.S. 

The electrochemical surface erosion/corrosion measurements conducted within the 

reference vessel where all done so with a titanium working electrode held at 0 V vs. a 

silver wire counter/reference electrode. The current time transients induced by 

surface events on the electrode were recorded using a Tie Pie Engineering HS3 

Handyscope USB oscilloscope and the number of events counted using an Amptek 

Pocket MCA SOOOA Multi Channel Analyser (MCA). Unlike for other scanning 

measurements conducted as part of this thesis it was not possible "to integrate the 

control programs for the MCA and the reference vessel and as a result the scanning of 

the vessel had to be conducted manually. 

Figure 9.8: Image showing the experimental setup for the surface erosion/corrosion 
measurements in the NPL reference vessel. 

The high powered conditions and long exposure time needed to conduct multiple or 

scanning measurements made it necessary that titanium electrodes rather than 

aluminium electrodes be used. In spite of titanium having been shown to be 

substantially better at withstanding the destruction caused by the action of cavitation 

on the surface of the electrode, the working electrodes had to be replaced after around 
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1 hour of exposure to the high power ultrasound due to the damage caused. An 

example of a damaged titanium electrode can be seen in figure 9.9 a. Damage due to 

the action of the cavitating liquid was not confined to the working electrode. In the 

same way the silver wire counter/reference electrodes became pitted and damaged 

after extended exposure to the conditions within the tank. To keep the electrode in 

working order it was cleaned with 1200 grade silicon carbide paper before each 

experiment. The damage caused to the reference electrode can be seen in figure 

9.9b 1&2 . 

Figure 9.9: Images showing the damage done to the titanium working electrode (a) and 
the silver wire counter/reference electrode (b 1 & 2) by the action of cavitation within the 
NPL reference vessel. 

9.2.1. Individual measurements 

Figure 9.10 shows a typical time current trace recorded from an electrode in the 

centre of the reference vessel. The use of the optocoupled current follower required 

to make measurements within the vessel results in the shape of the transients being 

less defined than those recorded in idealised conditions at either the tip of an 

ultrasonic hom or in an insulated reactor. 
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160 

Figure 9.10: Time current trace showing a series of surface cavitation events recorded 
at the central point of the NPL reference vessel driven at 150 W. Events recorded on a 
250 ~m Ti electrode held at 0 V vs. an Ag counter/reference electrode in a 0.1 M NaN03 

solution. Measurement made using the fast optocoupled current follower with the 1 
MHz low pass filter. 

In figure 9.11 the level of surface erosion/corrosion activity at the centre of the 

reference vessel is compared as a function of drive power. Trace A shows the 

number of events greater in magnitude than 0.18!lA. This shows a close correlation 

between the number of events recorded in 30 s and the drive power of the vessel. For 

trace B the threshold above which events were counted was increased to 1 !lAo As a 

result the variation in the number of events recorded with the drive power of the 

vessel alters substantially. The number of events increases with drive power to a 

maximum at 100- 150 W before then decreasing as the power is increased further. 

This implies that at lower drive powers there are a small number of high magnitude 

surface events. When the drive power of the reference vessel is increased the number 

of events recorded increases but the magnitude of these events reduces significantly. 
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Figure 9.11: Plots showing the variation in the number of surface erosion/corrosion 
events recorded on an electrode at different drive powers. Plot a shows the number of 
events recorded greater than 0.18 flA and plot b shows the number of events greater than 
1 flA. A 250 flm diameter titanium working electrode was held at 0 V vs. a silver wire 
counter/reference electrode. The vessel contained an aqueous solution of 0.1 M NaN03 

at room temperature and was not degassed. 
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Figure 9.12 shows the maximum peak height recorded at each of the different drive 

powers along with the number of events with a magnitude > 1 !J.A for the same 

powers. A clear relationship between the two can be seen with the maximum peak 

size reducing at higher drive powers in the same way that the number of events tails 

off. This supports the proposal that, although the number of events generally 

increases as the power increases, the magnitude of the events decreases. 
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Figure 9.12: Plots showing the correlations between how the maximum peak height 
(--) and the number of events greater than 1 I1A (- - - -) at the centre of the NPL 
reference vessel vary as a function of the drive power. Recorded on a 250 11m diameter 
titanium working electrode held at 0 V vs. a silver wire counter/reference electrode. The 
vessel contained an aqueous solution of 0.1 M Na2N03 at room temperature and was not 
degassed. 

9.2.2. Scans of the vessel 

Each individual measurement within the vessel took approximately one minute; the 

images of the damaged working electrode in figure 9.9 have shown that prolonged 

exposure to the conditions within the reference vessel causes the deformation of the 

surface of the working electrode leading to degradation in the quality of the results 

recorded. Consequently it was felt to be impractical to conduct scans of the entire 

vessel, instead a series ofline scans were conducted across the centre of the vessel (in 

the same plane as the drive transducers) at a number of different drive powers§. All 

the scans were conducted in the X axis of the positioning as marked on figure 9.7a. 

§ The number of scans that could be undertaken on the NPL reference vessel was constrained by the 

amount of time during which the reference vessel was available and by the logistics of transporting all 

the relevant equipment from Southampton in order to conduct the measurements. If the reference 

vessel was more easily accessed then the number and extent of the scans conducted could have been 

extended. 
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Scans of the vessel were conducted at five drive powers (20, 100, 200, 350 and 

500 W). Figure 9.13 shows three successive scans across the reference vessels at a 

drive power of 100 W. 
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Figure 9.13: Plot showing three successive surface erosion/corrosion scans across the X 
axis of the NPL reference vessel at 100 W. The scans were conducted in the same plane 
as the transducers using a 250 ~m diameter titanium working electrode held at 0 V VS. a 
silver wire counter/reference electrode and events with a magnitude greater than 0.6 ~A 
were recorded using the MeA. The vessel contained an aqueous solution of 0.1 M 
Na2N03 at room temperature and not degassed. 

The three scans of the reference vessel presented in figure 9.13 all show the greatest 

level of activity to be located towards the centre of the vessel in correlation with the 

intensified images of the vessel (figure 9.7 image c). Events are also recorded at +50 

and + 1 00 mm from the centre on all of the scans indicating that the cavitation activity 

is not restricted to the centre of the vessel. 

Figure 9.14 shows a series of scans conducted across the reference vessel at 20, 200, 

350 and 500 W drive powers. As be expected from the light emission measurements 

in figure 9.2 and 9.3 only a small number of surface erosion/corrosion events were 

recorded at a drive power of 20 W. When the power was increased to powers at 

which significant light emission had been recorded (200-500 W) then a similar 
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distribution of surface activity is seen to that in figure 9.13 for a drive power of 

100 W with a central maxima and limited number of events away from this. The scan 

conducted at 200 W shows the greatest activity away from the central maxima. In 

particular at the edge of the vessel there is a marked increase in the surface activity. 

