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ABSTRACT

STUDY ON LOCALIZED THERMAL EXPANSION

GRADIENT FORMATION FOR ACOUSTIC WAVE

GENERATION IN A NOVEL THERMOACOUSTIC

IMAGING MODALITY

Rupak Bardhan Roy

Ph. D. in Electronics Engineering

Supervisor: Assc. Prof. Ayhan Bozkurt

September 2017

Thermoacoustics is the process of generation of sound by heat or vice versa. Volume

generated thermoacoustic signals can be produced by thermal expansion induced

volume contraction and rarefaction inside a target body. Thermoacoustic imaging

uses this modality to obtain vivid insight into the internal structure of target body,

both for non-destructive testing and biomedical imaging. Any penetrating pulsed

radiation can be used for such purpose, including microwave where the modality is

called thermoacoustics in general or by incident light waves where the same is termed

as photoacoustics. The current thesis establishes the theoretical basis for a novel

thermoacoustic imaging modality where pulsed ultrasound is used as the incident

penetraing source. A formal forward transient theoretical eqution set is derived

based on established transient acoustic propagation models and the problem is solved

using a commercially available FEM software. The results are then compared with

experimental results and considerable agreement has been observed.

Keywords : Thermoacoustics, AA-TAI, Analytical modeling, FEM.



ÕZET

YEN_I B_IR TERMOAKUST_IK GÕRŨNTŨLEME

MODAL_ITES_INDE SES DALGASI ŨRET_IM_I _IC» _IN

LOKAL_IZE ISIL GEN_IS»LEME GRADYANI

OLUS»TURULMASI ŨZER_INE C»ALIS»MA

Rupak Bardah Roy

Elektronik Mũhendisli‚gi Doktora Derecesi

Tez Yõneticisi: Do»c. Dr. Ayhan Bozkurt

A‚gustos 2017

Is‡ ile ses dalgas‡ ve ses dalgalar‡yla ‡s‡ ũretilmesi, termoakustik ad‡yla an‡lmak-

tad‡r. D‡»s etmenlerle bir hacim i»cinde yarat‡lan s‡cakl‡k de‚gi»simleri, s‡k‡»sma ya da

genle»smeye neden olarak termoakustik i»sareti ũretmektedir. Termoakustik gõrũntũleme

tekni‚gi, bu modalitenin hasars‡z muayene ve biyolojik dokular‡n incelemenesi i»cin

kullan‡m‡na dayanmaktad‡r. Is‡n‡n bir mikrodalga kayna‚g‡ taraf‡ndan ũretildi‚gi

durumda teknik radyoa-kustik gõrũntũleme olarak an‡lmakta olup, kaynag‡n bir

lazer olmas‡ durumunda foto-akustik ad‡n‡ almaktad‡r. Bu tezde, termoakustik

i»saretin ũretilmesi i»cin kullan‡lan ‡s‡ kayna‚g‡n‡n ultrason dalgalar‡ oldu‚gu yeni bir

gõrũntũleme tekni‚gnin kuramsal altyap‡s‡ olu»sturulmu»stur. _Ileri yõnlũ bir kuram-

sal denklem dizisi geli»stirilerek, õnerilen gõrũntũleme yõnteminin ge»cici zamanl‡

»cõzũmlemesisin bir ticari FEM yaz‡l‡m‡yla ger»cekle»stirilmesi sa‚glanm‡»st‡r. C» õzũmleme

sonu»clar‡, deneysel verilerle kar»s‡la»st‡r‡larak do‚grulanm‡»st‡r.

Anahtar Kelimeler: termoakustik, AA-TAI, »cõzũmlemeli modelleme. FEM.
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Chapter 1

Introduction

The word ‘thermoacoustics’ can be deflned as ‘the production of sound by heat’

and vice versa. When heat is incorporated to a body, thermal expansion is made

to do mechanical work [1], and it is the mechanical vibration of the body itself.

The concept of thermoacoustics is centuries old, but, it is more recently that the

acoustic and ultrasound research community has taken up the subject very seri-

ously. The hard work has led to amazing discoveries in the fleld of vibration science

and to cutting edge application. Some examples are cryocoolers, the Rijke tube,

thermoelectric cooling, etc. In metals and other nonliving objects the technique

ofiers a new method of non destructive evaluation (NDE). In such cases thermoa-

coustic efiect can be used to difierentiate and locate regions of varying mechanical,

electrical, and thermal properties like thermal expansion coe–cient, heat capacity

etc. which conventional NDE fails to sense. The most recent event in the fleld is

the invention of the thermoacoustic computed tomography or medical thermoacous-

tic imaging (TAI) which got introduced to the scientiflc community not more than

three decades ago [2]. In such systems a pulsed energy source is used to excite a

target region of the human body. The pulsed excitation induces some temperature

expansion-rarefaction in the target region depending on the local physical, electrical

or optical properties. This thermal expansion results in low amplitude acoustic wave

that can be detected at flnite distance.Acoustic waves generated by thermoacoustic

principle with ionizing, radiating, electrical energy are generically termed as ther-

moacoustic efiect. Photo-acoustic efiect is the name given to the modality when

incident radiation is light.
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The elementary theory of thermoacoustics is based on the work by Lord Rayleigh

