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ABSTRACT

Modeling ultrasonic transducers is an important aspect of research in
nondestructive evaluation and testing. In most nondestructive evaluation applications, the
ultrasonic transducers are traditionally modeled as: (1) point sources generating spherical
wave fronts (2) line sources generating cylindrical wave fronts, or (3) planar surfaces
generating plane wave fronts. In reality, the transducer front face has finite dimensions;
it is neither point source nor planar source because the ultrasound that emits from a
piezoelectric transducer does not originate from a point or an infinite plane, but instead
originates from the finite surface of the piezoelectric element with flat or curved front
face.

Analytically modeling the fields radiated by ultrasonic transducers is a very
difficult task because of the large number of possible transducer types, sizes and
configurations that are used in practice. In this study, a semi analytical technique the
Distributed Point Source Method (DPSM) is adapted to model ultrasonic transducers. The
DPSM discretizes the transducer surface into a finite number of elemental surfaces. As a
result, the complexity associated with the discretization of the three-dimensional problem
geometry as done in the finite element technique is reduced. In the DPSM technique, the
fundamental governing equations for elastic wave propagation in a fluid and in a sold are

solved. For this reason, the DPSM technique is called a semi-analytical technique.
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In this research, computer codes for computing the ultrasonic field in a three

dimensional inhomogeneous medium in front of a transducer of finite dimension have
been written in MatLab.

Two different cases are considered in this study, nonhomogeneous fluid and fluid-

solid interface. Both normal and inclined incidence cases are investigated. This

investigation shows that DPSM is an efficient technique for modeling ultrasonic

transducers in nonhomogeneous media.
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CHAPTER 1

INTRODUCTION

1.1 General

Nondestructive testing and evaluation is traditionally used for finding defects in
an object without harming the object. The field of Nondestructive Evaluation (NDE) is a
very broad, interdisciplinary field that plays an important and critical role in assuring that
structural components and systems perform their function in a reliable and cost effective
manner. Locating internal flaws may prevent planes to crash, reactors to fail, trains to
derail, pipelines to burst, and a variety of less dramatic, but equally troubling events. At
the same time, aging infrastructure, from roads to buildings and aircrafts, present a new
set of measurement and monitoring challenges for engineers, as well as technicians in the
area of NDE. All these factors have lead to an increasing emphasis on NDE for health
monitoring of various structures and structural components. NDE also plays an
increasingly significant role in control of material processing, pre-assembly validation,
in-service health monitoring and maintenance of structures [1]

One important component of ultrasonic NDE testing systems is the ultrasonic
transducer. Ultrasonic transducers are used as transmitters to generate and/or receivers to
receive ultrasound in a material under inspection. There are a wide spectrum of
applications for ultrasonic instrumentation and a variety of materials for mspection; this
led to the necessity for specialized transducers that are specially fabricated to be efficient

for a specific application. There exists no single test method that is applicable for all
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kinds of materials and applications. Therefore, a transducer that performs well in one
application may not produce the desired results for a different application. For this
reason, transducer modeling is necessary to accuratly predict the generated ultrasonic
fields. It helps determine how a component might be best inspected before actually
carrying out the experiement. Clearly, the transducer is a very important part of the
ultrasonic instrumentation system and should be analyzed, modeled, and designed
properly .

Analytically modeling the fields radiated by ultrasonic transducers is a very
difficult task because of the large number of possible transducer types, sizes and
configurations that are used in practice. For example, there are circular immersion and
contact transducers, rectangular shaped probes and focused transducers with spherical or
cylindrical focusing. Traditionally, in most NDE applications, the ultrasonic transducers
are modeled as: (1) point sources generating spherical wave fronts, (2) line sources
generating cylindrical wave fronts, or (3) planar surfaces generating plane wave fronts
[2]. In reality, the transducer front face has finite dimensions; it is neither point source
nor planar source because the ultrasound that emits from a piezoelectric transducer does
not ‘originate from a point or an infinite plane, but instead originates from the finite
sﬁface of the piezoelectric element with flat or curved front face.

Computation of the exact pressure variation in front of an ultrasonic transducer of
finite dimension is quite challenging. As a result, only a few analytical models for
computing ultrasonic transducer generated pressure fields in isotropic solids have been

developed so far. Most of these models suffer from limited capability as they have
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simplifying assumptions and/or require high computation time [3]. Numerical based
methods such as finite element, finite difference or finite integration techniques can
produce reasonably accurate results; however they suffer from large computation times.
Distributed Point Source Method (DPSM) is a model that was first iﬁtroduced by Placko
and Kundu [4]. Unlike the finite element method that requires discretization of the entire
three-dimensional space, in the DPSM technique, a number of point sources are
distributed over the transducer surface, as a result, the complexity associated with the
discretization of the entire problem geometry is reduced. In the DPSM technique, the
fundamental governing equations for elastic wave propagation in a fluid space or in a
solid space are solved, thus the DPSM technique is a semi-analytical technique. Details

of the technique are discussed later in this dissertation.

1.2 Problem Statement

The focus of this study is to analytically/numerically model ultrasonic transducers
by the Distributed Point Source Method (DPSM). Two cases have been investigated in
this research: (1) nonhomogeneous fluid, and (2) fluid-solid case. Pressure and/or
displacment fields in front of the transducer are computed in the first medium as well as
in the second medium for the fluid-fluid and fluid-solid cases. For practicality, normal
and inclined incidences are considered for both cases.

Transducer modeling is necessary to make accurate predictions of the ultrasound
intensity along the radiated beam. Since the acoustic pressure variations within the near

field zone can be very complex to accurately evaluate the flaw dimensions and locations
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in materials, modeling transducer and studying its near and far field zones are essential

prior to building it.

1.3 Scope of the Study

Pressure field computation in front of circular ultrasonic transducers has been the
focus of this study. Distributed Point Source Method is used to model the immersed
ultrasonic transducer. Two different cases, nonhomogeneous fluid and fluid-solid cases

are modeled. Both normal and inclined incidence cases are considered in this study.
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CHAPTER 2

LITERATURE REVIEW

Literature related to the modeling of pressure fields radiated by ultrasonic
transducers of different types, sizes, and configurations are reviewed in this chapter.
Traditionally, transducer design model was based on equivalent circuit; however, this
model is inadequate for complex transducers because of the one-dimensional nature of
the model [5]. The success of the finite-element method (FEM) in dealing with complex
geometric configurations and materials prompted the application of FEM in finding
solution for piezdelectric transducer problems. In early seventies, Allik et al [6] used
hexahedral FEM to model piezoelectric transducer. In that study, the theoretical
formulation was limited to the consideration of piezoelectric coupling and the solution of
coupled equations of motion. Allik et al {6] concluded that the response of the transducer
is particularly difficult to predict due to the strong coupling between the non-
axisymmetric motion of the rectangular radiating head and the motion of electrically
driven axsisymmetric tube. Jun Lan et al. [7,8,9] designed over one hundred models of
transducers using FEM programs. To make the model more suitable for complicated
boundaries, they used a rectangular cell that is divided into eight triangular elements. In
another paper, Jun Lan et al [7] introduced a new type of interpolation function in which
not only displacement but also their derivatives are taken as variables. In this way,

stresses are considered to be continuous everywhere; however, for simplicity only axially
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symmetrical transducers are considered in that study. They found that some commercially
available FEM programs are accurate only in calculating eigen frequencies [7,8,9].

In later years, the development of computer power and computational algorithms
has made it possible to model ultrasonic transducers using three-dimensional (3-D) finite
elements instead of the traditional one-dimensional (1-D) equivalent models [10,11]. Cao
in one study [12] used 3-D finite elements to simulate ultrasonic transducers. He focused
on the piezoelectric coupling while describing (meshing) the active elements of a
transducer. He concluded that the numerical technique involves some rounding errors. He
also found that the grid size and shape function limit the accuracy. Cao also concluded
that, the technique would be time consuming if one does not use the right formulation.
Vivek and Gao[13] studied the design of an ultrasonic transducer having a curved
radiating surface; an impulse response method and Fraunhofer’s approximation were
used to model the near field and far field regions, respectively.

The propagation of pulses radiated by circular transducers have been studied
experimentally and simulated numerically by different researchers [14-17]. Kawashima
for example, made a quantitative comparison between the calculation and measurement
of pulse ultrasonic waveforms in the time-domain for both loﬁgitudinal and transverse
ultrasonic pulses in solid. He first used an electromagnetic surface force generated on the
surface of an aluminum sample by a flat pancake coil carrying a pulse current of high
peak intensity as a standard quantitative sound source for the experiment. Then he
calculated the pulse by superimposing the various sinusoidal waves calculated by

rigorous integral representations [14]. Later in another study, Kawashima found that the
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quantitative discrepancy between the calculated and the measured size of the waveforms
was 48 percent for the longitudinal wave pulses and 34 percent for the transverse pulses
[15]. Although the gquantitative comparison between the theory and the experiment has
big difference, it is considered to be smaller than any other results obtained at the time.

Baboux and Kazys [17] investigated the transient fields radiated into isotropic
solids by circular and annular sources with special emphasis on the quantitative relation
between different types of wave. The method of calculation for this study was based on
Kawashima’s approach. Djelouah and Baboux [16] also in their study assumed
Kawashima’s approach and found it is valid for piezoelectric disk transducers.

A finite difference numerical calculation approach was considered by Weight
[18,19]. Weight presented a simple model for axisymmetric transducers. This work
invoked the concept of plane and edge wave radiation from transducer, and included an
empirical extension of the impulse response approach used extensively in fluids.
Weight’s work showed that his model gave good agreement with the predictions of
Kawashima and finite difference modeling. Bresse and Hutchins [20] in their study
extended Weight’s work by solving the relevant wave equations using an integral
transform technique which was based on a double Laplace-Hankel transform.

Spies studied the elastic wave propagation in homogeneous and layered
transversely isotropic media [3,21,22]. In those studies, the assumption of plane wave and
Gaussian beam model was used as a basis for modeling ultrasonic transducers. In the
second paper, Spies used a three-dimensional Gaussian beam model to calculate the

transducer-generated ultrasonic field. The wave in that study was assumed to travel
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through inhomogeneous anisotropic media. The inhomogeneity was modeled by dividing
the material into several homogeneous layers. This approach was found to have some
deviation from the exact calculated field patterns for the central ray. This deviation was
due to the paraxial approximation of the technique.

For a planar probe radiating into a fluid, the model most commonly used is based
on the theory of Rayleigh-Sommerfeld for a piston (a uniform velocity) source. This
theory works well for the piston transducer model where the wave sources vibrate with
uniform amplitude [23-25]. Harris [23] summarized a variety of expressions that have
been used for calculating the sound beam of planar piston probe, all of which are special
forms of Rayleigh-Sommerfeld integral. In 1974, O’Neil showed how the Rayleigh-
Sommerfeld theory could be adopted to develop an approximate model for a spherically
focused probe radiating into a fluid and gave an explicit expression for the on-axis
pressure for the fluid [25].

Schmerr and Sedov have also used the Rayleigh-Sommerfeld theory to find the
pressure radiated by ultrasonic transducers [26-29]. Sedov et al. [26] in an earlier study
modeled the transducer as a uniform velocity (piston) source and the scatterer with any
arbitrary shape. In that paper, they used superposition of plane waves to model the
bounded beam generated by the transducer. In another study Schmerr et al. [28]
introduced a model for a spherically focused piston transducer in terms of boundary
diffraction waves. The model represents the radiated pressure in terms of direct wave and
one-dimensional edge wave integral. In the late nineties Lerch, et al. [29] proposed a new

method called the edge element method to model ultrasonic transducers in a single
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medium. This method deals with integration of sources over the edges of surface
elements. It divides the transducer surface into a web of sources consisting of radiating
straight-line elements whose individual contributions can be evaluated analytically. The
method employs linear approximation to the phase term of the integrand. It is possible to
make higher order approximations to the phase and amplitude terms of the integrand;
however, the higher order approximations would entail the evaluation of more complex
formulas for each element.

Placko and Kundu studied ultrasonic and magnetic sensors and presented a new
approach that utilizes the Rayleigh-Sommerfeld integral to overcome some numerical
difficulties associated with the transducer modeling [4]. This approach, in contrast to the
classical finite element methods or finite differences method, depends on the analytical
solutions of basic point source probletns. Hence, it can be considered as a semi-analytical
technique for solving sensor problems; those can be magnetic, ultrasonic or electrostatic
sensors. This new approach is called Distributed Point Sources Method (DPSM) where
“n” numbers of point sources are distributed near the transducer face. In this manner the
model could represent the radiated waves by the superposition of spherical waves over
the planar aperture. Placko et al. [30] investigated the effect of the number of point
sources on the accuracy of computed fields in homogeneous and non-homogeneous fluid
media where 10 and 100-point sources were used to model the ultrasonic transducer face
using DPSM. The pressure distribution in front of a transducer for both homogeneous and

non-homogeneous fluid media in presence of an interface was studied by Lee et al. [2]
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using the DPSM technique. Results for this study showed a good agreement with
classical results. |

The finite element method can handle a specific transducer problem, but only by
discretizing the 3-D medium in which the transducer is radiating, this will result in added
computational time and cost. DPSM, on the other hand, is very efficient for modeling
transducers. Such modeling is useful for NDE and health monitoring of structures
because it can analyze transducers of complex geometry for which analytical solutions

are not available and finite element solutions are too slow and expensive.
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CHAPTER 3

FUNDMENTALS

A good understanding of the fundamentals of mechanics of elastic waves is
necessary to appreciate the physics of elastic wave propagation in solid and fluid media.
Chapters 3 and 4 give the fundamentals of elasticity and elastic wave propagation theory.
Detailed derivation of some of the equations presented here can be found in references

[31-37].