At 350 and 500 W drive powers the scans are dominated by the central region of 

activity at the focal point of the transducers. For the 500 W drive power this would 

appear to be consistent with the intensified images of the vessel where the area of 

light emission is concentrated exclusively towards the centre of the reactor. 

Conversely the intensified image of the vessel being driven at 350 W shows 

significant areas of light emission away from the central area which are not mirrored 

by the presence of surface erosion/corrosion activity. 

However the electrochemical and MBS(C)L measurements are broadly and 

encouragingly in agreement. Areas of high light emission (e.g. the centre of the 

reference vessel) show high numbers of erosion/corrosion events. Lastly it must be 

remembered that the electrochemical sensor is a point sensor while the MBS(C)L has 

a comparatively vast depth of field and hence large active sensing volume. 
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Figure 9.14: Plot showing surface erosion/corrosion scans across the X axis of the NPL 
reference vessel at 20, 200, 350 and 500 W. The scans were conducted in the same 
plane as the transducers using a 250 11m diameter titanium working electrode held at 0 V 
VS. a silver wire counter/reference electrode. For the 20, 350 and 500 W drive powers 
events with a magnitude greater than 0.6 I1A were recorded and for 200 W events greater 
than 1 I1A. The vessel contained an aqueous solution of 0.1 M NaN03 at room 
temperature and not degassed. 
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9.3. Chemical change measurements 

To ascertain the rate of chemical change taking place within the reference vessel, 

during sonication, the production of h -was monitored through two separate methods; 

electrochemical measurements and UV IVisible spectroscopy. Whilst at NPL 

electrochemical measurements were made using a three electrode flow cell and the 

slow bipolar optically isolated current follower. After a period of sonication an 

aliquot of solution was removed from the vessel and the concentration measured 

using UV IVis spectroscopy on return to Southampton. 

Due to technical problems associated with making measurements in the reference 

vessel no 13- was recorded using either UV IVisible or electrochemical methods. 

Contributing to this was the dilution of any localised formation of h- through out the 

entire volume of the reference vessel through acoustic streaming and diffusion. The 

frequency at which the reference vessel operates is also not conducive to high rates of 

chemical change, previous studies (62, 128), as well as work reported earlier in this 

thesis (chapter 6) have shown that higher drive frequencies are more likely to 

generate chemical change. The results from the chemical measurements recorded 

have been included in appendix A for completeness. 

9.4. Comparison of measurements 

It is instructive to compare the results acquired using the various different methods to 

see if there is any correlation between the areas of increased activity. In addition to 

the light emission, surface erosion/corrosion activity and chemical measurements 

conducted in this chapter the author also had access to pressure and broadband 

emission measurements conducted by the NPL. It is obviously problematic to 

quantitatively compare the light emission results in the form of an intensified image 

with other results. This was overcome by taking the averaged intensified image of 

the reactor and manipulating it within MA TLAB to elucidate the relative luminance 

across the vessel. For the purposes of this comparison the chemical measurements 

were ignored given the lack of spatial information and that the results were limited to 

only a single drive power. 
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The acoustic pressure measurements received from NPL were RMS (Root Mean 

Squared) values of the pressure signal. This makes relating the values recorded to the 

real pressures experienced difficult. From measurements seen in other environments 

it has been seen that in an active cavitating volume the recorded pressure trace is not 

sinusoidal. Therefore the actual pressure signal from the hydrophone is likely to 

differ from that which would be expected from the RMS output. The calculated 

pressure threshold for these comparisons is the RMS value of the sinusoidal wave 

with the same amplitude. 

Figure 9.15 shows a comparison of the light emissive, acoustic pressure, broadband 

acoustic emission and surface erosive/corrosive measurements at a drive power of 

100 W. There is a clear correlation between the measurements with the three 

measurements that rely on the effects of cavitation (surface erosion/corrosion activity 

and light and broadband acoustic emissions) all showing a concentration of activity 

towards the centre of the reference vessel quickly subsiding towards that edges of the 

reactor. The pressure measurement is more complicated with a series of maxima 

proceeding from the edge of the vessel with the greatest maxima falling at the centre 

of the vessel where the other measurements also reach their zenith. The acoustic 

pressure exceeds the calculated pressure threshold at a number of points away from 

the central maxima, clearly corresponding to increases in the cavimeter output but 

with ambiguous correlation to the surface erosion/corrosion and light emission 

measurements. 

Figure 9.16 extends the comparison to a drive power of 200 W. Here the correlation 

between the different measurements is not as well defined. Whereas the pressure, 

broad band emission and surface erosion/corrosion activity all have a definite peak at 

the centre of the reference vessel the light emission would appear to reduce at the 

very centre of the reactor with peaks either side. Interestingly the pressure, 

broadband emission and surface erosion/corrosion activity all show an increase at the 

edges of the vessel (+/- 140 mm). Though the pressure at the centre of the bath is less 

than that seen at 100 W drive power, the calculated inertial pressure threshold is 

exceeded at more points across the scan; noticeably at the edges where the elevated 

activity is recorded. 
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Figure 9.15: Plots comparing the light emission, pressure, cavitation sensor and surface 
erosion/corrosion measurements across the X axis ofthe NPL reference vessel at a drive 
power of 100 W. The luminance trace was calculated from an intensified image of the 
vessel containing a sonoluminescent solution using Matlab, the accompanying light 
emission trace (- - -) was collected using the photon counter mounted 25 cm above the 
reactor and collimated using a 7 cm tube. Pressure and cavitation traces produced by the 
NPL with a resolution of 2 mm; calculated expansive pressure threshold (- - -). The 
surface erosion/corrosion trace is the average of the three traces presented in figure 9.13. 
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Figure 9.16: Plots comparing the light emission, pressure, cavitation sensor and surface 
erosion/corrosion measurements across the X axis of the NPL reference vessel at a drive 
power of 200 W. The luminance trace was calculated from an intensified image of the 
vessel containing a sonoluminescent solution using Matlab. Pressure and cavitation 
traces produced by the NPL with a resolution of 2 mm; calculated expansive pressure 
threshold (---). The surface erosion/corrosion trace is that in figure 9.14. 
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9.5. Effect of sensors on light emission 

Imaging an ultrasonic reactor whilst a sensor is added or removed offers a quick and 

simple method for ascertaining whether the sensor is in any way effecting the 

cavitation within the reactor. Any alteration in the cavitation within the reactor will 

manifest itself as a change in the level of light emission recorded as well as the 

distribution of that emission. In this section we shall show the effect of the NPL 

broadband acoustic emission cavitation sensor on the light emission from a number of 

different cavitating cells. First, we shall see the effect of an unsoaked sensor on a 

single transducer ultrasonic reactor (the worst case scenario). Second, we shall see the 

effect of a soaked sensor on the light emission from a small ultrasonic cleaning 

containing both water and a solution containing the surfactant recommended by NPL. 

