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ABSTRACT

FLUID PROPERTIES MEASUREMENTS USING PLANAR QUASI-
SCHOLTE WAVEGUIDES

Interface acoustic waves can propagate in solid-solid and solid-liquid interfaces.
They are perturbed by ambient conditions, interface materials and characteristics. The
wave energy are shared between two interfacing media, with its distribution depending
on these properties. In this study, it was aimed to make liquid characterization (density)
using interface acoustic waves. The waves propagating between the plate and the liquid
interface are kind of flexural waves and known as quasi-Scholte mode.

Firstly, the wave propagation for multilayered system is analytically modelled. A
global matrix method is employed for obtaining the dispersion characteristics of the
multilayer structure by considering the boundary conditions of the system.

In order to develop the dipstick sensor, liquid characterization is performed firstly
by test cell method for longitudinal bulk velocity of the liquid with known density. Test
cells with two different lengths were used for measurements. In this technique,
transmitting and receiving transducers are placed on opposite sides of test cell. Based on
the distance between transducers and time of flight, velocity of longitudinal bulk waves
was calculated. Mixtures of ethanol-pure water were prepared at various ratios and
measurements were taken at different temperatures.

Quasi-Scholte mode dipstick sensoring is employed by a simple measurement
waveguide or dipstick inserted into the fluid to measure the velocity of the quasi-Scholte
mode on a plate. This method, is based on mode conversions of waves. When the shear
wave is excited on the aluminum plate, which is used as dipstick, Lamb waves occur at
the solid-gas surface. The lamb waves are then converted into different modes in the solid-
liquid interface. Leaky Rayleigh and Scholte propagating modes exist in immersed part
as well. Quasi-Scholte wave propagate on the interface while the Leaky Rayleigh modes
lose their energy. By means of dipstick method, alcohol water mixtures which is used in
test cell method, were measured at room temperature.

The signals obtained as a result of the experiments were processed by the zero
phase slope method. Time delay between reflected signals are found from phase slopes

of the signals.



OZET

PLANAR QUASI-SCHOLTE DALGA KLAVUZLARI KULLANARAK
SIVI OZELLIKLERI OLCUMLERI

Arayiiz akustik dalgalar1 kati-kat1 ve kati-sivi arayiizlerinde ilerleyen dalgalardir.
Bu tip dalgalar, ortam kosullari, arayiizli olusturan maddeler ve arayiiz 6zelliklerinden
etkilenirler. Dalgalarin enerjileri, bu 6zelliklere bagli olarak ortamlar arasinda paylasilir.
Enerji dagilimi, dalgarin yayildigi ortam hakkinda bilgi edinmemize yardimci olur. Bu
caligmada arayiiz akustik dalgalart kullanilarak sivi karakterizasyonu (yogunluk)
yapabilmek hedeflenmistir. S1vi ve kat1 bir plaka arayiiziinde hareket eden dalga bir ¢esit
biikiilme dalgasidir ve yari-Scholte olarak bilinir.

Ik olarak, katmanl yapilardaki dalga yayilimlar1 analitik olarak modellenmistir.
Katmanli yapilarda, dalga yayilimi Kkarakterizasyonu igin global matris metodu
kullanilmustir.

Daldirma ¢ubugu yontemini gerceklestirebilmek i¢in, baslangic olarak,
yogunlugu bilinen sivilarin boyuna yigin hizlari test hiicresi yontemi kullanilarak
bulunmustur. Olgiimler icin iki farkli uzunluktaki test hiicreleri kullanildi. Bu yontemde
yayici ve toplayict sensorler karsilikli olarak test hiicrelerine uygulanir. Mesafe farki ve
zaman Olgiilerek dalgalarin hizlar1 6lgiiliir. Cesitli oranlarda etanol-saf su karigimlari
hazirlanmis ve degisik sicakliklarda dlgtimler yapilmistir

Bir plakadaki yari-Scholte modunun hizin1 6lgmek igin siviya basit bir dl¢lim
cubugu eklenebilir. Bu yontemde, yari-Scholte dalgasini kullanabilmek i¢in, dalgalarin
mod degisimlerinden yararlanilmistir. Daldirma ¢ubugu olarak kullanilan Al plakaya
kesme dalgas1 uygulandiginda, Lamb dalgalar1 olusur. Lamb dalgalar1 kati-sivi
arayiizinde farkli dalga modlarina doniisiir. Sizintili-Rayleigh ve Scholte dalgalar
katinin siviya daldirilan kisminda olusur. Bu modlardan yari-Scholte modu sizmntili-
Rayleigh modunun aksine enerji kaybi olmaksizin araylizde yayilir. Test hiicresi
metodunda kullanilan karigimlar daldirma cubugu metodu ile oda sicakliginda
Olcllmiistiir.

Deneysel olarak elde edilen dalgalar faz egimi yontemi kullanilarak islenmistir.

Yanstyan dalgalar arasindaki zaman farki faz egimlerinin hesaplanmasiyla bulunmustur.
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CHAPTER 1

ULTRASONIC GUIDED WAVES

Ultrasonic waves have received great interest both in the industry and in research
in recent decades. They are frequently used in non-destructive testing (NDT) and
structural health monitoring (SHM) and in progress for applications in new fields. The
most familiar method for ultrasonic non-destructive testing is through bulk waves which
can be transducted into the target parts or materials easily by using piezoelectric
transducers. Ultrasonic bulk waves travel in infinite media which have no boundaries.
Bulk waves are categorized into Longitudinal and Shear waves that have a constant
velocity with frequency. The reasons why bulk waves are preferred is their ease of use
and not being complex for computation.

In some applications, use of bulk waves may become unfeasible, especially where
access to target structure is limited or unsuitable for direct transduction, part to be
inspected has large dimensions, and/or environmental and physical conditions are not
suitable for transducers. For this reason, guided waves are used in these kinds of
applications such as inspecting large structures, such as pipes, storage tanks, pressure
vessels, guided waves are used. Unlike bulk waves, guided wave propagation mode relies
on boundary conditions and these types of waves are result of the reflection, refraction,
and mode conversation of longitudinal and shear waves at the interface of two materials.
The main difference between guided waves and bulk waves is that, guided waves travel
on the boundary (Rayleigh wave) or between the boundaries (Lamb wave) and use the
structure as waveguide. Guided waves offer a wide variety of inspection possibilities for
plates/shells, pipes, tubes, storage tanks, and many other structures. Many engineered
structures can act as natural waveguides for guided wave applications [1].

In practice, bulk waves are employed to inspect very close area or directly beneath
the applied area in the medium. But guided waves can be measured far away from the

applied area. Comparison between guided wave and bulk wave is shown in Figure (1.1).



- Insonified area

(a) Traditional ultrasonic bulk wave evaluation with normal-beam excitation

(c) Guided wave inspection with comb excitation

Figure 1.1. Bulk wave and guided wave methods in NDT [2]

Compared to other non-destructive methods, such as conventional bulk wave
method [2], radiography [3], eddy current [4], guided wave analysis has lots of
advantages. Rose presented in his book [1] some of these advantages and some are listed
at below;

e |t is possible to work on long distances by using single probe to take
measurement.

e The measurements are more sensitive compared to traditional bulk wave
ultrasonic methods.

e The ultrasonic guided wave techniques provide the inspection of hidden
structures, structures under water, coated structures, structures under soil,
and coated structures.

e Guided wave method is essentially inexpensive because of simplicity and
rapidity. For example, there is no need to remove the coatings from a

medium except probe position.



Bulk and guided waves are governed by same set of partial differential equations.
However, the guided wave inspections require detailed analysis given the properties of
these may change substantially with changing wavelength and frequency. Choice of the
mode is important and understanding the dispersion characteristics of the propagating
wave through-thickness is essential for choosing proper modes and frequencies for
inspection.

Guided waves can propagate many different structures which are referred as a
waveguide such as plate, pipe, and rods. In plate like structure, different wave modes can
be occurred according to boundary conditions and thickness, wavelength relationship [5].

Guided wave method is widely used in food, chemistry industries and energy
production. For example, measuring the properties of chemicals is impossible without
opening its container. This process of opening container of hazardous chemical is usually
very dangerous. But it is possible to measure a chemical’s properties without opening the
container using the special sensor. Likewise, in food industry, opening the containers of
alcoholic beverages such as wine and whiskey lowers the quality of beverage, and makes
it vulnerable to containment.

The aim of this thesis is to determine the fluid properties using planar guided
interface waves. Scholte waves, which propagate at interfaces between solid-liquid
medium is employed as the guided wave for this aim. The dispersion properties of these
wave are the main reason of use. They can propagate for long distances without loss and
they are highly affected by fluid properties. Transduction can be obtained firstly by
generating Lamb waves in the wave guide, by use of piezoelectric transducers, which then
propagate through a plate in air. As the wave reaches the solid liquid interface, this type
of wave is turned into two types of wave: leaky Rayleigh wave and Scholte wave. Leaky
Rayleigh wave is highly attenuated and loses its energy rapidly in a short distance in the
liquid but Scholte wave are almost lossless and they propagate through the solid liquid
interface. In the dipstick configuration, which is illustrated in Figure (1.2), the Scholte
waves reflect back from the end of the plate with finite length and can be transducted
back through the same mechanism and transducer.

Scholte wave energy is shared between solid and liquid according to their material
properties.Scholte wave speed depends on frequency up to a certain value and this region
are reffered as a quasi-Scholte (QS) mode. Above this value, wave becomes pure Scholte

wave mode and speed of wave do not change with frequency. Thus, employing quasi-



Scholte mode propagating through the interface of solid and liquid, information on fluid
properties can be obtained.

