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Työssäni tutkin mahdollisuutta käyttää akustista ajankääntömenetelmää (time-reversal) teollisen
ultraäänipuhdistimen puhdistustehon kohdentamiseen.

Akustisella ajankääntömenetelmällä pystytään kohdistamaan painekenttä takaisin alkuperäiseen
pisteeseen, tallentamalla ko. pisteestä lähetetyt painesignaalit akustisilla antureilla (etusuunta) ja
lähettämällä ne takaisin ajassa käännettyinä (takasuunta).

Tässä työssä tutkitun kohdentamismenetelmän perusteena toimii elementtimenetelmällä toteutettu
simulaatiomalli, jossa sekä ultraäänipuhdistin, että puhdistettava järjestelmä oli mallinnettu
tarkasti. Simulaatiomallin avulla voitiin puhdistettavasta alueesta valita mielivaltainen piste jo-
hon halutaan kohdentaa puhdistustehoa. Simuloidun etusuuntaisen ajon tuloksena tuotetut sig-
naalit tuotiin ulos mallista ja takasuuntainen ajo suoritettiin kokeellisessa ympäristössä käyttäen
simuloituja signaaleja.

Työssä esitetään vertailu simuloidun ja kokeellisen ajankääntömenetelmään perustuvan kohden-
tamisen tuloksista ja osoitetaan, että simuloiduilla signaaleilla on mahdollista kohdentaa akustista
tehoa ennalta valittuun mielivaltaiseen pisteeseen. Lisäksi työssä esitetään analyysi anturien
määrän vaikutuksesta kohdentamiskykyyn, tarkastellaan ultraäänipuhdistimen avaruudellista ko-
hdentamiskykyä sekä vahvistetaan simulaatioissa tehdyn lineaarisen oletuksen paikkansapitävyys.
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1. Abstract

Ultrasound provides a way to clean fouled pipes in industrial settings without inter-
rupting the production. Ultrasonic clamp-on cleaners are used to clean pipes, but they
typically cannot focus the cleaning power. This leads to insufficient cleaning results in
cases where the fouling is localized to certain parts of the pipe.

To solve this issue, we propose a finite-element method -based time-reversal
(FEM-TR) technique for controlling the acoustic field produced by an ultrasonic clamp-
on cleaner. We demonstrate by simulations and experimental validation that FEM-TR
can be used to control the acoustic field in clamp-on cleaners featuring relatively few
narrow-band and high-power transducers. The proposed method allows us to focus
sound to arbitrary pre-selected locations inside the structure.
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2. Introduction

Ultrasonic cleaning is a cleaning technique, that offers an environmentally safe al-
ternative to the traditional cleaning methods using strong chemicals and is suitable
for removal and prevention of fouling in industrial structures. In addition, ultrasonic
cleaning may also be applied to chemical cleaning to boost its efficiency.

The cleaning effect in ultrasonic cleaning can be due to improved dissolution of
saturated layers protecting the fouling [1] or direct treatment of fouling by cavitation
and acoustic streaming [2]. In direct treatment the removal of fouling from contami-
nated surfaces is mainly attributed to the inertial cavitation effect created in the fluid
inside the structure being cleaned, whereas acoustic streaming prevents fouling from
(re)attaching to surfaces [2]. The strength of both phenomena depends on the acoustic
pressure [3][4], so to maximize the cleaning power, the local pressure near the fouling
should be maximized.

Commercial ultrasonic cleaners are typically either bath or clamp-on type sys-
tems. In ultrasonic baths the fouled object is placed inside a fluid filled tank and
treated with ultrasound, generated with transducers located around the tank [2].

In clamp-on systems ultrasonic transducers are directly connected to the fouled
object [5]. Ultrasonic baths are used especially in cleaning of small equipment [6][7]
but they may also be utilized in cleaning of large scale industrial machinery [8]. How-
ever, when cleaning pipelines, ultrasonic baths may not be employed, since the whole
pipeline would need to be disassembled prior to the cleaning, implying that clamp-
on type systems are considered preferable. With clamp-on systems the cleaning can
be continuous without any need to halt the industrial process or to disassemble the
pipeline [5].

Clamp-on cleaners effectively remove fouling from the outer shell of pipes [5] but
they may struggle to properly clean complicated structures located deep inside e.g.,
large heat exchangers. Cleaning the structure may be problematic, especially if the
fouling mainly resides on internal parts. In such cases, the cleaner needs to be able to
focus acoustic power to the fouled region.

This issue can be addressed by using a time-reversal (TR) technique to control the
acoustic field generated by the clamp-on ultrasonic cleaner. TR is a method that can
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4 Chapter 2. Introduction

focus ultrasonic fields [9]. TR relies on the reciprocity principle of the wave equation,
in which initial conditions of a known field solution can be reached when the time is
reversed [10][11]. By employing the TR technique for ultrasonic cleaning, the acoustic
power can be focused to the desired area, enabling localized cleaning.