[3] and Sondhauss [4], however most of the theoretical and experimental work were

based only on the production of sound by heat. In 1850, Sondhauss experimentally

investigated the oscillations related to glass blowers showing that sound frequency

and intensity depends on the length and volume of the bulb followed by Kirchofi’s

publication on theoretical calculations on sound production by heat in 1868. Ther-

moacoustic efiect with photon excitation was flrst reported by Alexander Graham

Bell where he and Mr. Sumner Tainter investigated the sound production (audi-

ble range) by incident light [5]. The work focused on many metals but mainly on

Selenium and claimed that various intensities of sound are produced from various

materials when similar light intensity and frequency are incident. Hard rubber was

seen to produce largest intensity whereas paper and mica produced the least. The

flrst ever adaptation of the prevalent thermoacoustic efiect in medical imaging was

in 1980’s by Professor Theoder Bowen of University of Arizona [2, 6]. Following

these publications the scientiflc community dedicated itself to the investigation of

thermoacoustic imaging principle for in-vivo and in-vitro experiments. Some old

and recent literature deals with system design for microwave induced thermoacous-

tic imaging for breast cancer detection [7], thermoacoustic imaging of human arm

using simple CRTs [8], development of fast parallel data acquisition systems for

TAI [9], FEM system design for photoacoustic imaging procedure [10,11], and a se-

ries of papers from the Indiana University Medical Center by Dr Robert A. Kruger.

Kruger’s publications started with a time averaged theoretical model of the pho-

toaoustic efiect where he assumed that a portion of photon energy is absorbed and

being converted into heat [12]. Under such assumption he solved a modifled version

of Penne’s Bioheat Transfer Equation (BHTE) with a heat source term. Then intro-

ducing the wave equation and under certain assumption incorporating the temporal

temperature variation one can flnd the pressure at the detector. In the next paper of

the series, some technical considerations were vividly discussed including the choice

of irradiation frequency for RF based thermoacoustic imaging and a inverse Fourier

transform based image reconstruction algorithm [13]. The paper also talked about

an experimental setup for doing thermoacoustic computed tomography for imaging

2
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the kidney. The detector set up was 64 elements of linear piezoelectric transducer ar-

ranged in a spiral manner. The RF excitation frequency was optimized as 434 MHz.

The theoretical base of the considerations in the paper was taken from the assump-

tions used in the photoacoustic imaging model of the previous paper. Next two

papers were published in ‘Radiology Technical Developments’. First one published

some imaging data with the previously developed experimental setup. The exper-

iments were done in-vitro on porcine kidneys [14]. The results demonstrated com-

parative images between ultrasonography, MR and thermoacoustics, which formed

the platform for in-vivo experiments on human breast in his next paper [15]. The

results proved that thermoacoustic images can exhibit clear contrast-difierence be-

tween healthy tissues and carcinoma. The flnal paper in the series set up a new

experimental setup with linear transducer array where the sample was rotated with

a rotor. So, the linear transducer array, even being flxed, was able to capture image

of the entire sample [16]. Kruger’s theoretical and technical considerations were

accepted with high impact in the scientiflc community and were cited in numerous

thermoacoustic research in the following years. One such publication introduced a

better version of Kruger’s system design, data acquisition and reconstruction algo-

rithm which resulted in volumetric 3D thermoacoustic images [17]. In-vitro imaging

was done on tumor mimics and breast models with acceptable results. In agreement

with Kruger’s comparative results of TA images and other conventional imaging

modalities, the prior advantages can be categorized as:

† In soft tissue regions of the body the technique can provide important insight

to tissue characteristics which conventional imaging modalities that predomi-

nantly depend on re°ections fail to deliver.

† Thermoacoustic imaging has the capability to verify treatment procedures.

For example, in cancer therapy using radiation or High Intensity Focused

Ultrasound (HIFU), it can be used to understand the after efiects of dosage

delivery. Some recent research has successfully verifled the claim by showing

that HIFU Lesion shape and size can be studied both in-vitro and in-vivo

during and after HIFU treatment [18].

In photoacoustic/thermoacoustic imaging, target tissue is illuminated with a short

3
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laser/microwave pulse of very short duration (1„s or less). Under thermal conflne-

ment conditions (i.e., heat generated at a point does not get enough time to difiuse),

the temperature increase is directly proportional to the momentary absorption of

energy. The resultant thermal expansion of the heated tissue creates an acoustic

signal, which form the basis of thermoacoustic (TA) imaging. The analytical for-

mulation of the theory has been deduced in available literature [19,20], and is based

on the mathematical platform of reverse source problem. In both the cases (RF

and Photoacoustics) the target is exposed homogeneously to the incident pulsed

radiation. Thus, the dissipation of incident wave throughout the entire propagation

path plays an important role. The nonlinear dissipation can be controlled if trans-

mit beam-forming can be used; but none has been reported in available literature.

Additionally, since both RF and LASER thermoacoustic uses electromagnetic inci-

dent radiation (though at difierent frequencies), the resultant TA wave in both cases

exhibit closely related material properties.