Waveguide Transducer

Diesich) g

Wave propagation
\ /—y propag

direction

Immersion depth
in fluid

Figure 1.2. Dipstick configuration.

In this thesis, two types of test methods are used for investigating fluid properties
which are test cell and dipstick method. Test cell method is the most conventional method
for liquid characterization. This method is employed to measure bulk wave velocity of a
wave propagating through a liquid in a container. This research intends to improve the

understanding of guided wave propagation in liquid.

Outline of the thesis is as follows:

In Chapter 2, types of elastic waves are discussed and the advantages,
disadvantages of using areas are compared. Dispersion and mode selection are briefly
mentioned and test methods including generation and measurement of bulk and guided
wave are explained. Finally, the historical development of the guided wave and the
literature review are given in this chapter.

Chapter 3 contains the analytical and numerical methods used for wave
propagation in Cartesian coordinate system. The model is established to evaluate
dispersion curves for elastic and non-leaky layered or multi-layered systems.

Starting from Navier’s equation of motion and Hook’s Stress-Strain relation,

stresses and displacements in a layer which is expressed by means of the amplitudes of

4



all of the bulk waves are obtained. Then, the global matrix is created to express the
characteristic equation and associate all layers. A Numerical method is employed to solve
the dispersion problem is also included.

Chapter 4 includes the experimental studies employed where determination of the
fluid properties by using ultrasonic velocity in the alcohol-water mixture is used. Ethanol-
water mixtures with varying concentrations were characterized using dipstick ultrasonic
sensing method. These data are then compared with measurements taken with
hydrometer. Samples are measured with both dipstick and test cell method. Then these
measurement data are processed with signal processing and the sound propagation
velocities in the mixture were determined. Uncertainties’ of the method is presented at
the end of the chapter.

In the final chapter, the overall studies are summarized.



CHAPTER 2
FUNDEMENTALS OF GUIDED WAVES

2.1. Acoustic Wave Types

2.1.1. Bulk Waves

Bulk waves travel in an infinite media, which means that the boundaries have no
influence on the wave propagation. This type of waves can be categorized in two wave
types which are longitudinal and shear waves.

In the longitudinal wave motion, the particles move parallel to the direction of
wave propagation in which particles travel back and forth around their equilibrium
pointes similar to simple harmonic motion. , Longitudinal waves can propagate through
solid, liquid and gas media and also known as pressure waves or shortly P-waves.

Shear waves, also known as transverse waves or shortly as S-waves, are the types
of waves in which the particle displacement is perpendicular to the direction to the wave
propagation. The forces in S-waves create a shear effect in the medium, not alike the
compression effect in P-waves. S-waves can propagate in solids, viscoelastic materials

and highly viscous liquids.

Direction of
Particle Motion
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Figure 2.1. Longitudinal and shear wave propagation [6].



2.1.2. Surface Waves

2.1.2.1. Rayleigh Waves

Rayleigh waves are surface waves that propagate on elastic half space of semi-
infinite solid [7]. Rayleigh waves occur by the combination of longitudinal and shear
motion where the particles move in an elliptical path perpendicular to the surface. The
particle movement on the surface are counter-clockwise. Deeper in the medium from
surface, the shear effect of the wave decreases. The particle motion in the medium (about
1/5 of wavelength) becomes clockwise [8]. Figure (2.2) shows the decreasing amplitude

of Rayleigh wave in the medium.

Waves in Plates
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Figure 2.2 Rayleigh wave propagation [1].

2.1.2.2. Lamb Waves

Lamb waves are the waves that propagate in thin plates with traction free surfaces.
Theory on Lamb waves also known as plate waves was firstly developed by Horace Lamb

[9] on 1917. Reflections from boundaries and mode conversations of longitudinal and



shear wave lead to formation of the Lamb wave [10]. In Lamb waves, particles move

perpendicular to the surfaces of the plate.

Alr-coupled
transducer

Lamb wavea

Symmetrical  Asymmaetrical
WEe Wave

Figure 2.3. Lamb wave propagation [11].

In Lamb waves, there are infinite number of symmetric and anti-symmetric modes
present, which have different characteristics with changing plate thickness and frequency.
These modes also known as longitudinal and shear modes according to direction of
average displacement of the plate thickness [12]. Figure (2.4) shows the schematic

diagram of symmetric and anti-symmetric modes.
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Figure 2.4. Diagram of symmetric and antisymmetric modes [13].

When the wavelength of the Rayleigh wave is smaller than the thickness of the
plate, Rayleigh wave become Lamb wave. Generally, this conversation happens in low
frequencies [14]. In high frequency, the wavelength may become shorter than the plate

thickness, symmetric and anti-symmetric modes propagate with the same velocity of



Rayleigh waves in a half space. In this case, equal amplitudes of both modes give the

single Rayleigh wave propagation.

2.1.3. Interface Waves

Interface waves are similar to the surface waves and this type of waves travel
without energy loss at the solid-liquid and solid-solid interface. Significant features of the

interface acoustic waves are as follows;

e Theoretically, there is no energy loss, for this reason, interface acoustic
waves can travel for long distances.

e Unlike Lamb waves, there is single mode propagation in interface waves.

e The interface waves are dispersive (speed of the wave depends on
frequency) up to a certain value for increasing thickness, frequency or
thickness-frequency. As can be seen in Figure (2.5) that type of interface
waves which is known as Scholte wave becomes non-dispersive

approaching asymptotically to a limit value.
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Figure 2.5. Scholte wave velocity against frequency, thickness multiplication [15].

e The velocity of the waves is always smaller than the all acoustic bulk

velocities of the materials forming the interface. (At the silicon-water



interface, the sound velocity in the water is 1500 m/s, the speed of the
interface wave is 1495m/s after the threshold value) [16].

e The energy of the waves is concentrated in the interface and shared
between the materials forming the interface. Distribution of energy in
between materials change according to the frequency thickness

multiplication factor.
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Figure 2.6. Sharing of interface wave energy between liquid (water) and plate
(steel) according to the frequency-thickness multiplication [(—) flow
of energy in liquid, (---) flow of energy in plate] [15].

2.1.3.1. Stoneley Waves

A seismologist Dr. Robert Stoneley (1924) discovered wave propagation between
solid-solid interfaces [17]. This type of interface waves called Stoneley wave after his
work. The Stoneley wave is an interface wave that typically propagates along a solid-
solid interface. Generally, this type of waves is used for borehole sonic logging and

vertical seismic profiling.

10
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Figure 2.7. Stoneley wave propagation [18].

2.1.3.2. Scholte Waves

Scholte waves is an interface wave that propagate along solid-liquid interface that
discovered by J.G. Scholte [19]. This type of waves, which are the main consideration of
the thesis, move without energy loss in solid-liquid junction interface. The propagation
characteristic of Scholte waves is directly related to longitudinal and shear horizontal
wave speed of the interface forming materials [20].

In order to generate Scholte waves, the conversion of wave modes is commonly
used [15, 22]. In this method, the interface waves are formed by the changing interface
and boundary conditions from other acoustic wave modes. For example, surface acoustic
waves are traveling in vacuum or gas interfaces of thick solids Figure (2.8. A), reflection
between the solid-gas interface to the solid-liquid interface are shown in Figure (2.8.B),
leaky Rayleigh waves Figure (2.8.C) and Scholte waves are also illustrated in Figure
(2.8.D). Transformations of interface waves, surface acoustic waves and leaky Rayleigh
waves are inevitable in interface changes. This method is the easiest and lowest cost
method to generate and detect interface waves according to the following methods.
However, the inability to control energy sharing in wave modes cannot be used efficiently

due to energy loss in the leaky Rayleigh wave and wave modes.

11
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Figure 2.8. Reflection and transformation of acoustic surface wave on solid after
entering solid-liquid interface, A: loading surface acoustic wave, B:
acoustic wave reflecting from interface. C: leaky Rayleigh wave and
D: Scholte wave.

As for the other generation techniques, laser applications and periodic material
sequences are used for measuring acoustic interface waves. In laser ultrasonic methods,
the wave transduction is utilized directly by fast lasers focused on the interface position
[20, 21 22], by creating thermal stresses at the focal point with periodic radiation. While
this method is efficient and selective to form interface waves, the high cost of lasers
causes this method to be limited to laboratory applications. Interface waves can also be
obtained by constructing phononic crystals from single-dimensional or two-dimensional

array of materials and loading these structures with acoustic conversion devices [22, 25].

