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ABSTRACT

Ultrasonic transducer design is focused to maximize performance in specific applications, usually leading to a
complex design and expensive construction and assembly. With the aim to overcome this drawback, a general-
purpose immersion ultrasonic transducer for pulsed regime applications have been developed. The design of each
element of the transducer is described in this paper, wherein materials and geometries for each part have been
recommended. A simple theoretical model have been proposed in order to predict the form of the received electric
signal in the target transducer. The model is based in the assumption that the piezoelectric element acts as an
underdamped oscillator, forced by the acoustic field coming from the propagation medium. Excellent agreement
between the experimental measurements and the analytical model is achieved. Electrical impedance measurements
reveal negligible differences between the resonance frequency of the active element and that of the assembled
transducer. The designed devices have been characterized in water, using two identical transducers placed face to
face with changeable orientation. Experimental results show a highly linear response and the generation of a
collimated acoustic field. The effects of the thickness of the matching layer on the transmission coefficient have
been also studied, resulting in a smooth decrease in the received amplitude, which may significantly lower large-

scale production costs.

KEYWORDS

ultrasonic transducer;
piezoceramic transducer;
ultrasonic sensing;
transducer design

CONTACT

Francesc Sufiol

Email: francesc.sunol@upc.edu

Telephone: (+34) 93 401 6086

Address: Department of Physics, Universitat Politécnica de Catalunya -- BarcelonaTech,
ClJordi Girona 31, Barcelona 08034, Spain.


https://core.ac.uk/display/195706307?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

This is the post-print (i.e. final draft post-refereeing) of the publication.
The final publication is available at Taylor & Francis Group via http:dx.doi.org/10.1080/10739149.2018.1518876

Introduction

Most of ultrasonic systems use piezoelectric transducers as generators of acoustic energy. In these
transducers, the electrical energy supplied by electronic sources is converted into mechanical
vibrations as a result of the piezoelectric effect. The active element of a transducer consist in a
material with suitable piezoelectric properties since it is the responsible for the energy
conversion. In general, piezoelectric materials fall into two categories: hard materials and soft
materials. Comparatively, hard materials exhibit smaller piezoelectric constants but higher
mechanical quality factors. The combination of properties of hard materials makes them suitable
for high-power applications. Soft materials exhibit larger piezoelectric constants, making them
ideal for sensing applications. While hard materials are usually excited with a continuous periodic
signal, soft materials are generally excited by a single or multiple pulses that are converted to
acoustic energy and transferred to the propagation medium. In a similar fashion, ultrasonic
transducers are broadly classified into two main groups: narrow-band and broad-band
transducers. Narrow-band transducers are frequently used in high-intensity applications, where
continuous signals of low frequencies (of the order of 100 kHz) are predominant. On the other
hand, broad-band transducers are generally used in measurement, detection and control
applications, using short ultrasonic pulses and frequencies in the range of few MHz.

Concerning the utilization of broad-band transducers, which in general use soft piezo materials,
a wide range of potential industrial applications exist. Non-destructive testing, flow meteringf*-
4l material evaluation® and medical diagnosist®” are the major application areas. Furthermore,
ultrasonic transducers are widely used for the measurement of diverse quantities, such as
detection of interfacial position on two-phase (gas-liquid) flows!®l, short range vehicle detection
in smart cars®, or measurement of thickness, position, or fluid properties such as density,
viscosity, etc. The measurement principle used in the cited applications usually consist in

observing changes in the velocity or the intensity of the ultrasonic wave, and to deduce the



This is the post-print (i.e. final draft post-refereeing) of the publication.
The final publication is available at Taylor & Francis Group via http:dx.doi.org/10.1080/10739149.2018.1518876

magnitude of the variable that caused the changel*%l. The use of the transducers in pulsed regime
basically follows two techniques: through-transmission and pulse-echo. In the through-
transmission technique, a transmitter transducer is placed on one side of the test object and a
receiver transducer on the other. Ensuring a proper alignment of the transducers, the received
ultrasound intensity is monitored. Any defect or impedance change in the path of the ultrasound
beam causes a drop in or a complete lack of the received signal, which reveals the presence of
the anomaly!*°l. In the pulse-echo technique a short pulse of ultrasound waves is sent to the object
and echoes come back from defects, discontinuities or boundaries.

