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ABSTRACT Fouling build-up is a well-known industrial problem and its accumulation is dependent on the 

conditions surrounding the structure. Conventional fouling removal methods are costly and also require an 

operational halt to carry out the procedure. The use of Ultrasonics has gained popularity in recent years as a 

non-invasive means of fouling removal but further research and development are required to improve and 

optimize the technology. Currently in industry, Ultrasonic horns are designed and optimized to generate high 

amplitude vibrations for various applications including welding, cutting and sonochemistry. Some research 

has been done to design horns for the generation of cavitation, but none specifically for fouling removal 

applications. This work investigates the addition of half-wavelength transducer horns of varying shapes 

(cylindrical, conical, exponential and stepped) to an existing 40 kHz cleaning transducer. Numerical 

modelling is carried out to optimize the length of the horn before manufacturing final geometries. 

Experiments were conducted to attach an ultrasonic horn to the transducer and to a carbon steel plate (300 

mm x 300 mm x 2 mm), and to measure wave propagation across the structure using a PSV-400 3D Laser 

Scanning Vibrometer. This has shown that the addition of an ultrasonic horn improves the out-of-plane 

displacement across the structure, which correlates to an improvement in fouling removal for steel tube 

ultrasonic cleaning.  

INDEX TERMS, Fouling removal, Ultrasonic, Finite element analysis, Laboratory validation

I. INTRODUCTION 

Fouling build-up is a well-known problem in various 

industries [1]-[2], and its accumulation occurs in different 

structures such as offshore pipes, ship hulls, floating 

production platforms. The type of fouling that accumulates 

is dependent on the environmental conditions surrounding 

the structure itself. 

 

Conventional fouling removal techniques are costly and time 

consuming as they require a halt in operations. This has 

resulted in many attempts to mitigate, monitor and remove this 

accumulation in a cost-effective manner. As mitigating 

methods cannot guarantee 100% anti-fouling, removal 

procedures must be carried out to ensure that the fouled 

structure does not reach a detrimental state. Current fouling 

removal methods include chemical, abrasive and hydraulic 

means, all sharing the common disadvantage of necessitating 

halting production for the cleaning process to commence.  

 

A non-invasive alternative fouling removal technology which 

has emerged in recent years is Ultrasound cavitation [3]–[7]. 

Ultrasonic cleaning is achieved by exciting High Power 

Ultrasonic Transducers (HPUTs) that generate cavitation 

bubbles within a surrounding liquid. When the cavitation 

bubble implodes, the shockwaves produced can dislodge 

solids attached to a fouled surface. Traditionally, Ultrasound 
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is used in ultrasonic baths to clean a submerged component 

by the generation and implosion of cavitation bubbles on the 

fouled surface [8][9]: this method is particularly used in 

Reverse Osmosis applications [10][11]. However, this 

approach requires the submersion of the fouled structure and 

thus may require a halt to production. Large fouled structures 

such as pipelines cannot be accommodated.  

 

Previous work by the present authors has explored the 

capability of this technology to remove fouling non-invasively 

[3]–[7],  however further work is needed to enhance the 

ultrasonic transducers used in this process.  

A. APPLICATIONS OF ULTRASONIC SONOTRODES  

Currently, industrial transducer-horn attachments are 

designed to generate high amplitude vibrations for various 

applications including welding, cutting and sonochemistry. 

An in-depth literature review has been carried out in the past 

to study the various applications of power ultrasound [12] 

[13]. The industrial uses of power ultrasonics include 

sterilization of medical equipment, welding of 

thermoplastics and metals due to sheer vibration. The 

transducers are easily embedded for mass-production 

automated tools and can be used for composite materials and 

additive manufacturing. Sonochemistry has benefited from 

the inclusion of ultrasound for material science, chemistry, 

biotechnology, cell activation and oxidation. The food 

industry utilizes ultrasound for the decontamination of water, 

sterilization, tenderization, freezing, degassing and altering 

some properties of food. 

 

The development and addition of ultrasonic horns has been 

used to further the properties of HPUTs to achieve higher 

amplitude and more precision. This is usually carried out 

following numerical analysis and theoretical calculation to 

optimize the design of the horn for its given application. 

Examples of this include micro-EDM drilling [14], electro-

discharge machining [15], flange making [16], grinding [17], 

plastic welding [18], ultrasonic machining [19]. 
 

Aside from these applications, other purposes of the 

transducer enhancement include achieving multi-frequency 

transduction [20] and improvement of velocity amplification  

[18], [21].  Another enhancement is the addition of diagonal 

slits on horns to promote longitudinal-torsional wave modes 

[22]. 

