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This thesis undertakes the fundamentals of a new method for in-situ cleaning of industrial pipe 

fouling, which shows promising results on a hard commonly occurring fouling in process 

environment: Calcite. The presence of fouling causes a substantial increase in plant operation 

costs for a number of reasons, including efficiency reduction, and potentially causes 

contamination of products. The feasibility of cleaning Calcite fouling from industrial pipework 

using acoustic cavitation without having to dismantle the pipe network has been explained. For 

this, the existing theories of acoustic cavitation are related with the out-of-the-plane displacements 

occurring on the wall of sample pipes induced to vibration to analyse the cleaning process with 

acoustic cavitation. For the cavitation generation a modification of commercial high power 

transducers (HPT) is undertaken. The displacements of these HPT are analysed and compared 

with the displacements established in the theory required to produce transient cavitation. The 

cavitation produced by the modified HPT is measured with acoustic emission to improve the 

explanation of the phenomena responsible of the cleaning. Finally, sample pipes are cleaned with 

ultrasonic waves guided by the pipe wall while measuring the displacement of their outside wall 

using a 3D Scanning Vibrometer. The most effective cleaning occurs in the vicinity of antinodes 

and complete cleaning is only achieved when transient cavitation is generated. 
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1 Introduction 

This chapter will give an insight into the requirement for new cleaning methods to address the 

problem of fouling on the interior of liquid carrying pipelines. The economical and production 

costs related with existing cleaning procedures and associated halting of production processes are 

highlighted. The remainder of this chapter outlines the objectives, the methodology applied, the 

scope for the work of this thesis, followed by structure and approach of this document and a 

finally a summary of the contributions to knowledge. 

1.1 Motivation 

There are thousands of kilometres of pipes in the world. For example the total length of high 

pressure transmission pipelines around the world has been estimated at 3,500,000 km [1]. These 

simple structures are not only responsible for fluid transport but they are also considered as the 

instrument that controls all the process variables such as flow, temperature, pressure and 

concentration. Therefore, adequate maintenance of pipelines is a must in industry. Inspection, 

replacement and cleaning are vital maintenance activities applied to a pipeline and great 

investment is needed (Figure 1.1). For example, in 2007 the U.S Environmental Protection 

Agency calculated that public water pipes infrastructure needs a twenty-year capital improvement 

totalling $334.8 billion [2].  

 

Figure 1.1. Example of a pipeline and laying maintenance by introducing a device inside the pipe. 

Fouling is one of the main reasons for maintenance. It is an undesirable build-up of matter on the 

inner wall of pipelines, which leads to a number of unwanted economic, environmental and 
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operational problems and has been pointed out as a major industrial problem [3]. In advanced 

industrialised countries fouling costs between 0.25 and 0.30 percent of the gross national product 

(GNP) [4]. Studies in 2010 revealed that American oil refineries spend in excess of $2 billion per 

year combating fouling [5] and therefore researchers around the world are looking for different 

approaches to reduce the costs and the complications associated with these problems.  

The decreased throughput of industrial processes due to the pipe blockage by fouling 

accumulation is an expected problem. The reduction of the inner pipe diameter due to the fouling 

accumulation (Figure 1.2)  brings another complication associated with the increase of the cost of 

pumping and increased use of fossil fuels and thus CO2 generation [6]. Rupture, deformation, 

regular replacement and contamination of products and raw materials are other potential 

problems associated with fouling. These may lead to major incidents such as explosions, threats 

to human life and plant destruction [7].  

 

Figure 1.2. Example of different fouling accumulation in a 1 cm pipe section. 

Several methods have been tried to reduce the accumulation of deposits in industrial metallic 

surfaces such as pipes or heat exchangers like electromagnetic treatment of water or coatings [8] 

but none of them can stop the growth of scale. Therefore, cleaning is the technique in use 

worldwide to solve the problem. The existing methods of cleaning produce an environmental 

hazard both because of the aggressive chemicals (acids or alkalis) used for the cleaning and the 

sludge produced during the washing process. A literature review of these methods is presented in 

Chapter 2.  

Current cleaning methods incur high costs due to the methods themselves and also due to the 

required temporary shutdown of the process plant. For example, the estimated cost of a one day 

shut-down of a 1,300 MW power plant is around $ 500,000 and the losses in a large oil refinery 

are about $1.5 million per day [9]. In 1978, it was estimated that the annual cost of fouling in the 

UK was £370-400 million [10], in which the cost due to the halt in production was around £100 

million, i.e. over 25 percent of the total cost. Therefore, a method in which production can 
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continue during the cleaning process would mean an important increase to the operational 

economics and environmental health benefits. 

In this thesis a new method to clean fouling in pipes based on an ultrasonic approach is presented. 

The proposed technique alleviates the need to stop production because the cleaning system is 

mounted on the outer surface of the pipeline at a convenient location at any time during the 

process. The transducer selection, system design and experimental results obtained are explained 

in Chapters 4, 5, 6, and 7. 

This work has been carried out in parallel to the European funded project UltraCleanPipe (UCP), 

grant agreement 262327. The project aim was to develop a working prototype based on an 

ultrasonic method to remove the undesired built-up in industrial pipes by attaching an array of 

modified high power (HPT) transducers on the outside wall of a pipeline and propagating an 

ultrasonic wave through the pipe. A schematic diagram of the project’s idea is depicted as shows 

Figure 1.3. 

 

Figure 1.3. Schematic idea of the UltraCleanPipe system for pipeline cleaning with ultrasounds. 

1.2 Aims and Objectives 

This research aims to probe a new potential method for the removal of hard scale fouling from 

pipelines with the use of ultrasonic propagation through the pipe wall. This can be applied while 

production is ongoing and without damage to the structural health of the pipe or any pipe 

components. To achieve this aim the following specific objectives were studied: 

Specific Objectives 

 To carry out a literature review of the state-of-the-art of pipe cleaning methods in general 

and in particular, ultrasonic cleaning methods. 

 To establish a reliable and reproducible method to produce hard scale fouling of calcite 

on the inner surface of pipe sections. Using the established method, produce a number 

of test samples for testing with high power ultrasonic transducers.  

UCP 
Collar 

Fouling 

Pipeline 

UCP High 
power 

transducer 
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 To modify the existing high power transducers (HPTs) to improve surface contact and 

facilitate the attachment method to a working pipeline and perform an analysis of the 

corresponding ultrasonic excitation. 

 To explain the physical mechanism of the cleaning method based on the theory of 

cavitation and the measured of the vibrations applied to the test samples  

1.3 Methodology summary 

To achieve all these objectives different techniques have been utilised. In this Section the 

methodology for each type of experimentation is briefly explained. 

To create a hard scale fouling in a reproducible way, an electrochemical deposition has been 

utilised (Chapter 3). Two kinds of experiment were performed. For a small pipe 30cm long, 50.08 

mm Outside Diameter (O.D.) and 1.5 mm wall thickness stainless steel 316L pipes and 

100x150x1.5 mm stainless steel 316L plates, two types of electrochemical reaction were used: the 

hydrolysis of water and oxygen reduction in water. Both of these were used to increase the pH in 

the locations next to the metallic surface to produce the precipitation and the adhesion of Calcite 

in the sample pipes and plates. These reactions are explained in the Chapter 3.  

For the electrochemical reaction, sample pipes were immersed in a highly concentrated solution 

of Calcium Carbonate to generate scale on the inside wall of the pipe. An “ACM Instruments RP01 

research potentiostat”, was used to apply a constant voltage in the electrochemical cell to grow the 

allotropic form of Calcium Carbonate dependent on the temperature and voltage. The 

experiments are presented in Chapter 3. For the heating deposition, the highly concentrated 

solution was aggregated constantly to the sample surface. The solution was instantaneously 

evaporated, leaving a residue which was analysed to ensure the desired coating of Calcite was 

formed on the inner surface of the sample pipes and plates. To investigate the proper adhesion 

of the fouling, two different tests were done. A tape adhesion test and a pull-off test were carried 

out on the plates and well-established methods to analyse the quality of the adhered coating 

(Appendix A) were implemented. 

In order to explain the science involved in the cleaning process, a theoretical background to 

acoustic cavitation is presented in Chapter 4. This presents the equations necessary to plot the 

cavitation predictions dependent on the liquid properties such as density, viscosity, and 

temperature, as the ratio of acoustic pressure to atmospheric pressure ( ⁄ )  vs. the ratio of 

bubble radius to resonant radius at that frequency, ⁄  (see Section 4.3). In addition, Chapter 

4 includes the calculations necessary to transform the displacement of the outside surface of the 

pipe into an acoustic pressure in the water inside the pipe (see Section 4.5). This pressure is related 

then to the cavitation prediction plots to find the minimum displacement needed to generate 

stable and transient cavitation. 
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In parallel, modified HPTs were created and analysed for their efficacy of pipe excitation. For 

this, conventional commercially available HPTs were selected with a range of resonance 

frequencies and powers. These transducers were analysed first with an impedance analyser to find 

their resonance frequencies and the impedances in the vicinities of the resonance frequencies. The 

transducers’ performance was analysed with a “PSV-500-3D Scanning Vibrometer Laser” (3DSV) 

to visualise the actual vibration at different frequencies and their responses. This was compared 

with the impedance analysis results, Section 5.4.1. The 3DSV was also used for modes of vibration 

analysis at different frequencies and the measurement of the total displacement in the Z direction 

(perpendicular to the pipe wall) with different signal waveforms - square and sinusoidal. The 

results for the total displacement were compared with the theory presented in Chapter 4. For the 

transducer excitation, the Vibrometer signal generator was used to generate the signal and a power 

amplifier Electronics & Innovation Ltd., 1040L RF Boarband Power amplifier. was used to amplify the 

signal to the level required to drive the transducers. 

Once the selected transducers were analysed they were machined to increase their contact area 

with the pipe surface. Flat-faced transducers have a small coupling contact with the pipe surface 

and are difficult to attach to the pipe. The transducers were appropriately shaped using  Electrical 

Discharger Machining (EDM). This method, also known as spark machining, uses recurring 

current discharges between two electrodes separated by a dielectric liquid which removes material 

from the pieces submitted to the machine. The transducers were machined to have the same 

curvature radius as the outside radius of the sample pipes (see Chapter 5). 

The machined curved transducers were submitted to the same test as the flat ones to compare   

their vibration characteristics using impedance and Vibrometer analysis. Modes of vibration, 

resonance frequencies, total displacement, and response to the type of signals, square and 

sinusoidal were compared for four pairs of transducers to understand how the change in the horn 

length and shape influence the transducer behaviour (See Chapter 5).  

Once the capabilities of the machined transducers were analysed and it was demonstrated that 

they can produce even higher displacements on the contacted surface, they were attached to a 

pipe to analyse the possibility of producing cavitation inside the pipe. These tests were performed 

with the machined transducers mounted on a water filled pipe. The transducers were excited by 

signals generated by a signal generator, Agilent Technologies DSO-X 2012A, and amplified to the 

desired level by a power amplifier, Electronics & Innovation Ltd., 1040L RF Boarband Power amplifier. 

At the same time an acoustic sensor was immersed in the water inside the test Section. The drive 

signal was systematically increased at different resonance frequencies to identify the cavitation 

threshold due to the acoustic emission generated by the cavitation’s vibration. 

In parallel, a vibration analysis with the 3D-Vibrometer laser, Polytec was performed on one 30cm 

316L stainless steel mentioned above with the machined transducers attached to the outer surface. 

The cavitation threshold could then be correlated with the displacement. 
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Based on the findings of the tests described above, the experimental procedure was extended to 

conduct further experiments on pipes with artificially created fouling. The high power transducers 

were attached to pipes filled with tap water and submitted to vibration. After 30 min the 

experiments were halted and allowed to dry for two days. Then the samples that were submitted 

to vibration were analysed in multiple ways; Scanning Electron Microscope SEM, X-Ray 

Diffraction XRD and Electron Diffraction Spectroscopy EDX. The results obtained in the 

cleaning areas were compared with the Vibrometer results. The pipes and the remaining fouling 

were analysed with SEM, XRD, EDX and metallography to find the pattern of cleaning on the 

surface and the structural health of the pipes walls. The samples submitted to the cleaning method 

were analysed by metallography and SEM to probe whether or not the cavitation damages the 

pipe walls or causes any problem to the pipe’s structural health (Chapter 7).  

After completing the laboratory experiments, field trials were performed in the Heinz food 

process plant, Wigan, UK. In this case two 1.5 m stainless steel pipes with 51.02 cm of OD and 

50.78 cm of ID were submitted to the cleaning procedure. These were attached to a representative 

Section of an industrial plant in two different conditions: i) tap water, no flow, 0.5 bars pressure, 

5 high power transducers and ii) tap water, 70l/min flow, 4 power transducers. The fouled pipes 

were induced to vibrate for 30 min with the high power transducers excited at their resonance 

frequency. After the cleaning procedure the pipes were cut and analysed. The results of the 

cleaning were compared with the 3D-Vibrometer analysis done in similar conditions (Chapter 8).  

1.4 Thesis Outline 

This thesis is divided in nine Chapters. Chapter 1 presents an introduction and overview of the 

thesis. The aim is to give a concise scope of this study with overall ideas and rationale. A literature 

review of current pipe cleaning methods and the technologies applied in this thesis are explained 

in Chapter 2. Non acoustic and acoustic methods in use for pipe cleaning are explained and 

compared with the new proposed technique.  

Chapter 3 is dedicated to the explanation of fouling. In this chapter a methodology used to create 

limescale in a reproducible way is explained as well as the importance of the generation of good 

samples to clean. An analysis of the fouling created and its strength are also presented in this 

chapter. 

In Chapter 4 an explanation of the phenomenon of acoustic cavitation is given. Also in the chapter 

the mathematical method to calculate the cavitation prediction plots is presented and the 

cavitation prediction plot regions are explained. Also presented is the relationship between the 

displacement measured with the 3DSV and the acoustic pressure generated in the water inside the 

pipe. In addition, a cavitation plot for the typical conditions used in the lab is produced to calculate 

the minimum displacement necessary to produce transient cavitation in the sample pipes. 
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The modification of HPTs for fouling removal of pipelines is presented later (Chapter 5). For 

this, commercial HPTs available for ultrasonic cleaning were analysed with an impedance analyser, 

Agilent 4294A 110MHz Precision Impedance Analyser, and 3DSV. Then, these transducers were 

modified. The existing HPTs were cut to the same internal radius as the outside radius of the 

pipes investigated, increasing the contact area between the transducers and the pipes. This also 

increases the power transmitted to the pipe. The new transducers were analysed with an 

impedance analyser and the 3DSV to compare their capabilities with the original ones. 

Displacement in all direction, resonance frequencies, modes of vibration, response to different 

signals were compared (Chapter 5).  

After comparing the capabilities of the new and the classic HPTs, the concave one was mounted 

on a pipe filled with water to study their capabilities for cavitation generation inside the pipes.  

The cavitation threshold determined at the main resonance frequencies this is presented in 

Chapter 6. 

Chapter 7 includes the results for the practicality of cleaning pipes with ultrasonic guided waves. 

This will be presented for different laboratory conditions. A further analysis of the pipe after the 

cleaning is presented, showing that cavitation impact does not affect the health structure of the 

pipe while removing lime-scale. 

The field trials performed in a food processing industry and the analysis of the results are 

presented in Chapter 8.  

In Chapter 9 the conclusions obtained in this thesis and recommendations future work are 

presented.  

1.5 Contribution to new knowledge 

Associated with the objectives presented above each technical chapter presented in this thesis 

contains a contribution to new knowledge and a summary is presented here. 

Critical review of previous investigation on pipeline cleaning with ultrasound. A technical 

review of previous investigation in the possibility of using ultrasounds for pipeline cleaning high 

lighting their advantages and disadvantages is presented. The review highlights the importance of 

generating a similar fouling existing in industry for further analysis. 

Development of a new technique to create lime-scale deposition in pipelines. A new 

technique for Calcite formation inside stainless steel pipe sections was presented. The details of 

the methodology used are presented. This can be achieved in a reliable and repeatable way to 

obtain desired arbitrary fouling conditions needed for experimentation.  
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Modification of a new HPT for pipe cleaning: A modification of an HPT to a new type of 

concave HPT is presented and analysed. These new transducers, after cutting, present a variation 

in the resonance frequencies as well as a change in impedance at resonance. The 3d-Vibrometer 

analysis shows different type of vibration of the transducers and higher displacements of the 

contact surface can be achieved.  

Cavitation threshold in tubular pipes excited with complex transducers. The cavitation 

threshold inside pipes submitted to vibration is detected with a new type of plotting and a 

procedure to increase the accuracy of the measurement is given.  

New method for the removal of fouling with ultrasonic waves. Comparison of the wave 

propagation and the cleaning zones is presented. The cleaning area’s distribution is compared with 

the surface displacement, proving that it is the wave traveling through the pipe sample that is 

responsible for the pipe cleaning rather the wave propagated through the liquid.  

Type of cavitation necessary for the removal of hard scale fouling. The removal of fouling 

is compared with the cavitation prediction plots and it is demonstrated that under the conditions 

applied only transient cavitation can remove hard scale fouling from the inner wall of a pipe. 

1.6 Publications 
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2 Literature review of pipe cleaning methods 

2.1 Introduction 

Fouling deposits on industrial process pipes are difficult to avoid, and the current cleaning and 

preventing methods are rarely optimised [11], and pose a significant problem for plant operators. 

There are a number of varieties of fouling that may occur, involving different elemental 

compositions and chemical structures (Chapter 3). There are almost limitless combinations of 

elements that make up fouling deposits, determined by the process itself. 

To avoid this problem, different tools have been developed to remove fouling [12] and a large 

number of patents (>300) can be found in the literature. These methods can be divided into six 

groups which generally are minimally optimised because of the lack of understanding of the ways 

in which the surfaces are cleaned and how the cleaning procedure is affected by the process 

variables [13]. It can be said that there is a dearth of knowledge in scientific pipe cleaning methods. 

Currently it is difficult to find a process which can indicate when to apply the cleaning procedure 

and for how long it has to be applied. The change in the raw materials and environmental variables 

make it very difficult to predict when to apply the cleaning method. 

Very few investigations have been done based on the effectiveness and duration of current 

pipeline cleaning procedures and the process of designing an appropriate cleaning protocol for 

each situation is still considered semi-empirical [14]. It has been investigated and proved that high 

flow velocity increases the cleaning efficiency and therefore decreases the time consumed, and 

that generally there is a decrease in cleaning time as temperature increases [15]. Further, the time 

taken to clean is also a function of the chemical agent concentration [16]. This has been calculated 

but it is hard to find a final conclusion as to when the cleaning process is considered complete, 

and the cleaning processes are often automated with set flows at set times [14]. Therefore, the 

existing techniques may be regarded as ̀ conventional` because they employ simple water solutions 

or gases for an arbitrarily chosen periods based more on experience rather than exhaustive 

scientific experimentation.  

Many of the existing procedures rely on production outages and require the use of a large amount 

of chemicals. This is an obvious environmental concern with an associated economic impact 

mainly because the production stops and the increase in the costs of pumping due to the decrease 

of the inner pipe diameter. Other problems such as contamination of products and raw materials, 

rupture, deformation, corrosion are intimately associated with the fouling problem. 
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In parallel to these efforts in the development of cleaning processes, new construction materials 

and lining rehabilitation have been explored to reduce the accumulation of fouling inside pipelines. 

Teflon®, nanocomposites, plastics, Fibre-Reinforced Polymers (FRP), and alloys, which 

discourage fouling deposits from forming. New tools in PIGging (Pipeline Intervention Gadget) 

have been used such as ultrasonic inspection equipment, for not only cleaning, but also for 

detecting failures and corrosion, or to verify the cleaning efficiency. The idea of using ultrasound 

for removal of fouling has also been studied previously [17], [18]. 

The prevention of fouling can be considered another possibility to resolve this problem. A 

common practice is the use of “Acid treatment”, also called pH control, applied in large chemical 

plants. It consists of adding strong acid to the water solution that produces the CO32- to transform 

it intoCO2 such that it can be removed as a gas. This has been reported as producing too much 

corrosion due to the high acidity [19]. Addition of certain chemical agents such as polyelectrolytes 

or copolymers of low concentration added to process water is another fouling prevention 

technique [20]. Also, the use of magnetic fields for the prevention of calcium carbonate deposits 

in any industry carrying water is a well know technique with good results reported [21], [22]. The 

selective growth of Aragonite inside the water prevents the accumulation of Calcite polymorph 

scale build-up. Electric fields have also been reported as a method for the prevention of biofouling 

in pipelines [23]. Finally the catalytic growth of calcium carbonate crystals in the water phase or 

using turbulent processes to enhance the growth of crystals in solution have been reported [24]. 

A new method to avoid the problem of fouling in pipelines is presented in this thesis and 

compared with existing ones in this chapter. A literature review of the current cleaning methods 

is first presented below. 

2.2 Non acoustic methods 

In the following Section the current cleaning method are explained pointing out the advantages 

and disadvantages of each. A schematic resume with graphic drawings of each method is 

presented in Table 2-1. 

2.2.1 Flushing 

 This method is very common in all sizes of liquid pipeline and requires an increased flow 

of water or process product through the pipe to clean the pipe interior. That is an advantage 

because it does not need to stop the production. The method is commonly used in pipelines which 

have a slow flow rate that leads to an excessive retention in the system, or have had an operation 

disturbance due to bacterial growth or sediment impurities. The flushing technique can be 

considered in two broad categories: conventional and unidirectional. Conventional flushing 

consists of opening all the valves of one area and/or all hydrants, in the case of water. This method 

is not very powerful but can be managed easily and without substantial manpower and is known 
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to clean up to one year’s worth of loose sediment (a ‘1 year expected life benefit’). Unidirectional 

flushing however isolates a particular pipe Section or loop with a unique direction of flow that 

removes the loose sediment and biofilm. This method is more powerful than conventional 

flushing and removes 1-3 years of sediment but needs manpower and control over the direction 

of the flow. Flushing does not however work properly for pipes of diameters over 25 mm. 

Flushing is limited to fluid velocity rates of 1 m/s, but can cover long distances, between 3-5 km 

and can be used in all kinds of pipe with any structural conditions [25]. It has been shown that 

increasing the flow of a pipeline enhances the removal of fouling [26]–[32] 

2.2.2 PIGging 

This technique requires the introduction of a solid device inside the pipe, normally bullet shaped, 

so the pipe needs entry and exit points. In non-stop production PIGging, the process is carried 

out with a launcher and a catcher [33]. The device typically travels through the pipe removing 

even hard scales such as calcium carbonate, hydroxyapatite, barium sulphate, aluminium oxide, 

and phosphates, due to the high friction forces between solid-solid surfaces. Fluid then removes 

the debris. Initially this technique was very rudimentary, needing a rope to pull the device through 

the pipe, or a motor inside the PIG. More recently, fluid pressure itself is used to move the PIG 

or swabs through the pipe and so this technique needs pressurised equipment. With this 

technique, PIGs of varying sizes and properties are introduced to gradually remove scale from the 

pipeline and restore the internal bore to the original size, even when the pipe is initially completely 

blocked [34]. A PIG with the same dimension as the pipe bore will provide the best cleaning for 

this technique. This allows removal of hard scale from the pipe and can be applied in all kind of 

pipelines. It is specially recommended for large diameter pipes (over 0.6 m) and long distances. 

However, because the method introduces a solid device inside the pipe, there is a risk that damage 

may be caused to the pipe or its attachments.  If the pig shape is created sharper, the technique is 

called abrasive pigging working in the same way as normal PIGging. It employs tungsten studs or 

an abrasive wire mesh to cut rust, scale, or paraffin deposits off the inside of the pipe [35]–[37]. 

This technique can only be used in iron or steel pipes and the structural conditions should be 

good, with no history of leaks or breaks. Other problems associated with Abrasive PIGging relate 

to how the removed scale itself induces damage to pipe accessories. Although this technique is 

more expensive than conventional PIGging, it is more effective, with an expected pipe life benefit 

of3-10 years [38]. 

One improvement is the non-stop-pigging method with which the pigs are used without stopping 

production, introducing the PIG at intervals depending on the process and the requirements. For 

this technique, the pipeline needs a PIG launcher and a PIG catcher, cannot use butterfly valves, 

and ball valves must be specified with the same diameter as the rest of the pipeline [39]. This 

method is not restricted to the type of pipes but to the type of process, because of the requirement 
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of the launcher and the catcher. It has been shown that this technique is capable of removing 

parts of the fouling layer at the early stage of the fouling deposition process [40], [41]. 

Extensive experience with PIGs led to “Smart PIGging”, which not only cleans the pipe but also 

ultrasonically inspects the pipe, monitoring its conditions, such as wall thickness, leaks, scales, 

failures, corrosion, etc. Smart PIGging is commonly used in oil and gas industries and does not 

need to stop production [42]–[45]. 