The basic structure of transducers consists essentially of a piezoelectric active element, usually
in form of disc or ring, vibrating in thickness mode, bonded to a backing block on its rear face to
damp the vibration, and an acoustic matching layer in the front face to enhance the transmission
of the acoustic energy to the propagation medium. A housing is generally used to protect the
piezoelectric ceramics from damage and possible corrosion. However, numerous applications
require a much more complex (and expensive) transducer structure. The generation of short
pulses and a reception of those pulses with good fidelity and sensitivity has a decisive influence
in achieving high axial resolution. Furthermore, the perfect transmission of energy is selective
and, consequently, influences the spectral characteristics of the transducer. For these reasons, it
is evident that transducer design turns out to be a challenging task for certain potential
applications.

The main objective of this work is to develop an immersion transducer that is adaptable to a wide
range of industrial applications. The design of the transducer is based on using a soft
piezoceramic to be operated in pulsed regime applications. The designed device must be versatile,
portable, with a low cost and easy fabrication, assembly and replacement. The design of each part
of the transducer is firstly described. The measured received signal is obtained and compared

with that of a simple theoretical model, based on the assumption that the active element acts as
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an underdamped oscillator forced by the acoustic field. The behavior of assembled transducers

are characterized and the generated acoustic field is analyzed.

Transducer design

An ultrasonic transducer converts electrical energy into mechanical energy, in form of acoustic
waves, and viceversa. Figure 1 shows a sketch of the main components of a general transducer.

The active element, typically a piezoceramic, is the fundamental part of any transducer, since is
the responsible for the energy conversion. The matching layer ensures a maximum transmission
of the acoustic wave generated by the active element to the propagation medium. Backing
consists in an absorbing material located at the rear face of the active element that controls the
vibration of the transducer. Housing or wear plate is the body of the transducer, usually made
with rigid material to keep the active element and backing fixed, and protecting all the
components from possible corrosions from the working environment. In the next subsections, a

detailed description of the design of each component is presented.

Active element

Transducer performance depends on its internal structure and on constitutive material properties,
the most important of which is the active piezoelectric element. The classical active element, in
particular for medical imaging and flow measurement applications, is based on a piezoelectric
plate or disc poled along the thickness direction, whose thickness defines the resonance frequency
of the device.

Active elements can be piezoceramic, monolithic single crystal, piezopolymer or piezocomposite
materials. Due to its low production costs, piezoceramic materials prevail in the market
worldwide. The most common piezoceramic material used as active material in ultrasonic

transducers is lead zirconate titanate (PZT), as it has a high electromechanical coupling
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coefficient and a high dielectric constant. In addition to its good electromechanical properties, it
allows good electrical matching to cables and electronics (which are typically at 50 to 80 Q [11]),
PZT-based transducers are currently widely used for non-destructive testing due to their small
size, low cost, and their ability to work both as actuator or sensor.

The main disadvantages of PZT are its large acoustic impedance of approximately 33 MRayl
(compared to water or tissue, which are around 1.5 MRayl) and that it contains lead, which is
toxic. On one hand, PZT piezoceramics are typically used in numerous applications because of
their high coupling factor, even through their acoustic impedance is high. No material have been
discovered that allows to obtain both high coupling and acoustic impedance similar to that of
water or biological tissues. Nevertheless, the mismatch in acoustic impedance can be
compensated by using additional layers in the transducer structures. On the other hand, lead-free
alternatives aiming at replacing the market-dominant materials have been extensively searched
for more than a decade worldwidel**'4, To date, some commercial outputs for specific
applications have been reported (such as barium strontium zirconate titanate --BSZT--, potasium
sodium niobate --KNN-- or sodium bismuth titanate --BNT-- based materials*>€)), but the
invention of a lead-free piezoceramic with a performance comparable to that of PZT does not
seem to be fulfilled yetl*”]. Other alternatives to PZT such as new-generation lead zinc niobate-
lead titanate (PZN-PT) or lead magnesium niobate-lead titanate (PMN-PT) offer excellent
piezoelectric properties®, however the manufacturing costs are much higher than that of PZT.
Considering these requirements, a soft PZT material (APC 850) is selected in this work as good
candidate to work in pulsed regime. The physical properties of the used piezoelectric ceramics
are: density p=7600 kg/m?; piezoelectric charge coefficient d33=400 pC/N, Curie temperature
Tc=360 °C, and mechanical quality factor Q=80. The selected geometry of the active element is
a disc with a diameter of a=1 cm and a thickness of h=1 mm. The thickness-mode resonance