2.2. Fundamental Concepts

2.2.1. Phase and Group Velocity

Several frequency components make up an ultrasonic pulse. The shape of the
pulse can be maintained if these frequency components have the same velocity along the
propagation path. When they travel at different velocities, they will spread out from the
source. In which case, wave velocity can be defined under two different concepts which

are phase and group velocity.
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Phase velocity is the velocity of a single phase of the wave propagating in space

and can be define in terms frequency f and wavelengths A :

cp = A (2.1)
Or in terms of angular frequency w and wavenumber k :
=7 (2.2)

Group velocity, as the name implies, represents the velocity of the entire wave
packet. This rate is determined by how fast the wave's energy is propagating down to the
structure and this is always smaller than the bulk waves that occur in the same system

[26]. The relationship between group and phase velocities is as follows:

_ dlkep) _
Cg=—0p = Cp + k

dcy
dk

(2.3)

Figure (2.10) shows the result of enveloped wave packet travels with group velocity ¢,
and phase velocity of individual waves c,,.

u(x, t) Modulation envelope
(lower frequency)

wu\ u“ v ié@uu
v :

Carrier wave
b-——— Group  ————p (higher frequency)

Figure 2.9. Phase and group velocity [1].
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2.2.2. Dispersion

If the group and phase velocity varies with the frequency, this type of wave is
called dispersive. Depending on to frequency, many modes can be present and propagate
in a waveguide with each mode having their own phase and group velocities

Dispersion analysis of guided modes was firstly done by Lamb. According to
Horace Lamb, analysis in infinite medium, only two type of wave modes (symmetric and
asymmetric) travel at unique velocities, but plates support infinite number of Lamb wave
modes. The propagation of Lamb waves in multi-layered structures cannot be solved
analytically and requires a numerical approach. Many methods have been developed for
such tasks. For instance, Rose has developed hybrid boundary element method (HBEM)
[27]. Cawley used a traditional finite element method [28]. The strip element method for
analysis was used by Achenbach (SEM) [29]. All those methods are applicable to almost
any cross-section or structure configuration, but they are time consuming and stability of
the solutions depends on frequency or the thickness (or product of these quantities).

Analytical methods are usually preferable for investigating guided wave problems
since there is no numerical errors or instability problems and they are much faster. There
are two main matrix methods for solving guided wave problems. They are Transfer
Matrix Method (TMM) or Global Matrix Method (GMM). Transfer Matrix Method was
introduced by Thomson in 1950 [30] and Haskell improved it [31]. In this method, stress
and displacement of adjacent layers are related. The matrix for each layer is multiplied
with the next layer to acquire the transfer matrix in multi-layer geometry. Then the
boundary conditions are applied. The matrix remains the same size for wave propagation
as the layer number increases. This makes Transfer Matrix Method applicable for multi-
layer geometries. As an inconvenience though, matrix is unstable at high frequencies
relative to layer thickness.

Global Matrix Method introduced by Knopoff in 1964 [32]. In this matrix,
equations for wave propagation and boundary conditions are given in one single, and
usually large matrix for multi layer problems. The matrix is solved as an eigenvalue
problem as well as TMM. This method is more suitable, but the size of the matrix is
bigger in multi-layered geometries and the solution is more time consuming. Lowe

summarized two matrix methods in his paper [33].
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In guided waves, dispersion results in the distortion of the shape of a multi
frequency the wave packet propagating in long distances. This makes studying dispersion
curves crucial for selecting wave mode and frequency.

Guided wave propagation depends on geometry. However, in plates, dispersion
curves of phase velocity are plotted against frequency, time multiplication for
normalizing with respect to the thickness. For example, phase velocity of 1mm thick plate
at 0.5 MHz is the same as 0.5mm thick plate at 1MHz.

A typical phase velocity dispersion curve for a 1 mm thick steel plate is displayed
in Figure (2.10). S and A represents the symmetric and anti-symmetric modes. Numbers
shows harmonic order of symmetric and antisymmetric modes and SH waves as a
function of the frequency-thickness product. Also, as it can be seen, when the frequency

increases, more mode solutions exist in plate with wavelength getting shorter.

10

Phase velocity (m/ms)

5 & T 8 Bl 10
Frequency Thickness (MHz mm)

Figure 2.10. Phase velocity dispersion curves of a 1mm steel plate: Longitudinal modes
(—), Flexural modes (---) and Torsional modes (- - -) [only order 0 and order
1 modes are shown] [34].

2.3.  Mode Shapes

The mode shape of a propagating mode can be represented in terms of
displacement, stress, or other related property variations across the cross section of the

waveguide and surrounding media. Usually mode shapes are displayed the position
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against the amplitude of displacement or stress component of the mode. The mode shapes
are of arbitrary absolute amplitude but show the correct relative amplitude compared to
another displacement or stress component.

In the limit of low frequency and thickness products, the displacement mode shape
of each of the fundamental mode is uniform across the section and in the direction of
polarization. At higher frequency and thickness products, the mode shape will start to
vary across the thickness of the plate.

The dispersive or (quasi-) Scholte waves, which are main subject of this thesis are
flexural waves. These waves mainly cause out-of-plane displacements in the plates. The
Figure (2.11) is taken from the work of Cegla [34] showing the mode shapes of quasi-
Scholte wave at different frequencies which propagates interface of 1mm thick steel plate
and water for 0.1 and 0.5 MHz.

At low frequencies, as can be seen in Figure (2.11a), out-of-plane displacement is
almost constant throughout the thickness of the plate, and strain energy density also
showing that most of the proragating wave energy travels on the plate. At higher
frequency as shown in Figure (2.11b) most of the energy of Scholte wave is concentrated
in the fluid domain. As a resulting of that, in order to make characterization of the
interface materials can be investigated in a very specific frequency range where the
energy distribution are included with both materials. This relation also mentioned in
previous section in Figure (2.6). For this reason, in order to determine these frequency

range, mode shape of the Scholte waves is used in specific studies.

position (mm)
position (mm)

\ & Water

= 05 o 0.5
magnitude (arb. units)

maanitude (arb. units)

Figure 2.11. Mode shapes of the quasi-Scholte mode at water and 1mm thick steel plate: (a) 0.1 MHz
mm, (b) 0.5 MHz mm ,(c) 2 MHz mm (in plate only) ((——) out-of-plane displacement,
(——-) in plane displacement and (...) strain energy density) [34]
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2.4. Ultrasonic Sensing

Ultrasound waves are high frequency waves that can be generated by several
methods such as electrostatic, electrodynamic, magnetostrictive and laser techniques [2].
Beside these methods, most preferred ultrasound generators are based on the piezoelectric
effect due to its simple construction and operation, which makes them suitable for various
applications.

Piezoelectric ultrasound generators are, also known as transducers, consists of a
layer of piezoelectric material and thin metal electrodes in contact with each other. If an
electrical voltage difference is applied to these materials, the thickness of the piezoelectric
material will change depending on electrical field, thus transformations of electrical
energy into mechanical energy is achieved. Also, if a piezo-electric material is deformed
mechanically, electrical energy is produced on its surface. This effect firstly discovered
by Curie in 1880 [35]. The active elements that transforms the energy are usually crystals
or ceramics [36]. Each transducer has a natural frequency dependent on thickness of
piezo-electric material. [37]

There are varieties of piezo-electric transducers according to applications such as
contact and immersion types. Immersion type transducers are used in liquid environment.
Specially designed angle beam are used for generating shear waves. In angle beam
transducers, surface of probe fixed on a reflector with a certain angle. Required mode of
wave is obtained as a result of this incidence angle. The incidence, reflection and
transmission can be calculated with Snell’s Law [38]. Alternatively, normal incidence
transducers are used for generating shear waves without using angle beam wedges.

The basic principle of ultrasonic sensing of materials is propagation and reflection
of sound waves. When the generated sound wave by transducers applied in medium, wave
energy transmitted by colliding particles. When the sound wave reached another medium,
it is reflected back to the source, or transmitted to the neighboring media. Free ends can
also reflect the wave. When there is discontinuity in medium such as a cavity, crack etc.,
and transmitted wave may reflect from the discontinuity and arrive back to the transducer
earlier. There are two types of test methods known as pulse-echo and through
transmission which utilized the echo of defect for material testing. In pulse-echo testing,
a transducer performs both the sending and receiving of the ultrasonic pulse. In through

transmission testing, two probes are used as transmitter and receiver and they are located
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at opposite sides of the material. These methods also used for determining the bulk
properties of liquids and known as test cell method. [39]

Test cell method is the most conventional method for liquid characterization.
Especially when testing attenuative materials, the gap between the transducers must be
adjusted carefully. The disadvantage of test cell method is to have too much sound wave
reflection which effects measurements in an unfavorable way and creates noise. For this
reason, the surfaces of test cells must be designed according to these reflections. Also,
transducers should be in good contact with the cell or liquid in this system. Major
problems of such systems are that, the transducers can be depolarized in measurements at
high temperatures (250 °C) for high temperature applications or can be damaged under
high heat radiation [34].

Studies for manufacturing transducers that are durable to these effects are on
progress, but not preferred due to their high cost. Systems that utilize waveguides, through
which the waves can safely propagate, by separating the transducer and target such as
dipstick method, are much cheaper and preferred. Cegla [34] applied this method to fluid
sensing and interface waves are used to characterize materials

In the dipstick method, a wave is emitted to the plate, which is submerged to the
fluid that needs to be characterized. Scholte waves can be identified as a wave between
liquid and solid boundaries. Energy of Scholte wave propagates to the liquid from the
plate. This wave is sensitive to the properties of liquids. Wave energy concentrated around

the perimeter of plate [39].

2.4.1. Ultrasonic Sensing Using Guided and Interface Waves

Ultrasonic sensing has been used number of years in ultrasonic applications of
non-destructive testing (NDT) and structural health monitoring (SHM) of engineering
structures such as railways, pipes and plates. Guided waves are capable of detect defects
and discontinuities of large areas, multilayered, underwater structure or coatings. For
example, Lamb wave propagation is affected by cracks and other defects in a structure.
For this reason, the generation and sensing of Lamb waves in a structure can give
information on structural damage. On the other hand, Rayleigh waves travel along the
surface and their energy decreases with the depth and this decrease rate depends on

wavelength. For this reason, Rayleigh waves are generally used for detecting surface
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defect. Other examples of guided wave include Stoneley and Scholte wave. These types
of waves are not commonly used for damage detection because they occur at the interface
of solid-solid and solid-liquid [40]. Some studies on the usage of these commonly used
waves in industrial applications are explained below.

