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Fouling is inevitable on the surfaces of industrial equipment, especially on heat-exchanging surfaces in
contact with fluids, which causes water pollution and destroys the ecological environment. In this paper,
a novel fouling-removal methodology for plate structure based on cavitation by multi-frequency ultrasonic
guided waves is proposed, which can remove fouling on stainless steel plates. A numerical simulation method
has been developed to study the acoustic pressure distribution on a steel plate. According to the simulation
results, the distribution of sound pressure on the plate under triple-frequency excitation is denser and more
prone to cavitation than in single-frequency cases and dual-frequency cases, which improves fouling removal
rate. The stainless steel plate is immersed in water for the descaling experiment, and the results show that the
fouling removal rates of three water-loaded stainless steel plates under different single-frequency excitation seem
unsatisfactory. However, the multi-frequency excitation improves the descaling performance and the removal
rate of fouling reaches 80%. This new method can be applied to the surface descaling of large equipment plates,
which is of great significance for purifying water quality and protecting the ecological environment.
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1. Introduction

Fouling is easy to deposit on the inner surfaces of
industrial equipment due to long-term contact with the
liquid medium. The industrial equipment includes boil-
ers, chillers, and membrane filtration systems in which
the heat exchanger part easily produces fouling, espe-
cially calcium carbonate (Somerscales, 1990). Foul-
ing reduces thermal conductivity leading to a decrease
in production capacity and an increase in energy con-

sumption. Furthermore, some unexpected mechanical
breakdowns may be incurred due to fouling, conse-
quently causing financial loss and even severe indus-
trial accidents (Abu-Zaid, 2000).

Traditional methods of descaling on the surface
of industrial equipment mainly include a mechanical
method, hydro-blasting method, chemical method, and
ultrasonic method (Kudryashova et al., 2019; Gho-
livand et al., 2010; Krzyzanowski et al., 2013; Ma-
son, 2016). The ultrasonic method, dating from the
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middle of the 20th century, has become a mainstream
approach for cleaning, which is capable of removing
surface fouling based on the acoustic cavitation effect
(Legay et al., 2013; Deptuła et al., 2016; Mason,
2016). In traditional ultrasonic cleaning methods, the
transducers are attached to the bottom of the wa-
ter tank with cleaning fluid, generating high-frequency
mechanical vibrations to clean the objects immersed
in the fluid through ultrasound cavitation (Kim et al.,
1999; Wu, Chao, 2011).

Ultrasonic guided waves (UGWs) technique has been
widely used in structural health monitoring (SHM).
In recent years, UGWs techniques have also been
used to remove fouling on structures (Habibi et al.,
2016). In our previous study, a new approach to pipe-
line descaling based on leaky-guided ultrasonic wave
cavitation was proposed, and the experiment results
showed that the new approach had high efficiency in
removing fouling in the water-filled pipe (Qu et al.,
2019). According to these findings, the UGWs have
the potential for long-distance fouling removal because
they can propagate a longer distance than traditional
ultrasound. At the same time, this technique allows
for non-stop operation, enabling continuous fouling re-
moval. Additionally, the use of UGWs for fouling remo-
val can significantly reduce maintenance costs.

Cavitation is an essential principle used in descal-
ing. When UGWs propagate along a structure with
a liquid load, a part of the energy will leak into the
liquid through the solid-liquid boundary, which can
cause liquid cavitation. The cavitation induced by ul-
trasonic waves can be used to clean solid surfaces and
remove scale (Pečnik et al., 2016; Shchukin et al.,
2011). In recent years, multi-frequency ultrasound has
been reported to improve the ultrasonic cavitation ef-
fect (Feng et al., 2002; Suo et al., 2018; Avvaru,
Pandit, 2008). Twenty-kilohertz ultrasound was ap-
plied to a cross-flow ultrafiltration system with alu-
mina membranes. The ultrasonic control of membrane
fouling caused by silica particles was investigated un-
der various solution conditions (Chen et al., 2006).

This paper mainly discusses the effect of the descal-
ing on stainless steel plates using multi-frequency
UGWs. The descaling effect on stainless steel plate
under the same power and different frequency com-
bination excitation is studied and analyzed. Mean-
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Fig. 1. Propagation direction of UGWs and the descaling principle of leakage UGWs on the steel plate.

while, a curve graph of the descaling rate with the
corresponding descaling time is shown.

