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Abstract: In solar thermal plants, the use of molten salt as a heat transfer fluid is an advantageous
alternative, although it has some disadvantages such as the formation of salt plugs in the pipes due
to possible stratification of the salt or its solidification. The aim of this study was to implement an
electromagnetic acoustic transducer (EMAT) not only capable of identifying the position of the plug,
but also of determining whether the plug blocks the entire conductive surface or, on the contrary,
is partial, allowing the fluid to pass through a smaller section. The proposed transducer is intended
to be minimally invasive, allowing it to be used in the same way as a temperature probe. To do
so, it creates torsional waves in the pipe, which are then used for a combination of measurements:
pulse-echo and attenuation of the acoustic waves. Two materials with different densities (silicone and
cement) were used in the tests carried out, which made it possible to check that for a given size of
blockage, it is possible to identify the type of material from which it is formed.

Keywords: guided waves (GW); magnetostriction; magnetostrictive sensors (MsS); electromagnetic
acoustic transducers (EMATs); non-destructive testing (NDT); molten salts; heat transfer fluid
(HTF); thermosolar

1. Introduction

The European Union (E.U.) is committed to fighting against anthropogenic climate change by
reducing greenhouse gas emissions by at least 40%, when compared to the 1990 levels, by 2030. One of
the essential instruments to meet this demanding objective is the use of renewable energy. In this sense,
the E.U. has agreed on a new binding target, raising the renewable share to at least 32% of the total
energy consumption. Therefore, further development and market penetration of clean energy sources
such as wind, photovoltaic, solar thermal, etc., are expected in the coming years.

The sun is a virtually endless source of energy and solar thermal power plants [1,2] have remarkable
potential in the production and storage of renewable energy [3–5]. Its operation involves the use of
parabolic trough solar collectors or Fresnel-type reflectors to heat a fluid to temperatures ranging
usually from 200 ◦C to 400 ◦C [6]. Through one or more heat exchangers, this fluid eventually produces
steam to generate electricity in a turbine. A remarkable feature of these plants is the ability to store
energy thanks to the presence of storage tanks of high temperature fluids. In this way, even in the
absence of solar radiation, it is possible to continue with energy production.

Although there are several alternatives for the heat storing fluids, molten salts in the form of a
KNO3-NaNO3 eutectic solution with a proportion of 54% and 46% by weight, respectively, is one of
the most commonly used mixtures in medium- and high-temperature plants. As notable features of
this type of molten salt, their low cost and the fact that they are neither flammable nor toxic must be
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mentioned. It is also important to note that their melting point is around 222 ◦C; lower temperatures
cause the salt to solidify.

Despite the back-up electric heating system incorporated around the pipes through which the
molten salt flows, gradual stratification of the salt at certain points or possible partial freezing may
occur. This progressive process can eventually cause the formation of clogs that block the pipe and
paralyze the operation of the solar plant. Therefore, if partial blockages are located and identified
in time, plant shutdown can be avoided, or at least shortened. In fact, the work of overheating and
melting the blockages is only possible if the positions of their ends are well known. This is because
the salt expands in the change from solid to liquid. Therefore, melting a blockage from the middle
produces a pressure increment inside the clog, which could derive in pipe bursting. Melting salt
pouring out of a pipe constitutes a considerable risk to personnel.

There is an additional difficulty in determining the position where the clog is formed: the high
temperature of the pipe. Hence, the sensor proposed in this work was developed with materials that
can withstand these high temperatures.

A well-known technique for detecting plugs in pipes is that based on generating pressure waves
inside the pipeline [7–9]. This pressure wave travels through the fluid, causing bounces in the
presence of blockages or liquid leaks. The results obtained with this technique, typically used in
pressurized water pipelines, are remarkable. In thermal solar plants, however, where the fluid can
reach temperatures higher than 300 ◦C, the use of this technology has not been tested. With such high
temperatures, a technique that can detect blockages from outside the pipe is recommended.

Acoustic wave generation is a non-intrusive and also quite common technique that has allowed
for the detection of defects in pipes in numerous applications (petrochemical industries, for instance)
during the last 20 years [10–13]. This technique is based on waves that travel along the pipe and
bounce off those defects, thus providing information that can be analyzed.

Electromechanical devices used to generate these guided acoustic waves are typically based on
piezoelectric materials [13], which are again limited to low-temperature applications of up to 150 ◦C.

Electromagnetic acoustic transducers, EMATs, [14,15] are another interesting alternative.
These transducers work by causing the deformation of a metallic material, which can be the pipe
itself or an additional element attached to it. This deformation can occur through two mechanisms:
magnetostriction, based on the interaction of two magnetic fields, and Lorentz force, which uses the
force produced by the interaction of some eddy currents and a magnetic field. Regardless of the
mechanism chosen, the generated deformation is transmitted as an ultrasonic acoustic wave along
the surface of the pipe to be examined. The rebounds generated from existing defects in the pipe
(corrosion, cracks, etc.) are used to locate their position. Both alternatives have the advantage of
allowing the use of materials that can withstand, a priori, temperatures of up to 700 ◦C.

Among the acoustic waves used to analyze the condition of the pipeline, guided waves have
been widely used in the past years [11,12]. This technique allows for the inspection of pipelines over
many tens of meters up to 120 m [16,17], and has therefore been proposed as capable of detecting
blockages in the pipeline [18,19]. However, the guided-wave technique is not without its difficulties.
One of these difficulties is caused by multimode propagation. A classification of guided waves was
proposed by Meitzler in 1961 [20] that distinguished three main categories: asymmetric torsional axis
T(0,m), asymmetric longitudinal axis L(0,m), and non-asymmetric flexural waves F(n,m). In each case,
different modes can be distinguished (m = 1,2,3,4, ...).

The presence of several propagation modes simultaneously at a particular frequency complicates
the analysis of the received signals. This is a typical problem with the guided-wave technique.
However, the dispersive effects above-mentioned can be minimized by proper transducer design,
signal processing, and inspection experience.

In this sense, wavelet-based alternatives [21] have been proposed for the correct filtering of the
received signals. Rose [22] also proposed a multichannel transducer with a time delay system capable
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of incorporating delays in the generated signals from 0 to 30 µs; this study showed that this method
succeeded in attenuating the unwanted modes with an improved sensitivity of the system.