Firstly, Cawley et al. [41] realized the availability of Lamb waves for the
inspection of large areas due to their capabilities of propagating long distances. They
discuss the single mode and frequency excitation in a near non-dispersive region
according to application. Lowe et al. [42] worked on optimum mode selection according
to defect size, and strength of reflection.

Zhu et al. were presented an experimental study and they have focused on
detection of hidden corrosion by using ultrasonic guided waves [43]. Chang et al. worked
on mechanism of reflection and transmission structure when Lamb waves pass through
crack or material defact. Using this mechanism, material loss, cracks or other flaws can
be identified, whether they exist or not [44]. Wang et al. presented a method for detecting
the damage on the concrete and composite materials. Their method is based on time of
flight of the scattered reflection from the damage [45]. Yuan et al. proposed a technique
that is based on energy propagation of Lamb waves to detect the damage location in an
isotropic plate [46].

In 1967, Viktorov presented a study about basic properties and relation between
Rayleigh and Lamb wave [47]. In his work, scattering surface wave from defect was
investigated experimentally by using comb and wedge transducers. According to his
work, defect depth can be defined by using oscillation period in the frequency domain.
Hall published another work for detect the defect depth by using pulse-echo method
during fatigue testing on rails [48]. Analytical formulations of Rayleigh wave which
reflects and transmits the wave by surface breaking crack for normal and oblique
incidence, are presented by Achenbach et al. [49] and proved experimentally by Adler et
al [50].

Tubing inspection with ultrasonic guided waves was first introduced by Rose et
al. [51]. In this work, theoretical background of guided waves in tubes is investigated and
Li and Rose presented the phase array focusing technique for longitudinal guided wave
propagation in cylindrical shells [52]. Thompson et al used Lamb waves for steel plate
and pipe inspections for studying circumferential waves [53]. Coating disband detection

methods with guided waves were developed by Van Velsor et al. [54].
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Chimenati used leaky-lamb waves in fluid-coupled composite laminates for
detecting and imaging bond flaws [55]. A more effective ultrasonic guided wave
inspection method for a titanium patch bonded to an aluminum aircraft body was
introduced by Puthillath and Rose et al [56].

Guided wave mode and frequency selection was studied by Gao et al. for
tomography to scanning aircrafts [57]. Van Velsor et al. 2007 studied detection of pipe
defects with guided wave tomography [58].

2.4.2. Fluid Characterization Using Interface Waves

Developing guided wave technology is emerging as a fluid characterization tool
by using ultrasonic waves. Complex fluids are used in many industries and products such
as food, painting, and oil. For the best quality, ingredient of these fluids and their mixing
ratios are very important. Particle size, density, contents of fluid, phase transition and
many properties could be measured by using ultrasonic waves.

Conventional ultrasonic measurements are based on determining the sound
velocity in medium. The time of flight of a distance between a receiver and a transmitter
is used for this purpose. In every medium, propagation velocity of sound depends on bulk
modulus and the density of medium, and also these may change with respect to changing
environmental conditions such as temperature. If bulk modulus and sound speed are
known, density can be found by computation.

Another approach for determination of density presented by Graff [59]. Their
measurement method based on reflected wave amplitude from interface of known and
unknown materials. Reflection coefficient depends on acoustic impedance of materials,
which may be defined as multiplication of wave velocity by the density.

According to these methods, some properties must be known to measure density
of material. As an alternative, the dipstick method was presented by Cegla [39]. Cegla
worked on fluid characterization using interface waves. In this study, two different
methods were used for characterization of the fluids. In order to obtain the results, Quasi-
scholte wave was applied in range of different temperatures. The sample sizes are
approximately 25 ml for the conventional test cell and 200 ml for the quasi-Scholte mode
setup. The prepared samples were monitored with the aid of thermocouple in a liquid

environment set at 25 °C. Some of the properties of the setup are 0.105mm in thickness,
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96mm in width, 135mm in length and the material used is stainless steel. In addition to
these properties, the quasi-Scholte mode setup has 5SMHz shear transducer (Panametrics
Inc.). This shear transducer installed to its end at the center of the width. Hanning
windowed with 5 cycle signal was used to excite the A0 mode.

Firstly, the ultrasonic test cell method was used. In this method, the fluid was
placed in a cell and two probes are placed opposing each other. One of these probes is

transmitter, the other one works as receiver as shown in Figure (2.12)

Waveform generator PC
Amplifier Digital Oscilloscope
v
Emitter w X Receiver

= Fluid sampe

- »

Fixed propagation path

Figure 2.12. Ultrasonic test cell method [2].

According to second method which is the dipstick method, group velocity and
attenuation of the fluid are measured by using quasi-Scholte mode in a plate dipped in the
fluid. Shear transducer is fixed perpendicularly on top of the plate. The transducer fixed
on the plate is used both as a transmitter and a receiver. A0 flexural wave is transmitted
throughout the plate. When the wave hits the liquid, most of its energy is attenuated but
only the quasi-Scholte wave remains to propagate in the fluid. The wave that transmitted
in the fluid is received by the end of the plate, and then converted to electrical signal by
the transducer through inverse piezoelectric effect. Figure (2.13) shows the experimental

setup of the dipstick method.
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Figure 2.13. Dipstick sensor method [39].

Quasi-Scholte wave contains information about bulk properties of the liquid. In
calculating the group velocity; x» and x1 which are different immersion depths, time delay
between two wave packages and cgAO (group velocity of AO plate mode) were used. In
order to find the time difference, Fourier transform and cross correlation method were
used in the center of frequency at two different immersion depths.

The density and viscosity of a glycerol (98%-99% pure) sample was measured at
25°C. Secondly, these methods were used to determine honey properties. Further
measurements were examined on water and suspension which is silicon dioxide. It has
1% volume fraction and average diameter is 1-5mm in water. The particles were stirred
and immersed ultrasonic bath to measure the properties. Using test cell and dipstick
methods measured viscosities of glycerol agree within 4%. The results for measured
viscosity of honey is well within 3,5%. This means that the method can also retrieve data
from very viscous fluids.

Velocity results were obtained by %?5 error. Error in group velocity measurements
was determined to be inaccuracy of positioning the plate. Quasi-scholte mode
measurements at attenuation are sufficient to determine viscosity of the Newtonian fluids.
However, Quasi-scholte mode could not be used to determine viscosity in non-Newtonian
fluids alone. In ultrasonic test cell method, there are some deficiencies such as
measurement of highly attenuating fluids or measurements in systems that has moving

medium.
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Another study for determination of fluid properties using interface wave was
presented by A.E. Takiy et al. [60]. This work uses an analytical technique for modeling
the propagation of interface waves in a viscous fluid on partially submerged plates.
Modeling was done based on Navier-Stokes equation for viscous fluid. Modeling of
multilayered media which consists of fluid-plate-fluid was completed using global matrix
method. Phase velocity and attenuation curves were examined as a function of frequency
and theoretical calculations were used. Applicability of using the quasi-Scholte mode in
fluid analysis was confirmed via an experimental method. In these experiments, phase
velocity values were measured for quasi-Scholte mode in distilled water and different
ethanol-water concentrations (7.57%, 16.14%, 23.85%, 33.64%, 42.30%, 52.28%,
74.30% and 97.39%). As a result of this study, some waveforms were obtained and the
velocities which are function of frequency were calculated. In experiments 0.1 mm thick
stainless steel and 3 MHz transducers was used. 9 ml capacity container with the liquid
sample was placed in a temperature controlled water bath and maintained at a constant
temperature of 20 °C.

In the signal processing, sliding Gaussian window was used for smoothing the
signal and removing undesired echoes. To analyze the signal, FFT and phase curves was
used to calculate the phase velocity curves. Experimental and theoretical results are

shown graphically.
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Figure 2.14. Theoretical and experimental phase velocity curves of various
mixture [60].
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Another work based on viscous fluid characterization by using a Lamb wave
sensor was worked by Nicholas Wilkie-Chancellier [61]. In this study, a new type of
sensor fixed on a stainless-steel plate in contact with a viscous fluid is employed. Piezo-
electrical material is placed on an angled Plexiglas part. Lamb waves are used and
reflected waves at boundy interface are measured for characterization. The progression
modes of the loaded plate are investigated. The viscosity of the material contacting the
metal was found by monitoring the mechanical impedance. Wave propagating through
Plexiglas to the plate, create Lamb wave. A1 Lamb wave mode was used to detect the

fluid parameters.

Piezo-electrical Plexiglass wedge
plate

Fluid to characteriz

Stainless steel plate reflected Lamb modes

Figure 2.15. Description of Lamb wave sensor [61].

The transducer is a piezoelectric plate (25x35mm) with a 1,5 mm thickness and a
Plexiglas wedge to have a 0 angle with the plate. The wedge is at a d=10mm distance
from the plate end. This wedge transducer is a chosen to generate a linear Lamb wave
front (25 mm wide) at the resonant frequency 1.25 MHz. Two different asymmetric (A0
and A1) and one symmetric mode (S0) can be used for this frequency-thickness product.
There is no change of symmetry modes were observed at the reflection, in addition with
the normal free edge. The wedge angle is chosen to be 24 degrees to generate A1 Lamb
mode according to the Plexiglas properties, because A1 Lamb mode is more sensitive to
the conversion rate.

A burst signal of twenty periods is applied to the transducer to generate A1 Lamb
wave. A laser vibrometer coupling with a micro-positioning system was used to measure
displacements along the propagation.