frequencies of a cylindrically-shaped object are
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fi=5p &
where p=1,2,3,... and ¢=4350 m/s is the speed of sound in the material. Therefore, the
fundamental resonance frequency in thickness mode is around 2 MHz. This frequency is adequate
for fluid flow metering and medical diagnosis applications, due to a low wave dispersion in the
propagation medium. With the aim to facilitate the construction of the transducer, silver wrap-
around electrodes have been chosen. Within the wrap-around configuration, the external
electrode extends to the internal face of the active element, allowing to solder both electrodes in

the internal face thus providing a flat surface for an undistorted propagation the acoustic waves.

Matching layer

The active element has an acoustic impedance much higher than that of water or biological
tissues. This large difference leads to an acoustical mismatch, that unearth the need of including
additional layers for improving the energy transmission. The thickness of a matching layer is
generally around a quarter-wavelength at the resonance frequency, and its acoustical impedance
is intermediate between those of the piezoceramic and the propagation medium. The quarter
wavelength matching layer allows maximum transmission for a single frequency of an ultrasound
wavel*l. However, pulsed wave systems produce ultrasound waves across a range of frequencies,
making the optimal single matching layer difficult to design. The use of multiple matching layers
can further improve transducer performance, at the expense of adding more complexity in the
design and fabrication processes/?%2,

The simplest transmission system is comprised of an active element a and a propagation medium
m. A plane ultrasonic wave entering on a straight boundary between two media will both reflect
back and transmit to the adjacent medium. The pressure amplitudes of the reflected and
transmitted waves are controlled by the acoustic impedance ratio of the two media. Specific

acoustic impedance Z is given by Z=pc, where p is the density and c is the acoustic velocity of
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the medium. The expressions for the reflectance R and transmittance T for an incoming wave

from the active element arel?!

7. — Z.\?
R = (u) ’ )
Im + 2,
and
4ZmZg
r= (Zm+24)? (3)

respectively, where Za and Zm are specific acoustic impedance of the active element and the
propagation medium, respectively. When Zn is considerably smaller than Za, which is the case of
a piezoceramic active element and a water or tissue loading medium, the reflectance approaches
1 and the transmittance approaches 0. Therefore, in order to improve the wave transmission to
the loading medium, the addition of an acoustic matching layer becomes imperative.

The acoustic impedance of the matching layer has an intermediate value between the active
piezoelectric material and the loading medium, and its specific value is essential for reducing the
reflection of the ultrasonic wave. When an intermediate layer £ (with thickness dr and a speed of
sound c) is inserted between media a and m, the transmittance of acoustic intensity from medium
a to m can be described as a function of Za, Zm and Z.. By introducing the dimensionless

parameters {=Za/Zmand ¢=Z¢/\sqrt{Z_aZ_m}, the transmittance is found to be simply expressed

asl19.22]
-1
T =T, [cos2 (iif) d, + Asin? (iif) d{)] , (4)
where ! !
_E(1+¢?)?
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To is the transmittance without matching layer and is independent of f. At the resonance frequency
fs, the ratio p=T/To has its maximum value ps=A". The value of fs is governed by dr and c,, and
the value of gs is determined by Za, Zm and Ze.

Theoretically, 100% transmission is shown to occur for a sinusoidal wave when both conditions

Zp= vV ZoZ, (7)

and

d, = cp/(4f), (8)

are met (for a wideband signal, the acoustic impedance of a single matching layer should be
modified to Z=(ZaZm?)Y3). Under these circumstances, the thickness of the matching layer is a
quarter-wavelength of the acoustic wave, d: $d_\ell=1//4, hence T=1 and the ultrasonic wave
enters the medium m without losses.