In practice, the TR technique is typically realized using ultrasonic transducers,
placed around the area where focusing is desired. Said transducers record the signal
originating from the focus point (forward propagated signal). Forward propagated
signal may be produced by either directly actuating at the desired focus point (e.g.,
electronic spark, mechanical impact) [12] or by making pulse-echo measurement (in
case of a highly reflecting target) [9]. After recording, forward propagated signals are
reversed in time and sent back using the same transducers that were used for record-
ing them (backward propagated signal). Due to the reciprocity principle, backward
propagated signals will converge to the original source [13].

To use the TR technique, one needs to generate the forward propagated signals.
In many practical use cases actuation of the forward propagated signals may not be
possible, e.g. if the target area is located so that it cannot be reached without disas-
sembly. This limitation can be solved by performing the forward actuation phase using
finite-element method (FEM) simulation.

In our earlier contribution [14], we modelled a digital twin of a realistic industrial
setup, consisting of an industrial size pipe and four high-power, narrowband transduc-
ers. In the FEM model the forward propagated signal was actuated by introducing a
pressure source at or near the fouled area, and the propagated signal was recorded with
simulated cleaning transducers. The simulated forward propagated signals can then
be used to control the acoustic field in the corresponding experimental setup [15], and
consequently to increase the cleaning efficiency in the desired area [16]. The introduced
method is noted as FEM-TR.

Typically, experimental TR setups employ an array of broadband, low-power
transducers, to avoid losses in frequency content of the initial direct impulse actua-
tion [17]. In contrast, typical ultrasonic cleaning systems use narrowband, high-power
transducers to maximize the mechanical output. Here, FEM-TR is implemented using
narrowband cleaning transducers, to mimic a realistic ultrasonic cleaning system, even
though the configuration is not ideal for time-reversal focusing.

In this work we introduce FEM-TR, we study its capabilities with simulations,
and we experimentally validate that the ultrasonic system can direct the acoustic power
to a desired target location inside a pipe. The study is an extension of our previous
work on simulating the time-reversal effect [14]. Recently we also showed that FEM-TR
can be applied to improve cleaning of fouled pipes [16].



3. Literature search

3.1 Acoustic time-reversal

The principles of the acoustic TR were first introduced by Parvulescu and Clay (1965)
[18] in their paper titled "Reproducibility of Signal Transmissions in the Ocean". In
their paper they presented a simple theoretical approach into the TR focusing tech-
nique, as well as results from an acoustic communication experiment between two ships.
The conclusion of the study highlights the importance of fixing the source and receiver
locations, and the effect the signal length has for the signal/noise ratio.

Later in the early 1990’s the acoustic TR method was popularized by Mathias
Fink and his colleagues in a series of papers [10][13][17], where they introduced the the-
ory behind the TR method and experimentally demonstrated TR focusing. In Fink’s
group’s papers, the TR method is realized in practice by performing a pulse-echo mea-
surement to a reflecting target. This particular approach may produce multiple focuses
if multiple reflecting targets are present. To tackle this down side, Fink also proposes
so called iterative TR process, in which the TR process is repeated continuously, even-
tually leading to only one strong focus at the "brightest" target.

TR method has multitude of potential applications, ranging from localization
and imaging [19][20][21] to communication [22][23]. Also in the medical field exists a
multitude of potential applications, such as lithotripsy [24], hyperthermia [25] or power
transport to implants [26].

In the paper by R.K. Ing et al. (2005) [19], an application is proposed to use TR
for detecting the location of finger print impacts on a flat solid surface. The proposed
application would work so that first a forward propagated signal created by an impact
is recorded, after which a virtual experiment is conducted, where the signal is time
reversed and re-emitted by the sensor. Based on the virtual experiment, the location
of finger impact can then be identified. Before use, the system requires a training step,
where large number of impact signals are recorded around the area of interest. With
this approach, the exact geometry and properties of the medium aren’t needed to be
know, thus the method could be applied to practically any solid surface.

R.K. Ing and M. Fink (1996) [20] propose in their paper a TR based method
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6 Chapter 3. Literature search

for a better flaw detection in plates using lamb waves. The application makes use of
a transducer array, which is first used to perform a pulse-echo measurement of the
flaw that is being located. As lamb waves are dispersive, recorded signals of this first
measurement are hard to interpret, but by reversing signals in time and re-emitting
them back to the plate, signals will converge to the flaw. Echos now reflecting from
the flaw will be clearer and stronger than previously and the flaw location can then be
interpreted using suitable analysis tools.

R. Nauber et al. (2019) [21] study in their paper the possibility of using TR for
imaging in hot liquids. Ultrasonic imaging in liquid metals is typically not possible due
to the high temperatures, which can potentially cause significant damage to transduc-
ers. To solve this issue, the paper proposes using a multimode waveguide (MMWG)
as thermal decoupling in between ultrasonic phased array and the hot liquid. Using so
called time-reversal virtual array (TRVA) approach [27] they are able to focus on the
distant end of the MMWG, thus creating a virtual array on that surface. Further, they
demonstrate using the TRVA approach for imaging a needle in liquid tin and compare
results to cases without TRVA compensation.