Finally we shall examine the effect of the NPL sensor on the light emission generated 

by the NPL reference vessel and at the same time consider the disruptive influence of 

an electrode. 

9.5.1. In a single transducer reactor 

An un-soaked NPL broadband acoustic cavitation sensor was lowered into a single 

transducer ultrasonic reactor (reactor 4) containing 1000 ml of water in 5 mm steps. 

At each point the reactor was imaged using the Photek intensifier based imaging 

system to ascertain the location of any light emission. The drive frequency of the 

reactor (23 kHz) was selected such that a stable mode was formed within the reactor, 

characterised by a series of parallel bands of luminescence as can be seen in figure 

9.17 image a. Figure 9.17 shows both low light and ambient light images of the 

sensor as it just breaks the surface of the solution (images c and d for the low light 

and ambient light images respectively), with the sensor 5 mm into the solution 

(images e and f) and with the sensor fully submerged in the solution within the 

reactor (images g and h). 
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Figure 9.17: A series of images showing the effect that placing a non-soaked NPL 
cavitation sensor has on the light emission from reactor 4. The images show the reactor 
without sensor (a & b), with the sensor just touching the surface of solution (c & d), the 
sensor submerged 5 mm into the reactor (e & t) and with the sensor fully submerged 
within the reactor (g & h). The intensified images are an amalgamation of 100 
individual images. Reactor 4 was driven at 150 V and contained 1 dm3 of distilled 
water. 

Figure 9.17 shows that the stable mode seen in the reactor before the sensor is added 

(image a) quickly changes as the sensor is introduced. When the NPL sensor is only 

just touching the surface the base of the sensor can be seen to be inducing a localised 

increase in cavitation (image c), characterised by the small area of luminescence at 

the top of the reactor. Further down the reactor the two bands corresponding to the 

first and second bands in image a can be seen to be somewhat deformed in 

comparison. When the sensor is lowered further into the reactor (image e) the effect 

on the luminescence is even greater with the banding seen in image a being replaced 

by three points ofluminescence including the base of the sensor. Once the sensor has 

been fully lowered into the reactor (image g) no luminescence is seen; the mode 

within the reactor totally disrupted. This is not surprising given that the sound field 

within the reactor is going to be adversely affected by any change in volume or 

bubble population (62, 155), both of which are likely as a result of the insertion of 

sensor into the reactor. 

9.5.2. In a small cleaning bath 

The detrimental effect that the introduction of the NPL sensor had on the light 

emission from reactor 4 is not surprising; it is known that the sensor needs to have 
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been pre-soaked before use and the tuned mode seen in the reactor is not typical of 

the kind of conditions for which the sensor has been developed. To produce a more 

realistic scenario the effect of the presence of the sensor on the light emission from a 

small ultrasonic cleaning bath (bath A from chapter 8) was studied. In addition to 

studying the effect in pure water the sensor was also imaged as it was removed from a 

solution containing 0.2 % surfactant (Micro) to aid the wetting of the sensor. 

The bath was imaged as the sensor was withdrawn from the bath and at the same time 

the overall level of light emission from the bath was recorded using the photon 

counter module. This gave a quantitative and qualitative measurement of the effect of 

the sensor on the light emission. 

Figure 9.18: Intensified images showing the effect on the MBSL light emission from 
bath A of the addition of the NPL cavitation sensor with the bath containing water (a & 
b) and water with surfactant (c & d). Images a & c show the sensor above the level of 
solution within the bath and images b & d show the sensor fully submerged within the 
bath. Each intensified image is an amalgamation of 100 individual images. Bath A 
contained 500 ml distilled water at room temperature; for the measurements with 
surfactant 1 ml micro surfactant was added. 

The images in figure 9.18 showing the sensor fully immersed (b and d) and fully 

removed (a and c) from the water (a and b) or water with surfactant (c and d) show 

that there is a limited effect on the distribution of the light emission within the 

cleaning bath. With the sensor fully immersed in the solution there appears to be a 

slight increase in the level of emission from the solution within the sensor. There 

would also appear to be a slight increase in the level of light emission across the bath, 
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though this is hard to discern purely from the low light images. If the measurements 

made from the photon counter in figure 9.19 are looked at it is possible to see that the 

overall level of light emission remains constant regardless of the position of the 

sensor in relation to the bath. This confirms that the sensor is not greatly affecting the 

overall light emission from the bath, though it may be affecting the area immediately 

surrounding it. 
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Figure 9.19: Plot showing the light emission from bath A as a function of the position 
of the NPL sensor in distilled water (0) and water with surfactant (X). Photon counter 
mounted 15 cm above the bath. Bath A contained 500 ml distilled water and for the 
surfactant measurements 1 ml of micro surfactant was added. 

Interestingly the light level measurements in figure 9.19 show a general increase in 

the level of light emitted from the bath when the vessel contained surfactant rather 

than just water. 

9.5.3. In the NPL reference vessel 

Previously within this chapter we have seen that it is possible to image the NPL 

reference vessel with the aid of a solution containing luminol. The reference vessel is 

several times larger than either of the other two vessels so far looked at in this 

section. Therefore the introduction of the NPL broadband sensor would be expected 

to have even less of an effect than seen in the ultrasonic cleaning bath. To test this 
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hypothesis the experiment in figure 9.7 was repeated but with the sensor mounted 

centrally within the vessel; directly below the camera. 

Figure 9.20: Images showing the effect of the presence of the NPL cavitation sensor at 
the centre of the NPL reference vessel on the MBS(C)L light emission at different drive 
powers. Images a- k correspond to drive powers of 20, 50, 100, 150, 200, 250, 300, 350, 
400,450 and 500 W respectively; image I shows the position of the sensor in an ambient 
light image. The sensor was placed centrally within the vessel in the same plane as the 
transducers. Each intensified image is an amalgamation of at least 10 individual images. 
The reference vessel contained an aqueous sonoluminescent solution of 5 J.lM luminol 
and 0.1 M Na2C03 at room temperature (- 25 °C) and was not degassed. 