A good candidate material to be used as a matching layer with reasonable performance turns out
to be the bi-component epoxy resin Weicon MS-1000®. The acoustic impedance of this material
can be computed from the product between the density and the sound speed in the medium, which

can be approximated as

€)

a
I

K+% B E(1-v)
p p(1+v)(1=2v)’

where K, G, E and v are the bulk modulus, shear modulus, Young modulus and the Poisson ratio,
respectively. With this, the acoustic impedance of the epoxy resin is Z~=4.3 MRayl, a value in
between the theoretical prediction by Equation (7) and the ideal value for a wideband transducer
if one considers water as the propagation medium.

In practice, 100% transmission is impossible for only considering the front matching layer. Due
to the acoustic mismatch between the loading medium and the piezoelectric material, a reflected
wave reverberates inside the transducer element. This would cause long ring-down of the

ultrasonic pulse, which is the so-called ringing effect?®l. In some applications (i.e. diagnostic
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imaging), it is highly undesirable to have a pulse with long duration. A backing layer can be used

to damp out the ringing by absorbing part of the energy from the vibration of the back face.

Backing material

The main problem with transducers used for numerous applications is the large acoustic mismatch
between the active element and the load (e.g. water, tissue), resulting in most of the acoustic
energy being reflected back and forth between the front and rear faces of the element.
Consequently, the transducer sends a pulse with long duration resulting in low axial resolution.
These oscillations may be dampened by positioning a lossy backing material behind the
piezoelectric element to absorb a large proportion of the energy. The consequence is a lower
amplitude transmitted signal, but a higher axial resolution. Therefore, the addition of a backing
layer increases the bandwidth of the transducer, at the expense of reducing its sensitivity. Thus,
a trade-off has to be performed for each application. If there is a mismatch in acoustic impedance
between the active element and the backing material, more energy will be reflected forward into
the propagation medium. As a result, the transducer has lower resolution due to a longer
waveform duration, but it has greater sensitivity due to higher signal amplitude.

The present work is focused on the development of an immersion device that is capable to
transmit as much energy as possible. This is reflected in a higher signal amplitude received in the
target transducer. For this reason, the design of the transducer stands on a backing material that
has a high difference in acoustic impedances with respect that of the active element. As a
consequence, air is suggested as a backing material that results in a reasonably high sensitivity
and efficiency transducer. Air-backed transducers have been developed for many decades. It was
found that air-backing devices could be constructed without affecting the transducer bandwidth

considerably®?*?%1, With the aim to construct a transducer with air as a backing material without
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losing mechanical stability, a housing with an annular support have been designed, leaving an

air-filled region in form of paraboloid.

Housing

The basic purpose of the housing is to protect the transducer elements from the testing
environment. In the case of contact or immersion transducers, the housing must be a durable and
corrosion-resistant material in order to withstand the wear caused by use on other materials.
Concerning the geometry of the housing, it should permit easy assembly and it should resist high-
pressures (e.g. transducers in flow metering applications generally withstand pressures around 16
bars or higher). A shape with axial symmetry becomes convenient, due to its versatility and ease
of fabrication. At the same time, the transducer should be designed with the aim to allow a
maximum energy transmission to the propagation medium.

The body of the transducer should be solid and robust while it should be simple to build, with a
reasonably low cost material. Adequate materials for the body of immersion transducers are
polyvinyl chloride (PVC) or Polipropilene. In Figure 2 (left), a scheme of the proposed housing
is presented. The air backing is located inside a paraboloid region, with its focal point placed at
the center of the active element, described by the equation y=-x?/8+2, being y the axial symmetry
axis and x the radial axis. This geometry has the peculiarity that the acoustic waves coming from
the active element are reflected in the back face of the backing region and directed back to the
active element with normal incidence to its shape. Even if the influence of the reflected wave is
negligible on the operation of the transducer, a paraboloid shape is the optimal (among all other
possible shapes) to maximize the energy transmission to the propagation medium. Therefore, the
paraboloid geometry have been chosen for the backing-housing interface. To ensure the tightness

and robustness of the transducer, an hybrid polymer (Weicon Flex+Bond®) is used to protect the
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welding and cables. Figure 2 (right) shows pictures of the active element with wrap-around

electrodes (the flat external face and the welding internal face) and the assembled transducer.

