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Abstract

The characterization and classification of liquids through instrumentation is essential
in many industries. As such, measuring the characteristics of liquids is not just useful
as a control parameter within an industrial process; such measurements can also be
used to classify the liquid. Such a sensor is especially practical if it can be connected
in-line with the liquid to be measured, thus minimally influencing flow.

A piezoceramic tube was studied in an attempt to produce a sensor to encompass
exactly those aims. Spectra were taken of liquid-filled piezoceramic tubes. Several
models for this system, both for the piezoceramic tube and the liquid within it, were
then studied to determine an accurate mathematical representation of the measured
spectra. The model ultimately used was a derived equation for the dynamics of the
liquid.

The simulated spectra were optimized to match the actual data, using several tech-
niques ranging from simple search algorithms to breeder algorithms. The optimization
technique used was based upon the complexity of the model implemented. The effect
of the error calculation method is important and is discussed. From the optimization
results, the speed of sound, density and viscosity of the liquid can be determined to

accuracies of less than 0.2%, 3% and 10% respectively.
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Chapter 1
Introduction

Industrial processes often benefit from the measurement of the physical characteristics
of the liquids that they produce. Many sensors are available to determine density in-
line in pipes; and the measurement of viscosity in-line is also feasible but less common
or accurate. Most of these techniques, however, obstruct the flow of the liquid due to
the intrusion of the sensor into the flow. This means that a liquid has to be pumped
harder to overcome the pressure drop across the sensor. Also, the sensor is likely
to suffer abrasive damage from the continuous flow of the liquid past it, especially if
there are solids suspended in the liquid. It would thus be beneficial to have an in-line
sensor that has no impact on the flow of the liquid in the piping in which it is being
transported.

Over the past few years, the author and colleagues have been using radially polar-
ized piezoceramic tubes to accurately measure the relative change in speed of sound in
liquids as part of a non-linearity parameter () sensor [15][42]. As part of that work, the
admittance spectra for several liquids placed inside these piezoelectric tubes were ana-
lyzed. These spectra had many resonant modes which were dependent on the physical
parameters of liquid (density, viscosity, speed of sound, etc.). If an accurate model
for these spectra could be produced, then the parameters of the liquid ought to be
determinable.

Such a sensor would be very useful, as the diameter of a piezoceramic tube can be
made the same as that of a pipe to which it could be connected, and thus it would
make for a convenient in-line sensor. Also, it would have no moving parts that could
suffer damage. Additionally, the admittance spectrum of a tube can be sampled at
very low voltage, so sound waves being set up by the piezoceramic tube are of such a
small amplitude that they are unlikely to damage or alter any sample.

Thus, this work is based on the idea of filling a piezoceramic tube with a sample

liquid; measuring the admittance spectra of the liquid filled tube; removing the dy-
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namics of the piezoceramic tube; and fitting a model to that data to determine the
density, viscosity and speed of sound of Newtonian liquids.

The document is broken into four primary parts namely:

o The basic theory of liquids, within the scope of this sensor and the techniques

used to measure the properties (Chapter 2).

e A discussion of the individual components that affect the spectrum of the tube
(Chapter 3); techniques to mode] or overcome the mechanical and electrical re-
sponse of the piezoceramic tube (Chapter 4); the derivation of a realistic model to
represent the modal response of the liquid (Chapter 5); and evaluating how rep-
resentative these models are, with respect to producing a reliable sensor (Chapter

6).

e The implementation of this sensor with respect to hardware (Chapter 7) and soft-
ware. The software implementation can be broken down into two components,
namely the evaluation of the spectral error (Chapter 8), and the optimization of

the error function to fit simulated spectra to actual data (Chapter 9).

e The evaluation of the results for different liquids (Chapter 10), and the conclu-

sions drawn from these results (Chapter 11).



Chapter 2

Liquid properties and their

measurement

2.1 Physical properties of liquids

2.1.1 Density

The density of a liquid, p, is defined by the mass of a liquid, m, divided by the volume,

V', that the mass of liquid fills, as shown in equation 2.1.

P= (2.1)

Several components can affect the density of a liquid, such as its temperature and
the pressure that the liquid is under. These variables have a small effect on the density
of the samples that will be studied in the project, however as the thermal dependence
of other variables studied during this work is quite high, the temperature was stabilized
and thus these effects can be ignored.

Density is most easily measured statically using a pycnometer. Here a glass flask is
used to contain a fixed volume of liquid; the mass of this volume is then measured on a
scale and Equation 2.1 is used to calculate the density. Density can also be measured
by the amount of pressure that a height of fluid produces.

There are in-line processes that can be used to measure density. A Coriolis flow
sensor measures mass flow rate. If the volume flow rate is measured using another
technique, the density can be determined using the geometry of the pipe. There
are also many vibratory measurement techniques that will be discussed later in this

chapter (section 2.2).
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2.1.2 Bulk Modulus

Although for most applications, a liquid is assumed to be incompressible, there is a
definite change in the volume of a liquid when it is placed under pressure. Although
this change is small, it has important consequences for the physical behaviour of a
liquid, as it, along with density, establishes the speed of sound. A liquid acts like a
spring: when a pressure is applied to it, it decreases in volume. The linear assumption
of the relationship between pressure, p, and relative change in volume, V, is defined

as bulk modulus, B, as seen in Equation 2.2.

Ap

AV
VvV

Bulk modulus is fairly dependant on temperature. It can be determined by measur-

B= (2.2)

ing the pressure in a liquid that has experienced a known change in volume, however,

most commonly it is measured through its relationship to the speed of sound.

2.1.3 Longitudinal Speed of Sound

The longitudinal speed of sound in liquids was one of the first liquid properties es-
tablished. Careful measurement and use of the speed of sound has many medical,
industrial and military uses. The speed of sound, ¢;, for longitudinal waves travelling
in a liquid is defined by the distance, d, travelled by the wave over a certain time, t,

as can be seen in equation 2.3

_Ad
At
Another definition for the speed of sound was mentioned in the discussion of bulk

a (2.3)

modulus. Here, the speed of sound of a liquid is defined by the density and bulk
modulus of the liquid, as these components store energy with respect to momentum
and the spring-like behaviour of the liquid, and thus delay the wave as it travels. This
behaviour is defined by Equation 2.4.

C; =

5 (2.4)
P
The speed of sound is very temperature dependant, and it is slightly pressure
dependant. It can also be affected by the frequency of the sound in some liquids.
There are many methods available to measure it. Most methods use a fixed distance
between an ultrasonic transmitter and receiver. The speed of sound is then determined

by the time the transmitted wave takes to travel the fixed distance.
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At this point, it is also important to mention the difference between group and
phase velocity. Phase velocity is easily described by the scenario where a sine wave
traveling through a media. The velocity, at which this wave moves past a point, is the
phase velocity. Group velocity is the speed at which a modulated wave moves through
the media. A good example of this is the sum of two similar frequency sine waves.
This sum can produce beating. The speed of the beating wave through the media can
be much slower than the speed of the two added waves. The speed of the beating wave
would then be the group velocity, while the speed of the individual waves is the phase
velocity. In this work only phase velocity was used.

Very accurate measurements of the speed of sound have been taken in the process of
measuring the non-linearity parameter (%). This parameter describes the non-linear
relationship between the density of a liquid and the pressure that is being applied
to the liquid [7]. The many techniques for measuring this value use very accurate
measurements of the speed of sound. These measurements are normally based on two
types of techniques, namely pulse-echo and continuous wave techniques. With pulse
echo, a small ultrasonic chirp is transmitted through the liquid towards a receiver. The
time the chirp takes to travel from transmitter to the receiver is used to determine
the speed of sound. The accuracy of this method is heavily dependent on the signal
processing done on the received chirp to determine when exactly it arrived [21}[38].

As part of the sensor that will be demonstrated in this work, the speed of sound
will be measured using a continuous wave technique. This type of measurement
involves setting up standing waves in the liquid, and determining the speed of sound
by the placement in frequency space of the resonant modes that are formed by the
standing waves. This technique is an extremely accurate measure of the speed of
sound, or of relative changes in the speed of sound [48][20][15][42]. It requires either
an admittance spectrum to be sampled, or additional signal processing circuitry, such
as a phase-locked loop or a resonant circuit to function.

As can be seen from Equation 2.4, bulk modulus can be determined by measuring

the density and speed of sound of a liquid.

2.1.4 Viscosity

In all liquids, there are resistance forces between moving molecules. This can be
observed in the resistance of a liquid to flow. Viscosity, 7, is thus defined as the
ratio of shear stress, 7, over shear strain rate, 4, applied to a liquid as can be seen in

equation 2.5.

(2.5)

241
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Viscosity is slightly pressure dependant, but very temperature dependant. For
example, castor oil halves its viscosity from 30°C' to 40°C. This dependence on tem-
perature implies that most viscosity readings should be taken with known temperature
values. Viscosity can also be dependent on the shear flow rate of the liquid. Liquids
such as starch solution increase in viscosity with shear flow rate, and solutions such
as tomato sauce decrease in viscosity with shear flow rate. All samples that are used
for testing this sensor are based on liquids that behave linearly with shear rate; which
are so-called ideal viscous liquids.

For compressional fluids, viscosity becomes a bit more complicated. Here Navier-
Stokes equation is used to define a liquid. Within which Volume (Bulk) viscosity is
defined. It can be described as a measurement for the resistive forces between parti-
cles as the fluid is compressed. In such a situation shear viscosity is also introduced.
Shear Viscosity is the same as normal simple viscosity if the liquid is assumed to be
incompressible. Some simplifications are later introduced to simplify these variables.
And the liquids that are tested in this thesis are so that they are unaffected by such
a simplification.

Several techniques are used to determine viscosity of liquids. Most of them are
designed for static testing, i.e. a liquid is removed from the process and placed into
a testing system. By far the most versatile, accurate and common, within research
laboratories, is the coaxial measurement system. It uses a bob and cup arrangement.
The liquid is poured into a cup and a bob is inserted into the liquid. The bob is then
spun at various speeds and the torque required to get the bob to spin at a specific
speed is used to determine the viscous behavior of the liquid at that speed. Some
sensors also used a spinning cup, with the bob fixed; however, thermal control of the
sample was found to be problematic when using this technique.

Several different bob shapes are implemented for different viscosity ranges and
different types of tests [41]. It is important to note that viscometers measure the
friction caused by the liquid, and, as such, careful care is taken in these types of
sensors to reduce friction caused by other external sources, such as bearings [56].
Also, variations in cup and bob shape are used, such as the double gap measuring
system for less viscous samples. The benefit of this system is that the sample can
be accurately controlled with respect to temperature, and its viscous behaviour can
be determined for a variety of shear strain rates. All samples used for comparison
purposes in this work were calibrated using such a system.

Many other techniques are also available, but they tend to be more crude. Several
timing techniques are used; some of these involve timing how long a volume of liquid
takes to drain though a small orifice. Another variation is the falling ball technique,

where a heavy ball is dropped into the liquid and the time taken for the ball to drop
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a fixed distance is measured. These techniques depend on the shapes of the objects
used, and they can normally only determine relative viscosity. They are also not
independent of the density of the liquid.

There are two main methods to measure viscosity in-line. One uses the coaxial
system placed in-line in the pipe. This system has a large effect on the flow of the liquid
that is being tested, and it has several moving parts, so requires regular maintenance.
A variation of this technique uses a ball placed in the pipe, that is either spun at a
specific speed or oscillated, and the resistance to the movement is measured. Another
popular in-line measurement is simply determining the drop of pressure along a fixed
length of pipe. If laminar flow is established, the drop of pressure per unit length
of pipe can be defined and is dependent on the viscosity of the liquid. However,
establishing laminar flow requires a very long section of accurately machined pipe
before and behind the sensor, and for the liquid to be transported at a slow enough
speed in relation to its Reynold’s number. Also this sensor is dependent on the speed
of flow in the pipe, so a flow sensor would need to be implemented as well.

Another less practical method of measuring viscosity involves transmitting a beam
of ultrasound into the medium and measuring the streaming that occurs away from a
transmitter [23]. The velocity of the streaming is inversely proportional to the viscosity
of the liquid. The speed is measured through the Doppler shift detected by a receiver.
This method is non-intrusive; however, it will be affected by the flow of the liquid, and
the real benefit of having a non-intrusive system would be that the liquid could flow
past the sensor.

Later in this chapter, vibrational techniques for measuring viscosity will be dis-

cussed (section 2.2).

2.1.5 Effects of frequency on parameters

Both speed of sound and viscosity can be affected by the frequency of the sound in a
liquid. This is especially apparent in polymers and suspensions, where these changes
can be used to determine the particle size within the suspension [13]. This behaviour
is commonly described by the use of Maxwell’s model for a liquid, which is defined by a
spring and dashpot in series. The relaxation time is defined as the inverse of the cutoff
frequency for this arrangement. Most liquids do relax slightly; however, this effect can
be minimal and it will not be further studied in this work, thus a test solution will
be chosen to avoid these effects. However, the measurement of these terms should be
within the limitations of the sensor discussed in this work, especially in relation to the

speed of sound.
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2.2 Vibrational measurement techniques

The oscillatory behaviour of a liquid is defined by the physical parameters of a liquid.
Thus, it stands to reason that the effect that a liquid has on the sound waves travelling
through it can be used to determine the parameters of the liquid. This is easily stated,
but much more difficult to implement, as the measurement of these waves is as much
dependent on the sensing method as it is on the liquid. Several techniques are available
in literature for measuring various liquid parameters. Since the sensor design in this
work falls within this category of sensor, it is important to mention these techniques
in more detail. They can be broadly broken down into two types: those that measure
the effect that a liquid has on the resonant behaviour of a transducer, and those that

measure the effect on the resonant behaviour of the liquid.

2.2.1 Ultrasonic Spectroscopy

Ultrasonic spectroscopy is the study of the frequency spectra of attenuation and phase
of sound traveling through a media. This media can be a solid, liquid or Gas. The
Spectra can indicate several properties of the media, including fundamental material
properties, particle size and density in suspensions and material defects like surface
roughness and cracks Over the past few years there have been several advances in Ultra-
sonic Spectroscopy. These can be mostly accredited to an improvement in computing
power and digital electronics to be able to handle the rather complicated equations
that are required to compute [8] The sensor designed in this work falls into this group
of research. As it uses the acoustic spectra of a liquid in an attempt to determine the
physical properties of the liquid. However, it does not use the classical attenuation

model, and rather uses a electrical equivalent models.

2.2.2 Sensors based on liquid effect on transducer

A vibratory transducer has a resonant behaviour, at which point standing waves of a
specific type, such as axial, shear or torsional waves, are set up in the device. The
frequencics of the waves are defined by the characteristics of the material used to
construct the transmitter, such as the speed of sound, the density and the internal
damping. These resonant modes are quite constant and there is normally only a slight
variation due to temperature.

When such a transducer, in the form of a reed element, is submerged in a liquid,
the liquid interacts with the dynamics of the transducer and changes its resonant
behaviour. By measuring these changes, some of the parameters of the fluid, such as

density and viscosity, can be determined.
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Many variations of this technique exist, either using a vibrating probe in shear
mode [45][55][5][19](32], in torsional mode [33][37}[29] or in flexural mode [30][27]. The
flexural mode is more suited to measure changes in density, as the vibration of the reed
displaces a volume of liquid. Thus, the effective mass of the reed is increased, thereby
decreasing the resonant frequency of the reed. These techniques have the benefit of
reduced moving parts and thus less maintenance. However, the dynamics of these
sensors need to be accurately determined and regularly calibrated.