2. Theory

When the wave propagates in a bounded medium,
solid boundaries can guide the propagation of waves
in the form of reflection and refraction. The guided
waves in the plate can be regarded as a superposition
of waves led by bulk wave reflection and refraction at
the upper and lower boundary of a plate (Zhu et al.,
2011). As the waves propagate along a plate with liq-
uid loading, part of the energy leaks into liquid. A new
descaling method based on UGWs for plates is pro-
posed, as shown in Fig. 1.

For any isotropic medium, the displacement vector
U of UGW in the plate satisfies the Navier displace-
ment equation of motion (Rizzo, Shippy, 1971; Ko-
varik, 1995; Mazzotti et al., 2014), which can be
expressed as Eq. (1). Using Helmholtz decomposition,
the displacement vector field can be expressed as the
gradient of a scalar Φ and the curl of a vector ψ, as
Eq. (2):

(λ + µ)∇∇ ⋅U + µ∇2U = ρ ⋅ (∂2U/∂t2) , (1)

U = ∇Φ +∇ ×ψ, (2)

where λ and U are Lame’s constants of an elastic
isotropic solid, and ρ is the density.

When the plate surface is loaded with water, it pro-
vides a path for UGWs energy leakage. If the phase ve-
locity of the UGWs in the plate is greater than in the
fluid, energy will leak into the fluid (Inoue, Hayashi,
2015). So the waves attenuate as they propagate in the
plate, and the displacement is

U = Aae
i(krx−ωt)e−αx, (3)

where Aa is the amplitude of the wave in the plate,
k is the wave number, and α is the decay factor.

Because shear stress cannot propagate in the
liquid, vector potential is equal to zero. When longi-
tudinal waves propagate in the water, the potential
function Φ should be considered together with an addi-
tional displacement field equation (Sato et al., 2007).
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The displacement U in water by leaky UGWs can be
expressed as the gradient of a scalar Φ:

U = ∇Φ, (4)

Φ = Ale
−iklyei(kx−ωt), (5)

kl =
√

(ω/cl)2 − k2, (6)

where Al is the amplitude of wave in the liquid, k is the
wave number, and cl is the longitudinal wave velocity
in the liquid.

UGWs leaking into the liquid cause a cavitation
effect. If the amplitude of acoustic pressure is higher
than the cavitation threshold, the bubbles in liquid
will expand under negative pressure and absorb a lot
of energy from the sound field, compress and collapse
sharply under positive pressure, resulting in high tem-
perature and high pressure (Suslick et al., 1999),
which will effectively remove the fouling on the plate.
The cavitation threshold is defined as the minimum
amplitude of sound pressure required to initiate acous-
tic cavitation (Nguyen et al., 2017), which can be ex-
pressed as:

Pb = P0−PV +
2

3
√

3
[(

2σ

R0
)

3

/(P0 − PV +
2σ

R0
)]

1/2

, (7)

where Pb is the cavitation threshold, P0 is the hydro-
static pressure, PV is the saturated vapor pressure, R0

is the initial radius of a bubble, and σ is the tension
coefficient of the liquid.

When the external driving sound pressure exceeds
the cavitation threshold, not all bubbles will collapse.
The cavitation effect occurs only when the ultra-
sonic frequency is less than the resonant frequency
of the bubble or the initial radius of the bubble is
smaller than the resonant radius. Otherwise, the cav-
itation bubble has nonlinear vibration. The resonant
frequency of the bubble (Shima et al., 1971) can be
expressed as:

fr =
1

2πR0

√

[
γ

ρ
(p0 +

2σ

R0
) −

2σ

ρR0
], (8)

where γ is the specific heat ratio, ρ is the liquid density,
and fr is the resonant frequency.

3. Simulation

Based on the theory presented in Sec. 2, leaky
acoustic pressure is a critical factor in determining

Table 1. PZT parameter of the transducer.

Radial
resonant
frequency

(fs)

Radial
anti-resonant
frequency

(fp)

Transverse
electromechanical

coupling
coefficient (k)

Equivalent
capacitance

(C)

Elastic
modulus

(e)

Longitudinal
wave velocity

(Vl)

Transverse
wave velocity

(Vt)

Dielectric
constant

(ε)

Parameter 35 528 Hz 38 200 Hz 0.367 3050 pf 61 Gpa 4500 m/s 2200 m/s 380

whether cavitation occurs on the surface of the plate
during the descaling process. To study the character-
istics of the sound field at different frequencies, finite
element simulation is used to understand the acoustic
pressure distribution on the plate.