There is a relatively new PIGging technique which uses abrasive crushed ice in suspension with 

water, which can travel through the pipe without plugging it. This can therefore access otherwise 

challenging shapes like elbows, flanges, valves, reducing tees, reducers, venture meter, and hex 

bushings . The technique offers3-10 years of expected life benefit and can be used in a variety of 

pipes. A disadvantage to Ice PIGging is that the production needs to be stopped prior to 

application but it can be used to remove soft fouling and deposits from a pipe even with difficult 

forms [46]–[54]. 

2.2.3 Air Scouring 

This technique is an advanced version of flushing, which is ineffective in low-pressure areas and 

large diameter mains where velocities are low. It is also an improvement on pigging, as a PIG can 

become lost, torn or jammed [39]. This technique introduces a ‘slug flow’ which is compounded 

of cool air that is introduced to a water pipeline under high pressure. The slug flow travels through 

the pipe removing impurities, fouling, sedimentation and bacterial growth. It is estimated that air 

scouring can remove three times the normal sediment volumes removed by normal flushing 

methods. This method is specifically for water treatment but can be used in other processes. It 

gives 1-5 years of expected life benefit and can cover 3-5 km per day removing friable scale. The 

pipe must be in a fair structural condition, but the technique needs less water than flushing and 

swabbing. It also requires more equipment, including a compressor, filters and baffle boxes. 

Environmental considerations are necessary with this slug produced because of its high 

concentration of impurities, sedimentation, scale, , microorganism and chemicals products from 

the process [12], [55].  

2.2.4 Chemical cleaning 

This type of cleaning use a mix of chemicals, heat and water to clean machinery, vessels or pipe 

work without dismantling the plant[30], [31], [56], [57]. If the cleaning procedure is done with a 

system installed in the process it is call cleaning-in-place (CIP) [58], [59]. 

Chemical cleaning is typically used for smaller diameter lines. This method produces a very clean 

pipeline and can remove loose corrosion. Many patents exist based on the compositions of a 

solution which will depend on the process, like drain-pipes or industrial process pipes [60]–[64]. 
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The cleaning method is accomplished by the driving forward by injection of a batch of cleaning 

solution, which is then flushed with water. It is then necessary to apply a neutraliser and a 

passivator, all separated by PIGs, through the pipeline. This method provides very good results 

on the interior of pipelines with 3-10 years of expected life benefit and can cover 0.1-1 km per 

day removing hard scale.  

Depending on the nature of the fouling different types of solution can be used. If the fouling 

needs a specific alkalinity, the cleaning agent can be acid [65]–[67]or caustic [68], [69]. This is 

commonly used for cleaning pipes that cannot be cleaned by normal PIGging. The method is 

designed to clean thoroughly the interior of the pipe but has the disadvantage that it can 

deteriorate the pipe's walls because of the corrosive nature of the chemicals used. Also, there is 

the risk of residual acid remaining in the pipe following the cleaning process, which can cause 

future degradation of the pipe. It is difficult to totally remove or neutralise all such corrosive 

chemicals. This technique has been used even for disinfecting sanitary equipment like 

haemodialysis machines because the disinfectant properties that the alkali solutions possess [66], 

[67]. 

Organic solvents are also used specifically for cleaning small pipelines with organic fouling due to 

the high costs of the chemicals and the environmental risks. The solution very often carries 

hazardous chemicals such as xylene and toluene, making it difficult to manage and requires 

qualified personal to apply. These types of solvent are normally very flammable and harmful so 

they require extreme precautions when applying under high pressures or temperatures[59], [70]–

[72]. 

Soaps are commonly used for cleaning oil from gas lines. The solution consists of degreasing 

agents and detergents and is easily diluted by line fluids because it reacts with the fouling and 

makes it soluble in water [73], [74]. This means there is a lack of penetration and solids are not 

carried far, and so may reattach to the pipe surface. As such, this is only an effective cleaning 

substance when used over relatively short distances. 

2.2.5 Jetting 

This method has been improved and uses a pressurized stream of water by introducing a semi-

rigid hose inside the pipe, removing scales and sediment. This technique can be used in all kinds 

of pipelines and diameters from 200 mm to 1000 mm due to the dimensions of the hose, but the 

pipe cannot have any history of leaks or breaks. This method has 3-7 years of expected life benefit 

and can cover 0.5-1.0 km per day removing friable scale. Some water jetting systems use acid to 

soften the scale, but this limits the applicability of the system depending on the pipe materials and 

environmental conditions. Other systems use sand as an abrasive agent, increasing the cleaning 

ability, but the sand can damage the pipe wall [75]–[77]. 



15 
 

2.2.6 Cleaning and lining Rehabilitation 

For this technique, a lining which rehabilitates the pipe is introduced, increasing the durability and 

preventing problems of corrosion and fouling. This method can be applied in pipes above 70mm 

bore and increases the expected life of the pipeline. It is possible to apply non-structural linings 

only to pipes in good condition, i.e. no history of leaks or breaks. Here, a coating is laid inside the 

pipe, which will significantly extend the pipe’s life. The most common internal linings are cement 

mortar or epoxy resins. Structural linings can be applied at all levels of structural health because 

this technique provides a total rehabilitation through PVC-U profiles. This method will increase 

the pipe strength and enlarge the expected life of benefit 25-50 years [78], [79]. 
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Table 2-1. Schematic representation of pipeline cleaning methods. 

Method Types Characteristics Diagram 
Flushing 
2.2.1 

-Conventional 
flushing 
-Unidirectional 
flushing 

- Remove lost sediment and 
Biofilm. 
- 1 year expected life of benefit. 
-Any Type of pipeline with fair 
structural conditions. 
- 3-5 km per day. 

 
Pigging 
2.2.2 

-Nonstop Pigging 
-Abrasive Pigging 
-Smart Pigging 
-Ice Pigging 

- Remove hard scale. 
- 3-10 year expected life of benefit. 
-Any Type of pipeline with good 
structural conditions. 
- 1-1.5 km per day. 

 

Air 
Scouring 
2.2.3 

 - Remove friable scale. 
- 1-5 Year expected life of benefit. 
-Any Type of pipeline with fair 
structural conditions. 
- 3-5 km per day. 

 
Chemical 
Cleaning 
2.2.4 

-Acid and Caustic 
Cleaning 
-Solvents 
-Soaps 

- Remove friable scale. 
- 3-10 years expected life of 
benefit. 
-Any Type of pipeline with fair 
structural conditions. 
- 0.1-1 km per day. 

 
Jetting 
2.2.5 

 - Remove friable scale. 
- 3-7 year expected life of benefit. 
-200-1000 mm pipelines with good 
structural conditions. 
- 0.5-1 km per day. 

Cleaning 
and 
Lining 
Rehabilita
tion 2.2.6 

-Lining 
-Structural lining 
 

- Increase the pipe strength. 
- 25-50 Year expected life of 
benefit. 
-Any Type of pipeline from 75 mm 
- 60-90 m per day.  

Acoustic 
methods 
2.3 

-Sparkers 
-Piezoelectric proves 

-Prevention and removal of 
biofouling. 
-5-10 days of expected life benefit. 
-Any Type of pipeline with fair 
structural conditions. 
-System has to be constantly 
running. 

 

  

Pipeline 

Sparkers or 
Piezoelectric prove 
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2.3 Acoustic methods 

 The use of acoustic waves for cleaning pipelines is the topic of this thesis therefore an 

analysis of the previous experiments using acoustics waves are described with special emphasis in 

this Section. 

2.3.1 Patents 

There are a number patents in the literature that use acoustic waves to remove fouling from 

tubular shape structures. Drains, sewers, or wells have the same geometry as a pipeline therefore 

any acoustic method applied to those structures is considered.  

In 1969 Jacks [80] proposed a method and apparatus for cleaning a pipe with sonic energy. This 

explains how a resonating horn with a belt-shape is introduced inside a vertical tube. The horn is 

excited by an electro-acoustic transducer which generates waves in the sonic and ultrasonic range 

typically of 20 kHz in the liquid inside a pipe. This produces acoustic cavitation in the surrounding 

area removing the unwanted fouling inside the duct. The patent does not give technical 

information regarding the power, time or other variables related to the cleaning technique and it 

does not give any theoretical explanation about how the cleaning process occurs. With this patent 

the device has to be introduced inside an open pipeline hanging down from a cable. This will 

interrupt the production to perform the cleaning method. On the other hand the pipe has to be 

full of liquid for the cavitation generation to perform the cleaning. 

Another similar tool consisting of a device introduced into a tube-shaped structure was patented 

in 1976 by Keenan [81]: “Sonic cleaning of wells”. This device consists of a sonic generator placed 

in a liquid layer within the underground of the well next to the fouling formation. It transmits 

sonic energy in the sound and ultrasound regions through the surrounding liquid to get to the 

entire reservoir so as to break up hard tars and create new fissures in the surrounding raw materials 

that can stimulate also the production of the well. It is self-propelled and powered through 

electrical cable. In this case the production does not have to be stopped because the device has 

been designed for cleaning wells. The patent does not have any explanation about the physics 

involved in the cleaning mechanism. 

In 1981 Bodine [82]proposed the “Sonic apparatus for cleaning wells, pipe structures and the 

like”. This patent refers to wells and exploits rotatory motion with quadrature related vibration 

components. This rotation oscillates at sonic frequency. The movement of the liquid inside the 

tube removes the dirt by friction generated by the surrounding liquid. It needs therefore liquid 

inside the pipe to clean. The patent contains flapper valves that allow the entrance of debris storing 

them till the device is extracted from the tube. The device is used only applied to vertical tubes. 

It does not explain the sciences involved in the cleaning method. 
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A “Venturi flow nozzle ultrasonic cleaning device” was patented by Loose et al [83] in 1988. This 

patent describes an array of four transducers attached to a Venturi flow nozzle. This apparatus 

aims is to remove the accumulation of fouling from the Venturi nozzle without stopping the 

production by applying acoustic waves in the pipeline in the ultrasonic range. The transducers are 

attached to horns which improve the contact with the Venturi nozzle. They are no details given 

regarding the underpinning science involved in the cleaning. The authors claim that production 

does not need to be stopped and that is a low cost with low maintenance equipment. 

The last patent that can be found in the literature makes use of pressure drop and the shock wave 

generated by it. Hutchins [84] developed a “Method for cleaning water pipe” in the 1993. This 

method consists of a rapidly opened and closed valve. This generates an increase and decrease of 

the pressure inside of the pipe depending on the level of water accumulated in the reservoir. This 

is due to the change in the static head of the liquid. The scientific explanation is that the flow 

cannot be stopped suddenly, therefore, the water keeps moving inside the pipe. Furthermore the 

static pressure increases due to an increase in the height of the liquid in the reservoir. The 

oscillation makes the pipe walls expand and contract. This effect removes the fouling inside of a 

pipe. 

2.3.2 Technical investigations and technique proposed 

In addition to the previous patents there are some technical publications related with the uses of 

ultrasonic cleaning of pipelines or similar structures. From that point of view, the first publication 

regarding cleaning without stopping the production was done in 2005. Benzinger et al [85] 

investigated the use of ultrasound in a microstructure heat exchanger, a stereolithographic formed 

microstructured device (60 mm length x 40 mm width x 5 mm height) with 21 channels (22 mm 

length x 800 µm width x 100 µm height). A flow of 1.5 Kg/h of an aqueous solution of 

Ca(NO3)2/NaHCO was pumped through the microchannels of the heat exchanger. The 

temperature causes the precipitation of calcium carbonate due to reverse solubility [86]. The 

accumulation of fouling in the inner surface can be detected by the reduction of the efficiency of 

the heat transfer coefficient that is calculated with the difference of temperature of the solution 

at the entrance and the exit. The authors applied pulses with a sonotrode of 20 kHz and 35 W of 

power over1 min to remove the fouling ultrasonically. The effect on the removal was observed 

by changes in the heat transfer coefficient which increases after each ultrasonic pulsation due to 

the removal of fouling which is a thermal insulator. This is calculated with the variation in the 

water temperature change inside the heat exchanger. In this publication, the comparison shows 

that the efficiency of the heat transfer is reduced with every cycle because the overall accumulation 

of fouling keeps increasing gradually. This can be due to the distribution of the zones that are 

cleaned with the ultrasound propagation. The node and antinode distributions generated by the 

type of wave propagated can be the reason for the zones being completely cleaned or not cleaned. 

Finally it is important to highlight the authors’ claim that the power applied is below the cavitation 
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threshold but detailed explanation is not given. The literature [87], [88]indicates that it should be 

above the cavitation threshold. Also the experiments explained in Chapter 5 evidence that 35W 

is powerful enough to produce cavitation under this condition.  

Nakagawa et al [18] performed some experiments closely related with the studies performed in 

this thesis. The authors used a bolt-clamped Langevin transducer of 28.0 kHz resonant frequency 

to excite a stainless-steel 186 mm pipe with 27.2 mm OD and 21.4 mm ID to prove the concept 

of removing fouling from the inner wall. In the paper there is an analysis of the possible waves 

propagated through a 186 mm sample pipe with a 3-dimensional finite-element-method to find 

the best frequency and mode of excitation. This is used in combination with vibration velocity 

measured with a laser Doppler vibrometer used for the final selection of the best frequency to be 

applied, 26.5 kHz, based on the out-of-plane displacement of each wave mode that generates a 

standing wave with that pipe length. The authors claim that except for the nodes of the flexural 

wave, the fouling by calcium carbonate deposits was removed completely. This was done for scale 

up to 2.0mm thickness. It was concluded that pipes can be cleaned ultrasonically without the use 

of water or other liquids inside the pipe during the cleaning process. Therefore, no cavitation was 

generated. 

The absence of liquid evidences that the cleaning process takes place without the generation of 

cavitation. Also, in the publication of Nakagawa, the procedure for the fouling creation seems to 

be producing sedimentation fouling which is least strongly adhered and softer than a hard fouling 

(Chapter 3). Therefore, the results obtained could have removed a soft scale not comparable with 

industrial fouling. This justifies the importance of the analysis of the precise fouling. The adhesion 

of the fouling film to the substrate is a key factor for later investigations. If the fouling is easier to 

remove than common industrial fouling, the results in cleaning may not be sufficient to solve 

existing problems of industrial of domestic fouling. In Chapter 3 a method to create fouling for 

further removal is developed and explained. 

In 2012 Legay et al [85] published work on the inner pipe of a tubular heat exchanger cleaned 

with ultrasound. The publication presents cleaning results of cylindrical structures by the 

production of acoustic cavitation.  

The authors create the samples by spray painting black paint to simulate the fouling. It ensures a 

homogeneous distribution of an analogous fouling in the pipe and provides a reproducible 

method. Painting has a number of important dissimilarities with the fouling, Calcite, investigated 

here: physical, mechanical, acoustic and chemical properties are noticeably different. Even though 

the analysis of the results and the wave generation are closely connected to the ones explained in 

this thesis since the patents of cleaning are related with the nodes and antinodes of the wave 

propagated. 
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Different pipes are used in these experiments; glass pipes of 380 mm length and 9-12 mm internal-

external diameters respectively and two different for stainless steel both of 380 mm length and 

with two different wall thicknesses. One of  2 mm with an ID of 10 mm and12 mm of OD and 

other with 0.4 mm of wall thickness with  5.6 mm of ID and-6 mm of OD. The painted areas of 

the pipes are submitted to the cleaning procedure. The waves are generated on the inner surface 

of the outside tube of a tubular heat exchanger, which is called a resonator, and propagated 

through the liquid contained between the two tubes. This kind of resonator is used with other 

industrial applications as described in Chapter 5. Cavitation is generated surrounding the inside 

tube and both the inner and outside surfaces are cleaned in different proportion depending on 

the pipe material and diameter. The efficiency is higher in the outside surface of the tube in most 

cases. Also presented is the distribution of cleaned and not cleaned areas that can be related to 

the location of the nodes and antinodes of the compressional wave traveling through the liquid. 

The extent of cleaning increases over time presenting the best capabilities after 25 min of 

ultrasonic excitation. Only the glass pipe presents a 100% efficiency after 25 min. It is important 

to highlight that the cavitation was not detected with any method and was assumed to be 

happening. Here (see Chapters 6 and 7) the detection of cavitation is done both by acoustic 

emission and by the analysis of the impact of cavities on the remaining fouling after the cleaning 

to ensure that this is the cleaning mechanism responsible for the results (Chapter 7). 

The efficiency of the ultrasonic cleaning is evaluated by visual analysis and by measuring the 

overall heat transfer coefficient. This depends on the temperature of the two liquids both in the 

entrance and in the exit. The improvement of the heat transfer is related to the removal of fouling 

which produces an important resistance to the heat transfer. This efficiency is improved after 

ultrasonic cleaning with a frequency of 35 kHz and a power around 100 W. It is known that 

ultrasound can increase the overall heat transfer coefficient [85] that could have been the reason 

of the increase in the heat transfer coefficient, but further visual analysis of the painted pipes 

exhibited good results on cleaning and therefore the improvement of the heat transfer is also 

produced by the fouling removed. 

It is important to highlight that in the above publication the painted pipe subjected to the cleaning 

procedure was always inside another pipe within which piezoelectric high power transducers were 

attached. This means that the cleaning was occurring inside a structure, like in classic ultrasonic 

cleaning, in a solvent, in this case, water. Therefore, a compressional wave was producing acoustic 

cavitation and cleans an object inside a container, the resonator. This mechanism is comparable 

to a classic ultrasonic bath in which the acoustic waves travel through a liquid in which the object 

submitted to the cleaning procedure is submerged. In this thesis the mechanism is different, a 

wave is propagated through a pipe wall producing the cleaning of the same wall in which the 

acoustic wave propagates. It is the vibration of the structure what cleans the structure. In Chapter 

7 a comparison between the cleaning results areas and the measurements of the actual 

displacement due to the vibration of the pipe is presented.  
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2.3.3 Acoustic methods for biofouling prevention and removal 

Although in this thesis the fouling removed is a hard scale fouling by Calcite (Chapter 3), the 

ultrasonic prevention or removal of biofouling in tubular structures has been briefly considered.  

Biofouling can be defined as the undesirable formation of organic matter on surfaces immersed 

in water. This has important differences from mineral fouling with respect to adhesion, hardness, 

fragility and chemical composition. A review of the use of ultrasound in the removal or prevention 

of this type of fouling is presented below. 

In the literature, the most common method for the prevention of biofouling with acoustic waves 

can be “Acoustic sparkers”, also referred as pursers, plasma sparker, or plasma jet; it generates 

impulsive wide frequency bandwidth acoustics waves in water. This has been documented in 

patent [89] and papers during the last twenty years [90]–[92]. The sparkers generate a large voltage 

stored in a capacitor. This voltage is released rapidly between two electrodes in water. This exceeds 

the water dielectric breakdown level and the surrounding water may be vaporized producing an 

acoustic wave between 100Hz – 150 kHz and power densities around 4 W/ft2 [93]. The 

propagation of the wave may prevent the growth of any microorganism in the water. This has 

been reported to have success in preventing the growth of mussels up to 100% in pipes of 16” 

diameter and 1800 ft. length with pulses every 3s for four years [94]. This technique is generally 

used for the prevention of Zebra mussels in sea water structures [89], [95]–[97]. 

Other uses of ultrasound for biofouling removal different to plasma sparkers can be found in the 

literature. For example the biofilm removal in lab trials in a glass tube showing that ultrasound 

can reduce, in some cases, the growth of biofouling by applying pulses between 20-320 kHz of 

30 s in glass tubes [98]. In this investigation, the most important achievement was for a 50 cm 

tube with 33 kHz where a 87.5% mineralized biofilm was removed. In these experiments the wave 

is traveling through water and the cleaning procedure occurs in the objects immersed in that water. 

This is similar to classic ultrasonic cleaning. In addition, it is important to consider that mineralized 

biofilm gives a stronger adhesion and hardness than just biofouling. 

In 2003 Oulahal-Lasgsir et al [99] showed that the use of ultrasound can improve the performance 

of the enzyme treatments for the removal of biofilm from a stainless steel surface. This is because 

the ultrasound may enhance the activity of certain enzymes or because of the enhancement of the 

diffusion in the biofilm. One disadvantage of this method is the use of enzymes itself. If the idea 

is to clean structures offshore it would be quite difficult to avoid the dispersal of the enzymes in 

the marine environment that could have a serious impact on the environment.  

It has been shown that surface acoustic waves (SAW) of 100 kHz can enhance the antimicrobial 

activity of antibiotics and therefore its antifouling properties. This is due to the enhancement of 

the antibiotic diffusion through the biofilm and potentially because of the bioacoustic cellular 
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response of some bacteria to SAW [100]. This method would still need the use of chemical like 

the antibiotic for the removal. 

Also, ultrasound has been used in combination with oxidants to kill cyst, larvae and adults of 

Brine Shrimp. Ultrasound at 1.4 MHz presented the capability of killing 50, 90 and 100% of cyst, 

adults and larvae respectively. Also ultrasound with the same frequency enhances the results of 

oxidants such as H2O2 up to 75, 80, and 95% of mortality of cyst, larvae and adults respectively, 

or O3 up to 80, 80, and 100% of mortality of cyst, larvae and adults respectively. Also ultrasound 

killed up to the 35% of unicellular green algae and increased the effectiveness of H2O2 and O3 up 

to 70% and 80% respectively [101].  

In general it can be said that the combination of ultrasound with any other biocide improves the 

performance of the biocide. In tubes of 18 mm ID and 1 m length, 20 kHz ultrasound was applied 

with a reduction of 8 µm in the biofouling thickness. Also the use of ultrasound in combination 

with O3 presented a difference in the accumulation of 111 µm for the O3 only and 7 µm for the 

combination [102]. 

2.4  Summary 

This completes the review of the methods for pipeline cleaning Table 2-2 summarises the 

advantages and disadvantages of all the methods in comparison with that proposed in this thesis.  

It has been explained that the type of fouling and its creation in previous investigations have not 

been treated as in this thesis where the fouling creation is an important factor. It has been 

explained that not all fouling adheres well to the substrate and its chemical and physical properties 

can mean an important difference from real conditions. And therefore the fouling to be removed 

must adhere well and should be similar to typical fouling in industry. The method will be useful 

under any type of fouling conditions. And therefore the method of fouling removal with 

ultrasound can be validated. Here a full analysis of the fouling creation is done to ensure that the 

results can be used to remove one of the most challenging fouling in the industry, Calcite. 

In the literature, the cleaning of any tubular structure with ultrasound required the use of a specific 

transducer with different resonators. These are not analysed prior to the cleaning and has been 

used as a tool for cleaning. Here a new type of transducers and its analysis is presented. The 

performance of each transducer at each frequency and the effects produced by its modifications 

are explained in Chapter 4. 

Regarding previous investigations of the removal of fouling of pipelines, the analysis of the 

physics involved in the removal are not fully explained and no method for the detection of 

cavitation is used. Here the cavitation detection as well as the cavitation threshold has been studied 
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to verify and explain the physics required for minimum energy cleaning. This guarantees the 

lowest power consumption resulting in cleanings. 

Also analysis of the types of wave’s propagation through the samples are generally not investigated 

and not considered an important feature. Here the actual wave propagation is measured and 

related to the cleaning procedure since this work claims that it is the wave propagating through 

the structure which is responsible for the cleaning procedure and not the wave transferred to a 

solvent as in classic ultrasonic cleaning. 

Finally, non-cleaning results under real conditions exist in the literature. Here in Chapter 7 the 

results for cleaning with an array of transducers are presented and compared with the actual 

vibration of the pipe subjected to the cleaning procedure. 

Table 2-2. Qualitative ranking of cleaning processes in terms of selected attributes, as high (H), medium 
(M) and low (L). 

 *Also used for inspection               † Anticipated outcome      ‡ In progress  

  

Cleaning Method Intrusiveness Geometrical constraints Effectiveness Cost 

Flushing M/H L M/H L 

Swabbing or PIGging H L/M M/H L/M 

Non-stop production 

PIGging 

M/H H H M/H 

Abrasive PIGging H M/H H M/H 

Smart PIGging* L/M H H M/H 

Ice PIGging L/M L M/H L/M 

Air Scouring M/H L H M/H 

Chemical cleaning M/H M/H H H 

Jetting M/H L/M H M/H 

Lining and 

rehabilitation 

H M/H H H 

Proposed ultrasonic 

method*† 

L/M M/H ‡ L 
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3 Creation of fouling on inner walls of pipe samples 

In Chapter 1 fouling was presented as a problem of high importance in industry and of economic 

impact in industrialised countries. In Chapter 2 a review of previous investigations into the 

removal of fouling from pipelines and heat exchanger tubes using ultrasound was presented, 

where a gap in the research was identified regarding the type of fouling created for later removal. 

This chapter discusses a method to create fouling on inner walls of sample pipes to study the 

removal efficiency using ultrasonic excitation (Chapter 7). The fouling is analysed by 

crystallographic methods and is subjected to adhesion tests to prove its quality and attachment 

properties. 