Comparing the images in figure 9.20 taken with the sensor in the centre of the tank 

with those in figure 9.7 without the sensor a clear difference can be seen. At all 

powers except 20 W (where no light emission is seen) there is a concentration of the 

luminescence around the sensor. In particular the concentration of light around the 

sensor required that a lower gain was used to capture the images between 50 and 300 
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W in figure 9.20 compared to that used in figure 9.7; acquired without the sensor 

present. At higher powers (>300 W) the concentration of the luminescence around 

the sensor enabled the detail in the rest of the bath to be viewed more easily. 

To ascertain if the concentration of the luminescence around the sensor seen in figure 

9.20 was restricted to the sensor being located in the centre of the bath; the bath was 

imaged whilst the sensor was scanned across the bath at 10 mm intervals with the 

vessel operating at a power of 100 W. 

Figure 9.21: Intensified images showing the variation in the MBS(C)L light emission 
from the NPL reference vessel as the NPL cavitation sensor is scanned across the vessel. 
Images a - g correspond to a sensor displacement of 0, 10, 20,30, 40, 50 and 100 mm 
from the centre of the reactor; image h shows the reference vessel with no sensor 
present. Each intensified image is an amalgamation of at least 10 individual images. 
The reference vessel contained an aqueous sonoluminescent solution of 5 ~M luminol 
and 0.1 M Na2C03 at room temperature (- 25 °C) and was not degassed. 

Figure 9.21 shows that as the sensor is moved away from the central axis (images a-e) 

the area of increased light emission extends towards the sensor. When the sensor has 

been displaced 50 mm from the centre of the vessel the level of light emission 

decreases dramatically (image f) and by the time the sensor is at the edge of the bath 

(image g) the light emission is comparable to that seen when no sensor is present 

within the bath (image h). The same experiment was repeated with a photon counter 

positioned directly above the sensor. Simultaneous light emission measurements and 

broadband acoustic emission measurements were conducted and the resultant plots 

can be seen in figure 9.22. 
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Figure 9.22: Plot comparing the MBS(C)L light emission ( • ) and NPL cavitation 
sensor out put ( ... ) as the sensor is moved away from the centre of the reactor. The 
photon counter was mounted 5 cm above the reference vessel directly above the 
cavitation sensor such that it moved with the sensor. The cavitation sensor was mo).mted 
so that it was in the same plane as the transducers. The reference vessel contained an 
aqueous sonoluminescent solution of 5 flM luminol and O. I M Na2C03 at room 
temperature (~25 DC) and was not degassed. 
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Figure 9.22 shows that while there was a rapid reduction in the measured broadband 

emission from the sensor as it was removed from the centre of the reference vessel 

the light emission measurements reduced in a steady manner over the entire distance 

of the scan. The steady reduction in the light emission over the entire duration of the 

scan was thought to be as a result of the wide angle over which the photon counter 

was measuring. A 70 mm long, 14 mm diameter, black cardboard tube was placed 

over the end of the photon counter collimating the light entering the photon counter; 

making the measurement more specific to the region of the NPL sensor. Figure 9.23 

shows that the simultaneous broadband sensor and collimated photon counter 

measurements now follow the same shape with a central peak decaying rapidly 

towards the edge of the vessel. 
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Figure 9.23: Plot comparing the MBS(C)L light emission ( • ) and NPL cavitation 
sensor output (A) as the sensor is moved away from the centre of the reactor. The 
photon counter was mounted 5 cm above the reference vessel directly above the 
cavitation sensor such that it moved with the sensor; to increase the spatial specificity of 
the measurement a collimator was used. The cavitation sensor was mounted so that it 
was in the same plane as the transducers. The reference vessel contained an aqueous 
sonoluminescent solution of 5 flM luminol and 0.1 M Na2C03 at room temperature (~25 
DC) and was not degassed. 
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If we compare the level of light emission in figure 9.22 from the un-collimated 

photon counter to the emission in figure 9.23 from the collimated photon counter it 

can be seen that the level of emission recorded has dropped significantly from 4000 

counts s-1 to 700 counts S-I. To see the effect of the sensor on the level of light 

emission from the reference vessel the photon counter was scanned across the 

reference vessel without the sensor present. Figure 9.24 compares the light emission 

with (x) and without (0) the sensor present. At the centre of the vessel a significant 

(~500 counts S-I) increase in the light emission is seen when the sensor is present. As 

the sensor is moved off axis the light emission returns to a similar level to that seen 

without the sensor. This is in agreement with the images in figure 9.21 where as the 

sensor is moved away from the centre the light emission reduces. 
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Figure 9.24: Plot comparing the level of MBS(C)L light emission form the NPL 
reference vessel with (0) and without (X) the NPL cavitation sensor. The sensor was 
mounted 5 cm above the top of the reference vessel and scanned along the X axis 
starting at the centre of the reactor. The spatial specificity of the measurements 
increased by means of a collimator. The reference vessel contained an aqueous 
sonoluminescent solution of 5 /lM luminol and 0.1 M Na2C03 at room temperature (~25 
0c) and was not degassed. 

From the measurements conducted in the NPL reference vessel it would appear that 

the broadband sensor was having a large effect on the localised level of cavitation 

within the bath. Specifically the images in figure 9.20 and 9.21 as well as the photon 

counter data in figure 9.24 would suggest that particularly at the centre of the bath the 

presence of the sensor is causing a three fold increase in the level of the light 

emission. However, care must be taken in analysing these effects. As was discussed 

in chapter 2 section 2.4.5 luminescence from a solution containing luminol persists 

beyond the period during which it is subjected to cavitation. The sensor having 

impermeable sides will also constrain the ability of the solution within it to flow away 

in a plane tangential to its major axis. Given that all of the intensified images of the 

vessel have to be conducted looking down the major axis of the sensor any flow in 

the solution would be along the axis of both the sensor and the camera/photon 

counter. This would increase the apparent level of light emission from the region in 

which the sensor sits. Without the sensor present flow caused by differences in the 
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pressure would be able to move in any direction, dissipating the prolonged luminol 

luminescence over a greater area and resulting in a lower level of light emission to be 

recorded. It was in fact possible to see the flow of the luminescing luminol solution 

through the sensor at higher powers with the naked eye. 

The constriction of the flow of solution within the reactor does not account for the 

entire increase in the level of light emission seen but it certainly magnifies any effect. 

The results shown in this section have shown that the NPL broadband sensor does 

have an effect on the light emission from a cavitating solution into which it is placed. 

This effect is marginal when the sensor is well soaked and certainly considerably less 

than the effect on the light emission seen when sample items were introduced to a 

cleaning bath in chapter 8. The theoretical increase in the light emission as a result of 

the persistence of the luminescence from the luminol solution could be verified by 

recording images of the reference vessel from purely MBSL light emission. Due to 

the inability to move either the reference vessel or the high powered intensified 

cameras this was not possible. 