It is concluded that A1 Lamb waves can be used for characterization of fluids.
The experimental results show, this method can measure the viscosity for weak viscous

fluids. The results also show that the extracted dynamic viscosity for Newtonian fluids
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can be measured by a small error margin. This concludes that presented method can be a
new method for fluid characterization.

A case study of guided waves in a steel plate one side immersed in water is
published by Lingyu Yu [62]. Using guided waves for evaluating plate surface condition
change due to the presence of water is discussed. These leaky waves have different
properties such as mode shape, attenuation and wave speed compared to the guided waves
in free plates.

A scanning laser vibrometer is used for wave actuator and a hybrid sensing system

using PZT for acquiring data and 2D Fourier transform for analyzing the data.
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Figure 2.46. The difference obtained by subtracting the free plate spectrum from the
immersed plate spectrum [62].

It is concluded that the analysis manifests the presence of guided waves and quasi-
Scholte waves in plates partially immersed in water. Study shows that below 300 kHz
quasi-Scholte wave dominates. Also, it is found that water influence on the wave
propagation is directly related to the length of the water path to the dry path in this study.
The sensing system the method can be potentially used for water level detection in a steel

container.
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CHAPTER 3

GUIDED WAVE PROPAGATION MODEL

3.1. Equation of Motion

Derivation of characteristic equation starts with the equation of motion for an
isotropic cubic element in Cartesian coordinates system (x;, Xz, x3). The well-known

Navier’s Equation of Motion is given as in Eqn (3.1) :

do;, 00y, 0053 _ 0%u,
ox, | Ox,  oxs P ez
00,, 00y, 00, 0%u,
3%, Az, T Y i (3.2)
003, A 0oz, 0033 0%us

ox, | Ox,  ox; P orz

where u,, u, and us are the displacement, p is the density of three-dimensional element,
t is the time and a4, g,,, 033 etc. representing the stress field on the faces of this element.
In these stress terms, first lower indices are represented normal to plane surface and
second indices are showed the directions (x4, x,, x3) respectively.

The stress components are also related by displacements introducing the stress-

strain relation for considering isotropic medium be like;
Ojj = Agkk(gij + 2,Ll€ij (32)

where pand A are the Lame parameters for isotropic material. §;; Representing the
Kronecker delta operator with subscript i and j numbering with (1, 2 and 3) corresponding
to each direction. For an isotropic elastic material, the equation (3.3) should be satisfied
with using the condition in equation (3.4). In this expression displacement tensor is

defined as;
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1
3ij = E (ui’j + uj,i) (33)

1 i=j
6ij = {0 i + j} v &k = €11t €2 Tt €33 (3.4)
where, g, represents total change in volume (dilatation) of this element. Substituting Eqn

(3.3) and Egn (3.4) into Eqn (3.2) stress components yields;

011 = A&k b5 + 2011, 02 = A&y 6y + 2uey;,
033 = A&y b;j + 2uéss (35)
012 = 2UEqy, O3 = 213 , 013 = 2l4€;3

The strain-displacement relation can also be respectively written in tensor form

and explicitly as;

Oyt Ouz Oys
&1 = =5, £y = 2, £33 = =2
11 9x1 22 92 33 B3
(3.6)
Our |, Ouz Ouz , Ous Oui , Ous
&1 = —+—, 3 =5 T, &3=5 T 5
12 =5, Vo 237 0ys | Oxe 13 =5, o,

Substituting the strain-displacement relation in Eqn (3.6) and stress-displacement

relation in Egn (3.5) into the equation of motion, following equations are found:

I d (6u1 N ou, N 6u3) V0w = 0%u,

A+ 5 Gx, Y ax, Tox,) THV M =P

14 0 (6u1 N ou, N 0u3) V0w = 0%u,

A+ 5 \ox, T ax, Tox,) THY % = P50 3.7)
0 (0u; Ou, Ous 0%u,

p ( ) V2ou, =

A+ 5 \ox, T o, Tox,) THY 94 =P

Then, Navier’s differential equations of motion may be expressed in the vector

form as in Eqgn (3.8);

0%u

o (3.8)

(A + pw)VV.u + uV?u =
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Jd _— 0

. . . — 0
In this expression, V represents the gradient operator (3; —, x; —, X3 —
axl 6x2 6x3

) and

32
asz

2 2
V2 represents the Laplace operator ( ai s+ + ai >). In gradient operator (=) symbol
1 3

represents the vectoral operator for each (x4, x,, x3) directions respectively.

This equation cannot be integrated directly, therefore a form of solutions are
needed to be applied on it. Readers may refer to Lowe [33] for detailed explanation of
approach and assumptions. It can be explained briefly that there are two solutions, one
for "longitudinal” waves and the other for "shear" waves ("bulk waves"). Particle motion
in longitudinal waves is completely in the propagation direction and wave motion include
only volume change (dilation). Moreover, particle movement in the shear waves are
normal to the propagation direction and the movement consists of the rotation of the
medium without changing the volume. This approach needs to be presenting the solutions

in vector form with Helmholtz method.

3.1.1. Helmholtz Decomposition Method

Helmholtz Decomposition method splits the deformation vector into two parts
namely, a scalar potential and a vector potential. These functions are defining dilatational

and rotational displacements in a medium respectively. Decomposition is defined as:

3.9)

u= Vp+Vxy (3.10)

V.y=0

In this representation, displacement fields consist of sum of the gradient of the
scalar potential ¢ and curl of the vector potential Y which correspond to longitudinal

and shear waves respectively. Substituting this definition in to Eq. (0.9) yields:

A+ V(Y. (Vo +V X §)) + uV2 (Vo + V X ) (3.11)

62
=Pﬁ(V<P+V><lIJ)

where , (V. (V x {)=0) and (V.V¢e = 0) must be satisfied individually.
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By applying mathematical manipulations and rearranging, the equation may be
separated by in terms of scalar and vector function;

2 aijl =0 (3.12)

0@
2 2
VI A+ v (p—p—atzl+v><[,uv Poa

When Helmholtz decomposition is put in the equation of motion, it gives the
longitudinal wave motion and shear wave motion as two wave equations (linear,

hyperbolic second order partial differential equation):

1 92 (3.13)
729 =~
2ot
62
7y = o
c;2 ot (3.14)

Where C; is representing the longitudinal (pressure) P-wave which particle movements
parallel to these propagating wave directions and C; is representing the shear (transverse)
S-wave which particle movements perpendicular to direction of the wave propagation.

This wave motion leads to rotation motion without causing any changes in volume.

3.1.2. Bulk Velocities of Longitudinal and Shear Waves

This generalized uncoupled wave equation is solved by substituting harmonic

wave expression for both functions.

Q= A(L)ei(k'x_wt) (315)

l|J — A(S)el'(k.x—wt) (316)

These general exponential terms are used for describing harmonic wave behavior
in medium with time. In these expression, x denotes as three displacement

directions,A(L) A(S) are representing the longitudinal and shear wave amplitudes, k is
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wavenumber vectors and w is the angular frequency of propagating waves. The
wavenumber vector is used for describing propagating wave speed and wavelength with
the use of these relations;

21 w
Wavelength = % and Phase velocity (c,p) = A (3.17)

Substituting these harmonic wave expressions in uncoupled wave equations gives
bulk longitudinal and shear wave velocities in terms of mechanical properties of material

are obtained as:

1+2
- P_ & and CS=\/g=,8 (3.18)

These solutions show that there are two different types of waves that can
propagate in isotropic unbounded medium with the constant velocity which is determined
by directly using mechanical properties of medium. These Lame parameters u and A can

be given as;

=" and 1= Ev 3.19
“20+v) M T Ar A -2 (3.19)

U

where, E and v are representing Young’s modulus and Poisson’s ration of the material

respectively.

3.2. Guided Waves in Multilayered Media

Previous section bulk wave propagations are considered in unbounded isotropic
medium. However, wave propagation is scattering at structure boundaries in terms of
reflection and refraction in between parallel surfaces. Therefore, the development of
model should be considered with boundaries. First, displacements of longitudinal and

shear waves are given after using Helmholtz decomposition:
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Uy =

k4 _
v(p — k2 A(L)el(k.x—wt)
0

kq

u(s) = V.X'l'J = {—kZ}A(S)ei(k'x_wt)

0

(3.20)

(3.21)

Generally, in multi-layered plate models, it is assumed that the wave lengths are

considerably smaller than the width of the plate and wave fields, and therefore a plane

strain analysis can be applied. The coordinate system can then be reduced in the direction

defined by the propagation direction of the waves and the normal of the plate. As can be

seen in Figure (3.1), the plane is showed by x; parallel to the plate and x, normal to the

plate. As a result of plane strain assumption, there is no variation of any quantity in the

x5 direction. The interface waves are modeled following with longitudinal (L) and shear

(S) partial waves with their directions (+) or (-) defined with respect to positive x_2

direction as seen in Figure (3.1).

Semi-infinite half-space
—> X1 S+\¥; L//‘ Layer €1
top S-
mterface 7/ 1
# top
Xy s \&—‘ L-/" /< Layer €2
bottom . - )
T interface 7 2
top
X2 S+\\I‘—+ V / ‘ Layer €3
bottom 2
interface 7 3
v top
S L+ L-
X2 S*\\ / / g. | Layer t4
bottom
+ interface 7 4 [
top + -
AN 21,
Xy S- Layer €5
Semi-infinite half-space

Figure 3.1. Multi-layered plate model.
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The exact solution of these equations is made by assuming the harmonic wave
e'(kx1=0t) tyne solution for each potential. Where k and w are wave number and angular

frequency respectively. i =+ —1 and x; is representing direction of wave propagation.
In consequence of Snell's law, the interaction of waves must share the same frequency
and spatial characteristics at each interface in longitudinal direction. Therefore, all field

equations for each layer have same factor,F given as:
F = ei(kl.xl—wt) (3.22)

Normal component of k, can be described by using wave vector and wave speeds

of material:

kz(Lt) = I(w?/a* - k})'/? (3.23)

Ka(st) = H(w?/B? — k)2 (3.24)

Therefore, displacements and stresses in a layer can be evaluated by means of the
amplitudes of the bulk waves. Moreover, longitudinal and shear bulk waves can be
separated to model the multilayered system.