3.1. Model set-up

The model set-up is shown in Fig. 2a, wherein
the plate is made of 304 steel material. The plate
has a length of 500 mm, a width of 100 mm, and
a thickness of 2 mm. On one side of the plate there
is layer of CaCO3 that spans a length of 180 mm.
The plate is subjected to a water load. Most com-
monly used ultrasonic testing (UT) angle transducers
use methyl polymethacrylate as the body wedge mate-
rial. In this case and when emitting ultrasound waves
to steel, it is possible to operate within the specified
incidence angle range of 27.6–57.7○ (Krautkrämer,
Krautkrämer, 2013). The wedge-shaped transducer
consists of PZT-5H piezoelectric material and a square
aluminum base. The dimensions of the aluminum base
are 85× 48× 50 mm, and the dimensions of the piezo-
electric sheet are 50 mm outer diameter, 17 mm inner
diameter, and 5 mm thickness.
a)

z
xy

b)

z
xy

Fig. 2. a) FEM model; b) mesh of the model.

The performance parameters of the transducer-
sensitive element PZT as shown in Table 1.
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The incident angle of the transducer is set at 45○,
following the principle of oblique incidence and gen-
erating the UGW in the F mode. The transducer is
coupled at one end of the plate to ensure that the
UGWs energy excited by the transducer can be effec-
tively transmitted. The mesh of the model is presented
in Fig. 2b. The region covered with fouling on the plate
is the main calculation domain, in which the largest
cell size should be less than or equal to the 1/8 mini-
mum wavelength criterion. In Fig. 2b, the mesh of the
main calculation domain (region covered with CaCO3

fouling on the plate) is denser than the other parts to
ensure calculation accuracy.
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Fig. 3. Absolute acoustic pressure under different frequencies.
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Fig. 4. Absolute sound pressure distribution under different frequency combinations: a) single-frequency 24.767 kHz;
b) dual-frequency 24.767 and 35.144 kHz; c) triple-frequency 24.767, 35.144, and 42.498 kHz.

3.2. Simulation result

The absolute acoustic pressure results in the re-
gion covered with fouling under different frequencies
are shown in Fig. 3. The three frequencies with peak
acoustic pressure are 24.767, 35.144, and 42.498 kHz,
under which the distribution of acoustic pressure on
the plate is studied in the simulation.

The absolute acoustic pressure distribution results
on the plate under different frequency combinations are
shown in Fig. 4.

According to Fig. 4, under single-frequency ex-
citation, the peak distribution of sound pressure on the
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plate is scattered and the overall sound pressure value
is relatively low. When the peak value reaches the
cavitation threshold, cavitation for descaling occurs.
In another way, cavitation for descaling cannot oc-
cur in areas where there are low acoustic pressure val-
ues. Hence the descaling on the plate under single-
frequency excitation is not uniform. Compared with
single-frequency excitation, the sound pressure on the
plate under dual-frequency and triple-frequency exci-
tation is more densely divided, and the sound pressu-
re value increases. The uniformity of the sound pres-
sure distribution in the triple-frequency mode is simi-
lar to that of the dual-frequency mode. However, the
sound pressure values are an order of magnitude higher
in the triple-frequency mode.

4. Experiments and results

4.1. Transducer testing

A single 45○ beam angle transducer is used in this
work, as shown in Fig. 5a, which consists of a square
base and piezoelectric material. Electric energy is con-
verted to mechanical vibration by a transducer based
on the piezoelectric effect and generates UGWs prop-
agation in the plate based on Snell’s law.

a) b)

c)
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Fig. 5. a) Transducer used in this work; b) transducer test-
ing set-up; c) displacement-frequency characteristic curve

of the transducer.

To test the mechanical vibration performance of
the transducer at each frequency, the transducer test-
ing system is set up, as shown in Fig. 5b. A pulse signal
is generated by the signal generator and input to the

transducer. The vibration characteristics of the trans-
ducer are obtained by using and reading a laser vi-
brometer, and the displacement-frequency characteris-
tic curve of the transducer is shown in Fig. 5c.

The calibration results show that the displace-
ment of the transducer reaches three peak values
when the frequency is 22.480, 36.093, and 41.289 kHz,
where the transducer has a good electrical-acoustic
conversion efficiency. To improve the effect of cavita-
tion for descaling, the above three frequencies are se-
lected for the descaling experiments.