All of these techniques try to maximize the signal/noise ratio, but the problem of unwanted modes
is still inherent in this technology. This article is not devoted to the study and selection of the most
appropriate type of guided wave, but an attempt has been made to minimize the problem by using an
EMAT that tries to generate torsional mode waves T(0,1). This type of guided wave is particularly
interesting in this application because of its non-dispersive characteristics with constant speed at any
frequency, and because it is the only torsional mode at low frequencies.

In this scenario, the objective pursued in this work was not only to detect the obstruction, but also
to determine if it covered the total section of the pipe. There is interest in industry to identify partial
blockages in pipelines. In this situation, where the clog is not completely in contact with the entire
inner wall of the pipe, torsional guided waves are an interesting alternative as an analysis mechanism,
since they travel along the entire wall of the pipe during its advance [23–25].

For these purposes, a magnetostriction-based EMAT has been developed that uses permendur
as the magnetic material [26,27]. By applying a variable magnetic field to the permendur strips,
magnetostriction of the material occurs. If the strips come into contact with the pipe, the vibration
is transferred and results in a guided wave along the pipe. The use of permendur strips enhances
magnetostriction and allows for optimizing the design of the winding in charge of its magnetic
polarization; since this material reduces the field strength needed to cause the deformation, a lower
current is required from the winding responsible for generating the magnetic field. Additionally,
the contact between the permendur strip and the pipe does not require high pressure and metal flanges
are typically used for this purpose. In [19], the construction details of the magnetic head used for the
magnetic polarization of the permendur strips can be found. This magnetic head, which produces
torsional guided waves, will be the one used in the tests shown in Section 3.3.

Once the section of the pipeline affected by the clog is identified, there is still industrial interest in
gathering more information about its geometry, edges, and consistency to properly start the melting
process. In fact, the clog may not contact the entire inner wall of the pipe. By carrying out a second test
close to the position of the clog, this paper demonstrates that it is possible to use the same technique
for such a detailed study. In this case, measurements from a distance of a couple of meters (or even
right over the clog) are possible and reasonable, just like those carried out in the experimental section
of this work.

The rest of this paper is organized as follows. Section 2 presents the construction aspects of the
proposed EMAT as well as details about its performance to obtain the position of the clog in a pipeline.
Section 3 uses the same EMAT concept to focus on a closer study of the blockage and shows that
more information about clog shape and consistency can be obtained. Finally, Section 4 analyzes and
summarizes the results of the work to extract some conclusions.

2. Magnetostrictive Sensor for Blockage Detection

Some materials present the property of deforming under the effect of a magnetic field (Table 1).
Magnetostrictive sensors are based on these materials. This is the case of permendur (cobalt–iron alloy
49Fe-49Co-2V), where the deformation reaches a value of ∆L/L = 70 µm/m under a field of the order of
600 Oe. The material can also be magnetically polarized to obtain a higher linear response.

Table 1. Elongation coefficient of the analyzed magnetostrictive materials.

A. Elongation Coefficients

Material ∆L/L
Nickel −33 × 10−6

45 Permalloy 27 × 10−6

Vanadium Permendur 70 × 10−6

Steel 21 × 10−6
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A sensor was assembled using this property. To do so, some permendur strips were firmly attached
to a pipe and exposed to a variable magnetic field, which causes a deformation [28]. The deformation
is transmitted to the surface of the pipe, causing an ultrasonic wave to be generated and propagated
along the pipe. When the wave finds a defect, reflected echoes are generated, allowing its subsequent
detection. Figure 1 shows the arrangement of the sensor on the pipe. The permendur strips were
placed at a 45-degree angle, so that the deformation generated would cause a torsional wave to travel
along the entire surface of the pipe [19,20].
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The emitter is activated with a full bridge inverter. This inverter drives a resonant circuit formed 
by capacitor Cr and the emitter winding inductance [29,30]. As a consequence of the resonance, the 
shape of the current through the solenoid is quasi-sinusoidal, generating the aforementioned 
alternating magnetic field with origin of the vibration in the permendur strips. Although the distance 
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of meters [17,18,27]. 
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Figure 1. Magnetostrictive transducer (EMAT).

Figure 2 outlines the configuration of the experiment carried out. The structure of the emitter and
the receiver was the same as described above. Both devices consisted of several parts. An external
winding formed a solenoid around the pipe. This winding generated an alternating magnetic field that
crossed the permendur strips placed at 45◦ and caused them to vibrate, generating torsional waves.
In addition, two permanent magnets were placed on both sides of the pipe to create a continuous
field that polarizes the permendur strips without having them reach saturation. This arrangement
allows for greater variation in elongation and improved linearity between the magnetic field and the
elongation. Using both sensors, and knowing the transmission speed of the generated wave, it is
possible to detect the position of the blockage. In the case of aluminum pipes, this speed is of the order
of 3120 m/s for torsional waves.

Sensors 2020, 20, x FOR PEER REVIEW 4 of 21 

 

propagated along the pipe. When the wave finds a defect, reflected echoes are generated, allowing 
its subsequent detection. Figure 1 shows the arrangement of the sensor on the pipe. The permendur 
strips were placed at a 45-degree angle, so that the deformation generated would cause a torsional 
wave to travel along the entire surface of the pipe [19,20]. 

 
Figure 1. Magnetostrictive transducer (EMAT). 

Figure 2 outlines the configuration of the experiment carried out. The structure of the emitter 
and the receiver was the same as described above. Both devices consisted of several parts. An external 
winding formed a solenoid around the pipe. This winding generated an alternating magnetic field 
that crossed the permendur strips placed at 45° and caused them to vibrate, generating torsional 
waves. In addition, two permanent magnets were placed on both sides of the pipe to create a 
continuous field that polarizes the permendur strips without having them reach saturation. This 
arrangement allows for greater variation in elongation and improved linearity between the magnetic 
field and the elongation. Using both sensors, and knowing the transmission speed of the generated 
wave, it is possible to detect the position of the blockage. In the case of aluminum pipes, this speed is 
of the order of 3120 m/s for torsional waves. 

N

S

Cr N

S

Blockage

A
m

pl
ifi

er
G

=4
0d

B

Emitter Receiver

Iac

Full
bridge

Ls

Osciloscope

Acoustic wave

 
Figure 2. Experimental setup. 