For longitudinal bulk waves:

ti(w?/a?-k2)1/2x,

u; = k1A r)Fe
u, = H(w?/a? - kf)l/zA(Lt)FeJ—'i(wz/az-kf)l/zxz
011 = (2 = 267 0?/@% + 2Bk ipA 1) Fe i@/ —kD 2%,
0p2 = (W* — 2[32kf)ipA(Lt)FeJ—ri(“’z/“z‘k%)l/zxz (3.25)
o33 =(1-2 ,32/0(2)iwsz(Lt)Feii(“’z/“z—k%)l/zxz
015 = +2B%k, (w?/a? — k¥)1/? ipA(Lt)FeJ_ri(wz/az—kﬁl/zxz

013 = 023 = 0
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For shear bulk waves:

Uy = +(W?/B? — kF) /2 A g1\ FeXi@/ F*=KD 2,
U = —k1A(Si)Feii(w2/ﬁz_k%)l/zxz

011 = £2B2ks (@?/ B? = kE)V/? ipA(sayFe it/ B oxe
(3.26)

022 = —011
012 = (WF — 2B2kE)ipA (g Feti@?/ B =KD x,

033 = 013 =033 =0

The displacements and stresses in any position of the layer can be found by taking
the four wave components in the layer. Modifications can be made on the obtained

equations to simplify modeling as it is given:

Ca = (@*/a* = KD)V2, Cg = (0?/B* — kD)

— ti(w?/a?-k3)2x, — pxi(w?/p2-k3)2x,
=e , =e
9p (3.27)

B = w?—2p%k2

Ya

3.2.1. The Global Matrix Method

The Global Matrix Method is used for obtaining the dispersion characteristics of
the multilayer structure to develop matrix representation for the boundary conditions of
the layer system. Matrix representation includes the stress and displacement variables that
are necessary for satisfying the boundary conditions. Therefore, aim is to assemble a
robust single linear matrix equation which represents the complete system. The global
matrix consists of 4(n — 1) equations, where n is the total number of layers perfectly
bonded together with each interface. The solution is done by solving all of the equations
for the whole matrix simultaneously. Interfaces are dependent in each other, because the
equations at an interface are influenced by the arrival of waves from the neighboring

interfaces.
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As mentioned before, the interface waves are modeled following with longitudinal (L)
and shear (S) partial waves with their directions (+) or (-) defined with respect to positive
x, direction as seen in Figure (3.1). At the semi-infinite half spaces of liquids, only the
waves directed away from the interface, and in the intermediate layers all four partial
waves are considered. In case of vacuum half spaces, there are no waves at the half spaces.

Some assumptions should be made in the model.

Traction-free condition is used for at the inner and outer interfaces of the entire
system. Each layer is homogeneous and isotropic and infinitely long in the longitudinal

direction (x,). Traction-free conditions are given below:

{Zﬁ} Free =0 (328)

Surface

Also, there are interfacial continuity conditions between any two layers which are
the continuity of displacement components and the normal and shear components of the
stress. This can be shown as:

U Ug
U Us
022 T )0y (3.29)
(Y Layer=i 017 Layer=i+1
Interface=i+1 Interface=i+1

All things considered, matrix expression of any position in a plate layer can be
presented as:

ul {A(L‘l')l
u2 A(L—) . _

=M i(kx,1—wt) .
o (= M Ao [ © (3.30)
012 A(S—)

where [M] is called a layer matrix.
Layer matrix [M;;] describes the layer as the ith layer at the jth interface. In order
to define layer matrix at a free surface, new matrix can be written because it has only

stress quantities. Layer matrix for free surfaces can be expressed as:
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[M11]{A1} =0 (3.31)
[Mn(n+1)]{An} =0 .

The boundary condition at the interface between arbitrary layers can be shown as:
[Mi+0) €A} = [Marnyen | {Aiva} (3.32)

For example, layers are shown as Figure (3.1), the displacements and stresses at
the second interface is function of the amplitudes of the waves at the top of the third layer.
But, it can be also described as function of the amplitudes of the waves at the bottom of
the second layer. Moreover, (33) can be written in a single matrix by taking all terms to
the left-hand side of the equation.

A;
[Misn][=Masnaen)] {{ij}} =0 (3.33)

By using free surface and continuity conditions, the global matrix can be
assembled for a system that includes all boundary conditions. The system equation has to

be zero because of no energy added to the system.
[G]{A} =0 (3.34)

For instance, a global matrix of 4-Layer system can be build up as a following

structure:

[[N.] 0 0 0
|[Mi2] [Mz2] O 0 |

G = 0 [M23] [M33] 0 (3-35)
0 0 [Msy] [Ma4l
0 0 0 [Nys]

This approach is used for three-layer axially symmetric longitudinal wave case

and boundary conditions are applied for interface 1 as between layer 1 and layer 2:
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u) -+ n=component,y = layer number
o, -+ m=component,y = layer number (3.36)
M) - n=component,y = layer number
uj = uj Mi, + Mi, (3.37)
= M{ + MP, + M35 + MPylinterface,
ui =uj M3, + M3y (3.38)
= M3, + M3, + M35 + M3y linterface,
O3 = 03, M3, + M3, (3.39)
= M, + M3, + M55 + M§4]interface1
Ol = 01y M, + M, (3.40)
= M1 + M3, + Mgz + Mislintersace,
Same procedure is applied for interface 2 as between layer 2 and layer 3:
ui =u3 MF, + MF, + M7, + M7y (3.41)
= M3; + M35 +interface,
uj =u3 M3, + M3, + M35 + M3, (3.42)
= M3, + M33linterface,
03, = 03y M3, + M3, + M35 + M3, (3.43)
= M331 + M3§3]interface2
ofy = 01y M3, + MZ, + M§; + MZ, (3.44)

— M3 3
- M41 + M43]interface2

Then putting all terms into a single matrix, the global matrix ‘G’ for the three-

layer system is generated as shown below:
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Layer 1 Layer 2 Layer 3

L- S- L+ L- S+ S- L+ S+
(M1, Myy —Myy —Myp —Miz —Myy 0 0
Mz; Mzs —Mpy —Mp; —Myz —My O 0 =)
M3; M3y —M3zy —Mz; —Mzz —Mzy, 0 0 -
My Mas —Myy —Myy —Myz —My, 0 0 b
0 0 Myy My, Mz My, —Myp —Mgs =
0 0 Myy My  Myz My, —My —My|| =
0 0 M3y Mz, M3z Mz, —M3 —Mz3 LN»J
L 0 0 My Mgy Myz  Myy —Myy —Mgsl

Figure 3.2. Global matrix of three layered system.

To implement the global matrix into the Matlab, the presented scheme can be

used.
Layer 1 Layer 2 Layer 3
[M(i :2)]4-x2 (thy) [M(: :4)]4x4(th1) [_M]4x4(th1) 0 0
0 0 M]axa(thy)  [=MC D]axa(thy)  [—M(,3)]4x2 (thy)

Figure 3.3. Global matrix scheme used in Matlab.

After obtaining the global matrix, modal solution for the multilayer system is
ready to evaluate by solving for the frequency and wave number values which are the
roots of the characteristic equation. This solution provides us to understand how

ultrasonic guided waves propagate in an elastic planar structure.
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If it is summarized what was done so far:

Navier governing equation

v

Helmholtz decomposition

v

Seperation of variables (assumed harmonic solutions)

v

Gauge invariance + boundary conditions (homogeneous equations)

'

Nontrivial solution: Characteristic equations (eigenvalue problem)

v

Eigenvalues (Dispersion curves), Eigenvectors (Wave structures)

Figure 3.4. Summarized flowchart of analysis.

3.2.1.1. Liquid Boundaries

Treatment for fluid materials should be done for Scholte Waves which includes
liquid interfaces. In this treatment, ideal liquids are used that do not support shear. For
this reason, tangential stresses must be zero at the interface, while tangential stresses are
transmitted along the interface as they are for solid-solid boundaries. In addition, there
will be no restrictions on locally tangential relocations, since the two materials are free to
slip over each other. However, the normal displacement and compressional stress of the

boundary must still be continuous throughout the interface.

uz]solid at interface = uz]liquid at interface
Uzz]solid at interface = Uzzliquid at interface

Ulz]solid at interface = Ulz]liquid at inter face
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Figure 3.5. Boundary conditions of plate in solid or liquid-semi infinite half-space.

At the semi-infinite half spaces of liquids, only the waves directed away from the

interface, and in the intermediate layers all four partial waves are considered. Following

the convention of Lowe, continuity of the displacements in X1 and xo, and continuity of

the stresses in 11 and 12 directions at the interfaces are considered.
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The solution of the system for the phase velocity can be done by numerically

solving for the phase velocities which make the determinant zero. The results of the model
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and numerical calculations were verified with the free demo version of DISPERSE
software with titanium and motor oil for pure and quasi-Scholte modes and with multiple

results from literature and the results are given in Chapter 4.