3.1 Fundamental Equations
From the theory of elasticity, the governing equilibrium equations in x1, x; and x3

directions are as follows:

doy, + oo, N 0oy, +£=0
ox o, ox
ooy, N 00, . 00,
ox, ax, Ox

ooy, N 00, . 00y, +£=0
axl axz ax3 }

+£,=0 (3.1)

Equations of (3.1) can be combined in the following form,

aaj,.
it f =0y, 1 =0 3.2)

J

The equilibrium equations given in Eq. (3.2) are written in index notation, where
the free index i takes three values 1, 2, and 3 and corresponds to three equilibrium
equations, and comma (,) indicates derivative.

The stress-strain relation for isotropic material is as follows,
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o; = A&y +2us, (3.3)

Coefficients A and y are known as Lame's first and second constants, respectively. After
some algebraic manipulation the stress values in terms of displacement components can
be obtained. Substituting the stress-strain relation (Eq. 3.3) into the equilibrium equation
(Eg. 3.2) and then after some simplification the Navier’s equations is obtained as follows;

(/16,-].8,{,( +2ue; )’j + ﬁ =

= Agy, +2ug,  + ;=0

:A[—l—(ukk+ukk)] +2,u|:—1—(u,.j+uji)} +f=0
2 9 ES ) 2 2 S ’]

J (3-4)
= Auy +,u[uij + um]+ 1, =0
= Ay o+ g+ ;=0
= (/l+,u)ujj +uy g+ ;=0
The above equation can be written in the vector form as
(A+ V(Y eu)+ iV u+£=0 (3.5)
From the vector identity we can say
Vie=V(V.u)-VxVxu (3.6)
Eq.(3.5) can be also written as
(A +2u)V(V eu)- YV xVxu+£f=0 ‘ 3.7

In Egs. (3.5), (3.6) and (3.7) the dot (- ) and cross (x) are used to indicate scalar or
dot product and vector or cross product, respectively. The equilibrium equations,
expressed in terms of the displacement components (Eqgs. 3.4-7) are known as Navier's
equation. In the above-derived Navier's equation, it is assumed that the body is in static

equilibrium; hence, the resultant force acting on the body is equal to zero. If the body is
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subjected to a nonzero resultant force then it will have an acceleration i, (time
derivatives are denoted by dots over the variable) and the equilibrium equation (Eq. 3.2)
will be replaced by the following governing equation of motion,

oy +Ji = pi, (3.8)
Where p is the mass density, Hence, the Navier's equation for the dynamic case takes the
following form

(A+2u)V(Veu)~uVxVxu+f = pii (3.9)

3.2 Stokes-Helmholtz Decomposition
Wave propagation problems are by nature dynamic problems. Solution of Eq. (3.9)
subjected to appropriate boundary conditions give different kinds of elastic waves. It is
very difficult to solve two- and three-dimensional problems directly from the Navier's
equation. Stokes-Helmholtz decomposition of the displacement field transforms the
Navier's governing equation of motion into simpler wave equations. Stokes-Helmholtz
decomposition from mathematical point of view is simply a change of variables. If g is a
scalar function and A is a vector function then any displacement field u can be expressed
in the following manner,
u=Vgp+VxA (3.10)
Since the above vector equation has three parameters (u;, #p, #3) on the lefi-hand

side and four parameters (¢, 41, 42, A3) on the right-hand side, an additional relation
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(known as auxiliary condition or gauge condition) is defined to obtain a unique relations

between uy, us, u3 and @, Ay, A», As. This relation is given below
V.A=0
Navier's equatioh for the dynamic case in absence of a body force takes the form,
(A +2p)V(V - )~ pVx Vxu = pii
Substituting Eq.(3.10) into the Navier's equation,

(A+20)V(V - (V9 + Vx A}) - uV x V x (Vg + Vx A} = p{V§ + V x A}

However, from the vector identity one can write

Ve VxA)=0
Vx(Vg)=0

VxVxA=V(V.A)-V’A
Substituting Eqs.(3.14) and (3.11) into Eq.(3.13) one gets

(A +2u)9(Vg)- uVx (- V?A)= p{vé + V x A]
= 57_[(/1 + 2,u)V2¢ — pg}f]+ V x [/lva - pA]= 0

2, P vl VIA LK i=
:>_Y[V¢ (ﬂ+2ﬂ)¢}+_v_ [VA ,uA} 0

DY{V2¢~E%$}+YX[V2A~—;S A}:O

Where ¢, = ’l+2ﬂ and csz\/Z
p P

Sufficient conditions for the above equation to be satisfied are

(3.11)

(3.12)

(3.13)

(3.14)

(3.15)
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1 -

Vg — —07¢ =0
’; (3.16)

VA-——A=0
Cs

Equations (3.16) are wave equations that have solutions of the following form,
B =g@mex—c,t
Px.1) = P - x~c,) 517

A, 1) =A(m+x—cgl)
The former equations represent two waves propagating in n direction with the velocity of

cp and cg, respectively.

3.3 Two-Dimensional In-plane problems
For the general 3-D case the displacement field is given by u=Vg+VxA;

however, if the problem geometry is such that u;(x;,x;) and uy(x),x2) are nonzero while u3
is equal to zero then the problem is called 2-D in-plane problem. The details of solving
this problem are given below.

Three components of displacement in Cartesian coordinate system can be written

from Stokes-Helmholtz decomposition as,

u, =[Vg+Vx Al
u, =[Vg+VxAl (3.18)
U, :[W'*YXAL

U =@, +n A —mA,
U, =@, +md —n 4, (3.19)
ty =@y +m A —n, 4
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In Eq.(3.19) the prime indicates derivative with respect to the argument. For two-

dimensional in-plane problems in x;x, plane this leads to ¢, =0and u, =0 as a result
both A; and 4, must be equal to zero. This will lead to;

— F
up =gy +m A,

) (3.20)
U, =, —m4,
Now if we set A; = yto obtain
U =g, +ny (3.21)
Uy = ¢y —my
or
v (3.22)
_09 oy
o, o

3.4 Stress-potential relation

In order to find a relationship that links the wave potential to the stress
components, we have to consider the constitutive law of the material For two-
dimensional in-plane problems in xyx, plane two potential functions are ¢ (x;,%2,) and
yAx1,%2,f). The relationship between displacement component and potential function in
Cartesian coordinate system for the wave equations can be described as follows;

The governing wave equations for an in-plane problem is, see Eq.(3.16),



| i
V2¢“T¢ = ¢>11+¢»22“_2¢ =0
Cp Cp

1 .. 1 .
V2 ";‘2—‘//:1//:11"*"//:22—'6_2'//:0

8 s

Also from the stress-strain relation for isotropic material see Eq.(3.3),

oy =Ad;Ey +2ue;

Therefore,

oy = ’1(511 &yt 533)’*‘ 2ue,,
oy = ’1(811 +é&, + ‘933)+ 2ue;,
oy = (l + 21”)511 + gy, + Ay,
oy = (’1 + 2/‘)“1,1 + Ay 5 + Ay 5

Combining Egs.(3.22) and (3.3) one can write

On = (’1 + 2#X¢>1 +y ’2)’1 + UG Vo)
Oy = (ﬂ’ + 2NX¢711+'I/912)+ Moy, =¥ 12)
oy = (’;l + 2#){¢a11+¢’22 } + 2#(‘/’s12"’¢:22)
ay = ﬂ{’fz (¢’11+¢’22 ) + 2('//alz ~Bn }

o, = ﬂ{K2V2¢ + 2(W>12 ~0p )}

2
Where K= A+2u (EP—)
[

In the same manner we can find o, as follows,

Ty = (’1 + 2#)”2,2 + /1(”1,1 + u3,3) = (ﬂ' + 2”)(¢>22 W)+ 1(96’11 'H//nz)
= (/1 + 2/”){¢311 +@,p } - 2!‘(@”712 +¢>n) = /U{Kz (¢911 +¢=22)— Z(V/au +Pa )}

= ﬂ{zc2V2¢ - 2(¢>11 o )}

32

3 .23)

(3.24)

(3.26)

(327
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and oy, Is,

1
Oy = 21X 5(”1,2 +iy,) = /u(¢’iz+'//szz P "‘/”11) = ,u(2¢,12 o _V/»n) (3.28)

The above equations give stress and displacement components in terms of wave
potentials for elastic waves propagating in x;x, plane in an infinite isotropic solid medium
in absence of any boundary. The effect of a plane boundary on the mechanics of elastic

wave propagation is investigated in a later chapter of this dissertation.
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CHAPTER 4

ELASTIC WAVES

4.1 Intreduction

Elastic waves can be described as a disturbance that travels through a medium,
transporting energy from one location (its source) to another location. When an elastic
wave pulse goes through a medium each individual particle of the medium is temporarily
displaced and then returns to its original equilibrium position.

Elastic waves in solids can propagate in two principle modes that are based on the
way the particles oscillate relative to the wave propagation direction. These are (1)
longitudinal waves, and (2) shear waves. Waves can also propagate as surface waves, and
plate waves in half spaces and plate type structures, respectively. Longitudinal and shear
waves are the two modes of propagation most widely used in ultrasonic testing and these
two modes will be the focus of this study. Particle movement directions for the

propagation of longitudinal and shear waves are shown below.
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Particles at rest

O

AL AL ALY ANRRIE Illrﬂlllllllmﬂ‘lﬂjw]

Direction of particle wave
motion

Direction of wave propagation

g 0 g O

Direction of particle Shear Wave
motion

Figure 4.1 Propagation of longitudinal and shear waves

In longitudinal waves, the oscillations occur in the direction of wave propagation.
Since compressional and dilatational forces are activev in these waves, they are also called
préssure (P-wave) or compressional waves. They are also sometimes called primary
waves because they arrive before other waves during an earthquake event. Compressional
waves can be generated in liquids, as well as solids because the energy travels through
the atomic structure by a series of compression and expansion movements.

In the case of transverse or shear wave (S-wave), the particles oscillate at a right
angle or transverse to the direction of propagation. Shear waves require an acoustically
solid material for effective propagation and, therefore, are not effectively propagated in
materials such as liquids or gasses (ideal fluids have zero shear). In NDE applications

shear waves are usually generated in materials using the energy from longitudinal waves.
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Surface and plate waves are only briefly mentioned here as they are not the focus
of this study. Along stress-free surfacés, various types of complex vibrations of the
particles that are combinations of P and S waves generate Rayleigh or surface waves and
Lamb or plate waves. These waves are also some times useful for ultrasonic inspection in
special cases.

Surface or Rayleigh waves travel along the surface of a relatively thick solid
material penetrating to a depth of about one wavelength. The particle movement has an
elliptical orbit. Rayleigh waves are useful because they are very sensitive to surface
defects and can follow the surface around; these waves can be used to inspect surface
areas that other waves might have difficulty in reaching.

Plate waves or Lamb waves can be propagated only in plate type structures with
two parallel stress-free boundaries. Lamb waves are a complex vibrational wave that
excites the entire thickness of a plate. Propagation velocities of Lamb waves depend on
the material properties and thickness of the plate and the wave frequency. For Lamb
waves, a number of modes of particle vibration are possible; for a homogenous plate

these modes can be classified into two groups symmetric and asymmetric.

4.2 P and S waves

Elastic waves as mentioned earlier can propagate in two different modes P-wave
mode and S wave mode in an infinite elastic solid. When the wave propagates as the P-
wave then only normal stresses (compressional or dilatational) are generated in the solid

and the wave propagation speed is cp. When the wave propagates as the S wave, only
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shear stresses are generated in the solid and the propagation speed is cs. cpand cs have
been derived earlier in Chapter 3.

If the problem is considered as an inplane problem where the waves propagate in
one plane (say x;x,-plane) then the wave potentials ¢ and w for these two types of waves

can be written in the following form,

(%, 0) =d(nx, + n,x, —cpl)=¢(x, cosf + x, sin @ — c,t)
w(x,0) =w(nx, +n,x, —cgt) =y(x, cos@ + x, sin @ — cgt)

(4.1)

Eq.(4.1) represents waves propagating in direction n in the xjx;-plane as shown in

Fig.4.2.

