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Abstract

Acoustic wave propagatisrhavebeen studied for a long time with both experimental and
numerical methods. Most dhe analytical solutions for wave propagations are considered for
simple environments such abBomogeneous atmospheres. As a result, thgtesalsolutions are
unable tobe applied focomplicated environmentdlumerical methods have becormere and
more importanin acoustics studies after decades of development. The finite difference time
domain method (FDTD) is one of the most commonlydusemerical methodsniwave
propagation studies. Compared with the other methods, the FDTD nmettud to include many
aspects oound wave behaviorsuch asreflection, refraction, and diffraction in the physical
problems

In this thesis,He linearizdacousticEuler equationsoupled with the immersed boundary
method are applied to investigate the sound wave propagation over complex enviroRorents.
the threedimensional simulations abund wave propagatiamlongdistance, thenoving domain
methal and parallel compuhg techniques are applied. Based on these approathes,
computational csis aresignificantly reducd and the simulation efficiency is greatly improved.
When lookinginto the effe¢s of high subsonic vortical flowa high order WENOschemeis
appliedfor the simulation.In this way the simulation stability can be achieved and the sound
scattering ofvortical flow can be studiedThen,the numerical scheme &pplied to simulatan
ultrasonic plane waveropagatng through biologcal tissue. The linearized Euler acoustic
equations cupled with the spatial fractional Laplacian operatorare used for numerical
simulations. The absorption and attenuation effects of the biological lossy media are successfully

observedrom the simulationesults Throughouthis thesis,te smulation results are compared



with either experimental measurements analytical solutionsso thatthe accuracy of the

implemented numerical scheme is validate
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1. Introductio n

Soundpropagation under various environments has received a loteséstduring the
past several decades because of its high practical value in engineeringh&ostdoor sound
propagatiorstudy can be applied to noise controRef. [1}[6]. The qually of human living could
be greatly improved by controlling the noise that is generated from vehicles, railways, airplanes
and factories. The early studies were focused on simple models involved with homogeneous
environments and isentropic propagationstiihe development of numerical methods and
computational techniques, more complicated circumstances were considered such as impedance
ground, nonhomogeneous atmospheric conditions, turbulence, vortical flow, barriers with
different shapes, and long distanpropagation. Nowadays the numerical simulations can give
more and more accurate predictions for more generalized environments. In noise control studies,
the most general factor for outdoor acoustics is the complex impedance of the ground. It is defined
as the ratio of pressure amplitude to the normal component of velocity amplitude evaluated at the
ground surface in Ref. [7]. Usually the ground surface can be divided into two types: rigid and
porous. For rigid ground, such as glass or water, the incatentd wave will be completely
reflected back without any transmissions into the ground. For porous ground, such as grass, snow
or sand, part of the wave will be reflected back, while the other part will propagate into the ground
and be absorbed. The partar for determining how much wave can be reflected and absorbed in
porous ground is called flow resistivity

Besidedhe applications for noise control, the study of ultrasound propagation in biological
tissue can be applied in medical and therapeutidsfid his application can be categorized as the

diagnostic application for signal processing and medical imaging in Refl3B]and also as



therapeutic application. High intensity ultrasound can be used for tissue healing, ultrasonic surgery
and destromg blood clots or internal stones in Ref. [{49].

The research of sound propagation is also playing an extremely important role in the
military filed. This technology that can be used for navigation, communication, detecting objects
and tracking targst The most famous application of this technology in the military is sonar, which

is widely used in submares.

1.1 Background Review

Sound propagation has been studied both analytically and numerically during the past
decadesSince the analytical solutions are only capable in simple homogeneous circumstances,
the numerical method becomes a powerful methloenmore realistic conditions are considered.

So far there are many of numerical methods that have been developed flingrenctistic waves,
for example the Fast Field Program (FFP), Parabolic Equation Method (PEM), Boundary Element
Method (BEM) and Finite Difference Tird@omain (FDTD) method.

The FFP method uses a spatial Fourier transform to the wave equation whitdrrtrans
spatial domain into the wave number domain in Ref. [20]. The physical sound solutions can be
solved by an inverse Fourier transform, after solving the wave equations numerically in the wave
number domain. The FFP method was first derived in Ref:[Z]]for two-dimensional sound
propagation simulations in inhomogeneous atmospheres, and theitheresional FFP method
was derived in Ref. [2324] for moving atmospheres. This method is also introduced for
underwater acoustics to study the effectsamind speed variations in Ref. [42F]. In the early
1980s it was adapted for atmospheric sound propagation in Ref3[J7[The FFP method can

obtain accurate predictions of the sound field in the situation of a-radgpendent propagation



environnent, but the disadvantage is that the method is limited to a horizontally stratified
atmosphere and homogeneous ground surfaces.

ThePE method is based on the agisnmetric approximation form of the parabolic wave
equation. It was first introduced foreekromagnetic wave propagation in Ref. [32], and after that
the PE Method was widely applied in sound propagation studies. The two main formulations for
the PE method are Greends Function Parabolic
Ref. [33}[36], and the CraniNicholson Parabolic Equation (CNPB) Wide Angle PE (WAPE)
Method was introduced for sound propagation through a single vortex in Ref-¢8 the GFPE
met hod, Greenb6s function of a pointndwavaur c e
propagation. For CNPE method, the Cradikholson finite difference scheme is used for
numerical evaluations. Gilbert and White first applied the-thwoensional PE method to
atmospheric sound propagation in ReB][89]. They predicted the outdo sound propagation
over an impedance ground, and the atmosphere profiles of both dowmfvaadion and upward
refraction. Later, the PE method was applied successfully for underwater wave propagation in Ref.
[40]-[41], long range sound propagation fretatmosphere in Ref.2and lowfrequency sound
propagation over a locally reacting boundary in Re8]{44]. Near the 2% century, the PE
method was used for numerical simulations of sound wave propagation with complex topography
in Ref. [4]-[52]. For sound wave propagation over inhomogeneous turbulent atmospheres, the PE
method was applied by Chevret in Ref3][and Dallois in Ref. [8]. In the early 1990s, Collins
introduced a PE starter called the st#rter in Ref. [5] which was based on Hieprder parabolic
approximations. And this method was improved by using an operator of thsteplgolution in

Ref. [56]-[57].