 

Ultrasonic horns are typically designed to a geometrical 

iteration of half a wavelength in length to achieve maximum 

amplitude at the contact surface of the horn tip [23]. Horns 

can be found of simple shapes such as cylindrical, conical, 

stepped or exponential diameter variation  [18], [21], or as a 

combination of these different shapes [14]. 

 

The magnitude of amplification is increased in line with the 

ratio of the horn diameter to its tip diameter. Each shape 

contributes different amplitude characteristics, such as the 

filtering of noise, increased amplitude and achieved non-

contact performance. Combinations of these shapes have 

been investigated to further improve the performance for 

given applications. 

 

Literature shows many attempts to improve amplification 

through the use of Ultrasonic horns, but there is no previous 

work related to the improvement of fouling removal 

applications. Research that is most similar to improving 

fouling removal properties has been into ultrasonic horns 

that can generate and enhance cavitation intensity. 

Cavitation activity from ultrasonic horns has been 

investigated using COMSOL [24][25][26]. For example, 

sonochemistry enhancement by the generation of cavitaton 

for oxidation [27]. As Ultrasonic horns have the potential to 

generate cavitation for sonochemical applications, this 

suggests the prospect for improving the non-invasive 

ultrasonic cleaning technique by increasing its cleaning 

distance. 

  

This present work investigates the development of different 

Ultrasonic horn geometries and studies improvements in the 

wave propagation across a plate structure. This is carried out 

by designing a half-wavelength ultrasonic horn within 

COMSOL (with cylindrical, conical, exponential and 

stepped shapes). The ultrasonic horns are designed with a 

threaded piece for attachment onto an existing 40 kHz 

HPUT. The transducer is attached at the center of a carbon 

steel plate (300 mm x 300 mm x 2 mm), and is excited using 

a discrete pulse. A PSV-400 3D Laser Scanning Vibrometer 

is used to measure the displacement across the plate structure 

over time. The ultrasonic sonotrode with highest 

improvement of wave propagation is used to carry out an 

FEA analysis to predict improved cleaning capabilities 

compared to a single transducer. A cleaning trial is carried 

out on an 85 mm length, 50.08 mm outer diameter and 1.5 

mm wall thickness, stainless steel pipe which is filled with 

water. The cleaning achieved for the selected sonotrode is 

compared with the results for a single transducer.  

 
II. HIGH POWER ULTRASONIC TRANSDUCERS  

The most common type of piezoelectric transducer is known 

as the Langevin transducer. This HPUT consists of 

piezoelectric ceramic ring elements that are stacked and 

FIGURE 1.  Diagram of HPUT components 
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sandwiched between electrodes and are pre-stressed using a 

front and back mass (Figure 1). HPUTs are fabricated by 

bolting the front and back masses, and by placing stacked 

piezoelectric ceramic rings (1/8th wavelength each) between 

both masses before bolting. The material used for these 

components varies depending on the desired mechanical and 

chemical properties of the transducer, and are listed below: 

 

• Two piezoelectric ceramic rings (compressional) –  1/8  

wavelength length 

• Two contact plates 

• Front mass – ½ wavelength length 

• Back mass – ¼ wavelength  

• Bias bolt with nut – ¼ wavelength length  

• Insulating tubing for bolt  

• Epoxy resin - as adhesive and acoustic couplant between 

each component 

 

The purpose of the back mass is to boost the vibration of the 

transducer towards the front mass. A common method to 

achieve this is to select an appropriate backing mass geometry 

and a material that has a higher acoustic impedance.  

A. LONGITUDINAL VIBRATIONS  

To understand the vibration behavior of a designed 

mechanical horn, vibration in bars of circular cross-section 

must first be understood [28]. To calculate the longitudinal 

vibration in bars, the stress-strain formula can be used, where 

strain is given by: 

𝜖 =
𝜕𝜔

𝜕𝑥
                                              (1) 

The stress is given by  
𝐹

𝑆
= −𝐸 ∙ 𝜖  ,                                     (2) 

where ω is the displacement along the bar, x is the distance, 

S is the cross-section of the bar, F is the force and E is the 

Young’s modulus.  

 

Using the stress and strain equations, the longitudinal wave 

equation is as follows:  

𝜕2𝜔

𝜕𝑥2
=

1

𝑐𝐿
2

𝜕2𝜔

𝜕𝑡2
    ,                              (3) 

where cL is the velocity of the longitudinal vibration, 

calculated using the following equation:  

𝑐𝐿 = √
𝐸

𝜌
    ,                                     (4) 

where ρ is the density of the material.  

 

Assuming the cylindrical bar is free at both ends, its mode 

shape can be calculated using the equation:  

𝜔(𝑥, 𝑡) = 2𝑊𝑒𝑗𝜔𝑛𝑡 cos(𝑘𝑛𝑥)   ,              (5) 
where W is the amplitude of the vibration, kn is the wave 

number and ωn is the angular frequency of the nth resonance.  