Xy

Wave fromts

Figure 4.2 Elastic waves propagating in direction n in the xx,-plane
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Displacement and stress components can be obtained from these wave potential
expressions following Eqgs. (3.22), (3.25), (3.26) and (3.27). For every point on a plane,
normal to n has the same state of motion; these planes are called wave fronts and the

propagating P and S waves with plane wave fronts are called plane waves.

4.3 Harmonic Waves
If the time dependence of the wave is harmonic (e“i“”) then Eq. (4.1) should have the
following form
¢(x,t) = /Ie)<p(z'-a—)~xl cosf + iﬁx2 sin @ — i—aj—c,,t)
¢ c

P P P (4.2)
w(x,0)= Bexp(i—alx] cosd %-z‘-aix2 sin & -—i—g)—cst)
¢

s N 5

Introducing &, = 2 and ks = 2 we get the following equation,
Cp Cs

P(x,1) = Aexp(ik,x, cos@ +ik x, sin 6 — iat) 43)
w(x,1) = Bexp(ik,x, cos@ +ik x, sin 6 —iwt) .

kp and ks are called P and S wave numbers, respectively. The variable o is known as the

circular frequency (radian per second) and is related to the wave frequency (f in hertz or

Hz) in the following manner,

@

25 (4.4)
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Advantage of harmonic time dependence is that the problem becomes much

simpler. Equation (4.1) can have any expression for the function ¢ and . However, for
harmonic time dependence (e'i"") ¢ and y must have the exponential form as shown in

Eq. (4.3). It is also possible to assume the time dependence of harmonic waves as

sin it ) or cos(iwt) then the wave expressions become

¢ = Asin/ cos(lL kpx cosf + kpx,sinf+F a)t)

. o (4.5)
v = Bsin/ cos(* kyx, cos0 + kyx, sin 0 F o)

ik

However, it is easer to take time derivations of e~ than sina¢ or cosax, for that reason

tiot

e time dependence is generally assumed. 4 and B of Eq.(4.3) are amplitudes of the

wave potentials ¢ and y, respectively. Simplifying it further we get

¢ = Aexplike, +inx, —iot)

4.5a
w = Bexplikx, +ifx, —iort) (4.52)
Where
k=1k,cos0 =k cosl
n=k,sind (4.6)

B=k,sing

Since the time dependence e™'* appears in every term for time harmonic motions, it is
customary to ignore it while writing the expressions for potentials, displacements and

stresses.
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4.4 Plane Wave Propagation in Fluid
Since perfect fluid does not have any shear stress the wave propagation analysis
in a perfect fluid medium is much simpler and can be considered as a special case of that
in the solid. In this study, the fluid is assumed to be perfect fluid. Constitutive relation
for solid (Eq. 3.3) can be specialized for the fluid case by substituting the shear modulus

#=0.

o, =Ab;ey 4.7
Shear stress components are all zero for this case. Then the constitutive relation is

simplified to

o,y = ’1(‘911 téy t 533)= ﬂ’(u],l +u,, + us,a)
Op = ’1(511 téyt 333) = ’1(”1,1 i, + “3,3) (4.8)

Oy = '1(511 tép T 833)= ’I(ul,l +i,, + ”3,3)

Since a fluid can only sustain hydrostatic pressure p, the stress field in a fluid is given by,

Oy =0pn =033 =—p 4.9

From the above we can write

TP TO0 0y =0y = /1(511 t&y, + 533) = ’7'(”1,1 +u,, + “3,3)= AVa

4.10
:>V.u=—£ ( )
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The governing equations of motion (Eq. 3.8) can be specialized in the same manner

oy + i =P+t = pii
Ty + [y =—Dsytf, = pi
Oy + 3 =—Psy+ /s = pil;
= -Vp+f = pii

(4.11)

Taking divergence of both sides,

*(V.u)

~V.Ip+ VA =V pii = p=—3
it

(4.11a)

Subtituting Vau = ——5— in to the above equation

62(— J
5 A

or?

o'p
= Vp4vEf=-L2P 4.12
4 1o (4.12)

82p
—Vip-vi-LLP _g
P A o

In absence of any body force the above governing equation is simplified to the wave

equation or Helmholtz equation,

o’p
vip_L2P _, 4.13
P (4.13)
or
2 1 azp
292 _y (4.14)
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where,

¢, = 2 (4.15)
Yol

Its solution is given by

p=fmx—cst) (4.16)

This equation represents a wave propagating in n direction with a velocity ¢ This
wave produces only normal stress like the P-wave in a solid and its velocity ¢, = _|—.
yo,

S-wave cannot be generated in a perfect fluid.

For harmonic time dependence (e~ and two-dimensional problems, like before,

p can be expressed as p(x,,x,,1) = p(x,,x,)e”” and the governing wave equation is

simplified to

- Vip+kip=0 (.17
where &y (=w/c;) is the wave number. Solution of Eq. (4.17) is given by,

plx,,x, )= Ae™™ (4.18)

where

7=k -k “.19)

Because of the plane wave front the wave defined by Eq. (4.18) is called the plane wave.
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For modeling the transducer generated ultrasonic field, we need to match the

particle velocity or pressure of fluid and solid particles on the transducer face. Relation

between pressure and velocity can be drived as shown below. Consider Eq. 4.11 without

any body force, this will lead to,

Vp = oiie o= 02
p=pii=pv=p—

(4.20)

If we take dot product of both sides of the above equation with n, where n is some unit

vector, we get

Note that

Therefore we can say,

4.5 Point Source in a Fluid

(4.21)

(4.22)

(4.23)

Waves sometimes are generated by a point source as shown in Fig. 4.3. These

concentrated pressure sources produce elastic waves with spherical wave front and are

called spherical waves.
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Spherical wave expanded Spherical wave contracted

X2 X

Xy

X5 (a)

Fig. 4.3 A point source at the origin generating spherical wave in a fluid - (a) expanded

position, (b) contracted position of the oscillating point source.

If the time dependence of the point source be f{7) then the governing equation of

motion [Eq.(4.14)] can be written as

18
V2 p—?—%—t—ﬁz = f()5(x~0) (4.24)
f .

where the three-dimensional delta function &x-0) is zero at all points except at the origin.
Because of the axisymmetric nature of the source it will generate an axisymmetric wave

in the fluid. Since there is no body force in the fluid in the region that excludes the

origin, the governing equation of motion in the fluid (excluding the origin),
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V2 1 azp

2 2
cr ot

=0 (4.25)

The problem is axisymmetric; hence, its solution should be axisymmetric. In
other words, p should be independent of angles & and f of the spherical coordinates and
be a function of the tadial distance » and time ¢ only. For this special case the above

governing equation is simplified to
2
L E(rz @) LI ) (4.26)
reior\  or c; Of
If p=P(r,t)/r, then the above equation is simplified to

PP 1P
a2 ar

=0 (4.27)

that has a solution of the form,

P:}:[r~—’—}+g(; +—r;} (4.28)
¢r Cr

where P; and P, represent waves traveling in the outward and inward directions,
respectively. From physical considerations we cannot have an inward-propagating wave
for point source excitation. Hence, the acceptable solution is

prny=L=l p{,_l‘_J (4.29)
r r Cf
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It can be shown that the function P has the following form [31]

f;{t -LJ L f(t -LJ (4.30)
¢r 4z cr

Therefore, the final solution of Eq. (4.24) is

P:Pl(t-—LJ (4.31)
€y
or
Py =——f (t ~-r—] (4.32)
4 ¢,

If f{¥) is a delta function then the governing equation and its solution are given by

2 ——12-6212” = 5()6(x-0) (4.33)
c; Of

Pty == J(rmf—] (4.34)
4 Cr

Fourier transforms of Egs. (4.33) and (4.34) give
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2 A2
V2G+%—6t§; = 5(x—0)
“r (4.35)

iaric
e !

Glr.@)=——

Where G is the Fourier transform of p.

For harmonic excitation f(f)=e " it may be assumed that the pressure field is

also harmonic p(r,t) = G(r)e™ . Then the equation of motion Eq. (4.24) becomes

2 a2
[VZG -——Z—’; ‘;ZG }e"“’” =8(x—~0) ™ (4.36)
s

Comparing Eqgs. (4.35) and (4.36) the solution for the harmonic case is obtain as

ik r
ef
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G(r) = (4.37)

where &= w/'cy.
Equation (4.37) is the fundamental solution for a point source having harmonic
time dependency (e~*). This fundamental solution serves as an important building block

for constructing other more general solutions of wave propagation in a fluid in front of

the transducer face as we will see in later chapters.
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CHAPTER S

PLANE WAVE REFLECTION AND TRANSMISSION

Ultrasonic waves are reflected at boundaries where there are differences in
acoustic impedance on the two sides of the boundary. This is commonly referred as
impedance mismatch. Acoustic impedance determines the strength. of acoustic
transmission and reflection at the interface boundary of two materials having different
acoustic impedances. This property is important for the design of ultrasonic transducers
[31,36]. The fraction of the incident-wave intensity in reflected and transmitted waves
can be derived by matching the particle velocity and pressures across the interface.
Formulation for acoustic reflection and transmission coefficients are presented in this

| chapter.

5.1 Plane Waves at the Fluid-Fluid Interface

When a plane harmonic pressure wave strikes an interface between two fluid
media at an angle 0;, as shown in Fig. 5.1, then part of this wave will be reflected in
Medium 1 and part will be transmitted into Medium 2. For this case (fluid-fluid), no
shear waves are present, reflected and transmitted waves are only compressional wave or
P-wave. The figure shows a plane wave p; of unit magnitude, incident at the interface
between two fluids. The reflected and transmitted waves are denoted by pr and pr,

respectively. Amplitudes of pg and pr are R and T, respectively.
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Figure 5.1 Incident, reflected and transmitted waves at a fluid-fluid interface

Assuming harmonic plane wave, the pressure fields corresponding to the incident,

reflected and transmitted waves are given by,
p= eihl ~inx,
1
Pr = R eil‘iJ:l-H'n};\'2

pT = T'eilcrl—-irfzxz
where,

k=ksing =k, sing,
= k0080, = k2 — K
1, =k, co80, = [k}, -k

@
kfl =
Cfl
@
kpy=—

.1

(2)
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From interface conditions we know that, local particle pressures are continuous

across the boundary between the two fluids, that is p, + p, = p, . This leads to

[ + Rem )™ | =[re e ] (5.3)
After setting x, =0, we get,

=1+R=T 5.4
The second continuity condition that must be satisfied across the interface is the
continuity of normal displacement to the interface, or its derivative (ie. the normal

velocity to the interface).

From pressure velocity relation, v, =- J’_l_g’i
pon

n

dt may be written as:

VZ! fuidl,x,=0 Vs Suid2,2,=0

- j—l—ma(”" Pyl - j—leia’—’f—dt
P ax2 %, =0 ) axz Xy=0
:>__1__a(pi+pR) z_l__aﬁz_ (5-9)
P ox, n= P2 ox, =0
— _!_(_l'nle“i’hxz + iRnlei”ixz kikx, = _l_(.___ l'Tnze‘kxl""hIz 1
i x,=0 253 x,=0
When setting x, =0, we get,
:>f.'_7_l_(_1+R)=_._lﬂZ_T (5.6)

i F))

Writing this system of linear equations in matrix form obtains,
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nh { }= mn (5.7
P P 4 Py

This leads to,
-1
R -1 1 1
(= hoom | 3T (5.8)
Py P P
; R e
{ }:__________ P = P P (5.9)
I (,7L+17L) INES TIPS (ﬂ,jdlz_) 2
P P P ‘ P P P
Hence,
h T
R=Pr P2 (5.10a)
T
AP
5T
T=—>1 ' (5.10b)
T, T
Py P
After substituting the value of 7,,7, back into Egs. (5.10a,b) we get,
ko cosHL_ k;, cost,
pl pZ (5.113)

- k; cos@, . k., cos0,
o P
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5 k, cosf,

k; cos6, . k,, cosb,

P Pa

(5.11b)

Now by substituting the values of k,,,k,, back into Egs. (5.11a,b) the final expression for

the reflection and transmission coeflicients are formed as:

R D€y COSE, — pie;, €080,

(5.12a)
PsErr €086, + pc ;s cOSO,

2pyC s, €086,

T =
PyCr, COSO, + pic, oSO,

(5.12b)
Where R is the reflection coefficient and T is the transmission coefficient for the

plane wave traveling in the fluid medium. These coefficients will be used later to find

the pressure filed in front of the ultrasonic transducer.