Transducer characterization

The designed immersion transducer consists in an air-backed PZT active element with an epoxy
resin matching layer, placed inside an axisymmetrical housing. The characterization of the
transducers response and the generated acoustic field have been performed in tap water, using
two identical transducers as test samples. Unless stated the contrary, all the data concerning peak-
to-peak response amplitude have been obtained by applying an automated average of N=512
measurements.

In Figure 3, a sketch of the measurement setup configuration along with the key parameters used
in this work are presented. A pulse of a predefined duration will be applied to the transmitter
transducer, with an amplitude provided by an external battery. The electric pulse will be
converted to mechanical vibrations of the active element, that propagates through the matching
layer and the loading medium in form of acoustic waves. The ultrasonic waves will be received
by the target transducer and converted back to an electrical signal, which will have a determined

form with a certain amplitude and frequency.

Modeling the form of the received pulse

With the objective to determine the form of the reference signal, a simple model is proposed.
Assuming that the piezoelectric material act as an underdamped oscillator, the reference signal is
defined as the solution of a forced oscillator, in which the external force is the acoustic wave
received through the propagation medium. If the signal sent to the transmitter transducer is a
rectangular pulse U(t), with amplitude Apuise and width tw, the form of the acoustic signal is given

by the solution of the non-homogeneous differential equation
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Xas + 28wy Xgs + 0iXos = U(D), (10)
where the subscript as stands for “acoustic signal”, wn=2zf with fn the natural frequency of the
piezoelectric material, ¢ is the damping coefficient and U(t) is the electric signal sent to the
transmitter transducer. U(t) can be written as U(t)=Apuise[O(1)-O(t-tw)], where O(t) is the
Heaviside step function. A transient particular solution of Equation (10) can be written
asl?®!

Xas(t) = Apuise[ 80 — gt —ty) ], (11)

where

g(® =1 e ( cos(bt) + %sin(bt) ) Je, (12)

with a=¢wn and b=wn\sqrt{1 —\xi*2}. Equation (11) represents the acoustic signal that travels
through the propagation medium, and is received by the target transducer. Since the transmitter
and receiver transducers are identical, the form of the electric signal induced in the receiver
transducer will be the solution of an underdamped oscillator (with the same physical parameters
as the transmitter transducer), under an external force driven by the acoustic signal given by
Equation (11). That is,

X+ 28 w, X + w2X = X 5(8). (13)
Therefore, the solution of Equation (13) will resemble the electric signal provided by the receiver
transducer, and will be designated as the reference signal. The analytical solution of Equation

(13) is detailed in Appendix A and is given by

Apulse
b

X = [T (D) — T2(®]0(®). (14)

In order to determine the validity of this approach, the solution (Equation (14)) has been plotted
and compared with the received electric signal. The presented model takes four independent
parameters as input variables, namely A (pulse amplitude), tw (pulse width), fn (transducer

resonance frequency) and ¢ (damping coefficient). Numerical values of these parameters have
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been set according to the transducer and electric pulse characteristics. A moving-average filter?”)
have been implemented with the aim to visualize the form of the received signal without noise

disturbances. The filtered signal at time ti is obtained by

Nma/2

1
Y(t) = — Z Ya(ti+1), (15)
MA .
j=—Npma/2

where Yn is the non-filtered signal received by the transducer, and Nwma is the number of points
used to compute the moving average filter. A comparison between the received signal Y(t)
obtained experimentally using Nma=100, and the prediction by the proposed model given by
Equation (14), is presented in Figure 4. Excellent agreement is achieved, despite the simplicity
of the model. This not easy sincemany ultrasound transducers have been designed for medical

purposest?82% but could not obtain such a good agreement using an RLC electrical circuit model.

Electrical impedance characterization

By applying an electric pulse with a determined duration, the efficiency of the energy conversion
can be maximized if the correct value of the pulse duration is used. The optimal value is
determined by the resonance frequency of the transducer. Even though the resonance frequency
of the active element can be determined given its geometrical and physical properties (Equation
(1)), the determination of the resonance frequency of the whole transducer from fundamental
concepts becomes non-viable due to its different material composition and geometrical
complexity. An appropriate way to determine precisely the resonance frequency of the transducer
is to search for minima of the electric impedance for different frequencies, with a phase shift
close to Ap~180°. The minima in electric impedance correspond to resonance frequencies, while
the maxima corresponds to anti-resonances.