Measurements of the effect of shear motion on the outside of the probe, which is the
effect of both the shear mode and the torsional mode, are more suited for measuring
viscosity, as the drag of the probe due to the liquid has the larger impact on the mode.
The drag that the liquid has on the probe reduces the Q of the probe’s resonant mode.
The probe also entrains a volume of liquid; this increases the effective mass of the
probe and decreases the frequency of the resonant mode. The amount of mass that is
entrained is dependent on the viscosity of the probe.

These techniques formulate relationships that relate the density and viscosity of
the liquid to the changes in the resonant behaviour. There are other factors that also
change the behaviour of the probes, and these will incur a measurement error that
will not be easily be discovered. These probes are also not very accurate compared to
the bob and cup system and they are not well suited for in-line application for liquids,
where the flow of the liquid will change the behaviour of the reed.

A sensor to measure bulk modulus based on the changes of the resonant charac-
teristics of a piezoceramic spherical shell, with a sample of liquid inside it, has also
been implemented. This method was used to measure the relaxation of a sample of
glycerol. The effect of the glycerol was to stiffen the shell. The bulk modulus can be

determined though the changes in the shell’s electrical capacitances [12].

2.2.3 Sensors based on the resonant behavior of the liquid

With these techniques, an attempt is made to generate standing waves within the
liquid. Our System allows the behaviour of those standing waves to be measured, and
from that the characteristics of the liquid are determined. These measurement systems
are the most similar to the system implemented in this study.

A popular technique for determining fluid properties, especially in gases, is the in-
terferometric technique [24]. Here a piezoceramic actuator is placed a variable distance
from a reflecting surface as can be seen in Figure 2.1.

The transducer is excited at a fixed frequency and the path length is changed. The
current that the transducer draws is measured and as the distance from transducer to

the reflecting surface is increased, the column of liquid will go through resonance. As
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Referting Surfare” &

Figuris 2.1; Diapramn showing interforometrie technigue for determining physical prop-
crtics of passes, A fized frequency of sound is produced by the transmicter. Then the
distunce between the reflecting surface and the trapsmitter is increased, Each time
wostanding wave s produced, the corrent theouph the transducer inereasies and the
reladtve chanpe 0 currend can be used to determine the properties of the thaed,

Phe length as el epded further, a resonant mode will form again and sgain. Thos as the
length is increased. the correnl Howing through the transdncer tnereases al resonamce
and decreases apgain diring anti-resonance. The hehaviour between the length of {he
Huiel eolimn and the cwrvent can be mathematically modelled witl respect (o the
Huid's characteristics.

This techninue is not suitable for in-line applications as it requires a specialized,
acenrate test environment; the measurements take cime to do, and the changes in the
column length required arc quite substantial, In s also more suitable for gases than
for liquids, as 0 this method the effiects of the walls that cnease the svstem were not
Laken into acconnt, Oue benefit of the systen, however, is that the flud properties are
caleilated from relative electrie eurrents and thus the sonped conpling and transducer
maodelling are less evilical.

A similar technigue has been impleniented for the measuremend of Hguid viscosity
and speed of sound. This systern inchdes a modal fowe the relationship that a liguid
has with the walls that encase i, The limuid is placed in a thick-wallad steel tube, On
cae side. a piston is connected 1o a shaker. which can be aseillated al a Bxed range
of freguencies (<4kHz). The other side Is ellher exposed to air 40] or s sealed with
another piston connected to an acceleromerer (390 The basic concept is shown in
figre 2.2,

Wit this implementalion, the resonant behavioor of the Anid with respect to
frequency = measured. Then, the dynamics of the mstan, with respect to its mass,

damping and spring eonstani, are rernoved Trom Lhal impedance to leave only the

impodance of the Loguid.
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‘Refincting Surface”

Figure 2.2: Diagramn showing hasic representalion of impedance wube sensor. Tlere an
axial sonnd wave 15 transmitted in a pipe towards & rellecting surfance. The amount
of cnergy lost by the sound moving past the wall surface as standing waves are formed
is used to determine the viseosity of the sample

There are two components to that impodance, namely that of the sheared liguid
region and that of the rigid body liquid region [34]). Within the rigid hody region the
plane waves travel from the piston to the reflecting surfaee and hack, However, the
walls of Lhe tube remain stationary, thus if it is assomed that there s no slip, the Auid
at thal interlace must be stationary ss owell. This implies that there iz a transition
area between the siill [nid and that i the rigid body liguiel reglon. This region i
where the shear behaviour of the [hud aflects Lthe wave. The lenglh of tlis region
ts dependent on the visoosity of the lpid, Thus, if the behaviour due to these Lwo
regions is madelled, the viscosity and speed of sound of the liquid can be deterniined,

This sysiemr 5 ddeal only for testing siatic samples of Haquids, T produces very
stmilar spectra to that produced by the work discussed in this project. and it alse
seems to exhibit a similar coupling effect as iz discussed in section 56, where the
stmulated medes have o slightly higher O and mode size Chan (he actnal data. This
could be due to the surface roughness of the impedance tube used [47).

The techniques that employ the modal behavior of lguids praoduce very accurate
measurements for the speed of sound, as long as the distance (hat the sound waves
needs to traovel is well defined, o one implementation, a piezoceramic tube is placed
an accurate distance from ancther, and the frequeney distances berween the modes
of the liquid ave used to determine the speed of sound 15]. However, the use of a
piezoceramic tube to determine the speed ol sound should alse he mentioned with
respect to this sescarch, The frequencies at which the liguid mades are formed in a

radial coordinate system are not linearly related as they are in a Carvteslan coordinate
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system. However these systems have been successfully used to determine the speed of
sound in liquids [4]{15]{42].

As mentioned, most systems for measuring density or viscosity are not ideal for
in-line applications. Many contain moving parts and require a static environment to
complete the tests. Also, few allow for a sensor that does not protrude into the flow of
the liquid. It would be beneficial for a sensor to be able to determine the parameters

of a liquid without affecting the transport of that liquid.



Chapter 3
System Description

The proposed sensor consists of a radially polarized piezoceramic tube. The inside of
the piezoceramic tube is filled with the sample liquid and the outside is left exposed to
air. When the piezoceramic material of the tube is subjected to a potential difference,
the wall of the tube expands or contracts, primarily radially, depending on the direction
that the voltage is applied. This movement is coupled into the liquid. A basic diagram
showing this can be seen in figure 3.1.

As the frequency of the applied voltage is increased, the sound travelling in the
liquid eventually starts to form a standing wave. At this point, the total electrical
impedance from both the piezoceramic tube and the liquid systems decreases and
a resonant mode becomes apparent. When the frequency is further increased, the
harmonics of that liquid standing wave frequency are also apparent. However, the effect
on the spectrum of the piezoceramic tube is relatively small at these low frequencies,
compared to other standing waves formed in the tube, such as the length modes.

As the frequency is further increased, the wall thickness resonance of the piezoce-
ramic tube is excited. Since this is in the primarily polarized direction of the tube,
the mode that is generated is very dominant. However, this mode also excites the
harmonics of the liquid modes in its vicinity. Essentially, this low impedance domain
of the tube acts as a window onto the dynamics of the liquid. The response of the
piezoceramic tube - liquid system can be seen in figure 3.2. This figure shows the real
and imaginary parts of the inverse of impedance. Thus, a spike in conductance in this
figure shows a low impedance frequency of the sensor. The liquid modes visible in this
area of the thickness resonance (at about 6.5MHz), and the areas of its harmonics, are
the subject of this work, to determine the physical parameters of the liquid.

This system can be separated into two sections: the first is the study of the resonant
response of the piezoceramic tube, which makes the dominant impact on the spectra

(Chapter 4). This part also includes the impact of the case capacitance and the wiring

13
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Figure 3.1; Dhiapram showing a pictorasl view of sound travelling in o plezoceramic
tube. This o basie repesentation of sshat the sensor systeron looks like.

Fdmittance specta of oive od flled pigzg ube
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Figure 3.2: Admittance spectra of an olive oil iilled plezoceramic tube over Lthe tube's
thickness resonance. The resonant modes of the lnuid are sasily visible under the re-
sponse of the thickness maorde of the plezo tube. Also note the effect of case capacitance
as the susceptance rises for higher frequencies.
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to the tube, whose impact becomes more apparent with spectra at higher frequencies.
Secondly, the study of the response of the liquid will be formulated (Chapter 5), as an
accurate determination of this response is fundamental to the use of the sensor.

The primary benefit of the implementation of such a sensor is that it could be
applicable for use in an in-line application, as a liquid flowing in the middle of it
would not be restricted by the sensor. Also, the wear on such a sensor will be limited
as it does not intrude into the flow. However, wear will occur, and further work on
the effect of a protective lining should be done.

This work, however, aims to produce a proof of concept of this idea. It will attempt
to produce a static sensor, whereby a sample of liquid is loaded into the tube, set to a
specific temperature and a spectrum is taken. That spectrum is then analyzed in an

attempt to determine the liquid’s physical parameters inside the tube.



Chapter 4

Spectral response due to the

piezoceramic tube

The piezoceramic tube was the most challenging part of the system to model in prac-
tice. Since the liquid modes were coupled to this model, it had to very accurate, and it
had to span several resonant modes of the piezoceramic tube to achieve the bandwidth

requirements for viscosity measurements, as later described in section 5.4.

4.1 Piezoelectricity

A piezoceramic is a material that, in addition to obeying normal mechanical stress-
strain relationships, also has the ability to couple electrical behaviour into mechanical
behaviour. Thus, if this material is placed with an electrical field across its polarized
axis, it will strain; and conversely, if it is placed under strain in the polarized axis,
the material will induce an electrical field. This behaviour is approximated by the

following equations:

0ij = Clueki — ehy;Em (4.1)
G = eip+ DB, (4.2)

where ¢ is stress, ¢ is strain, C¥ is the stiffness matrix of the piezoceramic material,
e¥ is the matrix of piezoelectric constant, D¥() is a matrix of dielectric constants, F
is the electric field, and ¢ is charge density. The subscript notations indicate the axis
of reference for the material; the numbers 1, 2 and 3 indicate the primary axes (e.g.
x,y,2). The first term on the right of the equations shows the standard mechanical
influences and the second term shows the electrical influences. This equation allows

that defined values for all the axis for the piezoceramic actuator can be defined and

16
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used in the calculation of the movements of the piezoceramic. This was not very
practical though, and since most of the non primary axis variables a rather small
compared to the primary operation of the tube, they where are set to zero for the
calculations that follow. This simplification will add an error to the results. However
since the final solution used did not apply this equation, it was decided that a study
of this system with additional degrees of freedom would not be of much additional

benefit to the work. These equations will be discussed in more detail in section 4.6.5.

4.2 Polarization of tube

Piezoceramics are polarized by heating them to high temperatures and then allowing
them to cool while exposed to a electric field in the desired polarization direction. The
piezoceramic tubes that were used for this project were polarized in such a way that
their primary strain was though the radial thickness of the tube. Thus, when a voltage
is applied to the piezoceramic tube the distance between the outer and inner diameters
will increase or decrease depending on the polarity of the voltage. It is important to be
aware that there will be some smaller additional piezoelectric behaviour in the other
non-polarized directions. These additional effects are significant in size; however, the
resonance modes in those directions occur at much lower frequencies than the thickness

resonance mode used for this work and so can be ignored.

4.3 Effect due to case capacitance and the cabling

Since the piezoelectric effect is driven through the creation of an electric field between
two electrodes, the piezoceramic obviously has significant capacitance. When analyz-
ing the admittance spectra of the tube, the first noticeable mode is that of the case
capacitance coupled with the cable. This can be seen at 11MHz in figure 4.1. In order
to be able to compare the simulated data in later sections, it was important to remove
this mode from the spectra. This can be a little more complicated than it seems, owing
to harmonics of the thickness modes of the piezoceramic tube, which interfere with
the cable mode, as is visible in the dip occurring at 11MHz in figure 4.1.

Two methods were attempted to remove this mode. The one was a simple RLC
circuit model, and the other was to use an actual transmission line model for the
cable. It was found that if the cable was kept as short as possible (in this case, that
was 25mm) an RLC model, as shown in figure 4.2, was suflicient. Note that since the
capacitance of the cable and that of the piezoceramic tube are in parallel, they can be

considered as one capacitance for removal purposes.
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Figure 4.1: Spectra of empty piczo tube of dimensions: inper disnmetev 318 i, onter
dismeter 380 mm and length 383w The main mende occuring at LIMHz is the
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Figure 4,2: Diagran: of RLC circoit used to simudate the spet rl response of the cable
and the case eaparitance. The case capacitor of Lhe piezo tube aml the capacitance of
the cable can be considered as one. sinee they are in parallel.
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Figare 4.3 Hpeclra of etuply plezo tnbe with case capacilanee aml eable removed.
The thiekness resonamees of 11e 1nbe have becoane more visitble and ave now eenlered
arcnind zero.

Implementing an accurate cable removal algorithm was complicated by the be-
haviour of the modes that distort the resonance of the enble, The resistance was
straightforward to obtain froan an admittanee - susceptance circls, However, the exact
placerent of the mode and the O of the mode were more diffienlt to obtain through op-
Uimmizal ion, as the auswers tended To vary depending on which mnode] was used Tor 1he
interferiog mode. ITowever, once the céable mode was removed, Lhe spectra appeared
as i1 Bgare 430 For this spectrnm shown, the values woere £ 0 001682, L = 250617,
L

4.4 Dominant resonant modes in a piesoceramic tube

Ag mentimed when diseussing equation 40, Lhe behavioar of Lhe piezoceramie Labe
in dependant on bolh Lhe normal mechanieal response and 1 he additional elecirical
response of the plezoceramic tube. Thus, when the plezoceramic tube goes through
mechanical resonance, this bebaviour will he coupled into the electrical response. This

becnmes especially apparent when considering the admittance spectrum of the piezo-

eeramnie Tube. For atube, the dominant modes are the radial {thickness), length and
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Figure 4.4 Spectra of empty piczo tube showing radial, length and circumferential
tnipdes. Notiee the smaller inodes on the left of the speotra. These modes e sub-
stantially stnaller than the radial mode at 650kHz which has a peak of 1 Siemens.
However, their ¢ffeet does becore more sipnifieant on the cdees of the sadial ode.

citcumferential moddes 1], When the frequency of the driving voltage is near that
of the resonant mode of the presoceramie tube, it heeomes casier to drive, and thus
the electrical impedanes of the {ube reduces. This is because the returning wave of

movement in the tnbe contrilates to producing 1he nest wave.

4.4.1 Radial modes

These mewies ate formed by setting up standing waves though the thickness of the tube
and they can initially Le approximated by the following equation:
. Ny i
e —— (1.3)

|- T
Where [5 i the resouant freguency and N is a frequency constant. This equat i
holds only if the tube wall 35 sulstatd ially {linner than its inner diameter, [t also only

defines the fundarnental mode of the 1ube, (ther more detailed moedels are available

and arc discussed i section 4.06.
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4.4.2 Length modes

These modes are set up in the length of the tube. For the dimensions of the tubes
used, in this work, the modes are at a much lower frequency than the thickness mode;
however, some of the higher length modes do sometimes interfere in the fundamental

thickness mode as can be seen in figure 4.4. They are defined by:

_ N3
fo=-7 (4.4)

Where L is the length of the tube and N3; is the frequency constant for length

modes.