The Boundary Element Method (BEM) is another popular method for sound propagation
numerical simulations. It was first introdeat in the early 1960s in Ref.§b The BE method is
typically applied to steady state problems such as radiation from an arbitrary source, and it was
successfully used for tirgomain numerical simulations in Ref. 95[61]. Chandler and
Hothersall in Ref[62] applied the BE method for wave propagation with complex terrain, and it
was improved for solving meteorological influences in Re3].[Bater, the BE Method was used
to solve Helmholtz equations in both bounded interior and unbounded exteriondam&ef.

[64]. One big advantage of the BE method is that only the boundary of the domain and interfaces
need to be discretized instead of the entire computational domain.

The Finite Difference Tim®omain (FDTD) method has become one of the most common
tools for numerical simulations, and it has been widely used for outdoor sound propagation studies
in recent years. Kelly first introduced a tdonensional finite difference method for second order
elastic wave equations in Ref5]g[66]. J. Vireux appkd the FD method for shear vertical waves
and shear horizontal waves in Ref/7]§68] by using the basic elastic wave equations with
staggered grid. Later, the FD method was used for wave propagation studies under various
circumstances such as sotogging in Ref. [®]-[70], sound scattering by a single vortex in Ref.

[71] and [722], wave propagation over rigid and impedance ground in R&|-[[4], wave
propagation over turbulent atmospheric flow in Re5] {[76] and wave propagation over complex
terrain in Ref. [7] and [78]. More recently Cotte et atlevelopedhe time-domain impedance
boundary conditions Ref. [P] based on a recursive convolutioetimod, and later Dragna et al.
extended this methddr two-dimensional longlistance wave progatiors in Ref. [80] for both
homogeneous and downward reacting atmosgh@&tee FD method waalsoapplied by Bohlen

for threedimensional wave propagation simulason Ref. [81] with the domain decomposition



approach. The disadvantage of the FDTD metisothat it requires tremendous computational
memory, especially for thredimensional and long propagation distance simulations. However,
combined with the movingonal method and parallel computing techniques, the FDTD method
has been much more effictgior outdoor sound wave propagation simulations. In this thesis, the
Finite Difference Time Domain method is applied to implement all the numerical simulations. To

show the capacity and accuracy of this method, one example ishgileen

0 1 2 3 4 6 7 3 9 10

5
y(m)
Fig. 1.1 Description of the geometry and coordinate sysi

for Benchmark problem simulation

The following simulation is based on tB® Benchmark problem discussed in Re®][8
A two-dimensional pointsource with a rigid obstacle is simulated in a rectangular domain

yl [0,10Jmandzi [0,8]m. The circular rigid barrier with radius 0.5m is located at (4,A4).

uniform grid sizédy = D 0-008mis used and the timstep is chosen & =2.5 $20° <. The time



(@

z{m)

domain i29.4mswhich is based on thedirection domain size. The perfectiyatchedayer in
Ref. [83]-[85] is specified at the top and bottom boundary of the domain with thicknessHe
point sound source is located at (0, 4) with the Gaushsnbution in Ref. [2]. The pressure is

nondimensionalized and given like below

e ax’+y* ¢
p = eexpé -In( 2)35—0 Of ¢ (1.1)
é ¢ Y +

wheree=102. Five receives A-E areput at (2, 4)(2, 6), (4, 6), (6, 6) and (6, 4fhe geometry

and coordinate systers shown in Fig. 1.1The pressure contours of this simulation are given in
Fig. 1.2 for several different moments. The pressure distributions clearly show that parts of the
incident sond wave propagated through the rigid circular barrier, while the other parts were

reflected back.
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Fig. 1.2 Pressure contours of Benchmark problem simulation (a) t=@mns

t=10ms, (c) t=12.5ms, (d) t=15ms.
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The nondimensionalizechumerical pressureersus nordimensionalized timés shown in
Fig. 1.3 with the corresponding analytical solution in Re2].[§he time is nordimensionalied
byL/c, wherelL is the unit length anciis speed of soundt can be seen that the numerical results
are in excellent agreement with the analytical solutions. This finite differemzedomain
numerical method is validated to be accuratee corresponding error analysis for the applied

numericalscheme is given in Appendix B.

1.2 Thesis Outline

This thesis is dedicated to study the outdoor sound propagation under different
environnents. The finite difference tirndomain method is applied for the numerical simulations.

The numeical results of each different simulation are validated by comparing the corresponding
analytical solutions or experimental data.

This thesis is organized dsllows. It is consisted of five chapters. The first chapter
provides some background that describes different numerical methods for acoustics studies and
their common applications. In chapterte sound blockage effect of sonic crystals are studied.
The sonic crystals are modeled as regular arrays of cylinder barriers. The different sound blockage
effects caused by different numbers of cylinders, different materials of cylinders and rigid ground
are studied. The finite difference tidemain numericalgheme coupled with immersed boundary
method is applied for both tadimensional and thregimensional simulations, and the numerical
results are verified by comparing the experimental data. The theoretical Bragg band gap can be
successfully obtained by ugj the current numerical scheme. For thaleeensional simulations,
the movingzonal method is applied, and the numerical results are validated by comparing with

the corresponding nemoving simulation results.