3.1 Introduction 

Accumulations of dirt inside pipelines can occur in different ways and some of them are easy to 

remove and are poorly adhered to the substrate. A simple increase in the flow, as like in flushing 

cleaning method (Chapter 2) can remove this type of fouling and therefore, its elimination with 

ultrasound would not necessarily be representative as a solution of industrial scale. As Chapters 4 

and 7 explain, different types of dirt cleaning need different types of cavitation excitation. 

Therefore high importance has been given here to the generation of hard, well adhered fouling 

similar to that found in industrial and domestic pipelines,  such as Calcite, hydroxyapatite, or some 

sulphates. However, the focus in this work is to create Calcite fouling in pipe samples. Moreover, 

this approach, is different to previous investigations in the removal of fouling using ultrasonic 

wave guided (this concept is explained in Section 7.1). 

Calcite is considered by some authors as the most common fouling in industry around the world 

[103]–[105]. This type of fouling strongly adheres to the substrate surface, is highly insoluble and 

is hard enough to be a difficult challenge to remove. Therefore, if the acoustic cleaning method 

works with Calcite, it is expected to work with any other challenging fouling found in industry. 

Calcium carbonate is a chemical compound that exists in different allotropic forms in solid state. 

The most important are Calcite, aragonite and vaterite, but monohydrocalcite, and ikaite may also 

occur [106], [107]. These can coexist inside pipelines and grow with different proportion and 

speed depending on the process and its variables such as pipe material, previous surface 

treatments, temperature, pH, and solution composition [108]–[111]. Aragonite can be in larger 

concentration at the early stages but it tends to convert to Calcite gradually over time [112]. In 

fact, all the allotropic forms tend to convert to Calcite over time [107], [112]–[115]. This is because 
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Calcite is the most stable polymorph of calcium carbonate [107]. Also, it is known that aragonite 

has higher density and it is less prone to form hard scale [22] than Calcite. Moreover, aragonite is 

needle-like and adheres less well than the rhombohedral Calcite crystals.  Therefore, among all 

calcium carbonate polymorphs, Calcite is the most common one in industrial processes and is the 

one of concern worldwide [116]. Here a selective growth of Calcite in pipelines and plates is 

presented with two different methods. 

In order to verify that Calcite is the allotropic form that has adhered to the substrates, a 

crystallographic analysis of the fouling is performed in some of the representative samples Section 

3.4. For that three different techniques are applied: Energy-dispersive X-ray spectroscopy (EDX), 

X-Ray Diffraction (XRD) and Scanning Electron Microscopy (SEM).  

Finally two different types of adhesion test are performed to classify and quantify the union of 

the fouling to the substrates. For that, “adhesion by tape”, ASTM D3359-97, and “pull off” tests, 

EN ISO 4624:2002are performed on a sample. 

3.2 Objectives 

In order to verify that the samples generated are suitable for the investigation (use of ultrasound 

for the removal), the following objectives have been established: 

 The methods have to be reproducible. 

 The fouling has to be well adhered to the surface of pipe walls and sample plates. 

 The chemical composition and the polymorph created have to be equal to one existing 

in the industry. 

 The fouling has to be evenly distributed on the walls.  

 The sample pipes have to be representative of existing parts of industrial components. 

3.3 Creation of fouling on pipes and plates using laboratory based 

tests 

In opposition with the idea of considering Calcite fouling as an industrial problem, it has been 

considered that calcium carbonate deposits in pipelines are a good method for corrosion 

protection and it has been proposed as a good lining (see Section 2.2.6) protection material [117]–

[119].  

Related with this, a few patents have been created for the rapid coating of steel pipelines [120]–

[123]. All these patents are based in circulating a high concentrated solution of calcium carbonate 

into the pipes subjected to the coating process maintaining a high concentration of calcium 

carbonate and increasing gradually the pH.  
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Furthermore, the growth of Calcite in pipes has been studied with different purposes. In 2007 

Chen et all [124] used a pipe of 1 mm of ID and 9.4 mm length, filled with a saturated solution of 

calcium carbonate to analyse the process of scale deposition of the different allotropic forms of 

calcium carbonate. It was measured with X-Ray Diffraction (XRD) that the remaining allotropic 

form in the scale formation was Calcite even though other forms were created in the preliminary 

stages as explained in Section 3.1. 

Later on, Umoru et all (2012) [125] investigated the anticorrosion properties as a coating of 

calcium carbonate, magnesium carbonate and a combination of both. For this, the pipes were 

submerged in high concentrated solution for a period of twenty four hours to allow for the 

precipitation on the sample surface. It was proven that magnesium carbonate is better as an 

anticorrosion lining material but calcium carbonate is still better than the bare Steel. 

Applying a similar method to the one occurring in chemical plants processes, Muryanto et all 

(2014) [126] used a flowing ring built in house system to evaluate the effects of flow rates, 

temperatures and malic acid on the mass and the morphology of the calcium carbonate scale. 

The methods presented above are different to the one used here, which is based on an 

electrochemical reaction (Section 3.3.1). This electrochemical reaction has been used in the past 

but in small flat samples, of less than 20 cm2 [127]–[130]. Here the sample pipes were coated with 

a layer of Calcite, as presented in Section 3.3.1. 

All the methods to create Calcite as an artificial fouling depend on the chemical reaction (3.1). 

The chemical kinetics of this reaction can be modified by adjusting temperature, electrode 

potential, pH, and concentrations of the reactants. With this, the rate of the fouling accumulation 

can be increased. 

 

 +   →   ( ) (3.1) 

 

Here two different methods are presented: one based on an electrochemical reaction (Section 

3.3.1) and the other based on the inverse solubility of calcium carbonate (Section 3.3.2). The aim 

is to generate Calcite as fouling that satisfies the objectives previously established in Section 3.2. 

3.3.1 Electrochemical reaction 

Pipelines are inevitably deteriorated due to the spontaneous corrosion processes of the metallic 

surface. Figure 3.1 explains the process of corrosion on metallic surfaces in contact with water. 

This consists on a reduction-oxidation reaction. In this case, the reduction reaction is the chemical 

reaction (3.2) (Figure 3.1) in which the oxygen reacts with the surrounding water and with the 
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electrons given by reaction (3.3) to produce hydroxyl ions. These electrons are given by the iron 

from the alloy as per the oxidation (3.3).  

 1
2 +  +  2  → 2     Cathodic reaction (3.2) 

   

  →  +  2e                  Anodic reaction (3.3) 

   

 

Figure 3.1. Corrosion process of steel in aqueous medium. 

 

 

The corrosion of steel can also lead to the generation of insoluble solids e.g. iron oxides as a 

product of the presence of  produced by the electrochemical reaction (3.3) Figure 3.1. 

In addition, other fouling can occur based on the Le Châtelier principle [131] e.g. the generation 

of Calcite by the presence of  due to the electrochemical reaction (3.2), which leads to the 

generation of calcium carbonate scales, in the presence of  and in the solution, 

chemical reaction (3.4) [132]. 

 +  +   →   ( ) +   (3.4) 

Consequently, the precipitation of  ( can be forced to be generated on the metallic 

surface if the pH is raised in the solution in contact to it, and by having a high concentration of 

 and  in this solution. Here the generation of Calcite in the inner wall of the pipe and 

plate samples is done by increasing the concentration of , and therefore the pH, by an 

electrochemical method similar to the corrosion process presented in Figure 3.1. 

The process consists of two different electrochemical reactions that increase the pH, the 

electrolysis of oxygen (3.2) and the electrolysis of water, also called hydrolysis (3.5): 
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               Fe0 

2e
-
 

Fe2+ + 2e
-
 

 

 Insoluble reaction products 

 

Fe
2+

 

Cathode   Anode   Cathode 

   ½ O
2
     2 OH

-
 

   + 
H2 O 



28 
 

Reaction (3.5) starts at a potential below -0.8277 V [133] but previous work in the selective growth 

of calcium carbonate scales recommends -1.6 V. Reaction (3.2) occurs at even lower potentials. 

Therefore, to increase the speed of these reactions, potentials around -1.6 V have to be applied.  

In addition, it is important to consider that it has been proved by J. Martinez-Cruz et all [130]  

that it is possible to control the allotropic form of calcium carbonate (Calcite, aragonite, vaterite) 

at a microscale on metallic surfaces by modifying the composition of the solution, temperature, 

and electrode potential E⁰ in the electrochemical cell used. Calcite is more prone to be created at 

40⁰C and The pH of 7.8 was established to be the optimal for the creation of Calcite [132]. 

Electrochemical procedure and set-up  

Figure 3.2 shows a schematic diagram of the set-up for the creation of fouling. A large glass vessel 

is filled with 20 litres of a high concentrated solution of calcium carbonate. This is heated to 40°C 

and kept constant while it is continuously agitated using a magnetic stirrer.  

A plastic disc is placed on top of the vessel with access ports to connect all instrumentation and 

to seal off any water vapour escaping. A condenser is added to ensure that the water evaporated 

within the mixture is not lost and the solution is kept in equilibrium at atmospheric pressure.  

Extra oxygen is pumped inside the vessel to substitute the oxygen consumed by the 

electrochemical reaction (3.2). This is done by the air supplier which has a diffuser at the end to 

improve the transfer of oxygen into the solution; carbon dioxide and some water are also added 

with the air supply.  

To control the voltage, three different electrodes are used for the electrochemical reaction; i) the 

working electrode, which is the pipe, ii) a counter electrode, which is a cooper wire placed directly 

in the middle of the pipe, and iii) a reference electrode which is electrically connected to the 

solution by a salt bridge. 

All these electrodes are connected to a potentiostat1 to maintain the working electrode at a 

constant voltage of -1.6 V in the electrolytic cell, Figure 3.2. 

A negative voltage is then applied to the sample pipe which is distributed across the entire wall 

surface whereas the counter electrode (copper wire) has a positive voltage and is placed through 

the centre of the sample, ensuring there is no contact with the sample as shown in Figure 3.4. The 

reaction is maintained at a constant voltage (-1.6V) and temperature of 40 C for 16 hours. The 

results of the fouling creation are presented below. 

                                                      
1 Potentiostat is a device for controlling or maintaining constant the potential difference between the  
electrodes in an electrochemical cell.  
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Figure 3.2. Electrochemical deposition scheme. 

 

Sample pipe 

The sample pipes need to be prepared to induce the fouling creation only on the inner wall of the 

pipes. For that, the pipes are wrapped with hand stretch black film of 25 microns thickness to 

protect the outside wall of fouling growth, Figure 3.3. Each sample pipe is photographed before 

and after undergoing fouling creation (see Section 3.4). 
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Figure 3.3. Images of Sample Pipe 1, Before and After Undergoing Fouling Creation. 
 

After protecting the outside wall of the pipes, four cables are attached with a separation of 45 in 

four different locations to maintain the top and the bottom cross Section of the pipe horizontal. 

The four cables, also applied a constant voltage to the working electrode, the pipe as showing, 

Figure 3.4. A jubilee clip is used to secure the wire onto the pipe as the wire will suspend the pipe 

from above into the solution. A copper wire is introduced through the middle of the pipe and is 

held in place using plastic brackets to remain out of contact with the pipe and wires. Figure 3.4 

shows the notation of the preparation of the pipe. 

30 cm 316L 
Stainless 
steel pipe 

30 cm 316L 
Stainless steel 

pipe covert 
with black 

protection film 
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Figure 3.4. Sample pipe prepared for being immersed into vessel. 
 

As a counter electrode, a copper wire is placed through the centre of the sample, ensuring that 

there is no contact with the working electrode to avoid electrical short-circuit. 

  

 

Figure 3.5. Set-Up of Fouling Creation Experimentation. 
 

Figure 3.5 shows a sample pipe which is immersed into the vessel using a thick wire that holds 

the sample into the solution whilst applying a current. The pipe is not fully immersed since the 

locations where the wires are attached must be kept above the surface of the solution. 

Wire to apply Voltage 
to Pipe  

(Working Electrode) 

Copper Wire 
(Counter Electrode) 

Jubilee Clip to hold 
wires in place 

Plastic Bracket to hold 
Copper wire in centre 

of pipe 
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3.3.2 Sprayed deposition on heated plates 

It is widely known that calcium carbonate decreases in solubility when the temperature rises, and 

that is why the deposition of calcium carbonate is a common problem in all kinds of heated 

processes. This basic idea has been used to generate fouling in sample plates.  

In this case the chemical equation to be considered would be equation (3.1) and the chemical 

principle is an inverse solubility process. Therefore, by increasing the temperature of substrate 

and adding a solution of calcium carbonate, it is expected to precipitate. The higher the 

concentration of the solution the higher the accumulation rates of calcium carbonate on the 

metallic surface. 

It has been considered that all the allotropic forms of calcium carbonate tend to convert to Calcite 

(Section 3.1) and Calcite forms hard scale well-attached. A domestic water atomiser was used to 

spray the high concentrated solution on a metallic surface to produce fouling.  

Sprayed deposition on heated plates procedure and set-up:  

To generate Calcite on a stainless steel of 150x100x1.5mm a sample plate was introduced in an 

empty vessel maintained at a temperature of 120C. When the plate was at that temperature a high 

concentration solution was sprayed on the sample every ten seconds during a period of six hours, 

as depicted in Figure 3.6.  

For these experiments it was necessary to use the following equipment: 

 Heater 

 Stainless steel plate 

 Recipient 

 Saturated solution 

 Atomizer 

 

Figure 3.6. Sprayed deposition on heated plates with atomizer set-up diagram. 

The plate is placed on a heating vessel and the temperature raised up to 120⁰C and then the 

concentrated solution is atomized onto the plate several times. 

 

 

 

 

Atomiser with the 
saturated solution 

Sample Plate 

Heating vessel 

Heater 

Atomised solution 
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3.4 Results and interpretation 

The analyses of the fouling created on the pipes were performed after the cleaning procedure 

presented in Chapter 7. This is to avoid the potential removal or modification of the fouling 

created by cutting the samples for the analyses. The three different techniques for chemical and 

crystallographic composition analyses listed are described below: 

Scanning Electrode Microscope (SEM) is a type of electron microscope that produces images 

of a sample by scanning its surface with a focused beam of electrons. The electrons interact with 

the atoms in the sample, producing various signals that contain information about the sample’s 

surface topography and composition. This technique has been used before for the analysis of 

Calcite and other allotropic polymorphs of calcium carbonate [127], [130]. 

Energy-dispersive X-Ray spectroscopy (EDX)2 is an analytical technique used for the 

elemental analysis or chemical characterization of samples. It is that each element has a unique 

atomic structure and therefore it produces a unique set of emission peaks after the X-Ray 

excitation. The EDX is performed in a SEM which excites a sample with X-Rays and measured 

the the emission on the X-Ray spectrum. This is a qualitative method which only gives 

information on the presence of an element on a sample but it cannot quantify the amount of the 

element on the sample [134].  

X-Ray Diffraction (XRD) is an analytical technique that relies on the dual wave-particle nature 

of electromagnetic waves, in this case X-Rays, to obtain information about the structure and 

composition of crystalline materials. A primary use of the technique is the identification and 

characterization of the crystallographic composition of a sample based on its diffraction pattern. 

[110], [135] 

In addition to the chemical and crystallographic analyses, two standardised measurements have 

been applied to the samples created to validate the quality of the adhesion of the fouling created 

on the samples: “Adhesion by tape” and “Pull-off adhesion” tests (see Section 3.1) 

3.4.1 Electrochemical reaction composition analysis of Pipe 1  

The first analysis is a visual one to see that the entire pipe is covered by an even distribution of 

fouling.  Figure 3.7 shows the inner wall of a pipe covered with fouling. 

                                                      
2 In this thesis the EDX analyses have been performed without controlling specimen’s geometry (size, 
shape, and location inclination) what makes the counts per second of the “y” axes meaningless [205] and 
therefore are not included in the plots. 
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Figure 3.7. Results of Fouling Creation on Inner Walls of Pipe 1, a) is the picture taken from the bottom and 
b) is the picture taken from the top. 

 

Further analyses are needed to verify the actual composition of the fouled coating. Firstly the 

chemical composition must be known.  The solution used was a high concentration of calcium 

carbonate but other ions such as  and  could have been precipitated as sodium chloride, 

for example. But these are more unlikely to form a precipitation since the concentration of these 

ions in the solution is well below the solubility product of this salt which is 35.9g/ml. Also the 

electrolysis of sodium chloride needs higher negative potential (E⁰ =-2.7 V) to produce sodium 

hydroxide. Therefore sodium chloride is not expected to be generated as fouling in the samples. 

Either way, other elements from the steel, air, or the black cover could have created other solids, 

therefore chemical analysis is needed.  

Figure 3.8 presents the EDX analysis of Pipe 1 fouled with the electrochemical reaction method 

of fouling creation. It can be seen that the scale created is formed mainly by calcium, carbon, and 

oxygen, which is the elemental composition of Calcite, and has traces of iron and copper. The 

iron may come from the steel or other sub-products of the electrochemical reactions such as 

Fe2O3 Iron (II) oxide or other iron oxides. The copper is presented in the solution due to the 

oxidation of the copper electrode. 

a) b) 

Calcite, vaterite 
and aragonite 

Cooper (II) Hydroxide 
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Figure 3.8. Energy-dispersive X-ray spectroscopy (EDX) of one-point location of the inner wall of a fouled 
pipe. 

 

This chemical composition does not determine that the fouling created is Calcite. Therefore 

further analyses were proposed. A method that can analyse the samples from a crystallographic 

perspective is XRD. This measures the diffraction angles of a sample, and by providing the angles 

and the intensity of the reflected beams it gives a three-dimensional picture of the density of the 

electrons within the crystal and therefore, its atomic and molecular structure. Comparing the 

sample XRD results with the XRD database of known samples, the crystallographic composition 

of the scratching fouling can be concluded. 

Figure 3.9 shows the XRD of a sample scratched from the inner wall of a fouled pipe. It can be 

seen that the reflected beam and their intensity match with a combination of Calcite (purple in 

the graph), vaterite (blue), and traces of aragonite (yellow) and copper (I) oxide (green).This 

composition gives to the sample its red-brown colour due to the Calcite, vaterite [136], [137].  

In addition, there can be seen a blue coloured solid which has not been detected after the cleaning. 

This is most likely due to the Copper (II) Hydroxide complex which is a typical product of 

electrochemical reaction that includes copper [138]. 

 

Peacks related 
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the presence of 

oxygen, O 
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the presence of 

carbon, C 

Peaks related 
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Peak related to 
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of iron, Fe 
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Figure 3.9. X-Ray Diffraction (XRD) of a sample scratched from pipe and the comparison with the expected 
results of copper (I) oxide, aragonite, Calcite and vaterite. 

 

Finally a SEM scan was done in different locations to evaluate the crystals’ distribution in the 

surface. Figure 3.10 presents the SEM of one-point location on the inner wall of a sample pipe. 

The Calcite crystals are evenly distributed among the sample. It can be seen that the Calcite is the 

substrate for other semi-amorphous depositions that can be the vaterite or any other of the 

minerals presented in the XRD. 

 

Figure 3.10. Scanning Electron Microscope (SEM) image of one-point location of the inner wall of a fouled 
pipe. 
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Considering all the above, it can be concluded that the most abundant allotropic form created is 

Calcite, and it is evenly distributed, which was the aim of this fouling creation experiments. 

3.4.2 Electrochemical reaction composition analysis of Pipe 2  

The first analysis is a visual one to see that the entire pipe is covered by an even distribution of 

fouling.  Figure 3.11 shows the inner wall of a pipe covered with fouling. 

  
Figure 3.11. Results of Fouling Creation on Inner Walls of Pipe 2, a) is the picture taken from the bottom 

and b) is the picture taken from the top. 
 

Figure 3.12 presents the EDX analysis of the fouling created on Pipe 2 by the electrochemical 

method. It can be seen that the scale created is very similar to the one created on Pipe 1, but in 

this case the EDX does not detect any Iron on the sample.  

 

Figure 3.12. Energy-dispersive X-ray spectroscopy (EDX) of one-point location of the inner wall of Pipe 2. 
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a) b) Cooper (II) Hydroxide Predominate Calcite 
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Figure 3.13 shows the XRD of a sample scratched from the inner wall of a fouled pipe. It can be 

seen that the reflected beam and their intensity match with Calcite (purple in the graph), some 

vaterite (blue), and traces of aragonite (green) and copper (I) oxide (yellow). The composition is 

similar to Pipe 1 and it has also a similar colour. Pipe 2 also has a blue colour presented in Figure 

3.11  due to the Copper (II) Hydroxide complex. 

 

 

Figure 3.13. X-Ray Diffraction (XRD) of a sample scratched form Pipe 2 and the comparison with the 
expected results of Calcite, aragonite, vaterite, and copper (I) oxide. 

 

Finally, a SEM scan was done in different locations of the surface to evaluate crystal distribution. 

Figure 3.14 presents the measured SEM of one-point location of the inner wall of a sample pipe. 

The fouling is evenly distributed across the sample. It can be seen that the Calcite is the substrate 

for other semi-amorphous depositions that can be the vaterite or any other of the minerals 

presented in the XRD. 
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Figure 3.14. Scanning Electron Microscope (SEM) image of one-point location of the inner wall of Pipe 2. 
 

It can be concluded that in Pipe 2 the most abundant allotropic form created is Calcite, and the 

fouling is evenly distributed which was the aim of this fouling creation experiments. 

3.4.3 Electrochemical reaction composition analysis of Pipe 3  

As in the previous cases, initially a visual inspection of the fouled pipe is done Figure 3.15 shows 

the inner wall of Pipe 3 covered with fouling. 

  
Figure 3.15. Results of Fouling Creation on Inner Walls of Pipe 3, a) is the picture taken from the bottom 

and b) is the picture taken from the top. 
 

Figure 3.16 presents the EDX analysis of Pipe 3 after fouling by the electrochemical reaction 

method. It can be seen that the scale created is formed mainly by calcium, carbon, and oxygen, 

which is the elemental composition of Calcite, and has traces of iron and copper. The iron and 

a) b) 

Predominate Calcite 

Predominate Calcite 
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copper from the pipe and the electrode like pipes 1 and 2. Pipe 3 also presents traces of chromium 

that comes from steel alloy. 

 

Figure 3.16. Energy-dispersive X-ray spectroscopy (EDX) of one-point location of the inner wall of a fouled 
pipe. 

 

Figure 3.17 shows the XRD of a sample scratched from the inner wall of a fouled pipe. It can be 

seen that the reflected beam and their intensity match with a combination of Calcite (green in the 

graph), vaterite (blue). The existence of these two components gives the brown colour to the 

sample [137] as shown in Figure 3.15.  

  

 

Figure 3.17. X-Ray Diffraction (XRD) of a sample scratched form Pipe 3 and the comparison with the 
expected results of vaterite and Calcite. 

 

Peak related with 
the presence of 
chromium, Cr 
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Finally a SEM scan was done in different locations of the surface to evaluate the crystals 

distribution in the surface. Figure 3.18 presents the SEM of one-point location of the inner wall 

of a sample pipe. The Calcite crystals are evenly distributed across the sample. In this case more 

proportion of cubes of Calcite can be seen. In this sample Calcite is also the substrate for other 

semi-amorphous depositions that can be the vaterite or any other of the minerals presented in the 

XRD. 

 

Figure 3.18. Scanning Electron Microscope (SEM) image of one-point location of the inner wall of Pipe 3. 
 

It can be concluded that the most abundant allotropic form created is Calcite, and it is evenly 

distributed which were the aims of this fouling creation experiment. 

3.4.4 Spraying deposition on heated plates composition analysis 

In the same way as in the previous case, a crystallographic analysis to the fouling created has been 

done for the spring deposition on a heated plate with atomizer. 

In this case, the solution used for the fouling creation had the same composition as the solution 

for the electrochemical reaction but the potential products are different since no electrochemical 

reactions are expected and the concentration of the sodium chloride will be over saturation due 

to the evaporation of the water. 

The plates subjected to this method present an even distribution of fouling. Figure 3.19 shows 

the comparison of two plates with and without Calcite fouling created on one of the surface. 
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Figure 3.19. Sample plates before and after the heating deposition with an atomizer method. 

 

Like in the electrochemical reaction the first test applied was EDX. It can be seen in Figure 3.20 

that the plate has all the elements of calcium carbonate and also traces of chlorine, chrome and 

iron which may come from the solution and the steel plate. 

 

Figure 3.20. Energy-dispersive X-ray spectroscopy (EDX) of one-point location of the inner wall of a fouled 
plate by heating deposition with atomizer method. 

 

Again for a crystallographic analysis an XRD measurement was performed on a sample plate to 

find out the calcium carbonate polymorph that was created. Once again in this case it can be seen 

that Calcite is the predominant allotropic form of calcium carbonate in the sample, Figure 3.21. 

Plate coated with Calcite Plate without Calcite 



43 
 

 

Figure 3.21. X-Ray Diffraction (XRD) of a sample scratched form fouled plate and the comparison with a 
pure Calcite diffraction angles in purple. 

 

Figure 3.22. Scanning Electron Microscope (SEM) image of one-point location of the inner wall of a fouled 
plate. 