3.2.2. Numerical Approach

The inputs of the layered system are material properties and layer thicknesses,
there are two unknown variables: frequency w, and wavenumber, k. Solution of
characteristic function depends on these two variables. Analytical solution is very
difficult and not available, therefore numerical searching methods have to be used. For
generating dispersion curves, one of the variables (k or w) is kept constant while the other
variable is being searched for the solution.

In general, roots of the characteristic equations are real, imaginary or complex. If
there are no attenuating terms in system, the roots are purely real as like presented case.
If roots are purely imaginary which is critically damped, those correspond to the non-
propagating, or evanescent wave modes. If a propagating wave is attenuating with
distance from the source, roots of the system will be complex.

3.2.3. Numerical Results

In the analysis, purely elastic media and waves are considered. Bisection method
is used with incremental starting values to obtain the dispersion curve roots.

The phase velocity dispersion curves show the velocity of the harmonic wave
cycles in the direction of propagation along the structure; they provide useful information
about wave speeds of single tones and of wavelengths of the modes. As an application
example, relatively long lengths of plates can be inspected for corrosion and cracking
from a single probe position. This saves a great deal of time and money compared to using
more standard point-by-point normal beam inspection. Moreover, composites which are
made of laminated structure can be inspected without removing layers or coatings by

controlling guide wave modes and frequencies.
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CHAPTER 4

EXPERIMENTAL STUDY

4.1. Set-up

4.1.1. Dipstick Method

The experimental setup used is designed to utilize the quasi-Scholte mode on a
plate immersed in a liquid and to measure group velocity. Figure (4.1) shows the picture
of experimental set up.

Figure 4.1. Experimental setup for dipstick method.

1- Tektronix TD 2024C oscilloscope 5- Spirit level device

2- Olympus 5072PR 6- Dipstick

3- Table with variable height 7- Adjunct device

4- Fluid container 8- Fluke digital multimeter
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0.5 MHz contact shear transducer (Olympus V151) was used to excite quasi-
Scholte wave mode in Aluminum plate. The Pulser-Receiver is connected to the shear
transducer and to the oscilloscope. 1mm thick aluminum plate is fixed perpendicular to
the transducer surface by using an adjunct device.

The center of aluminum plate is attached perpendicular to the transducer surface.
It is assembled to the transducer at 90 degrees of axis to produce out-of-plane movements
uniformly throughout the thickness of the plate. In this way, A0 mode is created in a
reliable manner on the free plate, which are converted to Scholte waves upon entry to
fluid region.

As a shear couplant, wax was used between the transducer and aluminum plate.
Shear wave could propagate better with help of a couplant. Honey and glycerol are also
used as couplant, but optimum image is obtained when the wax is used.

Liquid container placed under aluminum plate which is attached on transducer by
using adjunct device. The adjunct apparatus was designed and then manufactured by
using a 3D printer. Liquid container could move up and down on by an adjustable table.
By altering the height of the table, the plate can be properly immersed in the liquid at
various depths. It is important that the plate is immersed in the liquid in a perpendicular

manner.

Figure 4.2. Aluminum plate and sensor connections.
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Temperature of liquid was controlled by using Fluke digital multimeter test
device. The temperature was recorded simultaneously while the measurements were
taken.

Electrical pulses formed by from Olympus 5072PR Pulser/Receiver are used for
generating and then sensing ultrasonic waves. Desired properties such as energy, damping
and gain are set on this device. Tektonix TD 2024C scope was used to monitor the signals.
Finally, MATLAB® software code, which is published by Tektronix, was used to process

the signals.

4.1.2. Tensile Test

As mentioned earlier, with using equation (3.18) and (3.19) longitudinal (c;) and
shear (c,) velocity of the material can be calculated by using its Young’s modulus (E),
poisson ratio (v) and density (p). These material properties need to be calculated for the
velocity results to be clear. As we were unable to find the exact values of Young’s
modulus for the metal waveguide, we used tensile testing to obtain it. Samples were
prepared for tensile test machine, Shimadzu AG-IC in IZTECH Mechanical Engineering
laboratory. Dimensions of samples are 25 mm x 150 mm x 1 mm. The stress-strain plot
obtained by the tensile test is given in Figure (4.3). Young’s modulus of aluminum along
the direction of interest was found to be 62 GPa. Poisson’s ration of Al plate is taken

from literature. Then, the density was calculated as2695 kg/m3.

140

100
80 /

60

STRESS (N/mmA2)

40
20
0.001 0.002 0.003 0.004 0.005 0.006
STRAIN

Figure 4.3. Stress-Strain diagram for Imm aluminum plate.

43



Table 1. Mechanical properties of Al plate.

Max Stress at

Young’s Modulus

Poisson’s Ratio

Material Type Entire Area
(GPa) (v)
(N/mm?)
Aluminum 117.4 62.74 0.34

Aluminum plate used for measurements was 200mm long and 100mm wide and
it had p = 2695 kg/m3, ¢, = 5950 m/s, ¢, = 2930 m/s. The calculated material
property values were also compared with the results of velocity measurements, which are

used fundamental guided wave modes.

4.1.3. Test Cell Method

Bulk wave properties of the fluid must be known to validate of quasi-Scholte
mode. An ultrasonic test cell method was used to find the bulk wave velocities as done
in University of Nottingham [60].

PVC pipes suitable for the contact diameter of the transducers are used as test cell.
Two pipes were attached together and two test cells were obtained at different lengths.
0,5 MHz Longitudinal transducers (Olympus A101S) were attached opposite sides of test
cell as shown in Figure (4.4). Based on the distance between transducers and time of

flight, velocity of bulk waves could be calculated.

Figure 4.4. Ultrasonic test cells at different distances.
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4.2. Signal Processing

In many applications of nondestructive materials evaluation, precise
determination of the time content of a signal is very important. In most cases, exact
location or timing of the signals has to be found to evaluate group velocity by directly
analysis of the time-domain signals. Threshold crossing, also known as “first break”
determination, is often the method of choice [63]. In this method, the threshold voltage
value is used to determine the arrival time of a given waveform. Each of these methods
is prone to errors due to changes in the shape of the pulses as they traverse a sample. On
the other hand, since the frequency values are high, short sweeping intervals are
employed. A small shift in the selected point in the time domain has found to lead to a
large error. Also, other methods for determination of relative time locations make use of
frequency domain information as well. Deconvolution by spectral division and complex
spectral analysis are two examples. The topic of this thesis is the use of phase information
for finding time shifts.

In order to determine the group velocity, firstly Fourier transform is applied to the
Hanning-windowed signal and then the zero-phase slope method is applied on obtained
fast Fourier transform. When the window is aligned with the group arrival time of a
frequency component of the signal, the phase slope of the frequency component will show
zero tendency. Thus, the group arrival time is calculated by scanning the time domain
signal on a window and evaluating the phase slope for each frequency, when the
frequency group arrival coincides with the window center, zero phase slope point is

obtained. This can be described by using the shift property of Fourier Transform [34]:

FF©) = [ reetde = F(w)
-T
F(f(t = tonise)) = J_T £t = tongpe)e ™ dt = wn
j+ f(t- tshift)e_iw(t_tsmft)e_iwts’”ftd(t — tsnift)
-T

= e~ Wlshift ()
Fourier transform of the displacement signal of a traveling wave can be modeled as:
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F(u(x,t)) = F(w)e **e~o 4.2)

when the time origin of the signal is shifted to the right by a delay tshitt the shifting property

of the Fourier Transform leads to the expression below
F )t = F(w)e #*e~i0og~t@lshift (4.3)
Expression is also shown as:
FQu(, )y, = Fre ™' (4.4)
where F; is a constant and ®. is the overall phase angle whose components are:
P = —i(kx + Do + Wtspift) (4.5)

therefore, the phase slope can be evaluated from

do dk
da)e = %_x — tShl'ft (46)

and putting group velocity expression ¢, = Z—‘]‘(’ into the equation

dd, X
i a — tsnift 4.7)

The only condition except the x # 0 that fulfills the equation in zero phase slope is the

following expression

dQe:Oz—i—t e = =Ty — ten; (4.8)
dow Cg shift g shift .
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and time shift can be determined as

Ty = —tsnife (4.9)

then using equation 4.9, the group velocity of the signal can be found as

_ Xy —Xq T =
‘e =49, de,, 9 ~shire (4.10)
do dw

Signal processing can be summarized as follows. Firstly, reflected signals from
two different lengths in the material are observed. Then Fast Fourier Transform was
applied to the time series to find the spectra of Hanning windowed signals. Then, the
phase was unwrapped and the phase slope was calculated as shown in Figure (4.5). It was

seen that if signal is a clear, the performance of the method will be very good.

PhaseA frequency range of
the ultrasonic source - -
< . Freq uency
o

slope =-2 T At

Figure 4.5. Phase Slope Plotting. [2]

As mentioned before, the signal is sent and received by Pulser/Receiver and stored
by the oscilloscope. Then the data is transferred to a PC for processing. Processing is
expressed by following steps:

e Signals are received at two different distances, at two different dipping
depths. Figure (4.6) shows transmitted and the received signal of %8

ethanol-alcohol mixtures at room temperatures.
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Figure 4.6. Two received signals from different immersed depths.

0.5 MHz shear transducer was used to create quasi-Scholte wave modes.
FFT of two received signals are shown in Figure (4.7). FFT method
converts the time domain signal to frequency domain. Peak points of FFT

of the signal represent the natural frequency of the shear transducer.
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Figure 4.7. FFT of two received signals.