In companson the effect of the electrode used to conduct the surface 

erosion/corrosion measurements on the light emission was considerably less. Figure 

9.25 shows the vessel that though a difference can be seen in the light emission 

between when no electrode is present (a) and when the electrode is position either at 

the centre of the bath (b) or off centre (c) the change is considerably less than that 

seen for the broadband sensor. 

Figure 9.25: Images comparing the MBS(C)L light emission from the NPL reference 
vessel driven at 100 W with no interference (a), with an electrode at the centre (b) and 
displaced 50 mm from the centre(c). The electrode was positioned as for the surface 
erosion/corrosion measurements and each intensified image is an amalgamation of 10 
individual images. The reference vessel contained an aqueous sonoluminescent solution 
of 5 /lM luminol and 0.1 M Na2C03 at room temperature (~25 0C) and was not degassed. 
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9.6. Conclusions 

This chapter has shown that the methods developed in Southampton for the 

measurement of inertial cavitation can be transferred to the NPL reference vessel with 

varying degrees of success. In particular both methods used for the measurement of 

the formation of chemical bi-products of cavitation were found to not be sensitive 

enough to make credible measurements within the reference vessel. The other two 

methods employed looking at the light emission from the vessel; be it as a result of 

multi-bubble sonoluminescence or multi-bubble sonochemiluminescence; and the 

prevalence of surface erosion/corrosion on an electrode were shown to be successful 

and in figures 9.15 and 9.16 to be in general agreement with the pressure and acoustic 

broadband emission measurements conducted by the NPL. 

Section 9.5 dealt with the effect that placing the NPL sensor within a cavitating 

environment had on the light emission. This showed that the sensor had a negligible 

effect in a small commercial bath but a more significant effect than expected on the 

reference vessel. The greater apparent influence on the reference vessel is thought to 

be a result of both the interference of the sensor on the cavitation occurring within the 

vessel but mainly as a result of the constraining of the ability of the solution within 

the sensor itself to flow. This constraint coupled with the persistence of the luminol 

solution required to magnify the luminescence from the solution to a level detectable 

is thought to have been responsible for some of the increase in light emission seen. In 

comparison the electrode used for the surface erosion/corrosion measurements was 

found to have less of an effect. 
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10. Conclusion 

This thesis has developed and used electrochemical sensors, pressure measurements 

and intensified imaging techniques to examine the inertial cavitation taking place in 

several different ultrasonic systems. These were an ultrasonic hom (or piston like 

emitter), in a single transducer reactor, a series of ubiquitous cleaning baths and a 

standard reference vessel (162). The results from the different methods have then 

been compared and correlations noted. 

10. 1. Development of techniques 

Changing the conformation of an existing flow cell and developing a stable pumping 

system enabled accurate sonochemical rate measurements to be made. It had been 

proposed that the new flow cell configuration would enable the sonochemical rate to 

be spatially resolved within a single transducer reactor. However, when the flow cell 

was scanned throughout a reactor little variation could be observed. The lack of 

spatial resolution seen was considered to be as a result of dispersion of locally 

generated sonochemical species; as a result of mass transfer within the vessel. 

The presence of surface erosion/corrosion activity was studied using the reformation 

of passive oxide layers on aluminium and titanium electrodes. This was the first time 

that titanium electrodes had been used in this way. The use of titanium was 

necessitated due to the poor durability of aluminium electrodes. When subjected to 

inertial cavitation, the surface of aluminium electrodes would become prejudicially 

damaged leading to the presence of more rounded "secondary" peaks in addition to 

the sharper "primary" peaks seen for a freshly polished electrode. The relative 

damage done to the differing electrode materials was examined using microscopy 

which revealed that the titanium electrodes suffered considerably less damage 

compared to the aluminium ones. The processes which lead to the production of the 

surface/erosion transients were studied using simultaneous high-speed imagery and 

electrochemical measurements. This confirmed that both at the tip of an ultrasonic 

hom and in a single transducer ultrasonic reactor the damage done to the surface of 

the electrode was as a result of processes associated with the so called cluster collapse 

model. It was not possible to determine the difference between the processes that 
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lead to "primary" and "secondary" events. In both cases a clearing of the bubble 

cloud could be seen just prior to the point of maximum current. However, for 

"secondary" events, a bubble cloud could be seen on the surface at the point at which 

the current began to rise. Work conducted using laser induced cavitation and 

aluminium electrodes has suggested that the "primary" peak is a result of a pressure 

shock, whereas the "secondary" peak is as a result of bubble action on the surface 

(37). This area requires further investigation as it may reveal important insights into 

the processes that lead to cavitation induced erOSIOn and its 

prevention/characterisation. 

The deployment of the methods developed under "idealised" conditions (e.g. an 

ultrasonic hom or single transducer reactor) was extended to "real world" industrial 

type applications. This required the development of new electronic equipment as the 

level of electrical interference was limiting. Consequently two optocoupled current 

followers were developed that enabled suitable measurements to be made. One 

current follower was designed to be fast and unipolar; enabling the measurement of 

surface erosion/corrosion events. The second current follower was designed to be 

accurate and bi-polar; enabling electrochemical measurements of sonochemical 

change to be made. These two devices enabled the same measurements conducted in 

idealised conditions to be made in "real world" industrial applications and offer 

possibilities beyond the field of acoustoelectrochemistry. 

10.2. Measurement of cavitation 

Systematic scans of surface activity and pressure were made of a single transducer 

reactor, three ultrasonic cleaning baths and the NPL reference vessel in 

accompaniment to intensified imagery and some sonochemical measurements. These 

scans enabled a number of conclusions to be drawn. 

The scanmng of the single transducer reactor at a number of frequencies 

demonstrated that the different effects of inertial cavitation are prevalent at differing 

frequencies. As has been reported elsewhere (62, 128) increased light emission and 

sonochemical change are recorded at the higher ultrasonic drive frequencies tested. 

Conversely the level of surface erosion/corrosion activity is predominantly at lower 
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drive frequencies tested with little, if any, activity being recorded at the frequencies 

where light emission is more prevalent. 

When the spatially resolved light emission, pressure and surface measurements were 

compared the correlation between them could clearly be seen. The comparison at 

higher frequencies was hampered by the relatively large active element of the 

hydrophone in comparison to the pitch of the modal banding of the sound field. 