4.4.3 Circumferential modes

These modes occur through the diameter of the tube and are at also at a low frequency.
They had little impact on the system. They are defined by:
Ne
fr= (4.5)

To +T;

Where N, is the frequency constant for circumferential modes.
4.5 Effect of placing a liquid into piezoceramic tube

When a liquid sample is loaded into the piezoceramic tube, it interacts with the move-
ment of the tube. Thus, the spectral response of the combined system is a function
both of the behaviour of the piezoceramic tube and of the liquid. This can be observed
in figure 4.5. For each frequency at which a standing wave is formed in the liquid,
a mode is coupled into the response of the piezoceramic tube. Some of these modes
are barely visible, while others are superimposed on the thickness resonances of the
piezoceramic tube. These modes are clearly visible in the spectrum as the smaller,
sharp, satellite modes interfering with the large thickness modes visible in figure 4.3.

The exact locations of the liquid modes are also slightly displaced by frequency
pulling over the thickness mode of the piezoceramic tube[15]. Frequency pulling is
an effect influencing the liquid modes that are on top or very close to the thickness
resonance of the cylinder. The frequency intervals between modes deviate from the
linear relationship when they lie over the thickness resonance, while the modes before
and after the thickness resonance are still at the same frequency interval.[42] This
effect gets nullified by the piezoceramic tube removal technique used at the end of this

chapter.
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Note the sharpsatellite modes that have been created over the region of the pritary
thickness modes of the pezotube




4. Spectral response due to the piezoceramic tube 23

The remainder of this chapter describes the investigation into a method to either
find a model for the piezoceramic tube that would allow, in conjunction with a model
for the liquid, the approximation of a real spectrum as seen in figure 4.5 with that
of a simulated model, or, preferably, the removal of the response of the piezoceramic
tube so that a model response of the liquid can be compared directly with an actual

spectrum of the liquid.

4.6 Attempts to model the behavior of the piezoceramic
tube

Piezoelectric equations can be complicated and rather cumbersome to solve (an exam-
ple of a piezoceramic plate can be seen in [10]). Several techniques described in the
literature have been used to model the behaviour of piezoceramic plates using electri-
cal equivalent circuits. Such modeling allows the use of commonly known electrical
components and network theory to create equivalent systems which are substantially
easier to solve; graphical techniques may possibly be used also [11]. However, many
assumptions and simplifications are made to obtain these circuits, and the effect of
these on the system studied had to be examined to determine if such a simplified
circuit could usefully be implemented. These models include the Butterworth - Van
Dyke [9], Mason’s [34], Redwood [44] and the KLM models [28] (which seek to remove
some of the physical ambiguities from Mason’s model, such as the negative capacitor).
The complexity of these models is largely dependent on the accuracy required for the

problems being studied.

4.6.1 The Butterworth - Van Dyke model

The Butterworth-van Dyke model is by far the simplest model that can be imple-
mented for a piezoelectric resonator. It consists of a series RLC resonator in parallel
with the case capacitance of the piezoceramic plate. Normally this model is used to
represent empty or coupled systems, and because there would be nothing to restrict
the movement of the outer walls, the outer port can be short circuited. Since the
component values can be calculated from a spectrum, this system is often used to
determine what the physical constants are that define the piezoceramic material used.

As can be seen from figure 4.6, the Butterworth - van Dyke model [9] for a quartz
resonator only represents one mode of the resonator and it makes no allowance for its
harmonics. It also only represents linear systems, whereas the system in the study is
defined by a radial coordinate system, since the piezoceramic actuator has the form

of a tube. Beneficially though, this model is extremely simple and computationally
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Figure 4.6: Diagram illustrating the Butterworth - van Dyke model for a quartz res-
onator. Where Cj is the case capacitance of the piezoceramic place and the RLC cicuit
componants represent the thickness resonant mode of the plate.

inexpensive and thus would have been ideal for optimization purposes. Some improve-
ments are available on this model whereby a complex capacitor and inductor are used,

and the resister is set to zero [51].

4.6.2 Mason’s model

This model was the first network theory-based model implemented to ease the cum-
bersome problem of analytically deriving the equations for a piezoceramic plate in
contact with a specific acoustic impedance. It was derived for a one dimensional case,
assuming that the piezoelectric characteristics in the non-polarized directions were
negligible. Several other assumptions were made to reduce the complexity of the end
result. The component values that have been illustrated in figure 4.7 are defined as

follows:

S
_ g4

Co = = (4.6)
N = Cohas (4.7)
Zo = Ay/pck} (4.8)
p
P=w /5 (4.9)
33
Zs = —iZycsc (T't) (4.10)

t
Zy = iZp tan <F§> (4.11)
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Figure 4.7: Diagram showing Mason’s equivalent model for a piezo plate. Three regions
are indicated. The electrical region is where the case capacitor and the characteristic
negative capacitance are. The transformer couples this system into the mechanical
domain of the piezo plate. Beyond that domain are the impedances of the acoustic
enviroment with which the outer surfaces of the plate make contact.

where A is plate area, ¢ is plate thickness, €35 is clamped permittivity, hs3 is a
piezoelectric constant, p is the density of the piezoelectric ceramic, c% is the speed of
sound in the ceramic and w is angular frequency. Many of these variables are frequency

dependant and complex to allow for losses and damping.

Mason’s model [34] consists of a T-network. The acoustic impedances are simply
added to the end of the network. Thus, for this model, the impedance of the individual
components in the T - network (i.e. Z, and Z;) are not dependent on the acoustic
load; nor is the turns ratio of the transformer(V).

This model and the other two models mentioned below worked relatively well to
represent the behaviour of the liquid-filled piezoceramic tube for a single harmonic
of the tube. However, once the system was extended to multiple modes, they failed
to align the harmonics of the tube correctly. This is due to the radial nature of the
sound waves travelling inside the piezoceramic tube. If a sufficiently thin tube is used
(instead of the tube that was implemented), the behaviour of that tube will tend
towards the behaviour of this system. Many piezoceramic tube implementations have

been based on this type of thin tube approximation.
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Figure 4.8: Diagram of Redwood’s equivalent model of a piezo plate. The three
impedances of Mason’s model have been replaced with a transmission line, and the
negative capacitance has been moved across the transformer.

4.6.3 Redwood’s model

Redwood’s model [44] aimed to improve some of the physical inconsistencies of Mason’s
model, such as the negative resistance and the load independence of the impedances,
as can be seen in figure 4.8. He achieved this through replacing the T-network with
a transmission line and by shifting the capacitor to the other side of the transformer.
This model is essentially an intermediate step between Mason’s and the KLM model
and it was not implemented in this study as being inappropriate for the same reasons

as the Mason’s model.

4.6.4 The KLM model

The KLM model [28] is commonly used to design high frequency transducers, especially
for medical purposes. There are several differences between it and Mason’s model
(section 4.6.2). Firstly, there is no parallel case capacitance, but only a capacitance
in series. Secondly, a different transformer ratio is used. One of the most interesting
differences between the models is that two transmission lines were used to simulate
the mechanical characteristic of the piezoelectric plate. The variables in this model,

as seen in figure 4.9, are defined as follows:

BN

Co = 53; (4.12)

Zo = A/ pck} (4.13)
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Figure 4.9: Diagram of the KLM equivalent model of a piezo plate. This model
has many differences to Mason’s model. There is no negative capacitor. The trans-
former’s value is frequency dependent and there are two transmission lines leading to
the acoustic impedances at the exposed plate area.

_ hss
M= Z (4.14)
p
33
X1 =iZoM?sin (I't) (4.16)
t
- am

Zgycos (T'5) +iZgsin (
Zocos (T'§) + iZgrsin (T
(

Zrr = Zy (

)
] ) (4.18)
)
)

Zgocos (I't) +iZgsin (T'L

ZTR = Zy ( t2) : . (4.19)
Zgcos (T'Y) +iZagsin (T'S

Where the variable definitions are the same as in section 4.6.2. ¢ is the transformer

ratio in figure 4.9.

Owing to the transmission line definition of this system, the impedance of the
piezoceramic tube has a dependence on the acoustic load. This type of system should

be more representative of what is to be expected in real life. However, it has been
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shown that if a comparison is done between the KLM model and Mason’s model, the
results are equivalent for a variety of boundary conditions [50].

Unfortunately, these models proved to be unsuccessful at describing the resonant
behavior of the piezoceramic tube over several thickness modes. This was accredited
to the radial nature of the of the sound waves created. So, other techniques were

attempted to solve this deficiency.

4.6.5 Solving equations of state for a piezoceramic tube

As a last resort at modelling this system, the analytical approach was attempted.
The hope was that the equation obtained by solving the characteristic equations of
the piezoceramic tube could be simplified and used to obtain the admittance spectra
of a liquid filled tube analytically, to compare to an actual spectra with the cable
impedance and case capacitance removed. This section first describes the derivation
of the equation for the impedance of the tube, then it discusses possible difficulties
involved in actually using the derived equation. Some derivations for tubes [22] for
other applications have been previously published, such as for a fully submersed tube
(18] [52].

The behaviour of a piezoceramic tube can be accurately determined by solving the
Navier equation for a solid, and the equations of state for a piezoelectric crystal.

2
(A + p) up ki +uikk + £ = p%—;;i (4.20)

where u is displacement and p is density.

This equation assumes a linear, elastic, isotropic material, where A and u are Lamé
constants for the material. Rewriting this equation in cylindrical coordinates for a

sinusoidal input, and analyzing the behaviour only in the radial (polarized) direction,

gives
d?y(r dy(r
7 dzi(Q ) +7 ZS ) + (r*B%y(r)) = 0 (4.21)
w?p
B\t (4.22)

where d—i’i(:—)is radial displacement.

The solution to this differential equation is

y = C1Jo(Br) + C2Yo(Br) (4.23)
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where Cy and Cy are constants to be solved for using the boundary equations, and
Jo and Y) are Bessel’s equations.

The equations of state for a piezoelectric material in the e- form are

o5 = Chyew —ehy;Bm (4.24)
G = elyein+ DIE (4.25)

where o is stress, ¢ is strain, CF is the stiffness matrix of the piezoceramic material,
e? is the matrix of piezoelectric constants, D¥(€) is a matrix of dielectric constants, E
is the electric field and ¢ is charge density. The subscript notations indicate the axis
of reference for the material; the numbers 1, 2 and 3 indicate the primary axes (e.g.
X,¥,Z).

By introducing the boundary equations of the piezoceramic tube, the acoustic im-
pedance at the inner surface produces a relation between stress and strain at that
radius. The equation is now converted to cylindrical equation system due to the tube
nature of the piezoceramic actuator. This substantially simplifies the mathematics.
Thus, substituting these boundary equations for stress into the equation of state above,
assuming sinusoidal input equations, and again assuming linear, elastic, isotropic ma-

terial, the boundary conditions for the piezoceramic tube are

e dy(r) d*y(r;) | 1dy(rs) d*y(r;) _
Zidijw —A( e LT esaBamp = 0 (4.26)

_dy(ro) d*y(r,) | 1 dy(ro) d*y(ro) _
ZoAojw o )\< ) +7”o = 7 ) +e33FBamp = 0 (4.27)

where Z; and Z, are the effective acoustic impedances at the inner and outer
surfaces, A; and A, are the inner and outer surface areas, r; and r, are inner and
outer radius, e33 is a piezoelectric constant in the polarized direction, and Eqmyp is the
amplitude of the sinusoidal electric field applied.

The derivative of y gives the radial displacement. The current produced though
a sinusoidally changing electric field can thus be calculated by putting the strain
components into the second equation of state of the piezoceramic tube, and integrating
the charge density over the volume of the tube.

d’y | epndy

Lqr = 6335—2- -+ 737 + DFE (428)

. dm [ dTe
1= Din / grdV = 27rlari /qrdr (4.29)
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Also, V = E (r¢ — r;) assuming that the electric field is constant in the wall. This
assumption ensures that the final answer consists only of Bessel’s functions, whereas
if a radially changing electric field is used the final impedance also includes a Lommel
function term, which makes the equation more computationally expensive to optimize.
Finally, the outer impedance was set to zero, since the outer surface was always only
exposed to air and it was decided that in relation to the acoustic impedance of the
water, this assumption would be reasonable.

These equations where then input into a differential equation solver and the solu-

tion was as follows in equation 4.30.

1 .

—51
Z piezo = 2 (4.30)
<w7rl (633 (Df\ézfonm) + D?ﬂ%ﬁ.@))

=74 (J00Y 10) + 7, (J00Y 13) 4 7; (JOiY 10) — r; (JOiY 17)
+70 (J10Y 00) — 7 (J10Y 0i) — 1, (J1iY 00) + 7; (J1:Y 07)
+Z;Ajwir; (J1oY 1i — J1iY'1o)

Nom = B(2,u+/\)<

Denom = log (%) B?riro (21 + A)? (J0iY 00 — J0oY 0i)

)

+ (21 + A) (Bro2u + Z; Ajwr;toBi) (J0oY 1i — J1iY 00)
+Bri2u (2u + A) (J1oY 07 — J0iY 1o)
+2u (2/.1 + iZiAiwri) (Jl’inO - JlOYli)

Where JOo = Jy(Br,), Jlo = J1(Bry), J0i = Jo(Br;), J1i = J1(Br;), Y0o =
Yo(Br,), Y1o = Y1(Br,), Y0i = Yy(Br;) and Y1i = Y;(Br;).

The first aspect that should be noted about the answer is its complexity. Compu-
tationally, this solution was impractical to optimize for different solutions, especially
since the spectra that were normally taken contained 150000 sample points, to en-
sure that there was suflicient resolution to capture the low frequency liquid modes
adequately.

This model was implemented in order to determine how effective it was. Although
this system aligned to the resonant modes of the actual spectra, it performed poorly
with respect to the damping of those modes, even when frequency dependent damping

was introduced to limit the Qs of the modes. Later, it was determined that the
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Fipure 4,10 Spectra of resistance and reactance of an empty and an olive oil filled piczo
tube after remeval of the eable opedanee and case capacitance. Note that around
the resonance of the picze tube (sl G00KHz and 2.2MIIz) the topedance of the liguid
seerns W be just added onie the impedance of the empty {ube. At the antiresonance
of the tube (an 1. 48TH=) the bhehaviour seems to be swarnped by noise. Alse, note that
hoth spectra contain low frequency mesdes i cavsed bul dampedd by Tiguad.

dynamics of the silicone used 10 fix and seal {he tube toits housing had o greater impact
thain was initially assumed.  Also. spectra taken al cdifferend temperaiures showed
variations in mode placement. T'his essentially implied that all the plesoreramic tube’s
variables and their thermal characteristics, and those of the sealing agent would need
to be known in order to create an accurate representation of the piezoceramio tube’s

TeSpOIse,

4.7 Attempts to obtain and usc the base spectrum of
cmpty piczoceramic tube directly
FEyertually. the suthor dectilid oo oo simpler approsch, Onee the cabde’s impedance

and the case capacitance of the svstem had besn removed. and the opedance of che

system hard been plotied. the respense of the lquid was quite visible on {he ipedance

of the plezoreramic tube, as can be seen in Hgure 4,10,
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This figure shows the resistance and reactance of the piezoceramic tube, thus show-
ing the real and imaginary components of the inverse of figure 4.3 and figure 4.5, for
an empty piezoceramic tube and for a sample of olive oil inside the tube. In figure
4.10, the thickness resonance of the piezoceramic tube occurs when the reactance of
the empty tube’s spectrum passes though zero from negative reactance to positive
reactance. This is also the point at which the resistance is at a minimum value. Thus
for this spectrum, resonance occurs at about 600kHz and 2.2 MHz.