In the paper by G.F. Edelmann et al. (2005) [22], an application of TR for
underwater acoustic communication is presented. In their application TR is employed
to mitigate channel fading and dispersion during transmitting, and to increase the
overall signal strength. In practice their experimental setup resembles much the typical
TR setup, where they transmit the forward propagated signal from probe source, which
is recorded by other receiver that then sends back the time reversed signal. During
backward propagation the information is embedded in the signal using phase encoding.

X. Huang and J. Saniie (2019) [23] propose another communication application
for TR. In the paper they study the feasibility of using TR method for ultrasonic
communication through metallic structures. TR communication through two kinds of
structures is tested in the study: elbow pipe and a plate. TR is used for focusing the
signal to the receiver and the information is transmitted by pulse position modulation.
Using the proposed TR method, the paper reports that they can improve the signal-to-
noise ratio and are able to transmit binary information through the steel plate channel.

J.-L. Thomas et al, (1994) [24] propose in their paper that TR method could
also be used in lithotripsy. In their application TR method is used to realize focusing
on moving targets. The basic principle of the proposed method heavily leans on the
iterative TR, method that was introduced by Fink in his earlier paper [17]. Focusing on
a single target would be realized by repeatedly performing TR focusing, which would
after few iterations lead to a very strong focus at the desired point (e.g., kidney stone).

In the recent conference paper by B.C. Benedict et al. (2021) [26] it was studied if
TR could be employed for ultrasonic power delivery to neural implants. In the proposed
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method, the implant would send out a short signal, which would be recorded using a
2D transducer array. The recorded signal is band-pass filtered, reversed in time and
then sent back using the same transducer array. In addition, the paper also propose
a possibility in using TR to focus simultaneously to two implants. The paper reports
that using the proposed TR technique, they were able to gain 10 - 20% increase in
efficiency compared to the phase reversal method, and 30 - 300% increase compared to
time delay beamforming. Thus they conclude that the TR method could increase the
feasibility of powering miniaturized neural implants.

3.2 Ultrasonic cleaning

As mentioned before, ultrasonic cleaning systems are often divided into two categories:
ultrasonic baths or clamp-on systems. In ultrasonic baths the fouled object is placed
inside a fluid filled tank and treated with ultrasound, generated with transducers lo-
cated around the tank [2]. In clamp-on systems ultrasonic transducers are directly
connected to the fouled object [5].

A typical use of a ultrasonic bath is shown in the study by D.D. Nguyen et al.
(2016) [7]. In the paper it is studied how different aspects (temperature, cleaning time,
solvents) affect the cleaning of turbine engines’ oil filters. Furthermore, the study also
found that the ultrasonic cleaning method was safe for the filters, causing no damage
or breakdown on or within the structure. As the conclusion the study stated that the
studied ultrasonic cleaning was effective method for cleaning oil filters and required
significantly shorter time that manual washing.

In the conference paper B. Kieser et al. (2011) [8] showed a large scale ultrasonic
bath system that was used for cleaning heat exchangers. In their tests they cleaned
two heat exchangers, larger of which had been stored for 3 years in scrap yard after
cleaning attempts with traditional high pressure water treatment had been failures. To
clean the larger heat exchanger, a custom vessel for ultrasonic bath was constructed
with volume of 28000 litres. The vessel was filled with aqueous degreaser. In the paper
they report that after treating the heat exchanger in ultrasonic bath for six hours, they
were able to remove over 1000 kg of fouling and restore the heat exchanger back to a
fully operational condition.

In the paper by M. Legay et al. (2013) [28] it was shown that clamp-on system
could be used for cleaning fouling from heat exchanger pipes. In the study pipes were
first fouled using spray paint and then cleaned by applying ultrasound with a clamp-
on transducer. The results of the study show good cleaning both with glass and steel
pipes. As an interesting side result it was noticed that during ultrasonic treating, the
cleaning first started from the areas near the anti-nodes of the ultrasonic wave. In itself
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this result is expected, but nonetheless, it raises an important point that in order to
efficiently clean a pipe, one also needs to understand where nodes and anti-nodes form.

In addition to cleaning already fouled surfaces, ultrasonic cleaning may also be
used for prevention of fouling. For example in the article by H. Habibi, et al. (2016)
[29] they show that an ultrasonic clamp-on cleaning system may be used for preventing
fouling of ship hulls. In their study they compared biofouling growth on two metallic
plates after 35 days immersion. One plate was equipped with clamp-on ultrasonic
transducers, and after 35 days of immersion, the plate showed no signs of fouling. On
the other hand, the control plate without transducers was clearly fouled after same
time in water, indicating that ultrasonic cleaning would be effective method in fouling
prevention.

In another anti fouling study, Y. Chen et al. (2016) [30] presented results for using
ultrasonic transducer to prevent fouling in a heat exchanger. The test setup consisted
of two concentric tubes and the transducer placed near the cooling water inlet. The anti
fouling efficiency was studied at 28 and 40 kHz frequencies and compared to situation
without ultrasonic treatment. The results showed that when applying ultrasound less
fouling was accumulated, especially with the 28 kHz drive frequency.