Recently, a novel TAI imaging technique was proposed and named as ‘Acousto-

Acoustics’ or ‘All-Acoustic-TAI (AA-TAI)’ by Prof. Mustafa Karaman of Istanbul

Technical University (ITU). Experiments conducted by Prof. Karaman in associa-

tion with Prof. Arif Sanli Ergun of TOBB-ETU, Ankara, provided evidence for the

feasibility of AA-TAI. In the proposed technique, the thermoacoustic source itself

is an ultrasonic pulse, so that the imaging sequence becomes all-acoustic, starting

from pulsed energy incorporation, inducing thermal oscillations and up to the de-

tection. Acoustic transmit beam-forming (focused ultrasound pulses) are used as

the incident radiation and the modality is expected to provide realization of im-

portant acoustic properties of the target body which has not been reported by any

available TA modalities in use. One important difierence of the ultrasound-induced

thermo-acoustic signal from its photo/microwave counterpart is the comparatively

slow propagation velocity of incident sound compared to EM waves. Hence, the AA-

TAI signals coming from the deeper tissue locations are delayed by the comparatively

slow propagation speed of sound. In the contrary, photon and microwave induction

generates TA signal simultaneously from every point wherever the penetration has

taken place. The delayed generation of the AA-TAI signal can be beneflcial in im-

proving the depth resolution of the resulting image. In other words, photoacoustic
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Figure 1.1: Flowchart for modeling process.

image resolution is limited by back projection of received array data (receive beam

forming), where as, the AA image resolution utilizes both phased array transmit

beam-forming as well as receive counterpart.

The aim of the current dissertation is the development of a forward transient

theoretical model of the proposed modality to support the experimental flndings of

Prof. Mustafa Karaman, and Prof. Arif Sanli Ergun. The novelty of this current

thesis is based on two primary motivations:

1. Forward transient theoretical modeling: Proposes a forward transient gov-

erning equation set and solves the same using commercially available FEM

software. The schematic in Fig. 1.1 demonstrate the modeling steps. (1) The

acoustic propagation of incident pulsed ultrasound and the thermal oscillation

induced by the same are modeled using a set of equations. (2) Temperature

output from the flrst set is used to solve for thermal expansion-rarefaction.

(3) The flnal equation set uses the thermal expansion result to solve for the

TA signal generation and propagation. Finally, some experimental results are

used to prove the proposed model.

2. Manufacturing of high-e–ciency transducers to be used in an imaging system

based on AA-TAI.
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Results obtained from simulations based on the developed model, which closely

match experimental flndings, are expected to shed light upon the virtues of the pro-

posed thermoacoustic imaging modality. Numerical results are expected to be used

in the assessment of signal levels to be received form various types of tissue, as well

as the development of image reconstruction algorithms, and hardware components

to support the proposed imaging technique.

The thesis has been organized as the following:

† Theory

† FEM simulation

† Model veriflcation by experimental data

† CMUT for HIFU

† Conclusion
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Chapter 2

Theory

The mechanism by which pulses of heat is generated inside a body (rather than

only near the surface) by any form of pulsed penetrating energy is termed as volume

heating. The heat rise and dissipation results in volume contraction and rarefaction

which can form a acoustic source. The thermal stress produced in the body is very

short lived. For the All-Acoustic-TAI (AA-TAI) modality in context, the analytical

formulation has to be transient as the transit time of propagation of input and

output acoustic pulses cannot be neglected. The focused sound can heat a small

region of interest and by changing the direction of the transmit beam thermoacoustic

signals can be generated and assembled by post processing. A somewhat longer

time between transmit pulses are needed for ultrasonic heating in comparison to RF

or photo-acoustics as the speed of propagation through the medium of interest is

comparatively less. The disadvantage which negated the use of ultrasound during

the early ages of TAI can now be used as an advantage, as the volume heating

in pulsed LIFU/HIFU will be concised and the accompanying scattered radiation

will not surpass the thermoacoustic wave. Alternatively, the technique of reverse

polarization as discussed previously can be used.

A pulse of focused ultrasound (having a flnite propagation time) incident in a

volume of a solid evidently means a sudden °uctuation of stress around the steady

state stabilized pressure value. The thermal oscillations due to the incident pulse

can be modeled as simple energy transformation from the mechanical domain to

heat domain and can be expressed by an approximated form of the energy equation
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Theory

deduced from the flrst law of thermodynamics, which states;

Total Energy Change = Total input heat flux + Total work done on the body

The approximation is in considerable agreement with Tominaga [21] where he pro-

posed the thermodynamic basis of thermoacoustics, stating:

\Heat °ow, work °ow and their mutual conversion all occur in

a thermoacoustic device."

Based on Tominaga’s work, it can be stated in the mathematics to follow that the

short lived thermal oscillations are directly linked to the °uctuation of the internal

energy of the solid or the conversion of its mechanical energy to heat energy. This

means that the periodic changes of stress originating from the acting LIFU/HIFU

pulse on the body leads to periodic changes of temperature which flnally lead to

heat currents inside the body.