The large spike in the centre of this spectrum, at about 1.4MHz, is the point where
the admittance spectrum, its cable mode removed, will be at its minimum. Theoret-
ically, this point should have zero admittance, thus ensuring that the conductance-
susceptance circle is correctly placed. Practically, the impedance only needs to be
substantially larger over this point. The size of the impedance over this region is so
large that the spectrum was trimmed to allow other behaviour to be observed. Since
the relative admittance is so small over this area, and since the impedance analyzer
which was used took readings of conductance and susceptance, the signal-to-noise ratio
of this area is poor, and becomes worse as higher modes are analyzed.

At lower frequencies of both spectra, some smaller modes are visible that are not
due to the formation of standing waves in the liquid, although they are definitely
affected by the presence of the liquid. These are some of the non-dominant modes
described in sections 4.4.2 and 4.4.3. Several sensors have been designed over the
years that exploit the damping and the shift of frequency of these types of modes to
measure density or viscosity.

If the spectrum for the empty piezoceramic tube and that for the olive oil sample are
now compared, it seems as if the impedance of the liquid has simply been superimposed
on that of the liquid. This can only be an approximation; however, several models
described in section 4.6, such as the Butterworth-van Dyke and Mason’s models, simply
add the acoustic impedance to that of the piezoceramic tube. If superposition is
used it does solve several of the problems that plagued some of the other models
evaluated. Firstly, the actual piezoceramic tube’s mechanical parameters, except for
piezoelectric coupling, do not need to be evaluated. Empty spectra can be taken for
several temperatures, and thus thermal effects, complex variable components and the
frequency dependence of the variables do not need to be approximated and evaluated.
Also, the effects of the sealer between the piezoceramic tube and its housing will
be represented in both the empty and the filled spectra. The correctness of this
assumption is assumed to be best over the resonance of the piezoceramic tube, and
thus modes used in later the optimization are in frequencies near that resonance. This
is because the liquid will damp away most other non-primary modes of the piezoceramic

tube. Also, the resolution of the spectrums is much improved over resonance than it
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Fioure 4.11: Spectra of alive ol sample. onee the eable component had been removed
aml the plesotube sublracltol. The response of the Hgubld iz guite clearly visible in
Lhe open areas whore The resonances ol Vhe plesotnbe weree The large noise bands, af
1AM amil 3AITx, are whore 1he [wo antivesonances were. These areas fend 1o be
nodsy and substanlial in sixe

is over non-resonant areas.  After subtraction, the lowor frequencies will still have
many spurious modes that interact with those of the liguid, so low frequencies are also
iEnored,

Chice the two spectra have been subtracted, shat remnains can best be deseribed
as A spectrum that has somne windows onto cthe response of the ligoid. The size of the
antirosonanee in feure 4,10, and the level of noise over those ranges makes a perfect
subtraction impossible.  Also, to et the antisesonanes modes to coincide perfectly
would reguire both spectra, to have the eable impedanee and case capacitance to be
known exaclly, Unfortunslels, thal degree of acourscy was unachiovable, capecially
with Lhe variation in ease eapacibance cxperienced. Nonotheless, if the reglons away
(roms those wones are stidied, they do produce o relalively consistens spectrm to that
of the simulated spectrum of che same liguid as will be disenssed in the next chapler.

Clareful analyvsis of the lguid modes as they come closer to the edees of {he antices-
onanee zones roveals a slisht decay in amplitude. This shows one of the limitations

of the subtraction technigue, H the frequencies of the liquid modes in Seure £ 1 are

projoectod across the antiresonance, they do howevers tend to line up, However, close
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to the antiresonance, the liquid modes tend to rise out of the impedances of the piezo-
ceramic tube rather than be added to it. When subtraction occurs, they lose some of
the amplitude. Again, frequency ranges for optimization were chosen to minimize this

€Iror.



Chapter 5

Spectral response of the

liquid-filled piezoceramic tube

The effect on the spectral response due to the liquid inside the tube is the most critical
part of this study, as it reveals the parameters of the liquid that are to be determined.
This section discusses how this energy is coupled into the spectral response of the tube

and how the spectral response of the liquid can be described.

5.1 How energy is coupled to liquids

The way that motion though a liquid is normally defined is by the pressure on an
area of a liquid, and the volume of liquid that flows though that area. In this case,
the boundary of this moving volume is the wall of the piezoceramic tube. Thus, the
movement of the walls of the piezoceramic tube is coupled though the exposed area
of the liquid, and this sets up the pressure waves inside the liquid. This connection
between the piezoceramic tube and the liquid is not necessarily ideal and there are sev-
eral factors that can limit the coupling of the motion to the liquid. These include wall
roughness, small bubbles of air trapped on the wall surface, and the actual thickness of
the electrodes. However, ideally the force and velocity of the wall of the piezoceramic
tube is coupled by area to the liquid and it is transformed to pressure and volume flow

rate.

5.2 Resonant response of Liquids

An initial approximation of the sound travelling though the liquid cylinder is to imagine
that the centre axis of the tube is a reflector, and that at the radius of the tube away

from this axis is a plate transmitter/receiver with the same surface area as the inner

35
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Figure 3.0 Diapram represending the inilial approsinaiion of the sonmd travelling
though the hguid eylinder.

electtode of the tube, as shown in figare 3.1, As the travsmiteer vibrades, the sound
it produces travels in the liguid away fronn the plate toward the reflector, and then
back towards the transmitter. Thuas standing waves can be set up by eansenii g al
a fregquency that will eosore that the retwening signal will aid the prodection of the
next wave., These frequencies can be calewladed from the speed of the sound of the
lguid, and the distance that the liegpdd has 1o Lravel. For this seenario, the equation

for oliatuing the frequencies at which resonant modes cecur is given by,

foeri (5.1)

Where n 15 the numbicr of the mode, fp is the frequency at which 1he wth mode
pecnurs, o 15 e speed of sound and o s the ioner dlameter of the 1ube, However,
analyss of specira for didlerent lignids showad st 1he equation does nid exactly

express Che belaviaur of a liguid in a tabe,

3.3 Effcct due to the radial nature of the waves

In practice, although the distance belween the modes s basically ss Indicaled by equia-
tion 5.7, the modes are olisel, from seva 2z, by approximately a quarter wavelengih,
Also, the size of offser varies for ditferent liguids, As the wave travels from the catside
i the volume toward the inside, the radial nature concentrates the pressure wanvee and

this affects the relative behoviour of the modes. When 1 he continamm eguations are

solvied later in this ehapter (seetion: 5531, 1t 1= shown thal the coquivalent impedance
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Figyre 5.2: Resistance spoetta o several real liguids with plezoceramic tube anrd cable
responzes yerovesd. While the pesoceramnie tube goes throueh its thickness resonance.
the behaviowr of nhe liguid s visible. Iring anciresonance this behaviour becoines
absenrerd] by nnise.

for the liguid is the ratio of Bessel's funetions |31, and that derived sipalion also

exhibits the eharseteristies wentioned above,

5.1 Effcct of viscosity on created modes

As previonsly discussed in the findamentals of liguids (section 2), 1he density and
bulk modulus are primarily responsible for producing the speed of soond inoa Begoled.
They are slse responsible, n eonjunetion with viscosity, for procucing the () of the
resonant moddes. Tlowever, Che effect of viscosity on the () and the magnitude of the
tcklees was iod obvions, in commpsarizon to other ctfects, such as coupling efficicney, So
a characteristie of the lgund within the spectrom, caused exelusively by the viseosity,
harl to be delermined.

This factor was found by extending (he examined spectrum Lo higher meodes of
the piczoceramic tabe, as can be seen in figure 520 1 becames apparent 1hat move

highly viscons liguids have s decrease in Q) anel amplivacle al higher frequencies, sinee

attennation duye to viscosity is dependant on frequency 25 . Although this effect is due
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Figute 5.3: A clser look al the resistance spectra of liguids with the pesoceramic
tube impedance and cable modes removed. Note (he increase in offset resistance of
the castor oil. and the lower £} modes on the glveerol{3%8%) sample.

tor both density and viscosity, i€ is inportant to note that this might be o relatively
sood measure of the viscosity-density product, however only in liquids in which the
relationship hetween density and viscosiiy makes for o repsonable decay rate of modes.
The behaviour is defined by both viseosity and density. Mowever the Gs of the decaying
eoguations are much lower for more viscous samples, as seen o the Glycerol (88%)
sample in flgure 5.3, Ancther kssee that should be woled is thal there is a increase
in the non modal offset of Impedance of the castor oil sample (Hzure 5.3), Finally,
some liquirs do not behave like this at all. one case like this is water, which has {)s
substantially higher that which its viscosity shouled allow. Mowever. the liguids stodied

in this work to behave as the classical theoty suggests

5.5 DMNadels to represent the liquid

A lot of work has been done on the tvansimmission of sound down ciccular tubes. In
order to produce an equivalent model admittance spectrum for the liguid, several

miathematics] technigues were tested. Various methods were tried, from simple RLOC

cirenits to transmission lines. Eventually, o continuum model based npon a viscoclastic
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Figure 5.4: Diagram representing the RLC model originally attempted to replicate the
liquid’s spectra.

liquid was used.

5.5.1 Transformer coupled RLC circuits

Initially, it was hoped that modelling the modal behavior of the liquid using coupled
RLC circuits would give an insight into the behaviour of the liquid. In this method
each mode of the liquid is modeled by a RLC circuit, as can be seen in figure 5.4. These
individual circuits are then coupled into the same transformer. The coupling ratio of
the transformer was scaled to the area of the internal electrode of the piezoceramic
tube (Figure 5.4). The resonant frequencies of all the simulated modes were set to be
integer scaled values of the fundamental frequency of the liquid, as seen in equation
5.1, and the resistances were set to be the same. This was done in an attempt to ensure
that the model tried to fit a common system, and not just the individual modes.
This model gave a relatively poor fit, and almost no inherent properties of the
liquid could be extracted. Also, the calculation times required for this system seemed
excessive. This system has the most degrees of freedom, and if unrestricted it will
optimize to a spectrum with the closest fit to any real data; however, the practical
problem remained that evaluating the liquid’s properties from these results was not
viable. Due to the vast number of variables used to define this system, optimization
was only attempted using the breeder algorithm defined in section 9. A reasonable fit

took a lot computational time and offered little insight into the liquid.
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Figure 5.5: Diagram repesenting the transmission line model used to simulate a spec-
tra.

5.5.2 Electrical transmission lines and frequency offset transmission

lines

A transmission line model for the liquid has several advantages over the RLC model and
it can be used in complicated linear systems {17]. The system has substantially fewer
independent variables, and one equation produces all the modes. The independent
variables are line resistance (§2/m), capacitance (F/m), inductance (H/m) and the
length of the cable. This system saves both in computational time and it makes for a
more robust model, as shown in figure 5.5.

The movement of the piezoceramic tube is still coupled to the system through the
area of the inner electrode. However, this transformer is now connected to an open
circuit transmission line as long as the inner radius of the piezoceramic tube. The
transmission line is open circuit, as in the centre of the liquid the movement from all
sides cancels out and thus the net volume flow rate at the middle of the tube is zero.
This indicates that no current will flow from or into the end of the transmission line,
and therefore it is open circuit. The equations for an open circuit transmission line

are:
(R+ jwL)

Zo = 4| LTI0Y) .
0 jwC (5.2)

v = /(R + jwL) jwC (5.3)
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Zliquid = Zo COth(’yT‘i) (54)

However, this model still had a slight error with respect to the fundamental fre-
quency offset mentioned in section 5.3. To overcome this, an imaginary constant was
added to inside the coth function. This offsets all the modes according to the value of

the constant.

Z“‘I“id = ZO COth('Y'ri + ijhase_offset) (55)

This model was implemented with the same breeder algorithm as used in section
5.5.1, and worked much more effectively as fewer variables were required to be opti-
mized. The breeder algorithm had a gene pool of 100 instances and took up to 60
iterations to obtain a result.

The results showed an excellent fit for the first mode of the piezoceramic tube,
and the values for L. and C changed proportionally with changes in density and bulk
modulus. However, the reductions in Q and mode size, as mentioned in section 5.4,
were not shown in this model; and the value for the offset could not be calculated from
the liquid’s material properties. At this point it was decided that if a true reflection
of the behaviour of the liquid was to be produced, the fundamental equation for the

liquid would need to be evaluated.

5.5.3 Solution though continuum mechanics for a viscoelastic liquid

The dynamics in a liquid of a cylindrical shape have been well defined [54] [35] [18]
[52] [43] [31], however much of this research was aimed at longitudinal waves in the
cylinder [6] and many do not take account of viscosity. The work of Vollmann [54] is
adjusted to allow for no length effects, and it establishes what the impedance will be,
rather than the stresses in the liquid. The liquid will be described as a viscoelastic
material. This is because it can be assumed that, other than the movement of the
sound waves through the tube and liquid, the system is at rest. This implies that
there is no net volume flow rate of the liquid into or out of the tube. Since in the
study only static samples will be tested, this assumption holds true. It also assumed
that for future applications this assumption will work as long as the volume flow rate
of the liquid is kept substantially lower than the speed of sound of the liquid tested.

Thus, for a linear elastic material:

oi; = A (w)dierk + 20" (w)ey; (5.6)
where ¢ is stress, € is strain, ¢ is the Kronecker delta and A, p are the Lamé

constants or this case the viscoelastic constants. These constants are defined to be
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complex and dependent on frequency. The viscoelastic constants for this application

were defined as:

prw) = jwu (5.7)

Mw) = k+§u*(w) (5.8)

where v is the viscosity of the liquid and k is its bulk modulus. This equation
ignores bulk viscosity. The simplification will add some error to the final answer.
However this assumption is quite commonly made [3]. And although it has been shown
that this error can be small in ultrasonic range [26], it is very much dependant on the
liquids samples that are used. For the samples used in this thesis this assumption did
not have a large impact. However, For other liquids this simplification could produce
a larger error.