 

The nth resonant frequency can be calculated using the 

equation [29]:  

𝑓𝑛 =
𝑛𝑐𝐿

2𝐿
       ,                               (6) 

where L is the length of the bar. 

 

The first resonance is also known as the half-wavelength 

resonance and is typically the length used to design the front 

mass of HPUTs.  

III. NUMERICAL INVESTIGATION  

The HPUT model was implemented in COMSOL 5.4 and 

neglects the contact plates and epoxy resin within the 

transducer. Instead, the voltage is applied directly to the faces 

of the piezoelectric ceramic rings. The model uses the HPUT 

dimensions in Figure 2 and the material properties in Table 1. 

The piezoelectric ceramic rings are made of PZT-4 and their 

material properties are selected from the built-in database in 

COMSOL [30]. 

 
TABLE I 

METALLIC COMPONENT MATERIAL PROPERTIES 

Material Property Aluminum Stainless Steel  

Density 2700 kg/m3 7830 kg/m3 

Young’s Modulus 70 x 109 Pa 207 GPa 
Poisson’s Ratio 0.35 0.3 

FIGURE 2.  Dimensions of Selected 40 kHz HPUT  

Side view 

 

 

 

 

 

 

 

 

 

 

 

 

 

Contact surface view 
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A. PHYSICS  

Linear elastic behavior is assumed for all solid parts of the 

model, excluding the piezoelectric ceramic rings. The 

application of Newton’s law yields the following equation:  

𝜌𝑆

𝜕2𝒖

𝜕𝑡2
= 𝛁. �̅�  ̅̅ ̅                                (7) 

where, u is the solid displacement field, �̅̅� is the stress tensor, 

and ρS is the density of the solid. 

    A piezoelectric material is assigned to the piezoelectric 

ceramic rings which obey the solid mechanics governing 

equations and, additionally, the PZT- linearized constitutive 

equations in stress-charge form: 

�̅̅� = 𝑐𝐸 ∙ 𝑆̅̅ − 𝑒𝑡 ∙ 𝑬                              (8) 

𝑫 = 𝑒 ∙ 𝑆̅̅ + 𝜀𝑆 ∙ 𝑬                               (9) 

where, �̅̅� is the stress tensor, 𝑆̅̅ is the strain tensor, E is the 

electric field, D is the electric displacement field, cE is the 

elasticity matrix, e is the piezoelectric coupling coefficient 

for the stress-charge form and εS is the permittivity matrix.  

    Electrostatic behaviors are assigned to the piezoelectric 

ceramic rings with the signal applied using the formulae: 

∇ ∙ 𝑫 = 0                                     (10) 

𝑬 = −∇𝑉                                    (11) 

where V is the electric potential corresponding to the electric 

field E. 

The terminal and ground equipotentials are applied to the 

boundaries explicitly as in previous work [4]. The ground 

boundary is set to 0 V and the terminal boundary is set to: 

𝑉 = 𝑉0                                     (12) 

where Vo is the modulated input signal. The correct 

polarization is achieved by assigning a rotated global co-

ordinate system to one of the two piezoelectric ceramic rings 

and rotating its polarization towards the second piezoelectric 

ceramic ring.  

B. MESH 

A dynamic transient simulation to map out the wave 

propagation requires the calculated mesh to be optimal. The 

wave equation requires the time stepping within the solver to 

complement the meshing itself to yield an accurate solution. 

The meshing size uses ten 2nd-order elements per 

wavelength. The equation used to calculate the maximum 

allowed mesh element size (ho) is given by [31]: 

ℎ𝑜 =
𝑐

𝑁𝑓𝑜 
                                               (13) 

ℎ𝑜 =
2700

10 × 40000 
= 0.00675 𝑚  

where c is the group velocity, N is number of elements per 

wavelength and f0 is the centre frequency.  

The 40 kHz HPUT undergoes analysis using the Agilent 

4294A Precision Impedance Analyzer [32]. Figure 3 shows 

an experimental impedance of 18.51 Ω at 39.98 kHz and a 

numerical impedance of 9.72 Ω at 39.60 kHz. The HPUTs 

were purchased from Beijing Ultrasonics [33] which states 

the impedance of the HPUT to be 40 kHz ± 1kHz, which 

means that the numerical model is in good agreement to the 

resonating frequency. The variation in impedance is due to 

neglecting the electrode contact plates within the numerical 

methodology.  

FIGURE 4. Displacement distribution at resonant frequency (40 

kHz) 

FIGURE 3. HPUT impedance comparison of experimental and 
numerical results   
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C. EIGENFREQUENCY ANALYSIS  

The HPUT model is simulated as 2D axisymmetric and 

undergoes eigenfrequency analysis as shown in Figure 4. 