5.2 Plane Waves at a Fluid-Solid Interface

When eléstic waves travel in a solid material and encounters a surface or interface
then, one form of wave energy can be transformed into another form. For example, when
a longitudinal wave hits an interface at an angle, some of the energy can cause particle
movement in the transverse direction to start a mode conversion in which shear waves are
generated. Mode conversion occurs when a wave encounters an interface between

materials of different acoustic impedance and the incident wave is not normal to the
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interface. Fig. 5.2 shows a plane P-wave of unit amplitude striking an interface between

a fluid half-space (density = gy, P-wave speed = ¢ and a solid half-space (density = px,

P-wave speed = ¢p, S-wave speed = ¢s). Reflected and transmitted wave directions in

fluid and solid media are shown in the figure.

Figure 5.2 Incident, reflected and transmitted waves near an interface
between fluid and solid half-spaces

For this case (fluid-solid), the wave potentials in fluid and solid can be expressed in terms

of their potentials as follows;

where

ihoxy~iqy %y

Pr = R
¢T = TP ei]c‘l’iﬂsxz

wy =Tge it

(5.13)
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k=k, sinb =kysin@,, =kgsinb,g

n;=k,cost =W

ns =k, cosd,, =\/;f,—:-k7 (5.14)
Ps =kgcosb, =W

w w w
k= kp=—, kg=—,

¢, Cp Cg
From continuity of normal displacement (u;) and stresses (o, and 0y2) across the

interface (at x, = 0) we can say that; u] =u}, o}, =03,, and o], =0. Since there is no

shear wave generated in the fluid (y = 0), u] takes the form, u] = gf— this leads to :
2
a¢ 6¢ i ;X in X, i
f i R __ - %y | %y 3 ihox
Y, =——+——=\—ine +in,Re™ ! 5.15
2 o, | o, ( s ny % ( )

For the solid, both longitudinal and shear waves can exist . -

P a¢ al[/ ineXx . —if} . X ikx.
= inT.e 1% — kT ¢ s ™ 5.16
2 axz axl (77? S k ( )

By setting u] =u; across the interface (at x, = 0) we get,

:‘;K—- ine” " vigRe" )E’J“JK zngTe st _ ik Tye s )e"“ l

5.17
oo=fim e v re )| =Wt -kne =] o

After setting x, =0, we obtain
in -1+ R)=i(-nsT, —kTy) (5.18)

The second interface condition necessitates that normal stresses across the interface must

be equal, that is o, =03, .
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For the fluid,
03, = pro°¢ (5.19)
= p,ole™ + Re" (5.19a)
In the case of solid,
o5y = 12+ 2 vy )} (5.20)

ol = {k;TPeih' —ingn, 2(_ szPeiIa, ~ingty | b BT, o iBsts )}
0 = AT < 2K 4 2R Ty (5:200)
0% = —4al(E — 267 [Tye 7% + 2k Te P o

after setting o, = o3, at the interface we come to,

=L oo+ B = ut-lr? -12) + 268,13, (>-21)
in the same manar, the third interface condition is
0 = 120tV } (5.22)
N ) B R S
o = |ukn e - BT + BT e | =0 | o
This leads to (after setting x, =0) :
oy, = u2kn T, + (k> - A2} =0 (5.22b)

The linear set of equations (5.18), (5.21) and (5.22b) can be written in matrix form and

solved for the unknowns as follows,

s s k R iy
-p’ ~pl2k ~2) 24k [T, t=1pe’ (5.23)
0 2%ns LR -7 0



56
To get R, Tp and T equation (5.23) needs to be solved. From the third equation we can
say,

2kng

Te =~ T, 5.24
s (m—;‘)p (5.24)

Substituting this relation in the first two equations of (5.23) and afier some simplification

we get,

s T, =1
s gﬁi_l
ks
w |\, aknspy (5.25)
Ps kb% k;
R+£5] T, =1

By subtracting the first equation from the second of (5.25) it is possible to obtain,

. 2 2
w? Y Ak B, ps (267 ), 4E'nsBs | ns
___2___.1 SR A - —‘—‘—kz +———————“k4 +
ps \ ks kg +775 1 Pr s s s

I = 2U?
g
ks

T, =-2

or,

5.26
R (5.26)
£§_ (%’f-_ — IJ + 77§'_’i§_ + L]:S‘_
Py ksz k; s
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When we substitute the above expression of 7p into the first equation of (5.25) we get

2
| s _2{2541 s
R=1+—1 s L T

=1+

2 2 2
(3’;-@ Ps (218 .,1) LB n | ps (g_k_ _1] , 4,
ks pr |\ ks ks My pr |\ ks ks

or,

(5.27)

After substituting the expression of Tp from Eq. (5.26) into the third equation of (5.23)

we obtain the expression of 7s

2kng 2[2_’61 __1]
2 k2
s = Izs = (5.28)
(%’i__l)ﬁg (2@, 1} “enshs | 7
ks Py ks ks ny
or
4k
2
Iy = s (5.28)



Where R is the reflection coefficient, Tp is the transmission coefficient for the P-
wave and Ts is the transmission coefficient for the S- wave. These coeflicients will be
used later in this study to find displacement field in the solid in front of the ultrasonic

transducer.
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CHAPTER 6

ULTRASONIC TRANSDUCER MODELING

In general, spherical waves are generated by a point source in an infinite medium,
cylindrical waves are generated by a line source, and an infinite plane in a space can
generate plane waves. In many NDE applications we encounter wave fronts that are
neither spherical nor plane since elastic waves are generated by sources of finite
dimension such as ultrasonic transducers. Typical characteristic dimensions such as
diameter of the commercially available ultrasonic transducers can vary from quarter of an
inch to one inch. Of course in special applications the ultrasonic source can be much
smaller or much larger. To predict the wave front correctly in front of the transducer, the
later should be modeled by some numerical or semi-analytical techniques as discussed in

this chapter.

6.1 Surface Integral Technique
Pressure field in a fluid for a planar piston transducer of finite diameter can be
found from the spherical wave equation solution, see Chapter 4. To find the pressure field

for such case, Eq. (4.33) needs to be integrated over the surface of the transducer.
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Figure 6.1 Planar Piston transducer in fluid

For point sources distributed over the transducer face, the integral of Eq. (4.33)
over the surface of the transducer will give the pressure field at x in the fluid due to the

point sources distributed over y on the transducer face, see Fig. 6.1

exp(i f)

p(x) = jA ——Lds(y) ©.1)

Where the constant 4 is related to the strength of the source. From the Rayleigh-

Sommerfield theory the above integral can be expressed as [31,33]

exp( ik,r)

p(X)—~—2—— vi(y)———dS(¥) (6.2)
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where, v3(y) is the particle velocity on the transducer surface. For constant velocity of

the transducer surface (v; = v) Eq. (6.2) is simplified to

iwov
p(x) - C(p 0
2

f exp(:kf’) ds(y) 6.3)

S

6.2 Distributed Point Source Method

If the front face of a transducer is considered as finite source, then the pressure
field due to a finite plane source can be assumed to be the summation of the pressure
fields generated by a number of point sources distributed over the finite source. This
assumption can be justified in the following manner. When a point and a sphere represent
a harmonic point source that is contracting and expanding, where the point represents the
contracted position and the sphere represents the expanded position. If a large number of
such point sources are placed side-by-side on a plane surface, then the contracted and
expanded positions for the group of point sources will be as shown in Fig. 6.2b, however
due to internal cancellation of neighboring points, the combined effect for a very large

number of point sources will be as shown in Fig. 6.2¢
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Transducer face

Figure 6.2 Point sources distributed over a finite source - (a) one point source, (b)

individual effect, (c) combined effect

From Fig. 6.2b and 6.2c it is clear that the combined effect of a large number of
point sources distributed on a plane surface is the vibration of the particles of the plane
surface normal to the surface. Therefore, any normal vibration of a finite plane surface
can be modeled by replacing the finite surface by a large number of point sources
distributed over the surface. We have to mention here that along the periphery of the
circular surface, the particles not only vibrate normal to the surface, but also expand to a
hemisphere and contract to the point on the periphery; however, the effect of this on the

pressure field is negligible.



6.3 DPSM Method for Computing the Ultrasonic Field

The technique to compute the strength of the distributed point source method is
discussed in this section. If we let the strength of the m-th point source be 4, such that

the pressure at a distance 7,, from the point source is given by

qmm=&9ﬂ@ﬁz (6.4)

m

where 4,, = A4
4

and there are N point sources distributed over the transducer surface, as shown in Fig.6.3,

then the total pressure at point x is given by

Mm=§Ae@$f) | (6.5)
m=}1 m
X

Figure 6.3 Velocity v at point X due to the m-th point source
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In the above equation, 7, is the distance of the m-th point source from point x. From the

pressure-velocity relation (Egs. 4.21 and 4.23) we can compute the velocity at x.

From Eq.(4.21)

%) ov, )
- 51;’;— = p= - =tiapv, (6.6)
For e " time dependence,
v, = ;1)5% 6.7)

Hence, the velocity in the radial direction for the m-th point source at a radial

distance r is given by

o) =2 2 B0
igp Or r 68)
- A ( ik, exp(ik,r) _ exp(ik,;r) | A, explik,r) (ik 1 ) .
iapk r r iwp r Ty
and the x; component of the velocity is
4 exp(ik .r x., explik .r
V3m(f')= : m 0 ( Xp( ! )Jz .‘(47]1 3 pg | )(lkf __1_) (6.9)
iwp Ox, r imp r r



65
When contributions of all N sources are added, see Fig. 6.3, then the total velocity in the

x3 direction at point x is obtained in the following manner,

N N A, %, expk,r,) | 1
Vg(X)=Zv3m(rm)=Ziwp SRt (zkf -—) (6.10)
m=] m=1

¥ ¥

Where x3,, is the x; value measured from the m-th source as shown in Fig. 6.3.

If the transducer surface velocity in the x3 direction is given by v, then for all x values on

the transducer surface the velocity should be equal to vo. Hence,

NoA, X, explik,r, )| 1
v3(x)=ziw 2 = L ik, —— |=v, (6.11)

Taking N points on the transducer surface we can obtain a system of N linear
equations to obtain N unknowns 4;, 4, 43, ....Ay. However, when r,, becomes equal to
zero then vs, becomes unbounded. This could happen if point sources coincide with the
point of nterest. In other words, if point séurces as well as points of interest x are both
located on the transducer surface then r, can be zero sometimes. To overcome this
difficulty, the point sources are placed slightly behind the transducer surface as shown in

Fig.6.4. For such arrangement the smallest value that r,, can take is rs.
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X

s X3

b
i

Fs

Figure 6.4 Point sources are located behind the transducer surface
The x; components of velocity are matched with v, at points x. these points are
taken on the transducer surface at the apex of the small spheres that touch the transducer
surface and whose centers coincide with the point sources.
6.4 Matrix Formulation
Steps described above to compute the source strengths can be written in terms of

matrix equations as described below.

Equation (6.11) can be written in the following matrix equation form

V, =MgAg (6.12)



67
where V is the (N x 1) vector of the velocity components in x3; direction at the N number
of surface points x, and Ag is the (V x 1) vector containing the strengths of N number of

point sources. Mgy is the (N x N) matrix relating the two vectors Vg and As. From Eq.

(6.11) we can write,

Wl =fpt vz v it ] (6.13)

In Eq.(6.13) we can see that the transpose of the column vector Vs is a row vector of

dimension (1 x N). Elements of this vector are denoted by v] where the subscripts j can

take the value 3 and indicates the x3 direction of the velocity component. Superscript n

can take any value between 1 and N corresponding to the point on the transducer surface

where the velocity component is defined. For most ultrasonic transducers v} =v, forj =

3 which is normal to the transducer face.

Vector Ag of the source strengths is given by

{AS}T Z[Al A, 4y Ay A5 Ag o Ay, Ay AN] (6.14)

The square matrix Migs is obtained from Eq. (6.11),
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11 11 1 1 1 1 1 1
f(x319r1) f(x32,r2) f(x33,r3) ---- f(xS(N—I)ﬂrN—I) f(x3(zv)a’”1v)

2 .2 2 2 2 2 2 2 2 2
X3, xZ.r x,r) ..... Xononns Fro (x r
M, = f( 31201 ) Sxg,.n f( 33-73 S 3w-1y> T S 3Ny T (6.15)

.....

N N N N N N ¥ Y N N
f(x31’r1 ) f(x32,7'2 ) f(x33,r3) ----- f(x3(N——l)9rN—l) f(xs(N)»"N) Nl

where,

n -k n
f(x;ma rn): X3m eXP(l o ) (lkf __ml__] (616)

iap(r f I

m

In Eq. (6.16), the subscript 3 indicates that x is measured in x; direction, the other
subscript m of x and r can take values from 1 to N depending on which point source is
considered and the superscript # can take any value between 1 and N corresponding to the
point on the transducer surface where the velocity component is computed.