 

Finally, SEM was performed on the plate. Figure 3.22 presents the cubic formation of Calcite 

crystals on the plate. 

3.4.5 Adhesion quality analyses on sample plates 

The importance of the type of fouling attached to a pipe has been explained for further 

experimentation and also why the generation of Calcite means the generation of a appropriated 
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fouling that can be found in a number of different industrial processes and domestic pipelines. 

But the reactions can occur within the solution and not in the samples.  

The preliminary observation of the samples presented a well adhered fouling that could not be 

removed easily from the substrates and a sharp metallic object was needed to remove a small 

amount. But a standardised measurement has been applied in order to quantify the adhesion, 

referred to the values given by the standards, of the fouling created on the samples. For that to 

methods where used: “Adhesion by tape” and “Pull-off adhesion” tests. 

Adhesion by tape test 

The adhesion by tape test, which has the ASTM standards designation: D 3359-97, evaluates the 

adhesion of a coating on a metallic surface in a qualitative manner. This is done by scratching the 

coated surface generating a squared division of the coating, and then pasting a standardised tape 

one-inch (25-mm) wide, semi-transparent, pressure-sensitive, and taped for 60 seconds to ensure 

good adhesion. Finally, the tape is removed and the coating remaining on the substrate is analysed. 

The fouling created on a sample plate has been analysed. Results evidence a coating with an 

adhesion factor of 5 over 5 in the adhesion by adhesion by tape test. This means that around 0% 

of the coating had been removed during the test meaning that it is high quality coating. 

Pull-off adhesion test 

This test falls under the standard EN ISO 4624:2002, and evaluates the adhesion of a coating to 

a substrate in a quantitative manner. This is done by applying an adhesive to a dolly and attaching 

it to the coating. Then the dolly is pulled off while the force applied is measured. This is done 

with a pull-off adhesion tester that can measure the force under which the coating has been 

removed from the substrate. By knowing the contact surface and the force needed, the stress 

needed can be calculated. 

The dolly used for this experimentation was a 20mm diameter grit blasting and the adhesive 

Loctite super glue. 

The result of the test was 4.30 MPa what evidences that very high stresses have to be applied for 

the fouling to be removed. 

3.5 Summary 

This chapter describes why Calcite has been selected as the fouling to be grown for later removal 

with the use of ultrasound. 
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Two different methods to generate Calcite fouling in sample pipes and plates were presented: 

electrochemical reaction and spray deposition on heated plates. All the methods produce an even 

distribution of fouling in the samples for further analysis. 

In order to validate the fouling created through the different methods, several tests have been 

conducted on the samples: crystallographic and composition analyses (Scanning Electron 

microscope, X-Ray Diffraction, and Energy-dispersive X-ray spectroscopy). 

Furthermore, the adhesion of the Calcite coating to the samples has been tested by both qualitative 

(adhesion by tape test) and quantitative (pull-off adhesion test) means to measure the quality of 

the adhesion.  

All the analyses lead to the conclusion that the fouling created is of high quality and very well 

adhered to the samples, hence it is considered representative of the actual fouling found in the 

industry. 
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4 Theoretical background of acoustic cavitation 

A fouling creation method to generate real industrial fouling on pipes that will be used as samples 

was presented in Chapter 3. Previously in Chapter 2, the use of Acoustic Cavitation was proposed 

as a method for the removal of fouling, based on a literature review of current cleaning methods. 

In the present chapter the theoretical background to understand the cavitation phenomena is 

given. Cavitation prediction graphs are presented, and prediction plots that provide information 

on the displacement needed for generation of two types of cavitation are produced. 

4.1 Introduction 

Cavitation can be defined as the sudden formation and bursting of bubbles in a liquid due to a 

rapid decrease of pressure. It has been calculated that this bubble’s collapse can produce liquid 

jets and shock waves with pressures above 8 GPa [139] and temperatures of at least 5000 K [140].  

This phenomenon was first described by Osborne Reynolds in a publication dated 1894 [141] by 

the observation of erosion in British torpedo boats. Moreover, cavitation is a typical cause of 

failure in different industrial devices such as propellers, pumps, engines and control valves. Since 

cavitation is considered as an important problem in industry, different mechanisms are being used 

or under development for its prevention or mitigation of its unwanted effects [142]. In contrast, 

cavitation has a number of advantageous industrial applications and is used in different 

engineering sectors such as chemical synthesis, water and effluent treatment, biotechnology, sono-

crystallisation, atomization, cleaning, and sono-chemistry.   

Undoubtedly, these industrial applications use cavitation under control producing it with different 

methods such as acoustic cavitation, optic cavitation, acoustic sparkers or pulsers, and particle 

cavitation. Each of them has its advantages and disadvantages. For example optic cavitation can 

be formed in free liquids without any disturbing parts, where the exact location of the bubble and 

the instant of generation can be known [143],  but it can only be produced in a single point, as it 

also happens in particle cavitation and sparkers [93], [144]. In this thesis acoustic excitation is 

selected essentially because it can be generated in larger areas such as a pipelines and it is 

considered as the most important source of cavitation for practical proposes [145]. Moreover, 

acoustic cavitation can be applied from the outer wall of a pipe without interacting with the inner 

process of the pipe. In this case, the acoustic energy is guided by the pipe wall and it is transferred 

to the liquid right next to the inner wall of the pipeline, generating the decrease of pressure for 

the cavitation formation and subsequent fouling removal.  
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At this point, an explanation of the acoustic cavitation phenomenon and the theory necessary to 

explain the results obtained in the experimentation is given. In addition, the mathematical 

equations required to calculate the acoustic pressure generated in the liquid by a vibrating wall are 

presented, which are based on Newton’s second law of motion. 

Finally, an example of the cavitation prediction plot generated based on the conditions applied in 

the investigation is given, as well as the minimum displacement required to generate cavitation in 

all the areas. 

4.2 Acoustic cavitation 

According to the given definition of cavitation, if the sudden decrease of pressure is produced by 

an acoustic wave traveling through a liquid it is called acoustic cavitation, and it is referred both 

to the creation of new cavities and to the expansion of pre-existing ones. These minuscule bubbles 

can be trapped in the liquid, attached to particles immersed in the fluid or confined in microscopic 

fissures in the liquid-solid boundary surface [146]. 

The acoustic cavitation phenomena can be really complicated to understand since both the 

pressure and velocity field in a two phase gas-liquid medium has to be determined along with the 

motion of a bubble wall, under the effect of an oscillating pressure [147]. Also it is important to 

consider that the most general case is where a cavity is not spherical but has an arbitrary shape. 

Therefore, the common practice, as found in the literature, is based on the description of the 

motion of a single cavity considering it spherical and symmetric.  

In fluid and bubble dynamics the most common equation to describe the motion of a single 

bubble is called the “Rayleigh–Plesset” equation (4.4). This describes the dynamics of a single 

spherical bubble immersed in an infinite liquid. In the case of multiple bubble systems like that 

generated by an acoustic field, some collateral effects are ignored and the most general practice is 

to ignore their effects. In essence, the energy balance necessary to reach this equation is obtained 

as follow; 

Kinetic energy
 of the influenced

 mass
−

Energy dissipated
 due to the 
viscosity 

=
Work of the 

internal 
pressure

−
Work of the 

external 
pressure 

−
Work 

of the surface 
tension

 

Here the kinetic energy of the mass of fluid influenced by a sphere of radius R immersed in a 

liquid is given by equation (4.1) [148]; 

( ) , where ≡  ,     (4.1) 

and  is the effective mass of the sphere; 

= 3 4
3 ,        (4.2) 
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Where ρ is the density of the liquid. Then the balance yields; 

− − 4  = − − 4 ,  (4.3) 

Where µ is the liquid viscosity and  is the initial bubble radius. If this energy balance is 

differentiated with respects to R and divided by 4 , it results in; 

+ ( ) + + + = 0.    (4.4) 

In equation (4.4) the two first terms refer to the inertia of the cavity, the third is referred to the 

viscosity, the fourth to the surface tension, and the remaining one is related with the pressure 

both inside and outside the bubble. Here the internal pressure  is split into a condensable part 

 of the vapour and a non-condensable part  of the gas dissolved in the liquid; = + . 

Also, the term for the external pressure  can be decomposed into the atmospheric pressure   

and a time varying part or acoustic pressure . For a continuous ultrasonic sinusoidal excitation 

with single frequency, this can be written as; 

= − sin .         (4.5) 

Where  is the acoustic pressure amplitude, and assuming negative half-cycle happens at first 

place of a bubble growth. 

4.3 Cavitation prediction 

It is known that there are two types of acoustic cavitation: (i) stable cavitation and (ii) transient 

cavitation [140], [149]. i) Stable cavitation happens when a cavity oscillates under a variable 

pressure for a number of cycles. This can be dissolved back in the liquid, merged with other 

cavities producing a large one, or collapse. ii) Transient cavitation is when a bubble bursts, often 

violently, within a single cycle or small number of cycles. In this case the bubbles collapsing can 

produce nuclear reactions and light emissions. These two types of cavitation are also known as 

inertial and non-inertial cavitation respectively, and will have different types of effects in a 

solution, having therefore different applications in industry. For example transient cavitation is 

desirable in industrial applications of macro-sound such as emulsification or sono-chemistry, 

while stable cavitation is used for degassing or ultrasonic cleaning [147], [150]. 

In the current work, a new application of cavitation for cleaning pipelines is presented where 

controlling the type of cavitation plays a primary role. 

To know which type of cavitation is going to be produced based on the acoustic pressure, Apfel 

et al 1981 [151] proposed a plotting method, unifying in one graph the different thresholds that 
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the cavitation phenomenon has depending on the ultrasonic pressure. All the equations required 

to plot the three different thresholds and the inertial control radius are explained as follows.  

4.3.1 Rectified diffusion threshold 

The mechanism related with the minimum pressure to have a bubble growth in liquids is the mass 

transfer through the bubble wall; this is called “rectified diffusion” [152]–[155]. Safar M.H. (1969) 

[153] introduced the effects of heat conduction in the motion of a bubble described by the 

equation (4.6) for a bubble of radius  (referred to as rectified diffusion) in a liquid of surface 

tension σ and with a gas filling the bubbles with a ratio of specific heats . Then, the minimum 

pressure PD for an acoustic pressure frequency  is given by; 

=
( ) ( )

( )
, where = ,    (4.6) 

 is the saturation of gases in the liquid and  is the resonant frequency of a bubble of radius  

that can be calculated by [156]; 

= 1 + 1 − .     (4.7) 

Equation (4.6) is one of the equations used to create the cavitation prediction plots. This is 

represented by the curve  in Figure 4.1, for the values found in the literature [151], and in 

Figure 4.3, as an example of the typical conditions applied in the experimentations presented in 

this work (Sections 5.4.3 and 7.4). 

4.3.2 Blake threshold 

The next threshold is known as the “Blake threshold” [157]. The growth in this case is by mechanical 

means (with little gas transport) due to the inertia of the liquid surrounding the bubble, known as 

“liquid felt”. Blake proposed an equation that predicts the minimum acoustical pressure  for a 

bubble of radius  under an atmospheric pressure  in a liquid of surface tension . This is 

written as follow; 

= 1 +
( )

, where = .   (4.8) 

Equation (4.8) is used also to create the cavitation prediction plots, Figure 4.1 and Figure 4.3, and 

is represented by the curve . 



50 
 

4.3.3 Transient cavitation threshold 

Thirdly, the threshold from which a bubble will collapse in a short number of cycles is called the 

“transient threshold”. Consequently, transient cavitation is generated.  This threshold is of vital 

importance since the highest pressures and temperatures are generated when transient cavitation 

occurs. It is also known that the pressures are that high that can generate atomic reactions with 

light emissions [158]–[160]. For this, the “Rayleigh–Plesset” equation (4.4) was derived by Apfel in 

1981 when a bubble reaches a size approximately twice the original size in a few cycles [148], [151] 

to produce equation (4.9) for this threshold.  

In this case the calculations done refer to the radius of a bubble , which is the minimum radius 

that a bubble needs to become transient giving an acoustical pressure of  under an acoustic 

pressure field with a frequency  on a liquid of surface tension  and density . The equation is 

written as follows [151]; 

=
.

1 + − 1 ;  ≤ 11  (4.9) 

=
.

− 1 ;  ≳ 11  (4.10) 

Where; 

≡ . 

It is important to bear in mind that this equation is only valid for incompressible liquids and 

assumes that it breaks down in the final stages of the cavity collapse in case of the interfacial 

velocity approaching the speed of sound in the liquid. Another assumption is that there are no 

large thermal effects (large viscous or latent heat effects), no mass transport (the gas content 

remains essentially constant), and constant inertial pressure in the whole cavity at any instant in 

time, which can be considered a good approximation if the wavelength of sound in the gas is 

noticeably larger than that of the bubble diameter. When any of these assumptions are not met, 

more complex theory must be applied [148]. 

4.3.4 Inertial control radius 

Finally Apfel in 1981 [148], [151] also included the definition of a minimum radius of a bubble  

from which bubble growth is driven by inertial control under an acoustic pressure field of 

amplitude  and frequency . The equation (4.11) yields [148]; 

= ( − 1) ;  ≡ .  (4.11) 
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Equation (4.11) is the last equation necessary to create the cavitation predictions plots (see Section 

4.4). With the previous equations: (4.6), (4.8), (4.9) or (4.10) (depending on the value of  (Section 

4.3.3)) and equation (4.11), the cavitation plots can be generated. For that the curve described by 

equation (4.11) is represented by  in Figure 4.1 and Figure 4.3.  

4.4 Cavitation prediction plots 

If all the equations explained above are plotted in the same graph it is possible to define the 

different zones where the different types of cavitation are more likely to occur.   

Then computing all the equations from (4.6) to (4.11) it is possible to obtain the cavitation 

prediction plots, shown in Figure 4.1. This describes the types of cavitation expected at different 

acoustic operated pressures for a specific liquid and felling-bubble gas3. Three different potential 

cavitation regions can be seen for the three thresholds described above.  

 

Figure 4.1. Represents the cavitation prediction plot for an acoustic field of 10 kHz with a water with a 
saturation value C=1. Picture taken from [151]. Equation (4.6) is represented by , equation (4.8) is 

represented by , equation (4.9) is represented by , and equation (4.11) is represented by . The three 
regions A, B and C are highlighted with an orange square. 

 

                                                      
3 Felling-bubble gas is the existing gas solved in the liquid that fells or can fell the bubbles generated by 
the acoustic pressure oscillation. 
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The interpretations of the three regions found in Figure 4.1 are explained below as follows:  

Region A: The growth of the bubble is only due to rectified diffusion. When the bubble reaches 

a size it will go into a more violent oscillation and may split into micro-cavities. It is not expected 

to produce erosions in hard materials such as Calcite in this region due to the cushioning effect 

of the entrapped gas even though this type of cavitation is used for degassing and for classic 

ultrasonic cleaning. This is because of the shock wave generated by the microbubble oscillation 

under the variable acoustic field, Figure 4.1. 

Region B: In this case the growth is due either or both to the rectified diffusion and/or mechanical 

means, and the initial bubble will not be transient. If the bubble reaches the resonant radius, it can 

shatter into micro-bubbles and if those bubbles are smaller than the original one, they can fall in 

Region C and become transient. It is important to note that curves  and  are not valid for 

< 2. This type of cavitation has the same properties as Region A, but if the bubble becomes 

unstable and goes to a catastrophic collapse it can lead to fragmentation into smaller bubbles and 

fall into Region C, Figure 4.1. 

Region C: This is the transient region where cavities will rapidly collapse producing extremely high 

pressures and heat. In this location it is expected to damage any solid by the jets generated during 

the implosion, Figure 4.1. 

It has been proven in this work that the transient cavitation, region C, is the type of cavitation 

capable to remove hard scale fouling from the inner wall of a pipe (see Section 7.4). 

4.5 Acoustic pressure generated by an oscillating wall 

The acoustic pressure can be measured in different ways. Here, since the proposed method 

depends on wave propagation through the pipe wall, the investigation is carried out based on the 

displacement produced in the inner wall of the pipeline. This displacement then needs to be 

converted into pressure to be analysed with the graphical method proposed in Section 4.3 since 

the graph plots the ratio of acoustic pressure and atmospheric pressure vs the ratio of bubble 

radius and resonant radius of a bubble at the frequency of the excitation. The transformation from 

displacement to acoustic pressure can be explained based on Newton’s Second Law as follows: 
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Figure 4.2. Illustration of a vibrating wall in contact with a fluid generating an acoustic wave in the fluid. 

Consider a vibrating piston at the end of a long tube with a cross-sectional area , as shown in 

Figure 4.2. Originally, the piston remains in a static equilibrium. Now consider applying a force  

to the piston. This will make the piston move to the other end generating a compression force 

whose wave front will move a distance  during a short interval of time . Since the wave front 

travels at the speed of sound in the fluid it satisfies = . The particles themselves, however, 

move at different speed  driven by the piston. By considering that the distance from the 

piston to the wave front is differentially small, it can be assumed that the particles in the volume 

affected by the piston have the same speed. Here the total mass of fluid moving to the right is 

=  where  is the density of the fluid at = 0, and therefore has a linear moment of; 

= ,            (4.12) 

By applying Newton’s Second Law then, 

≡ = = .     (4.13) 

Now considering the piston governed by simple harmonic motion with an angular frequency , 

the velocity of the particles can be found by, 

= − ω (ω ),    (4.14) 

And 

= ω,                (4.15) 

 

Where  is the amplitude of the wall vibration. Then the pressure amplitude generated by an 

oscillating wall yields, 

=  
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= ω,    (4.16) 

For an excitation with a constant frequency , 

= 2  .   (4.17) 

4.6 Cavitation prediction plots for further investigation 

After describing how to generate the cavitation prediction plots it is necessary to determine the 

frame for the investigation. Later on in Chapter 7, acoustic cleaning of pipelines with ultrasound 

is performed using tap water and HPT at resonant frequencies of 30 kHz. Therefore, for 

transducer design (see Chapter 5) it is necessary to establish the displacement needed to generate 

the different types of cavitation, stable or transient.   

As an example a cavitation prediction plot for tap water with a frequency of excitation of 30 kHz 

is presented in Figure 4.3. The three locations explained in Section 4.4 determine which type of 

cavitation is expected to be generated. To generate this plot, two vectors both for the bubble 

radius and the acoustic pressure are generated and substituted along with the values presented in 

Table 4-4-1 in the equations from (4.6) to (4.11) to produce the curves: , ,  and .  

can be calculated with equation (4.7) by substituting  by the frequency of excitation, 30 kHz for 

Table 4-4-1, and considering = .  

Table 4-4-1. Values used in the equations from (4.6) to (4.11) for the calculation of the curves: , ,  and 
 cavitation prediction plots. 

Magnitude Symbol Value Units 

Surface tension of water at 20 °C    7. 20 − 02 /  

Ratio of specifics heats of air at 20 C    1.401 − 

Density of water at 20 °C 
   997 /  

Atmospheric pressure at room conditions /    101,325  

Saturation on air gases  1 − 

Frequency of excitation  30.00  

Resonant radius  82.28  
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Figure 4.3. Cavitation prediction plots for tap water with a gas saturation of 1 for 30 kHz ultrasonic 
excitation that corresponds with the typical condition applied in further investigations preformed in this 

work. 

It can be seen from Figure 4.3 that the minimum non-dimensional pressure ⁄  to generate 

transient cavitation is a ratio of 1.9. Therefore, the minimum displacement at that pressure and 

frequency can be obtained by using equation (4.17) as follows; 

For, 

=1.9, 

Then for an atmospheric pressure of 101, 325 , 

= 1.9 × 101,325 = 192,517.5 . 

Substituting in (4.17) for a water density at 295   of = 997 /  and considering the 

speed of sound in water at the same temperature =  1482 ⁄  then 

= = 5.18 × 10 = 0.518 . 

This is the amplitude value of the displacement that needs to be reached in order to generate 

transient cavitation.  
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4.7 Summary 

This chapter has defined the cavitation phenomenon and its properties related to the capabilities 

of cleaning different types of scales. Two types of acoustic cavitation, stable and transient, have 

also been explained, commenting on the effects that each of them can produce on fluids and 

solids.  

In parallel, the explanation of the governing equation of a spherical bubble has been given, starting 

from the energy balance. In addition, this equation has been written in a non-dimensional form.  

After considering the basics of cavitation, the chapter explains a method to predict the types of 

cavitation that can occur depending on the acoustical pressure, the frequency of excitation and 

the density of the liquid. The method contains the equations for the different cavitation thresholds 

unifying them in one plot.  

A method to calculate the acoustic pressure generated by an oscillating wall depending on the 

displacement of the wall has then been presented.  

Finally, an example with a cavitation prediction plot is given for a generic ultrasonic excitation. 

From this plot has been obtained the minimum displacement of the oscillating inner wall of the 

pipe that is needed for the different types of cavitation. This will be used in the following chapters 

for the transducers selection and for the experimentation.  
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5 High Power Transducers (HPT) for the removal of 

fouling in pipelines 

This chapter contains the analysis and comparison of a HPT modified for pipeline cleaning and 

the same HPT transducer without modification. This is done by analysing three characteristics; 

resonance frequency, modes of vibration and maximum displacement.  

5.1 Introduction 

Using the cavitation prediction multi-plot presented in the previous chapter (Section 4.5) and 

equation (4.20), it was possible to set the minimum displacement necessary to produce the 

transient cavitation for a driven frequency of 30 kHz that will result in the removal of fouling. 

Such displacement must be therefore achieved by the selected transducers. 

Acoustic cavitation in ultrasonic cleaning baths (or classic ultrasonic cleaning) is produced by the 

vibration generated by Langevin bolt-clamped HPT [161]–[163]. These transducers are also used 

and under development in different industrial sectors worldwide for other applications such as 

welding, stimulation of chemical activity, or sono-chemical destruction on living cells, 

crystallization and freezing, emulsification, cleaning, filtration and drying, and chemical reaction 

activation [164], [165], [163]. 

The literature describes different modifications of the HPT. For example transducers for wire 

bonding [166] present HPT with large resonators, or high power composite transducers to be 

used in several power ultrasonic applications [167]. The radiator, or front mass, shape 

modifications are another adjustment to the conventional HPT. For example, the use of plates 

with square or circular shape as radiator to improve the performance of ultrasound in deforming, 

drying, supercritical fluid extraction (SEF), and other processes [163]. Similar to the present study 

are transducers with a cylindrical radiator to generate an even distribution of the acoustic field 

inside a radiator tube [168]. A large capacity ultrasonic device for complex vibration, which is a 

combination of six Langevin transducers bolt-clamped to a vibrating disc, has been developed to 

produce stepped complex transverse vibration in a rod [169]. Also transducers with different 

loading mass in both ends that can satisfy multiple resonant frequencies increasing the high power 

transmitting capability [170] are an existing modification to classic HPT transducers designs. 

For the present work it is important to consider that currently HPTs have a flat contact surface 

to be attached to plane containers. Here, a redesign of HPTs with a concave contact surface is 

necessary so that they can be attached to pipes. The solution is proposed in Figure 5.3. This is a 
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modification of the existing Langevin HPT with a concave cut in the resonator to generate a 

curved contact surface and improve the attachment and the transduction of acoustic energy. This 

geometrical adjustment affects key parameters of the transducers such as modes of vibration, 

resonant frequencies, impedance values, and maximum displacement. These variations are 

analysed experimentally below. 

5.2 Current HPT design 

HPTs are designed to produce the largest possible displacements in the contact surface, Figure 

5.1. These are assembled by bolting the front mass and the back mass on both ends of stacked 

piezoelectric ceramics, and gluing them with an epoxy-resin to improve the excitation. They can 

be  made of different materials such as steel, aluminium, bronze, or titanium alloy and others to 

confer the transducers different properties both mechanical and chemical [171]. 

The most common configuration of HPT is a front mass, piezoelectric ceramics, back mass and 

a bolt, Figure 5.1. A piezoelectric ceramic element is excited with an AC current with the desired 

frequency to induce the ceramic to vibrate. This produces a linear interaction between the 

electrical and the mechanical state of the material. The waves generated are propagated through 

the front mass and transferred by the contact surface to the object that is to be excited.  

In order to generate the largest possible displacement, these transducers are designed and excited 

at their resonant frequency = 2⁄ . For this, the front mass , and the back mass  must 

have a proportion given by equation (5.1)[172]: 

= ( ) ,                        (5.1) 

Where  is the effective stiffness of the transducer’s material and can be calculates as follows: 

= ,                   (5.2) 

where  is the cross-sectional area of the transducer in the plane in contact with the piezoelectric 

ceramics,  is the Young’s modulus of the two mases, and  is the length of the transducer. 
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Figure 5.1. High Power Langevin transducer typical configuration. 