However, at 23 kHz the correlation is startling with concurrent bands of light 

emission, high acoustic pressure amplitude and elevated surface erosion/corrosion 

activity being recorded. This is as expected given that the light emission and surface 

erosion/corrosion activity is dependent on the pressure amplitude exceeding the 

inertial cavitation threshold. 

A similar agreement between the light emission, acoustic pressure amplitude and 

level of surface erosion/corrosion activity was recorded in the ultrasonic cleaning 

baths. For all three baths tested it was possible to see that the level of inertial 

cavitation activity was not homogenous with areas of elevated and reduced activity. 

The addition of items indicative of those which might be placed within such baths 

was shown to considerably reduce the level of activity recorded. However, despite a 

significant reduction in the acoustic pressure amplitude the recorded pressures (~200 

kPa) were still in excess of the calculated inertial pressure threshold. 

Finally the measurement techniques were transferred to the NPL reference vessel and 

compared to pressure measurements made with a hydrophone and the NPL broadband 

acoustic sensor. This again showed an excellent correlation between the different 

measurement techniques; at a drive power of 100 W all four measurement techniques 

showed the presence of the same central peak. The invasive nature of the different 

sensors was also investigated. This concluded that all sensors are to some extent 

invasive. From intensified images the NPL reference sensor was shown to have little 

effect on the light emission from a small cleaning bath, but a considerable effect in 

the NPL reference vessel. The effect in the reference vessel is thought, in part, to be 

as a result of the persistence of the MBS(C)L techniques used. 
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10.3. Concluding comments 

The spatial correlation between the acoustic pressure amplitude, light emission (from 

either MBSL or MBS(C)L) and surface erosion/corrosion activity has been shown 

across a number of different conditions. The level of broadband acoustic emission 

has also been shown to be similar in the NPL reference vessel. Using the various 

techniques available it has been possible to build up a more complete picture as to the 

nature and distribution of inertial cavitation in a number of environments. 

Principle to this thesis has been the development of aluminium and titanium 

electrodes for use in measuring the surface effects of cavitation. Although the 

electrochemical technique is simple, relatively accurate and portable, it would be 

wrong to say that it represents an 'ideal' inertial cavitation measurement technique. 

As with all localised measurement techniques (e.g. hydrophones), to map an entire 

vessel, a single electrode would have to scan all three dimensions of the cell, which is 

time-consuming (during which time the cavitation might change because of changes 

in the temperature, gas content etc.). Similarly a large array of electrodes capable of 

mapping large areas of the vessel would be prejudicially invasive. However, when 

used in conjunction with the other measurement techniques presented in this thesis, 

the electrode sensor represents a useful addition to inertial cavitation measurement. 

The measurements conducted at various frequencies in chapter 6 make clear that 

using a single measurement for cavitation is unwise; if surface activity alone were to 

be used then it would appear that little or no inertial cavitation activity was taking 

place at higher frequencies. Instead it would seem more prudent if a number of 

measurements were presented to characterise the level of cavitation activity present. 

If in addition to regular acoustic pressure measurements, the NPL sensor, 

sonochemical reactions (such as the Weissler reaction) and surface activity 

measurement were made then comparison between experimental setups would be 

more valid. 
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10.4. Further work 

Further work continuing from this project can be separated into two directions: 

(A.) Further study of the processes taking place at the surface of an 

electrode during inertial cavitation damage 

(B.) Further investigation into the use of electrochemical techniques to 

measure cavitation 

Looking at (A) first, the work in this thesis and the work of Offin (54) and Hirsimaki 

(37) has suggested that the processes that lead to erosion by inertial cavitation is 

complex. There is great potential in a single project that would make use of both 

laser and acoustic cavitation to study these processes. The presence of "secondary" 

events on aluminium in both situations is intriguing; especially the suggestion from 

laser cavitation measurements that the process that leads to their genesis is different. 

A fuller understand of the mechanisms that lead to the damage of a surface by 

cavitation would enable its better exploitation. 

If we turn now to area (B) and the further investigation of the measurement of 

cavitation through electrochemistry the obvious need is for a better spatially resolved 

sonochemical measurement system. The attempts in this thesis to produce such a 

system foundered on the movement of solution within the examined vessel. 

Therefore it is the authors' suggestion that a flow system using an acoustically 

transparent, but chemically isolated, volume within the vessel of interest is the best 

way to proceed. This would enable chemical change measurements to be made of a 

small specific area with great accuracy. 

The further development of an electrochemical surface erosion/corrosion sensor 

would seem to be plausible. Currently the system only makes use of a single 

electrode; limiting the volume which can be studied. The use of a small array of 

electrodes would improve the volume that can be studied. If further work were to be 

carried out along the same lines as this project then the construction of a larger 

volume, highly controllable, ultrasonic vessel in Southampton would seem sensible. 

This project was impeded by the need to make measurements on a large, reproducible 

system at NPL. This delayed the development of the techniques as well as the 

number of measurements that could be made. 
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This appendix contains the chemical measurements conducted in the NPL reference 

vessel. Due to technical difficulties; primarily that any activity being spread out over 

the entire volume of the vessel and therefore hard to detect; these results were omitted 

from the main body of the thesis but were felt to be of enough interest to be included 

as an appendix for completeness. 

Electrochemical measurements 

The electrochemical measurements were conducted using the three electrode flow cell 

setup in a two electrode conformation with a 0.5 mm platinum diameter working 

electrode held at 0 V vs. a SeE counter/reference electrode. Because the NPL 

reference vessel was considerably larger than the other vessels used the needle inlet 

needle was extended to 40 cm allowing measurements to be made in the centre of the 

bath. By using the same pumping system as used for the measurements conducted in 

chapters 3, 6 and 8 (soft damping and a flow rate of 388 ml hr- I
) it was possible to 

ascertain the concentration ofI3- in the solution directly from the current by using the 

conversion factor calculated from the calibration plot in figure 3.7. The flow cell was 

attached by means of a boss and clamp to a rod held by the XYZ positioning system 

such that the inlet to the needle could be placed at any point within the vessel. 

Despite of the use of the use of the optically isolated current follower when the flow 

cell was positioned such that solution was being drawn from the vessel into the cell it 

became apparent that there was still a large amount of high frequency noise. This 

was overcome by the addition of a 330 Hz low pass filter the effect of which on the 

signal can be seen by comparing the current time traces in figure 0.1 where the 

unfiltered background signal ( ) can be seen to be 100 times greater than the filtered 

signal (-). 
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Figure 0.1: Plot showing the difference in the background signal from the 
electrochemical equipment with (--) and without ( ) a 330 Hz low pass filter. 