The maximum displacement achieved across the HPUT is 

localized at the transducer contact surface.   

IV. TRANSDUCER SONOTRODE DESIGN  

The transducer horns are designed to have a total length 

equivalent to half a wavelength, calculated by using the 

fundamental equations below and the material properties of 

the desired ultrasonic horn. Ultrasonic horns are designed in 

aluminum to match the material of the front mass of the 

HPUT. Using the equations below, the length of the ultrasonic 

horn is calculated as 0.0636 m as follows:  

𝐿𝐻𝑜𝑟𝑛 =
𝜆

2
                                        (14) 

 

𝜆 =
𝑐𝐿

𝑓
                                          (15) 

𝐿𝐻𝑜𝑟𝑛 =
𝜆

2
=

𝑐𝐿

2𝑓
=

√
𝐸
𝜌

2𝑓
=

√70 × 109

2700

2 × 40000
= 0.0636𝑚 

 

where LHorn is the length of the ultrasonic horn and λ is the 

wavelength. 

 

Excluding the cylindrical horn, which has a constant diameter 

throughout its length, the ultrasonic horns are designed to have 

a magnification factor of 2 at the horn tip. This means that the 

diameter at the tip of the horn is half the diameter in contact 

with the HPUT surface. The conical horn has a linearly 

varying diameter along its length. The stepped horn comprises 

two quarter-wavelength cylinders, the first quarter matching 

the diameter of the HPUT contact surface and the second part 

is half the diameter of the HPUT contact surface, resulting in 

a magnitude of 2. The diameter of the exponential horn varies 

along its length according to the equation:  

 

𝑆(𝑥) = 𝑆1𝑒−𝑘𝑥                                    (16) 
 

𝑘 =
−𝑙𝑛 (

𝐷2

𝐷1
)

𝐿
                                  (17) 

 

𝑘 =
−𝑙𝑛 (

1
2

)

0.0636
= 10.89  

 

where S is the surface area, k is the taper factor, D is the 

diameter, L is the length. Subscript 1 refers to the input/wider 

part of the ultrasonic horn and subscript 2 refers to 

output/narrower part of the ultrasonic horn 

 

A. NUMERICAL INVESTIGATION  

Each horn is designed in COMSOL using the equations 

appropriate to each ultrasonic horn geometry. A parametric 

study was conducted on the length of the ultrasonic horn to 

adjust the geometry to achieve an eigenfrequency close to 40 

kHz. The numerical analysis of each ultrasonic horn is shown 

in Figure 5. The cylindrical horn shows high displacement at 

the original HPUT contact surface and at the tip of the 

FIGURE 5. Displacement distribution across 40 kHz HPUT with (a) cylindrical, (b) conical, (c) exponential and (d) stepped ultrasonic 
horns attached   

(a)      (b)              (c)         (d)   
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ultrasonic horn, confirming that the addition of the half-

wavelength horn achieves double the displacement of the 

HPUT in Figure 4. 

  

The conical horn shows much higher displacement at the 

horn tip compared to the original contact surface, and is 

higher than for the cylindrical horn, showing that the 

magnitude at the horn tip improves the amplitude. The 

exponential horn gives a similar result to the cylindrical horn 

but shows minor increases in the displacement. This can be 

due to having a similar diameter variation along the length 

of the horn as a result of the selection of horn magnitude. The 

stepped horn shows the largest increase in displacement at 

the horn tip, possibly due to the geometry achieving optimal 

filtering and focusing of the HPUT vibration. 

V. EXPERIMENTAL INVESTIGATION  

The final ultrasonic horn geometries are shown in Figure 6 

and were manufactured with a threaded component for 

interchangeability (Figure 7). Each ultrasonic horn is 

attached to the 40 kHz HPUT and undergoes analysis using 

the Agilent 4294A Precision Impedance Analyzer [32] , with 

the results shown in Figure 8. The 40 kHz HPUT (flat) 

achieves the lowest impedance at its resonant frequency. 

With the addition of an ultrasonic horn, the added mass 

results in an increase in impedance as well as additional 

resonant and anti-resonant responses for the stepped horn. 

The horns also shift the natural frequency, thus numerical 

analysis and parametric optimization were used to maintain 

a resonant frequency close to 40 kHz. When comparing the 

impedance achieved from the manufactured sonotrodes to 

the numerical impedance calculated in Figure 9, good 

agreement is obtained for each of the sonotrodes excluding 

the stepped horn, which has the highest impedance at 

resonance. This is due to the change in diameter of the horn 

at the stepped section and also due to this horn being shorter 

than the other three sonotrodes under investigation, which 

produce an additional resonant and anti-resonant response. 