According to Clarence Zenner and J. B Alblas in their series of publications on

the thermoelastic internal friction in solid [22{25], thermoelastic coupling is a phys-

ical phenomenon which is attributed to the coupling of the internal and mechanical

co-ordinates of a solid body. Heat currents are generally associated with the increase

of internal energy at the cost of mechanical energy. The conversion/increase of in-

ternal energy of a vibrating solid to/in-expense-of its mechanical energy is termed

as internal friction. The coupling of the heat and mechanical coordinates of a solid

is inherent with internal friction; and is termed as thermoelastic internal frictions

in solid. This process of energy dissipation which is connected with the velocity of

motion is the process of internal friction or viscosity. Both viscosity and thermal

conductivity has considerable efiect on transient acoustic heating of any media in

question.

The viscous stress tensor (¾ik) and its formulation for solids and liquids has been

reported in numerous research published in the last few decades [26{31]. It is known

that a perfectly elastic material can store 100% of its energy during deformation.

On the contrary, there are materials which dissipate some of this energy, primarily in

the form of heat. Since heat is dissipated, the stress strain curve during the loading

and unloading phase of the motion is difierent from perfectly elastic case as shown in

Fig. 2.1. The amount of heat dissipated or acoustic energy absorbed by the material

8



2.1. EQUATION SET FOR TRANSIENT HEATING BY PULSED

ULTRASOUND

Figure 2.1: A schematic representation of hysteresis.

is the area between the loading and unloading curve; also known as hysteresis.

Hysteresis requires that the loading portion of the stress-strain curve must be higher

than the unloading curve. Thus, from a stress-strain curve we can see the hysteresis

as the area between the loading and unloading curve. Real media are characterized

by such stress relaxation, structural viscosity, etc. Unlike perfectly elastic material

following Hooke’s law, stress in such materials are thus dependent on both strain

and its time derivative. Such materials are mainly biological media, polymers and

sometime approximated for metals as well; only with very high viscosity values.

The existing theory of viscosity or internal friction is globally used to describe the

mechanical properties of such materials.

2.1 Equation set for transient heating by pulsed

ultrasound

The transient heating by pulsed ultrasound propagation can thus be modeled using

the conservation equations following the heat-work law of thermodynamics. For the

current case where only pulses of ultrasound is the incident acoustic source, the

9



2.1. EQUATION SET FOR TRANSIENT HEATING BY PULSED

ULTRASOUND

temporal variation of vibration as well as its efiect on the variation of background

temperature at the region of interest needs to be analyzed.The analytical modeling

of transient acoustic heating in °uids and solids under the light of thermoviscous °ow

and thermoelasticity has been based on the approximation of traditional equation

of conservation [24, 25, 32{35]. The current case, where both thermal conductivity

and viscosity controls the phenomenon of thermal oscillation, is not an exception as

well.

Let us consider a material with background mean °ow density, pressure, velocity

and temperature deflned as ‰0, p0, ¡!v0 , and T0, respectively. For small change on

these variables deflned by ‰, p, ¡!v and T , the total variable quantities are deflned

as:

‰t = ‰ + ‰0 (2.1)

pt = p + p0 (2.2)

¡!vt = ¡!v + ¡!v0 (2.3)

Tt = T + T0 (2.4)

For the current case ‰0 is the static density of the material in context, p0 = 0,

¡!v0 = 0 and T0 = 293:15K. Thus the total pressure and velocity are equal to the

change or perturbation and can be written as, pt = p and ¡!vt = ¡!v respectively. The

propagation of sound pulse and the corresponding thermal oscillation can be modeled

with the equations of mass, momentum and energy conservation [36] approximated

for the given model in context and are given by:

@‰t

@t
+ r ¢ (‰0

¡!v ) = M (2.5)

‰0

D¡!v

Dt
= r ¢ ¾ + F (2.6)

‰0Cp

ˆ

@Tt

@t
+ (¡!v ¢ r)T0

!

¡ fiT0

ˆ

@p

@t

!

= ¡r ¢ q + ' + Q (2.7)

Eq. 2.5, Eq. 2.6 and Eq. 2.7 are also respectively termed as the Continuity, Navier-

Stokes and Energy equations, where Cp is heat capacity at constant pressure, fi is

the coe–cient of thermal expansion and M , F , Q are the respective source terms.

The source terms are zero in the incident transmit case. The operator D
Dt

is the

material derivative (or advection operator) deflned as:

D

Dt
=

@

@t
+ (¡!v ¢

¡!
r) (2.8)
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2.2. EQUATION SET FOR TRANSIENT THERMAL EXPANSION AND

VOLUME DISPLACEMENT:

Total stress tensor can be written in Stoke notation as:

¾ = ¡p–ik + „
‡

r¡!v + (r¡!v )T
·

+
µ

„B ¡
2

3
„

¶

(r:¡!v )–ik (2.9)

where „ and „B are the dynamic (shear) and bulk viscosity respectively. Finally,

the viscous dissipation function and the heat °ux(Fourier) is deflned as:

' = (r¡!v ):¾ik (2.10)

and

q = ¡k(rT ) (2.11)

k being the thermal conductivity and ¾ik being the viscous stress tensor given by

¾ik = „
‡

r¡!v + (r¡!v )T
·

+
µ

„B ¡
2

3
„

¶

(r:¡!v )–ik (2.12)

where „ and „B are the shear and bulk viscosity of the medium in question. In

index notation –ik is the Kronecker Delta function which is 1 when i = k, otherwise

being 0. The equation set Eq. 2.5 to Eq. 2.7 is closed by the thermodynamic state

equation given as:

‰t = ‰0(flp ¡ fiTt) (2.13)

where fl is the isothermal compressibility given by fl = 1

‰0

°
c2

; c being the speed of

sound in the medium and ° being the heat capacity ratio approximated to 1 for any

material other than air.