To measure the rate at which the chemistry within the reference vessel was changing 

the steady state current was measured before and after a 180 s period during which 

the vessel was driven at maximum power (500 W). During the period of sonication 

the current was monitored for a period of 10 seconds to see if the real time change in 

current could be recorded. Figure 0.2 shows that little or no change in the current can 

be seen over this period of time. 
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Figure 0.2: Plot showing the change in current at an electrode monitoring the formation 
of 13- whilst the NPL refence vessel was operating at a drive power of 500 W. The 
gradient of the trace was calculated to be -2.4 pA S-I giving a rate of change of 0.2 nM S-I 

though with a R2 value of only 0.04. Recorded at the centre of the reference vessel with 
the needle fed three electrode flow cell with the soft damped peristaltic pump running at 
388 ml hr- I

. A 0.5 mm diameter Pt electrode held at 0 V vs. a SCE counter/reference 
electrode was used to monitor the change in 13- concentration as a function of time. The 
reference vessel contained an aqueous solution of 90 mM KCl 10 mM K1 solution at 
room temperature. 

The rate of change of the current in figure 0.2 was calculated to be -2.4 pA sol but 

with an R2 value of 0.04 demonstrating that it is a very poor fit. By considering the 

steady state currents recorded before and after the period of cavitation it is possible to 

calculate a more accurate figure for the rate of chemical change. The initial steady 

state current was found to be -0.4 +/- 0.03 nA and the final current -0.67 +/- 0.03 nA 

giving a rate of formation ofb- as 0.13 +/- 0.03 nM sol. 

It was suggested that the variation in the chemistry seen in figure 0.2 could be as a 

result in changes in the mass transfer to the electrode. To ascertain whether this was 

taking place the potential between the working and counter/reference electrodes was 

changed to +0.9V so that instead of oxidising 13- at the working electrode h was being 

plated. Given that the concentration of K1 in the solution is not going to vary greatly 

as a function of time over the period of sonication any large variation in the current 
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recorded would be as a result in changes in the mass transfer of the analyte to the 

electrode. Figure 0.3 shows that during the period of time when the reference vessel 

was in operation (15 to 45 seconds, shaded grey) there is no discemable extra 

variation in the current beyond that seen whilst the vessel was not in operation. 
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Figure 0.3: Plot showing the effect that turning on the ultrasound in the NPL reference 
vessel has on the current recorded at an electrode within the flow cell and therefore the 
effect it is having on the mass transfer. Recorded with the needle fed three electrode 
flow cell with the soft damped peristaltic pump running at 388 ml hr- I

. A 0.5 mm 
diameter Pt electrode was held at +0.9 V vs. a SCE counter/reference. The bath 
contained 500 ml 90 mM KCl 10 mM KI solution at ambient temperature. 

UVNisible spectroscopy 

Two aliquots of the solution within the NPL reference vessel were taken. The first 

after a period of sonication of 180 seconds and the second after all the 

electrochemical chemical change measurements had be made (corresponding to a 

period of sonication in excess of 30 minutes). When the solution was tested using the 

spectrometer in Southampton no recordable level of chemical change could be found 

in comparison to a background sample. This is not entirely surprising given that the 

reference vessel operates at a lower ultrasonic frequency which has been seen to 

generate significantly lower rates of chemical change both in this study (chapter 6) 

and in other work (62, 128). In addition any chemical change taking place in the 
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reactor will be diluted throughout the entire 30 dm3 volume severely reducing the 

chances of it being detected (for comparison bath A in chapter 8 has a volume of 500 

ml, 60 times less than the reference vessel but has a drive power of 25 W meaning 

that there is a higher power density in bath A than the reference vessel). 
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Appendix B: Control circuit for remote switch 

This appendix covers the control circuit used to operate a Brennen Stuhl FE433 

remote switch. 

INl 

III 2 

lIn 

Itl4 

.----;::::::=1--081 

Dl 
82 

D2 
8.3 

Diagram of ADG 452 chip switch 
circuit. Diode 1 was used. 
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I+--+--~ 

t .................................. ; 

ADG452 powered by ± 

9V, 5V TTL and 0 PC 

on pins 4, 13, 12 and 5 

Remote control for 

mains switch 
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Appendix C: Data analysis VB programs 

Appendix C: Data analysis programs 

Peak Count (PeakcountA. vbp) 

Used to determine the number of peaks in an ADC card time current trace 

iii , Forml ') 

Open... . Analyse .. [ ~ 
File.... IText1 

T rigger Current 

Number of peaks 

Code: 

Dim PeakAmp(1000000) 

Dim Currentarr(15000000) 

Dim Timearr(1000000) 

Dim NoPeaks 

Dim Current$ 

Dimx 

Dim Trigcurrent 

Dim TotCurrent 

Private Sub Command1_ClickO 

Filebox.CancelError = True 

On Error GoTo ErrHandle2 

Filebox.Filename = "*.dat" 

Filebox.lnitDir = "C:\Documents and Settings\Chris\My Documents" 

Filebox.Action = 1 

'put filename in textbox 

FilenameText = Filebox.Filename 

258 



ErrHandle2: Exit Sub 

End Sub 

Private Sub Command2_ClickO 

Dim no 

Dimzz 

Trigcurrent = CWNumEdit1Value 

'TotCurrent = 0 

NoPeaks = 0 

FiletoOpen = Filename.Text 

Open FiletoOpen For Input As #1 

no = 0 

Do 

no = no + 1 

Input #1, Current$ 

Currentarr(no) = Val(Current$) 

, List1.Addltem Currentarr(no) 

Loop Until EOF(1) 

For x = 3 To 14999995 

Appendix C: Data analysis VB programs 

If Currentarr(x) > Currentarr(x - 1) And Currentarr(x - 1) > Currentarr(x - 2) And Currentarr(x) 

> Currentarr(x + 1) And Currentarr(x) > Currentarr(x + 2) And Currentarr(x) > Currentarr(x + 

3) And Currentarr(x) > Currentarr(x + 4) And Currentarr(x) > Currentarr(x + 5) And 

Currentarr(x) > Trigcurrent Then 

zz=zz+1 

PeakAmp(zz) = Currentarr(x) 

Timearr(zz) = x 

End If 

Next x 
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NoPeaks = zz 

CWNumEdit2.value = NoPeaks 

Close #1 

End Sub 

Private Sub Command3_ClickO 

Dimg 

Filebox.CancelError = True 

On Error GoTo ErrHandle 

Filebox.Flags = cdlOFNOverwritePrompt 

Filebox.Filename = "*.txt" 

Filebox.lnitDir = "C:\Documents and Settings\Chris\My Documents" 

Filebox.Action = 2 

Filename.Text = Filebox.Filename 

Open Filename.Text For Output As #1 

'write to file 

Print #1, "Peak Number"; ","; "Point"; ","; "Amplitude" 

For 9 = 1 To NoPeaks 

Print #1, g; ","; Timearr(g); ","; PeakAmp(g) 

Next 9 

Close #1 

List1.Addltem 9 

ErrHandle: Exit Sub 

End Sub 

Developed from a program by Offin (54) 
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Charge calculator (Peakcurrent. vbp) 

Based upon the peak counting program and designed to calculate the charge passed 

in each peak. 