 

FIGURE 6. Geometry of (a) cylindrical, (b) conical, (c) stepped 
and (d) exponential shaped ultrasonic horns   

       (a)                          (b)                          (c)  
 
 
 
 
 
 
 
 
 
 
 
 
 
              
 
                      
                                     (d) 

FIGURE 9. Comparison of experimental impedance for final 
manufactured ultrasonic horn designs   

FIGURE 8. Comparison of numerical impedance for final 
ultrasonic horn designs   

FIGURE 7. Manufactured (a) cylindrical, (b) conical, (c) 

exponential and (d) stepped ultrasonic horn  

       (a)                (b)                (c)                 (d)  
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A. WAVE PROPAGATION INVESTIGATION  

A 300 mm x 300 mm x 2 mm carbon steel plate is placed 

within an upright frame as shown in Figure 10. The frame 

holds the 40 kHz HPUT and pressurizes the transducer 

against the centre of the plate. A Polytec PSV-400 3D Laser 

Scanning Vibrometer [34] is used to scan the outer surface 

of the plate structure. For this to be achieved, the plate is 

placed at an optimal distance using the equation:  

𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 = 0.099 + (𝑛𝑥 × 0.204)               (18) 

where nx is the iteration of the optimal distance between the 

PSV-400 and the test specimen.  

 

The PSV-400 was calibrated to scan the plate where surface 

preparation is applied. The HPUT is excited using a discrete 

pulse, which is a 5-cycle sinusoidal wave modulated using 

the Hann window function as follows: 

 

𝑈(𝑡) =
1

2
sin(2𝜋𝑓𝑡) [1 − cos (

2𝜋𝑓𝑡

𝑁
)]            (19) 

where t is time, f is the central frequency and N is the number 

of cycles. 

 

Figure 11 shows a high amplitude displacement propagating 

from the transducer location. For comparison between the 

horns, the maximum value at the transducer location as 

annotated in Figure 11 is used. To compare the wave 

propagation across the plate, the edge point is taken as the 

maximum value from the furthest ripple from the transducer 

pulse. At each of these points, the x (displacement along the 

height of the plate), y (displacement along the width of the 

plate) and z (out-of-plane displacement, perpendicular to the 

plate) components are monitored. The component axis is 

annotated in Figure 10.  

  

When exciting the HPUT, a compressional vibration is 

generated across the piezoelectric ceramic rings, resulting in 

vibration perpendicular to the HPUT front mass. The discrete 

pulse generates vibration in both directions from the 

piezoelectric ceramic rings, as shown in Figure 12. The 

vibration will follow a path of propagation in the form of a 

wave packet. Wave packet 1 describes the first pulse to be 

received at the HPUT contact surface. Depending on the 

efficiency of the transducer, some double reflection from the 

HPUT contact surface and back mass will occur and result in 

a second wave packet 2, returning to the HPUT, where it is 

expected to have reduced amplitude compared to wave 

packet 1. Wave packet 3 is the backward propagating 

vibration from the initial pulse, reflected at the back mass, 

and resulting in some reduced signal on arrival at the HPUT 

contact surface. Further wave packets are produced as a 

result of multiple signal reflections across the transducer, 

with reduced amplitude after each reflection. Each wave 

packet can be identified by the delay of the signal.   

 

FIGURE 11. HPUT with conical ultrasonic horn attached to center 
of plate undergoing data collection using 3D Laser Scanning 

Vibrometer, displaying high amplitude at transducer location  

Monitored edge point 

Transducer location  

FIGURE 10. (a) Dimensions of 2 mm thick carbon steel plate and location of transducer attachment, (b) experimental set-up for vibrometry 

analysis and (c) Polytec PSV-400 3D Laser Scanning Vibrometer  

(a)                     (b)                     (c) 

z 

y 

x 

y 
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A 

B 
Plate edge reflection 

FIGURE 13. Velocity at transducer location for HPUT without 
ultrasonic horn   

Plate edge reflection 

A 

B 

C 

FIGURE 15. Velocity at transducer location for HPUT with conical 

ultrasonic horn   

A 

B 

C 

FIGURE 16. Velocity at transducer location for HPUT with exponential 
ultrasonic horn   

A 

B 

FIGURE 17. Velocity at transducer location for HPUT with stepped 
ultrasonic horn   

FIGURE 12. Diagram of HPUT propagation paths when excited by 

a discrete pulse   

 

 

A 

B 

C 

FIGURE 14. Velocity at transducer location for HPUT with 

cylindrical ultrasonic horn   
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1) HPUT  

At the transducer location, Figure 13 shows a high out-of-

plane (z direction) velocity. The annotated section A relates to 

wave packet 1 as described in Figure 12. Section B shows a 

combination of two reflections overlapping, related to wave 

packets 2 and 3. Over time, the discrete pulse is reflected from 

the plate edge and is annotated in Figure 13. The x and y 

components of the signal follow a similar amplitude pattern 

and result from a compressional excitation of the plate 

structure.  