In chapter 3, the scattering effects of veriipole on twedimensional sound wave
propagation is studied. When acoustic wave propagates through a vortex or vorteodipdhes
amplitude and phase of thecidentwave are affected The different sound scattering effects
caused by different strgth of vortical flow and vortex pair placements are studied. For this
problem a fifth order WENO scheme is applied for the convection t&essdes the fixed vortex
pair, numerical simulations for moving vortex pair are also condudiee.accuracy othe
implemented numericalchemes are validated by tery goodagreement between the numerical
results and the analytical solutions.

In chapter 4,we study the absorption and dispersion effects of the ultrasonic wave
propagation through biological tissughe biological tissue is considered as a kind of lossy media
with acoustic attenuation, whether caused by molecular relaxations or scattered by small random
particles We useshe linearized Euler acoustic equationsigledwith spacefractional Laplacian
operators for the ultrasound simulations.

Finally, the last chapter provides a summary and conclusions afotheleted work.

Currentlimitations and future developments are discussed.
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2 Sound Propagation around Arrays of Cylinders

Sound propagatioover sonic crystals has attracted a lot of interests and been studied
during the past few decades. In the late 1980s, several authors showed that a transparent material
can become opaque for any light wave vector provided that a strong modulation dfattie/ee
index in the three dimensions of the space is attained in &flf the 90s it was demonstrated
that sculptures built by the periodic arrays of cylinders inhibited the sound transmission for certain
frequency ranges related to this modulajigst as photonic crystals do with light in Re§7]. For
this reason the sonic crystals are defined as a periodic arrangement of structures made of sound
hard scatterers, and the sound can be attenuated in a certain range of frequehciBdh Ror
an infinite periodic structurethere is a range of frequenciksown as band gapAt the gap
frequency, the sound attenuation level is usually increased. Therefosentberystals caalso
be applied to environmeadtnoise control.

So far the most usatumerical methods for solving sound propagation over sonic crystals
are Boundary Element Method (BEM) and Finite Element Method (FEM) in 883#[91]. With
the advent of high performance computdng, Finite Difference Time Domain (FDTD) method
hasevolved to beowerful and effective way fasimulating sound propagation aroucmmplex
geometries, different media and moving objeBtsmaking use gbarallel computation techniques,
the simulation time camlso be significantly reduced in Ref9]]. Besides all the numerical
methods, the corresponding analytical solutions and experiments are also studied for sonic crystals
research in Ref8p], [93] and [H].

In this study, he linearized Euler equations are employed for sound propagation in air

meda and ZwikketKosten equations in Re®3] for sound propagation inside thbjects that are

11



modeled as made of porous materiBl$ferent scales of regular square lattice arrays are simulated
for both twedimensional and thregimensional cases to stuthe soundattenuatioreffect.

In this chapter,the numerical model, governing equations and simulation domain
geometry are described, with a brief explanation of the FDTD numerical simulation. Then the
simulated sound attenuations are compared amoregetitf simulations, and also compared with

experimental data offered in Re88]. At last, the summary and conclusions are given.

20
PML
Hye &
<—‘>
cp 0000
E b G) 0000 * o 2 2
= source . § -0 O @ receivers
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PML
0
: 24

y(m)

Fig. 2.1 Description of thegeometry for regular array cylindbarriers.

2.1 2D Numerical Model Description

Figure2.1 shows the geometry of the numerical model of thedwaensional simulations
for sound propagation through sonic crystals. The perfectiichedayer (PML) boundary
conditions in Ref.§3]-[85] are set at top, bottom and left boundariessfmresent nomeflective

free fieldboundariesWe use the Gaussian pressure distribution for the sound source, and the other

parameters ambient presspre=100kPe, g=1.4, speed of sound=340m/s, porosityW =0.3,

12



porous media structure facr=3. The flow resistivity of cylinders =4 3¢ Pa s nfwhich

means the cylinders are rigid for sound propagation.st&aility of the numerical scheme has
been discussed in details in R&E6]|

The definition of sound attenuation is

DL :20Igp—pf 2.)

Wherep); is the pressure simulated at the sdmeation asp but withoutcylinder arrays

For all the simulations of wave propagate throaglnder arraysn free field, the domain
size is24m3 20rr. The grid sizé&y =0.008rrandDz =0.008mis used as a uniform grid. The

radius of the cylinders is 0.25m and the lattice constant L which the distance between the centers
of two cylinders which showed in figure 5.1 is 1m. Seven different kinds of cylinder arrays are
testal, the corresponding parameters Hy and Hz of each case are listed #iXable

Table2-1 Parameters of different cylinder barriers arf@y2D simulations

Cylinder array Hy (m) Hz(m)
323 5 9
34 5 8.5
35 5 8
36 5 7.5
43 3 5 9
43 4 5 8.5
%4 4 8.5

13



The time stept =2.5 20° sandwhole simulation time is 66.25ms. By that the wave propagate
22.525m when the simulation ends. Bwaindsource is at (0 10) m and four receivers are put at

the centerline alonthe y-direction with different distances from the source: (9 10) m, (10 10) m

(11 10) m and (12 10) m.

2.2 Results of 2D Simulations and Discussions
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Fig. 2.2 Pressure contours at theoment t=15ms (a) 3x3 cylinders (b) 3x4 cylinde

(c) 3x5 cylinders (d) 3x6 cylinders (e) 4x3 cylinders (f) 4x4 cylinders (g) 4x5 cylin

Figures2.2and2.3 are the pressure contours of the simulations for the seven diffdiedécy
arrays. The contours clearly show the process of the wave primggthadugh the rigid cylinders
and the interactions between the incident savel reflected wave Figure 2.2 shows the pressure

contous at the moment t=15ms that the wave reacttesfirst column othe cylinder array, and
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Fig. 2.3 shows the pressure cont®at the moment t=35msvhenthe wave already passes the

cylinder array
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Figure 2.4 shows the simulated sound attenuations of the four different receivers in each
cylinder array. By comparing the sound attenuations from four different receivers, we can find that
whenthecylinder barriers ar@ 3array o2 3, the nearest receiver (9, 10) m has the highest sound
attenuation level, but at several frequencies the sound attenuation is below zero. As the number of
cylinders is increasing, lik3 4,33 5and33 6, the nearest receiver no longer has the best sound
blockage effect. The sound attenuation curves of the four receivers start to change more rapidly
and have more peaks anigpsl For example when the cylinder arrag®id, the nearest receiver
(9, 10) m has the lowest sound attenuation instead of the highest. The reason can be illustrated in
the previous pressure contours showed in ERjand2.3. We can see that more cylinder barriers
can induce more refléons in the domain. Therefore the sound pressure level is even strengthen
for the nearest receiver, instead of blocking the sound.