, 
~ Open .. " Analyse,. Save 
it. 

File.. .. IT ext1 

Trigger Current g 

Number of peaks j'\Jr.!!'~~""""" 

Code: 

Dim PeakAmp(1000000) 

Dim Currentarr(15000000) 

Dim Timearr(1000000) 

Dim NoPeaks 

Dim Current$ 

Dimx 

Dim Trigcurrent 

Dim TotCurrent(1 000000) 

" .~ 

Private Sub Command1_ClickO 

Filebox.CancelError = True 

On Error GoTo ErrHandle2 

Filebox.Filename = "*.dat" 
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Filebox.lnitDir = "C:\Documents and Settings\Chris\My Documents" 

Filebox.Action = 1 

'put filename in textbox 

Filename.Text = Filebox.Filename 

ErrHandle2: Exit Sub 

End Sub 

Private Sub Command2_ClickO 

Dim no 

Dimzz 

Trigcurrent = CWNumEdit1.Value 

'TotCurrent = 0 

NoPeaks = 0 

FiletoOpen = Filename.Text 

zz = 0 

Open FiletoOpen For Input As #1 

no = 0 

Do 

no = no + 1 

Input #1, Current$ 

Currentarr(no) = Val(Current$) 

, List1.Addltem Currentarr(no) 

Loop Until EOF(1) 

For x = 3 To 14999995 

If Currentarr(x) > Trigcurrent And Currentarr(x - 1) > Trigcurrent And Currentarr(x + 1) > 

Trigcurrent Then 

TotCurrent(zz) = TotCurrent(zz) + (Currentarr(x) * (1 /500000) * (10 " -5)) 

PeakAmp(zz) = Currentarr(x) 

Timearr(zz) = x 
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Else 

If Currentarr(x) < Trigcurrent And Currentarr(x - 1) > Trigcurrent And Currentarr(x - 2) > 

Trigcurrent And Currentarr(x - 3) > Trigcurrent Then 

zz=zz+1 

End If 

End If 

Next x 

NoPeaks = zz 

CWNumEdit2Value = NoPeaks 

Close #1 

End Sub 

Private Sub Command3_ClickO 

Dimg 

Filebox.CancelError = True 

On Error GoTo ErrHandle 

Filebox.Flags = cdlOFNOverwritePrompt 

Filebox.Filename = "*.txt" 

Filebox.lnitDir = "C:\Documents and Settings\Chris\My Documents" 

Filebox.Action = 2 

Filename.Text = Filebox.Filename 

Open Filename.Text For Output As #1 

'write to file 

Print #1, "Peak Number"; ","; "Point"; ","; "Amplitude"; ","; "Charge" 

For 9 = 1 To NoPeaks 
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Print #1 , g; ","; Timearr(g); ","; PeakAmp(g); ","; TotCurrent(g) 

Next 9 

Close #1 

List1 .Addl tem 9 

ErrHandle: Exit Sub 

End Sub 

Pressure calculator (pressure. vbp) 

Used to analyse a string of pressure time waveforms recorded using the ADC card. 

The program calculates the zero to peak pressure amplitude by isolating the 

minimum and maximum voltage and halving the difference between them. 

File Select • Analyse 

Ftle Prefix I 
Start File r- End File 15 

Status I Text] 

Code: 

Dim no 

Dim Pressure$ 

Dim Pressurearr(1 0005) 

Dim N 

Dim Max 

Dim Min 

Dim OutMax(400) 

Dim OutMin(400) 

Dim OutFile(400) 

I~ 
Number Points 110000 
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Dim OutAmp(400) 

Dim OutTotal(400) 

Dimz 

Dimzz 

Dim zzz 

Dim k 

Dim Total 

Private Sub Analyse_ClickO 

N = StartNo.Text 

k = StartNo.Text 

z=O 

Check.Text = "Running ..... " 

For k = StartNo.Text To Endno.Text 

FiletoOpen = Filename.Text & k & ".csv" 

Open FiletoOpen For Input As #1 

no = 0 

Do 

no = no + 1 

Input #1, Pressure$ 

Pressurearr(no) = Val(Pressure$) 

List1.Addltem Pressurearr(no) 

Loop Until EOF(1) 

Max =-1 

Min = 1 

x=1 

Total = 0 

For x = 1 To 10000 

If Pressurearr(x) > Max Then 

Appendix C: Data analysis VB programs 
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Max = Pressurearr(x) 

End If 

If Pressurearr(x) < Min Then 

Min = Pressurearr(x) 

End If 

Total = Total + Abs(Pressurearr(x)) 

Next x 

z=z+1 

OutFile(z) = k 

OutMax(z) = Max 

OutMin(z) = Min 

OutAmp(z) = (Max - Min) /2 

OutTotal(z) = Total / CWNumEdit1.Value 

Close #1 

Next k 

Check.Text = "Done" 

End Sub 

Private Sub Command1_ClickO 

Filebox.CancelError = True 

On Error GoTo ErrHandle2 

Filebox.Filename = "*.csv" 

Appendix C: Data analysis VB programs 

Filebox.lnitDir = "C:\Documents and Settings\Chris\Desktop\Speedy Gonzalez\Pressure 

experiments\" 

Filebox.Action = 1 

'put filename in textbox 

Filename.Text = Filebox.Filename 

ErrHandle2: Exit Sub 

End Sub 
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Private Sub Save_ClickO 

Dimg 

'Filebox.CanceIError = True 

'On Error GoTo ErrHandle 

'Filebox.Flags = cdlOFNOverwritePrompt 

'Filebox.Filename = "*.txt" 

'Filebox.lnitDir = "C:\" 

'Filebox.Action = 2 

Open Filename.Text & ".txt" For Output As #1 

'write to file 

Print #1, "File Number"; ","; "Max"; ","; "Min"; ","; "Amplitude"; ","; "Average" 

For 9 = 1 To k 

Print #1, OutFile(g); ", "; OutMax(g); ", "; OutMin(g); ","; OutAmp(g); ", "; OutTotal(g) 

Next 9 

Close #1 

List1.Addltem 9 

ErrHandle: Exit Sub 

End Sub 
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