4.2. Electrochemical reaction

Calcium carbonate fouling is an intractable topic in
industrial fields. Calcium carbonate fouling is easy to
generate on the surface of heat-exchange equipment,
boiler, and other industrial equipment (MacAdam,
Parsons, 2004), and this study mainly focuses on the
removal of calcium carbonate fouling on plate surfaces.
The system shown in Fig. 5a is designed to generate
calcium carbonate fouling on the steel plate.

The output voltage of the power supply is 30 V.
The experimental plate is set as the working electrode
and connected to the negative electrode of the power
supply. The other plate is set as a reference electrode
and connected to the positive electrode. Two plates are
both dipped in water-nanosized calcium carbonate col-
loid. The calcium carbonate fouling layer is formed by
an electrochemical reaction on the working electrode
plate.

Electrochemical reaction experiments are carried
out on seven stainless steel plates of the same size:
a length of 500 mm, a width of 100 mm, and a thick-
ness of 2 mm. The electrochemical fouling preparation
system is shown in Fig. 6. The reaction lasted 36 hours,
and the steel plates were covered with a calcium car-
bonate fouling layer, as shown in Fig. 7.

Power supply

Stainless steel plate 
working electrode

Water tank

Reference electrode

Nano calcium 
carbonate solution

Fig. 6. Electrochemical fouling preparation system.

4.3. Descaling experiment

The descaling experiments are carried out on the
steel plate covered with a fouling layer, and the system
of the descaling experiment is presented in Fig. 8.
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Fig. 7. Seven steel plates with calcium carbonate fouling before the descaling experiment.

Power amplifier

Osciloscope

Water tank

DAQ

Steel plate

Transducer
PC

Fig. 8. System of the descaling experiment.

The digital signal is programmed by LabVIEW on
a personal computer (PC) and converted into a voltage
signal by a digital acquisition card (NI USB-6366). The
amplitude of the voltage signal is increased to 400 Vp−p
by the power amplifier (HFVP-83A) to drive the trans-
ducer, which converts an electrical signal into mechan-
ical vibration based on the piezoelectric effect. In the
water tank, one end of the plate covered with fouling is
dipped into the water, and the transducer is attached
to the other end of the plate. A single 45○ beam angle
transducer is used to generate UGWs in the plate.

Pressure waveforms at different frequency combina-
tions are shown in Fig. 9. In the case of the same input
amplitude, the output peak negative pressure of a dual-
frequency signal is

√
2 times the single-frequency sig-

nal, and the output peak value of the tri-frequency signal
is

√
3 times the single-frequency signal (Suo et al.,

2015).
In the following experiment, A0 =

√
2A1 =

√
3A2 is

used to ensure equal power generated between single-
frequency, dual-frequency, and triple-frequency excita-
tions. In the single-frequency descaling experiment, the
input signal is a sinusoidal continuous signal:

s(t) = A0 sin (2πft) , (9)

where f is the sinusoidal signal frequency: 22.480 or
36.093 or 4.437 kHz, and A0 is the amplified amplitude
of the voltage signal.
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Fig. 9. Pressure waveforms at different frequency combina-
tions: a) 22.480 kHz; b) 22.480 + 36.093 kHz; c) 22.480 +

36.093 + 41.289 kHz.

In the dual-frequency descaling experiment, the in-
put signal is a sinusoidal dual-frequency continuous
signal:



M. Huang et al. – Removal of Fouling from Steel Plate Surfaces Based. . . 599

s(t) = A1 sin (2πf1t) +A1 sin (2πf2t), (10)

where
f1 = 22.480 kHz, f2 = 36.093 kHz or f1 = 36.093 kHz,
f2 = 41.289 kHz or f1 = 22.480 kHz, f2 = 41.289 kHz,
and A1 is the amplified amplitude of the voltage signal.

In the triple-frequency descaling experiment, the
input signal is a sinusoidal triple-frequency continuous
signal:

s(t) = A2 sin (2πf1t) +A2 sin (2πf2t)

+A2 sin (2πf3t), (11)

where
f1 = 22.480 kHz, f2 = 36.093 kHz, f3 = 41.289 kHz, and
A2 is the amplified amplitude of the voltage signal.

There are seven different incentive modes in this
experiment. To express the incentive modes of expe-
riments more clearly and conveniently, different experi-
ments are numbered, as shown in Table. 2.

Table 2. Corresponding number of different
incentive modes.