The typical behavior of the electrical impedance of piezoelectric transducers in the resonance

neighborhood is characterized by abrupt variations. Consequently, small shifting of the applied
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frequency translates to large variations in the electrical behavior of the transducer. These
variations usually lead to mismatching between the transducer and the electronic driving circuit.
As a consequence, the performance of the system is affected, the vibration amplitude decreases,
as well as the energy conversion rate and the acoustic energy on the radiated medial®°.

By applying a frequency sweep using an impedance analyzer (Agilent 4294A), the electrical
behavior of both the isolated active element and the assembled transducer have been
characterized. Results are presented in Figure 5. It can be observed (Figure 5 (left)) that at f~2
MHz, there is a local minimum in electric impedance together with a phase shift of 4¢p~170°,
which is an indicative of the quality of the active element. Satellite peaks appearing in Figure 5
(left) show the coupling between the thickness extensional mode and lower frequency modes
(radial modes). However, these smaller peaks are not associated to a considerable phase shift.
When the active element is assembled into the transducer (Figure 5 (right)), the minimum of
electric impedance presents a smoother and inevitably deteriorated curve (radial modes of the
active element are clamped due to the housing) and the resonance frequency is found to be located
at fs=2.02 MHz. In the present case, the exact location of the resonance frequencies of the isolated
active element and the assembled transducer can be considered the same in practical terms.
Geometrical and resonance effects

The resonance frequency of the transducer determines the appropriate value of the pulse
duration sent to the transmitter, which is crucial to excite the transducer effectively. Therefore,
as a first consideration it is convenient to measure the effects of the input pulse duration (tw) on
the generated ultrasonic signal. A pulse with

) _2n+1
A T

(16)

where n=0,1,2,3,... correspond to the different harmonics, should excite the transducer
effectively. Therefore, for the fundamental mode with n=0, a pulse duration of

tw=T/2=1/(2fs)=250 ns should produce a signal with maximum amplitude. In Figure 6 (left), the
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peak-to-peak amplitude, measured in the receiver transducer, as a function of the pulse duration
is presented. The maximum amplitude is obtained using a pulse of tw=260 ns, very similar to the
prediction of 250 ns, hence this is the optimum value to be used in the transducer potential
applications. It can also be observed the existence of different maxima, the position of which are
correctly determined by Equation (16).

It is also important to know the degree of linearity of the transducer response, with respect the
amplitude of the electric pulse applied to the transmitter. With this objective, the peak-to-peak
voltage amplitude (App) of the response signal have been measured for different values of the
input pulse voltage. Results are presented in Figure 6 (right), where a linear response is observed.
The data was obtained with an orientation angle of 6=0°, and a separation of r=10 cm between
transducers, using tw=260 ns and d=0.5 mm.

In order to characterize the spatial variation of the acoustic field generated by the transmitter
transducer, a distance and angle sweep have been performed by moving the receiver transducer
with respect to the transmitter transducer, located at a fixed position. The peak-to-peak amplitude
of the receiver transducer is plotted as a function of the distance between the transmitter and
receiver (for different orientation angles) in Figure 7 (left). It can be noted that there is a slight
decrease in amplitude at short distances (r<4 cm), that could be due to the existence of a near
field effect. The near field is a region directly in front of the transducer where the amplitude goes
through a series of maxima and minima before stabilizing, due to the interference between waves
coming from different parts of the active element. Despite the fact that some authors consider
that the existence of the near field only makes sense when applying a continuous wave (thus is
not applicable to pulsed regime), in the present case the near field effect recovers it sense due to
the nature of the backing, that results in a long ringing effect from which different wavefronts

can produce interference. The range of the near field ends at the last maximum, at a distance dn
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from the transducer that, if using an active element in form of a circular disc®%3 can be
computed as

D2f,
= 17
dn =2, (17)

being D its diameter, fs the resonance frequency and ¢ the sound speed at the propagation medium.
In the present case, D=1 cm, fs==2 MHz and c=1480 m/s, leading to d»=3.4 cm, in accordance with
Figure 7 (left).