If point x in Fig. 6.4 is denoted by x, indicating that this point is located on the #-
th boundary point then the position vector connecting the m-th point source and the n-th

boundary point is denoted by r,, and its components in the x3 directions arex;, as in

Eq.(6.15).
From Eq.(6.12) we get the point source strengths by inverting the matrix Mgy,
Ay =Mg 'V, =NV, 6.17)

- From Eq. (6.3) we can state that if Ag is correctly computed then for the transducer

velocity vector given in Eq. (6.13) the source strength vector should be
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A =-2%%n0 11 . . (6.18)
27

After getting the source strength vector Ag from Eq.(6.17) or (6.18) the pressure
p(x) or velocity vector V(x) at any point (on the transducer surface or away) can be
obtained from Eq.(6.5) for pressure or Egs.(6.11) for velocity components. If the points
in the fluid, where pressure and velocity vector are to be computed, are called target
points then the target point pressure and velocity components are obtained from the

following matrix relation

PT =QTSAS
VT =MTSAS

(6.19)

Where Pris a (Nr x 1) vector containing pressure values at Ny number of target

points and Vris a (3Nr x 1) vector containing three velocity components at every target
point. V7 expression is similar to the Vs expression given in Eq.(6.13) only difference is
that its dimension is (Nr x 1) instead of (N x 1). Matrix Mys will be same as Mgs of
Eq.(6.15) if the target points are identical to the transducer surface points where the
velocity components are matched to obtain the point source strength vector Ag in
Eq.(6.17). However, for computing the velocity field at different points the expression
for Mizs will be slightly different from the Mgy expression given in Eq. (6.15). Its

dimension will then be (Nyx N ) as shown below,
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11 VI 11 1 1 i 1
f(x31=rl ) f(xsz»r2) f(xssvrs) ----- f(x3(N—l)’rN-l) f(xB(N)ﬂrN)

/ (xsznf‘lz) S/ (xszzarzz) S/ (x323,r32) ----- f (xszw—l)’r va) (x32<N)’r”3‘ ) (6.20)

N, A N, _N, N, _W, N N N, N
f()@{,?*l T) f(x3{,r2 1) f(x337,r3 T) ----- f(‘x3(N—l)9va1) f(xs(f\/)a’"NT) Ny

Where, f (x;“,,,,r,,’,' ) is identical to the expression given in Eq.(6.16). Definitions of the

subscripts j and x do not change from that in Eq.(6.16). The superscript » of x and r can
take any value between 1 and Ny depending on which target point is considered. Mzs in

this case is not a square matrix when N7 and N are different.

From Eq.(6.5) the matrix Qzs can be obtained when there are N point sources and

Ny target points,
I exp(z'k o ) exp(ik o ) exp(ik B ) exp(ik Ty ) |
exp(ik o ) exp(z'k o ) exp(z'k e ) exp(ik e )
r’ r ry o Iy
Qp = exp(ik o ) exp(i o ) exp(ik s ) exp(ik T ) (6.21)
r ry Y o Tu
exp(il.c' s rINT ) exp(zl; f 7T ) exp(zk e ) exp(zlg Iyt )
i rINT FZNT r3NT rf,v ' A

Definition of r; is identical for Egs.(6.21) and (6.20), it is the distance between the m-th

point source and n-th target point.
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This matrix formulation for computing the ultrasonic field in a homogeneous fluid
was first proposed by Placko and Kundu [4]. Advantage of this technique is not obvious
for this simple case of homogeneous medium. However, for more complicated cases, this
method is superior over finite clement, finite difference or sommerfield integration

methods.

6.5 Restrictions on rs for Point Source Distribution

The rule of thumb is that with larger number of point sources the time and
accuracy of computation should increase. From Fig. 6.4 it is obvious that when the
number of point sources to model the transducer surface increases, rs decreases. To find
the optimum number of point sources required to produce reliable results, the following

analysis is carried out.

For a very small transducer of surface area dS vibrating with a velocity amplitude
vy in the x; direction the pressure at point x (at a distance r from the source at point y) can
be computed using Eq. 6.3 mentioned earlier. With the use of Eq. 6.7, the velocity in the

radial direction can be computed as,
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,_ Lo
imp Or
. 1 (_ia;pvo )(ikf exp(ik fr)__ exp(ik fr))dS 622)
ioe 2 r r?
v \ik . r —1
v, =-——0~(—12—7—;3——)exp(ikfr)d5

In the same manner, the velocity in the x; direction

1 o
Yy =
iop Ox,
0
. __1 9 or (6.23)
iwp Or Ox,
volik 7 —1 -
v, =-——-—-—-——-—0(2;2 )exp(ikfr)dSw——“’ ry3

where x3 and y3 are the x3 coordinate values of points x and y, respectively.

If the point x is taken on the surface of sphere of radius r¢ as shown in Fig.6.4

then 7 = rg = x3 — y3 and cc of Eq. (6.23) is simplified to
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j -1
vy = ——vf—(l—kz—%})exp(ik s )dS

vy =V, (1 — ik ¥y Xl +ik rg + O(k}rs2 )) 2dS

(6.24)

2
s

ds

2
S

wv0(1+ k;rsz)

Since v; on the transducer surface is equal to v, the right hand side of Eq.(6.24)

should be equal to vo. This is possible if we take dS =2zr§ and kjrd <<1. Therefore, dS

should be the surface area of a hemisphere of radius rg, and the second condition implies,

2
kirg = (—2—@&) <<1.

¢r
C

= 1y << —— (6.25)
24f

As
=g << ——
2

Where Aris the wavelength in the fluid

The a value of rs should satisfy the inequality (6.25), then the number of point

‘sources NV from the transducer surface area 4 can be found from the relation,

=
|

= 6.26
3 (6.26)
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CHAPTER 7

NON-HOMOGENEOQOUS FLUID

7.1 Non-Homegeneous Fluid in presence of Interface

The ultrasonic signal generated by a transducer will go through reflection and
transmission at the interface when it hits a non-homogeneous fluid medium as shown in
Fig. 7.1. In the figure, point C is located just behind the transducer surface for reasons
explained earlier in Chapter 6 for the DPSM modeling. If we consider a point P between
the transducer face and the interface, then the pressure field in Fluid 1, at point P, can be
computed by adding the contributions of the direct incident ray (R;) and reflected ray
(R3). At the same time if we assume another point, Q located in Fluid 2, then the pressure
at point Q in Fluid 2 can be obtained by adding the contributions of the transmitted ray
only. We are interested in finding the acoustic pressure at point P in Fluid 1, and at point
Q in Fluid 2. Pressure calculations for these points are carried out in this chapter. The

acoustic wave speed and density of the two fluids in this case, are denoted by crand pr for

Fluid 1, and ¢, and py for Fluid 2.

7.2 Pressure Field Computation in Fluid 1

Position vectors of points C, T and P are denoted by (Cx, Cy, Cz), X1, Yy, Z1) and
(X,Y,Z) respectively, as shown in the figure. To calculate the pressure at point P, we need
to obtain the coordmates (X1, YT, Z1) of T on the interface, where the ray is reflected to

reach point P. This can be done from the geometric considerations as follows;



Let us consider two vectors 4 (= CT) and B (= TP) as shown in Fig. 7.1 then,

A=(Xp =Cle, + (I ~C))e, +(Z; = C)e,
B=(X-Xp)e, +(Y-Y)e, +(Z~Zy)e,

Note that the magnitudes of vectors 4 and B are R, and R;, respectively.

R ={X, ~C) +(6 —C,) +(Z, ~C.)}

R ={X-X,) " +(¥-T,)" +(Z —ZT)2}§

Interface

,,,,,

C (Cy, Gy, Oy

75

(7.1)

(7.2)

T(Xr, Y1, Z7)

VA

Unit vectors 4 =

Unit vector 7 normal to the interface is given by
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”1

. Note that for an inclined interface 7= {#,

N
I
— D D

n,
From the problem geometry, one can write

AaxA=nx8B

. . (7.3)
nA=-nB
Let
a4 b,
A=13a,1,B=1b,
@ b,

Substituting the unit vector expressions in the cross product relation (Eq.7.3) we get

0 -m n g 0 -n mlih

n, 0 -—-mpha,r=| n 0 —-mpb
- 0 |la, -n, n 0 |lb
or

0 -1 0}jq 0 -1 0}

-1 0 ORa,r={-1 0 O0ORd,

0 0 Ojla, 0 0 04
or

—-a, -b,

a (=15

0 0

or
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I -G, I, -Y
R \_] &
X,-C, [T X -X (74)
RZ R3

a b,
[”1 1y ns] a4 = ‘[”1 n, ”3] b,
a; b,
or
a9, by
[0 0 1ha,r=-J0 o 1}
a, b,
or
5 Z,-C, Z,-Z 75
a4y =05 R, = R, -5)
Solving the above equations, we get
clz-2)-xz,-c)
T Z-2Z,+C,
(7.6)
olz-2z)-1z - ¢)
T Z-27.+C,

For this case, C,;=0 and for point P, Z is between O and Zr; hence, denominator
never becomes zero. After obtaining X7 and Yr, the lengths R; and R3 can be easily

obtained from the equations given above, Eq.(7.2). R; then could be evaluated using the
following formula.

1

R, = {(xl _yl)z +(x, "yz)2 +(%x; "J’3v)2}5 (1.7
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Pressure field at point P can be obtained from the following equation.

}dS (7.8)

iwo v, explik R i R.expiik (R, + R
po() =20 | PR s - ROACH) bk (R, + k)

2r ¢ R, 2§ R, +R,

In the above equation, the first integral corresponds to the wave path CP and the
second integral corresponds to the wave path CTP. The second integral expression
included the reflection coefficient R because the wave reaches point P after being
reflected at the mterfacé. The reflection coefficient R is the same coefficient derived

earlier in Chapter 5 for fluid- fluid case.

7.3 Pressure Field Computation in Fluid 2

Point Q can only receive a ray from point C after it is transmitted at the interface
at point T. Position vectors of points C, T and Q are denoted by (Cx, Cy, Cz), (X1, Y7,
Zr) and (X,Y,Z), respectively, as shown in Fig. 7.2. To compute the pressure at point Q

in Fluid 2, the contribution of only the transmitted ray needs to be considered.
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X
Interface

1

C (Cx Cr, G
' T Xy, Y1, Zt)
oo/

s L Ne z
" R3

Q. ¥, 2)
} 4 Fluid 1 Fluid 2

e+

Figure 7.2 Transmitted wave ray paths in a medium having a fluid-fluid interface

If we denote two vectors 4 and C where 4 = CT and C = TQ; then,

= (XT -Cx)_e_x__+(YT - Cy)ey +(ZT —Cz)gz_
=(X-Xr)e, +(Y - Yp)e, +(Z—Zp)e,

The magnitudes of vectors 4 and C are R; and R;, respectively, which can be obtained

from the following relation,

1

R ={Xr-CY + (B -C) +(Z, - C)P

1

(X -X)+ (T -5 +(Z-Z,)*)?

fi

R,

5 i

~ A -
Unit vectors A=—,B=
RZ

Unit vector 7 normal to the interface is given by
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0 7y
n=40¢. Note that for an inclined interface 7 = \n,
1 ny
From the problem geometry one can write
‘fz x ;1‘ =sin §
h.A = cosd
= (7.9)
lﬁ X Cl =sin @,
AC = cosé,
Let
9 G
d=labo=le,
a; G
From equation (7.9)
zZ-Z;
¢, =cosl, =
&, (7.10)
Z,-C, ’
a, =cosf = 3
and
0 - m|lg 0 -1 0llq ~c,
ﬁxé‘:rg 0 -mPer=|-1 0 O0Ker=1 g
-n, n 0 jla 0 0 0flg 0
(7.11)

A2
:>|n><C; =¢ +c; =sin’0,

or,
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2 2
sin® @, = (x-x,) f(y_ %) (7.12)
R3
similarly
2 2
{ﬁx,af =a’+ad’ = (XT_C’)R“:(YI"—CY) =sin® @ (7.13)
2

Since A,7,C are on the same plane

Aix A=égsing
(7.14)

where, &, is the unit vector normal to the plane containing A,h,C.

From Eq.(7.14) one can Wwrite

ﬁxﬁ_ﬁxé
sind sin@
. 2 . (7.15)
AxA axC
C

=

or

0 0
f__XT—Cx\ (_X“XTw (7.16
cR, e, R, 16)
=3 YT.—-CJ} r:< Y—IZT t
CR, R,
0 0
L p. L

Equation (7.16) must be satisfied. Hence, X7 and Y7 can be obtained by minimizing the

following error function
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2 2
E:(XT*C“ +XT~X) +(I§T—Cy+YT—Y)

7.18
cR, o R, cR, R, (7.18)

E can be minimized by some optimization technique such as simplex algorithm. After

obtaining X7 and Y7 the pressure at point Q can be obtained from the following equation.

ds (7.19)

e
$ Cry CpcOS 0
R,+-2R, |R,+R -~
cr ¢, cos” b,

iwp v, _{ T exp[ik‘,R2+kf2R3)J
27r

Pixyzy =~

where T is the transmission coefficient derived earlier in Chapter 5 for fluid- fluid

case.