2.2 Equation set for transient thermal expansion

and volume displacement:

Thermal expansion can be modeled using the established thermal expansion equa-

tion given as:

† = fi(Tt ¡ Tref ) (2.14)

where † is the change in strain; fi,the thermal expansion coe–cientTref is the ref-

erence temperature and the difierence (Tt ¡ (Tref )) is the temperature variation, Tt

being the total temperature obtained by solving the coupled conservation equations

11



2.3. EQUATION SET FOR AA-TA SIGNAL GENERATION AND

PROPAGATION:

in the previous module. The total displacement vector originating from the strain

change can be resolved by solving the displacement equation given as:

‰0

@2¡!u

@t2
= FV ¡ r:¾ (2.15)

‰0 is the material density, FV is the volume force and ¾ is the total stress which also

includes the viscous stress component given by

¾ik = „B

d†vol

dt
+ „

d†dev

dt
(2.16)

†vol and †dev are the volume strain and deviatoric strain respectively. The strain

Equation 2.14 can be expressed in the respective volume and deviatoric components.

„ and „B are the shear and bulk viscosity components.

2.3 Equation set for AA-TA signal generation and

propagation:

The TA signal generation and propagation problem is analyzed by solving the non-

linear wave equation.
1

‰0c2

@2p

@t2
¡ r:(

1

‰0

rp) = Qm (2.17)

where, the source term;

Qm =
fl1

‰0
2c4

@2(ps)
2

@t2
(2.18)

ps being the source pressure, which in this particular case is the normal stress orig-

inating from the thermal expansion. The solution of the wave equation yields the

required thermoacoustic pressure signal. fl1 is the coe–cient of acoustic non-linearity

given by

fl1 = 1 +
B

2A
(2.19)

where A and B are the nonlinear acoustic parameters. For water fl1 = 10.

In Eq. 2.5, Eq. 2.6, Eq. 2.7 the linear assumption promotes that temperature

linearly follows the focal pressure. In the following set, thermal expansion is also

modeled for a linear elastic model, however with viscous damping under consider-

ation. Now, since the TA source term (Eq. 2.18) depends on the double deriva-

tive of the square of normal stress (derived from stresses developed during thermal
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2.3. EQUATION SET FOR AA-TA SIGNAL GENERATION AND

PROPAGATION:

expansion-rarefaction) the volume generated TA signal must follow the envelope of

the thermal expansion induced normal stress. Thus the output change must scale as

the square of any input change. The Fourier analysis must have a strong DC com-

ponent and a band around the frequency component of the envelope. Additionally

surface generated TA signals can also be modeled as discussed by Bowen [2,6] in his

pioneer papers. A small analysis at the beginning of Chapter 3 will discuss brie°y

where they difier from the volume generated TA signals, which is of prior concern

for understanding the internal acoustic properties of a target body.
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Chapter 3

FEM Simulation

The set of equations used to model transient acoustic heating by ultrasound pulses

in Chapter 2 does not have an exact solution. Finite Element Analysis(FEA) sim-

ulations using COMSOL MultiphysicsR°, a commercially available FEM package by

COMSOL Inc., Burlington MA is used to solve the entire set of equations starting

from pressure propagation, thermal oscillation, TA signal generation and TA sig-

nal propagation. The conservation equation set is solved using the transient linear

Navier{Stokes module. Thermal expansion is solved using the Solid Mechanics mod-

ule. Pressure Acoustics module with nonlinear source term is used to solve for the

TA signal generation and propagation. To understand the theory on a basic level

a simple model is considered at flrst. Later the pulsed HIFU model is developed.

Before the simulation results are demonstrated it is important to discuss the mod-

eling process for both simple and HIFU model, which includes, geometry, material

parameters, boundary conditions etc.

3.1 Geometry

3.1.1 Simple model geometry

The simple model is shown in Fig. 3.1. In the geometry, the smaller half circle

represents the solid where as the bigger ring geometries represent liquid domain.

The solid domain forms the TA source. An acoustic point source is deflned near

the geometry origin. Since in the linearized Navier{Stokes module a deflned point
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3.1. GEOMETRY

Figure 3.1: Model geometry

source is not available, it is deflned as a tiny straight line (0.001 nm) on the hori-

zontal axis. Since the model is axisymmetric the horizontal axis is attributed by the

symmetry boundary condition, which indicates mirroring. In case of Navier{Stokes

and nonlinear pressure acoustic modules the vertical axis (r=0) and the outer ring

boundary are attributed with material impedance boundary condition. In the pres-

sure acoustics module the solid domain (smaller inside quarter circle) is deflned as

the TA domain source.

3.1.2 HIFU model geometry

The HIFU model geometry is constructed step by step as shown in Fig. 3.2. The

HIFU transducer half surface (as deflned in general axisymmetric cases) is created

by area intersection of a circle and a triangle. The circle Fig. 3.2(a) deflnes the

curvature of the transducer and the focal point (25.4 mm, the center of curvature).