Ultrasonic cleaning can also be employed to cleaning of textiles. In the study
by J. Chen et al. (2016) [31] it was claimed that by including a simple ultrasonic
transducer in a conventional washing machine, the washing result could be improved.
The improvement was contributed to the cavitation of bubbles near the textile, which
caused the dirt particles to be removed. In the study they quantified the amount of 4
µm carbon particles on the sample after washing and used that to calculate the washing
efficiency. The study did not comment on if the method would be as effective against
other types of dirt.

3.3 Finite-element simulations of ultrasonic clean-
ing and TR

FEM is a powerful tool for simulating complex systems, even when involving interac-
tions between different physics. Therefore FEM is a very handy tool in modelling the
action of ultrasonic cleaners. With FEM simulations it is possible to gain insight on
different aspects of ultrasonic cleaners and potentially suggest improvements to already
existing systems. Furthermore, FEM may also be used for modelling acoustic fields
in complex settings, such as during a TR signal propagation. Thus with FEM it is
possible to gain understanding of how the system works and for example, study the
quality of TR focusing.
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In literature, FEM has been used for studying ultrasonic cleaning of fluid filled
pipes. In the study by Z. Qu et al., (2020) [32] FEM was used for investigating how
guided waves travel in fluid filled pipes and if pressure levels near pipe walls are high
enough to cause cavitation. In the study the ultrasonic cleaning system was realized
by a transducer array attached to one end of a 1 m long pipe. The results of the
FEM simulation confirmed that this array could introduce high enough pressures in
the water to cause cavitation.

In a similar study, H. Lais et al. (2018) [33] investigate the possibility of using
clamp-on transducer in cleaning of pipelines. In their study they had done a FEM sim-
ulation of the setup and compared model predictions to experimental cleaning results
and 3D-LDV measurements. Interestingly the displacement field in simulation shows
similarity with the measurements, but the absolute values of displacements differ. Au-
thors discuss that the possible reason for this disparity could be the calcite layer inside
of the pipe. Disregarding the fouling in simulations may have caused the results to
overestimate the magnitude of displacements on the pipe surface.

In the study by S. Li et al. (2019) [34] cleaning of pipes using ultrasonic guided
waves is investigated. Guided waves are actuated using transducers, connected to the
pipe with suitable wedges. The paper presents results both from FEM simulations and
from cleaning experiments. As the conclusion the study states that with ultrasonic
guided waves they were able to produce 86.6% fouling removal rate along the pipe.

In another study by the same group [35] (Z. Qu et al. (2019)) the influence
of water flow on fouling removal was studied. Similarly to the previous presented
paper, the cleaning action was mainly due to the ultrasonic guided waves, generated
by a transducer attached to the pipe with a wedge. Based on the simulations, it was
noticed that a fluid flowing in the pipe disturbs the pressure field, especially farther
away from the transducer. The results was validated by performing a series of cleaning
experiments with the fluid flowing at different velocities. As the conclusion the study
found that with fluid flowing at 0.25 and 0.5 m/s, the cleaning results at the far end
of the pipe were worse than with stagnant fluid.

In the conference paper by M. Mracko et al. (2017) [36] the accuracy and per-
formance of FEM for simulating TR problems was studied. The paper introduces the
basic principles of modelling a TR problem and considers the correct choice of bound-
ary conditions (BC) for recording/transmitting TR signals. As the conclusion they
present that in a model the ’prescribed velocity’ BC leads to nonphysical results and
instead the ’force loading’ BC should be used. The paper also features a figure of the
resulting time-reversed field, showing the TR focusing in action.

G. Harvey et al. (2011) [37] studied if TR could be employed for inspection of
welds. In the paper they simulated isotropic and anisotropic steel welds, in which there
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was a single defect. They simulated a measurement, using either total focusing method
(TFM) alone, or together with TR, and compared the results. As the conclusion paper
states that using TR method the imaging resolution could be improved. When imaging
samples with TR enhanced TFM, similar quality of pictures was reached in anisotropic
samples, as can be reached with TFM in isotropic samples.

In the paper by F. Deng et al. (2008) [38] it was studied by simulations how
TR focusing could be applied for improving defect localization in pipes. The basic
principle resembles very much of that suggested by R.K. Ing and M. Fink (1996)
[20]. By recording a signal reflected from a defect and then re-emitting the same
signal time-reversed, allows focusing on the defect. From the recorded signal only a
certain time window is selected for time-reversing. Study also investigates the effect of
time window length, showing that with longer window, the reflection from TR focused
signal is stronger. Further, the study also investigates the possibility of locating the
circumferential position of the defect.

In the simulation paper by M. Lints et al. (2020) [39] it was studied if their so
called TR-NEWS method could be used for locating defects in carbon fibre reinforced
polymers. The simulation model was implemented in 2D, with a crack of varying size.
So called defect resonance excitation was performed, where two sample chirps were
used to illuminate the target, and their difference was cross-correlated to produce the
nonlinear impulse response (detailed explanation of the method in [39]). The produced
signal was then used for exciting the defect. The presence of a crack was detected by
analyzing the frequency spectrum of the signal recorded during the defect excitation.
The paper concludes that the presented method is successful at detecting defects, but
that the results still need to be verified with physical experiments.