7.4 Obligue Incidence

If the transducer has some inclination relative to the interface such that it’s central
axis is not normal to the interface, as shown in Fig. 7.3, then the steps of the analysis
described earlier must be modified. This modification applies to the problem geometry
and not to the main basic steps. For the former case (normal incidence), it is clear from
the problem geometry that Cz = 0 or constant for all point sources on the transducer
surface, however this is not the case for inclined transducer. From the figure we can see
that the transducer face is rotated about Y-axis. Therefore, the inclined incidence case can
be modeled in the same manner with minor modifications done to its geometry. Point
sources distributed on the face of the transducer have to rotate about Y-axis to model this

€ase.



83

X

Interface
C (Cs Cy,C T
¥
‘ T(X T9 YT1 ZI‘)
RZ i
S V7
R 5 R
I
Transducer Rs ! K
rotation Px Yz |
Y Flaid 1 Fluid 2

Ce, Pr Ce, Pr2
e
Figure 7.3 Transmitted and reflected wave ray path near a fluid-fluid interface, oblique

incidence

A 3-D Rotation matrix about Y-axis is introduced on the geometry subroutine to

rotate the transducer face about Y-axis. The rotation angle is defined as alpha that could
be any angle in the 3-D space. For our calculations the rotation matrix (M) is defined

as

cosag 0 -—-sing

Mz, =| 0O i 0 (7.20)
sinag 0 cosa
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CHAPTER 8

FLUID - SOLID INTERFACE

8.1 Ultrasonic Field in Presence of a Fluid-Solid Interface

When a plane wave in a fluid is incident on a plane interface between the fluid
and the solid as shown in Fig. 8.1 then the analysis becomes more complex. To satisfy
the interface boundary conditions, the incident P-wave produces both transmitted P- and
S- waves, and a reflected P— wave. The generation of S— waves from the incident P—
wave is called the mode conversion. This mode conversion makes computation of the
ultrasonic field inside the solid medium difficult. For this reason, if we are interested in
computing the ultrasonic field at a point inside the solid medium, we need to consider

contributions of two rays.

X Interface

C (Cx, Gy, Co P

Figure 8.1 Ultrasonic transducer in front of a fluid-solid interface — transmitted P and S

waves in the solid are shown.
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8.2 Ultrasonic Field in the Solid Medium
To compute the field inside the solid, we need to consider contributions of two

rays, the P-wave and the S-wave, as shown in Fig. 8.2

X Interface

C (G, G, G B
/ -

(Xrs, Y15, Z15)

Y Fluid

'4 ot Pr I o Cs, »l
/] 72

Fig. 8.2. Transducer immersed in a fluid in front of a fluid-solid interface. Two rays

generating P and S waves in the solid can reach point Q in the solid as shown.

In Fig.8.2 only the transmitted waves, traveling from point C on the transducer
face to point Q in the solid medium, are shown. One ray travels along the path CTQ,

and the second ray path is CTsQ. As shown in the figure the ray traveling a distance R;p
from C to Tp strikes the interface with an incident angle 0;p. It should generate one

reflected P-wave ray and two transmitted rays corresponding to P and S waves in the
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solid. To keep the figure simple, only the transmitted P-wave ray is shown traveling a
distance of Ryp to point Q. Since the transmitted shear wave generated at point Tp has
different transmission angle it cannot reach point Q for this incident angle, and is not
shown. | However, for another incident angle 8,5, transmitted shear wave will reach point
Q, as shown in the figure. For this incident angle the transmitted P-wave cannot reach
point Q, and is not shown. If points C and Q are fixed then only two rays, as shown in
the figure, can contribute to the ultrasonic field at point Q. It should be mentioned here
that P and S wave path lengths in the solid are denoted by Ryp and Ryg, respectively;
however, both Rjp and R;s in the fluid medium represent P-wave path lengths.
Subscripts P and S of R, indicate what type of transmitted waves (P or S) in the solid
reach point Q for the P-wave path in the fluid.
The mathematical steps to compute the ultrasonic field at point QQ are described in

this section. If we define four vectors fﬂ , Ay ,Cpand 9_3; where A, = CTp, 45 = CTg,

911 =TpQ and gi =TsQ; then,

Ap =(Xpp —Cyley + (Y —Cyle, +(Zyp —Cy ey

As =(Xps —Cy)ey + ¥ —Cyley + (L —Cr ey @.1)
Cr=(X-Xp)e,+ (Y =Yy ey +(Z—Zpp Jey

Cs =(X -Xp)ey + (Y —Yi5)e, +(Z —Zis)ey

The magnitudes of vectors A_P , ﬁ ,9_5 and ;C_'S_ are Rip, Rys, Rop and Ryg, respectively,

as shown in Fig. 8.2. Therefore,
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Ry = (X pp —C)? + (Yo = Cy ) +(Zgp ~ C,)’

R z\/(Xzs "CX)Z + (Yo "CY)Z + (2 “Cz)z
(3.2

Ryp = J(X = X )? + (¥ =Yy +(Z = Zp )P

Ryg = /(X = Xy +(¥ = Yy5)? +(Z —Zps)’

45 Cr G

, and Cg = =
28

Unit vectors fl,, = e /AIS ==, Cp=

&

=
Ln
X

=

1 P

Unit vector 7 normal to the interface is given by

o)

. Note that for an inclined interface 7= |n,

x>
il
- O

n,

8.2.1 P-Wave ray Tracing Calculations

To simplify the analysis the P-wave contribution are separated from the S-wave
contribution. In this section only calculations pertaining to the P-wave are shown. A
subscript “p” is used for P-wave calculations. Another subscript “s” will be used in the
next section to indicate that the equations pertain to the S-wave. For each point it gives

two sets of equations, one set of equations is for P-waves and the second set is for S-

Waves.



From the problem geometry shown in Fig. 8.2 we can write

By letting
yp Cip
Ap =3a,5p 1, Cpr=1Cyp
asp C3p

Z-Z
Cyp = €080, = ”’
RZP
-C
a,p =cosf), = —L—%
Ry
and
e & &
nxCp=Detl n, n, n
Cip Cop Cap
0 -n n, lic, 0 -1 Oljcp Cyp
= n, 0 —m HKe,pr=1—-1 0 0Key Cp
-1, A 0 e 0 0 O0llcy, 0

or,
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(8.3)

(8.4)

(8.3)

(8.6)
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2 2
sin 2 6,y = (X"XIP)R:'(Y_YTP) (8.7)
2P
Similarly,
2 2
lix 4,| =aly +a, = (X - X)R’:(Y”’ “C) g, @)
1P

Since 21,, A, C » are located on the same plane

nxA, =e,smnb,, 8.9)
nxCp =é,sind,,

where ¢, is the unit vector normal to the plane containing A, 7 and C,.

From Eq.(8.9) and Snell’s law one can write

sinf,, sinf,,
8.10)

or,
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1 —lyp —Cyp
Y G (T Cr
1o * 10
(8.11)
[ X, -Cy XXy

chlP cpRyp
IRl S I N e £

CfRu’ cpRyp

0 0

Xrp and Y7p are obtained from Eq.(8.11) by minimizing the following error function

2 2
E= XYP_CX+XTP - X + YIP‘CY+YTP_Y (8.12)
¢ Ry cpRyp ¢ R cpRyp

E of Eq. (8.12) are minimized by some optimization technique such as simplex
algorithm. In this case, a MatlLab code called fiminsearch function is used for this
purpose. After the function is minimized, X7» and ¥p are obtained. Then all angles of

incidence and transmission can be evaluated from Eqs.(8.2) and (8.5).

8.2.2 S-Wave Ray tracing calculations
Equation formulation for S-wave follows the same concept as for the P-wave. A

subscript “s” is used here to indicate that these equations pertain to the S-wave.

If we let,
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Gyg Cis
Ag ={a, 1, Cs =4Cyg (8.13)
35 C3s
lfzxﬁs‘—smﬂls
A Ag =cosf
a s (8.14)
‘fszS!:sinﬁzg
A.Cq = cosb,,
from Egs. (8.1), (8.13) and (8.14) we construct the following relation,
Cy5 =c080,5 = ZI_{Z’S
”C (8.16)
Ay =080,y =t
3 N Rls
and
g & &
AxC,=Detf|n, n, n,
Cis G Css
0 -, o, |[eg 0 -1 0Ofjcy ~Chg
= n 0 -mRe,sr=-1 0 Olcyir=1 €5 (8.17)
-1, B 0 ilegs 0 0 Ojleg 0
= aixC iz =ci +c2
5| =Cis +Cy5 =sin” B
or,
X"‘X 2 _ 2
in’ 0, _@-xy) +(r-Yy) (8.19)
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Similarly,

‘ 2 (XTS __CX)Z +(YTS _C'Y)2 - Sinz gq (8.20)

A 2 2
nxAgl =ag +ay = 7
18

Since ;13, fn and é’s are located on the same plane

=

X

2NN
w

il

N>
T

2]

B
2
2

(8.21)

>
X
Y
v
H
JOH)
©
w)
B
ho
Ey)
tn

A

where &, is the unit vector normal to the plane containing 4, 7 and C s -

Using Snell’s law and from Eq. (8.21) we can write

axA4dg axCy

sin@ sind, .

nx Ay AxCy

-
Cr Cy

or,



_er‘cx r_ - Xy 823
crRy csRyg )
= J Ym —CY L J Y_YYS }
chlS csRys
0 0
{ )

Xty and Y7y are obtained from Eq.(8.23) by minimizing the following error function

2 2
| Xn=Cr (X=X V=G Ty ¥ (8.24)
s Ry CsRys cRys CsRys

Minimization of Eq.(8.24) are done in the same manner as Eq. (8.12) by some
optimization technique such as simplex algorithm. The MatLab code fminsearch
function is used in this case.

After obtaining X7p, Y7p, X7s and Yys all angles of incidence and transmission can
be evaluated then from Eqs.(8.2), (8.5) for P-wave ray and (8.2) and (8.16) for the S-
wave ray. If the ultrasonic field in the fluid medium is expressed in terms of the fluid
pressure, then, from Eq. (6.3) the pressure fields generated by the source point C (see

Fig.8.2) at the interface points Ty and Ty can be written as,
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—iap v,dS explik ;R
DXy Yops Zop )= P10 (iR, )
cqozﬂ o (8.25)
-1 ds ik . R .
p(XISaYTS,ZTs): l 2fV0 exp(, f l.S')
a RIS

where vp is the transducer surface velocity in the direction normal to the transducer face

and dS is the elemental area of the point source at point C.

The two pfessure waves of Eq.(8.25) strike the fluid-solid interface at angles &p
and O,s. Transmission coefficients for P and S wave generation in the solid are derived in
Chapter 5. After multiplying the pressure fields of Eq.(8.25) by appropriate transmission
coefficients we get the P and S wave potentials in the solid at points Tp and Ts,
respectively. To obtain P and S wave potentials at point Q we need to multiply the P and
S wave potentials in the solid at points Tp and Ts by appropriate wave propagation terms,
to mathematically represent the propagating P and S waves along the path lengths Rop
and Rys, see Eq. (8.2). Finally, from the wave potential terms the displacement
components are obtained by taking derivatives of the potentials (see Egs.3.10 and 3.22).
- After going through these steps the final expression of the displacement field in the solid

will have the following form (See Reference 36 for the proof),
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T, . .
X £ exp[zkfR”, +1kPR2P)]
u(x) = “Pr% jEe £r@ das
27 c 2
Ps (Cps R, Lo R, \/Rlp +R, Cp cos2 Oy
i ¢, crcos” ,p (8.26)
T, . .
N 5 exp[zkfRIS +ikgR, )]
+ B j Pr? ds
2
5§ C c.co8° 8,
RIS _gR’lSJRlS‘%RZSWS’__ 2 12
c; ¢, cos” O,

Where €, and € are unit vectors in the direction TpQ and normal to the
direction TgQ, respectively. In other words, €, and e, are polarization unit vectors in
the direction of the particle displacements for propagating P and S waves, respectively.
Transmission coefficients 7, and T are obtained earlier in Chapter 5. Note that the

integrands of Egs. (8.26) and (7.19) have some similarities.
8.3 Transducer Surface Inclined to the Fluid-Seolid Interface

| For the case, when the central axis of the transducer is not normal to the interface,
or in other words the transducer has some inclination relative to the interface as shown in
Fig. 8.3, then the problem geometry differs from the normal incidence case; however, the
only difference in this case is that for the problem geometry of Fig. 8.2, Cxy = 0 or
constant for all point sources on the transducer surface but that is not the case for Fig. 8.3.

Therefore, the inclined incidence case can be modeled in the same manner with minor
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modifications in the formulation. These minor modifications are similar to the fluid-fluid
interface case that was explained earlier in Chapter 7. The coordinates of the point

sources on the transducer surface are to be multiplied by a rotation matrix.