We can also see that for all the different cylinder arrays and different receivers, they all have the
first sound attenuain peak at the frequency about 170Hz, even though the magnitude of sound
attenuation of each case is very different. TI

law in Ref. Bg]. The theoretical Bragg band gap frequency is

Wherelis the speed of sound, ahdis the sonic crystals lattice constamiith the values of

340

231

¢ =340m/sandL =1m. Thereforethe theoretical band gap frequency is 24 70Hz, which

matcheghe numerical resultsery well. In addition tothe Bragg band gap frequency, the results
from all the different cylinder arrays also have a comrtiwat they all have the first gliat
frequency around 250Hz. Besidést the magnitudes are also almost the same, around the sound

attenuation 0dB.
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When the number of cylinders irdjrection is fixed as 3 columns, figu2es shows the numerical
results of the sound attenuations of each receiver when the number of cylindeliseictian
increases from 3 rows to 6 rows. From fig@r® (a) we can see that when the receiver is at the
nearest location from the sound sourcacihs (9, 10) m, basically the sonic crystal with more
cylinder barriers at-glirection has higher sound attenuations except several frequencies. And the
cylinder arrayd® 6has more sound attenuation peaks among the medium frequemc2350Hz to
750Hz than the other three arrays. From fig2ife (b) we can see that when the receiver is at
location (10, 10) m, the cylinder arrdd/4has two remarkable sound attenuation peaks near the
frequency 170Hz and 500Hz. Whdre frequency is relative high (from 700Hz to 1000Hz) the
sound attenuation results become similar bet8&8and3? 5,32 4and3?® 6. From figure2.5 (c)

we can see that location (11, 10) m, the cylinder ari@y4also has a much higher sound
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attenuation at frequency 350Hz than the other three arrays. When the receiver is at the furthest
location (12, 10) m, the sound attenuations do not have neskg gluring the medium frequency

range as the three nearer receivers.
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Combing all the numerical results of four different receiadsve it can befourd thatthe somnd

attenuations are highemen the number of cylinder barriersziirection is evertompared with

odd, especially at relative high frequency (from 500Hz to 1000Hz).
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By comparing the numerical results from cylinders ar8ayknd4? 3, we can find the
relation of sound attenuations between two Hitensposed arrays. Figur@.6 shows the
numerical sound attenuations of four receivers of cylinder a@tadand43 3. From?2.6 (a) we can
see that for the nearest receiver (9, 10) m, the sound attenuation from cylind&¥ disdygher
at relative low and high frequency thén3. The sound attenuation from cylinder ardd\gis
higher during the medium frequency 8. From2.6 (c) to (d) we can see that for the other
three receivers the sound attenuations from cylinder &trdgre much higher th&3 4except a
few certain frequencies. Therefore even the incident wave is propagatingiiecton, the

cylinder array3® 4has much better sound blogaeffect tha4? 3for the four different locdons.

2.3 3D Numerical Model Description

2.3.1Free Filed Simulation
The wave propagation through different cylinder arrays in free filed is also simulated for
threedimension. For this research, the thddmensional ZwikkeiKosten equations Ref. [95]
of sound wave propagation are solved, and the fdifference timedomain method coupled with
immersed boundary method is applied. The parallel computing technique is also appliedfor three
dimensional simulations.
Combining the linarized Eulessound propagation equationsain with those equations in a

porous media in the form of the ZwikkKosten equations Ref. [95] we have:

%-F(uav O)tD (U+ )UQD ¢”:lav:p -4 p@ -fU (22)
%*(uav 0P (Ut )KRP gpd- @p v f, (2:3)
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When the wave propagates through rigid cylinderiers, the extra forced ternfs and f,

from the immersed boundary method are applied

0 outside the porous media
f=ia,® 4, P, HUOD inside the porous med (2.4)

o, {—Vaav( pD a8

S

—> —> (D:

—_— ) —>

5
10  outside the porous media
g B +@,( B Ou,+ )p ODinsitde the porous mec (25)

. gpav "
U0 i, _VV( B O

T
fp :1
|
i
i
In the above equatiogsC,, W, S ,U,,, P,,andd_,, are the specific heat ratio, porous media
structure factor, porous media porosity, resistivity, time averaged background flow velocity,
background pressure and specific volume respectively. In nuahsiriculationgy=1.4,C; = 3.0,

W =0.3. The resistivitys =4 310’ Pa s nfwhich is a prohibitive high value and the cylinder

barriers can be considered acoustic rigid. And the specific vakidefined as:

_ P
a-= 26
9P & (9)
The impulsive point sound source is given by:
p=g (2.7)

where r is the distance from the sound source position.
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Based on the PML boundary in Re96] the PML boundary equations for thrdemension

can be derived for three directions

The PML boundary governing equations fedixection is:

Wy Moy Wy, U HWa (Mo M , P

Mt ¥ Y Y zp o x poy pozo g
Lo R, U Uy ., 8
= 'SX(U \J;iv_u V\Aa-v_ = —— —+ 2
n o Yy YT,
“_V+U—M4</—V“W—Vuu%v—¥ﬂw_\4+iva_fu
i Y Y yp Y zp o xuwoy poz fy 29)
= s v w b g B Mg g el Hy
Ly 4 X y i z p™ oy
M+Uav_lal -k/av_vw \"JEIV_V\I“.'JL1 = N\/av Wév a V_-E L
Mt K YH zp x gy p oz @ z (210
= s w gy B W W Yl By
Ly 4 X y M z p oz
@-'-Uav_p -}‘/Elv_n'l Wav_p ugﬂ% h M&) g)a-Fu u_v ﬁg
it K M z U X By pz' g™ x yp z (211)
kg A Us M, ) '
= sp v wp b gy tUa Mo Wy g QM G,
by R XMooyp z'u y MZ |
the PML boundary governing equations fediyection is:
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pt ¥l yu ZH xuy HZ H X YU < (2.15
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the PMLboundary governing equations fedzection is:
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For an effective PML domain, a grid stretching in the layerdifection
K 1
—- (2.20)
iz b(7 i
wherep(z) 2 1represents the smodfimnction:
b(2) =1 Aﬂ (2.21)
D
for an effective PML domain, a grid stretching in the layey-direction:
H 1y
—- (2.22
W b(y) M

wheres(y) 2 1represents themooth function:
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b(y)=1 4* Yinax (223
D
agrid stretching in the layer ofdirection:
1
LI (2.29)
X b(x) m
wherep(x) 2 1represents the smooth function:
b(x) =1 4% (2.25)

where D is the thickness of PML boundary, and the parameters A and s are chosen as A=25, s=2.
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Fig. 2.7 Graphicillustration for 3D simulation geometry (a)-y#ane (b)

xz-plane

For threedimensional sound wave propagation through sonic crystals, four different arrays are
studied3?® 3, 3% 4,3% 5and4?® 3. The computational domairas the dimension gf=10m, X =3m.
The zdirection length ig = 6mfor the case o€ylinder array$® 3and4?® 3, and isz=8m for the
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case ofcylinder arrays® 4and3® 5. A uniform mesh sizef0.008nin each directionThe radius

and height of cylinder barriers is 0.25m and 1.8mM,[0.6, 2.4]m, and the square lattice distance

L=1m. The point sound source is set at the centdreyf=0 plane, and three receivers kreated
at different distancefrom the source. Tlirecorrespondingoordinatesare(1.5,7,3, (1.5, 8, 3),
(1.5, 9, 3for the case otylinder array$® 3and4® 3, and(1.5,7,4), (1.5, 8, 4), (1.5, 9, 4)for the
case ofcylinder array$® 4and3® 5. The ime stebt =2.5 20°sand total simulation time is
27.5ms. The PML boundary conditions are specified with thickness 0.6m at the six surfaces of the
domain for the cases to achieveefiieeld. Figure 2.6 shows the geometry of the thdieeension
simulation domain when cylinder barriers arra§®igt.

Table2.2 illustrates the locations of the cylinders for each case, where the paranzedacs H
Hy are the distances that are shown in figliée

Table2-2 Parameters of different cylinder barriers arf@y3D simulations

Cylinder array H, (m) Hy (m)
333 2 3
3 4 25 3
35 2 3
433 2 3

Figure. 2.8 and 2.9 are the pressure contours of each cylinder arrays simulatpareg x
and zplane. Figure. 2.8 showbke pressurelistributionsat the moment t=5ms that th@cident
soundwavestars to reach thecylinder barriersand figure2.9 shows the pressudgstributionsat
themoment t45ms that the wavalmost passed throughe cylinder arrag. We can clearly see

the reflected wave and interactions between the cylinders.
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The simulatedsound atteuations of the three different receivare given in Fig. 2.16or
eachof thecylinder arrag. First of all we can see that the farthest receiver which is at 9m away
from the sound source has the highest sound attenuation than the other two receivers. When the
cylinder array i82 3or43 3, the farthest receiver has attenuation peak at around frequency
350Hz, afterwhich the sound attenuation curve decreases graduldiky.simulation results of
three receivers are quite similar between the two different cylindersanf8y 3and43 3. The
sound attenuation of the nearest receiver which is 7m away from the sound source is much higher
than the receiver at 8m at low and high frequencies, and the receiver at 8m has higher sound
attenuation thathereceiver at 7natthe medium frequency range.

When the cylinder array 88 4or33 5the farthest receiver also has the best sound blockage
effect than the other two receiveasdiscussed abovélowever the relaive levelsbetweenthe
two receivers at 7m and 8m are opposite for these two cylinder arrays. For the cylind#r array
the sound attenuation of receiver at 8m is slightly higher than the receiver at 7nfexseypéral
high frequencies. For the cytler array® 5the sound attenuation of receiver at 8m is higher than
the receiver at 7rat all the frequencyange And the sound attenuation tbfe receiver at 7m is
below zero excepbr high frequencies, which means tbginder arays strengtiensthe sound

pressure level instead of diminishing.
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Whenthe number of cylinder barriers indjrection is fixed as 3, the effect of increasing
cylinder barriers ak-direction is also studies like the 2D simulatioRgyure. 2.10 shows the
numerical results of sound attenuations of cylinder aB&a$s33 4and3? 5.

When the receiver is at the nearest location 7m, the relation of three diffenefdt®n
results is changindisorderly as the frequency increasifgr low frequency (100Hz to 350Hz),
the cylinder arra@® 3has higher sound attertiom. Thenthe sound attenuation reacties lowest
valuesduring medium frequenc{850Hz to 700Hz)After that it becomes the highest again. The
highest sound attenuatias obtainedat high frequency for cylinder arra§s3and3? 5, while at
very low frequency for cylinder arr&y 4.

When the receiver is at location 8m, the sound attenuation values are similar for the three
different arrays. And the values are small, even below zero, which means the sound blockage
effects of these three cylinder arraye not good for this location.