3.4 Conclusions on the literature search

The preceding literature search presented the current state of the literature regarding
the three main areas related to this thesis: time-reversal, ultrasonic cleaning, and
related finite-element method simulations.

TR focusing in pipe structures was presented in multiple literature sources. How-
ever, examples only encompassed applications in ultrasonic communication and defect
localization. During the literature search, no research from other groups was found
where the TR focusing had been applied for improving the efficiency of ultrasonic
cleaning.

Ultrasonic cleaning of pipes using clamp-on transducers was presented in multiple
papers. In the literature, there was much interest in studying how the different aspects
of the pipe system (fluid flow, fouling layers) affect the cleaning efficiency and the
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propagation of waves in the structure. Typically clamp-on transducers were driven
with continuous signals and if any "focusing" was present in such systems, it was due
to the random interference of the acoustic field. Clamp-on systems designed for focused
cleaning with transient drive signals, were not encountered during the literature search.

Furthermore, FEM has been used widely in modelling of various ultrasonic sys-
tems, either related to research on focusing methods or on ultrasonic cleaning. However,
no other research group was found to have combined all the three aspects in their work
(TR, ultrasonic cleaning, simulation methods).





4. Methods

FEM modelling was done using the simulation software COMSOL Multiphysics (5.6).
Two different simulation models were created (A) 3D model, to study the propagation
of waves and to produce signals for the experiment, and (B) a simplified 2D model,
to study the impact of nonlinear acoustic effects on the focusing efficiency and on the
system’s ability to focus on different areas inside the container.

The 3D model featured an acrylic water tank and four Langevin piezoelectric
transducers. To reduce the computational demand, only a portion of the water tank
was included in the model (Fig. 4.1 A). The simplified 2D model featured a cross
section of the water tank, with transducers replaced by ‘Boundary Load’ boundary
conditions (Fig. 4.1 B).

Figure 4.1: (left): 3D Simulation model geometry; (right): 2D Simulation model geometry, with
boundaries having the ’boundary load’ boundary condition marked with blue lines.

In both models, the propagation of acoustic waves was simulated using the ”Pres-
sure acoustics, Transient” interface of Acoustics module, the elastic waves were sim-
ulated using the ”Solid Mechanics” interface, and the piezoelectric effects were taken
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14 Chapter 4. Methods

into account by including the ”Electrostatics” interface. Coupling between the different
physics interfaces were done using COMSOL’s built-in Multiphysics couplings. Fluids
were simulated using the ”Linear elastic” fluid model. A linear elastic approximation
was shown to be valid, see chapter 5. Different physics interfaces and selected nodes
are shown in the figure 4.2. For more details about the model implementation, see
Appendix D.

Figure 4.2: Physics interfaces and selected nodes in (A) 3D and (B) 2D model.

The 3D simulation model featured a slice (80 mm) of the water container, to
reduce the size of the simulation domain and thus the computational cost. The top
and bottom surfaces of the simulation domain had the following boundary conditions:
low reflecting boundary for solid domains and plane wave radiation for the fluid domain.
This approach was chosen, since the reflections from the top and bottom surfaces of
the container should contribute insignificantly to the results. Previously we showed
this approximation to be valid [14].

Forward actuation in the 3D model was performed by introducing a spherical
pressure source at the desired focus point. Actuation was done with a short 20 kHz sine
pulse, with a Gaussian envelope (fig. 4.3). The forward propagated signal was recorded
with the simulated transducers, by measuring the mean electric potential across the
piezoelectric components. See Appendix C for more details about the implementation
of forward and backward phases.

The total simulated time during forward propagation was 2 ms, with the actu-
ation occurring at the 0.1 ms mark at the pre-selected actuation point. During the
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Figure 4.3: Actuation signal used in all simulations.

simulation of the backward propagation phase the pressure source was disabled and
the four transducers were driven with the previously recorded signals in reverse for 2
ms, therefore focusing takes place at 1.9 ms.

In the 2D model the forward and backward phases were similar to the ones de-
scribed before, but instead of modelling the transducers, the recording and transmitting
were performed using boundary conditions. In the forward actuation phase all trans-
ducer boundaries were set as ‘free’, with a coupling that recorded the average pressure
on them. In the backward propagation phase, a ‘boundary load’ condition was set to
each transducer boundary. During the backward propagation phase the time-reversed
drive signal was modulated with a smooth step function, to reduce the contributions
from the higher order reflections that are absent in the signals produced by the 3D
model (Appendix A).

The simulation results were validated by comparing the measured frequency re-
sponse of the transducers to the response predicted by the simulation, whereas the
simulated backward propagated pressure field was compared to an experimental pres-
sure scan. The transducers used in all experiments were fc = 20 kHz, PZT-8, 100W,
Beijing Ultrasonics.

The frequency response of a free, uncoupled transducer was measured using a
Digilent WaveForms Impedance Analyzer connected to an Analog Discovery 2. Results
were imported into COMSOL and then compared with the simulation predictions.