The emitter is activated with a full bridge inverter. This inverter drives a resonant circuit formed 
by capacitor Cr and the emitter winding inductance [29,30]. As a consequence of the resonance, the 
shape of the current through the solenoid is quasi-sinusoidal, generating the aforementioned 
alternating magnetic field with origin of the vibration in the permendur strips. Although the distance 
to the blockage considered in the tests may seem short, the EMAT technique can also be used for 
longer pipes, since guided waves have already proven their usefulness in travel spans of several tens 
of meters [17,18,27]. 

The permendur strips were attached to a 3 mm thick pipe with an inner diameter of Ø37 mm. 
The distances between the sensors and the blockage in the setup are as represented in Figure 3. The 
wave must travel 3 m (from the start of the transmission) before it reaches the receiver after bouncing 

Figure 2. Experimental setup.

The emitter is activated with a full bridge inverter. This inverter drives a resonant circuit formed
by capacitor Cr and the emitter winding inductance [29,30]. As a consequence of the resonance,
the shape of the current through the solenoid is quasi-sinusoidal, generating the aforementioned
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alternating magnetic field with origin of the vibration in the permendur strips. Although the distance
to the blockage considered in the tests may seem short, the EMAT technique can also be used for
longer pipes, since guided waves have already proven their usefulness in travel spans of several tens
of meters [17,18,27].

The permendur strips were attached to a 3 mm thick pipe with an inner diameter of Ø37 mm.
The distances between the sensors and the blockage in the setup are as represented in Figure 3.
The wave must travel 3 m (from the start of the transmission) before it reaches the receiver after
bouncing on the blockage. This translates into a delay of ≈950 µs from the instant the emitter is
electrically excited (Figure 4).
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Bounce detection on the blockage 2 m away from the emitter.

Figure 4 clearly shows the signal obtained due to the echo generated in the blockage, but other
propagation modes L(0,2) with higher speed (5200 m/s) may appear that are not sufficiently attenuated
due to the small distance to the blockage.

3. Magnetostrictive Sensor for Partial Blockage Detection

Section 1 discussed how to detect the position of a blockage in the pipe using torsional waves.
Additional information can be found in [27].

Using the same operating principle, a magnetostrictive sensor was proposed to not only identify
the position of the blockage, but also to distinguish whether the blockage covered the whole pipe
section (total blockage) or only part of it (partial blockage). Although precise quantification of the
density of the blockage was not pursued at this time, the variation in the attenuation of the torsional
wave used to detect the plug also allowed us to distinguish materials with different densities (such as
silicone and cement).
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Identifying whether the blockage is total or partial is especially interesting in order to be able
to remove the salt blockage without having to cut the pipe, because knowing its exact position will
condition the heating process. It is important to point out that when there is total blockage, the heating
cannot be carried out from its center as the change in the density of the salt during the melting process
is abrupt and an overpressure appears that can even break the pipe. This situation might lead to the
expulsion of low-viscosity, high-heating molten salt, endangering the working staff in the surrounding
area. Having an estimate of whether the blockage is total or partial significantly reduces the risk of
breaking the pipe, and allows the melting process to be accelerated in the case of partial blockages.

Therefore, regarding blockage detection, two different possibilities can be assumed: total and
partial blockage. In the second case, two main subcategories can be distinguished, as shown in Figure 5.
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Figure 5. Partial blockage: (a) the salt has solidified all around the entire surface of the pipe, (b) the salt
has been deposited on a specific area of the pipe. Both blockages define the same section.

This work was oriented to determine the position of the blockage and whether it was total or
partial using the same signal. To do so, the emitter generates an ultrasonic wave to detect the echo
(and hence the position) and also identify the type of blockage.

The type of partial blockage in Figure 5a is easier to detect even if longitudinal waves are used,
since it is in contact with the entire periphery of the pipe. We will find greater difficulty, however,
with the partial blockage of Figure 5b. In this case, a longitudinal wave might not detect the area
where the plug is located unless the EMAT is capable of emitting along the entire surface of the pipe
(Figure 6).
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Figure 6. Blockage detection. Once the ultrasonic wave reaches the blockage, it produces an echo that
can be used to determine its position, but the wave continues, with certain attenuation, in the same
direction. The attenuation introduced by the blockage depends on the material.

The generated waveform is attenuated when it passes through the section where there is a blockage
(Figure 6). This attenuation depends on the material, but also on the position of the blockage and/or
the part of the pipe section affected by the blockage. These are all important points in the analysis as
they allow for the position of the blockage to be detected.
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The different possible configurations of the clog have important consequences in the type of
ultrasonic wave that should be selected. Longitudinal (or compressional) and shear (or transverse)
waves can propagate through solid materials. However, assuming the presence of a partial blockage,
the use of directional waves may cause problems in its location (Figure 7).Sensors 2020, 20, x FOR PEER REVIEW 7 of 21 

 

Dc

Emitter

blockage

 
Figure 7. Blockage detection. The guide wave does not collide with the blockage due to its location. 

Torsional waves offer some benefits compared to compressional or transverse waves because 
the displacement of particles is in the circumferential direction (Figure 8). Furthermore, the 
propagation characteristics of torsional mode T(0,1) presents a constant velocity without any other 
axially symmetrical torsional mode in the used bandwidth (hundreds of kHz). Additionally, since 
transverse waves cannot propagate through liquids or gases, they are not affected by the liquids 
inside the pipe. Therefore, torsional mode T(0,1) is not dependent on the frequency used and is a non-
dispersive mode at all frequencies, presenting only tangential displacement along the thickness of 
the pipe wall. These advantages make torsional waves T(0,1) particularly interesting for detecting 
partial plugs in pipes. 

Dc

Emitter

blockage

Incident waveAttenuated wave reflected wave  

Figure 8. Blockage detection. The torsional wave travels along the pipe until it finds the blockage, 
which attenuates the propagation and gives rise to a reflected wave. 

Therefore, torsional waves can generate an ultrasonic vibration that travels along the surface of the 
pipe with tangential displacement. Due to the constant velocity characteristic of this torsional wave, it 
is easy to calculate the position of the salt blockage by measuring the time from emission to reception 
of the echo. However, this is not all. The wave also provides information of the size and density of this 
blockage, thanks to the attenuation suffered in the section where the blockage is located. 