It is also assumed that waves that are produced are entirely radial, and thus that
there is no variation with respect to the angle or length within the cylinder. Also this
implies that no sound energy is lost in the open ends of the tube. For this system, a

displacement field is defined by:

uw = vy (5.9)

where u/ is the displacement of a point in the liquid with respect to r, and ¢ is the
displacement field. For the above defined system, Navier’s equation for a solid can be
reduced to the Helmholz equation. This is the equation that will be solved to produce

the solution.
—ppp — (A (W) + 21" (W) L = 0 (5.10)

where p; is the density of the liquid. Ay can be derived, with respect to cylindrical

coordinates and for a system that only changes with respect to radius as follows:

_ d*p  1dyp
T dr? U ordr

Since these equations are being used to produce a spectra, all equations can be

AN (6.11)

assumed to be sinusoidal. Thus

o = f(r)e’ (5.12)

So equation 5.10 becomes:

—w?pp f(r)e?! — (A" (w) + 2" (w)) (" (r)e™" + %f’(r)ej“t) =0 (5.13)
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This can be simplified to become the differential equation for the defined system

under study

2 (r) + 1 f(r) -I—TQBf(w)f(r) =0 (5.14)

_ wpy
B(w) = \[( o) T2 @) (5.15)

The solution to equation 5.14 can be found by use of Bessels functions. Thus

f(r) = c1Jo(Bf(w)r) + c2Yo(By(w)r) (5.16)

Where Jy is the Bessel’s function of the first kind, and Yy is the Bessel’s function
of the second kind. However Bessel’s functions of the second kind are infinite at zero,
and since this would be impossible for the defined system, ¢z must be zero. Thus

substituting this into equation 5.12 and then differentiation with respect to r, gives

¢ = c1Jo(By(w)r)e’™! (5.17)

Up =, = —c1By(w)J1(By(w)r)e’™ (5.18)

Thus, since strain is the derivative with respect to radius of displacement:

e = ry =~ By (@) (By()Jo(By()r) - Th(By@))e  (5.19)

ki is defined as the sum of the diagonal of the strain matrix, E. Since the equation
for the strain matric will be dealing with a cylinder of liquid, cylindrical coordinated
will be used. Strain in the theta direction and in the length direction are ignored in an
attempt to keep the equations simple. The effect due to theta will be truely negligible,
however ignoring the effects due to length will remove the possibility for the model to
handle the sound waves that escape through the top and bottom of the tube. In a
final implementation of such a sensor, a longer tube should be picked to minimize this
error between model and real life. Thus, for the cylindrical solution with no effects

due to angle or length, this matrix is:

Upr 0
E= %uT 0 (5.20)
0 0 0

CERk = —cle(w)ZJo(Bf(w)r)ejwt (5.21)
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Thus from equation 5.6, radial stress can be calculated:

1 * * * 1
Trr = =1 (A (W) + 2p% (W) By (W) Jo (B (w)r) — 2p (w)By(w)—J1(By(w)r))
(5.22)
From the derivative with respect to time of equation 5.18, volume flow rate can be

evaluated:

V = area x uny = A(—c1jwB(w)J1(Bs(w)r)e?™) (5.23)

Finally, the impedance due to the sound travelling in the liquid at the inner diam-

eter of the piezoceramic tube can be calculated:

7 = JV(S‘T)) (5.24)
gy~ @)+ 20 @) By o By()ri) — 2 () Byl h(Brlhr)) oo

Ai(—jwBg(w)J1(By(w)r:))

Several assumptions have been made in the derivation of this equation. Firstly heat
flux in the liquid was ignored. Inclusion of it would have meant that the relationship
between temperature and the liquid’s parameters would have needed to be known.
It is assumed that the movement due to the piezoceramic tube in this application
will produce so little displacement that heat flux is negligible. Also the movement in
Length was ignored. Thus sound escaping out of the sides of the tube will not be taken
into account. It is also assumed that the wall of the piezoceramic actuator contracts
perfectly parallel to the liquid. This will also not be likely to occur. However, in the
primary mode of operation, of the piezoceramic tube, most of the sound generated will
be in the tube’s primary mode of movement.

This equation is then coupled into the model for a piezoceramic tube, and the
simulated impedance is calculated. It exhibits the behaviour required for the location
and amplitude of the liquid modes, and it also exhibits the decay behaviour due to

viscosity as mentioned in section 5.4.

5.6 Effects on coupling

In a perfect situation, all displacement and pressure will be coupled though the area of
the inner surface of the piezoelectric tube into the sample liquid. However, in reality
this seldom happens. This effect should not be confused with the wave reflections

caused by a density mismatch between the piezoceramic material and the liquid, as
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this effect can be simulated though the impedance mismatches between the sample
liquid and the piezoceramic tube. In previous work using the piezoceramic tubes to
measure speed of sound, it was found that when a sample liquid was placed in a
dry piezoceramic tube, the liquid coupled very poorly to the piezoceramic tube [15].
However, when the author washed the piezoceramic tube with a soapy liquid and
allowed it to dry before placing a sample liquid into the tube, the liquid’s effect on the
spectrum of the piezoceramic tube became much greater.

It is the opinion of the author that this can be explained as follows: as the liquid
is placed in the tube, tiny air bubbles remain against the surface of the tube. These
bubbles act to reduce the effectiveness with which the piezoceramic tube couples to
the liquid. The soapy liquid reduces the surface tension and releases the bubbles from
the surface, and coats the surface with a thin film. Thus when the sample liquid is
placed in the piezoceramic tube, the liquid contact is established with the thin film,
and thus there are fewer air bubbles present.

Additionally, there are other effects on the Q of the liquid modes. These include
surface finish, the accuracy of the inner diameter, and the solder joint required to
connect a cable to the inner electrode.

These effects were modelled though an electrical equivalent circuit in parallel with
the impedance of the liquid. The equivalent circuit consists of a capacitor in parallel
with a resistor. The capacitor simulates the elastic behaviour of the bubbles, and the
resistor simulates the energy lost in the bubbles, and losses due to any other additional
causes. The resistor and capacitor are placed in parallel with the impedance of the
liquid. They are placed in parallel because the bubbles will simply get compressed
to the applied pressure in the liquid and thus do not reduce the pressure on the
liquid. However, the bubbles have a significant impact on the displacement that will
be coupled.

After some difficulties obtaining consistent spectra, it was noticed that one of the
samples being measured, namely linseed oil, had an effect that impaired the ability
of the soapy solution to improve coupling to a new sample. When the piezoceramic
tube was left in water for a day, the response of the piezoceramic tube coupled with a
liquid returned to what it was before. This shows that the surface effect between the
piezoceramic tube and the liquid is very much affected by the material that was last
in contact with the tube. Further work on the implementation of this sensor will have

to contend with techniques of stabilizing this problem.
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Sample Density | Speed of sound ; Viscosity
30°C kg.m=3 m.s—? } Pa.s
Olive Oil 909.8 1424 0.0526
Linseed Oil 926.6 1439 0.0332
Castor Oil 957.0 1481 0.456
Glycerol(88%)/Water mixture | 1225 1869 0.0993

Table 5.1: Table of measured liquid properties

5.7 Integration of the liquid model with piezoceramic
tube

The methods used to couple the equations that define the piezoceramic tube, and
those for the liquid, depend on how the equation for the piezoceramic tube have been
defined as described in section 4.6. For equations based on the constitutive relations
the impedance can simply be inserted into equation 4.30. When the approximation
method is used, the impedance due to the liquid will first need to be correctly scaled,
to ensure that when it is added to the impedance of the piezoceramic tube, they
are of the same scale. This difference in application is due to the definitions of the
models. The constitutive equation model is defined in such a way that the pressure
and the volume flow rate of the liquid are used. Thus the impedance of the liquid
can be directly applied. Whereas in the case of the impedance method, the equivalent
impedance of the piezoceramic is already in ohms, thus the impedance of the liquid
needs to be transferred across the equivalent transformers to convert it to the same
units.

To do this, the impedance of the liquid is converted to its equivalent actual im-

pedance and it is placed in series with that of the piezoelectric tube.

5.8 Visualization of the simulated spectra

Several different liquids were placed in the piezoceramic tube to obtain comparable
spectra. They varied in density between 900kg.m ™3 to 1200kg.m~3 and in viscosity
between 0.02 Pa.s to 0.5 Pa.s. They were chosen for their variety in an attempt to
show what the full domain of spectral possibilities might be. The viscosity was kept
above 0.02 Pa.s in an attempt to keep the Q of the modes down. This was for practical
reasons, to restrict the resolution of the spectra in order that a sufficient number of
sample points on each liquid mode was taken.

The liquids listed in table 5.1 were tested on a thermally controlled viscometer and

had their densities measured on a pycnometer. These measurements were used as a
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Figure 5.6: Spectra of (he simulaied resistance of several lguids, Note (hal £ he Tiguids
decay in frequency at different rates. The glyeerol (8894 sample is larger than the
alive oil sample which is much more viscous, duae to its greater density,

roeference fur comparison with the neal spectra. To koep varistions in il down, Samples
where taken from o singte container of medical srade ol Messurements where taken
on the same day. Some variation hetween {hese values and fiterature values for {hese
oibs 15 to be expected sinee many factors can elfect the eveninal guakity of the oils
This Is most noticeable in viseosity values,

As can be seen in figure 5.6 and 5.7, the cquation produces a modal behavieur
simibar to that of the real data seen in figure 5.2 It obyviously does not suffer with the
noise ssucs of the real data, Also s response st low frequencies [ < 800kTTz) 1 difficult
b compare ooactued datas as the actusl data containg o ol of spurious modes af (e
lower froquencies (as explamed moseetion 442 and 4430 Alse as is visible o fisure

.8 the stmulated equation develops an ollset resistance for the castor ol sample, and

has lower ( modes in the ghycerol (88%) sample a8 mentivned in section 3.4 Closer

comparisons of individual spectra are visible in the results chapter (chapter 10).
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Chapter 6

Model evaluation

Since the basic equations that will be used to simulate the fluid and the piezoceramic
tube have been established, it is now important to discuss how these equations will
be implemented. The peizoceramic tube system, the liquid, and the cable are used to
produce a simulated spectrum. This chapter aims to show how accurate and repre-

sentative these equations and simplifications prove to be.

6.1 Combining the models

In the previous two chapters, the author has discussed how the impedance of the
peizoceramic tube and the liquid were determined. This section shows how the different
impedances are coupled together.

As can be seen in figure 6.1, the basic simulated circuit consists of 3 components,
namely the cable, the peizoceramic tube and the liquid. The impedance for the liquid

was determined by the division of pressure and volume flow rate. These units need

Voltage = Pressure
Current = Volume
Flow Rate

Voltage = Force
Current = Velocity

r-r—-——""—"™>"""™>""™"™¥"/—"7—"~™"~""7"7 7777~ -0 i
! ) ! . |
! Cabling Piezoceramic tube { Liquid |
: Licable) R(cable) ! |
| }
| C{piezoceramic |
H luba + cable) {
] |
| Units: Units: |
! ]
! |
i |

e e e b

Figure 6.1: Diagram of completed model for filled piezoceramic tube.

50
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to be converted to force and velocity so that they can be converted to the impedance
of the peizoceramic tube. This is done using the electrical analogy of a transformer.
The turns ratio of the transformer is the area of the inner electrode of the peizoce-
ramic tube. Similarly, the force and velocity experienced by the peizoceramic tube are
transformed to voltage and current through a transformer, with coupling proportional
to the piezoelectric constant.

Several options are available for which particular spectrum will be compared with
respect to the sensor, e.g. one could simulate the entire spectrum from liquid to
peizoceramic tube and cable and compare that to the actual spectrum taken. However
this will prove unwise as the dominance of a cable mode on a spectrum, as can be seen
in figure 4.1, will drown out the actual response of the liquid and thus make the system
especially sensitive to variables of no interest. It was decided to compare spectra of
simulated impedances of the liquids to that of measured spectra with the cable and
the peizoceramic tube’s modes removed.

These are obtained by removing the cable impedances and case capacitance from
the spectra, as described in section 4.3, and then subtracting the impedance of an
empty tube spectrum (with the case capacitance removed) taken at the same temper-
ature, as described in section 4.7. The remnant spectra will act as the reference model
to which simulated models for the liquids, described in section 5.5.3, will be optimized.
It should be noted that the simulated spectra of the liquids are transferred across both

transformers, as indicated in figure 6.1, before a comparison can be performed.

6.2 Practical variations in case capacitance

Unfortunately, the liquid has an effect on the resistance and capacitance parameters of
the cable resonance mode. In an attempt to reduce the effect that the internal solder
joint has on the acoustic response of the liquid, only a tiny connection was made. The
liquid is filled over the connector, and it aids in the conduction of electricity. Thus the
cable resistance decreases slightly depending on the conductance of the liquid. The
magnitude of this effect is normally smaller than 10m2.

Since the liquid is filled beyond the ends of the tube in an attempt to ensure planar
acoustic waves, the liquid slightly increases the capacitance of the system. This is due
to the liquid effectively increasing the surface area of the inner electrode. If the top
ring (see figure 7.3), that was used to ensure that liquid can be filled to beyond the
length to the tube, had been made from metal and had been grounded, this effect
could have been minimized. Normally this capacitance increases by less than 40pF.

Both of these changes are large enough that a single set of cable properties could

not be used for all the spectra taken. Each spectrum had to have its cable parameters



6. Model evaluation 52

calculated. The accuracy to which these variables are measured has a great impact
on the final spectrum of the liquid, since errors in the cable mode alter the location of

the antiresonance mode discussed in section 4.7.

6.3 The spectrum of the empty piezoceramic tube

Although the response of the peizoceramic tube does not change drastically with
changes in temperature, there is a very slight variation of the location of the thickness
modes. This variation can be seen as an offset in the reactance of the final liquid mode
spectrum. It also acts to reduce the usable frequency window at the antiresonance,

discussed in section 4.7.

6.4 Determination of the transformer values and loss com-

ponents

As stated, the coupling ratio of first transformer on the right, in figure 6.1, is the
area of the inner electrode. The ratio for the second transformer was derived from
a finite element model that was previously developed for this tube [15]. Changing
this value has a similar effect to changes in density of the liquid with respect to the
Qs of the liquid modes. Thus, this variable could have been used to calibrate the
sensor for density measurement. The other value that has an important impact on the
measurement of density is the resistor used to simulate losses in coupling, as discussed
section 5.6. This resistance and capacitance were aligned by eye to an actual spectrum
to obtain a good fit. The actual value of the capacitor becomes unimportant, as the
fundamental thickness mode of the tube is not used in the optimization and since the
capasitor’s effect on the spectra is minimal by the second harmonic. Both the values
of the resistor and the capacitor are held constant for all liquids used, although slight
variations in these values are to be expected each time a different sample is placed

into the peizoceramic tube.

6.5 The ranges of frequency analysed

Only two thickness modes of the peizoceramic tube were used to determine liquid
properties. They were the second and third thickness modes. The fundamental mode
was ignored, as at such a low frequency the liquid modes were extremely sharp and
normally consisted of only a couple of sample points. Also, if a spurious length or

circumferential mode of the tube happens to align with such a sharp liquid mode,
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Figure 6.2: Real and simmulated spectra of resistance and reactance for an olive ol
sample over the first thickness resonance mode of the plesoceramice (nbe. Olive oil s
shown as its lower viscosity makes its medes move apparent on the {fourth thickness
harmonie of the tube. Tt 15 very inpoctaid that the placemeni, peaks and shape of the
miceles alipgn.

the distortion of the liquid modes is guite extreme, Higher thickness maodes of the
peizoceramic tube, such as the fourth or fifth cte., tend to be nore noisy and thas
were also ignored.  Filtering was attomnpted to allow for o grealer operaling area:
however, the reward with respect to noise st high frequencies needed (o be traded off
with the distortion that the filter ereates on the extremely sharp low frequency modes.

Tt was decided to keeps filleving Lo a minimum.

6.6 Comparison with real specira

(Comparisons between actual data and simmlated spectra, denved oo measured con-
stants, deseribed it tatibe 5.1, for the st four thickness harmonics of the pelzoceranic
tube, in floures 6.2, 6.3, 6.4 and 6.5, show good [(its, Across the fundamental radial
mode, shown in lgure 6.2, the effect of 1he capacitance, mentioned in section 6.4, is
visible with the rise in the mode sizes, Also noticeable is a large degree of Auctuation

in mode peaks. By the thied and fourth thickness maodes, noise temds boocreep in frim

the edges of the resenant band, The reduction m hguid mode O due to viscosity can
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Fimure 6.3: Heal and simulated spectra of resistance and resctance for an olive il
suaiple over the fourth thickness resonanes mode of the plegeceramie tule.

alsn he observed, in eomparison with the second thickness mode. Finally, there s an
uffset crtor forming on the sides of the teactive part in figure 6.3, This i3 due to slight
inacenracies i the calenlation of the RLOC components used for cable impedance and
CASE CapACILANTE TEmOval.

buture chaplers will deseribe how these speclra are evalualed to determine the

error between them, and how the values for the ligquid are determined by reducing
that error algorithmically.