Although the HPTs are designed to have one optimal frequency, these can resonate at more than 

one. This fact can be seen by the contact surface vibration analysis with the 1D scanning 

Vibrometer laser. This evidences different modes of vibration depending on the frequency of 

excitation. Figure 5.2 shows the 1D-Vibrometer analysis of one HPT contact surface, which is 

the surface of the transducers that is to be attached to the object to induce the vibration. It can 

be seen that the resonant frequencies a), b), and c) have a rhythmic distribution of vibration. At 

the resonant frequency a) the entire surface vibrates with a coherent displacement producing a 

strong piston like vibration. This leads to a better transduction of energy. Secondly, at b) and c) 

all the points on the surface do not vibrate in a coherent way. These different modes of vibration 

could be used for different applications. Any other random frequencies such as d), or e) present 

a pell-mell distribution of vibration and should not be considered as high power ultrasound 

excitation due to the low displacements produced in the contact surface. The number of resonant 

frequencies and the complexity of the modes of vibration are even more complex when the 

transducers have a contact surface modification (see Sections 5.4.1 and 5.4.2).     
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Figure 5.2. 1D4 Vibrometry analysis of the contact surface of a HPT. a) Shows the vibration at the main 
resonant frequency in which the entire contact surface is vibrating at the same phase. b) and c) illustrate 

resonant frequencies with different phase distribution that could be considered to be used depending on the 
application, d) and e) present the random vibration of the surface at those frequencies. 

As evidenced in Figure 5.2, these other frequencies have a mode of vibration that could be not 

optimal for the high power ultrasonic excitation for the absence of a rhythmic vibration. 

Depending on the transducer design any other frequency different to the key resonant frequency 

can produce smaller displacements, may need higher voltages to be excited, and can have lower 

efficiency. Currently each commercially available transducer is sold with a specific frequency 

which delivers the largest power and displacement but in this thesis the analysis of other resonance 

frequencies is done to study the capabilities of HPT at those frequencies. The measurements of 

the actual displacement of the contact surface for HPT before and after modification are 

presented here.  

5.2.1 Transducers Selection 

As commented above, HPTs are devices that are operated at their key resonant frequency. At this 

frequency the HPT is supposed to produce larger displacements and generate the highest output 

powers.  At any other resonant frequency the displacements and the total power output is 

supposed to be much lower.  

Since there are no broadband high power transducers, some transducers with a narrowed, 

determined broadband have been selected for this investigation. Here four HPTs have been 

selected. These are HPTs used for classic ultrasonic cleaning with frequencies of 28, 40, 100 and 

120 kHz. Table 5-1 shows the four pairs of transducers selected and their key specifications. 

 

                                                      
4 It is considered 1D vibration in the case presented at Figure 5.2, because the measurements were done 
with one laser beam and therefore only one direction of vibration can be measured and presented. 

Wanted Frequencies 
Unwanted Frequencies 

a)  b)  c)  

d)  e 
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Table 5-1. Transducers selection for the feasibility study of use of ultrasonic waves for the removal of fouling 
from pipelines. The transducers were manufactured by HESENTEC in China. Highlighted with 

grey the transducers presented in this chapter. 

Transducer 

Group 
Material Power Nomenclature 

Resonance 

Frequency 

T21-T23 Stainless Steel 50W 
T21 

T23 
40kHz 

T31-T36 Stainless Steel 60W 
T31 

T33 
100kHz 

T41-T43 Stainless Steel 60W 
T41 

T43 
28kHz 

T51-T53 Stainless Steel 80W 
T51 

T53 
120kHz 

 

Table 5-1 presents the transducers selected for the investigation. The nomenclature applied is 

arbitrary.  The naming system consists of the letter T to indicate the object is a transducer. Then 

the first number assigned refers to a group of transducers which are identical. For instance, T2 is 

a stainless steel transducer which operates using 50W at 40 kHz in comparison to T3 which is a 

stainless steel transducer which operates at 100 kHz using 60W. An increase on the first digit 

indicates an increase in the power consumption of the transducer. The second number used for 

naming the transducer is indicative of the unique identifier from the batch that has been 

manufactured.  For example, T21, T22 and T23 are identical transducers which indicate a quantity 

of 3 has been purchased.   

5.2.2 Transducers Modification 

Existing commercial transducers have a flat contact surface, Figure 5.1, hence a line contact would 

be the only interaction between a commercial transducer and the pipe after being attached 

together. This will result in a low energy transmission, Figure 5.3. Therefore, a modification of 

the existing transducers is proposed here in order to increase the contact surface and hence the 

transduction of energy. 

The modification of the transducer is done to match the fouled pipes generated in Chapter 3 that 

will be used for the fouling removal investigation (Chapter 7). The specifications of the pipes can 

be found in Chapter 3.  
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Figure 5.3. Schematic illustration of the contact surface of a flat and concave transducer. 

This modification of the existing HPT facilitates the attachment to the pipes and also increases 

the amount of energy transfer to the pipe by increasing the contact surface. Figure 5.3 evidences 

the difference in the contact surface of a plane and a concave transducer. Figure 5.3 above shows 

the drawings of a classic HPT transducer modified to have a concave surface. Figure 5.4 shows 

one of the selected transducers after machining. It is important so see that the contact surface 

(Figure 5.4) has a threaded hole which is the most common method for HPT attachment to flat 

surfaces [173]. The attachment methods and the couplants used in this thesis are explained in 

Section (5.2.3), and Figure 5.5 presents the detailed dimensions after cutting. 

  
Figure 5.4. Transducers under analysis, a) T43 transducer with concave surface, b) contact surface of T43. 
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Figure 5.5. Detailed dimensions of transducer T43 machined to fit on pipe of external radius of 25.54mm. 

Machining method  

The technique used for cutting the transducers is Electrical Discharge Machining (EDM). 

Although mechanism of material erosion in EDM is still arguable, it is accepted that the principle 

is the conversion of electrical energy into thermal energy through a series of separated electrical 

discharges taking place between the electrode and the work piece immersed in a dielectric fluid 

[174]. This increment of the temperature can gradually remove matter from the surface. 

5.2.3 Attachment method and couplants 

In classic ultrasonic cleaning the most common method used for the attachment is by bolt welded 

on the plate to be excited and on it the HPT is both bolt clamped and glued to the surface to 

improve the acoustic energy transduction. That is why HPT have a thread hole (Figure 5.4.). The 

most common glue is a dual component Epoxy resin.   

In this thesis the attachment method is different. Here the transducers are attached to the pipes 

using a ratchet strap or the collar designed (APENDIX A) during the project UltraCleanPipe (see 

Section 1.1). To improve the acoustic energy transduced to the pipe two types of couplants are 

used in all cases: 

 Ultrasonic couplant gel “Sonotech Soundsafe” 

 Low acoustic attenuation couplant silicone.  
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5.3 Transducer Analysis Techniques 

The modification applied to the HPTs is expected to change their properties. Two different 

techniques are proposed for the characterisation of the modified transducers: Electrical 

Impedance Analysis and Vibration Analysis. 

5.3.1 Electrical Impedance Analysis 

In order to calculate the resonant frequencies of the transducers before and after machining an 

impedance analysis is performed for each transducer.  

Electrical impedance is the measurement of the opposition that a circuit presents to the passage 

of a current when a voltage is applied. Similarly, mechanical impedance is a measure of how much 

a structure resists motion when subjected to a harmonic force.  

Subsequently, if a transducer is a device that can convert electrical energy to mechanical energy 

and vice versa, an electrical impedance analysis can give also the mechanical impedance of a 

mechanical structure with a transducer attached. The minima in impedance will occur when the 

energy travels more easily in the mechanical system under study, and that happens at the natural 

or resonant frequencies. 

Therefore, impedance analysis can be used as one of the methods to find the resonant frequencies 

of an HPT. At these resonant frequencies the displacement will be much higher than at other 

frequencies and so will be the power output. These frequencies are the ones that should be excited 

following the explanation given in 5.2. 

Piezoelectric transducers have complex input impedance and this impedance affects their driving 

response, bandwidth, sensitivity and power output. It is therefore convenient to approximate the 

ultrasonic transducer by an electrical model. Figure 5.6 presents the representative circuit of a 

transducer [175]. 

 

Figure 5.6. Representative circuit of a HPT. 

All transducers behave as a circuit and, depending on the frequency applied, the reactance and 

inductance change in value. Both the capacitance and the inductance determinate the imaginary 

factor of the impedance and consequently the mechanical power output. 

 =   +  ,                                            (5.1) 

C0 Electrical 
capacitance of 
the 
transducer. 

Lm, Cm, Rm Mechanical 
description of 
the system. 

Rm                          Lm                    Cm 

         C0 
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Where  is the impedance,  is the resistivity, or the real part, and  is the reactance, or the 

imaginary part.  

Impedance analysis provides information on the minimum impedance which occurs when the 

phase between the voltage and the current change from -90 to 90 degrees. In this condition the 

nature of the circuit changes from inductive to capacitive, therefore the imaginary part undergoes 

an important change from negative to positive and it is cero at the resonant frequency [175]. The 

real part of the impedance, the resistance, is close to cero at the first minimum [176], thus 

converting most of the electrical energy to mechanical energy and giving the transducer the biggest 

power output. 

Impedance analysis set-up 

The following equipment was used for the experiments: 

 Impedance analyser: Agilent 429A Precision Impedance Analyser. 

 High power piezoelectric transducers, T41 and T43. 

 BNC Cables. 

 Laptop. 

 

Figure 5.7. Impedance analysis setup for one single transducer. 

Electrical Impedance analysis procedure 
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The piezoelectric transducers were connected to an impedance analyser. This impedance analyser 

generated a frequency sweep between 1 and 100 kHz with a constant voltage. It measured the 

impedance, transmittance and phase of the circuit at each frequency, the results for which are 

given in Section 5.4.1. 

For each experiment an auto calibration of the circuit used for the measurement was performed 

to compensate the electrical impedance of the cables. 

5.3.2 3D Scanning Vibrometer Analysis 

Another technique to calculate the resonant frequencies of a HPT is the vibratory analysis 

performed with the 3D Scanning Vibrometer laser 3DSV (Polytec, PSV-500-3D-V Scanning 

Vibrometer VHF, Appendix B). It measures the variation of the velocity of a number of points 

on the surface under analysis. With three laser beams projected on the sample it can measure the 

changes produced in the frequency of the light beams reflected back to the vibrometer heads due 

to the Doppler Effect. Then, processing the signal acquired by each head it can give the velocity 

of each point under analysis (x, y and z).  The vibrometer can also calculate by interpolation of 

the actual movement of the surface and plot the results in a 3D video or image at any moment in 

time. It has an accuracy of 2nm and the laser beams have a frequency of 4x1014Hz. This accuracy 

represents an error of less than the 0.04% of the displacement calculated in Chapter 4 for the 

transient cavitation threshold and thus, the accuracy of the 3DSV is well above that required.  

Other data such as the FFT (Fast Fourier Transform) of each point or the average FFT of the 

surface can be produced, having as amplitude the displacement and the acceleration, in addition 

to the velocity. In this thesis the FFT plots with the average of the entire surface and single point 

displacements will be used to analyse the vibration of the HPT before and after being machined. 

Later, in Chapter 7, it will be used to measure the displacement of the outside wall of the pipes 

subjected to the cleaning procedure.  

3D Scanning Vibrometer Setup 

The following equipment was used for the experimentation: 

 Laser Scanning Vibrometer 3DSV. 

 High power piezoelectric transducers. 

 BNC Cables. 

 Arbitrary signal generator. 

 E&I 1040L power amplifier. 
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Figure 5.8. 3D scanning vibrometer setup for the analysis of one HPT vibration. 

3D Scanning Vibrometer Procedure 

For the experimentation, the vibrometer heads are placed forming an equilateral triangle with the 

plane containing the triangle facing the samples. Then the object under analysis is placed  

99 mm + n204 mm (specified by the supplier) from the centre of equilateral triangle where n is 

a natural number (n=1, 2, 3…) Figure 5.9.  

 

For this experimentation an HPT is attached to a clamp with the contact surface facing the centre 

of the equilateral triangle. In this case at 1527 mm (equivalent to n =  7). Then, the 3DSV is 

calibrated to consider the contact surface of the HPT the x − y plane, with the normal vector to 

the surface k (unit vector of Z axis). The out-of-the-plane displacements produced by transducers 

will be along the "z" axis and the in-plane displacements of the transducer will be along the "x" 

and"y" axes. This is calibrated by a 2D and 3D alignment of the 3DSV.  

3D scanning vibrometer 
laser heads 

High power 
transducer 
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Figure 5.9. Schematic representation of the relative location of the three heads of the 3DSV and the contact 
surface of a HPT submitted to a Vibrometry analysis 

Finally, prior to the experimentation, the number of points in the scanning area are determined. 

The number of points generally depends on the wavelength of the wave excited in the sample but 

in the case of the contact surface of an HPT a different approach is needed. Figure 5.2 showed 

how an HPT can have a rhythm distribution of displacement and with the same phase in the entire 

scanning area. This would therefore need fewer points to characterise the actual vibration. 

Otherwise, it would be expected to have a larger wavelength distribution for lower frequencies 

but, as was presented in Figure 5.2, any frequency different to a resonant frequency can vibrate 

with a disordered distribution and with “infinite number of phases”. Therefore, high density point 

areas are applied to understand the mode of vibration of each frequency. In this experimentation 

a density of 20 points per square centimetre is applied.  

Once the 3DSV is ready, the HPT is connected with a BNC (Bayonet Neill–Concelman) cable to 

a power amplifier which applies 55dB of amplification to the signal. The signal is generated by the 

3DSV signal generator. Depending on the type of analysis different types of signals are generated. 

Here, three different types of signal are applied: 

a) A frequency sweep between 20 and 150 kHz to find the resonant frequencies. 

The aim of these experiments is to find the resonant frequencies and to analyse the mode 

of vibration at the most important ones. 

b) A sinusoidal wave at the resonant frequency with different voltage inputs. 

c) A square signal at the resonant frequency with the same voltage inputs.  

Once everything is arranged, the experiments start. An internal trigger of the 3DSV coordinates 

the generation of the signal to the HPT and the measurements of the motion of its surface. An 

average of 50 collections is done per point location. 
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5.4 Transducer Analysis Results 

In order to characterize the modified HPTs two types of analyses have been proposed (Impedance 

Analysis and Vibration Analysis) that will provide information on the resultant resonant 

frequencies, modes of vibration and displacement in the 3D directions. 

5.4.1 Resonant Frequencies 

To find the resonant frequencies of the HPTs, impedance analysis is the most common practice, 

here a vibrometer analysis is also applied for further investigation of the actual motion of the 

contact surface of the transducers.  

Impedance Analysis 

Based on the opposition of the current to flow in an electrical circuit an impedance analyser can 

find the resonant frequencies where the opposition is at its minimum. Figure 5.10 and Figure 5.11 

present the impedance analysis of the two original HPTs, before the machining method. It can be 

seen that the key resonant frequencies can be found at 38.2 kHz and 38.36 respectively. As 

commented in 5.2, more than one resonant frequency can be found in a single HPT observed at 

each minimum in the impedance analysis. Also, disordered behaviours can be found in any other 

random frequency. Therefore, five frequencies have been selected for the analysis. These 

frequencies are presented in Table 5-2. They are a representative selection of resonant and non-

resonant frequencies, being these a), c) and d) resonant, and b) and e) two random frequencies.   

Table 5-2. Representative frequencies selected for the analysis. 

 
Manufacturer 
specifications 

T41 Flat T43 Flat T43 Concave 

 Frequency 
(kHz) 

Impedance 
(Ω) 

Frequency 
(kHz) 

Impedance 
(Ω) 

Frequency 
(kHz) 

Impedance 
(Ω) 

Frequency 
(kHz) 

Impedance 
(Ω) 

1) 28 ±0.5 ≲20 28.45 19.99 28.61 59.05 33.00 54.19 

2) unspecified unspecified 39.66 934.10 39.83 896.80 40.15 1067.00 

3) unspecified unspecified 46.00 97.48 46.65 57.00 45.35 86.54 

4) unspecified unspecified 84.84 16.29 85.33 7.21 88.09 28.84 

5) unspecified unspecified 100,30 499.50 100.1 462.9 99.95 501.1 

  

Table 5-2 presents the values of the frequencies at resonance of T41 and T43 before and after the 

cut and the value provided by the supplier. The difference presented between the transducers of 

the same type is reasonably consistent. In case of T43 before and after the machining process, it 

can be seen a sweep to a higher frequency except for frequency 3). This can be due to the change 

of the mode of vibration (see Section 5.4.2).  
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Figure 5.10. Impedance analysis of T41 HPT. The frequencies under analysis are marked. 

 

Figure 5.11. Impedance analysis of T43 HPT prior to the machining method. 

After machining, as Figure 5.12 and Figure 5.13 present, the resonant frequencies of T43 are 

shifted to higher frequencies. Also, the impedance at resonant frequencies has changed to higher 
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values. This means that the dissipation of energy due to a change in the geometry has increased 

and therefore more voltage is needed for the excitation. 

Another result of the modification of the transducer geometry is the occurrence of new modes of 

vibration. In case of a HPT transducer with a concave surface a larger number of modes are 

generated since the contact surface has now larger number of degrees of freedom. Thus, T43 

concave presents at least 20 resonant frequencies in contrast with the T41 and T43 flat which 

have only 10 in the frequency range between 20 kHz and 150 kHz. Therefore, a vibration analysis 

is needed for a better understanding of each transducer characteristics.  

 

Figure 5.12. Impedance of T43 with a concave surface after being machined. 
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Figure 5.13. Impedance Analysis Comparison of T43 Transducer before and after being machined. 

3D Scanning Vibrometer Analysis 

Following the previous discussion, parameters such as the displacement and modes of vibration 

cannot be determined by the previous analysis. To obtain these parameters the first step is to use 

the 3DSV for FFT analysis. 

Since the following explanations consider the oscillations in the three-dimensional space 

directions, an illustration of the axes location with regards to the contact surface of the HPT under 

analysis is needed. Figure 5.14 presents the visualization of the displacement of the contact 

surface, the origin of the surface and the image of the contact surface of the HPT in the back and 

the 3D axes orientation. The orientation of the axes related to the vibrometer heads is presented 

in Figure 5.9. 
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Figure 5.14. Axis orientation, origin and contact surface of a HPT under the 3DSV analysis. 

 

Each frequency presented in Table 5-2 can now be analysed in terms of the displacement of the 

contact surface. Figure 5.15 presents the average displacement of each frequency for the three-

dimensional space directions. As it can be seen, the displacement has different values for each 

direction at each frequency. For example, for T41 the first resonant frequency, 1), presents the 

larger displacement in the “Z” direction normal to the contact surface, which is the displacement 

presented in Figure 5.14. This would generate a compressional wave in the “Z” direction. The 

second frequency under analysis, 2), has a very low displacement. 3), results in large displacements 

in “X” and “Y” direction and lower in “Z”. 4) has an even distribution of displacements and 

finally 5), as 2), has negligible displacement in comparison with the other three. The visualization 

of the contact surface at all the 5 frequencies is presented in 5.4.2.  

It is important to highlight that a) is the only resonant frequency that has predominant 

displacement in the “Z” direction in addition to be the one with the larger value for the 

displacement. It is expected to be the most suitable to produce acoustic cavitation, as explained 

in Chapter 4. 
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Figure 5.15. Displacement measurement per frequency of the transducer T41 with the vibrometer. 

It is interesting to compare the two frequency analyses by plotting both of them in the same graph. 

Figure 5.16, presents the impedance analysis and the FFT vibrometer analysis of T41. It can be 

seen that each minimum in the impedance analysis has a corresponding maximum in the 

vibrometer analysis. Moreover, it is important to realise that the values of the impedance have no 

relation with the actual displacement and therefore it is not possible to know, just with an 

impedance analysis, if a resonant mode would produce enough displacement for some 

applications. For example, one of the resonant frequencies under analysis, 4), has a sharp 

minimum in the impedance but it produces small displacements. 
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Figure 5.16. Comparison between the frequency analysis of the impedance analysis and the 3DSV for T41. 

 

For an HPT with a concave surface the axes were configured as presented in Figure 5.17. It is 

important to note that the origin now has a concave shape in the same way that the contact surface 

of the HPT does. In this case the “Z” axes would be in the radial direction of the pipe with the 

HPT attached. 

 

 

Figure 5.17. Axis orientation, origin and contact surface of a concave HPT under the 3DSV analysis. 

 

Then, performing an FFT analysis on a T43 concave, the results yield as follow.  
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Figure 5.18. Displacement measurement per frequency of the transducer T43 concave with the 3DSV. 

 

Figure 5.19. Frequency analysis comparison between the impedance and FFT vibrometer analysis for T43 
concave. 

In contrast with T41 flat, T43 concave presents higher displacements in the “Y” direction in the 
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30.00 kHz presents again larger displacements in the “Z” direction, Figure 5.18 and Figure 5.19. 

Frequency 2) presents low displacements in the three dimensional directions, frequency 3), in this 

case behaves with a larger displacement than frequency 1) but it is done in the “X” direction due 

to the mode of vibration generated (further analysis in Section 5.4.2). 4), has been divided in three 

different peaks with predominant displacement in the “Y” direction. Finally, 5), like 2), present 

low displacements in the three directions, as was expected since they are not resonant frequencies 

of the transducers. Therefore, these frequencies are not suitable for cleaning.   

5.4.2 Modes of Vibration 

These FFT analyses give the value of the average displacement of the contact surface of T41 and 

T43, but each point in the surface can have different displacements in the three axes depending 

on the wave mode produced at each frequency. Therefore, further analysis to know the 3D 

displacement is needed. 

For the mode analysis it is necessary to define a number of points on the contact surface to 

facilitate understanding of the displacement and its direction during the vibration. Figure 5.20 

presents the location of the points on the two transducers under analysis. The view is parallel to 

the “Z” axis and the orientation of “X” and “Y” is consistent in the remaining figures below for 

a better understanding. Also a set of four colours have been applied: blue (1, 2) for the two ends 

in the “Y” axis, red (3, 4) for the two ends in the “X” axis, orange (5, 6, 7, 8) in the two diagonals 

between “X” and “Y” axes, and green (9, 10, 11, 12) in the middle of the transducers. The 

following tables in this subchapter will have the same distribution of colours.  

a) b) 

Figure 5.20. Points location on the two transducers surface for T41 a) and T43 b). 

Solids can have different resonant frequencies depending on the material properties but also 

depending on its geometry. These resonant frequencies will vibrate at different modes. A mode 

of vibration can be defined as the characteristic manner in which a system oscillates with a certain 

characteristic and pattern of motion at one frequency.   
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The displacement found in the three space directions will be analysed for five different frequencies 

for transducers T41 and T43. 

Frequency 1 

 

 

 

Figure 5.21. Mode of vibration analysis at the two opposite instants of maximum amplitude at resonant 
frequency 1 for T41 a) and c), and T43 b) and d). 

Frequency 1 occurs at 28.45 kHz for T41 and 33.00 kHz for T43. The displacement is 

predominant in the “Z” direction for both T41 and T43, but T43 has also high displacements in 

the “Y” component. Figure 5.21 a) presents the displacement pattern of the contact surface of 

T41. As it can be seen, all the points of the surface vibrate at the same phase and with similar 

displacement in the threes axes. Table 5-3 presents the normalized displacement of the surface. 

This evidences that the displacement is even in the “Z” direction for the all the points on surface. 

In contraposition it can be seen that the centre of the transducer has larger displacements in the 

“Y” direction (points 9 and 12) than in the “X” direction (10 and 11).   

The analysis of T43 at frequency 1 evidences a different type of vibration. Here the largest 

displacement occurs on the two ends of the “Y” axis (points 1 and 2). This is in contraposition 

with the total average displacement which is larger in the “Z” direction (Figure 5.18). The 

a) b) 

c) d) 

T41 at 28.45 kHz +Amplitude T43 at 33.00 kHz +Amplitude 

T41 at 28.45 kHz -Amplitude T43 at 33.00 kHz -Amplitude 
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transducer is expanding at the highest amplitude and a contraction in the minimum amplitude, 

Figure 5.21.  

The displacement in the “Y” direction may contribute to the generation of compressional waves 

in the radial direction, and therefore cavitation, inside of the pipe. This will be discussed in Chapter 

7.  

Table 5-3. Normalised displacement of T41 and T43 concave at resonant frequency 1 at the representative 
points under analysis. 

 T41 28.45 kHz T43 33.00 kHz 

Point on the surface X Y Z X Y Z 

1 (28) 0,07 0,05 0,94 0,01 0,63 0,40 

2 (21) 0,03 0,04 0,97 0,16 1,00 0,26 

3 (34) 0,24 0,19 0,99 0,25 0,10 0,55 

4 (6) 0,22 0,19 0,88 0,28 0,06 0,57 

5 (2) 0,27 0,11 0,99 0,16 0,21 0,49 

6 (11) 0,11 0,17 0,88 0,15 0,29 0,44 

7 (18) 0,16 0,17 1,00 0,12 0,46 0,38 

8 (13) 0,20 0,12 0,93 0,16 0,44 0,40 

9 (23) 0,07 0,04 0,84 0,03 0,18 0,42 

10 (30) 0,26 0,20 0,82 0,11 0,39 0,36 

11 (24) 0,23 0,19 0,90 0,12 0,33 0,40 

12 (25) 0,06 0,05 0,90 0,02 0,21 0,39 
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Frequency 2 

  

Figure 5.22. Mode of vibration analysis at the two opposite instants of maximum amplitude at resonant 
frequency 2 for T41 a) and c), and for T43 concave b) and d). 