The pressure field in water was scanned point-by-point using a custom-built,
computer-controlled scan stage. The recording was conducted with an omnidirectional
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hydrophone (Bruël & Kjær Type 8103). The water-filled Plexiglas container used in
the experiment was 303 mm tall, and had a diameter of 300 mm. The transducers were
glued to the container with epoxy and positioned around it as shown in Fig. 4.1 A.
Picture of the container and the scan stage can be seen in fig. 4.4.

Figure 4.4: Photo of the experimental setup. The container is located inside a metal frame holding
the scan stage. The hydrophone is held by the light blue holder connected to the scan head.



5. Simulation results

5.1 Focus steering with FEM-TR

The 3D simulation model was used to determine whether the FEM-TR method can
steer the acoustic field in a desired manner. The study was conducted by recording
in the simulation domain the forward propagated signals from two different points,
then reversing and transmitting them back. Figure 5.1 shows the simulated backward
propagation, at the moment of focusing. As the system features only four transducers,
the observed side-lobes are significant compared to the focal pressure peak. However,
the strongest pressure peak was observed at the expected spatial location in all targeted
locations.

Figure 5.1: Simulated backward propagation at the temporal moment of focusing. Black arrows
indicate the location from where the forward actuation was originally performed.
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5.2 The number of transducers

The relative strength of the side-lobes may be decreased by increasing the number
of transducers around the container. This was studied by modifying the 3D model
to include different numbers of transducers, each located at equal distance from their
neighboring transducers. Focusing in these cases was studied by performing TR focus-
ing to four different target points in the same plane as the transducers. The locations
of the focal points were chosen in a semi-random fashion, to avoid that all points would
be simultaneously located directly in front of a transducer. The target point locations
and example geometries for different numbers of transducers are shown if Fig. 5.2.

The results of simulated backward propagation were analyzed by evaluating the
absolute value of the peak negative pressure (pfocus) at the desired focus point and
the average of the absolute pressure in the whole water volume (pbg), at the time of
focusing. The peak negative pressure was selected as an indicator, being the most
important factor to produce inertial cavitation. The ability to focus to each focus
point was determined by calculating the ‘focusing ability’

focusing ability = |pfocus|
< |pbg| >

(5.1)

The mean focusing ability was calculated by taking the mean of individual fo-
cusing abilities to different pre-selected focus points. The mean focusing ability as a
function of number of transducers is shown in Fig. 5.3. As expected, by increasing the
number of transducers, the relative strength of side-lobes decreased. This result agrees
with the literature [40][41].

Figure 5.2: Simulation geometries with three (A), six (B), and nine (C) transducers. Pre-selected
focus points are marked as black dots inside the container.
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Figure 5.3: Simulated focusing ability as a function of number of transducers employed. The
relatively speaking poorer focusing ability for the case with 7 transducers is explained by multiple
focus points being at disadvantageous positions related to the transducers.

5.3 Spatial limitation of focusing ability

To determine the efficiency of the acoustic field steering, the peak focus pressure in
different locations was mapped in the simulation. As the mapping would require an
excessive number of consecutive simulation runs, the lighter 2D model was preferred
to the 3D model.

The mapping was realized by performing a series of simulations, with the forward
actuation done at different points in the simulation domain (Fig. 5.4 A). Symmetries
in the simulation geometry were taken advantage of, to reduce the total number of
actuation points to 1/4 of that required to cover the full geometry. The forward-
backward propagation cycle was performed at all the pre-selected points and the results
were mirrored along symmetry axes. The ‘focusing ability’ of each point was calculated
with eq. (5.1).

Results of the mapping are visualized in Fig. 5.4 B. This figure shows the focusing
ability at each pre-selected focal point. As expected, the focusing ability is high around
the center of the container, whereas close to the container walls the focusing ability
declines. Low focusing ability at the point (x = 0, y = 0) is explained by the strong
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side lobes (see Appendix B).

Figure 5.4: Focusing ability depending on the target location. The relatively poor focusing ability
to the center is a simulation artefact and it is discussed further in the Appendix B.

5.4 Contribution of nonlinear effects

In our simulation models, we assume that the ultrasonic field can be modelled using
a linear elastic fluid model. To assess the validity of this assumption, a simulation
study was done where we compared TR-focusing in fluids having either a linear or a
nonlinear material model.

Nonlinear acoustic effects were taken into account by including ”Nonlinear Acous-
tics (Westervelt) Contributions” node to the ”Pressure acoustics, Transient” interface
in COMSOL and by changing the fluid model to viscous. The nonlinearity of water
was defined by the parameter of non-linearity, B/A = 5.0 [42].

The simulation study was conducted by performing the forward-backward prop-
agation cycle with two variations of the same 2D model. In the first variation, the
reference model, the fluid was modelled as linear elastic, whereas in the second model
the non-linear material model was used.

In the second, non-linear model, the transmit amplitude was scaled up by a
factor of 100, to increase the pressure in the fluid above the cavitation limit. The
peak negative pressure observed in the nonlinear model was ppeak = -2.39 MPa, which
exceeds the cavitation limits reported for low-frequency ultrasound in water (0.1 to 1
MPa) [3][43].