The transmitter activation circuit remained the same as described in Section 2: a full bridge that 
applied a 5-µs single voltage pulse of maximum 200 V to the transmitter winding (N = 50), giving rise 
to a resonant current whose amplitude can be controlled with the converter voltage (Figure 9). In this 
case, the period of the resonant pulse has been reduced to avoid the overlap between the activation 
and the pulse reception. 

Figure 7. Blockage detection. The guide wave does not collide with the blockage due to its location.

Torsional waves offer some benefits compared to compressional or transverse waves because the
displacement of particles is in the circumferential direction (Figure 8). Furthermore, the propagation
characteristics of torsional mode T(0,1) presents a constant velocity without any other axially
symmetrical torsional mode in the used bandwidth (hundreds of kHz). Additionally, since transverse
waves cannot propagate through liquids or gases, they are not affected by the liquids inside the pipe.
Therefore, torsional mode T(0,1) is not dependent on the frequency used and is a non-dispersive
mode at all frequencies, presenting only tangential displacement along the thickness of the pipe wall.
These advantages make torsional waves T(0,1) particularly interesting for detecting partial plugs
in pipes.
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Figure 8. Blockage detection. The torsional wave travels along the pipe until it finds the blockage,
which attenuates the propagation and gives rise to a reflected wave.

Therefore, torsional waves can generate an ultrasonic vibration that travels along the surface of
the pipe with tangential displacement. Due to the constant velocity characteristic of this torsional
wave, it is easy to calculate the position of the salt blockage by measuring the time from emission to
reception of the echo. However, this is not all. The wave also provides information of the size and
density of this blockage, thanks to the attenuation suffered in the section where the blockage is located.

The transmitter activation circuit remained the same as described in Section 2: a full bridge that
applied a 5-µs single voltage pulse of maximum 200 V to the transmitter winding (N = 50), giving rise
to a resonant current whose amplitude can be controlled with the converter voltage (Figure 9). In this
case, the period of the resonant pulse has been reduced to avoid the overlap between the activation
and the pulse reception.
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Driven by the above-mentioned converter, the EMAT implemented generates torsional waves. 
These waves suffer attenuation (A) as they travel along the aluminum pipe with a Ø37 mm inner 
diameter. Therefore, the amplitude of the signals detected by the receiver decreases with distance (d) 
to the emitter. Focusing on the maximum voltage received by the sensor, we can represent its value 
in dBm as a function of distance (Figure 11). Two different values for the excitation current in the 
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Figure 9. Resonant current at the converter (Iac). Ch3 [5V/div], Ch2 [5A/div].

Generating the power pulse in the full bridge inverter is simple. Transistors Q1 and Q4 of one of
the diagonals are simultaneously activated during 5 µs to produce the voltage pulse across the resonant
stage (Figure 10, 1st Stage). One half-period later, both transistors are switched off and the resonant
current flows through the body diodes of transistors Q2 and Q3, thus charging the resonant capacitor,
Cr, with a positive voltage (Figure 10, 2nd Stage). This second stage finishes when the resonant current
becomes zero and tries to invert its direction. Then, the body diodes of transistors Q1 and Q4 allow the
resonant current, Iac, to flow in the opposite direction, thus discharging Cr. This process goes on until
both the resonant capacitor and the inductor are completely discharged (Figure 10).
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Figure 10. First two stages during the pulse generation.

The selection of the resonant capacitor is mainly oriented to obtain a sinusoidal resonant current.
For the experimental setup, the values of the resonant elements were Cr = 160 nF, Ls = 54 µF,
and Rs = 7.5 Ω.

3.1. Torsional Wave Attenuation

Driven by the above-mentioned converter, the EMAT implemented generates torsional waves.
These waves suffer attenuation (A) as they travel along the aluminum pipe with a Ø37 mm inner
diameter. Therefore, the amplitude of the signals detected by the receiver decreases with distance
(d) to the emitter. Focusing on the maximum voltage received by the sensor, we can represent its
value in dBm as a function of distance (Figure 11). Two different values for the excitation current in
the transmitter (Iac) were studied. Figure 11 shows the experimental results obtained in both cases.
A mathematical expression corresponding to the results obtained can also be obtained. Equation (1)
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allows us to determine the amplitude of the signal that reaches the receiver as a function of the distance
to the emitter for the case Iac = 10 A.

S[dBm] = 20·log
( Vo

1 mV

)
= 0.0005·d2

− 0.1728·d + 54.064 (1)
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Figure 11. Experimental amplitude of the torsional wave signal as a function of distance (in dBm).

Once the amplitude of the signals received is known (S), the attenuation (A) of the aluminum pipe
can be determined in dB. This attenuation was measured at different distances (d) and for different Iac
currents. As expected, the attenuation did not depend on the input current, Iac, which defines the
input signal (Figure 12).
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The correlation expressions obtained had almost the same coefficients regardless of the current
used to generate the current pulse. The polynomial expression that best approximates the experimental
results is:

A[dB] = 20·log
(Vo

Vi

)
= 0.0005·d2

− 0.1362·d− 1.117 (2)
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where Vo and Vi represent the signal at the receiver and the signal at the transmitter, respectively.
Since the materials deposited on the inner surface of the pipe introduce additional attenuation,
an estimation of the blockage nature can be obtained. This assumption was further analyzed by
considering four different blockages. Two were made with cement and the other two with silicone. In
both cases, a partial blockage and a total one were created (Figure 13).
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Figure 13. Blockages used: (a) and (b) total and partial blockages of silicon, (c) and (d) total and partial
blockages of cement.

As already mentioned, the use of molten salt compromises safety due to the high temperatures
required for its fusion. It must be noted that molten salt is a material with a high calorific value and any
splash could pierce the human body. To facilitate the tests carried out, cement was used instead, as the
densities of cement and molten salt are similar. On the other hand, to check whether the technique
tested was suitable to distinguish materials with different densities, another material with a lower
density was also used, which was silicone in this case. By doing so, it is possible to compare the results
when using materials of different densities. As explained later, it is relatively simple to differentiate
cement blockages from silicone blockages, with signals up to four times larger (expressed in dBm) being
obtained with the silicone partial plug compared to the ones obtained with the cement partial plug.