A rectangle Fig. 3.2(b)is then drawn with the dimension of 6.35 mm by 0.8066 mm

with one point at the origin. The intersection of the two structures forms the surface

of the designated transmit transducer as shown in Fig. 3.2(c).The liquid loading

domain is then added to the model as a 28.4 mm by 6.5 mm rectangle for transient

analysis. The next step is to do the mathematical union of the two domains which

automatically removes the intersection line by deselecting any internal boundary

structures, hence making the structure continuous. as shown in Fig. 3.2(d). Finally
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3.1. GEOMETRY

(a) 25.4 mm circle (b) 6.35 mm by 0.8066 mm rectangle

(c) Transducer half surface

(d) Finalized geometry with immersed focal object.

Figure 3.2: Steps of deflning the axisymmetric computation model geometry.

a semicircle of 0.5 mm radius is drawn around the focal point of the transducer which

represent the immersed silicon glue stick bead as shown in Fig. 3.2(e). It is always

useful to keep the analysis domain as small as possible for transient analysis to reduce

the RAM usage. The RAM or physical memory needed for running a COMSOL

transient simulation depends on the meshing. A denser mesh increases the memory

usage. To negate the usage of large RAM and to reduce the computation time the

results from an initial Navier{Stokes module solution is coupled to a smaller internal

domain and the solution of thermal expansion, and TA signal generation is solved

inside, as discussed later in the results. The small domain is deflned by a 3.7 mm

by 2 mm rectangle as shown in Fig. 3.2(e). The larger ring (only for structural

meshing) around the glue bead is constructed by a 1.5 mm radius circle with the
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3.2. MODULES

center again at 25.4 mm. In the frequency domain characterization (for checking the

focusing capability) of the HIFU transducer one needs to incorporate the absorbing

boundary condition as the perfectly matching layer (PML). The geometry is similar

with an additional 3 mm thick layer around the domain, deflned as the PML. The

internal boundaries of the PML was also removed with the union operation.

3.2 Modules

This is a short description of the multiphysics modules used for the HIFU model

simulations. The model geometry as described above has a number of boundaries,

domains and points of measurements. Fig. 3.3 has all of them marked and named

accordingly.Domains DI, D2 and D3 represent the liquid water domain. The domain

has been broken to facilitate the structured meshing scheme. D4 represents the solid

material in question, which is a small silicon glue stick bead. Boundary B1 is the

transducer surface where the time varying input pressure pulse is attributed. Point

P1 is the focal point where pressure , temperature and thermal expansion induced

displacement 1D plots are generated. The TA signal is gathered at point P2 In order

Figure 3.3: HIFU model: domain, boundary and points.

to understand the pulsed ultrasound HIFU pulse propagation and focusing, all the

domains were selected under the transient Navier{Stokes module. B1 impersonates
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3.2. MODULES

the transducer surface and hence an analytical pressure function was incorporated

to the surface but truncated at 400 ns to approximate the 5 MHz 2 cycle sinusoidal

pulse. The analytical function is deflned as,

an1(t) = A(t) = pSSin(2…f0t) (3.1)

for t deflned between 0 and 800 ns. The pressure on the transducer surface is deflned

as

p(t) = pS ⁄ an1(t) ⁄ (t[s] < Ttrunc) (3.2)

pS = 100 kPa is the peak input pressure, and can be manually deflned as needed

as an input parameter. For a f0=5 MHz burst of 2 cycles, the period T is 400 ns.

In order to make sure that the propagating waves do not re°ect from the domain

boundaries the characteristic acoustic impedance of water is set to boundaries B2

and B3; water being the liquid domain in context. To reduce the time and RAM

requirements of the coupled simulations. The smaller geometry encircled by B4,

B5 and B6 boundaries is used. The pressure coupled from the large Navier-Stokes

simulation is couple to B4 by the ‘withsol’ function in COMSOL and deflned as

‘withsol(’sol1’,p,setval(t,t))’ where ‘p’ is the pressure from the previous all domain

Navier-Stokes computation, performed between 0 to 24„s. For solving the coupled

modules, the computation is done from 15 - 23 „s. B4 is attributed with the above

noted ‘withsol’ function which is the input pressure boundary for the smaller domain.

Characteristic acoustic impedance of water was again incorporated to the boundaries

B5 and B6.

The temperature variation from the Navier-Stoke module is used to compute

transient volume thermal expansion of the solid domain. The ‘Thermal Expansion’

sub-node comes under the Solid Mechanics module. Only the silicone glue domain

D4 is selected under the same. Thermal expansion leads to internal contraction and

rarefaction and displacement. The solid boundary B7 is conflgured to be ‘free’ for

displacement. The pressure acoustic transient module is used to solve for the TA

pressure signal. The source term is incorporated to the solid D4. Boundaries B4,

B5 and B6 are incorporated with characteristic impedance of water. The 1D plot of

TA signal is gathered for analysis at the point P2.
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3.3. MATERIALS

3.3 Materials

The liquid domain used is water with the material properties stated in Table. 3.1.

Table. 3.2 below depicts the material properties of the silicone glue stick [30].