When the receiver is at the farthest location 9m and the frequency is lower than 500Hz, the
sound attenuation increasas the number of cylinders increasing. And we can see that when the
frequency is greater than 500Hthe sound attenuations of three cylinder arrays are gradually
decreasing as the frequency is increasing, which means the sound blockage effect of sonic crystal
becomes weak at high frequency.

The sound attenuation comparison between transpodeuley arrays is also studied for 3D
simulationsFigure. 2.12 shows the comparison between cylinder a3tadeand4? 3for the three
receivers. From figure 2.12 (a) we can see that the cylinderrBnas much higher sound
attenuation thas? 4at high frequency at location 7m. From figure 2.12 (b) we can see the sound
attenuation values are similar for the two transposed arrays at 8m. And the values are fluctuating

nearzero, which means both of two cylinder arrays cannot diminish the sound pressure level at
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this location.From figure 2.12 (c) we can see that the cylinder &¥&pas much higher sound

attenuation tha®® 4atfrequency relative low frequency. The sound attenuation of &tralyas a

peak at frequency about 400Hz.
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2.32 Ground Effect Simulations with Moving Zonal-Domain Method

Besideghe study of sound blockage effect of sonic crystals in free filed, the 3D simulations
with rigid ground influence are also discussed in this section.

For threedimensional sound wave propagation throweghnder arrayswith rigid ground
effect, thecylinder array is chosen &s3. The computational domairrdirection lengttz =6m
and the heighx-direction lengthx =6m. Uniform mesh is used for simulations and the grid size

Dx =Y =z M.088m. The radius and height of cylinder barriers is 0.2m and 1,8np0,1.5]m,
and the square lattice distance L=0.5m. Therdinate opoint sound source is @t5,0, 3, and

four fartherreceivers arehosencompare with the free filed simulatiariBhe coordinates of the

four receivers ar@.5,10.5,3, (1.5,11,3,(1.5,11.5,3and(1.5,12,3. Time step is the same as the

simulations in free field thabt 2.5 20°sand total simulation time is 37.5ms. The PML
boundary conditions are specified with thickness 1m at front, back, left and top siiiace.
illustration of the geometryof this simulation is in figure 231 For the study in thisection, we
need to simulate the wave propagation in long distance to reach the four receivers, and the moving
zonatdomain approach in Re®T] is implemented.

This method is to move the computational domain with the acoustic wave thérsize of
the domain needs to be small so that the computational efficiency and be greatly improved.
Meanwhile the domain should also be large enough to contain a dispersing pulse and the energy
should beconfined within the computational domain. Figure. 2.11 i8lastration of the moving
domain method. The incident wave with initial pressure distribution, propagates until arriving at a
distance from the right boundary, preferably near the center of the moving domain to minimize the
boundary effect in Ref9[7]. Then the moving domain starts moving a certain distance at the same

direction as the wave propagatio
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For the threaimensional simulations in this section, two different moving domain scale
in moving direction is used, one is 4m and the other is 5m. The simulation results with moving

domain approach are also compared with the results simulated with fixed integral domain.
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Fig. 2.15 Pressure contours at the moment t=2Q@a)snoving domain with length 4n

(b) moving domain with length 5m (c) nenoving domain
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Figure. 2.15 shows the pressure contours of thenmaving domainsimulation and the
moving domain with two different length simulations at moment t=20ms. We can find that there
is a wave following the incident wave, which is the reflected sound wave generated by the rigid

ground.
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Fig. 2.16 Pressure contours at the moment t=3Qesnoving domain with length 4n

(b) moving domain with length 5m (c) nonoving domain
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Figure. 2.16 shows the pressure contours of thenmaving domain simulation and the
moving domain with two different length simulations at moment t=30ms. The graphs clearly show
how the incident wave and the reflected wave from rigid ground are reflecting among the cylinder
barriers and the interactions betweba teflected waves. When the moving domain approach is
used, we can see that part of the data are dumped at the area before the cylinderrbeonéestl
the noamoving simulation keeps all the data, from figure. 2.16 (c) we can see the intacedeflect
waves that are propagating towards back. However the wave that propagates through the cylinder
arrays are kept completely in moving domain simulations and are just the same as the wave in non
moving domain. Therefore the moving domain method is feafsibtbe simulations of the certain
locations that we are interested in.

Figure. 2.17 gives the numerical sound attenuations of the four receivers, and also the
comparison between moving domain and-nooving domain. Firsof all, we can see that for all

the four receiverghey all have the first sound attenuation peak at the frequency around 340Hz.

Based on the theor etfi:ci%inR@Bgi,grgimssordcicrfysltarlaiticet i on

340

2305

distance. = 0.5m, we have th&raggband gap frequency 5= =840Hz, which matches

with the numerical results well just like the tlomensional simulations. In another word we know

that the rigid ground does not have great influence on the band gapnfrgquehese three
dimensional simulations. By observing the magnitude of sound attenuation at the band gap
frequency, we find that the nearest receiver which is 10.5m away from the source has the sound
attenuation about 10dB at the band gap frequencytrenturthest receiver which is 12m away

from the source has the sound attenuation about 23dB at the band gap frequency. Another

conclusion can be drawn that when the receiver if further, the magnitude of sound attenuation at
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band gap frequency is high&vhen the receivers are 11m and 11.5m away, they also have another
sound attenuation peak at high frequency about 1500Hz, but the sound attenuation of the furthest
receiver is much lower at the same frequency than the other three. The values are evesrbelow

which means the sonic crystal is ineffective for sound blockage for high frequency sound wave at

this location.
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From the results comparison between moving domain andnommg domain in figure.
2.17,we can find that for all the four receivers, at relative éamd medium frequendiienumerical
sound attenuations from moving domamatchextremelywell with the results ohon-moving
domain, the three curves are almost identical