The following expression is applied to the frequency domain signal, then

phase can be found.
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imaginary part of signal

phase = real part of signal

e The phase is evaluated at different frequencies and the slope is found as
seen in the Figure (4.8). In order to calculate the time of flight, £0.15 MHz
range of 0.5 MHz transducer was taken into consideration. A line-fit was
used on phase slope curve. This line is drawn with reference to 0.65 MHz-

0.35 MHz which is the operating range of the transducer.
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Figure 4.8. Phase slopes of the signals.

e Phases which are shown in Figure (4.8) are put into the Equation (4.10),
then phase slope is found. The most important part is that, transmitted and

received signals should not contain high levels of noise.

4.3. Measurements

4.3.1. Experimental Results of Longitudinal Bulk Wave

Mixtures of ethanol-water with concentration ratios %5-8-10-15-20-25-30 are
prepared according to their mass ratio. Firstly, water and ethanol were mixed in a
container by using electromagnetic stirrer. Density measurements of the mixtures in

room temperature done with an alcohol-meter are shown at Table (2).
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Table 2. Measured density of ethanol-water mixtures at room temperature.

Percent % %5 %8 %10 %15 %20 %25 %30

Density
(kg/m3)

988.30 | 938.50 | 980.39 | 9735 966.5 958 950.8

Longitudinal wave velocities of mixtures in room temperature were measured by using
two PVC pipes, which have different wave paths (72.8 mm).

Results are calculated and shown at Table (3) according to time of flight and
distance difference.

Table 3. Longitudinal wave velocities of mixtures in room temperature.

Percent

0/ %5 %8 %10 %15 %20 %25 %30
0
Velocity

(ms) 1530.5 | 1554.2 | 1567.1 | 1596.5 | 1615 | 1620.8 | 1595.1
m/s

Measured Longitudinal Bulk wave velocities at different temperatures graphed as
Figure (4.9).

Bulk Longitudunal Wave Velocities at
1650 Different Temperatures and Concentrations

% 1600 : ?
S~
£ | L . ° ° -
£ 1550 T 1 1 | ) S |
E | )i o
o pe
] T
£ 1500

1450

18 20 22 24 26 28 30 32

TEMPERATURE (°C)

——5% —8=—10% 15% =—@=20% -—@—25%

Figure 4.9. Bulk and longitudinal wave velocities at different temperatures and
concentrations.
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4.3.2. Scholte Wave Experimental Results

An aluminum plate of 1 mm in thickness, whose mechanical properties was
determined, immersed in the fluid. Results were taken at two different depths. These two
depths are significant to monitoring the wanted wave type. For example, if aluminum
plate immersed in too deep, the received wave cannot be monitored clearly. On the
contrary, if the immersed depth is too shallow, different modes of signals can be
monitored and selecting the right one is difficult, such as the leaky Rayleigh wave.

At the beginning, a comparison was made with the results of DISPERSE program
to prove the validity of in-house code. Dispersion curves were plotted for 1 mm thick
titanium plate immersed in motor oil. The result from the DISPERSE program is shown
in Figure (4.10).

10b Scholte0 Freq=0.496046 MHz Vph=1.64825 m/ms
Rl T

8.0

[

® G0
E -
E
=
S a0
SCHOLTE WAVE MOD]
204 /
0.0 T T T T
0.0 20 4.0 6.0 8.0 10.0

Frequency (MHz)

Figure 4.10. Phase velocity dispersion curves of 1mm Titanium plate immersed in
motor oil.

The properties of titanium and engine oil are taken from the software so that the
code can be compared properly with the program. The result from code for Scholte wave
phase velocity of 1mm thick titanium plate immersed in motor oil is shown in Figure
(4.11).
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Figure 4.11. Phase velocity Scholte wave dispersion curves of 1mm Titanium plate
immersed in motor oil.

At 22 °C ethanol distilled water mixtures of different concentrations were
calculated by using Scholte code in MATLAB solver.The resulting phase velocity
frequency curves are superimposed on the same Figure (4.12) up to 10 MHz range.In
order to obtain those curves, acoustic and material properties are determined from the test
cell methods and the tensile test results. These properties are summerized in Table (1) and
Table (3).
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Figure 4.12. Calculated Scholte wave velocities of ethanol water mixtures at

different concentrations.

Table 4 shows the comparison in between measured and the theoretical velocity
calculations of different ethanol water concentrations.
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Table 4. QS Wave velocity at 22°C

Distance
Ethanol-Water | Measured | Theoretical Relative Between
concentration Velocity Velocity Error Immersion
of mass (m/s) (m/s) (%) Depths
(mm)
%5 1729.4 1735 0.322 9,5
%8 1812.3 1812 0.016 15,6
%10 1827.4 1832 0.272 9,6
%15 1897.5 1892 0.563 19
%20 1920.9 1925 0.212 9,4
%25 1938.1 1940 0.103 9,5

4.4. Error Consideration

Various errors and problem are encountered in both bulk wave experiments and
quasi Scholte mode experiments and are explained below.

Test cells are used in bulk wave experiments. Nevertheless, the results differ from
literature and coded results by % 6.1. Besides that, reflections from the surface of the test
cells are commonly observed. These reflections made it harder to specify the longitudinal
bulk wave. To solve this problem, various containers were used, but lastly distance
between two transducers is decided to be shortened and PV C pipes were used. Reflections
also occurred in PVC pipes, but these reflections could be identified easily because they
have very low amplitudes. Another advantage of the PVC pipe is that the transducers on
the test cells are usually hard to center. In PVC pipes, the transducers are automatically
centered. Also, the diameter of PVC pipes was chosen to perfectly fit to transducers and
be in direct contact to the liquid. Reflections and misleading factors made it impossible
to take measurements in other containers. Disadvantage of these pipes is that, the liquid
must be heated to be able to take measurements at different temperatures. The liquid is
heated in another vessel and then poured in test cell and its temperature is observed until
it reaches the desired temperature. This caused a waste of time and errors in measurements

because the temperature was not stable during the test. Although a small amount of
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solution could have been used for measurements. Measurement results are found to have
an uncertainty of %1 interval using PVC tubes.

Better results are obtained with the setup for Scholte wave measurements. At first,
the depth of the container for liquid is observed to be too shallow. The immersed plate
caused the wave to reflect off of container wall and then the container is enlarged and
widened.

Another parameter is the coupler material that is needed to be put between the
transducer and the plate for transmission. Honey, glycerol and wax are used for this
purpose. Wax is determined to show the best performance.

It is essential for measurements that the immersed plate to be perpendicular to the
liquid, also the transducer to be perpendicular to the plate. A spirit level device is used
for every experiment.

Immersion levels in the system are measured with a vertical caliper of 0.05 mm
resolution. For the calculations of the reflected wave measurements to be correct, the
wave needs to be recorded with good resolution and noise must be in acceptable levels.
Otherwise FFTs and phase slopes do not provide a solution.

When the same distance between two immersed depths are used in different
concentrations, waveforms are not properly obtained. Waves are observed in oscilloscope
and datas of correct waveforms with correct distance between immersed depths are used.
Distances in experiments are not standard for this reason.

Function generator cannot be used in measurements with a single transducer. For
this reason, natural frequency of the transducer is used a transmit and receive process is
performed. This made hard to process the reflected wave.

Modes similar to leaky-Rayleigh waves are also observed when immersion depth
is short. Required mode is observed by changing the immersed depth. But when the
immersed depth is too high, phase slopes of obtained forms are observed to be too noisy
to be specified. Measurements are taken between 50 mm — 100 mm immersed depths for

this reason.
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CHAPTER 5

CONCLUSION

The objective of this thesis is using Scholte wave to characterize the fluid. For this
purpose, wave propagation has been generated observed, and the mathematical modelling
has been examined.

Guided wave and bulk wave phenomena have been discussed. Comparison of
dipstick and test cell method has been investigated. Using quasi Scholte mode and
calculating time of flight by dipstick method to reach a result was intended.

At first mathematical infrastructure of wave propagation was examined, modelled
analytically and solved by global matrix method. An in-house developed code which is
called as Scholte code was used to solve these equations where MATLAB is employed
as a coding language. The results were then compared with commercial DISPERSE
program and their compablity is observed.

Modelled waves are examined experimentally. Longitudinal bulk velocities of the
liquid are needed to find quasi Scholte wave results through this code. Two setups were
constructed for both measurements. One is the test cell setup for measuring longitudinal
bulk wave velocity, second is the dipstick setup for measuring quasi Scholte wave
velocity.

Test cells were prepared with Plexiglas and iron material to measure longitudinal
bulk wave velocities. Through-transmission, pulse and echo methods were used. PVC
pipes are used as container because this makes errors more acceptable. In quasi-Scholte
mode measurements, an aluminum plate is used as a waveguide. It is immersed in
different depths in various specimens. Also, measurements are taken with unimmersed
plate and different Lamb wave modes are observed. This validates that the system is
working. Various container types are used and it is seen that when the noise is less on the
walls of the container, the measurement results are better. The errors observed are
thoroughly explained in chapter 4 in error section.

Differences between the velocities obtained from Scholte wave velocities and the
in-house codes are shown in table 5 in relative error section. These results are obtained

with determining the errors one by one and making optimizations.
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It is concluded that, QS wave mode can be used for liquid characterization in
closed containers. This method can be improved with designing a more stable and more
practical sensor. This is because the sensor used for this study is constructed with different
parts and this makes the measurements vulnerable to human error. Further improvement
of this method can lead to a more user friendly and precise measurements in industrial
and everyday usage.
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