Frequency [kHz] Serial number
22.480 S1
36.093 S2
41.289 S3

36.09, 41.289 D1
22.48, 36.09 D2
22.48, 41.289 D3

22.480, 36.093, and 41.289 T1

Seven descaling results after 40 minutes of the ex-
periment are shown in Fig. 10. Among them, the stain-
less steel plates numbered 1–3 show the experimen-
tal results under the excitation modes S1–S3, and the
plates 4–6 show the experimental results under the ex-
citation modes D1-D3, the case numbered 7 shows the
experimental result under the excitation mode T1.

It can be seen that descaling regions show different
results. Under the single-frequency excitation mode,
the removed fouling area is relatively low, which in-
dicates that the descaling effect is poor. Compared

Fig. 10. Descaling results under different excitation modes: a)–c) single-frequency; d)–f) dual-frequency; g) triple-frequency.

with the above single-frequency excitation mode, in
the dual-frequency excitation mode, the removed foul-
ing area accounted for a higher proportion, which
shows that the descaling effect is improved. Under
the three-frequency excitation mode, CaCO3 fouling
is eliminated, and the removed fouling area accounted
for the highest proportion and the descaling effect was
the best.

To quantitatively analyze the descaling result, the
removal rate is introduced as:

Removal rate =
Wr

Wt
, (12)

where Wr is the weight of fouling on a plate, which
is removed in the descaling experiment, and Wt is the
total weight of fouling in the plate before the descaling
experiment.

The removal rate against time in seven descaling
experiments is shown in Fig. 11.
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Fig. 11. Removal rate changes with time in the descaling
experiment.

The removal rate in the seven experiments in-
creased with time. However, the growth rates of descal-
ing are different under different excitation conditions,
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resulting in the aliasing of the curves of the descal-
ing rate. However, the final descaling rate showed an
increasing trend from S1 to T1. Detailed data in the
descaling experiments are listed in Table 3.

Table 3. Removal rate of descaling experiments.

Excitation mode Wt

[g]
Wr

[g]
Removal rate

[%]
S1 1.6 0.7 43.75
S2 1.6 0.8 50.00
S3 1.4 0.8 57.14
D1 1.7 1.0 58.82
D2 1.3 0.8 61.54
D3 1.4 0.9 64.29
T1 1.5 1.2 80.00

According to Table 3, the final removal rate in the
triple-frequency experiment is higher than that of dual-
frequency and single-frequency modes. The descaling
rate of dual-frequency is higher than that of single-
frequency. It can be concluded that multi-frequency
excitation may improve the efficiency of descaling.

5. Discussion

This paper focuses on plate descaling methodology
under multi-frequency UGWs by simulation and ex-
periments. A numerical simulation method was used
to determine the distribution of acoustic pressure on
the plate under different frequency combinations. Ac-
cording to the simulation results, the distribution of
sound pressure on the plate under triple-frequency ex-
citation is denser and more prone to cavitation than
in single-frequency and dual-frequency cases, which is
beneficial for the descaling process. In the descaling ex-
periments, the stainless steel plate is immersed in wa-
ter and the UGWs propagate along the surface of the
stainless steel plate. The leakage energy causes the cav-
itation effect on the surface of the steel plate. The ex-
perimental results show that the descaling rate under
triple-frequency UGWs excitation is higher than dual-
frequency, and that under dual-frequency UGWs exci-
tation is higher than that under single-frequency. With
the increase in frequency number of UGWs, the foul-
ing removal rate on stainless steel plates is gradually
improved with 40 mins removal time, and the fouling
removal is more uniform. Therefore, multi-frequency
UGWs excitation can improve the descaling effect.

6. Conclusion

A new descaling methodology for plate structure
based on UGWs was proposed in this paper. A 45○

angle beam transducer was used for descaling, and
the working frequencies of the transducer under three
peak values were obtained by pulse calibration. They

are 22.480, 36.093, and 41.289 kHz. The descaling ex-
periment using UGWs with single-frequency excita-
tion showed a low descaling rate and uneven descaling.
With the introduction of the second and third frequen-
cies, the final descaling rate was higher than that of any
single-frequency in the combination and the descal-
ing rate of the triple-frequency was higher than that
of the dual-frequency. Multi-frequency UGWs improve
the descaling rate. This technology can be used to re-
move the surface dirt of steel plates in water, which
is of great significance for industrial production and
environmental protection.
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