Transducer
rotation

Fluid
l Cr, Pt I bI
Zo Z2

Figure 8.3 Transducer surface is not parallel to the fluid-solid interface.
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CHAPTER 9

COMPUTER CODES AND SOME CHECKS

9.1 General

A number of MatLab computer codes were developed to model the ultrasonic
fields generated by the ultrasonic transducers of finite dimension. The transducers are
immersed in a fluid. The author developed different codes for different cases considered
here. These programs are based on DPSM technique for modeling ultrasonic transducer
as mentioned earlier in preceding chapters. MatlLab environment is used for writing
different codes. MatLab is used for numerical computation because of MatLab’s ability
to work with wide range of variables such as scalars, vectors, matrix, strings and cell
arrays. In addition, MatLab is very powerful program for plotting 2-D and 3-D graphs for
large data set such as our case [37,38]. To appreciate MatLab’s ability in plotting arrays
consider one of the cases we modeled where we used 1000 source points for transducer
face and 700 points on the Z-axis with 700 points on the X-axis for the field in front of
the transducer in each fluid medium. This means 1000x 700x 700x 2 or 9.8x10° values
were used for one plot only. Keep in mind that we plot up to ten graphs in some cases,
therefore computer speed is crucial for this type of calculations.

The main program has two or three subroutines depending on the case considered.
One subroutine (geom) gives the geometry of the transducer (circular for this case);
however, it can be easily changed to different transducer shapes. GeomRof is similar

subroutine to geom but with the additional ability to rotate the transducer in the 3-D
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space, in this case it rotates about the Y-axis by any angle. Other types of subroutine are
those created to calculate the wave pressures in front of the transducer. These types of
subroutine are called Field since they pertain to the field in front of the transducer. There
are different Field subroutines for different fields assumed. Other subroutine programs
are written either to minimize a function or to double-check the accuracy of the main
program. These small subroutines are named funi2 where the Arabic numeral is used for

labeling these small subroutines. Different MatLab codes are given in Appendix A.

Four main programs are developed in this investigation Fluid 1, Fluid 2, Solid 1
and Solid 2. The structures of these different codes are such that, for every case the main
program calls geom subroutine for modeling the transducer (by DPSM technique). It also
calls Field subroutine, in which the pressure field at specific point (X, Y, Z) is computed
for a single point source on the transducer face. Then in the main pfogram contributions
of all point sources are added to obtain the total field. When a second medium is present
the optimization routine funl2 is used to obtain the intersection point between the fluid
interface and the ray traveling from a given source location (¢4, ¢y, ¢;) to the final
destination point (X, Y, Z). Once this point is found, the main program calls the
appropriate Field subroutine to compute the pressure field at specific point (X, Y, Z) in
the second medium. Contributions of all point sources are added in the main program to
obtain the total field in Medium 2. After both fields are calculated, the main program

plots the result in 2-D or 3-D plots as specified.
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9.2 Computer Codes
In this section we will go over some output or results of different computer codes
written for this study for the purpose of checking the codes. Detail results and

comparison are presented in the following chapter.

9.2.1 Fluid 1
This program has been developed to consider a transducer in a single fluid
medium extended to infinity. The program can find pressure along z-axis of the

transducer as well as in the xz-plane that is perpendicular to the transducer face.

9.2.1.1 Check

A well-known phenomenon in the field of ultrasound is that the ratio of
transducer diameter to wavelength A determines the spread of the interference zone (near
field region) and the number of maxima and minima. The position of the last pressure
maximum along the transducer axis depends on the transducer diameter (D) and the wave
length (A) in the following manner {39]

D12
42

VA

©.1)

In most practical cases the diameter is much larger than the wavelength and we

can simplify the above relation as

e} (9.2)
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The field beyond the last maximum is called the far field and the one between the
transducer and the last maximum is the near field. N therefore is called the near field
length, and is an important characteristic of the ultrasonic beam generated by transducer
of finite dimension [{40,41}.

Program Fluid 1 calculates the pressure field in front of a transducer immersed in
an infinite homogenous fluid. Two runs are made to check this program where the
frequency as well as the transducer diameter are changed. In the first run D was taken as
2.6 mm, and 2.2 MHz frequency was assumed, while for the second run a transducer
having D = 6 mm with 5 MHz frequency was considered. Both transducers were assumed
to be immersed in water. Fig. 9.1 shows the results of the first run, while Fig. 9.2 shows
the same for the second run. Using Eq. (9.2) the near field lengths can be calculated for

both cases (knowing the P-wave speed in water, ¢, =1.49km/s )

C
A =—L= 1B _ 68
f 22
242 2 062
z - D’-4’ _26°-068° .
44, 4x0.68

and for the second run we found,

C
;tz—_——f:}ﬁg:o.z%
s

D232 2 _.2982
7, =2 —A 6208 o o
44, 4% 0.298
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From Figs. 9.1 and 9.2 one can see that the near field lengths are correctly
predicted by the program. These figures show only the pressure amplitudes along the Z-
axis, which is the central axis of the transducer. The total pressure fields in front of the
transducers are shown in Fig. 9.3a-b, where part (a) pertains to case one which is smaller
transducer with lower frequency and part (b) shows the field for Case 2, which is bigger

transducer with higher frequency.

Acoustic pressure along Z axis
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Figure 9.1 Ultrasonic pressure along the axis of a transducer
having D = 2.6 mm, f= 2.2 MHz
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Figure 9.2 Ultrasonic pressure along the axis of a transducer
having D = 6.0 mm, =5 MHz
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Figure 9.3 Pressure fields in front of the transducer-(a) D=2.6 mm, f=22MHz (b) D=

6 mm, f=2.2 MHz
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Note that in Figs. 9.1-9.3 the scales are different. In one case the pressure field is
plotted up to 10 mm while for the other case it is plotted up to 50 mm in the Z-direction.
It should be also noted that the field is more collimated in Fig. 9.3b than that in Fig. 9.3a.

This is due to the fact that both frequency and transducer diameter are higher for Fig.

9.3b.

9.2.2 Fluid 2

This program computes the pressure field in front of a circular planar transducer
for the inhomogeneous fluid with an interface. It studies the effect of the presence of one
fluid on the second one. This code finds the pressure in medium one as well as in medium

two along Z-axis and in the xz plane.

9.2.2.1 Pressure Field Check

To check the accuracy of this program, a special set up was assumed where both
media are set to have the same material properties. In other words, Medium 2 and
Medium 1 are treated as two different materials with an interface but having same
material properties. By doing so, we could see if the calculation for the second fluid is
done correctly because in this case the one fluid solution should be identical to the two

fluid solution. For this case, the medium is chosen to be pure water with

P =1gm/cm3 and ¢, =1.49km/s. A transducer having a diameter of 2.4 mm with 1

MHz frequency is considered. The 10 mm long field in front of the transducer is
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calculated. The output of Fluid 2 is compared with the output of Fluid I for the same

material properties and field length.

Acoustic pressure in XoZ1 plane (n = 50 sources) "F"
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Figure 9.4 Pressure contour generated by Fluid I program.
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Acoustic pressure in both fluid (n = 50 sources) "F"
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Figure 9.5 Pressure contour generated by Fluid 2 program. Two identical

fluids having an interface at Z = 5 mm

Fig. 9.4 shows the contour plot for the pressure field generated by Fluid 1 which
calculates the pressure field in a homogenous fluid with no interface, while Fig. 9.5
shows the contour plot of the pressure field calculated by Fluid 2 where two mediums are

considered with the interface at Z = 5 mm. As expected the two contour plots in Figures
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9.4 and 9.5 come out to be identical. This is an indirect check of the reliability of both

computer programs Fluid I and Fiuid 2.

9.2.2.2 Retation Check
Transducer rotation is done though GeomRot subroutine. To check this

subroutine, a fluid-fluid case with 30-degree incidence angle was analyzed. Fluid 1 was

water with p, =1gm/em’ and ¢, =149km/s, while Fluid 2 is an imaginary fluid

having p, =1.5 gm/cm3 and ¢, =2km/s. Result of this run was compared with Snell’s

law, which states that,

(9.3)

where 6, and 6, are incidence and transmission angles, respectively.

Fig. 9.6 shows pressure contours for both fluids. From the pressure contour plot of Fig.

9.6, the transmission angle was found to be,

tan@, = 1—'3;2; =0.91

6, =423

Note that the horizontal and vertical scales of Fig. 9.6 are not the same.

From Snell’s law we get,

. S 2 NPV
sind, =-<L-sinf, = ——xsm30 =0.67114
¢ ' 149

fi .
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or

6, =422

Therefore, the code satisfies Snell’s law.

Acoustic pressure in both fluid (n = 50 sources) "F*
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Figure 9.6 Pressure contour shows incidence and transmission
angles for fluid- fluid case
9.2.3 Solid 1

This code is written to calculate the ultrasound reflection by a solid half space.

Since most NDE experiments are carried out on solid specimens with transducer
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immersed in the fluid it is important to study the pressure fields in the fluid in presence of

a solid half space.

9.2.3.1 Reflection Angle Check

Reflection of ultrasound by a solid half space is shown in Fig. 9.7 for the purpose
of checking the code. The incident angle for this case was set at 27.2 degree. The angle of
incidence must be equal to the angle of reflection to satisfy Snell’s law. Calculation of
the reflection angle from the graph came out to be 27.4 degree, which shows that Snell’s

law is satisfied in this case also.



109

Acoustic pressure in XoZ plane (n= 100 sources) "3

Figure 9.7 Pressure contour shows ultrasound reflection by
a solid half space

9.2.4 Solid 2

Displacement field in the solid medium are obtained by this computer code. P-
wave and S-waves are traced by this code in order to find the displacement caused by
such waves. This program takes considerable computational time since it deals with both
P- and S-waves generated in the solid and optimization routines are needed to obtain the
point of strike at the interface corresponding to a source point on the transducer and

observation point in the solid medium.
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CHAPTER 10

NUMERICAL RESULTS

Numerical results generated by MatLab programs are presented in this chapter for
three different cases: homogeneous fluid, nonhomogeneous fluid and fluid-solid media.
All results are produced for circular planar transducers immersed in water. The
transducer shape does not change; however, it’s diameter as well as the number of point
sources considered to model it may change from one set of results to another to optimize
the accuracy and computational time. Transducer frequency changes in the range from 1
to 5 MHz.

Different media are considered in various examples. Four types of fluid medium
and three types of solid medium are considered. Material properties of these fluid and
solid media are listed in Table 10.1. Fluid media yield results quicker than the solid
media. Due to the generation of P- and S-waves in the solid, the calculations involving
the solid are more time consuming. Transducers are always assumed to be immersed in
water, which is Medium 1.

This study generated many plots and graphs, however only the ones tﬁat describe
the main findings are presented here. All dimensions in the plots and graphs are given in
millimeters. Scales of these graphs are not necessarily the same in the horizontal and

vertical directions.
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Table 10.1 Material properties of fluids and solids considered in this research

Acoustic
P-wave speed | S wave speed Density Impedance
(kny/s) (km/s) (g/cm?) (10° g/m’s)
Fluid 1 1.49 1.0 1.49
(water) ) )
Fluid A 2 15 3.0
Fluid B 3.25 1.8 5.85
Solid A 0.93 0.001 16 1.48
Steel 7.39 3.5 7.8 57.64
Copper 4.66 2.26 8.93 41.61
Aluminum 6.5 3.13 2.8 20.34

10.1 Homogeneous fluid (water)

A circular transducer having a diameter D = 2.7 mm and generating 2.2 MHz
ultrasonic signal is immersed in water. The transducer face is aligned with the xy plane
such that the transducer axis coincides with the z-axis (x =0,y =0). This simple case is
considered first and multiple graphs are shown for this case. Fig. 10.1 shows the variation
of the pressure field along the Z-axis in front of the transducer face. There are some
peaks and dips near the transducer face as shown in the figure. These dips and peaks are
the result of constructive and destructive interferences between the fields generated by

different point sources on the transducer face. In this run, the transducer was modeled
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using 100-point sources. Fig. 10.1 also clearly shows that the ultrasonic field decays as

the distance from the transducer increases, which is expected.