The second frequency under analysis, frequency 2), has been selected at 39.66 kHz in T41 and at 

40.15 kHz in T43. This frequency presents a disorder distribution for T41 in the contact surface. 

This was expected since it is a non-resonant frequency. In contraposition, a rhythm vibration can 

be seen for T43 with large displacements in the corner of the transducers (points 5, 6, 7, 8) both 

in “Y” and “X” axes, Table 5-4. Even though, high displacements will not be expected at this 

frequency, Figure 5.19. 

  

T41 at 39.66 kHz +Amplitude T43 at 40.15 kHz +Amplitude 

T41 at 39.66 kHz -Amplitude 

a) 

c) d) 

b) 

T43 at 40.15 kHz -Amplitude 
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Table 5-4. Normalised displacement of T41 and T43 concave at resonant frequency 2 and at the 
representative points under analysis. 

 T41 39.66 kHz T43 40.15 kHz 

Point on the surface X Y Z X Y Z 

1 (28) 0,27 0,07 0,62 0,03 0,96 0,47 

2 (21) 0,16 0,16 0,83 0,17 0,86 0,32 

3 (34) 0,77 0,71 0,51 0,69 0,16 0,87 

4 (6) 0,85 0,75 1,00 0,70 0,19 0,87 

5 (2) 0,83 0,50 0,49 0,64 0,73 0,91 

6 (11) 0,44 0,57 0,81 0,60 0,63 0,91 

7 (18) 0,51 0,63 0,64 0,58 1,00 0,94 

8 (13) 0,70 0,40 0,98 0,77 0,51 0,99 

9 (23) 0,16 0,14 0,15 0,13 0,33 0,27 

10 (30) 0,87 0,74 0,08 0,39 0,32 0,23 

11 (24) 0,76 0,77 0,43 0,43 0,39 0,29 

12 (25) 0,23 0,16 0,32 0,09 0,26 0,25 
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Frequency 3 

  

Figure 5.23. Mode of vibration analysis at the two opposite instants of maximum amplitude at resonant 
frequency 3 for T41 a) and c), and T43 concave b) and d). 

In this case frequency 3 appears at 46.00 kHz for T41 and at 45.35 kHz for T43. In the two cases 

the transducers present a rhythmic vibration distribution since both are resonant frequencies. 

For T41 the largest displacements occur in the “X” and “Y” directions at the two ends of the “X” 

axis (points 3 and 4). Table 5-5. In opposition the two points on the two ends of the “Y” axis 

present almost zero displacement in the three space directions. 

For T43 the points located in the two ends of the “Y” axis present again almost no-displacement 

in the three space directions. The highest displacements can be found in the points located in the 

three corners of this transducer, being predominant in the “Y” axis and very similar and even in 

both “X” and “Z” directions. 

  

T41 at 46.00 kHz +Amplitude T43 at 45.35 kHz +Amplitude 

T41 at 46.00 kHz -Amplitude T43 at 45.35 kHz -Amplitude 

a) b) 

c) d) 
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Table 5-5. Normalised displacement of T41 and T43 concave at resonance frequency 3 at the representative 
points under analysis. 

 T41 46.00 kHz T43 45.35 kHz 

Point on the surface X Y Z X Y Z 

1 (28) 0,25 0,09 0,42 0,03 0,20 0,01 

2 (21) 0,18 0,19 0,68 0,03 0,12 0,01 

3 (34) 0,94 0,88 0,25 0,41 0,08 0,28 

4 (6) 1,00 0,90 0,80 0,44 0,08 0,35 

5 (2) 0,99 0,62 0,20 0,51 0,95 0,35 

6 (11) 0,50 0,67 0,63 0,43 0,72 0,37 

7 (18) 0,57 0,71 0,37 0,47 0,99 0,52 

8 (13) 0,87 0,53 0,83 0,59 1,00 0,53 

9 (23) 0,18 0,12 0,32 0,09 0,12 0,21 

10 (30) 0,98 0,87 0,50 0,27 0,12 0,22 

11 (24) 0,90 0,80 0,04 0,32 0,15 0,20 

12 (25) 0,28 0,09 0,06 0,06 0,06 0,22 
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Frequency 4 

  

Figure 5.24. Mode of vibration analysis at the two opposite instants of maximum amplitude at resonant 
frequency 4 for T41 a) and c), and T43 concave b) and d). 

Frequency 4 occurs at 88.84 kHz in T41 and at 88.09 kHz in T43. It is important to realise that 

frequency 4 has three different potential peaks in T43 and the one selected for the comparison is 

the peak with highest average displacement, Figure 5.18.  

For T41 the vibration presents a rhythmic distribution but with different displacement patterns 

of vibration in the different representative points. It has the largest displacements in the middle 

points of the “X” axis (points 10 and 11). It can also be seen that the surface do not vibrates on 

a coherent way. 

In case of T43 the surface presents low displacements in comparison with the corners of the 

transducer (points 5, 6, 7, 8). At these points the displacements occur mainly in the “Y” direction. 

  

T41 at 84.84 kHz +Amplitude T43 at 88.09 +Amplitude 

T41 at 84.84 kHz -Amplitude T43 at 88.09 +Amplitude 

a) b) 

c) d) 
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Table 5-6. Normalised displacement of T41 and T43  concave at resonance frequency 4 at the representative 
points under analysis. 

 T41 84.84 kHz T43 88.09 kHz 

Point on the surface X Y Z X Y Z 

1 (28) 0,67 0,56 0,43 0,02 0,17 0,10 

2 (21) 0,46 0,39 0,54 0,03 0,17 0,07 

3 (34) 0,29 0,44 0,58 0,15 0,09 0,05 

4 (6) 0,53 0,60 0,45 0,12 0,02 0,03 

5 (2) 0,34 0,46 0,69 0,17 0,39 0,33 

6 (11) 0,67 0,42 0,62 0,05 0,46 0,38 

7 (18) 0,67 0,38 0,53 0,16 1,00 0,39 

8 (13) 0,31 0,37 0,41 0,10 0,56 0,38 

9 (23) 0,24 0,11 0,30 0,02 0,03 0,05 

10 (30) 1,00 0,73 0,25 0,03 0,07 0,07 

11 (24) 0,92 0,80 0,30 0,02 0,04 0,03 

12 (25) 0,11 0,22 0,29 0,02 0,04 0,10 
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Frequency 5 

  

Figure 5.25. Mode of vibration analysis at the two opposite instants of maximum amplitude at resonant 
frequency 5 for T41 a) and c), and T43 concave b) and d). 

Finally, frequency 5 is selected at 100.30 kHz for T41 and at 99.95 for T43. This case is very 

similar to frequency 2 where a disorder distribution of vibration is found. 

  

T41 at 100.30 kHz -Amplitude T43 at 99.95 kHz -Amplitude 

T41 at 100.30 kHz +Amplitude T43 at 99.95 kHz +Amplitude 

a) b) 

c) d) 
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Table 5-7. Normalised displacement of T41 and T43 concave at resonance frequency 5 at the representative 
points under analysis. 

 T41 84.84 kHz T43 88.09 kHz 

Point on the surface X Y Z X Y Z 

1 (28) 0,85 0,48 0,33 0,03 0,15 0,12 

2 (21) 0,35 0,19 0,62 0,06 0,24 0,08 

3 (34) 0,50 0,48 0,28 0,11 0,29 0,15 

4 (6) 0,74 0,77 0,46 0,13 0,19 0,19 

5 (2) 0,62 0,36 0,37 0,10 0,27 0,02 

6 (11) 0,28 0,43 0,43 0,08 0,14 0,03 

7 (18) 0,43 0,57 0,25 0,07 0,19 0,05 

8 (13) 1,00 0,73 0,65 0,10 0,28 0,03 

9 (23) 0,34 0,30 0,70 0,02 0,09 0,07 

10 (30) 0,22 0,27 0,69 0,04 1,00 0,08 

11 (24) 0,63 0,46 0,47 0,03 0,09 0,07 

12 (25) 0,85 0,48 0,33 0,02 0,10 0,07 

5.4.3 Displacement 

Following the calculations done in Chapter 4 to find the minimum displacement required to 

generate transient cavitation for a typical excitation, it is important to ensure that the modified 

HPT can generate this displacement. 

From all the frequencies described above the key resonant frequency is frequency 1, hence the 

analysis will be carried out at this frequency. This frequency is expected to produce the highest 

displacement for cleaning and should be sufficient to analyse whether or not cavitation can clean 

Calcite attached to the inner wall of a pipe. 

Figure 5.26 presents the displacement generated in T41 with different values of power. It can be 

seen that the displacement necessary to generate transient cavitation is reached at any value of 

power used for the excitation. Also, it can be seen that the slope of the sine excitation is higher 

than the square signal but both of them reached a maximum in a close value: 1.758 µm at 26 W 

for the sine excitation and 1.676 µm at 65 W for the square signal.   

In the case of the machined transducer, the minimum value to obtain transient cavitation is 

reached also at any power applied, Figure 5.27. In contrast to T41, T43 does not present a 

maximum in the displacement and larger values of displacement can be obtained. Also a change 

in the slope can be appreciated at powers close to the maximum in the displacement presented in 

T41.  
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Figure 5.26. Average displacement of the contact surface of T41 on the “Z” direction vs power drained by T41. 
Each point is the average of 100 measurements with the 3DSV. 

 

 

Figure 5.27. Average displacement of the contact surface of T43 concave on the “Z” direction vs power 
drained by T43. Each point is the average of 100 measurements with the 3DSV. 
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Figure 5.28 presents the comparison of two transducer displacements at different values of power. 

It can be seen that T43 needs less power to obtain larger values of average displacement in the 

contact surface.  

 

Figure 5.28. Comparison of average displacement of the contact surface of T41 and T43 excited with sine and 
square signals. 

The values of the displacement presented have been obtained for the transducer on its own. It is 

important to note that those values can change when the transducer is attached to the sample pipe 

for cleaning. Hence the vibration analysis and the direction of the excitation will be analysed again 

in Chapter 7 to verify that the displacement required is still met under the new condition, i.e. after 

attaching the transducer to the pipe. 

5.5 Summary 

This chapter has given an explanation of the current understanding of high power transducers 

and the modifications that have been made to the resonator for different industrial purposes. 

The HPTs existing in the market have been machined to facilitate the attachment to a pipe and 

to increase the contact surface between HPT and the pipe.  

A resonance frequency analysis for a flat and a concave HPT has been done both with an 

impedance analyser and a 3DSV. This has shown that resonant frequencies are shifted to higher 

values due to the decrease of the resonator length. In addition, it has been seen that the new HPT 

still present low value of impedance in the resonant frequencies as well as large displacements. 

It has been shown that the impedance analysis is insufficient to know which frequencies vibrate 

with the largest displacements. Also, the HPTs present arrhythmic modes of vibration at some 
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resonant frequencies. Therefore, a method to analyse the entire vibration distribution and the 

displacements obtained has been presented to understand the HPT contact surface. 

Finally, it has been shown that the modified transducers still present displacements high enough 

to produce cavitation based on the results presented in Section 4.6. Although this displacement is 

generated in a different direction in the majority of the frequencies, the key resonant frequency 

continues to have predominant displacement in the desired “Z” direction. In addition, it has been 

shown that sinusoidal signals required less power for the excitation. 
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6 Cavitation detection in pipes generated by high 

power ultrasonic transducers 

This chapter explains the detection of the cavitation phenomena in the pipes under analysis to 

verify that the modified HPTs presented in Chapter 5 are producing cavitation. It also explains a 

method to find the first cavitation threshold based on existing signal processing techniques.  

6.1 Introduction 

Acoustic cavitation detection is essential for a range of industrial applications such as in sono-

chemistry to improve the chemical effects produced by ultrasounds due to the generation of 

cavitation or, in ultrasonic cleaning baths to measure the energy at each point to map the energy 

distribution and characterize the efficiency of the cleaning effect. The detection of cavitation can 

also show the capabilities of the HPT used for different engineering uses like pipelines cleaning. 

This investigation aims to prove that hard scale fouling inside pipelines can be removed with the 

use of acoustic cavitation. Therefore, the detection of cavitation inside the pipes under analysis is 

a must. Chapter 4 contains the theory to explain the cavitation phenomena and also covers the 

math’s necessary to generate the cavitation prediction plots to estimate the cavitation threshold 

and the type of cavitation that is more likely to occur under a specific acoustic excitation. But, 

since cavitation phenomenon occurs at the microscopic scale it can be difficult to observe with 

the naked eye. Therefore, it is necessary to use a proven experimental method for its detection.  

In the literature different methods for cavitation detection have been reported. These can be 

categorised depending on the effects produced by the cavitation. In this manner, previous 

investigators have relied on:  

1) Optical or visualisation methods such as the presence of bubbles [177] or advanced optical 

techniques such as micro-photos with high speed cameras to visualise the cavitation 

generation and its bursting acoustic fields [147], [178], [179].  Related with this, the 

measurement of the light emission produced due to the nuclear reaction that can occur in a 

transient cavitation at such high temperatures and pressures have been used. This is called 

sonoluminescence [180]–[182].  

2) Based on the shock waves generated in the liquid by the cavitation  two subcategories can be 

found, the detection  of subharmonics and ultraharmonics due to the nonlinear oscillation of 

stable cavitation in which vibration produces acoustic emissions [183]–[185], and the shock 
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waves produced due to transient cavitation has also been measured [158], [186]. The decay of 

the sound pressure due to the decrease of cavitation produced by the degassing of the liquid 

has been used [187],  The audible burst of gas cavities produced by transient cavitation have 

been used [188].  

3) Another possibility is the measurement of the changes in temperature in classic ultrasonic 

cleaning baths that are supposed to be produced by cavitation [189], this rise in temperature 

is in fact used for the cancer treatment in humans [183].  

4) The presence of cavities in the liquid can be detected also by the changes in the velocity of 

the acoustic wave propagation within the liquid [187].  

5) The electrical detection of cavitation by the measurement on electrical admittance variations 

of the emitters has also been reported [190]. vi) Another method is based on the 

measurements of concentration of the products of a chemical reaction catalysed, what is called 

sono-chemistry [190].  

6) Finally, cavitation can also be detected by visualizing the effects of the erosion produced on 

the solid surfaces immersed in the fluid [191], [192]. The results obtained in this thesis could 

fall within this method since the Calcite is removed by the use of cavitation in the locations 

where a threshold related with the displacement is found. 

Acoustic emission detection of cavitation 

The acoustic emission detection of cavitation is based on the analysis of the presence of 

subharmonics and ultraharmonics in the acoustic emission produced by oscillating bubbles under 

sinusoidal oscillating pressure. Therefore, based on this, only stable cavitation can be detected 

since transient cavitation only lasts one cycle or a short number of them. Consequently, transient 

cavitation has not been detected by the generation of subharmonics and ultraharmonics so far. 

Cavitation bubbles oscillate at the same frequency as the applied acoustic pressure, which 

produces acoustic emissions at that frequency, and also they can produce oscillation at the 

harmonics like ∙  where is a natural number (  =1, 2, 3, 4…) and  is the frequency of acoustic 

pressure applied, ultraharmonics at ∙ /  where  is a natural number (  =1, 2, 3, 4…), or 

subharmonics /  where  is a natural number (  =1, 2, 3, 4…). This phenomenon is explained 

by Church’s model [193], [194]. Esche, R. (1952) [195] was the first to observe this behaviour by 

the presence of the subharmonic spectral components of cavitation bubbles under an acoustic 

field.  

Based on this principle it is possible to observe the generation of cavitation by the spectral 

characteristic of the acoustic emission. Here, the cavitation threshold for the key resonant 

frequencies of both flat and concave transducers is analysed with two proposes, to prove that 

cavitation is generated at different frequencies and to evaluate that concave transducers are more 

appropriated for pipes excitation.  
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6.2 Cavitation detection set-up and procedure 

The cavitation detection set-up consists of two different systems working in parallel. Figure 6.1 

shows the experimental arrangement to investigate cavitation generation on a 30cm pipe filled 

with water. 

 

Figure 6.1. Cavitation detection set-up schematic diagram. 

Acoustic cavitation generation unit 

This part of the set-up consists of an oscilloscope (DSO-X-2012A) for the signal generator, 10 

Hz frequency resolution tuning and therefore only increments of 10 mV can be applied. The 

signal generated is amplified 55 dB by a power amplifier (1040L, RF Power Amplifier) of 400 W. 

The generated signal excited a HPT that can be flat or concave depending on the experiment. 

These are attached to a clean 30 cm pipe filled with water at room conditions (see Section 3.3), 

Figure 6.2.  

Acoustic emission measurement unit 

The acoustic emission measurement unit consists of an acoustic emission broad-band sensor with 

the contact surface immersed in the water of the pipe (VS900-RIC AE-Sensor), Figure 6.2. The 

data acquisition card used was ADlink PCI-9816, with a maximum sampling rate of 10 

MSamples/sec, 16-bit resolution and ±5V input range. This is controlled with a computer with 

LabView software for the data processing and storage. 
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Figure 6.2 Image of the HPT attached to the side of a 30cm pipe with a retched strap and with couplant gel 
(see Section 5.2.3) and acoustic emission sensor with the contact surface immersed in the water. 

With the setup ready, the pipe is filled with water at room temperature. The temperature is 

controlled to be the same in all the experiments from the temperature of the tap water and the 

same tap water at 100 °  by the following equation: 

∙ ∙ ∆ = ∙ ∙ ∆    (6.1) 

Where  and  are the masses required of tap water and boiled water respectively, 

 and  are the specific heats of tap water and boiled water respectively and ∙ ∆  

and ∆  are the increment of the tap water and boiled water respectively. 

With equation 6.1 it is possible to calculate the mass of the two water samples necessary to form 

a litre of water with the desired temperature. 

With the pipe filled with water, and a HPT attached to the pipe, it is excited at a resonant frequency 

increasing the voltage applied to the power amplifier in steps of 10 mV or 100 mV depending on 

the experiment purpose. This is done starting at 0 and finishing at 1000 mV. At the same time the 

cavitation detection unit is collecting the acoustic emissions produced in the system at each voltage 

increase. The acoustic emission detection system is recording information for one second each 

time. 

6.3  Spectral analysis results 

The signals collected from the experiments described above are processed with two different 

methods to prove the generation of acoustic cavitation. 

30cm 316L 
Stainless steel pipe 

  VS900-RIC 
AE-Sensor 

HPT 
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6.3.1  Welch Method 

Also known as modified average periodogram this is used for estimating the power that a signal 

has at different frequencies. This is based on the concept of using periodogram spectrum 

estimates, as a result of converting a signal from the time domain to the frequency domain [196].  

In an average periodogram signal plot, where there is a large peak that is not aligned with one of 

the distinct frequencies such as f/2, this is due to the leakage phenomenon. This means that due 

to a peak not being concentrated at a single distinctive point, the peak has spread over into its 

adjacent frequencies [197]. 

Welch 1967 [196] suggested the modification of the average periodogram plot to reduce this 

leakage. When doing the Welch signal processing in the square window, the computed subsignal 

can be considered as finding the Fourier coefficients of the periodic extension. This can 

sometimes lead to a discontinuity which leads to the Gibb’s phenomenon of the Fourier series, 

causing ringing or oscillations near the discontinuity after the signal has been reconstructed 

through Welch. Welch proposed other windows to be used which consist of a gradual decrease 

to zero instead of a sudden decrease as found in the rectangle window to stop discontinuities 

[197]. This work will use the spectrum function in the Hann window as it consists of a gradual 

increase and decrease to/from zero to eliminate jump discontinuities.  

The Welch method for cavitation detection has been used before by D. Zmarzly, M. Szmechta 

2008 [198]. Here a Matlab toolbox is used for the analysis. The script loops each instant of data 

obtained through acoustic emissions and generates a graph which plots Frequency (MHz) vs 

Power/Frequency (dB/Hz) for each image of data taken and displays the voltage input also with 

power at each instant. 

Acoustic Spectrum Analysis 

For the analysis of these signals the Welch parameters established were Hanning window, with a 

period length of 100,000 values and an overlapping of 50%. 

Through the Welch Signal Processing method, a plot for each voltage applied to the HPT is 

produced. Figure 6.3 is an example of a plot with an excitation of 40 mV. In this figure only the 

harmonics due to the HPT vibration are presented. These harmonics are a multiple of the applied 

frequency  ∙ . The presences of these harmonics are not considered to be produced by 

cavitation oscillation but due to the standing waves generated in the transducer. 

1  ℎ :  = 1 × 33.46 = 33.46  

2  ℎ :  = 2 × 33.46 = 66.92  

3  ℎ :  = 3 × 33.46 = 100.38  

4 ℎ ℎ :  = 4 × 33.46 = 133.84  

5 ℎ ℎ :  = 4 × 33.46 = 166.20  
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Figure 6.3. Welch Signal Processing of T43 excited at 33.46 kHz at 40mV. 

At some point, when the power supplied to the HPT reaches, the cavitation threshold, additional 

subharmonics or harmonics can appear. Figure 6.4 presents a Welch Signal Processing of 

transducer T43 excited at 33.46 kHz at 270 mV. At this voltage input and due to the impedance 

mismatching, the energy absorbed per second is 6 W. In this case, the ultraharmonics of the 

excitation frequency appears at n ∙ f/m but in this case the first subharmonic f/2 is not present 

and the ultraharmonic 3 ∙ f/2 is not clear in the graph which makes it difficult to detect onset of 

cavitation. Therefore, based on the literature it cannot be considered as the cavitation threshold. 

ℎ :  / = 5 ×
.

 = 83.65 , 

ℎ :  / = 7 ×
.

 = 117.11 , 

ℎ :  / = 9 ×
.

 150.57 . 

Harmonics 
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Figure 6.4. Welch Signal Processing of T43 excited at 33.46 kHz at 270 mV; Harmonics with some acoustic 
emissions. 

After increasing the voltage input to 280 mV, with a power drained by the HPT of 6 W, which is 

the difference between the power delivered from the high power amplifier to the transducer minus 

the power reflected back to the power amplifier. The peaks related with the subharmonic f/2 and 

the harmonic 3 f/2  are clearly visible. This could be considered now as the cavitation threshold. 

Figure 6.5 presents the location of the first subharmonic and the ultraharmonic 3f/2. 

1  ℎ :  /2 = .  = 16.73 , 

ℎ :  3 /2 = 3 ×
.

 = 50.19 . 

Ultraharmonics 

83.65 kHz      117.11 kHz       150.57 kHz 
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Figure 6.5. Welch Signal Processing of T43 excited at 33.46 kHz at 280mV; Subharmonics with more 
acoustic emissions. 

Figure 6.5 presents the Welch process to the signal acquired in test three at 280 mV. This 

presents the existence of the first subharmonic /2 and the ultraharmonic 3 /2. To obtain the 

value of the minimum voltage to the power amplifier necessary to generate cavitation it has been 

necessary to produce a plot for each value of voltage. In the following Section two methods to 

find the cavitation threshold are discussed. 

6.4 Cavitation threshold detection and proposed 

As discussed above, it can be tedious to detect a peak produced by a subharmonic in the Welch 

plotting method and also it may need a number of graphs to find the threshold of cavitation. Here 

all the signals acquired in one graph after applying the FFT analysis, the peaks of the subharmonic 

or the ultraharmonic, are plotted in two different ways. FFT is proposed similar to the one 

proposed by S. Yoshizawa 2008 [185]. 

In this case a step increase of 10 mV is applied from 20 mV to 1000 mV, this would produce 100 

different plots that would need to be analysed independently. Instead, all the signals are plotted 

in two different ways as follows. 

Subharmonic f/2  
at 16.73 kHz 

Ultraharmonic 3f/2 
at 50.19 kHz 
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6.4.1 Conventional plotting method 

In the 2008 S. Yoshizawa [185] proposed a method consisting of plotting all the values of the 

subharmonic /2 peak at the different excitation powers. This provides a graph in which the 

threshold can be found when the intensity of the peaks is just different from the noise. Figure 6.6 

presents the cavitation threshold for the three experiments done under the same conditions.  

 

Figure 6.6. Cavitation threshold detection in a pipe excited with T43 at different frequencies around 33.40 
kHz at 19.5 C. 

It can be seen in Figure 6.6 that the threshold in test 1 is around 530 mV, in test 2 it is around 

330 mV and in test 3 around 280 mV, but in all the cases it is difficult to define since it can be 

considered fluctuations of the value of the noise in subharmonic location. Therefore, a different 

method is proposed. 