Table 3.1: Property parameter of Water

Parameter Value

Velocity of sound 1480 m/s
Density 1000 Kg/m3

Speciflc heat 4185:5 J/Kg-K
Thermal conductivity 0:598 W/m.K

Coe–cient of thermal expansion 2 £ 10¡4

Bulk viscosity 3:09 £ 10¡4 Pa-s
Dynamic viscosity 8:09 £ 10¡4 Pa-s

Table 3.2: Property parameter of Silicone glue stick

Parameter Value

Velocity of sound 1345 m/s
Density 1100 Kg/m3

Speciflc heat 1200 J/Kg-K
Thermal conductivity 1:9 W/m.K

Coe–cient of thermal expansion 7 £ 10¡4

Bulk viscosity 10 Pa-s
Dynamic viscosity 20 Pa-s
Young’s modulus 0:025 GPa

Poisson’s ratio 0:48
fl1 4

3.4 Meshing and time stepping

Any time dependent equations has a band of frequencies in the solution. To resolve

these frequencies, the maximum allowed mesh element size becomes,

h0 =
c

(N ¢ f0)
(3.3)

where c is the local speed of sound, and N is the number of mesh elements per

wavelength in the minimal case. A flner mesh means a bigger N . Choosing a time

step that resolves the wave equally well in time (as the mesh does in space) is
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3.5. RESULTS

(a) Mesh structure for the simple model. (b) Mesh interaction in the HIFU medel.

Figure 3.4: Meshing.

also very important. Longer time step fails to make optimal use of the mesh, and

smaller time step leads to longer solution times with not much improvement on the

results. The relationship between mesh size and time step length is deflned by the

Courant Friedrichs Lewy(CFL) condition number:

CFL =
c ¢ ¢t

h0

(3.4)

or;

¢t =
(CFL) ¢ h0

c
(3.5)

where ¢t is the time step and h0 is the maximum mesh element size. In practice,

CFL number of 0.2 proves can be used as an optimal case.

For the HIFU model geometry the smaller circle is the solid which is meshed with

N=12 (h0 = 22.416„m) and the water domain is structurally meshed. The bigger

ring area is a densely meshed with N=10 (h0 = 29.6„m), the rectangular area

with N=8 (h0 = 37„m) and the bigger water domain with N=5 (h0 = 59.2„m).

These values are calculated assuming f0 = 5MHz, c = 1480 m/s for water and

c = 1345 m/s for silicone stick. The time step is optimized for h0 = 22:416 „m,

c = 1345 m/s and CFL = 0:2 yielding 3:3 ns. The mesh interaction between the

solid and °uid interface for both the simple and HIFU model are shown in Fig. 3.4.

Free rectangular elements have been used for meshing.

3.5 Results

In this section the simulation results for both the simple and HIFU model are ana-

lyzed in detail.
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3.5. RESULTS

(a) Transmit pressure. (b) Temperature variation. (c) Coupled temperature to
thermal expansion module.

(d) Solid displacement. (e) Normal stress on solid. (f) TA signal.

Figure 3.5: Qualitative analysis of volume TA signal generation for simple model
with a 2 MPa, 2 cycle 5 MHz input.

3.5.1 Simple model

Some surface plots are generated for qualitative analysis. For instance, the incident

pressure fleld, temperature, coupled temperature to solid domain and displacement

surface plots for 2 MPa input are generated at 500 ns and exhibited in Fig. 3.5. The

1D plots of the coupled momentum and energy equation are visualized at the point

near the solid boundary. For instance, for a 2 MPa input pulse; the pressure, its

frequency component and linear temperature variation is shown in the Fig. 3.6. The

input is a 2 cycle, 2 MPa, 5 MHz point pressure source. The temperature variation

in the solid originating from Navier-Stokes and energy equation is coupled to the

solid mechanics domain and thermal expansion induced displacement of the solid

domain is solved with viscous damping in consideration. The viscosity can be found

in Table 3.2. The displacement of the solid in the point of measurement (as same

as for the input pressure and temperature) is shown in Fig. 3.6(d). For the deflned

input the pressure near the solid surface has a peak value of 20 kPa yielding an

approximate peak temperature change of 4 mK. The peak displace is approximately

0.28 nm in context.

The domain pressure source is deflned by the double time derivative of the

squared pressure (or the normal component of stress originating from the thermal
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(b) Pressure on solid.
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(c) Temperature variation on solid.
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(d) Thermal expansion induced displace-
ment.

Figure 3.6: Pressure, temperature and displacement analysis in simple model.

contraction and rarefaction) scaled by the density square. The solution of the wave

equation taking the normal stress as the nonlinear domain source yields the total

TA signal pressure at the output and is measured at the boundary of the liquid do-

main. The TA signal must scale with the envelope of the normal stress component

originating from thermal expansion. However, since the measurement in this case is

done along the direction of the incident input wave, the envelop also contains higher

frequency scattered signal components. This can be clearly seen in the Fig 3.7(a)

where the Fourier analysis yields the frequency components. Since a 2 cycle sinu-

soid has been used, the TA envelop has a pass band around 1 MHz with a strong

DC component, which can be clearly seen in the image. As a proof of the square

dependence of the output TA signal on input sweep, a range of simulations were

performed by changing the input peak from 1 Mpa to 8 MPa and the the highest

peak pressure of the TA signal was plotted against each consecutive input. The

data was compared with the quadratic curve in MATLAB and a perfect match was
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Figure 3.7: Evaluation of the output TA and its square dependence on the input
change. Since the TA measurement is done along the direction of input signal there
are higher frequency components. The TA signal can be segregated by flltering the
output.

observed.