2) CYLINDRICAL   

The cylindrical horn (shown in Figure 14) achieves 30% 

higher amplitude in the z-direction at section B compared to 

the HPUT. Although the transducer is excited using a discrete 

pulse, the signal is oscillating through the structure due to 

multiple structure reflections and the lack of filtering of the 

signal due to the horn geometry. Wave packet 1 (section A) is 

overlapped by section B, which is a combination of multiple 

reflections including wave packets 2 and 3. The remainder of 

the signal (for example section C) shows a reduction in 

oscillation as the discrete pulse propagates away from its 

source. This configuration improves the amplitude of the 

HPUT only due to the addition of wave packets at section B.  

3) CONICAL 

Figure 15 shows an increase in amplitude (three times the 

HPUT) of wave packet 1 (section A), which means that the 

geometry has improved the initial wave packet pulses. Section 

B is again a combination of wave packets 2 and 3. Section C 

is a result of an additional reflection generated by the horn 

geometry. The plate edge reflection can be seen in the figure; 

however, this is oscillating which may be due to the increased 

amplitude and additional wave packet reflections. 

4) EXPONENTIAL  

The amplitude of wave packet 1 shown in Figure 16, section 

A is increased by 50% compared to the HPUT. However, this 

is not as high as achieved using the conical horn. Again in the 

figure, section B is a combination of wave packets 2 and 3. 

Section C is a result of reflections from the addition of the 

exponential horn which oscillates for a longer period of time 

compared to the conical horn. There is very little reflection 

from the plate edge, possibly due to the lower amplitude 

achieved using this horn shape.  

Exponential horns were designed for improved amplitude of 

the longitudinal mode whilst filtering other components of the 

signal. As they are typically not designed to be attached onto 

a plate structure, the reduction in the x and y components of 

the vibration and the addition of the plate has resulted in 

attenuation of the signal across the plate. 

5) STEPPED  

The stepped horn shows a 30% reduction in the velocity 

(Figure 17) but an improvement of the signal delivery as wave 

packet 1 (section A) and wave packet 2 (section B) are now 

separated. The removal of wave packet 3 is due to the 

geometry of the horn which filters reflected signals. 

Separation of these signals is beneficial for some applications. 

However, for ultrasonic cleaning, the HPUT would be driven 

at a continuous sinusoidal waveform so they will not be 

separable.  

The numerical results show the stepped horn should achieve 

the highest displacement but this was not experimentally 

achieved in the laboratory investigation. This may be due to 

the attachment of the plate which attenuated the delivery of the 

signal and also dampened the vibration of the ultrasonic horn.  

6) COMPARISON OF ULTRASONIC HORNS   

The conical horn achieved the highest increase in amplitude at 

the transducer location (Figure 18), and the cylindrical and 

exponential horns improved the performance compared to the 

HPUT. The stepped horn showed a reduction of 30% 

compared to the HPUT. The velocity achieved at the edge 

FIGURE 18. Comparison of maximum out-of-plane velocity for 
each ultrasonic horn  

FIGURE 19. Comparison of FFT of ultrasonic horns    
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monitored point (refer to Figure 11) follows a similar trend of 

improvements and reductions.  

 

Another factor that can improve or reduce the amplitude 

across the plate is the x and y components generated from the 

horn. As the HPUT has a conical shape, x and y vibrations are 

generated across the plate, whereas the filtering of the signal 

with the exponential and stepped horns minimizes the x and y 

components and reduces their propagation once the horns are 

attached onto the plate.  

 

The data at the transducer location is converted to an FFT 

(Figure 19) showing highest amplitudes for the cylindrical 

horn. This is a result of the multiple reflections produced by 

this horn attachment. The stepped horn has achieved the 

lowest amplitude, this is due to the filtering of the signal 

shown in Figure 17.  

 

VI.  APPLICATION OF SELECTED SONOTRODE FOR 
FOULING REMOVAL   

From comparing each of the sonotrode designs, the cylindrical 

sonotrode has shown the highest potential to achieve cleaning 

improvements due to the increase in displacement across the 

carbon steel plate structure.  

A. NUMERICAL METHODOLOGY 

The HPUT and conical sonotrode are modelled in 3D using 

the validated FEA model as previously discussed in this work.  

Each transducer is attached to the center of an 85 mm length, 

50.08 mm outer diameter and 1.5 mm wall thickness, stainless 

steel pipe which is filled with water. Symmetry is used to 

compute ¼ of the model as shown in Figure 20 and Figure 21. 

 

In addition to the solid mechanics, electrostatics and 

piezoelectric effects are used to define the physics of the 

model. Pressure acoustics is applied to the fluid domain and 

acoustic-structure interaction is applied to the inner wall of the 

pipe in contact to the fluid domain. Integration is applied at the 

contact surface of the HPUT to couple it to the pipe structure. 