Figure. 2.17 (a)c) show that when the receivers are at locafiof 10.5,3), (1.5, 11,3)

and (.5, 11.5,3), a high frequencyhigher than 1500Hz}he numerical result of moving domain
with length 5m is still the same as the result of-nwving domain, but the result of moving
domain with length 4nhas slightlydifferencewith the other twoAnd the greater the distance
between the receiver and the cylinder barriers, the smaller the diffései@@emain reasono
explain thisdiscrepancyis that movingdomainmethodis dumgng parts of thedata while the
domain ismarching forward Thus several smallwave reflectionsand interactionsetween
cylinders or between cylinders and receivbet are shown in figure. 2.16 (c) are longer exist.
When frequency is high, which means the time interval is short, the rigsuftsnovingdomain
methodis slightly different with the nomoving domain because number of waveeflections
that happened in short time dost in moving domain.

Another factor can influence the accuracy is the moving domain size. When thengo
domain size is small, which means the space left between the wave and cylinders is not big enough,
consequently the data is not complete enough. When the domain size increases, the results of

moving domain match much better with the results of fixaaain.
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2.3.2 Simulations Based on Published Experiment

In this section, the thred@imensional simulationare conducted based on experimentor
sonic crystalsn Ref. [88], [93] and [H]. The experiment consists of sound wave propagating
through only one array of five rigid cylinders. The outer diameter of cylinder is 3cm and distance
between the centers of cylinders in the sound propagation direction is 8.5cm. The height of the
cylinders is 25cm. A speaker (Philips FAWBX970RS) was usedsahe sound sourae Ref. [88].
The distance between the speaker and first cylinder was 80cm so that the wave front that interacts
with cylinder is close to a plane wave front and sound propagation is unidirectional. Acoustics
foam was also used in reg®m@round the source and receiver to prevent the reflections. The
microphone which was used as a receiver was kept at a distance of 10cm from the last cylinder.
The sound pressure level obtained from the microphone was averaged 50 times to obtain a
consistat experimental reading, and this process is performed over a range of frequencies from
500Hz to 6000Hz at a frequency step of 3.5Hz in R38j. [

For our correspondinghreedimensionahumerical simulationshe computationadlomain

has a sizefwi [0,0.0425m, yi [0,1.74mandxi [0,0.25}m. A uniform mesksizeis implemented
as0.5mm in all the directions of the grilherigid cylinders are used #sesonic crystal, and the

radius and height of cylinder barriease1.5cm and 25m. The sound source is a periodic plane
wave at the left boundagy= 0. The expression of the sound souxce i

p =sin(Zp ft)

wheref is thesound wave frequency. Since tleisd attenuation results are relative values, we
take the magnitude of plane sound wave as 1. We test five different sound source frequencies

1500Hz, 2000Hz, 3500Hz, 4000Hz and 5000Hz according to the approach useddouribe
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source in the experiment in Re88]. For the highest frequen&000Hz the corresponding wave

length is
;=% 380 4 068m=68mn
f 5000

And this smallest wave length value is 136 times of the mesh size used for simulations, thus

the mesh revattion is valid for the high sound frequency. The time B¥ep=2.5 20’ sand
simulation time domain t=7.5m#ccording to the sonic crystadescribed in Ref.gg], the
coordinates of the centers of the five cylinders=@ plane areQcm, 80cm, 2.125%m), (Ocm,
88.5cm, 2.125m), (Ocm, 97cm, 2.125m), (Ocm, 102.5cm, 2.125m) and(Ocm, 114cm, 2.125m).
The top, bottom, back and front side walls are set as rigid baagdand he PML boundary is
set at the west surfaes the acoustic foam in experiment, watthickness 30cm.

Figure. 2.18 gives the illustration of part of the geometryziplgne

=3cm
» 80cm » 8.5cm 10¢cm :
: plane wave
425 ‘ ‘ : : _
wm B O O O @ O b receme
0
0 ylem) 125

Fig. 2.18 lllustration of simulation geometin xy-plane

44



X
(@) - _— ®) —— .
1000 -0.714 D429 -D.143 0443 0429 0714 1000 1000 0714 0429 0143 0143 0429 0714 1000
v
z

7 Y

[ (d)  m———
(©  m—— - B oizs ores 0w oum ore o

-1.000 -0.714 -0429 -0143 D0.143 0429 0714 1000

o Ny

() .000 -0.714 -D429 -0.143 0.143 0429 0714 1000 /*\

z Y

Fig. 2.19 Pressure contours atptane at the moment t=3.75ms of rigid sol

crystals (a) 1500Hz (b) 2000Hz (c) 3500Hz (d) 4000Hz (e) 5000Hz

45



Figure. 2.19 (a(e) are the pressure contours at t=3.75ms of the 3D rigid sonic crystal
simulations with differenplane wave frequency from 1500Hz, 2000Hz, 3500Hz, 4000Hz and
5000Hz respectivelyit can be seethat at this moment the sound wave is strengthened because
the reflected waves, right before the first cylinder barrier when the sound frequency is 1500Hz,
2000Hz and 4000Hz. Contrarily when the sound frequency is 3500Hz the propagating sound wave
is weakened by the reflected waves at t=3.75ms. From figure. 2.19 (c) we can see that the plane
wave is weak before the first cylinder barrier. Different from the simulations, when the sound
wave has the highest frequency 5000Hz the incident wave propagation is not obviously
strengthened or weakened by the reflections.

Figure. 2.20 (a)e) are the pressure contours at t=6ms of the 3D rigid sonic crystdasipns.