Chapter 7
System Implementation

Now that the theoretical components of obtaining spectra have been discussed, the
practical implementation should be mentioned. Since the system that was imple-
mented was only to be a proof of concept for an analytical spectrometer, an attempt
was made to reduce possible causes of error before any measurements were taken. This
was done by measuring samples in a regulated environment and by using a standard
impedance analyzer. The system also needed to be thermally controlled, to ensure that
all samples could be taken at the same temperature and that the sample temperatufe

did not change during the process of taking a spectrum.

7.1 Device description

Since a versatile implementation was required to ensure that when design flaws be-
came apparent, the system could be easily altered without a complete redesign, a
modular approach was chosen for the implementation. The basic system consists of
three sections: the piezotube and its housing (this is the heart of the sensor and any
modification made to this had an impact on a measured spectra), the thermal regula-
tion system (which consists of a brass jacket and a thermal bath) and the impedance

analysis system. A basic diagram of the implementation is shown in figure 7.1.

7.2 The transducer

The transducer is of course at the heart of the project. It consists of a piezoceramic
tube that is bonded to a housing which seals the base and allows for a short cable to

be connected to the tube.

o6
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Figie 7.1 Dasie diagrarm showing the Tundamental componenis of 1he systom imple-
Tnentation,

7.2.1 The piczoceraniic Lube

several picretubes of different sizes and propertics were testod during the initial iter-
ations of the system, There were several design choices that necded to he made when
comsldering the tube 1o be chowen for sueh a sensor. The dynarnies of the tube wene
discassed o chapter 40 However, some of the practical compromises Chat bave to be
made still need Lo be mentiooed.

The dimensions of the tube chosen do not onky affect its own Tmpedanes spectrm,
thev alse aticet that of the liguid as discussed in chapter 5. A tnbe with a small imner
diamcter, in relation to its thickness, will benefit in the weasurcment of more viscous
liepuidds, as the decay inomcde sise with fregqueney will occar more slowly, With the
sanne line of thinking, of measurcinent of moany very inviscous liguids is to be dene in
the optitarm tube, a plesotube with a elatively large mner diameler in comparison
to its thickness s recormended. Wilh a Tonger path length e Che souned L Cravel,
the viscosity of the liguid wili have move time o attennale Ghe sonnd.

The thickness of the tube is chosen to set the freguencies of the thickness mndes.
This decision necds te be made in conjunction with the cheiee of inner dismeter, sinee
the placcment of the thickness modes of the tube essentiafly locates windows onte
what parts of the Hyuids impedance spectra can be seen. Thus, the thickness mocdes
necid G be placed so that cnough of the decay of the liguids” response can be scen to
L able bo il 2 evve L it wich suificiend confidence.

For this type of design, longer plesoiubes shouled be boneficial, stoee (s will mesan

that the length modes are further away from the zone of interest, and smaller. Also,

the anwunt of cound that propagates from the ends of 1he L ube becomes less signifceant
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Figire 7.20 A rypical plesoceramic wile. This tube has dimensions: aner dinmeter
20 &mn. enter diameter 38rrnand lenglh 38 3nmon. The electrode was toade of Brod
sereett printed silver,

for longer tubes, Unfortunately, sinee plezoccramic tubes were purchased from man-
ufacturcrs’ standard stock, a relatively long plezotube, of the inoer diameter desived.
was never sourent,

I is also important that the plesoceramie material used was made of a relatively
sofl compoonnd.  Soft plesoceramics, which see normally used for scosors, produce
lower (s Lhan hapd plezoceramices, which ave wsed for transmitters, Since the thickness
resppance of the plesoceramie tobe is the vegion of inleres) ) o wider tesonand sone will
allonw Tor maore of the Hogoid modes o be seen.

No stiely was done on clecirede material wsed for the plesoceramio: however,
stanels to resson that the electrode could have an irmportant opact on the losses
cxpericnced in coupling hetween the piczotube and the limuid,  An electrode with
minimal surface roughness i+ ideal,

The tubce that was used had been previously userd in a B/A study |16 It consisted
of NAVY 1 material and had dimensions: inner diamcter 31.8mm, outer diameter
JErmene and length 38 3man, and is shown in figure 7.2 and hard a small 500 enacdal

eable soldered Lo it It was less than Sem long,

7.2.2 The piezoceramic tube housing

Although the mechanics of {he pezsotube wre the primary influence on its spectral
respromse, the method of housing the Labe in st ore Ghat allows o liguid to e held
insire it had sccondary atfects on its bebavior., The plecoceramic tube nesds to be
housed in a manner that allows it to be flled with a gl so that the Hgodd column

exceedls Lhe plezolubnys lenglh both at the top and bottom,  This eosures that the

entive surface of the inper electeode is covered with o liguid. Also in previous work
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[42], it was shown that the depth of the sample also influenced small length modes in
the liquid; with a long sample column this effect is minimized. Consequently, a small
plastic ring was bonded with a silicone sealer to the top of the tube. A recess was
machined into the brass base used to seal off the bottom of the tube.

The base of the piezoceramic tube housing was constructed of brass to allow maxi-
mum thermal conduction between it and the thermal jacket, discussed in section 7.3.1,
thus reducing the time the sample took to reach the same temperature as the inside
of the jacket. It was machined to be of the some radius as the cavity in the thermal
jacket. The plastic ring at the top of the tube had a slot cut in it to accommodate the
cable to be soldered onto the tube, and it was constructed from plastic to minimize the
likelihood of it shorting the cable circuit. However, in hindsight, it might have been
better to make it from brass, similar to the base, and to short both of them to the
inner electrode of the tube. This would have minimized the change in case capacitance
experienced when the liquid was filled into the tube.

An additional plastic component of the housing was bolted above the piezotube.
It held the SMA connector to which the cable, from the tube, was soldered. It had a
hole in the middle to allow for the tube to be filled. Later, the plastic ring and this
component were joined to reduce the likelihood of a spillage, and to allow for the cable
to be fixed to the plastic ring, as it was found that moving the cable had an impact
on the mode it produced.

A standard coaxial cable was used to connect the piezotube to the SMA connector.
Its length was about 30mm. It was found that a longer cable brought the cable mode
too close to the resonances of the piezoceramic tube. This increased the possibility
of additional error at the measurement frequencies. If the cable was too short, it was
very difficult to connect. Also, being able to study the cable mode made it possible
to determine its values and its effect on the spectrum. If the mode was moved to a
higher frequency, this ability was lost. This is because as the mode moved off to higher
frequencies, a larger spectral bandwidth would be required to allow it to be viewed.
This was becoming impractical with respect to how much time a spectrum took to

sample, and how large the resulting data set became.

7.3 Thermal regulation

The thermal characteristics of the liquids to be measured made it important to regulate
their temperature exactly. Both viscosity and speed of sound are very dependent on
temperature. This implied that if the sensor output was to be compared to calibrated
values, both these measurements would need to be taken at the same temperature;

otherwise an error will be perceived that does not necessarily exist. The thermal
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regulation holds another important function. The impedance analyzer used to measure
the impedance spectra takes a finite time to sample a spectrum. For the 148 000 sample
points taken for a single spectrum, this impedance analyzer takes about 2 hours. This
implies that the temperature of the sample needs to remain completely constant over
this time to ensure that the same material constants of both the piezoceramic tube
and the liquid do not change. It should be noted that if pulsed techniques were used
to produce the spectrum, this time could be reduced to mere milliseconds and thus

the constant temperature stabilization might no longer be needed.

7.3.1 The thermal jacket

The thermal jacket can best be described as a low pass filter between the temperature
of the thermal bath and that of the sample liquid. It consists of a large brass cylinder
with a cavity in the middle which houses the piezoceramic tube, and a brass lid that
is bolted on top. The lid is sealed with an O-ring to the jacket, to ensure that water
from the thermal bath does not get into the measurement areas. The lid has a hole
at the top to which a pipe is connected. This pipe allows the cabling from inside the
jacket to removed without allowing water to get into the system. Additionally four
tapped holes were drilled into the bottom of the thermal jacket, into which four bolts
where screwed to act as feet. This allowed for the jacket to be lifted off the floor thus
allowing for water to flow under it.

Brass was chosen for the thermal jacket as it is a good conductor of heat and it is
easy to machine. Also, it tends not to corrode in the water tank, but it does get a little
tarnished. The thermal jacket took about 2.5 hours to reach thermal equilibrium at
a set temperature. The determination of whether equilibrium had been reached was
by examining a single liquid mode on the fourth harmonic of the thickness resonance
of the tube. Depending on the sample this might be the 100th liquid mode harmonic.
At this point of the spectrum the modes are extremely temperature sensitive. If the
mode had not moved perceptively in forty minutes the system was considered to be

at steady state.

7.3.2 The thermal bath

A thermal bath is used to set the temperature of the experiments. It aims to reduce the
amount of heat that flows to or from the thermal jacket once steady state is reached. It
also helps to isolate the system from external influences. This is especially important
as the sample needs to remain at a fixed state for an extended period of time.

The design of this thermal bath was done by Davies [15]. Essentially the thermal
jacket is submerged in water that is thermally controlled. The water is contained
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Fipure 7.5: Picture of the thermal bath. Tn the nuddle can be seert the thermal jacket.
The tank walls are covered by polystyrene sheets. At the Lop lell corner the LM35
teraperature sensor can be seen. One of Che heating elements i3 visitde on left centre
of the pictute and the submerged pump is in the bottom right corner.

it a glass tank with Tomm thick walls. The walls of the tank are covercd by 25w
thirk polystyrene foan: sheets. These sheets help isolate the glass fronn changes in the
room’s ternperalure. and air movements in the room. They also ensure that no direct
sunlight falls on the thermal Jucket, The layer of polystyrens loam at the hase of Lhe
tank also acts as i shook absorber for the systeme Fragments of polystyrene have also
been placed to cover the surface of the water.

Two 5001 heating elemenis ave submerged in (he water, to allow the water to
be heated alwve room lemperalure. Na lacility was used to cool the water, as this
winild have substantially inereased the cost of the system without any fundamental
henetits. An LAMIS silicon termperalure sensor was used to measure the temperature
ol the bath, The eontroller irmplemented a proportional inteeral contrel law and the
cloments were driven using triac and diac switches modulited at a controlled phase
angle. The water i the bath was cirenlated using 2 submerged pump to ensurce that
no hot spots developed, The bath sctup can be seen in figure 7.5

The hath has heen operated for temperatures of 25°C to 30707, Towever, the
minimum operating temperature of the bath needs to be 29%C above the current roon

temperature, The bath had a temperature noise of less than 0.01°C0 1L took 2.5

nimutes to heat a full thetmal bath through a 1°C change.
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7.4 Data capture

As many external influences as possible should be eliminated if actual spectra are
to be compared to simulated spectra. A network analyzer was used to capture the
response of the tube, and with this system many uncertainties about the accuracies of
the impedance measurement technique can be avoided. However, this has a side effect
in that the measurement system was about 0.5m distant from the actual piezoceramic

tube.

7.4.1 The impedance analyzer

An HP4195A network analyzer was used to measure the spectra. It was interfaced to
a PC using a GPIB network. The computer ran an HPVEE routine that determined
what the start and stop frequency should be, in order to have the correct resolution
within the 400 point window that the network analyser sampled. The data was passed
to the computer and saved to file. The HPVEE routine then moved up to the next
frequency range until the whole spectrum was sampled.

The impedance analyzer was reasonably accurate (5 significant figures); however,
it was extremely slow, as it took over two hours to sample a spectrum. This also
made it impossible to attempt to measure more complicated liquids such as dynamic
suspensions. Nonetheless, as a proof of concept, it allowed spectra to be sampled with

high confidence in the results, as long as the analyzer was correctly calibrated.

7.4.2 The connecting cable

A 1m long coaxial cable was connected between the SMA connector, at the piezoce-
ramic tube housing, and the impedance analyzer. This cable of course added substan-
tially to the location and shape of the cable mode. To avoid this, the network analyzer
was calibrated at the sensor end of the cable, thus making the SMA connector on the
piezoceramic tube housing the location of the measurement. Spectra taken with the
network analyzer calibrated on the piezoceramic tube side of cable tended to have more
measurement noise than spectra taken from the network analyzer calibrated normally.
An attempt was made to ensure that the cable took the same physical path to the
network analyzer, to ensure that the change in cable response was minimal.

The cable ran from the network analyzer into a pipe and through a hole in the lid
of the thermal jacket, and then it connected to the SMA connector in the housing,

which in turn connected to the piezoceramic tube.
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7.5 Sample preparation

The sampling process was carried out as follows:

First, the network analyzer was switched on and allowed to heat up to a steady
condition. Then it was calibrated at the sensor end of the cable. After that, the cable
was connected to the housing. The cable is not removed from the housing, until the
network analyzer is calibrated again.

Before any sample was loaded into the piezoceramic tube, the tube was thoroughly
washed with detergent and water. This ensured that any previous samples had been
completely removed, and that there would be good coupling between the sample and
the piezoceramic tube as mentioned in section 5.6. The tube was then rinsed out
with water and wiped dry. The piezoceramic tube was then allowed to dry further
for thirty minutes, after which a sample solution was poured into the measurement
volume. The liquid was filled to more than 5mm above the top of the piezotube. Care
was taken that any bubbles that were left in the solution were removed. Then the lid
was closed and bolted shut.

Water was poured into the bath until it covered the temperature sensor, both the
elements and the entire thermal jacket to at least 10cm depth. The submerged pump
and the thermal regulator were turned on. At this stage the network analyzer was
made to continuously sweep the drive to the piezoceramic tube. This was done to
ensure that if the impedance measurements heated up the tube slightly, this effect
would be close to steady state before measurements started. The system was then left
to stabilize for two hours, after which it was checked to see whether it had reached
steady state, as described in section 7.3.1.

The program was then started that triggered the impedance analyzer to sample a
spectrum. This sampling process took about two hours. Over this time, care was taken
not to disturb the setup. Once the program had finished, the water was drained, the
sample was removed and the piezotube was cleaned to avoid sample residues caking
onto it.

The spectra were then analyzed as is discussed in future chapters.



Chapter 8
Evaluation of Error

To be able to draw any mathematical comparison between data, some method is
required to quantify their dissimilarity. There are many statistical methods of doing
this; however, there is often a need to make a quantified error more sensitive to certain
types of effects than others. For example, some methods for determining error are more
sensitive to mode size that to mode placement. Simply analyzing the distances between
individual points is not sufficient to give a true indication of the error. Spectral analysis

is one of these cases.