The results are computed in the frequency domain.  

B. NUMERICAL RESULTS  

Figure 22 shows the HPUT achieves the minimum pressure 

required for generating cavitation within a fluid for a 40 kHz 

HPUT. The displacement displayed shows the potential 

cleaning patterns achieved from a cycle of cleaning. The 

HPUT delivers high pressure into the liquid as shown from the 

isosurface plot, displaying high pressure at the center of the 

fluid.  

 

Figure 23 shows the conical sonotrode achieving high pressure 

within the fluid compared to the HPUT. The pressure in the 

fluid is shown to be distributed against the inner wall of the 

pipe. This shows the potential focusing of cavitation 

generation regions.  

 

 

 

 

 

FIGURE 20. Geometry of FEA model for single HPUT, displaying 

cut planes at lines of symmetry for computational efficiency    
FIGURE 21.  Geometry of FEA model for conical sonotrode attached 

to a single HPUT, displaying cut planes at lines of symmetry for 

computational efficiency    
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(a) (b) 

(c) 
(d) 

(e) (f) 

FIGURE 22.  FEA results of HPUT on pipe specimen for fouling removal displaying (a) solid displacement on inner pipe wall, (a) solid 
displacement on outer pipe wall, (c) total acoustic pressure of fluid at inner pipe wall, (d) cross-sectional isosurface view of total acoustic 

pressure at center of fluid, (e) total displacement of outer pipe wall furthest from HPUT attachment location and (f) total acoustic pressure of 
fluid at the inner pipe wall furthest from HPUT attachment location 
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(a) (b) 

(c) (d) 

(e) (f) 

FIGURE 23.  FEA results of  conical sonotrode on pipe specimen for fouling removal displaying (a) solid displacement on inner pipe wall, 
(a) solid displacement on outer pipe wall, (c) total acoustic pressure of fluid at inner pipe wall, (d) cross-sectional isosurface view of total 
acoustic pressure at center of fluid, (e) total displacement of outer pipe wall furthest from conical sonotrode attachment location and (f) 

total acoustic pressure of fluid at the inner pipe wall furthest from conical sonotrode attachment location 
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C. EXPERIMENTAL VALIDATION   

To further improve the ultrasonic cleaning technique, the 

potential of the conical sonotrode for ultrasonic cleaning 

improvements is demonstrated in this section. A feasibility 

trial is carried out on an 85 mm length, 50.08 mm outer 

diameter and 1.5 mm wall thickness, stainless steel pipe. The 

pipe has undergone Calcite fouling generation using 

electrochemistry [4]. Figure 24 shows both pipe specimens 

before undergoing fouling removal. 

 

Each configuration undergoes fouling removal for 20 minutes 

for comparison of cleaning coverage over time. Each HPUT is 

excited using bespoke hardware developed by the Brunel 

Innovation Centre [35], which inputs a 40 kHz square 

waveform at 2 amps of current and 200 V.      

 

When exciting the HPUT, cavitation bubbles are generated 

and over time, the fouling is dislodged into the liquid as shown 

in Figure 25. For the conical sonotrode, as well as cavitation, 

(a)    (b)  

FIGURE 24. Images before cleaning of pipe specimen with (a) 40 
kHz HPUT attached and (b) conical sonotrode attached  

Ultrasound over time  

1 minute                      10 minutes    20 minutes 

FIGURE 25.  HPUT carrying out de-fouling over time 

Ultrasound over time  

1 minute                    10 minutes                     20 minutes 

FIGURE 26. Conical sonotrode carrying out de - fouling over time  
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high vibration within the liquid can be seen in Figure 26 across 

the circumference of the inner pipe wall. Figure 27 illustrates 

the angle of photography to be taken of the pipe specimens for 

comparison of cleaning coverage. 

 

Figure 28 compares the fouling removal on the inner wall of 

the pipe specimen at the HPUT attachment location. This is 

where highest fouling removal is expected, as the HPUT has a 

larger front mass diameter which allows more contact with the 

pipe whereas the diameter of the conical sonotrode is half the 

size of the HPUT. The conical sonotrode has shown to achieve 

a larger surface of cleaning compared to the HPUT, even with 

a smaller diameter contact surface, due to the half wavelength 

sonotrode design amplifying the HPUT vibration and delivery 

into the pipe structure. 