Initially, the attenuation caused by the plugs shown in Figure 13 was analyzed by mere comparison
between the maximum amplitude measured in the receiver and the signal generated in the transmitter
by a 10-Apk current (Figure 9). In order to reduce the noise in the received signal (yr), a synchronous
averaging process (Sm) was used as a filter Equation (3).

Sm(t) =
1
N

N−1∑
n=0

yr(t + nT) (3)

where N is the number of average and T is the signal period.
The transmitter and the receiver had the same structure: four permendur strips at 45◦ surrounded

by a 50-turn solenoid. Two permanent magnets provided DC magnetic polarization for the permendur
strips (Figure 1). The workbench used was similar for all type of blockages. However, while the
position of the emitter was always the same, the receiver was placed at two different distances from
the emitter: 23 cm and 46 cm (positions A and B). The first position corresponded to the beginning of
the blockage, whereas the second one defined the end of the pipe and the blockage (Figure 14).
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Figure 14. Workbench used for the blockage characterization.

According to Equation (1), the attenuation introduced by the 230 mm long pipe itself resulted in a
signal of 50.3 dBm. The measured signal had a very similar value, although was slightly lower due to
the incipient presence of the obstruction (see Table 2, position A below).

Table 2. Signal measured in dBm depending on the type of blockage and the position of the receiver.

Blockage Position A Position B

Silicon (total) 49.42 dBm 36.4 dBm
Silicon (partial) 48.27 dBm 38.58 dBm
Cement (total) 38 dBm No signal measured

Cement (partial) 38.27 dBm 10 dBm

Regarding the attenuation introduced by the materials used, a difference of 10 dBm was detected
in position A.

In position B, and given that cement has the highest density of the two materials considered,
it generated a much greater attenuation than that shown by silicone (Table 2). In this position,
the received signal could reach a difference of 30 dBm if the blockage is partial. The total cement plug
of 230 mm attenuated the acoustic waveform so much that the sensor in position B could not detect it.

Accordingly, it can be seen that in any of the positions occupied by the receiver, the difference in
the densities of the materials used in the blockages is easily detectable.

Due to the difficulty of accurately controlling the position of the receiver, a tolerance of 1 dBm
was detected in the signal received at position A when comparing the partial and total blockage of the
same material.

On the other hand, in position A, the signal received does not depend so much on whether the
blockage is partial or total, since the receiver also covers an area without a plug.

As an example of the measurements obtained, Figures 15 and 16 show the signal received at
positions A and B with a silicone blockage. In both cases, the activation current in the transmitter was
the same: a 10-Apk resonant current obtained with a single voltage pulse. It can be seen that there was
a significant amplitude reduction in the received signal due to attenuation of the plug, depending on
the receiver position (A or B).

The EMAT shown in Figure 1 (which was used to obtain the results in Table 2) provided similar
values for both partial and total blockages when their length was of the order of hundreds of mm.
The scheme in Figure 14 helps us to distinguish materials with different densities such as silicone and
cement. Distinguishing the type of blockage (total or partial) was more difficult.
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Figure 16. Signal received with a total silicone blockage (Figure 13a) at position B.

3.2. Torsional Wave Correlation

In certain cases, such as the one with a cement blockage and the receiver in position B, the signal
amplitude at the receiver is difficult to measure. Even after synchronous averaging, the signal-to-noise
ratio must be further improved. For this purpose, two digital filters were applied to the signal obtained
in the receiver, vr. The first was a high-pass filter with a cut-off frequency of 1 kHz to remove the DC
component. The second was a matching filter, which correlated the signal with a sinusoidal mask, vp,
of 10 µs period (Equation (4)). This mask is normalized, so the sum of all of its points equals the unit.
The number of points of the mask, np, depends on the signal sample rate.
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vp[n] = abs

 sin
(
2π n

np

)
∑np

k=1 sin
(
2π k

np

)  (4)

where np is the number of points per period; since the sampling frequency of the experiment was 2
MHz, np was fixed to 20. Accordingly, n varies from 1 to np.

The C[m] correlation was obtained after moving the mask along the measured signal (Equation (5)).
It was then compared with a voltage of 1 mV (Equation (6)), which allows us to obtain its value in dBm
by simply taking logarithms in (Equation (6)).

C[m] =

np∑
n=1

{
vp[n]·abs(vr[n + m])

}
(5)

vr∗m =
C[m]

1mV
(6)

Now, using Equation (6), the amplitude of the received signal is more clearly identified. Figure 17
shows the measurements obtained in the case of a partial blockage of silicone with the receiver at
position A, with and without the matching filter.
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the case of a partial silicone blockage at position A.

Figure 17 shows how evident the amplification obtained by the filtering process is in the case
of an easily measured signal. Figure 18 illustrates that the filtering process is essential when the
maximum amplitude of the received signals is more difficult to obtain. It was therefore confirmed
that a mathematical post-processor is needed to improve the signal-to-noise ratio. For this purpose,
a matching filter was implemented.
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All the signals measured and shown in Table 2 were processed with the described correlation
filter, giving rise to the results summarized in Table 3.

Table 3. Amplitude of the filtered signal (in dBm) for different types of blockage and different positions
of the receiver.

Blockage Position A Position B

Silicon (total) 49.1 dBm 36.16 dBm
Silicon (partial) 48.36 dBm 37.57 dBm
Cement (total) 38.1 dBm 15 dBm

Cement (partial) 38.54 dBm 14.9 dBm

The signal received in position B when the plug was made of cement had a very low amplitude,
so the accuracy of the measurement was also low.

Identification of blockage density was also analyzed. The results shown in Figure 19 suggest
a wide detection range of blockages with different material densities. It is true that by using only
two types of materials (cement and silicone), it is not possible to know the exact evolution of the
signal with respect to the density. However, other experiments with cylindrical bars surrounded by
soil [31] propose an almost linear relationship between density and attenuation for torsional waves
T(0,1); that is why a straight line was plotted in Figure 19, joining the two results obtained in our tests.
Accepting this linearity, the ability of the sensor to discern densities between the typical value of the
plugs caused by molten salt (similar to that of cement) and other less dense materials can be assumed.
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3.3. Portable Magnetostrictive Sensor

In solar thermal power plants, the pipelines are surrounded by thermal insulation, which makes
it difficult to use transducers such as those shown in Figure 1. To solve this problem, a modification of
the sensor was proposed [20] that reduced the number of permendur strips used to one.