6.4.2 Proposed plotting method 

This method plots all the normalized values of the FFT of the frequencies around the 

subharmonic and the ultraharmonic. This is done as follows: 

1. Each signal is converted to the frequency domain by an FFT Matlab tool.  

2. The resonant frequency of each step of excitation is located in the FFT. 
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3. Two windows of data are created with a frequency range for the subharmonic 

/2 and the ultraharmonic  3 /2 respectively. 

4. The data of each window is normalized. This will set as 1 the maximum in that 

frequency range. 

5. Finally, all the normalized data of the FFT windows are plotted in the same graph 

adding + 1 to each component of the FFT of each signal. Where “ ” is the 

number of the experiment in chronological order.   

Considering that the separation between plots is one unit, if the maximum in the window is at the 

subharmonic or the ultraharmonic it will create a straight line e.g. considering that after the 

threshold all the steps should have a maximum at the harmonics, this produces a graph with a line 

that determines the threshold of the cavitation. 

If this type of plotting is compared with the method in which just the values of the peak at each 

value of voltage are represented, it can be seen that the appearance of the threshold can be 

doubted. For that reason, the combination of the two methods has been chosen as the solution. 

Figure 6.7, is an example of the plotting method for test 1. It can be seen that it gives a picture of 

the cavitation generation at different powers. When the subharmonic /2 or the ultraharmonic 

3 /2 occurs, there will be a maximum in the frequency range and therefore the value will be 

“one” and will generate a concatenated series of “ones” and therefore a line. 
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Figure 6.7. Cavitation threshold in a pipe induced to vibration with T43 concave transducer at 33.44 kHz 

and 19.5 ºC. 

 
Figure 6.8. Cavitation threshold pipe induced to vibration with T43 concave transducer at 33.24 kHz and 

19.5 ºC. 
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Figure 6.9. Cavitation threshold in a pipe induced to vibration with T43 concave transducer at 33.46 kHz 
and 19.5 ºC. 

The figures above present the results in the three tests performed to find the cavitation threshold 

in a pipe excited with the transducer T43 at the first resonant frequency.  

Figure 6.7 presents a threshold at 520 mV in the first subharmonic and at 400 mV in the 

ultraharmonic 3 /2.  

Figure 6.8 presents the threshold at 330 mV in the subharmonic /2 and 150 mV for the 

ultraharmonic 3 /2. The question is which subharmonic or ultraharmonic has to be considered 

as a threshold. In the literature the presence of the subharmonic /2 is considered as the acoustic 

cavitation unique indication but the results presented here suggest that further investigation 

related with the presence of ultraharmonics of higher order may change the conception of the 

cavitation onset measurement with acoustic emission. In addition, the ultraharmonic is not 

presented in all the values of voltage after the threshold. Also, it can be seen that in the higher 

values of voltage the noise makes it more difficult to visualize the line generated by the 

concatenation of “ones”. 

Figure 6.9 shows the results of test 3 in which the threshold is presented in the same location for 

both the subharmonic and the ultraharmonic at 280 mV. Again the presence of other 
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ultraharmonics presented in Figure 6.6 could be considered as the actual threshold of cavitation 

since it has been proved that cavitation oscillation can produce any ultraharmonic [193].  

6.5  Summary 

An explanation of the existing methods for the detection of cavitation has been given based on 

the phenomena produced by detected cavitation. Within all the methods, the detection of the 

subharmonics and harmonics vibration with acoustic emission has been selected.  

This method has been used to detect the existence of cavitation and to determine its threshold in 

different conditions for the machined HPT used in this work. 

In addition, it has been proposed that the analysis of the different subharmonics and the 

ultraharmonics for the use of acoustic emission as a cavitation threshold detection technique. 
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7 Cleaning of fouled pipes using high power 

ultrasonic waves 

This chapter contains the results of ultrasonic cleaning of fouled pipes induced to vibrate with the 

machined transducers presented in this thesis. A 3D scanning vibrometer laser is used to measure 

the actual displacement of the outside wall of the pipes, the displacement is converted to the 

acoustic pressure generated by the oscillating wall and this is related with the performance of the 

results in the cleaned pipes. 

7.1 Introduction 

All the information presented in the previous chapters has been used to carry out the experiments 

that are presented in this chapter. In this chapter, the capabilities of the identified high power 

ultrasonic transducers generating sonic waves to successfully remove fouling in pipelines used in 

industry have been analysed. A theoretical explanation to the results obtained is given based on 

the theory presented in Chapter 4.  

Five fouled pipes are induced to vibrate under controlled conditions while the actual displacement 

of the outside wall of the pipe is measured with the 3DSV. Later the displacements generated 

during the cleaning process were compared with the clean zones obtained. The results are also 

related with the theory presented in Chapter 4 for its validation. 

Cleaning principle and wave modes 

Classic ultrasonic cleaning in immersion tanks is commonly used in industry. This works using a 

compressional wave produced by a number of HPTs attached to the tank surface. In this manner, 

a solvent contained in the ultrasonic cleaning bath is excited to produce cavitation in the whole 

volume. The cavities vibrate at the excitation frequency and the shock wave generated removes 

the dirt of the object such as grease and other oily build-up. Figure 7.1 represents a typical 

ultrasonic cleaning bath configuration. 
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Figure 7.1. Classic ultrasonic cleaning device and principle. 

The potential vibrations of the object submitted to the classic cleaning procedure are not of 

concern and do not affect the cleaning method. This is in total contrast to the technique under 

development here, where the pipe vibration is responsible for its own cleaning. Therefore, it 

depends on the capabilities of the vibration to generate cavitation in the vicinities of the inner wall 

of the pipe. Taking this into account, the type of wave of concern is not a bulk wave since it 

travels through the thickness of the pipe wall in a mode similar to a guided wave. 

A guided wave can be defined as a wave of which energy is concentrated nearby a boundary or 

between parallel boundaries separating materials with different acoustic impedance and that has a 

direction of propagation parallel to these boundaries. This type of wave can travel further than 

bulk waves and are commonly used in non-destructive testing (NDT) [199]–[201] . These types 

of waves are different to waves generated in this thesis for the cleaning proposes and rather than 

been called either bulk waves or guided waves can be called waves guided. This is because they 

do not have the properties as either bulk or guided waves. They difference with bulk waves is that 

they are not propagating in an infinite volume and the velocity will depend on the number and 

types of diffractions [199] and are not guided waves because the wave generation and the modes 

generated are not the ones described by the dispersion curves for a the type of pipe used [199]. 

Therefore, the concept to be applied is wave guided. And this is in contrast to the classic cleaning, 

excitation does not consider the wall in which the transducers are attached and the wave that is 

propagated through this wall.  
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7.2  Experimental procedure and set-up 

For the investigation one concave HPT is attached to a pipe fouled with Calcite (Chapter 3) with 

a stretch strap or a collar specifically developed to improve the transducer’s attachment (Appendix 

C). The pipe with the transducers is attached vertically with a stand and is filled with water. To 

stop the water leaking from the bottom a cover made with latex film and American tape is used. 

Reflective beads “P-RETRO Retroreflective Glass Beads” are attached to the scanning area to 

improve the scattering properties of the surface under analysis. Figure 7.2 presents one of the 

pipes attached to the stand.  

 

Figure 7.2. Example pipe statements used for the experimentation. 

For the excitation the signal generator of the 3DSV is used. The input constant signal is amplified 

with a 1040L Power Amplifier (55dB). The output of the amplifier is connected to the HPT 

attached to the pipe. 

To measure the actual vibration of the pipe while being cleaned, a 3DSV is placed in front of the 

pipe subjected to the cleaning. This is calibrated applying a configuration to the three-dimensional 

axis as shown in Figure 7.3. 
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Figure 7.3. Axis orientation, origin and displacement visualization with the 3DSV. 

In this manner, the out of the plane displacements will be related with the “Z” axis in the 

visualization of the pipelines vibration. 

When all the equipment is connected and the pipe is filled with water, the vibrometer calibration 

is done as per Figure 7.3. In order to ensure that no modification occurs in the fouling, a FFT 

analysis with a low power sweep is applied with the vibrometer in order to find the resonant 

frequencies of the system composed by the transducer and the filled pipe and holder. The 

vibrometer is setup to collect 50 signals per scanning point.  

From the FFT the frequency with largest displacement in the “Z” direction is selected for the 

cleaning. 

The selected frequency is applied with full power during 30 minutes while the 3DSV measures 

the actual displacement of the contact surface. Once the experimentation is finished the pipes are 

emptied and left to dry for cutting and further analysis. 

7.3 Results and discussion 

After the cleaning procedure, the pipes are cut and a focus stacked image (FSI) of the cleaned 

surface area is taken from the opposite side of the scanning area. The FSIs are compared with 

the results obtained during the cleaning process. 
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Figure 7.4. Relation between the scanning area measured with the vibrometer and the cleaning area to be 
compared, a) presents outside of the pipe where the reflective beads are highlighted, b) presents the inner 

location of the scanning are which is the location that is going to be compared below. 

The cleaning results and the scanning area can be related as presented in Figure 7.4. This 

measurement produces 3D images of the average measured displacement while the pipes were 

cleaned. Figure 7.5 presents one example of the visualisation of pipe 1 average displacements 

measured. As it can be seen, the scanning area is divided in two parts. This is because the 

attachment method needs to hold the pipe around the same location of the transducer. This 

division appears in all the results presented in this thesis.  

Scanning
area 

Cleaning
area 

a) b) 
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Figure 7.5. 3DSV results obtained from the measurement of the vibration of the scanning area at the same 
time that the cleaning is being performed. 

Figure 7.5 presents the results given by the laser vibrometer for pipe 1) as an example, but the 

displacements of concern in this study are the displacements in the radial direction. The 

calculation of the displacements in the radial direction that will be applied in the analysis of all the 

pipes used in the investigation is explained as follows. 

Calculation of the displacement in the radial direction  

In order to link the displacement measured with the vibrometer and the cavitation prediction plots 

it is necessary to calculate the displacement in the radial direction. This is because the type of wave 

that has to be generated is a compressional wave and it has to be generated perpendicularly to the 

inner wall of the pipe. Therefore, the values given by the vibrometer along the three-directional 

axes have to be converted in the radial component of the vibrating point. With this the acoustic 

pressure generated next to the boundary between the water and the pipe wall can be calculated.  

The calculations for the conversion are presented below (Figure 7.6 and Figure 7.7). 

For a vibration point on the inner wall of a pipe ( , , ) with a total displacement measured by 

the 3DSV equal to , can be calculated its projection of the plane −   that contains ( , , ) 

by; 

= + ,     (7.1) 

Where  is the projection of  on the plane −  and , and , are the displacements 

measured by the 3DSV in that point on the  and  axes respectively. It is important to note that 

Pipe 1) 

Scanning 
area division 
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the component  does not affect the projection of  on the plane −  and therefore it is 

not included in the calculations, Figure 7.6. Then,  will have associated displacement in the 

radial direction  which is the projection of  on the radial axis of the pipe. This is the shorter 

distance between the point and the axis of the pipe. 

Then, by knowing the angle between the radial axis of the pipe and ,  can be calculated 

as follows (Figure 7.7); 

 For 

= tan  ,     (7.2) 

 And  

= tan ,     (7.3) 

 If 

= | | − .      (7.4) 

It is important to note that for the calculation of  it is necessary to use the absolute value of  

since  is always the difference between  and . In contraposition   can be either positive or 

negative since cos( ) equals cos(− ). 

 Then  

= cos( ).     (7.5) 
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Figure 7.6. Schematic explanation of the conversion of the displacement obtained by the vibrometer to the 
vibrations in the radial direction. 

 

 

Figure 7.7. Representation of the necessary angles for the calculation of the displacement in the radial 
direction on the plane x-z for each point on the contact surface. 

By applying the calculations explained above it is possible to obtain the value of the displacement 

generated in the radial direction and therefore the value of the acoustic pressure generated in the 

liquid. With this it is possible to calculate for each point for further analysis of the cavitation 

prediction plots. 
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7.3.1 Pipe number 1)  

Pipe number 1) was excited with T43 concave transducers for 30 min. The frequency selected for 

the cleaning process was 32.7 kHz. This was selected by doing a FFT analysis of the scanning 

surface looking for the frequency with largest displacement in the Z direction. Figure 7.8 presents 

the average displacement FFT of the contact surface for the selection of the optimal frequency in 

pipe 1). The HPT used for the excitation was T43 and the pipe was excited during 30 min with a 

total power drained by the transducer of 65W. The parameters of the excitation are presented in 

Table 7-1.  

Table 7-1. Parameters of the excitation of pipe number 1. 

Value of  the parameter 

Transducer 43 

Power Input 65  

Excitation Frequency 32.7  

Duration of  the excitation 30  

 

Figure 7.8. FFT analysis of the scanning surface for pipe number 1 to find the frequency that produces the 
largest displacements in the Z direction. 

The cleaning experiment was performed at the same time that the 3DSV measured the actual 

vibration of the scanning surface. This was done with 2500 scan points on the surface and by 
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collecting 100 signals per scan point for averaging. The 3DSV sample frequency was established 

at 512 kHz with a resolution of 125 Hz. 

The results of the cleaning are presented in Figure 7.9. As can be seen, the pipe has clear evidence 

of full cleaning on the opposite side from the HPT location. The rest of the pipe has symptoms 

of a skin clean in some locations which can be appreciated in Figure 7.10.  
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Figure 7.9. Inside wall of pipe number 1 halved after the cleaning. 

A focus stacked image of the location related with the cleaned area presents a distribution of 

removal of soft fouling, Figure 7.10. This was also observed in the location of the nodes and 

antinodes of the vibration. As it can be seen the nodes present no cleaning evidence in contrast 
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to the centre of the antinodes in which the maximum cleaning capabilities are presented. Figure 

7.10 explains three different amounts of removal.  

 

Figure 7.10. Inner surface of the pipe after the cleaning procedure and representation of the cleaning areas 
related with the nodes and antinodes of the vibration. 

 

 

 

Figure 7.11. Displacement representation obtained with the 3DSV and the relation with the cleaning areas of 
pipe 1). 

Figure 7.11 presents the relation between the cleaning performance and the 3D image of the 

scanning area and the results of cleaning in pipe 1). 
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To associate the type of cavitation that is more likely to be connected with the cleaning capability 

the radial displacement must be calculated. After calculating the radial displacement, the acoustic 

pressure obtained is compared with the type of cavitation predicted by the plots generated. Figure 

7.12 presents the cavitation prediction plots for the experiments executed in pipe 1).  

The relation between the cavitation prediction plots and the displacements obtained with the 

vibrometer can be obtained with equation (4.20) and using the radial displacement  as the 

amplitude A in the equation. Then, with P and knowing the atmospheric pressure ⁄  it can be 

calculated for each point of the scanning area. Therefore, it is necessary to know the cavitation 

prediction plots for each cleaning experiment. Figure 7.12 presents the cavitation prediction plots 

of pipe 1). All these calculations were explained in Chapter 4. In these cases, the saturation value 

has been considered 1 since the water used has been exposed to air and is under equilibrium. In 

addition, it is important to note that this parameter only affects the rectified diffusion threshold 

which will affect the side of the bubbles that can cavitate depending on the displacement (which 

is considered out of the scope of this investigation).  

Table 7-2. values used of the calculation of the cavitation prediction plots of pipe 1). 

Magnitude Symbol Value Units 

Surface tension of water at 20 °C 20   7. 20 − 02 /  

Speed of sound in water at 20 °C 20   1,482 /  

Ratio of specific heats at 20 C    1. 401 − 

Density of water at 20 °C 
   997 /  

Atmospheric pressure at room 

conditions 
    101,325  

Saturation on air gases  1 − 

Frequency of excitation  32. 75  

Resonance radius  110  
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Figure 7.12. Cavitation prediction plot for the conditions applied in the investigation of pipe number 1) 
experimentation. 
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Figure 7.13. Comparison between the cleaning results and its relation with the P/Po per point of the 
scanning area for the pipe 1). 

Figure 7.13 a) presents the cleaning results in the inner wall of pipe 1), it also includes the relative 

location of the origin (0, 0) of the surface. Figure 7.13 b) represents the relation ⁄  of each of 

the 2500 scanning points on the scanning surface. As can be seen in the figures the threshold for 

the cleaning of soft fouling is around 0.7 ⁄ . This has an associated value of 0.233 µm for the 

displacement in the radial direction. In addition, it can be seen that the highest value of ⁄  is 

around 1.7 which has an associated a displacement of 0.57 µm. It is important to observe that in 

this case none of the hard scale fouling has been removed from the pipe.  

The comparison of the results with the cavitation prediction plots evidence that only some of the 

points with a value above 1.6 fall in the transient cavitation area. The majority of the values of 

⁄  in this case are located in the regions A and B of the potential types of cavitation which is 

the type of cavitation used in classic ultrasonic cleaning [202], [203]. In addition, it can be stated 

that only existing cavities in the liquid above 0.1 ⁄ , 10.05 µm will produce cavitation at the 

minimum values of displacement measured by the 3DSV that correspond with around 0.6 ⁄ . 

Finally, it can be concluded that the cleaning performance has not been sufficient and the pipe is 

still not visible after the excitation therefore the displacements generated are not able to remove 

fouling under the conditions applied.  

b) 

(0, 0) 

a) 
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7.3.2 Pipe number 2)  

Pipe number 2) was excited also with transducer T43 and with a total power of 65 W for 30 

minutes but in this case the frequency used for the excitation was 33.65 kHz and was selected 

with the same procedure as presented for pipe 1). Figure 7.14 presents the FFT analysis of the 

contact surface for this experimentation. The excitation results are presented in  

Table 7-3.  

Table 7-3. Parameters of the excitation of pipe number 2. 

Value of  the parameter 

Transducer 43 

Power Input 65  

Excitation Frequency 33.6  

Duration of  the excitation 30  

 

Figure 7.14. FFT analysis of the scanning surface for pipe number 2) to find the frequency that produces the 
largest displacements in the Z direction. 

The number of points in the scanning area measured by the 3DSV is 1625. The number of values 

taken per point is 100. The 3DSV sample frequency was 512 kHz with a resolution of 125 Hz. 
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The results obtained after cleaning are presented in Figure 7.15 and Figure 7.16. Similarly, to pipe 

1) the clearest cleaning results are in the opposite side of the HPT location. In contrast to pipe 1) 

there is a location with full removal of fouling. 

 

Figure 7.15. results of cleaning in pipe 2). 
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Figure 7.16 presents the focus stacked image of the cleaning area related to the scanning area of 

pipe 2). In this case four different types of results can be found; the locations which do not present 

visible results of cleaning, locations where the softer fouling has been removed, locations where 

the hard fouling has started to be removed which presents a colour darker that of the surrounding 

area with soft fouling cleaned, and finally two locations where the hard scale has been completely 

removed. 

 

Figure 7.16. Inner surface of the pipe after the cleaning procedure and representation of the cleaning areas 
related with the nodes and antinodes of the vibration of pipe 2. 

The cleaning results of Figure 7.16 can be related with the vibrometer results as per Figure 7.17 

for pipe 2).  
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Figure 7.17. Displacement representation and the relation with the cleaning area of pipe 2). 

Figure 7.17 presents the total displacement measured by the vibrometer and the corresponding 

cleaning area. As explained above, this total displacement can be used to calculate the 

displacement in the radial direction and with this it is possible to calculate the relation ⁄  and 

link the cleaning results with the cavitation that is more likely to be produced. The cavitation 

prediction plots for the experimentation of pipe 2) are presented in Figure 7.18 and the values 

used for its calculations are included in Table 7-4. 

Table 7-4. Values used of the calculation of the cavitation prediction plots of pipe 2) experiments. 

Magnitude Symbol Value Units 

Surface tension of water at 20 °C 20   7. 20 − 02 /  

Speed of sound in water at 20 °C 20   1,482 /  

Ratio of specific heats at 20 C    1. 401 − 

Density of water at 20 °C 
   997 

/  

Atmospheric pressure at room conditions     101,325  

Saturation on air gases  1 − 

Frequency of excitation  33. 65  

Resonance radius  97.7  

    

a) b) 



123 
 

 

Figure 7.18. Cavitation prediction plot of the conditions applied in the investigation of pipe number 2) 
experimentation. 

 

Figure 7.19. Comparison between the cleaning results of and its relation with the P/Po per point of the 
scanning area for pipe 2). 

Figure 7.19 a) presents the FSI of the cleaned area of pipe 2) and the location of the reference 

point (0, 0). Figure 7.19 b) presents a coloured representation of the value of ⁄  at each point 
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of the scanning surface and the coordinates of the points to facilitate the relation with the point 

(0, 0) of Figure 7.19 a). This image is similar to Figure 7.17 a) but the values at each point have 

been converted to radial displacement and then to the relation ⁄  of the selected points for the 

analysis. The colour of each point can be related with the colour scale of Figure 7.19 b) and 

therefore with  ⁄  and this with the cavitation prediction plots for this experiment, Figure 7.18.  

As described above four results in cleaning can be found in this pipe. All the points with values 

below 0.5 ⁄ present no-results in cleaning. The soft fouling is removed with any value above 

0.6 ⁄ which is represented with light blue.  

In the locations with symptoms of hard scale removal appear with values of ⁄  above 1.4 and 

these have a displacement of 0.47 m. These points are allocated above Blake’s threshold. The 

cleaning has an improvement related with higher amplitude that improves the microstreaming due 

to the cavity oscillation [202], [203].  

Finally, the fully cleaned locations have a value of ⁄  above 1.9 which has a displacement 

associated of 0.63 m. This falls in the transient cavitation area (figure Chapter 4) and therefore 

the removal efficiency is increased by the impact of the jets generated by the implosion of 

surrounding cavities.  

 

7.4 Summary 

In this chapter has been demonstrated the concept of the removal of fouling from a pipe in 

different locations. 

The pipe wall displacement measured simultaneously with the cleaning process has been 

correlated with the ratio ⁄ , and with the cavitation prediction plots. 

It has been established that any type of cavitation can remove soft fouling but the hard scale 

fouling needs cavitation above Blake’s threshold.  

It has been demonstrated that the best results of cleaning are presented in the locations where the 

amplitude of the radial displacement is able to generate transient cavitation. 

  



125 
 

 

8 Preindustrial trials 

After proving the concept of cleaning small tubes under laboratory conditions it is time to go one 

step further and demonstrate the concept in an industrial pipe.  Here the transducers and the 

collar developed in a project related with this investigation, UltraCleanPipe 

(http://www.ultracleanpipe.com/), were tested in under laboratory conditions and later industrial 

food processing plant laboratory.  

8.1 UltraCleanPipe collar and transducers test  

For the preindustrial experimentation, pipe 3) was excited also with transducer V1 (Appendix A) 

in the same manner as was used for pipes 1) and 2). In this case also collar produces in the project 

UCP (Appendix A) is also used to improve the attachment. The specifications of the collar and 

the transducer can be found in Appendix A. The transducer was excited with a total power of 65 

W for 30 min but in this case the frequency used for the excitation was 40.46 kHz and was selected 

with the same procedure as presented in pipes 1) and 2). The FFT analysis of the contact surface 

for this experimentation is presented in Figure 8.1. The excitation parameters are presented in 

Table 8-1. 

Table 8-1. Parameters of the excitation of pipe number 2. 

Value of the parameter 

Transducer 1 

Power Input 65  

Excitation Frequency 40.46  

Duration of the excitation 30  
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Figure 8.1. FFT analysis of the scanning surface for pipe number 3) to find the frequency that produces the 
largest displacements in the Z direction. 

The cleaning experiment was performed at the same time that the 3DSV measured the actual 

vibration of the scanning surface. This was done with 2500 scan points on the surface and by 

collecting 100 signals per scan point for the average. The 3DSV sample frequency was established 

at 512 kHz with a resolution of 125 Hz. 

The results obtained in the cleaning area are presented in Figure 8.2 and Figure 8.3. Figure 8.4 

presents the comparison between the cleaning area and the vibrometer results. In this case clear 

evidence of cleaning is presented along the whole perimeter of the location of the HPT. 
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Figure 8.2. Inside wall of pipe number 3 halved after the cleaning. 

A FSI image with the cleaning area related with the scanning area is presented in Figure 8.3. It 

also shows the location of the nodes and antinodes of the vibration. As can be seen, the nodes 

HPT location 

Cleaned areas 
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show no evidence of cleaning in contrast to the centre of the antinodes in which the maximum 

cleaning capabilities are presented.   

 

 

Figure 8.3. Inner surface of the pipe after the cleaning procedure and representation of the cleaning areas 
related with the nodes and antinodes of the vibration of pipe 3). 

Figure 8.3 presents the cleaning results in the opposite side of the scanning surface. As can be 

seen in the FSI, it can be difficult to determine the boundaries between the cleaned and not 

cleaned zones. Therefore, modification to colour of the picture is applied in Figure 8.4. 
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Figure 8.4. Displacement representation and the relation with the cleaning area. Specification of the 
maximum displacement and the threshold points selected. 