 

From rotating the pipe specimens, Figure 29 displays the 

propagation of cleaning away from the HPUT location. The 

 

A 

B 

C 

D 

Annotation for post-fouling 

removal images  

A – HPUT attachment location  

B – Left of HPUT 

C – Section furthest from HPUT 

D – Right of HPUT 

FIGURE 27. Illustration of sectional images for de - fouling analysis 
 

Conical sonotrode 

attachment 
HPUT 

View A: HPUT attachment 
(a)                       (b)  

FIGURE 28. View A - HPUT attachment location for (a) conical 

sonotrode and (b) HPUT  

Conical sonotrode 

attachment 
HPUT 

View B 
(a)                   (b)  

FIGURE 29. View B section for (a) conical sonotrode and (b) 
HPUT 

Conical sonotrode 

attachment 
HPUT 

View C: Furthest from HPUT 

attachment 

(a)                  (b)  

FIGURE 30. View C – section of pipe furthest from 
HPUT excitation for (a) conical sonotrode  and (b) 

HPUT 

Conical sonotrode 

attachment 

HPUT 

View D 

(a)                  (b) 

FIGURE 31. View D for (a) conical sonotrode and (b) HPUT 
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conical sonotrode achieves cleaning that is elongated along the 

length of the pipe, whereas the HPUT has shown cleaning 

along the length of the pipe but consisting of nodal cleaning 

with remaining patches of fouling.   

 

The section of the pipe specimens furthest from the HPUT 

location is shown in Figure 30. Similar to the pipe walls near 

the HPUT location, there is cleaning along the length of the 

pipe. The conical sonotrode shows nodes of cleaning but with 

some locations of fouling remaining in between the nodes, 

which can be explained by a reduction in vibration across the 

circumference of the pipe. The HPUT shows the propagation 

of three nodes of cleaning along the length of the pipe but with 

a larger spacing compared to Figure 29, which is also due to a 

reduction of vibration delivery to this section of the pipe. 

Figure 31 shows the final section of the pipe near the HPUT 

location, displaying the propagation of cleaning nodes along 

the circumference and length of the pipe.  

D. COMPARISON OF NUMERICAL AND EXPERIMENTAL 
FINDINGS    

A comparison with the experimental cleaning results for the 

HPUT attachment shows sets of three nodes propagating 

before developing into a nodal set of four at the furthest section 

of the pipe (Figure 22). This shows a good agreement of 

fouling removal patterns whilst also achieving the minimum 

pressure required to surpass the cavitation threshold. 

 

Similar to the FEA and cleaning results of the HPUT case, 

Figure 23 shows that the conical sonotrode also has good 

agreement of the cleaning patterns with the experimental 

cleaning results whilst also surpassing the cavitation threshold. 

When comparing the FEA results for both cases, the conical 

sonotrodes achieve higher displacement across the pipe and 

higher total acoustic pressure at the interface of the inner pipe 

wall, which supports the improved cleaning found from the 

experimental investigation. When analysing the isosurface of 

the total acoustic pressure, the HPUT generates pressure fields 

into the liquid medium whereas the conical sonotrode 

produces a distribution of pressure field along the inner wall 

of the pipe. As the experiments had shown the HPUT to 

generate cavitation, this can be due to the HPUT delivering 

high pressure into the liquid medium from the attachment 

location. The conical sonotrode has also produced cavitation 

during the fouling removal cycle but more distinctively, had 

generated higher vibrations along the circumference of the 

inner pipe wall. This could be explained by the delivery of 

vibration from the horn which does not only focus at the 

attachment point, and instead, allows the vibration to 

propagate across the structure which then delivers high 

pressure into the liquid. This gives an insight into focusing the 

cavitation generation at the solid-fluid interface without 

requiring the entire fluid domain to generate cavitation. 

 

 

VI.  CONCLUSIONS AND FURTHER WORK  

This work investigated four ultrasonic horn designs 

(cylindrical, conical, exponential and stepped) tailored for a 40 

kHz HPUT to study the potential wave propagation across a 

300 mm x 300 mm x 2 mm carbon steel plate. The work has 

shown that, with the attachment of the ultrasonic horn, there is 

an increase in out of plane displacement at the transducer 

location. As validated in previous studies by the present 

authors, this feature is important for designing and optimizing 

ultrasonic cleaning applications as it can enhance the 

generation of acoustic cavitation bubbles. A factor that must 

be accounted for at the transducer location is the displacement 

in the x and y directions, which will contribute to the wave 

travelling along the plate structure. From the study, the conical 

horn has shown the most improvement of the wave 

propagation (300%) while the stepped horn shows a 30% 

reduction in wave propagation.  

The experimental and numerical cleaning results have shown 

that the additional conical horn has improved the cleaning 

achieved during a single cleaning cycle. With this knowledge, 

further design and optimization can be carried out for 

improving the HPUT performance for fouling removal 

purposes as well as for other applications, i.e. material 

processing. For example, the effects due to the magnitude of 

the ultrasonic tip can be investigated by reducing and/or 

enlarging the tip, combining different horn shapes and 

selecting ultrasonic horn materials.  
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