Acoustic pressure along Z axis
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Figure 10.1 Ultrasonic pressure variation along the Z-axis

Contour diagram of the pressure field variation in the fluid at the x-z plane in
front of the transducer face is shown in Fig. 10.2. The highest pressure is shown in red
color, while the blue color represents the lowest pressure in the figure. This transducer is

relatively small in size, as a result the radiated beam is less collimated compared to
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bigger transducers. This is clearly shown in the figure as the contour lines take shape of

letter “V” going further apart as we move away from the source.

pressure in X-Z plane

Z axis (mm)

Figure 10.2 Pressure variation in a single medium for

transducer having D = 2.7 mm, f = 2.2 MHz

Pressure variation in the x-y plane can be seen in Fig. 10.3 where we can see the
pressure intensifies in the middle. Highest pressure point (red in color) is located in the

center. This 3-D plot is constructed at a distant of 3 mm away from the transducer face.
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Acoustic pressure in X-Y plane

Y axis (mm)

¥ axis (mm)
Figure 10.3 Pressure variation in the xy plane in front of the transducer

Figures 10.4 and 10.5 show the pressure along the z-axis and the contour plot of
the pressure variation in the x-z plane, respectively for a transducer having a diameter of
6 mm. This transducer is chosen to have more than four times the area of the first one to
see the effect of the transducer size on the generated field. As expected the field
generated by the bigger transducer is more collimated than the field generated by the
smaller transducer as can be seen in figures 10.2 and 10.5. Both transducers generate
ultrasonic signals with saxﬁe frequency (2.2 MHz); however, one can clearly see that the

number of peaks and dips are more for the bigger transducer. This is due to the fact that,



115

the ratio of transducer diameter to wavelength A determines the number of maxima and

Acoustic pressure along Z axis

Pressure (Pa)
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Z axis (mm)

Figure 10.4 Ultrasonic pressure variation along Z-axis for the transducer having 6 mm

diameter and 2.2 MHz frequency.
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Figure 10.5 Pressure contour in a single medium for the transducer

of 6 mm diameter and 2.2 MHz frequency

10.2 Nonhomogeneous Fluid
Numerical results shown here are generated by the computer program

Fluid 2 which considers an interface between two fluid media.
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10.2.1 Normal incidence

117

The pressure field generated by a circular transducer placed parallel to the

interface of two fluids is shown here. The transducer frequency is set at 1 MHz and its

diameter is 2.7 mm. The distance between the transducer face and the interface between

two fluids is 5 mm. The transducer is immersed in Fluid 1 (P-wave speed = 1.49 knvs,

density = 1 gm/ce). The P-wave speed and density of Fluid 2 are 2 km/s and 1.5 gm/cc,

respectively. Note that Fluid 2 is Fluid A of Table 10.1 for this calculation.

Z axis mm.

Acoustic pressure in XoZ1 plane (n= 50 sources) "F"
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Figure 10.6 Pressure field calculated in Fluid 1 in front of 2.7 mm diameter transducer,

interface at Z = 5 mm.
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The pressure field computed in the first fluid is shown in Fig.10.6 while the
pressure field computed in the second fluid is shown in Fig.10.7. One thing noticed from
these two figures is that the pressure in Fluid 2 is much smoother than that in Fluid 1.
This is because the pressure field in Fluid 1 is a superposition of the incident and

reflected fields while the pressure field in Fluid 2 is generated by the transmitted field

only.
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Figure 10.7 Pressure field calculated in Fluid 2 in front of 2.7 mm diameter transducer,

mterface at Z = 5 mm.
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The pressure variations in the xz plane for both fluids are shown as a contour plot

in Fig. 10.8. Fluid 2 program has the capability of combining the pressure in the two
fluids which is shown in Fig. 10.8. Note that the contour lines are continuous across the

interface, and the interface pressure is matched nicely in this contour plot.

Acoustic pressure in both fluid (n = 50
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Figure 10.8 Pressure variations in the xz-plane for nonhomogeneous fluid

in front of 2.7 mm diameter transducer, interface at Z = 5 mm.
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Acoustic pressure along Z-axis (n = 50 sources) "F"
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Figure 10.9 Pressure variation along the z-axis for Fluid 1 and Fluid 2,

interface at Z = 5 mm.

Pressure along the z-axis for this case is plotted in Fig. 10.9. Notice that the
pressure decays with distance Z. Monotonic decay of the pressure in Fluid 2 and
oscillation in Fluid 1 should be noted here. The oscillations in the acoustic pressure i
Fluid 1 are due to constructive and destructive interferences between two rays - the direct

mcident ray and the ray reflected from the interface.
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10.2.2 Obligue Incidence

Pressure variations in the two fluids for an inclined transducer are shown and
discussed here. Two cases are considered: for the first case Fluids 1 and A form the
nonhomogeneous fluid medium while for the second case the nonhomogeneous medium
is composed of Fluids 1 and B; see Table 10.1 for material properties. Fluids A and B
have different acoustic impedance and are expected to behave differently. The rotation
angle is set at 30° for both cases. The transducer size is 2.7 mm, the signal frequency is
2.2 MHz.

Since the acoustic impedance is higher for Fluid B it is expected that the reflected
energy will be higher when Fluid 2 is Fluid B. From Snell’s it is also expected that the
transmission angle will be greater for Fluid B. Both these are observed in this study. For
easier comparison between these two cases the pressure fields in Fluid 1 and Fluid 2 are
plotted side by side for Fluid 1- Fluid A and Fluid 1- Fluid B combinations. Fig. 10.10
shows the pressure in Medium 1 for case 1 (Fluid 2 = Fluid A) and Fig. 10.11 shows the
pressure in Medium 1 for case 2 (Fluid 2 = Fluid B). Fig. 10.12 shows Medium 2

pressure variation for case-1 while Fig. 10.13 shows the pressure in Medium 2 for case-2.
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case-1(Fluid 2 = Fluid A) incident angle is 30 degree.

Acoustic pressure in XoZ1 plane (n= 100 sources) °F*
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Figure 10.11 Contour plot of pressure field variation in the first medium for
case-2(Fluid 2 = Fluid B) incident angle is 30 degree.
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By comparing Figs. 10.10 and 10.11, we can see that there is more reflected
energy for Case-2. The acoustic oscillation that occurs in the first medium because of the
interface presence is stronger for case-2 (Fig. 10.11). This is because the reflected energy
is greater for this case.
Figs. 10.12 and 10.13 show the pressure in Medium 2 for case-1 (Fluid 2 = Fluid
A) and case-2 (Fluid 2 = Fluid B), respectively. In both figures, the horizontal scale is
different from the vertical scale; as a result, the transmitted ultrasound beam angles
appear to be smaller than actual. Comparing the two figures it is observed that Fig. 10.13
has a greater transmission angle in comparison to Fig. 10.12. This result is expected as
Medium 2 has a higher wave speed for case-2 than case-1.
From comparison of these two figures we can also see that the energy transmitted
in the second medium travels almost double the distance for case-1 than case-2 because

more energy is transmitted in case-1.
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Figure 10.12 Contour plot of pressure field variation in
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Figure 10.13 Contour plot of pressure field variation in the
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Contour plots of Figs. 10.10 and 10.12 are combined and shown as a surface plot

in Fig. 10.14. The vertical axis represents the pressure in this 3-D plot. In this figure, the
transducer face is at the bottom of the graph close to zero on the x-axis. The interface
exists at Z = 5 mm. Oscillation in Fluid 1 and smooth decay in pressure in Fluid 2 can be

clearly observed in this figure.

Acoustic pressure in both fluid (n=50 smn‘ces) "F"

X axis (mm)

Figure 10.14 Surface plot of pressure field variation for both media,
case-1 (Fluid 2 = Fluid A) incident angle is 30 degree.
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The large impedance mismatch between Fluid 1 and Fluid B (case-2) can be seen

from another angle by looking at the combined contour plots of Figs. 10.11 and 10.13

into a surface plot, which is shown in Fig. 10.15. Vertical axis in Fig. 10.15 represents the
pressure. The interface is at Z = 5 mm.

From this figure, we can see that most of the energy is reflected and only a little

part of it is transmitted into Medium 2. A comparison of Figs. 10.14 and 10.15 clearly

shows the effects of impedance mismatch on the reflected and transmitted energy.

Figure 10.15 Surface plot of pressure field variation in both media ,

case-2 (Fluid 2 = Fluid B) incident angle is 30 degree.
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10.3 Fluid-Solid
10.3.1 Normal Incidence
For the normal-incidence fluid-solid problem, two solids were considered. These
are steel and copper. Material properties of steel and copper are listed in Table 10.1.
Displacement fields in the solid are shown for both materials. The 12 mm diameter
transducer in this case is assumed to generate ultrasonic signal with 1 MHz frequency.

The transducer is immersed in water 5 mm away from the solid-fluid interface.

Z axis (mm)

X ais (mmy)

Figure 10.16 Vertical displacement fields in steel half space generated by 12 mm

diameter transducer for 1 MHz signal frequency
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Figure 10.17 Horizontal displacement fields in steel half space generated by 12 mm
diameter transducer for 1 MHz signal frequency
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Figure 10.18 Total displacement fields in steel half space (Z > 5 mm) and pressure field
in fluid (Z < 5) generated by 12 mm diameter transducer for 1 MHz signal frequency.
Note that the fluid-solid interface is located at Z = 5 mm.
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Figure 10.18 shows the total displacement field inside the solid and pressure field

inside the fluid for the case when the solid is steel. The top half of the figure (Z > 5 mm)
shows total displacement field in the solid while the bottom half shows the pressure in the
water. Since the value of the pressure at an interface point in the fluid and the
displacement value at the same interface point in the solid are not same, the contours are
not continuous across the interface. A solid line at the interface position (Z = 5 mm) was
left intentionally in the plot to clearly show the interface position. This figure shows the

spread of ultrasound beam in fluid and solid.

Z axis (mm)

40 30 =20 40 0 10 20 30 40
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Figure 10.19 Vertical displacement fields in copper half space generated by 12 mm

diameter transducer for 1 MHz signal frequency
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Figure 10.20 Horizontal displacement fields in copper half space generated by 12

mim diameter transducer for 1 MHz signal frequency
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Figure 10.21 Total displacement fields in copper half space (Z > 5 mm) and pressure field
in fluid (Z < 5) generated by 12 mm diameter transducer for 1 MHz signal frequency.

Note that the fluid-solid interface is located at Z = 5 mm.

Fig. 10.21 is similar to Fig. 10.18 only difference is in one case the solid half

space is steel and in the other case it is copper.

10.3.2 Obligue Incidence
10.3.2.1 Size effect

To see the effect of transducer diameter on the ultrasonic field in front of an
aluminum specimen, three transducers having three different diameters were considered.
Pressure fields generated by transducers of diameters of 2.7, 4 and 6 mm are shown in

Figs. 10.22, 10.23 and 10.24, respectively. The distance of the solid from the transducer
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and the frequency of the ultrasonic beam are set at 10 mm and 5 MHz, respectively. All
three figures clearly show the reflected ultrasound in front of the solid half space,
however there is some difference in these figures. In Fig. 10.22 the reflected beam is
strong at the interface but fades away slowly as it goes further, while in Fig. 10.23 the
beam is well rounded and stays strong all the way. In the third figure (Fig. 10.24) the
reflected beam has some null or weak zone in the middle of the beam. This happens due
to the fact that the reflecting interface is in the near field of the bigger transducer. It
clearly demonstrates that bigger transducer and closer interface do not necessarily
produce stronger reflected beam. The right combination of transducer size, frequency and
distance from the reflecting surface is needed for NDE application, and it shows the
importance of our investigation prior to the laboratory or field tests. From Fig. 10.23 we
can see that the reflected beam is well collimated and propagates a long distance for 4
mm diameter transducer. This strong reflection of beam is a key element in the
investigation of defects and flaws in the NDE testing since it registers strong energy at
the receiver.

Pressure variations along the interface for the two bigger (4 mm and 6 mm
diameter) transducers are shown in Figs. 10.25 and 10.26 where the weak spots can be
clearly seen. Three peaks appear in Fig. 10.26 with two valleys in between representing
strong and weak zones. Looking closely in Fig. 10.24 one can see three small red dots
along the interface. These dots correspond to the three summits, while in Fig. 10.23 only
one big red dot can be seen near the interface. Therefore, only one summit in figure 10.25

1s observed.
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X axis

Figure 10.22 Reflected pressure fields in front of the transducer
having D =2.6 mm, /= 5 MHz.

X axis

Figure 10.23 Reflected pressure fields in front of the transducer
having D =4 mm, /=5 MHz.
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Figure 10.24 Reflected pressure fields in front of the transducer
having D = 6 mm, = 5 MHz.
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Figure 10.25 Pressure variation at the fluid-solid interface, D = 4 mm, /= 5 MHz.
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Figure 10.26 Pressure variation at the fluid-solid interface, D = 6 mm, /= 5 MHz.

10.3.2.2 Effect of incident angle

To see the effect of the incident angle on the reflected ultrasound beam, four cases
are considered here with four different angles. The four angles are 10, 13, 27 and 30
degrees and are denoted as cases 1, 2, 3 and 4, respectively. The solid considered in this
case is alunﬁnum, the transducer diameter is 2.7 mm and the signal frequency is 5 MHz.

The fluid-solid interface is located at Z = 10 mm which is beyond the near field region.



Acoustic pressure in XoZ plane (n = 100 sources) ,"S°

Figure 10.27 Incident and reflected pressure fields in the fluid in front of the
transducer for 10 degree incident angle.
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Figure 10.28 Incident and reflected pressure fields in the fluid in front of the
transducer for 13 degree incident angle.
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