If one uses only the solid boundary displacement as the source and solves the

wave equation the output is not the envelope but rather a time varying signal with

both scattered and surface generated TA signal. The propagating signal contains

both the scattered 5 MHz signal and the surface generated TA signal. The TA signal

scales non-linearly but not as an exact square of the input sweep. One can extract

the TA signal by polarity cancellation; i.e. simply by summing the output generated

from positive and negative polarity input. This means, if one has the output signals

originating from a +2 MPa and -2 MPa input pressure pulses, then summing the

two output will segregate the surface generated TA signal as the scattered 5 MHz

component is 180– out of phase from the input. Evidently subtracting the two op-

posite polarity output will increase the strength of the scattered signal. From the

images in Fig. 3.8 the idea can be clearly realized. The resonance of the surface

generated TA signal is at 1 MHz as can be seen in Fig. 3.8(d). By varying the input

peak pressure from 1 MPa to 4 Mpa and plotting the absolute peak pressure of the

polarity canceled surface generated TA signal one obtains a nonlinear relation be-

tween the two, which doesnot exactly follow square law as can be seen in Fig. 3.8(e).

A comparative spectral response of 2 MPa and 3 MPa input is also exhibited in

Fig. 3.8(f). As an increase from 2 to 3 MPa implies a 1.5 times change in the input,

for a square law variation one will expect a 7 dB increase in the spectral component.
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(a) Positive polarity output.
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(b) Negative polarity output.
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(c) Pos-Neg polarity signal.
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(d) Pos+Neg polarity surface
generated TA signal.
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Figure 3.8: Evaluation of the output surface generated TA and scattered signal

In the contrary a 6.02 dB increase is observed.

3.5.2 Pulsed HIFU model

As we will discuss in Chapter 4, the transmit transducer is a single element flxed

focus device with a center frequency of 5 MHz, radius of curvature (focal distance) of

25.4 mm and F number of 2. The surface of the transducer is modeled as the pressure

source. A harmonic acoustic analysis is performed to characterize the focal capability

of the transmit transducer. The 1D plot of normalized absolute pressure(Fig. 3.9(b))

(a) A closeup look at the focal point. (b) 1D pressure plot.

Figure 3.9: Frequency domain characterization of the focal capability of the trans-
ducer.
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(a) 800 ns. (b) 8 „s.

(c) 17 „s. (d) 21 „s.

Figure 3.10: Temporal propagation of pressure fleld in water.Surface pressure is
incorporated as 100 kPa.

along the axis of symmetry clearly indicates the focal spot around 25.4 mm, hence

in congruence with the transmit transducer used in the experiments.

Transient pressure propagation

To characterize the transient HIFU pulse focusing, a propagation model in water

domain(without solid) is solved at flrst. A 100 MPa 2 cycle 5 MHz pulse is applied to

the transducer surface. Normal impedance boundary condition at the water domain

boundary is incorporated to avoid re°ection. Fig. 3.10(c) and Fig. 3.10(d) indicates

transient focusing and boundary absorption. The small silicon glue stick bead is

then inserted at the focal zone of the transducer. The acoustic focusing is computed

for the entire domain within a time span of 0 to 24„s. The time domain pressure

data from the same is then incorporated to the smaller rectangular domain and the

coupled TA problem is solved in the smaller domain only. Fig. 3.11 demonstrates the

successful transfer of pressure propagation from entire model to the smaller region.

The results in Fig. 3.12 shows the propagation of the focused pulse in the small
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(a) Focal pressure computed in the large do-
main.

(b) Successful incorporation in the small do-
main

Figure 3.11: Coupled pressure data from large to small domain.

(a) 15.5 ¹ s. (b) 17.1 ¹ s. (c) 18.7 ¹ s.

Figure 3.12: Transient pressure propagation through solid for 100 kPa 2 cycle 5MHz
source.

domain. Acoustic wave absorption is clearly depicted in Fig. 3.12(c).

Transient thermal oscillation

The energy equation is solved with an initial domain temperature of 293:15± K.

Fig. 3.13 exhibits some time shots of the thermal oscillations. The successive heating

and cooling which follows the positive and negative cycle of the pressure pulse is a

proof of acoustic heating and cooling e®ect evident in a thermoacoustic device. A

thermoacoustic refrigerator pumps heat from low temperature to high temperature

region using sound. The source of acoustic energy can be a loudspeaker which emits

sound waves in a resonator ¯lled with gas at high pressure. The frequency of the

driver and the length of the resonator are chosen so as to get a standing pressure

wave in the resonator. A porous material like a stack of plates is used in the acoustic

path. Due to the thermal e®ect of sound one end heats up while theother cools

down. A refrigeration load can then be applied at the cold endby means of a heat

exchanger.
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