Figure 8.5 represents the cavitation prediction plots for the experiments executed in pipe 3) and 

the parameters for the excitation are presented in Table 8-2. 

Table 8-2. Values used of the calculation of the cavitation prediction plots of pipe 3) experiments. 

Magnitude Symbol Value Units 

Surface tension of water at 20 °C 20   7. 20 − 02 /  

Speed of sound in water at 20 °C 20   1,482 /  

Ratio of specific heats at 20 C    1,401 − 

Density of water at 20 °C 
   997 /  

Atmospheric pressure at room 

conditions 
    101,325  

Saturation on air gases  1 − 

Frequency of excitation  44.46  

Resonance radius  73.98  

 

a) 

b)
) 
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Figure 8.5. Cavitation prediction plot for the conditions applied in the investigation of pipe number 3). 
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Figure 8.6. Comparison between the cleaning results and its relation with the P/Po per point of the 

scanning area for pipe 3). 

Figure 8.6 a) presents the cleaning results obtained in pipe 3). It also includes the position of the 

point (0, 0) on the surface. Figure 8.6 b) is the coloured representation of ⁄  of the scanning 

points. As can be seen, there are only two patterns of cleaning, the locations with no cleaning 

evidence and the location on which the pipe wall is visible and therefore the fouling has been 

removed. 

In this case the minimum value of ⁄  from which cleaning results can be seen is around 1.5 

having a displacement value that corresponds with 0.40 m. This value falls in the transient 

cavitation area and therefore it can remove Calcite as has been explained above. 

Analysis of the pipe wall after cleaning 

A further analysis of the pipe’s wall integrity has been done using pipe 3). For this SEM images 

and a metallography of the cross Section area has been obtained from the locations where the 

cleaning performance has occurred. 

Figure 8.7 presents the SEM of the inner wall of the pipe with some remaining fouling as well as 

the impact of a transient cavitation jet on the Calcite. This type of impacts has been described 

before in [204].  

b) 

(0, 0) 

a) 
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Figure 8.7. Remaining Calcite on pipe 3) inner wall with the impact of a cavitation. 

In addition,  presents a metallography of the cross Sectional area of the pipe in the antinodes of 

the cleaning. It can be seen that the wall of the pipe presents no visible cracks or damage due to 

the cleaning.  

Cavitation impact 
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Figure 8.8. Metallography of the cross-section of pipe 3). 
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8.2 Field trials in an industrial laboratory 

After testing the performance of UCP transducers and collar the system was tested under real 
conditions in an industrial laboratory on a 1.5 m stainless steel. 

8.2.1 Fouling creation for the field trails 

The fouling was created in a 1.5 m stainless steel pipe with 50 mm OD. This was achieved by 

heating the pipe to over 100⁰C to ensure that the water boiled, increasing the rate of the deposition 

process. As explained in Chapter 4 and similarly to the plates created (see Section 3.3.2), Calcite 

is fouled on the inner wall of an industrial pipe. 

8.2.2 Fouling creation setup  

 Stainless steel stands. 

 1500 mm length, 50 mm OD, 1.5 mm wall thickness, Stainless steel 316L pipe. 

 Wood Stoppers. 

 Funnel and hose (to introduce the solution). 

 Highly concentrated solution of Calcium carbonate (Sodium hydrocarbonate 1.2g/l, 

calcium chloride 1.2 g/l). 

 Heating plates and power supply. 

 Thermocouple. 
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Figure 8.9. Setup for creation of fouling. 

8.2.3 Procedure for the fouling creation 

The pipe was held by two metal supports on the extremes, while the central part remained free to 

attach the heating plates. Then two wooden stoppers sealed each end of the pipe. These stoppers 

had a hole drilled in the middle of each one to allow introduction of water to the pipe, and also 

to allow the steam created by the heating to escape out of the pipe. The stoppers also ensured 

that some water always remained inside the pipe as shown in Figure 8.10. The pipe was levelled 

to ensure an even distribution of the water inside. 

Once the pipe was ready with the heating plates and the stoppers it was heated up. This was done 

using a heat treatment module, whereby heating plates wrapped around the pipe increased the 

temperature of the pipe up to 120⁰C. Then, when it reached this temperature, the calcium 

carbonate solution was introduced using a hose attached to a funnel, as shown in Figure 8.9.  

To monitor and control the temperature, a thermocouple was attached to the pipe between the 

two heating plates. In these experiments the pipe was heated up to 120 ⁰C for about 16 hours, 

rotated around 15 every 5 min, and introducing evenly about 0.15 litres of a calcium carbonate 

solution every 15 min. 

 

Funnel 

Saturated 
Solution 

Thermocouple 

Heating 
plates 

Wood 
Stopper 
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Figure 8.10. Images of the objects used to introduce the solution in the pipe. a) Funnel, hose and solution. 

b) Wood stoppers with a hole in the middle to allow introduction of the high concentration solution. 

a) 

b) 
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8.2.4 Fouling creation results 

After the fouling creation process, the pipe was left to cool down without any mechanical 

disturbance to ensure the best formation of crystals of calcium carbonate on the surface of the 

pipe. The results of this method can be seen in Figure 8.11. 

 

Figure 8.11. Even distributed CaCO3 on the inner wall of the 1.5 m pipe. 

8.3 Field Trials set-up and procedure 

The fouled pipes were joined to a closed circuit to simulate an industrial environment. The 

components of this circuit can be seen in Figure 8.12. 

Two different sets of transducers were attached to the pipe for ultrasonic excitation with and 

without flow. For the attachment, the collar described in Appendix A was used and a low acoustic 

attenuation couplant silicone was used as couplant (Section 5.2.3), and the following procedure 

was implemented. 

Created layer of 
CaCO3 fouling 
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Figure 8.12. Field trials set-up in a real industry laboratory facility. 

 

Frequency sweep 

The first measurement was the calculation of the optimal frequency to be applied, for that a 

frequency sweep, with characteristics represented in   

Table 8-3, was carried out to prove that the energy travelling would be higher when closer to the 

resonant frequency of the transducers. For this a “Teletest MK5” of Pi ltd unit was used for the 

signal transmission and reception.  

Table 8-3. Frequency sweep parameters for the optimal frequency selection. 

 

Pitch-Catch frequency sweep 

High power transducer, Transmitting - PZT transducer, Receiving 

Frequency Range- 20 kHz – 80 kHz 

Steps- 181 (every 0.5 kHz) 

Sampling period for each measurement 5000 microseconds 

Distance between HPT and PZT: 114cm 

Water 
Tank 

UCP 
Electronics 
Prototype 

Centrifugal 
Pump 

Working 
1.5 m Pipe 
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Figure 8.13. Frequency Sweep from 20 kHz to 80 kHz applied on the pipe for the optimal frequency 
selection. 

The results of the frequency sweep are presented in Figure 8.13. It can be seen that frequencies 

closer to the frequency of 40 kHz have higher amplitude than the rest of the frequencies. 

Position of the second transducer  

In order to find the optimal position for the second transducer, 32 measurements were taken of 

the signal produced by an HPT allocated in the position 0 and, received by other HPT allocated 

in the positions presented in 

 

Figure 8.14 with a distance of 1cm per location. The signals were produced and received with 

“DSO-X 2012A Agilent Oscilloscope”. It is important to note that in the first nine positions the 

receiving transducer cannot be clamped because of the large size of the supports of both 

transducers. 

 

Figure 8.14. Relative position of the second HPT referred to the location of the first HPT for the field trials. 

Bandwidth with the 
highest amplitude 
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Figure 8.15. Amplitude of the signal for each position of the second transducer. 

Figure 8.15 presents the results of the measurements for the optimal location of the transducers. 

It can be seen that at 25 (a), 28 (b) and 38 (c) cm from the first transducer the signal has larger 

amplitude that at the other positions, therefore the transducers were placed at that distance for 

the experiments. 

8.4 Final trials procedure 

After the pipe is attached to the process and is filled with water two different experiments were 

performed. The first one with no flow, and the second one with flow to compare the results. 

No-water flowing trials 

One of the fouled pipes was connected to the circuit presented above and was filled with water 

to simulate the static pressure of an industrial pipe. Then 5 HPT transducers were attached to the 

pipe at 25 cm intervals.  These transducers were excited with a voltage of 650 V and a current of 

1.9 A with the UCP 4 channel prototype driver unit5 for 30 minutes. Figure 8.16 illustrates the 

setup.  

The results of this first cleaning in the field trials are shown in Figure 8.17. It can be seen that the 

cleaning results have an uneven distribution due to the interferences generated by all the waves 

generated by each of the five HPTs. 

                                                      
5 The specifications for the electronics used to excite the transducers can be found in Appendix B. 

a 

b 

c 
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Figure 8.16. HPT transducers attached with low acoustic attenuation couplant silicone and UCP support 
clamped to a 1.5 m pipe for the field trials for the non-flow experimentation. 
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Figure 8.17. Results of the cleaning in the pipe with no flow conditions. 

Water flowing trials 

For the second experiment a pipe with a thin scale of Calcite fouling was connected to the same 

circuit. Then four HPT transducers were attached to the pipe and excited with the prototype 

driver, with a voltage of 650 V and a current of 1.9 A. The transducers were connected in series 

as Fig. 10 shows.  

The pipe was filled with water and the pump of the circuit was turned on, supplying a pressure of 

0.5 bar and a constant flow of 230 l/min. Once the flow was running, the HPTs were excited for 

30 minutes.  

The results taken from this experiment can be seen in Figure 8.19 and in Figure 8.20.  

This pipe was cut in different pieces without damaging the cleaning results, in order to analyse the 

whole inner surface at the same location where the transducers were located. 
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Figure 8.18. UltraCleanPipe transducers and support attached for the field trials. Flow of 230 l/min. 
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Figure 8.19. Sections of the pipe cleaning with flow. 

The cleaning results obtained with this method can be seen better in Figure 8.19 where it is 

possible to distinguish the distribution of the cleaned regions, matching with the node distribution 

of the wave measured with the Vibrometer laser on the pipe. Figure 8.20 shows the distribution 

of nodes and antinodes of a 40 kHz wave produced in a pipe filled with water.   
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Figure 8.20. Inner section of the pipe cleaned with a flow of 230 l/min and a pressure of 0.5 bar. 
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8.5 Summary 

This chapter contains the pre-industrial experimentation to demonstrate the concept of the use 

of ultrasound for pipeline cleaning.  

The generation of fouling in a 1.5 m 316L stainless steel pipe due to the evaporation of a high 

concentration solution of calcium carbonate and due to the inverse solubility of calcium carbonate 

has been presented. 

The locations in which signals with higher amplitudes can be found for the location of the second 

transducer and five and four transducers have been excited under industrial conditions both with 

non-flow and with flow respectively have been calculated. 

The results obtained reveals that the pipe has only been cleaned in some of the locations both 

with and without flow.   
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9 Conclusions 

This chapter contains the main conclusions obtained from this work, including comparison of the 

proposed method with classic ultrasonic cleaning and the recommendations for future work. 

9.1 Conclusions 

It has been proved in this thesis that it is possible to remove hard scale fouling from the inner 

wall of a pipeline using ultrasonic waves guided. The approach to the solution has been done by 

using the most common fouling in industrial and domestic pipelines: Calcite. The cleaning occurs 

in the inner wall of the pipes via its own vibration which generates cavitation whose shock waves 

of stable cavitation or the impact of jets generated by transient cavitation break the fouling and 

removes it from the metallic surface. The analysis of the samples cleaned presents no damage to 

the structural health during or after the cleaning procedure. 

A literature review performed at the beginning of the investigation evidences a lack in the 

knowledge in the current cleaning methods which are still applied in an old-fashioned way and 

with intervals and durations based on past experiences rather than a meticulous scientific research. 

Therefore, the productivity of the current processes can be improved significantly by optimising 

these cleaning methods. 

Also, from the literature review some investigations related to the cleaning of pipes with 

ultrasound were analysed, showing most of them had a common factor, the focus on non-

industrial or domestic fouling. Here, to solve this problem which was considered essential for the 

validation of the method, Calcite was fouled in 30 cm pipes generating samples equivalent to 

industrial conditions in order to validate the method unambiguously.   

In Chapter 4, the relation between displacement and acoustic pressure was presented to compare 

the displacement produced by a HPT or a pipe wall with the capability of producing the different 

types of cavitation. In addition, the cavitation prediction plots were presented for the frequencies 

used later on the investigation for the HPT transducers analysis and validation. 

The modification of HPTs existing in the market has been compared with unmodified HPTs. The 

modification improves the attachment and increases the contact surface HPT-pipe. Also an 

analysis of the modes of vibration in the two types of transducers has been presented both with 

impedance analysis and a vibration analysis. It has been shown that the HPT produced even larger 

displacement than the displacement produced by the existing HPT. This is due to the change on 
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the mode of vibration. In addition, the displacements measured at the contact surface were 

compared with the displacements calculated in Chapter 4 that can produce transient cavitation 

under the conditions applied in the lab experimentation.  

The generation of cavitation with the modified HPT in pipes has been detected with acoustic 

emission. This evidences that cavitation was generated for the fouling removal. For the 

visualization of the cavitation threshold, a plotting method has been proposed to detect the onset 

in a more accurate manner (see Chapter 6). In addition, it has been presented that a further analysis 

of the acoustic emission produced by stable cavitation oscillation by measuring ultraharmonics of 

high order may be able to present the cavitation onset in a more accurate manner. 

The displacement produced in the pipe wall was related to the acoustic pressure generated in the 

liquid inside the pipe and this to discriminate the type of cavitation that is most likely to occur 

under the conditions applied in the lab. This relationship between displacement and cavitation 

was then used to validate the HPTs used and to analyse the cleaning results obtained in Chapter 

7.  

Also, it has been proved that cavitation is the phenomenon which removes hard fouling by the 

impact of bursting bubbles on the fouling surface. But, in contrast with classic ultrasonic cleaning, 

it has been seen that transient cavitation is necessary for the removal, instead of stable cavitation. 

This has been demonstrated by comparing the cleaning results with the cavitation prediction plots 

explained in Chapter 4 and produced in Chapter 7 for each cleaning condition.  

The discussion in Chapter 4 and in Chapter 7 present the importance of considering only the 

displacements in the radial direction since they are the only displacements that can produce a 

compressional wave in the liquid and therefore produce acoustic cavitation.   

It is important to highlight as strength of the investigation the use of Calcite as fouling for the 

validation of the method. Also, the measurement of the real displacement with a 3DSV has given 

the opportunity to relate the cleaning results with the displacement generated inside the pipelines. 

This is in contrast to the common practice which relies on the amount of power per surface which 

has been proven here that is not necessarily related with the rates of cleaning while the 

displacements, and therefore the acoustic pressure, are strictly related with the type of cavitation 

generated and hence with the capabilities of cleaning. 

The differences between the current ultrasonic cleaning and the new method of cleaning can be 

summarized in the following table. 
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Table 9-1. Differences between current ultrasonic cleaning and the new method presented in this thesis. 

Classic ultrasonic cleaning Ultrasonic cleaning with wave guided 

 Components immersed in a tank  Equipment in operation 

 Cleaning occurring in a vibration liquid 
 Cleaning performed by the vibration of 

the structure 

 Need to stop production  Can be carried out during production 

 Flat transducers  Concave transducers 

 Stable cavitation  Transient cavitation 

9.2 Recommendation for future work 

This research consolidates the basic theory and concepts to be applied for the use of acoustic 

cavitation for the removal of fouling in pipe lines. Pipeline cleaning with acoustic cavitation is a 

new type of cleaning and therefore a new field where each part has potential room for further 

investigation. The most important recommendations for further work are explained below. 

High power transducer design to improve the transduction of acoustic energy to the pipe. In 

Chapter 5 the vibration analysis of HPT has presented the existence of different resonant 

frequencies and different modes of vibration. These are complex vibrations and are not either a 

guided wave of a bulk wave. Therefore, a HPT design for better transduction of the acoustic 

energy could be useful to cover larger distances or larger pipe thicknesses. In addition, the 

possibility of using the different modes of vibration with different applications could be 

interesting for other scientific or industrial applications.   

Related also with the transduction of acoustic energy, there is lot of room for the optimisation of 

the attachment method to maximize the HPT operation. Different parameters such as couplant 

and optimal pressure on the HPT for the attachment could be considered for further investigation. 

This thesis has presented the study related with a concept similar to a guided wave, but only a 

wave guided (see Section 7.1) by the pipe wall has been achieved. This leads to the study of optimal 

configuration of a transducer array for guided waves generation for cleaning. This has to consider 

the modes of propagation with large displacement in the radial direction if acoustic cavitation 

wants to be achieved. The collar design would need contributions from the HPT design since 

different shapes could improve the whole section of the pipe excitation and therefore the 

generation of a guided wave. 

The optimisation of the frequency to be applied depending on the type of fouling and the process 

parameters is recommended. The frequency determines the size of the bubbles generated and the 

pressure generated by the jets produced by a transient cavitation implosion. This will produce 

pollution inside the process pipe with different sizes depending on the volume of the bubble. 
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Therefore an optimum between the minimum pressure to remove the hard scale fouling and the 

side of the removed fouling into the liquid should be investigated.  

Furthermore, the analysis of the capabilities of the method under more challenging conditions 

should be analysed. Processes with high pressure will decrease the ratio ⁄  and therefore the 

necessary displacements for transient cavitation generation will increase. Other parameters such 

as viscosity and surface tension of the liquid may need more complex mathematical models than 

the one presented in this thesis in Chapter 4. For this, a mock-up scale plant would be necessary 

for the investigation which also will allow controlling other parameters like flow control and 

temperature. 

Regarding the cavitation threshold for stable cavitation, it was presented in Chapter 6 that 

different ultraharmonics may be presenting the cavitation onset before than the first subharmonic 

/2. This should be analysed with a validated method for stable cavitation detection i.e. 

photography method, and by applying small changes in the power to the transducer to see the 

potential changes in the acoustic emission signal.  
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Transducer clamping system (design detail): 

The main objective of the system is to guarantee the correct alignment of all the parts attached 

along the pipe. This is a quite critical issue because the appropriate ultrasound implementation 

depends on the position and the verticality of the transducers. Relative position between them is 

an important point also, so, for this purpose, a physical reference which will fix the transducers 

into the correct position and distance will be used.  

The exploded view on the left 

shows the different parts of the 

system: Beginning from top to 

down, the coaxial wire enters 

into the main body, which wraps 

the transducer protecting it 

from water, dust or other 

external agents. 

This main body and the top lid 

are made in aluminium in order 

to decrease the weight, having 

also a cost-effective prototype. 

Inside, the transducer is 

clamped by the inner clamping 

stainless steel Ring, avoiding 

vertical movements using the 

radial screws and the lower 

clamping lid.  

Figure A.1. CAD drawing of Clamping system parts version 2. 

Rubber rings offer to the assembly an IP68 protection against dust and high pressure cleaning 
water. 

Using a tough material in the Clamping ring part it’s a matter of strength, in order to avoid losing 

its primal shape and clamping power when the screws become tight. 

The upper assembly of Figure C.1 has shown the main parts of the transducer clamping system 

before attaching it to the pipe, but there’s another step to do before, as it will be shown below in 

Figure C.2. The point is to fit the element and the pipe together, in a position referred to the main 

body in order to clamp it afterwards tightening the clamping lid. For this purpose, a pattern which 

has the same 50mm diameter shape as the pipe will be used. So, the first assembly will be the 

reference to the rest of the transducers using the Straightening Rule. 
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In order to mount the transducer correctly, it will be used a convex pattern with the same circular 

shape as the 50mm Diameter tube. This is a quite important issue because the other transducers 

have to be straightened with each other. 

 

 

 

 

 

 

 

Figure A.2. Alignment Pattern. 

Mounting the system 

Figure C.3 shows the assembly sequence of the fixation system. 

 

Figure A.3. Drawing of the assembly sequence. 

 

1) Firstly, the Clamping ring screws have to be only screwed up a few millimeters into the 
Main body part, leaving a clearance and avoiding the compression of the O-ring against 
the Main body part. Doing that, the transducer will be easily inserted from above.  
Afterwards, the pattern from below has to be screwed up against the Clamping ring 
part, using the cylindrical separators. 

2) Afterwards, the transducer has to be inserted down until it became fitted with the convex 
pattern; then it’s time to screw up the parts in order to fix it well. Now the O-ring will 
compress the transducer, avoiding the possibility of pouring water inside. 
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3) In the third step, the lid, the flat rubber and the compression gland have to be screwed 
up against the upper side of the main body, completing the assembly. Now the whole 
system is sealed in both sides, up and down. 

4) After removing the Pattern from below, gel and a 1mm silicone sheet will be applied 
between the transducer and the tube parts, assuring an optimum contact over the surface 
and improving the energy transfer through the tube.  

 

Below, the two 80mms DIN912 M6 screws have to be tighten up to 2 Nm of maximum torque. 

Controlling this action, all the transducers will have, approximately a homogeneous contact with 

the surface and similar energy transference. 

Bellow as shown in Figure C.4, the transducers are fixed and aligned using the ruler. The process 

of using a fixed reference is an easy way to assure a good alignment and verticality, improving the 

signal power for the process. 

The lateral Straightening Rule is drilled each 20mm, and the transducers can be attached starting 

at a minimum of 80mm of the separation.                                  

 

Figure A.4. Assembly with the transducers aligned by the ruler. 

UltraCleanPipe HPT 
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The 40 kHz transducers have been designed, as it’s shown in the drawing below of the Figure 5, 

to fit with the 50mm OD pipe. The maximum energy transference is reached using the stainless 

steel transducers due to its acoustic impedance which is similar to the pipe material. 

 

 

Figure A.5. UCP transducer drawing design 

 

 

 

 

 

 

 

 

 

 

Figure A.6. UCP transducer  
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Figure A.6. Picture of the designed power transducers v1 
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APPENDIX B 
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Main high power testing, 1st prototype:   

This will be a single safe box containing a high power ultrasonic power amplifier for driving one 

or more high power half wave resonant (Cleaning type transducers).  

Specifications: 

Input supply:  240V 50Hz. 
Output supply: 0 to 300V rms over current protected. 
Output Frequency:  20 to 100kHz. 
Wave form: (square wave inverter) internal output filter to produce sinewave at transducers. 
Output power:  300Watts max (20 to 80kHz), 200Watts (80 to 120kHz). 
User Controls: Voltage adjustment knob, Frequency knob and transducer matching switch. 
Frequency control:  Switch and knob to select adjust, PRF, frequency sweep range and 
modulation, Ramp up, Ramp down and random. 
Auto Frequency control: Circuit to track any changes in transducers, pipe and inverter. 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure B.1. Test box schematic diagram. 

 
Main high power testing, 2nd prototype:   

Box containing: 

 Four high power ultrasonic power amplifiers (100W max) for driving one or more high 

power half wave (Cleaning type transducers) from 20kHz to 60kHz) (80 to 100kHz at 

reduced power of 60watts). 

 A dual channel Teletest to be used with Version 1 TT software. 

 
  

AC / DC 
Power supply 

300W 
Inverter 

Frequency 
/ voltage  
Control 

V / I / F 
Display 

Transducer 
Matching 

Isolated 
interface 
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 System integration 

The fouling detection performance will depend on the type of transducers used Teletest long 

range ultrasonic or cleaning transducers. 

The fouling removal performance will depend on frequency and transducers / coupling used. 

This includes confirmation that the target power level is being generated in standing wave modes 

in pipes (both modes filling the entire structure for removal of large area fouling as well as localised 

thickness modes for removal of localised fouling) with the target wall thicknesses and diameters. 

Two generators may be needed to supply the ‘whole structure’ standing wave modes which 

involve low kHz frequencies and the local thickness modes which involve low MHz frequencies. 

Adjustments to the probes may be made as a result of these tests. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure B.2. System box schematic diagram. 

Voltage specifications 

 

Cleaning supplies:  

4 off Power amplifier either based on linear / switched mode sinewave power variable voltage / 
frequency. 
Square wave FET inverter and output transformer / resonant inductor (tapped). 
100 Watts max each output into typical transducer. 
Max output voltage: 700 to 1500V (rms) (depending on resonance). 

AC to  DC Power 
supply 

100W Inverter 
20 – 100kHz 

100W Inverter 
20 – 100kHz 

100W Inverter 
20 – 100kHz 

100W Inverter 
20 – 100kHz 

GW Inverter 
20 – 100kHz 

Teletest  
Power supply 
230v ac 500W 

Teletest  
GW RX / AFG 
board 

Inverter 
control 
board  
Frequency 
Voltage 
Power 
 
And 
protection UCP Microcontroller 

system controller 
 
Inverter Frequency 
Voltage 
Power 
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Max output current:  2.0 Amps (rms) power factor depends on resonant frequency (current trip 
/ level). 
 
Controls: 

Variable amplitude control. 
Variable frequency control (separate outputs). 
Possible sweep frequency to prevent standing nodes. 
Overload protection (indicators) / reset if manual. 
On off button for each output. 
Computer control of all of the above (Local / remote). 

 

 