8.1 Difficulties in describing spectral error

For initial attempts to calculate a metric for the error between the real and model
spectra, a simple root-mean-square approach was taken, where error was calculated
for the sum of all the point-to-point distances between simulated and real data points
on the spectra. When optimization techniques were applied to the spectra using this
error function, it was found to give poor results. It seemed that the author could
produce a better fit visually than the optimizer. The difference lies in how error is

perceived. The error function was:

d= \ﬁ; (Zgetual — Zsim)? (8.1)

where d is the error, and chmal and Zisim are the impedance of the actual lig-

uid and simulated liquid at a specific frequency. This method is a special case of
Minkowski-form distance [46]. The subtraction occurs between points at the same
frequency, determined by the value of ¢. These differences were summed to determine

the error.
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Figure 8.1 These graphs o show bow o shght difference 1o mode placement alfects
crtor caloulations. The tap fgare combares the spectta of an actaal and a sinolated
mode. The botton Ggure compares Lhe distanee hetween the two spectra with the
actial impedance. Note how large the distances becorne with a slight variation in
made placement.

A spectrum for the liguid consists of several modes thas occur at fxed intervals,
Several factors, such as the relaxation time of the liquid, and slight thermal fluctu-
ations, act on the worde placement, Thus some small variations in mode placement,
connpared to simnlated dala, do ocear, This shight disparily has s laree impact on
crror mathematically: howoever visaally it was simple W see what made a velatively
gewen] £l

This eflfeet is host seen in o demonstration of s slight error o oode placement, as
it Hpure 8.7 As can be scen, the simualatod mode and che setaal mode sre roughly
the correct size and 0. They are however Tk aparl, On U lower plot, e shsolale
dislance hetween Che real wnd Lhe simulated dala has been shown, Note how large the
apike 11 the error is; iv is comparable o sive o the topedance of the actual mode,
It the two speetra were further apart, the crror of she simulated mode, being slightly
misplaced. will produee as mueh crrer as having ne simulation mode ac all, Since to
ubtain g notseless actual spectrum is impossible, Che crror will tend slaavs to be less for

shrmlad cd data whose mordes are simaller cthan the aelual data. This is anacceptable,

s 1t would afleel the density and viscosity readings,
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Changing to other error metrics that still only compare points at the same fre-
quencies will not resolve this issue. The solution to this type of spectral comparison is
to compare a measured data point at a specific frequency not only to the simulation
at its own frequency, but to the frequencies around it too. This problem is common

in several fields, and in particular in image processing [46].

8.2 Introducing tolerance to mode placement

More suitable error metrics can be found in so-called cross-bin dissimilarity measures.
Here error is calculated not only from the point to point difference at a single frequency,
but also from the difference between points around it. Several techniques are available
for this, but only two techniques were implemented in this study. The technique
that was implemented was a simple summing of the distance between nearest points.
Match distance was also employed, and found to be less successful for this application.

However, several more metrics are available, and might be optimal.

8.2.1 Distance sum between nearest neighbour points

Nearest neighbour classifiers [14] are quite common in many types of decision making
applications. Here it will be used to determine the closest spectral point to the current
reference point.

This technique was attempted as it includes the dimension of radial frequency
into the calculation of distance, instead of only using the real and imaginary parts
of impedance, thus allowing the effect of mode variations to be relaxed. This can
be observed in figure 8.2. The blue line indicates the measurement of distance using
nearest neighbours, whereas the dashed red line uses the difference between samples
at the same frequency. For the nearest neighbour distance sum, only the nearest
point with respect to absolute distance between the actual data at a specific frequency
and any spectral frequency point is used. The radial frequency is used as the third
dimension in this distance calculation. The difference in w between the two points is
scaled, to make it comparable in size with respect to the impedance values. This scale
value can be rather important, as if the distance in w between points is too small, the
speed of sound will not be taken into account at all, and if it is too large, it is effectively
back at an RMS distance system. This distance measure is always used in relation to
the actual data spectrum and it cannot be called a metric, as if the simulated spectrum
was to be used, a different result would be obtained.

A window range for comparison was introduced to reduce computation times. This

window limits the number of points that are used, around the reference point, to find
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Figure 3.2: Comparison between nearest neighbour error and BMS distance error for a
single relerence poinl. The red dashed lincs indicate the distance measured by simple
subtraction, The blue line with square end poines indicates what a nearcst neighbour
distance wonld he. The nclusion of w as a third dimension nnproves the pereeived
L300 2]

the nearest neighbour, This seems an obivious inclusion as the diiference in w belween
reference and current poind will ouly gen higaer 1he Miether they are from the reference
stk

This algorithm works gquile suceessially, it i is more computationally intensive
than polential sllernative lechnigues, The value for the @ scaling, and the munhber of
reference poinky 1sed, depends om the properties of the liquid thae wore being deter-
mined. When the speod of sound is ealeulated, very few poinls are used in order to
make the system cxfromely sensitive to specd of sound effocts, and o reduce the cal-
culation times, When density and viscosity are optimnzed, a larpe number of window
points are used, to attempt to get as close a At as possible onto the shape of modes,

Le. their sige and their €.

5.2.2  Match distance

Mateh distance [49] was attemplod as a techoigue instead of the nearsst neighbour
distance measire, bt 1L was nol inplemented in the fnal solnvion. Mateh distance
is a special case of Barthmover distanee 46). as it is one dimensional, It is based on
the idea of comparing data by measuring the amount of work that would be regquired

toturn the one speettium into the other, It was decided that such an implemnentation

might reduco operation times and improve the At The match distanee is:
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Figure 8.3: Flow chart of nearest neighbour distance algorithm.
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This distance technique accumulates the two spectra. As each frequency point is
evaluated, the cumulative values for the simulated and real data are subtracted from
each other. The distance is calculated by adding the differences between the cumulated
values for the actual and simulated spectra, for each new frequency point. A helpful
analogy would be to consider a bulldozer sculpting one landscape into another. As
it drives it scrapes sand from the one area and puts it in another. The error is then
calculated by how far it had to move the sand, and how much sand had to be moved.

In order for the match technique to work, both spectra have to be of the same
area [46]. However, the simulated spectra cannot be normalized to make the areas
equal, as this will distort the effect that density changes would have made. Instead it
was decided to add or subtract a real and imaginary offset from the simulated spectra
to make the area equal. This had an unfortunate consequence when the distance
was optimized. Since different actual modes have slightly different sizes, this type of
metric adds the distance to carry those slight size differences from the one mode to
the next, to the error value. It was found that a smaller error would be produced, if
all the simulated modes were made smaller, then a slightly larger offset would need to

be added to make the areas of the real and imaginary data equal. The error metric
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would exploit this added area, since as it would have to move less difference from one
mode to the next, it could essentially sculpt the modes from an offset.

Other than the offset difficulties, this metric performed well and other variations
of earthmover distance that did not require equal area could have been evaluated. It
was decided that a detailed study into the effect of the metrics was outside the scope

of this work.



Chapter 9

Optimization to obtain liquid

parameters

Generating a simulated spectrum to represent the behaviour of the fluid, and removing
the piezoceramic tube’s response from the real spectrum allowed a comparison to be
made between the actual and simulated spectra. However, if the physical values for
the properties of the liquid are to be drawn from the actual spectrum a simulated
spectrum must be able to fit accurately to an actual one, and it must be possible to
determine how well such a fit can predict the value of the liquid’s properties.
"Optimization is a procedure of finding and comparing feasible solutions until no
better solution can be found" {16]. Many optimization techniques exist and different
techniques are suitable for different problems, depending on the complexity of the
error space and the number of input variables. Two techniques were implemented in
this study, according to which models were being solved. They were a binary search,
used for single or two input variable optimization when the error surface had only one
minimum, and a breeder algorithm was used when there were many variables and the

error surface had many local minima.

9.1 Adaptive Mutation Breeder Algorithm

The breeder algorithm was initially applied in fitting piezoceramic tube models to
actual data when the sensor worked on the principle of comparing spectra of the
piezoceramic tube coupled with the liquid, rather than that of just the liquid. This
technique depends heavily on the parameters calculated for the piezoceramic tube.
Thus optimization is needed to obtain those values. The piezotube model is defined by
five basic piezoceramic properties, some of which are frequency dependent. Ultimately,

a total of nine variables were used to define the behaviour of the piezoceramic tube.
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Since the data set that was being fitted was modal in nature, the error space had

several local minima. A breeder algorithm is well suited for this type of optimization.

9.1.1 Basic Description of Breeder Algorithm

Nature was the inspiration for breeder algorithms. They are based on the ability of a
species to evolve to an optimum solution for its environment. The idea of evolution
over several generations, where only the strongest of the species survives, is used.
Evolutionary algorithms are a well-established method of optimization, and they have
several advantages and disadvantages:

Advantages:

o They are very flexible
e They can get unstuck from local minima

e They can handle large numbers of input variables
Disadvantages:

e They require a lot of individual evaluations to obtain a solution, and hence can

be very slow

e Due to the randomness included, the system does not always optimize to the

same value or at the same rate.

All breeder algorithms follow the same form, which is shown in figure 9.1. First
an initial population is established, on which the breeder algorithm will attempt to
improve. In this initial population as much randomness as is practical should be
included. The population should also be rather large - typically 100 individuals. This
population is then evaluated. The determination of how well the individuals performed
is critical, as mentioned in chapter 8. The individuals are sorted according to how well
they performed. At this stage, a decision is made as to whether the optimization is
complete. This decision can be based on the number of iterations, the error, a slow
rate of improvement, etc. Thereafter, a new population is created based on those of
the previous population which performed well (traditionally about 15% of the best
performers in the last iteration are used). Several techniques can be used for this:
some of them will be mentioned in section 9.1.2. Additionally, some randomness is
added at this point (“mutation®). Without mutation, the chance of finding a good
solution is vastly reduced. The addition of mutation allows for the solution space to

be more thoroughly sampled. The new generation can then be evaluated again.
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Figure 9.1: Flow chart of a Breeder Algorithm [16].
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From this description it becomes apparent that for every iteration of the breeder
algorithm, there will be as many evaluations of the equations used to describe the
piezotube and the liquid inside it as the size of the population. Thus it can be very
time consuming to iterate this type of algorithm, and it should only be used if a

classical solver is unable to manage the number of variables in the solution space.

9.1.2 Methods of recombination

The choice of how the population that performed well in an evaluation should be
combined to produce a new population has a significant impact as to whether an
optimum solution is found, and how many iterations that will take. Several methods
are available to combine pairs to form children. Three common methods are uniform

crossover, line crossover and volume crossover.

o Uniform Crossover

Here elements are chosen from one or other of the parents and are simply at

random recombined to create the child.

o Line Crossover

A straight line is drawn from the values for the one parent to the values of the
other parent. Then a random point is chosen on the line. This point represents
the values that will be used for the children. To prevent premature convergence,
the line may be extended to be a bit longer on both sides of the parents, thus

allowing data points to be on side of either parent.

o Volume Crossover

The children are placed at a random location in a volume box defined by the

location of the parents.

It should be noted that there are also several other, less common, techniques avail-
able to do the recombination.

The extended line crossover technique was implemented in this study. The amount
of extension was also used to indicate the degree of mutation used. Also, about 10% of
the next generation of children were produced by simply mutating 10% of the parents.
This was found to be specially useful for obtaining the correct speed of sound for
both the piezoceramic tube and the liquid as the error function is very sensitive to
errors in that value. Both that mutation and the amount of line extension were linked
to one variable, which allowed adaptive mutation (section 9.1.3) to be performed on

both mutation values equally. Finally, the best solution from a previous iteration was
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included in the next to ensure that the breeder algorithm’s best solution could not get

worse from one iteration to the next. This is called elitist insertion.

9.1.3 Adaptive mutation

The rate at which breeder algorithms converge to an optimal solution and the likelihood
of them finding the true minimum are linked to the amount of mutation used. With a
lot of mutation, the solution space is more heavily sampled, and one is more likely to
find a point close to the true minimum. However, if the exact point is to be determined,
a small mutation should be used around the best previous solution. Initially one would
like a lot of mutation to track down as many of the local minima as possible, and as
the program progresses, less mutation is desired.

However, the rate at which the best solution is found is not necessarily clear, so a
routine to automatically determine which mutation rate is preferred would be beneficial
to implement. This was done by mutating half of the gene pool slightly more, and
the other half slightly less. When the solutions were evaluated, the mutation rate that

produced the most suitable parents was used in the next iteration.

9.2 Optimization of liquid’s parameters

When it was decided to optimize the spectra of the liquid directly to that of real
data, the number of variables required to be optimized reduced to only those of the
liquid. This implied that the use of a breeder algorithm, which tends to search for
a solution rather slowly, was no longer required. A far simpler approach could be
used. The speed of sound of the liquid was determined by comparing an actual sample
to a simulated sample with fixed density and viscosity. This removed one degree of
freedom, and thus the system was now only a two degree of freedom system, which

can be optimized faster with a variety of techniques.

9.2.1 Determination of speed of sound

The speed of sound is largely responsible for the location of frequency of the liquid
modes. Therefore, from the peaks of the modes it is possible to find an initial ap-
proximation. This is important to do, as every time a simulated mode corresponds
with an actual one there will be a reduction in error. This reduction does not suggest
that anything approaching the correct answer was found, but it is beneficial to at least
be searching in the correct area in order to reduce the probability of it getting the

optimizer stuck in a local minimum.
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To do this, the peaks in the real spectra are found, and the frequencies of these
peaks are recorded. The mean distance between peaks is used as the first approxima-
tion. Only the liquid modes around the second thickness mode of the piezoceramic
tube were used for this. This approximation gave an answer that was within always 2
% of the correct answer.

However, it was found that to be close enough to be able to optimize to find an
exact solution, the approximation had to be within 0.2% of the correct speed of sound.
Thus, intervals of 0.2%, over a range of 2 % up and down from the approximated speed
of sound were tested to find which of those solutions had the least error. This was
done by setting the density and viscosity of the liquid to fixed values of 950kg.m 3
and viscosity to 0.03Pa.s. These values were chosen at random and were only used in
the optimization of the speed of sound. The viscosity was set low to ensure sufficient
mode size. The values for density and viscosity were needed to calculate a simulated
spectrum in order to compare it with the actual spectrum. For these calculations
nearest neighbour distance was used an error function, using only a three sample
point window. The two spectra that were compared were quite dissimilar, but when
the liquid modes were lined up, there was still a minima at the correct speed of sound.

After the value was determined within 0.2 %, a search was performed to further
resolve the speed of sound. This was done by evaluating points 0.2% above and below
the previous best point, and determining which solution had the least error. This point
would be the next point used, and the spacing between trial points was halved. This
was iterated six times. The final speed of sound so determined proved to be adequate

as a base line for further optimization.

9.2.2 Analysis of remaining error space

Now that a value for speed of sound had been defined, the nearest neighbour error was
set to use a larger window (30 points). The link between density and bulk modulus
can be exploited to reduce the problem to a two degree of freedom system. It was
decided to link bulk modulus in further calculations to the speed of sound and the
currently evaluated density. Thus, all further plots examine the behaviour between
density, viscosity and error.

As can be seen from figure 9.2, a relatively smooth curve is formed for error as values
for simulated density and viscosity are varied and the spectrum from the simulated
liquid is compared to that of the actual liquid. It has one local minimum, although if
the curve is analyzed with small enough changes in density and viscosity, some noise
can be seen. It is important to note that variations in the chosen speed of sound can

alter this curve, primarily in sharpness. Note also that the effect of viscosity on this
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plot is much more drastic than that of density. This is important as it indicates that
measurements of density will be less accurate than measurements of viscosity. Another

important factor that affects this curve is how well the cable mode has been removed.

9.2.3 Search to determine density and viscosity

Now that it was been established that this final stage of determining the liquid prop-
erties was essentially finding the minima of a bowl, many different search techniques
became viable. For determining the minima, a simplex search could be used, and the
final answer determined in about 100 evaluations of the simulations.