Nevertheless, it can be observed that the amplitude does not suffer a considerable decrease along
the radial direction in the range of distances considered, which indicates that the acoustic field
must be notably collimated. In this way, separating the transducers a few centimeters should not
result in a considerable energy loss, as long as the transducers are kept properly aligned.

In Figure 7 (right), the peak-to-peak amplitude is plotted and as a function of the orientation angle
(for different distances). In this case, the amplitude has a great dependence on the orientation
angle: the transducers should be aligned face to face for an acceptable transmission of the
ultrasonic pulse. The opposite case, at orientation angles higher than 6=5° approximately, could

lead to a considerable loss of amplitude which can be critical for some applications.

The effects of the thickness of the matching layer, de, can be observed in Figure 8, in which the
peak-to-peak amplitude is plotted as a function of d¢. A thick matching layer of d~3.5 mm was
deposited in a pair of transducers, and it was lowered carefully until its optimal value of d, =0.45
mm. The amplitude received decreases smoothly as the thickness of the matching layer increases,
and it reduces abruptly for thickness values of d/>3 mm. This behavior differs from the predicted
by Equation (4), since T should appear as a periodic function of dc with a periodicity of 0.9 mm
approximately. Experimentally, such periodicity was not observed. In the light of these results,

one can conclude that in the proposed design the matching layer thickness is not critical below a
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3 mm range, which may result in a significantly lower large-scale production costs of the

transducers.

Conclusions

A general-purpose immersion transducer for pulsed regime applications have been designed,
assembled and tested. The design of each element of the transducer have been described in this
study, whereas materials used, and shape geometry for each part have been proposed. A simple
model have been developed with the aim to predict the behavior and the shape of the obtained
electric signal from the target transducer. In this model, the transmitter and receiver are
approximated as underdamped oscillators, the first being forced by a rectangular pulse to generate
the ultrasonic wave, while the latter being forced by the acoustic field coming from the
propagation medium to produce the electric output signal. Excellent agreement between the
experimental measurements and the analytical results are achieved, despite the simplicity of the
model proposed. The resonance frequency of the active element and the assembled transducer
have been measured using an electric impedance analyzer, revealing that the difference between
resonance frequencies is negligible. Assembled transducers have been characterized in water,
exhibiting a highly linear response under the 10 V range of input voltage. The effects of the input
pulse duration have also been studied, resulting in a periodic behavior in accordance with the
theoretical prediction. With the aim to know the spatial range of the generated acoustic field, two
transducers have been placed face to face, in a setup configuration allowing a changeable distance
and orientation. A collimated field with an aperture angle less than 5° have been measured.
Finally, the effects of the matching layer thickness have been also characterized, presenting a
smooth decrease as the matching layer thickness increase, despite the fact that the theoretical
model predicts that the maximums in transmission should exhibit periodicity. In the presented

design, the matching layer thickness does not have remarkably effects on the transmission
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coefficient, as long as it kept within a 3 mm range, which can result in a considerably ease of
fabrication thus lowering large-scale production costs. The transducers proposed in this paper are
therefore promising candidates to be used in immersion pulsed regime applications, such as liquid

flow metering, liquid level sensors or level detectors.
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Appendix A. Analytical solution of the acoustically-forced underdamped
oscillator model
The electric signal provided by the receiver transducer is the solution of the hon-homogeneous
differential equation
X+ 28w, X + w3X = Xq(0), (18)
where Xas(t) is the form of the acoustic signal travelling through the flowing medium,
Xas(t) = Apuise[ 8(0) — gt —tw) ], (19)
with
g(® = 1—e( cos(bt) + %sin(bt) ) Je, (20)

being a=¢wn, b=wn,/1 — &2 and O(z) the Heaviside step function.
Fortunately, an analytical solution of Equation (18) exists and can be obtained with the aid of the

Green function,

t

[g(0) — g(t - t,,) le™*“ Isin[b(t — )] dr. (21)

— 00

Apulse

X(t) = b

Expanding the integral in two parts,

X(t) = 4

A t
pulse f g(r)e_a(t_r) sin[b(t—1) ] dt—

t
: ulse f g(‘f _ tw) e—at-1 sin[b(t — 1t)] dt.(22)

b

©T, (£) “@T (1)