With this technique, the signals obtained in the receiver had a lower amplitude, thus requiring the
use of amplification and filtering stages like the ones described above. The geometry of the sensor
(Figure 20) allows the thermal insulation of the pipe to be pierced and the metal to be accessed as if the
sensor were a thermal probe.
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The use of a portable sensor as shown offers additional advantages in the case of partial blockages.
Since it is not necessary to embrace the entire pipe, this sensor can be positioned on the pipe surface
where the plug is located or where it is free of a plug. In this way, it is possible to detect which area of
the pipe surface has a partial plug and where it is located.

In this portable sensor, the measurement of the vibration in the strip will be carried out with a
U-shaped magnetic core that adapts to the dimensions of the strip. The magnetic core incorporates
two windings, one for continuous magnetic polarization (IDC = 5 A), and one for the measurement of
the alternating signal caused by the vibration of the permendur strip (NAC = 50).

The measurement process will start by magnetizing the permendur strip with a direct current of
5 A to achieve the necessary polarization. This current is then removed and the vibration received
through the AC winding is measured through an amplifier (Figure 20). It should be noted that,
as indicated above, when there is a partial blockage of the pipe, the position of the permendur strip
with respect to the plug affects the result.
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Figure 21 shows four possible situations of the permendur strip and the sensor with respect to
a partial blocking. These four alternatives, and positions A and B from Figure 14, are considered in
Table 4, which summarizes the experimental results obtained with a silicone and cement clog.
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Table 4. Amplitude of the filtered signal (in dBm) for different types of blockage and different positions
of the receiver.

Blockage Position A Position B

Silicone (total) 17.2 dBm 10.29 dBm

Position
(2)

Position
(3)

Position
(4)

Position
(2)

Position
(3)

Position
(4)

Silicone (partial) 14.25 dBm 13.4 dBm 13.0 dBm 8.6 dBm 7.3 dBm 6.7 dBm
Cement (partial) 1 13.9 dBm 10.9 dBm 7.5 dBm 9.8 dBm 3.78 dBm 0.42 dBm

1 The distance between position A and B was reduced to 100 mm for the cement blockage.

The ability to identify partial plugs largely depends on the density of the plug. In the case
of silicone (1.2 g/cm3), the measurement obtained with a blockage in position 4 compared to the
measurement in the section where there is no blockage (position 2) showed variations of 22%, which is
a significant margin. If we compare the signal received when there is half a section of the silicone plug
and the one obtained when there is no plug, we can see variations of up to five times. This allows for a
wide margin for detecting plugs with sections smaller than 50%.

This situation is much more pronounced if the density of the plug is greater, as in the case of
cement (2.4 gr/cm3) or molten salt, which also has a high density value (2.2 gr/cm3).

The curves in Figures 22–25 are some examples of the experimental results presented in Table 4.
They show the comparison of the individual signals obtained from the sensor (in volts) and the final
response after being processed according to Equation (5). Since the attenuation introduced by the
pipe itself is known, any additional attenuation of the signal corresponds to the presence of a plug
and, depending on the amplitude of this attenuation, it is possible to identify the characteristics of
the blockage.



Sensors 2020, 20, 3490 17 of 21
Sensors 2020, 20, x FOR PEER REVIEW 17 of 21 

 

 
Figure 22. New sensor results: Experimental signal in the receiver, Vs [V], and filtered signal, FCs 
[mV] after using the correlation filter with a partial cement blockage in position B-2. 

 
Figure 23. New sensor results: Experimental signal in the receiver, Vs [V], and filtered signal, FCs 
[mV] after using the correlation filter with a partial cement blockage in position B-3. 

Figure 22. New sensor results: Experimental signal in the receiver, Vs [V], and filtered signal, FCs [mV]
after using the correlation filter with a partial cement blockage in position B-2.

Sensors 2020, 20, x FOR PEER REVIEW 17 of 21 

 

 
Figure 22. New sensor results: Experimental signal in the receiver, Vs [V], and filtered signal, FCs 
[mV] after using the correlation filter with a partial cement blockage in position B-2. 

 
Figure 23. New sensor results: Experimental signal in the receiver, Vs [V], and filtered signal, FCs 
[mV] after using the correlation filter with a partial cement blockage in position B-3. 

Figure 23. New sensor results: Experimental signal in the receiver, Vs [V], and filtered signal, FCs [mV]
after using the correlation filter with a partial cement blockage in position B-3.

Again, it is important to emphasize the need to introduce a mathematical filter to improve the
signal-to-noise ratio. In this paper a matching filter was used, but other alternatives have also been
used in the literature [20–22].

In the case of a partial silicone plug, due to its low density (1.2 g/cm3), the amplitude obtained in
position A, the point where the plug begins, makes it difficult to identify the area of the pipe in which
it is located (position A-2 or A-4). The comparison may be more evident when comparing the plugs
between position A and B.
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4. Discussion

The detection of clogs and defects in pipes is a problem that has been widely studied, leading in
many cases to EMAT-based solutions. The design of the sensors depends on each particular situation
but, in most cases, these transducers are placed around the pipe. However, in the specific case of
solar thermal power plants, where molten salts are used as the heat transfer fluid, the presence of
clogs is a problem that requires a minimally intrusive solution. In this type of system, two questions
arise: on one hand, the detection of the position of the blockage in the pipe, and on the other hand,
a closer study of its borders, geometry, and consistency to evaluate the best method to re-melt the salts.
Being able to distinguish whether a blockage is total or partial and accurately identify the affected area
is very important when defining how to heat the pipe. The goal is always to avoid pipe bursting due
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to an undesirable pressure increase in the re-liquefied salt, which would mean a high physical hazard
for the operators.

The presence of a thick layer of thermal insulating material around the pipe complicates access
to the pipe. Removing that layer to apply the electromagnetic acoustic sensor is a serious drawback.
For this reason, an EMAT sensor has been developed that avoids the need to remove all the insulation
around the pipe. This sensor is small enough to be inserted through the thermal insulator with minimal
intrusion, just as one would with a thermal probe. In this way, it is not necessary to uncover an
entire section of the pipeline, but simply drill a hole in it to insert the sensor. Despite its small size,
this sensor provides the double functionality desired: the detection of the clog position, and once it has
been located, the identification of its limits and whether it is total or partial. Sensor performance was
supported by experimental results obtained in the lab.