Results are shown in Fig. 5.5. When comparing the pressure fields, one may no-
tice that in case of the non-linear model (Fig. 5.5 B) there are minor distortions visible.



5.4. Contribution of nonlinear effects 21

Further, the overall field shape is largely unchanged and the pressure maximum forms
at the desired point, as was also predicted by the linear elastic model. Consequently,
the linear elastic fluid model is a fair approximation that can be used for FEM-TR.

Figure 5.5: Results of the non-linearity study. Figures show the pressure field at t = 1.9 ms. Arrows
indicate the focus point. A: Focusing with fluid described by a linear elastic material model. B:
Focusing with fluid described by a non-linear acoustic model and transmit amplitude scaled up by
100 times.





6. Experimental validation

The validity of the simulated transducer model was assessed by comparing its frequency
behavior to that of the real transducer. Figure 6.1 shows the comparison between
the simulated and the measured impedance magnitude and phase of the transducer.
Whereas discrepancies were observed, the modelled transducer’s resonance frequency
matched closely that of the real transducer. As cleaning transducers are intended to
be run close to their natural resonance frequency, the developed transducer model was
deemed to be appropriate.

Figure 6.1: Impedance and phase of a transducer simulated and measured (low power). The drive
frequency in the experiments was 20 kHz. The experimental data for this validation was provided by
Joonas Mustonen.

To validate that the FEM-TR steers the acoustic power to the desired area, the
simulated backward propagated pressure field was compared to the field recorded in
an experimental scan. The experimental scan procedure is explained in detail in the
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chapter 4.
The simulated and the measured pressure fields were compared at the time of

focusing (t = 1.9 ms). Qualitative comparison of the simulated pressure field and the
scan shows a close match (Fig. 6.2).

Figure 6.2: Comparison of simulation (left) and experimental scan (right). Both show the pressure
field at the moment of focusing. Due to the physical size of the hydrophone holder, the scan could
not be performed near the container walls.



7. Discussion

Our results show that the TR focusing technique can be used with clamp-on ultra-
sonic cleaners featuring a small number of high power and narrow-band transducers.
Furthermore, we showed that to perform TR focusing, simulated forward propagated
signals may be used. Differing from typical TR setups, which usually employ large ar-
rays of wide-band transducers, we achieved TR focusing by using only a small number
of narrow-band cleaning transducers.

Having only a few transducers comes at the cost to focusing ability and strong side
lobes, but for most cleaning applications side lobes are not considered to be a problem.
In typical cleaners maintaining a single strong focus is not always even desired, but
instead the cleaning should happen efficiently within the whole structure. With FEM-
TR the pressure field can be focused on the selected "problem" area, to ensure that
cleaning happens there.

In those cases where side lobes are considered problematic, such as when parts of
the system are mechanically fragile, the contributions from side lobes can be decreased
by increasing the number of transducers.

An advantage of FEM-TR method is evident in structures where fouling is local-
ized to certain distinct areas. With prior knowledge of these problematic areas, one
can use FEM-TR to steer cleaning power and thus improve the overall cleaning result.
Alternatively, one can save energy by only focusing cleaning power to spots that need
cleaning. Similarly, the FEM-TR method could be employed to maintain cleanliness of
complicated structures, by sequentially focusing onto different targets, to ensure that
all areas are cleaned equally.

The effect of cavitation on TR focusing was not studied as a part of this work. It
is noted that the main cleaning effect of an ultrasonic cleaning system is due to inertial
cavitation and as a nonlinear effect it may affect TR focusing. However, with the
proposed FEM-TR technique and a careful selection of input power, inertial cavitation
could be restricted both spatially and temporally to the selected point, thus limiting
its effect on the focusing.

We studied focusing only in the plane where the transducers resided. Ability
to focus along pipe-like structures could potentially further improve the efficiency of
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ultrasonic clamp-on cleaning systems, by removing the need to install multiple clean-
ing systems along a long pipeline. It seems reasonable to assume that a FEM-based
approach similar to shown here could also be applied for focusing cleaning power along
a pipe line.



8. Conclusions

We introduced the FEM-TR method for an ultrasonic clamp-on cleaner. Simulations
and experimental measurements were presented, and they supported our claim that
the FEM-TR method can be used to control the ultrasonic pressure field in order to
steer acoustic power to a desired area.

Limitations of performing TR using merely a few narrow-band ultrasonic cleaning
transducers were studied with simulations. With a low number of transducers, FEM-
TR was able to steer the cleaning power to a pre-selected location. However, focusing
with only a few transducers causes significant side lobes, which reduces the cleaner’s
focusing ability. We showed that by increasing the number of transducers around the
container, the relative strength of the side lobes could be decreased. Spatial focusing
efficiency to different areas inside the container was investigated, revealing that the
focusing ability decreases near the container walls. We also validated in simulation
that a linear elastic fluid model may be used for FEM-TR.