The first term on the right-hand side of Equation (22) is designated as Ti(t), whereas the second
term is denoted by T2(t). The Heaviside step function contained in g(t) transforms the integration

limits from (-oo,t] to [0,t]. Therefore, the term Ti(t) can be rewritten as
t a
T, (t) = f [ 1—e™2t ( cos(bt) + Bsin( bt) ) ] e~ sin[b(t — 1)] dr. (23)
0

Expanding the three terms in the parenthesis,

T, (D) = L

t

t
e~ Isin[ b(t— 1) |dr — e~ j cos(b) sin[b(t — ] dt —
0
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ae—at t

b J

sin(bt) sin[b(t — 1)] dT. (24)

Integrating the three terms separately and rearranging, one obtains

T (0 = et bedt — 3 sina(zb-lt_)b; b cos( bt) _at [t sir12(bt) B a[sin(bt) Z—blz)t cos(bt)] (25)
Following a similar procedure for the term T2(t), one arrives at
T,(0) = e~ be?* — azizn_(i_bbtz) —bcos(bt)] _ pmalt—tw) |
' 2bt sin[b(t —t,,)] + cos[b(t,, — t)] — cos[b(t,, + t)] B
4b
B ae 2t cos(bt,, ) sin(bt) — btcos[b(t —ty, ) ]] 26)

2b? '
Rearranging terms, one can write the final form of the solution to Equation (18), which is given

by

A ulse
X(0) = ”b‘ [T,(0) — T, (D) 10(t). @27)
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Propagation medium

Housing  Backing Active element Matching layer

Figure 1: Sketch of an ultrasonic immersion transducer for general purposes. The main
components of an ultrasonic transducer are the active element, matching layer, backing and

housing.
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Figure 2: Left: schematics of the geometry of the housing. The paraboloid shape in the rear face of the backing
is designed with the aim to maximize the transmission to the propagation medium. Two holes have been
allocated in the back face of the active element to give space for the welding. Right: Pictures of the active

element with wrap-around electrodes and the assembled transducer.
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Transmitter Receiver

Signal sent to the transmitter Signal obtained from the receiver

tw Apulse App

Figure 3: Schematics of the measurement setup configuration and key parameters used in this
section. Two identical transducers are placed face to face, separated by a distance r and forming
an incidence angle 4. A rectangular pulse with amplitude Apuise and a duration tw is sent to the
transmitter, which converts the electric pulse into acoustic waves that propagate in water. The
receiver transforms the ultrasonic waves back to an electric signal with a certain peak-to-peak

amplitude App. The thickness of the matching layer, in both transducers, is d.
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Figure 4: Amplitude of the electric signal received at the target transducer as a function of time.
Red line corresponds to the received signal obtained experimentally, and filtered by Equation 15
with Nma=100. Black line shows the prediction by the analytical solution (Equation (14)). A
comparison between the experimentally received signal and the prediction by the proposed model

indicates a high degree of similarity between the two curves.
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Figure 5: Electric impedance and phase as a function of the frequency. Blue line: electric

impedance; red line: phase. Minima in electric impedance with an abrupt phase change

correspond to resonance modes, maxima in electric impedance correspond to anti-resonance

modes.
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Figure 6: Left: Peak-to-peak amplitude of the received signal as a function of the pulse duration.
The position of maxima and minima of energy transmission is predicted by Equation (16). Right:
Peak-to-peak amplitude of the received signal as a function of the applied pulse amplitude. High

linearity is achieved in the studied range of voltages.
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Figure 7: Left: Peak-to-peak amplitude of the received signal as a function of the distance
between transducers. A slight decrease in amplitude is observed at short distances (r<4 cm), that
could be due to the near field wave disturbances. Right: Peak-to-peak amplitude of the received
signal as a function of the incidence angle. A significant decrease in amplitude for angles higher

than a small critical value (6c~5°) reveals that transducers are highly collimated.
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Figure 8: Peak-to-peak amplitude of the received signal as a function of the thickness of the
matching layer, and theoretical transmission coefficient. Smooth decrease in amplitude is

observed as the thickness increases. This behavior is not predicted by Equation (4).