For the solutions applied here, though, it was decided to map the domain of the
error, and determine the minima this way. This was done as it allowed a visual
representation of how the error space changed with liquids, and also allowed for visual
clues to check if a coding error had occurred. It took about 900 iterative evaluations of
the liquid spectra to obtain a sufficiently accurate answer, however the system could

produce a surface similar to figure 9.2 after execution.



Chapter 10

Results

The first results are presented as a set of spectra, comparing all the liquids mentioned
in section 5.8, in order to show that the cable mode removal left all the spectra with
the same peizoceramic tube characteristics as an empty peizoceramic tube. From
there, each liquid sample’s spectrum is modelled and comparisons of the simulated
spectrum versus the actual spectrum will be presented for the first three peizoceramic
tube thickness modes. Also, at this stage the error surface, mentioned in section 9.2,
for each of the liquids will be shown. The liquids that were used, were chosen to have
a high enough viscosity to ensure that the modes did not have too sharp Q. Otherwise
the resolution on the Spectra would have needed to be very high, and this would have
made the optimization extremely time consuming. Water was not used for this reason.
Also the behavior of water often deviates from classical theory, and thus not suited

this measurement technique.

10.1 Comparison of spectra after cable mode removal

Cable mode removal has to be done very accurately to allow the subtraction of the
peizoceramic tube spectrum to occur with minimum error. To ensure that it is done
accurately, the reactance of the liquid spectrum is lined up to that of an empty tube.

This can be seen for all the liquids in figure 10.1.

10.2 Comparison between optimized spectra and actual

spectra and error space for each liquid

In this study four liquids were tested. They were castor oil, a glycerol (88%) / water
mixture, olive oil and linseed oil. All samples were taken at 30 degrees. Reference

measurements were also made of viscosity at that temperature and of density, to

80
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Figure 10.1: Neactmioe spectra of emply piezoceranie {ube, with case capacitance
removed. and af the tnbe filled with dilferent liguids. These spectra are {uken acrrss
the second haruonic of the tube. The reactance of the empiy wube runs through the
center of the of the reactance lines for the liquids, showing that the vulues of the case
capacitance are acceptable,




10. Results _ a2

Sattaze glot of el ve Jonsny ard wseosity for Castor Ol st 3070

714

13-

L P

[

Erran

T13-2

HES

T

-ass o = - s

-"'. _—
= GAl
Mg

o

Ve

i [T

VISTUERY (Faa, Dspmby (Mamial
SlerEky (4,
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allow {or a comparison tn be made, This was rlone using a Physica rheometer and a
pctormeter,
All moedel optimizations were performid using the smne transtoriner rustio of 2,25«

109, a coupling resistance of 1108} and a coupling capacitance of 1.6nF.

1.2.1  Castor Ol

Castor ol was the most viscous saniple tested. As can be seen frowm its spectrum in
fgures 1003 to LG, most of the linuid modes’ resonant response for the castor oil
has been damped by the thicd peizoceramic tube mode. This means that fitting the
resonant response 1o Lhe third mode is more diffioull. and 14 incrsases the pessible
errow in measucing speed of sound substantially, And, a8 the mode sizes are mnch
smaller, many more spurions modes are visibla,

The speed of sound was detenoined to be 1482800870 conpared to o refer
ehee vitlue of 1474008 1 [B3 . For this speed of sound, the density oplimized

BT g S compared 1o a relersnce reading of 955kg.m ® and Lhe viscosity opti-

mized 1o 0L 4500 0, 5 compared Lo a relerence reading of (0, 45640, 5.
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Figure 105 Resistance amd reactance spectra for actual and modelled castor oil sample
at 30°C over the third thickness mode of the piezoctube.

10.2,2  Glycerol (88%) / Water mixture

This plyeerol fwater tixt ure was chogen as 1 was a sample of higher density in relation
fo other aeasired samples. and Che intent lon was to delerming whe hae Chis disting ion
coukd be determined. Unfortunately however. the hulk modulus of ghveerol relaxes with
an increase in frequency (12 . This acts to change the speed ol sound with frequency.
as can be secn in that the lguid mode placement over the first thickness mode of the
poigoceramic tubwe, fgure 0.7, docs not fit as well as that over the second or third
thickness modes, figures 1008 and 109 Howeser, this behaviour is normally most
visible st low fregquencies, snd should not have s magor impsct on the Hoguid modes by
the second o third thickness mode

The speed of sonnd was determined to be 18658 2.1 compared to sn interpolated
reference vabue of 18528 1 210 For tlis spead of sound, the density oplimized to

1262 8kg.m * compared Lo a reference measurement ol 1225 g+ and 1lhe viseosity

optimized to 001163 0 s compared to a reference measurement of (L0493 70,4,
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Figure 1L.6; Surface plot of the error v simalated density and viscosity for a glyeerol
(887 / water micdbure sample at 30°C
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Figure 10.7: Resistanee and reactance spectra for actual and modelled glycerol (88%)
/ water mixture sample at 30°C" over the fitst thickness mode of the piezotube,
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Figure 1009: Resistance and reactance spectra for actual and modelled glycerol (8275
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10.2.3  Olive Oil

Olive odl s quite regularly used as s eference for viscosity in Houids and it was the
leas) dense sample used, The modelled spoectra ftted the real data very accurately,

1

The apead of sonnd was deternnned Lo be 1424 98 5 compared to a reference

valies of 144%m.s | |2] and 1465m.s ¥ an 2590 36]). For this speed of sound, the den-
sity optimized to a 909.01&;.m " compared 1o relerence measurement of 91 &g m 3
and the viscosity opfimized to 00373 %0 s compared to 4 reference measurciment of
CLOS2G s,

Althongl thic sample’s modelled density and real density sre very close, a det ailed
look at the surface of error shows how insensitive the error plot of (his sample (lgure
10.10), and that for the other samples. is to changes in densify, compared ta 1hat for

changes in viscosity,

10.2.4  TLinseed Ohl

In order to evaluate if small changes in parsineters - particularly density - ean be

determined, a sample of linsesd 0dl was used o comparison with that of olive vil, Later

it was noticed that linseed oil had an unfortunat e for her jntlnencs on Uhe polzoceraimic
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Fimure 10.13: Resistance anld reactance spectta for actual and medelled olive oil sample
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tubwe, TLimdluenced vhe effect of coupling between the vube aud the next lguid sampe
wsed after the linseed oil sample was remeved. One of lingeed oil’s apphieations s as
a varnish, so a prelonged mflurnce on the surface of Lhe Lube should have been no
surprise. This mfucnce, however, was only apparent o a day or twer atter that the
response ol the pelzoceramee Labe returned to that of an unaffected tube,

U compared to o relorenes

3

The specd el sounld was determined to be 1437 fm.s™
value of 1960m.s L 2. Vor this speed of sound, the deusity optimized to 914.86kg.m
compared Lo telerence reading of 0204g.m ™ and the viscosity optimized to 00360705

vommpared Lo a referenes veading of 0033275

10.3 Discussion

As oo prool of concept. Ulus sysient worked better than initially auticipated. It was
definitely able io discern botween the different sample liguids tested, and o oxtract
the physical parameters with seme accuracy,

The effeet of density on the error surface 1@ e less than that of viseosity: this

means that values determined for density hold less creshibility than those determined

lor viscostty, Yot values for densily are actually determined to be quite close to the
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true value. It was also found that if the density of the liquid was known, the optimized
value for viscosity was far more accurate.

Another interesting point is how similar the spectra of linseed oil and olive oil are
in relation to each other, with only a liquid mode size difference visible, primarily
around the third thickness harmonic of the peizoceramic tube, and yet, the optimizer
was able to discern between the slight changes in characteristics of these liquids. A
similar comparison can be made for the spectra of linseed oil and the glycerol mixture,
as their mode sizes are very similar; nonetheless the optimizer was able to determine
that the glycerol mixture was substantially more dense than the linseed oil.

The coupling ratios were assumed to be the same for all samples. However, it is
very unlikely that this will be accurate, as each sample will most likely produce its
own dynamics at the wall of the peizoceramic tube. The impact that this had on the
results is unknown, and future work will have to determine a method to minimize this
effect.



Chapter 11
Conclusions

This thesis aimed to show that the impedance spectrum of a liquid filled piezoelectric
tube could be used to measure not only the speed of sound, but also the density and
viscosity of the liquid. However, such an impedance response contains not only the
liquid modes, but also the tube’s modes. It was possible to exploit an understanding
of the tube resonance to acquire an accurate response of the liquid. By modelling of
these responses and optimizing the model to real data, a sensor was produced. The

following conclusions were drawn:

o The fitting of actual data to a simulated spectrum allowed for density, viscosity
and speed of sound to be determined, with an error of 3% in density and 10%
for viscosity. This implies that a piezoceramic tube can be used as a low cost

in-line sensor for these variables.

e The use of impedance subtraction to remove the response of the piezoceramic
tube from a impedance spectrum produces sufficiently accurate spectra for suc-
cessful optimization to obtain liquid parameters. Although one of the other
models used, namely the derivation from continuum equations, showed a rela-
tively good fit when comparing liquid coupled to piezoceramic spectra, the sys-
tem struggled computationally and only allowed for the comparison of coupled

spectra, which led to poor results.

e The derived equation for the liquid response and the actual data had a good fit,

both in respect to mode placement and mode size for Newtonian liquids.

e The resonant mode produced by the case capacitance and the cable impedance
can be successfully removed using an RLC equivalent circuit, as long as the mode

is made to be at a high frequency, in comparison with the sampled spectra.
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o It was shown that the determination of error between actual and simulated spec-
tra was not a clear-cut calculation. It order to allow for equal influence of both
mode size and placement of liquid modes, a nearest neighbour distance error
reading was implemented which showed reasonable accuracy during optimiza-

tion.

o Results were determined through optimization. It was found that breeder al-
gorithms gave a significant benefit for models that had many system variables;
however, with the reduction of the model complexity, a search algorithm was

preferred as it required fewer evaluations and thus less time to return a result.

e Coupling between the liquid and the piezoceramic tube has been found to have
a significant impact on the spectra for different liquids. The impact of this was
reduced through the use of a soapy liquid to rinse out the tube before it was
filled with a new sample. Although this effect still remained, the results for the
sensor’s viscosity and density measurements showed that its contribution seemed

to remain constant.



Chapter 12

Future work

The work done here was part of a proof of concept. I did show that the implementation
of this type of sensor is at least feasible. However, further research would need to be
done into the more intricate aspects of the sensor’s final design in order to make it

practical.

e Currently the impedance readings are taken with an impedance analyzer. It
had the benefit of giving very accurate impedance readings, but it was also very
time consuming. During the time taken to make a reading, the liquid needed to
remain at constant temperature. The use of a fast impedance capturing system
would reduce the amount of time between samples, and remove the need for
thermal regulation, as it can be assumed that a sample’s temperature cannot

change significantly in a few microseconds.

The proposed method is a time-pulsed impedance measurement system. Here
an extremely narrow pulse of voltage is applied to the piezoceramic tube, and
the current in the tube is measured. By dividing the Fourier transforms of the
voltage and the current measured, the impedance of the tube can be determined.
This system requires a sampling rate of at least 20MHz, in order to capture
impedances of up to 10MHz. Thus this requires a rather complicated circuit.
Also, the sensor might benefit in computation time from the use of a FPGA.
The calculation of impedances for the simulated spectra at 50000 sample points
lends itself well to parallel processing. It should also be noted that the, sensor
for this work, was based on a stable system. Whether the equations approximate

such a quasi-stable system, is yet to be determined.

e Further work needs to be done into the study of the wetting phenomena and the
impact of the coupling components to the spectral response of the piezotube-

liquid system. Test should be done to see whether a coupling layer could be used
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to minimize or stabilize the effect, in order to remove the need for washing the

tube with a soapy liquid.

e Another factor that will have an impact is surface roughness, and its impact
should be determined. Also the RC model used to simulate these effects could be
improved by studying the impact of different surface roughness on the spectrum,

and deriving governing equations for the effect.

e During this work, only one piezotube was taken though to a final implemen-
tation. However, a change in tube shape will have a significant impact on the
placement of the liquid and the piezoceramic tube modes. This allows for the
deliberate tuning of the thickness modes of the tube in relation to the liquid
modes, effectively tuning the response of the tube to the characteristic of the
liquids that are to be measured. Thus the dimension of the wall thickness in
relation to the inner diameter is important. A study should also be done to de-
termine the impact of increasing the length of the piezoceramic on the coupling
components measured, as the percentage of sound that escapes out of the ends

of the tube will diminish with a longer tube.

e The evaluation of error has an important role to play in the determination of what
liquid parameters will produce the optimal answer. Only two error techniques
were attempted in this work; however many more variations have been applied to
other fields of study like image recognition. Thus a study should be implemented

to determine which error metric will produce the most reliable results.

o As this was a proof of concept, a static environment was used to take readings.
However, if this sensor was to be used in an in-line application, the impact of
flow on the spectra would need to be evaluated. The impact is assumed to be
small for low flow rates. If the sensor was to be used to determine properties
of a suspended media, the flow rate would need to be quite high to ensure that
the sample does not settle. The impact of these high flow rates has yet to be
determined. Another impact of flow could be a change in temperature profile
through the tube. This would adversely impact the spectra taken and the liquid
modes would be blurred over a certain region. The exact impact of this should

also be determined.

e The cable that connects the piezoceramic tube to the network analyzer produces
a substantial mode in the measured spectra. This mode was removed by sub-
tracting a model for that behaviour. With the current construction, the liquid’s

electrical characteristics had an impact on both the resistance of the mode and
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the placement of the mode. This impact can be removed both through careful
design of the housing of the tube to minimize the impact of the liquid’s physical
capacitance, and through placing multiple contact points on the tube to reduce
the slight change in resistance experienced. Also work should be done on the

seal that is used to locate the tube, to reduce the impact of its damping.

e As could be seen in the glycerol sample, not all liquids are ideal; they can change
both in speed of sound and in viscosity, with frequency and even with flow rates.
These impacts are described in the literature and can be included in the model for
the liquid. This increase in the complexity of the model will allow more liquids
to be characterized accurately. This system should be very good at determining
the behaviour of liquids whose speed of sound relaxes; yet it is less likely that

the spectral response due to viscosity can be determined.



Lists of symbols

Non-linearity parameter for liquids

it

p Density
m Mass of liquid
vV Volume of liquid

B Bulk Modulus

P Pressure

a Speed of sound for longitudinal waves travelling in a liquid
d Distance that sound traveled

t Time

7 Viscosity

T Shear Stress

04 Strain Rate

o Stress

3 Strain

cF Stiffness Matrix

e¥ Piezoelectric Constant Matrix

q Charge Density
E Electric Field

fr Resonant Frequency
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N
To

T

8
€33

hs3

I N N

h

Frequency Constant
Outer Radius of tube
Inner Radius of tube
Length of tube
Area
Plate Thickness
Clamped permittivity
Piezoelectric constant
Speed of sound in the ceramic
Angular frequency
Capacitance of Piezoceramic
Displacement
Lamé Constant
Lamé Constant
Radial displacement
Bessel’s equation
Bessel’s equation
Acoustic Impedance on Inner surface
Acoustic Impedance on Outer surface
Resistance
Impedance
Capacitance
Transformer Ratio
Impedance

Viscosity
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k Bulk modulus

@ Displacement field
J V-1

d Earthmover Distance
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