Validity of the transducer model was confirmed through an experimental
impedance analysis. An experimental scan of the focused pressure field was conducted,
further validating the FEM-TR method’s ability to steer acoustic power to desired
area.

In the section 3.4 it was also concluded that the simulation based approach pre-
sented in this paper is novel in the fields of TR and ultrasonic cleaning.
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Appendix A. Signal filtering

Figures A.1-A.3 show all recorded and reversed signals from actuation at location (x =
50 mm, y = 50 mm) using both the 2D and the 3D model. Figure A.1 shows the raw
signal whereas fig. A.2 shows the signal after being modulated by the step function.
Figure A.3 shows corresponding signals from the 3D model.

The raw signal includes many higher order reflections and shows no attenuation.
This is explained by the nature of the 2D simulation geometry. In the 3D model
the upper and lower boundaries of the simulation geometry have radiating (damping)
boundary conditions, allowing the acoustic and the elastic waves to radiate out of
the simulation domain. In the 2D model similar attenuation cannot happen and the
acoustic power stays trapped in the system.

From the signals of the 3D model, it can be interpreted that the only features
contributing significantly to the focusing are those within the first 0.5 ms after the
actuation (1.9 ms mark in reversed signals). Therefore, the step function was used to
select this part from the original signals.

Comparing figures A.2 and A.3 reveals differences in the signal shapes. These
differences come from the fundamentally different way of modelling the transducer in
the 2D and the 3D models.

Figure A.1: Reversed signals in 2D model. Some of the signals are shifted along the y-axis for better
readability.
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Figure A.2: Reversed and modulated signals in the 2D model. Some of the signals are shifted along
the y-axis for better readability.

Figure A.3: Reversed signals in the 3D model. Some of the signals are shifted along the y-axis for
better readability.



Appendix B. 2D model focusing

The relatively low value of the focusing ability to the point (x = 0, y = 0) is explained
by the strong side lobes in that specific case. Following figures B.1, B.2, and B.3 show
the pressure field at the time of focusing in three example cases. In each figure the
selected focus point is marked with “Target”.

Qualitative comparison of the cases reveals that the side lobes in the first case (x
= 0, y = 0) are relatively stronger than in the other two cases. The field shape may
be explained by how the different frequency components of the backward propagated
signal interfere. With the selected focus point being at the center of a circular (self-
focusing) geometry, different reflected components of the signal interfere destructively,
causing an effective decrease in the focusing ability.

Figure B.1: Pressure field in water domain when focusing to point (x = 0, y = 0).
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Figure B.2: Pressure field in water domain when focusing to point (x = 30 mm, y = 20 mm).



33

Figure B.3: Pressure field in water domain when focusing to point (x = 50 mm, y = 50 mm).





Appendix C. Implementation of forward and backward phases
in model

In the simulation model, the forward propagated acoustic signals were recorded by
evaluating the average electric potential over the piezoelectric components. An ’average
operator’ was defined on the surfaces between piezo elements of each transducer (fig.
C.1 A). Using the average operators, the average electric potential was evaluated and
saved into a variable named V_RxN, in which N is the index of the transducer (fig.
C.1 B).

During backward propagation phase the previously recorded signal were obtained
by using the ’withsol’ operator (see fig. C.1 C). The operator was called with param-
eters, "’solN’, V_RxN, setval(t, t_max-t)". The first parameter ’solN’ refers to the
solution of the study, in which the forward propagation was simulated, with N being
the number of the solution. V_RxN is the variable in which the signal is saved. Func-
tion ’setval’ is used for performing the time-reversal, by re-calculating the time value
of each data point. The parameter t_max is the length of the forward propagation
phase, and t is COMSOL’s internal reserved time variable.

Figure C.1: Technical implementation of signal recording and backwards transmitting.
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Appendix D. Coordinate system of piezo elements

In COMSOL Multiphysics, the default orientation of a piezo component is so that the
principle axis is placed along the z-axis of the global coordinate system. When mod-
elling the transducers around the container, the desired orientation of piezo elements
will differ from the default and thus the local coordinate system of the elements will
need to be adjusted.

Easiest way to achieve this is by defining a rotated coordinate system. Figure
D.2 shows the implementation of rotated system by using COMSOL’s built-in ’Rotated
System’ option. In the 3D model, transducers are placed on the xy-plane, so that the
z-axis goes directly in the center of the container (see fig. D.1). The variables ’angle1’
and ’beta0’ refer to the transducer’s angle on the xy-plane and the angle between it
and z-axis respectively. In addition, each transducer had two piezo elements, which
needed to be place in opposite orientations (in the model noted as + and - piezo). This
was achieved by rotating + piezos by an additional 180 degrees along the α angle (see
fig. D.2 A).

Under the ’Solid Mechanics’ a separate ’Piezoelectric Material’ node was created
for each individual piezo element. The rotated coordinate system was applied to piezos
by selecting a rotated system corresponding the piezo in question (fig. D.2 B).

Figure D.1: Simulation model orientation respect to the global coordinate system (indicated by
arrows at bottom left corner).
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Figure D.2: Technical implementation of rotated coordinate system of piezoelectric elements.
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