5. Conclusions

The use of magnetostrictive sensors has been an important technique in the condition monitoring
of pipelines. Several sensors have been developed and adapted to different problems such as the
detection of defects on the internal face of the pipes. In this paper, a magnetostrictive sensor was
developed and experimentally verified for the location of clogs and the estimation of whether the
blockage was total or partial in pipelines through which molten salts circulate.

A relevant aspect of the proposed sensor is the possibility of identifying the clog position in a
minimally intrusive way, since it does not require the total removal of the thermal insulation layer that
surrounds the pipeline, but only the boring of holes at specific points.

This aspect is especially relevant in solar thermal power plants, in order to identify the surface
affected by the plug and proceed to melting it safely, avoiding possible breaks due to overpressure.
Nowadays, the alternative used involves obtaining an image using radiometric techniques [26], which
require strict security protocols and qualified personnel.

The experimental results obtained with two materials (cement and silicone) provide information
on the attenuations introduced in each case according to the size, position, and type of material of the
clog. With this information, conclusions can be drawn related to the density of the clog, whether it is
total or partial, and the position of the partial clog in the pipe section.

It should be noted that the developed transducer showed a lower amplitude in the received
signals, which makes mathematical post-processing of the information obtained necessary to improve
the signal-to-noise ratio. The access to a limited section of the pipe affects the magnitude of the
reception, which obliges a suitable post-processing algorithm to improve the signal-to-noise ratio.

In light of the experimental results obtained, a possible alternative to the use of radiometric
methods is offered. This is very interesting because, although these radiometric methods are not
intrusive, they have a high cost and exceptional safety conditions.

Author Contributions: This paper is part of the research carried out by A.M.P. and H.A.M., whereas J.A.M.-R.
and P.J.V. assisted with the electronic instrumentation and measurements. J.Á.M. and M.J.P. contributed with the
design of the electromagnetic transducer and the theoretical analysis of the torsional waves. All authors have read
and agreed to the published version of the manuscript.

Funding: This work was funded by the Spanish government through action TEC2016-77738-R and the Science Plan.

Acknowledgments: The authors thank TSK for help given during the data collection.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Behar, O. Solar thermal power plants—A review of configurations and performance comparison.
Renew. Sustain. Energy Rev. 2018, 92, 608–627. [CrossRef]

http://dx.doi.org/10.1016/j.rser.2018.04.102


Sensors 2020, 20, 3490 20 of 21

2. González-Roubaud, E.; Pérez-Osorio, D.; Prieto, C. Review of commercial thermal energy storage in
concentrated solar power plants: Steam vs. molten salts. Renew. Sustain. Energy Rev. 2017, 80, 133–148.
[CrossRef]

3. Sioshansi, R.; Denholm, P. The Value of Concentrating Solar Power and Thermal Energy Storage. IEEE Trans.
Sustain. Energy 2010, 1, 173–183. [CrossRef]

4. Peiró, G.; Prieto, C.; Gasia, J.; Jové, A.; Miró, L.; Cabeza, L.F. Two-tank molten salts thermal energy storage
system for solar power plants at pilot plant scale: Lessons learnt and recommendations for its design, start-up
and operation. Renew. Energy 2018, 121, 236–248. [CrossRef]

5. Bauer, T.; Laing, D.; Tamme, R. Overview of PCMs for concentrated solar power in the temperature range
200 to 350 ◦C. Adv. Sci.Technol. 2010, 74, 272–277. [CrossRef]

6. Laing, D.; Bahl, C.; Bauer, T.; Fiss, M.; Breidenbach, N.; Hempel, M. High- Temperature Solid-Media Thermal
Energy Storage for Solar Thermal Power Plants. Proc. IEEE 2012, 100, 516–524. [CrossRef]

7. Zeng, W.; Gong, J.; Lambert, M.; Simpson, A.; Cazzolato, B.; Zecchin, A. Detection of extended blockages in
pressurised pipelines using hydraulic transients with a layer-peeling method. In IOP Conference Series: Earth
and Environmental Science; Institute of Physics Publishing: Bristol, UK, 2019. [CrossRef]

8. Duan, H.-F.; Lee, P.J.; Kashima, A.; Lu, J.; Ghidaoui, M.S.; Tung, Y.-K. Extended blockage detection in pipes
using the system frequency response: Analytical analysis and experimental verification. J. Hydraul. Eng.
2013, 139, 763–771. [CrossRef]

9. Meniconi, S.; Brunone, B.; Ferrante, M. In-line pipe device checking by short-period analysis of transient
tests. J. Hydraul. Eng. 2011, 137, 713–722. [CrossRef]

10. Ghavamian, A.; Mustapha, F.; Baharudin, B.T.; Yidris, N. Detection, Localisation and Assessment of Defects
in Pipes Using Guided Wave Techniques: A Review. Sensors 2018, 18, 4470. [CrossRef]

11. Hirao, M.; Ogi, H. Electromagnetic Acoustic Transducers: Noncontacting Ultrasonic Measurements Using EMATs,
2nd ed.; Springer: Berlin/Heidelberg, Germany, 2017.

12. Rose, J.L. Ultrasonic Guided Waves in Solid Media; Cambridge University Press: Cambridge, UK, 2014.
13. Sun, Z.; Rocha, B.; Wu, K.-T.; Mrad, N. A Methodological Review of Piezoelectric Based Acoustic Wave

Generation and Detection Techniques for Structural Health Monitoring. Int. J. Aerosp. Eng. 2013, 2013, 1–22.
[CrossRef]

14. Jia, D.; Cui, C.; Wang, S. Propagation properties of acoustic waves inside periodic pipelines. Inf. Sci. 2014,
275, 360–369. [CrossRef]

15. Park, C.I.; Cho, S.H.; Han, S.W.; Kim, Y.Y. Efficient generation and measurement of guided torsional waves
using magnetostrictive nickel patches. In Proceedings of the IEEE Ultrasonics Symposium, Montreal, QC,
Canada, 23–27 August 2004; Volume 2, pp. 1290–1293.

16. Bertoncini, F.; Raugi, M.; Turcu, F.; Acciani, G.; Brunetti, G.; Fornarelli, G. Long Range Guided Wave
Inspection of Pipelines by a New Local Magnetostrictive Transducer. In Proceedings of the 2007 IEEE
Ultrasonics Symposium Proceedings, New York, NY, USA, 28–31 October 2007; pp. 913–916.

17. Kwun, H.; Bartels, K.A. Magnetostrictive sensor technology and its applications. Ultrasonics 1998, 36, 171–178.
[CrossRef]

18. Andrés-Mayor, H.; Prieto, M.J.; Villegas, P.; Nuño, F.; Martín-Ramos, J.A.; Pernía, A. Development of
Magnetostrictive Transducer Prototype for Blockage Detection on Molten Salt Pipes. Energies 2018, 11, 587.
[CrossRef]

19. Pernía, A.M.; Mayor, H.A.; Prieto, M.J.; Villegas, P.J.; Nuño, F.; Martín-Ramos, J.A. Magnetostrictive Sensor
for Blockage Detection in Pipes Subjected to High Temperatures. Sensors 2019, 19, 2382. [CrossRef] [PubMed]

20. Meitzler, A.H. Mode Coupling Occurring in the Propagation of Elastic Pulses in Wires. J. Acoust. Soc. Am.
1961, 33, 435–445. [CrossRef]

21. Kubinyi, M.; Kreibich, O.; Neuzil, J.; Smid, R. EMAT noise suppression using information fusion in stationary
wavelet packets. IEEE Trans. Ultrason. Ferroelectr. Freq. Control 2011, 58, 1027–1036. [CrossRef] [PubMed]

22. Li, J.; Rose, J.L. Implementing guided wave mode control by use of a phased transducer array. IEEE Trans.
Ultrason. Ferroelectr. Freq. Control 2001, 48, 761–768. [CrossRef]

23. Cong, M.; Wu, X.; Qian, C. A Longitudinal Mode Electromagnetic Acoustic Transducer (EMAT) Based on a
Permanent Magnet Chain for Pipe Inspection. Sensors 2016, 16, 740. [CrossRef]

24. Kim, Y.G.; Moon, H.S.; Park, K.J.; Lee, J.K. Generating and detecting torsional guided waves using
magnetostrictive sensors of crossed coils. Ndt E Int. 2011, 44, 145–151. [CrossRef]

http://dx.doi.org/10.1016/j.rser.2017.05.084
http://dx.doi.org/10.1109/TSTE.2010.2052078
http://dx.doi.org/10.1016/j.renene.2018.01.026
http://dx.doi.org/10.4028/www.scientific.net/AST.74.272
http://dx.doi.org/10.1109/JPROC.2011.2154290
http://dx.doi.org/10.1088/1755-1315/240/5/052019
http://dx.doi.org/10.1061/(ASCE)HY.1943-7900.0000736
http://dx.doi.org/10.1061/(ASCE)HY.1943-7900.0000309
http://dx.doi.org/10.3390/s18124470
http://dx.doi.org/10.1155/2013/928627
http://dx.doi.org/10.1016/j.ins.2014.01.018
http://dx.doi.org/10.1016/S0041-624X(97)00043-7
http://dx.doi.org/10.3390/en11030587
http://dx.doi.org/10.3390/s19102382
http://www.ncbi.nlm.nih.gov/pubmed/31137648
http://dx.doi.org/10.1121/1.1908685
http://dx.doi.org/10.1109/TUFFC.2011.1903
http://www.ncbi.nlm.nih.gov/pubmed/21622058
http://dx.doi.org/10.1109/58.920708
http://dx.doi.org/10.3390/s16050740
http://dx.doi.org/10.1016/j.ndteint.2010.11.006


Sensors 2020, 20, 3490 21 of 21

25. Kim, I.K.; Kim, Y.Y. Wireless frequency-tuned generation and measurement of torsional waves using
magnetostrictive nickel gratings in cylinders. Sens. Actuators A Phys. 2006, 126, 73–77. [CrossRef]

26. Kim, Y.Y.; Kwon, Y.E. Review of magnetostrictive patch transducers and applications in ultrasonic
nondestructive testing of waveguides. Ultrasonics 2015, 62, 3–19. [CrossRef] [PubMed]

27. Bertoncini, F.; Giunta, G.; Raugi, M.; Turcu, F. Overview and Experimental Evaluation of Magnetostrictive
Transducers for Guided Wave Inspection. Ndt E J. 2012, 17, 13162.

28. Kim, H.W.; Lee, J.K.; Kim, Y.Y. Circumferential phased array of shear-horizontal wave magnetostrictive
patch transducers for pipe inspection. Ultrasonics 2013, 53, 423–431. [CrossRef] [PubMed]

29. Jia, X.; Ouyang, Q.; Zhang, X. An Improved Design of the Spiral-Coil EMAT for Enhancing the Signal
Amplitude. Sensors 2017, 17, 1106. [CrossRef]

30. Bertoncini, F.; Raugi, M.; Turcu, F. Pipeline long-range inspection and monitoring by an innovative
magnetic collar for magnetostrictive guided-wave systems. E-J. Nondestruct. Test. 2008. Available online:
https://www.ndt.net/article/v13n12/bertoncini.pdf (accessed on 11 February 2020).

31. Shoji, M.; Sawada, T. Guided wave attenuation in cylindrical bars surrounded by soil. In Proceedings of the
2013 IEEE International Ultrasonics Symposium (IUS), Prague, Czech Republic, 21–25 July 2013; pp. 170–173.
[CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.sna.2005.09.027
http://dx.doi.org/10.1016/j.ultras.2015.05.015
http://www.ncbi.nlm.nih.gov/pubmed/26048175
http://dx.doi.org/10.1016/j.ultras.2012.07.010
http://www.ncbi.nlm.nih.gov/pubmed/22925267
http://dx.doi.org/10.3390/s17051106
https://www.ndt.net/article/v13n12/bertoncini.pdf
http://dx.doi.org/10.1109/ULTSYM.2013.0044
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Magnetostrictive Sensor for Blockage Detection 
	Magnetostrictive Sensor for Partial Blockage Detection 
	Torsional Wave Attenuation 
	Torsional Wave Correlation 
	Portable Magnetostrictive Sensor 

	Discussion 
	Conclusions 
	References