From (a}(e) we can find that when the sound source with frequency 1500Hz, 2000Hz and 3500Hz,
the incident sound wave is strengthened right before the first cylinder barrier, and strongly
weakened near the left boundary. On the contrary whesothredl frequency is 4000Hz the incident

wave is enhanced by the reflected waves all over the area bglioger arraysFrom figure. 2.20

(e) we can see that when the sound source has the highest frequency 5000Hz, the incident wave
propagation is not obviously strengthened or weakened by the reflections and it can successfully
pass through theylinder arrays

Based on figure. 2.19 and 2.20, we know that the sonic crystal is effective for sound blockage
for the incident sound wave with frequency from 1500Hz to 4000Hz. But the sonic crystal is not
effective for the highest sound frequency 5000Hz, since most ohdident wave could pass

through the rigid cylinder barriers and reach the receiver.
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Figure. 2.21(a)(e) givethe numerical sound attenuations of the simulations with different
sound frequency. When the sound source has frequency from 1500Hz to 4000Hz, the numerical
sound attenuations have two main band gap as same as the experimental data. And the magnitude
of sound attenuation at the band gap is also close to the experiment results. When the incident
wave frequency is 3500Hz or 4000Hz, the sound attenuations have more fluctuations at the high
frequency domain and most of the values are below zero. Form figRie(&) we can see that
when the incident wave frequency is 5000Hz, the two band gaps shown in the other figures do not
exist. And the sound attenuations are lower than zero along the frequency domain, which means
the sonic crystal cannot work for sounddiage for this high source frequency. This result
coincides with the conclusion that we have drawn based on the contours.

The comparison of the averaged sound attenuations between the simulation and the
experimental data in Ref. [88] is given igFR.21(f). From the comparisowe can see that the
simulatedsound attenuatiahave two band gapsaround1250Hz2500Hz and 3500H4500Hz,
with themaximum sound attenuation of 30dB and 35dB respectively. The experimental results are
close to the simutad results for both thtwo band gap3.he first maximum sound attenuation is
achieved at frequency about 1950Hz. Aor di ng t o IntRefd88Br aggds | aw

c 340

=— =——— 2060.6Hz
2a 23 0.085

Therefore, the simulatdshnd gap frequendyas a very good agreemaevith the theoretical value.
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2.3.3 Effect of Porous Materials

In this section, the sound blockage effect of the sonic crystals made of porous media is studied.
The geometry and all the initial conditions are remained the santes agyid cylinder arrays
simulations except that changing the material of cylinders to porous media. Two different
resistivity2kPa s it ands0kPa s rit are tested for the porous sonic crystals, and the frequency
of incident plane wave is selected as 1500Hz, 2000Hz and 3500Hz. The simulation results are also

compared with the results of the corresponding rgithder arraysases.
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Fig. 2.22 Pressure contours afptane at the moment t=3.75ms of porous sonic crystals (a) 1500F
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Figure. 2.22 (a)f) are the pressure contours at t=3.75ms of the 3D pagimier arrays
simulations with different plane wave frequency and cylinder resistivity. We can see that the
pressure distributions are almost the same between the two different porous media resistivity at
this moment except the area after tlginder arraysBy comparson we can see that the pressure
after the fifth cylinder is higher when the resistivity of the porous cylindegRa s rit. This
phenomena can be easily explained that when the impedance of the cylinders is lower, the more

of the incidemwave is allowed to pass through thdinder arrays
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Figure. 2.23 (aff) are the pressure contours at t=6ms of the 3D pocglisder arrays
simulations. After long enough time propagation, thespure distributions become different
between the two different porous media resistivity. Ffimt the incident wave with frequency
1500Hz, the pressure right before the first cylinder is similar between the two different porous
materials. The pressurear the left boundary is higher when the porous cylinders have lower
impedanceFor the incident wave with frequency 2000Hz, we can see thaplihse of the
propagating wave is different between two different porous matdfrals figure. 2.23 (e) and)(f
it can be found that when the incident wave has frequency 3500Hz, the pressure distribution is
totally different between two porous materials. The wave near the left boundary is weak and is
enhanced before tloylinder arraysvhen the porous resistivitg2kPa s rit . On the contrary the
wave is not influenced near the entrance and is diminisbé&atethe cylinder arraysvhen the
porous resistivity iSOkPa s rit . Another noteworthy phenomenon is that when the sound wave
hasfrequency 3500Hz the wave can reach almost the right boundary with the low flow resistivity
2kPa s it of thecylinder arraysbut the wave is almost stopped by ¢ygnder arrayswith flow
resistivitysokPa s nif .

The numerical sound attenuations of porous sonic crystals, and the comparison with rigid
sonic crystal results are shown in figure.£2 Based on the averaged values and the comparison,
it can be seen that the sound attenuation curves of the three diffarentrystal materials have
the same number of fluctuations, but vdifferent magnitudeThe numerical sound attenuations
at low and medium frequency domain are similar between the three simulations, and the values
simulated with rigid sonic crystal dtd two band gaps are much higher than the results of porous
sonic crystal, while the porous sonic crystal with resistivity 50kPa has slightly higher attenuation

than the one withesistivity 2kPa. At high frequency domain (greater than 4500Hz), the porous

53



sonic crystals have high sound attenuations than the rigid sonic crystal. As a result the porous sonic
crystals have better sound blockage effect than the rigid sonic crystals for high fresioendy
source.
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2.4 Summary

In this chapter, the sound blockage effeatydinder arrayss studied for both twoand three
dimensionatasesBased on the discussions in this chapter we see how the array and the material
of sonic crystalganinfluence the sound blockage effect.

It has been proved that the firdi#ference timedomain method incorporated with the
immersed boundary method provides a valid model for the sound propagation through sonic
crystals. For the twadimensional simulations of the sound propagatesutfh sonic crystals
perpendicularly in free filed, @ery goodagreement between our numerical band gap frequency
and the theoretical result is found. When the number of cylinderglireation is fixed, the more
cylinders in the wave propagation directiresults inbetter sound blockage effect when the
receiver is far. This conclusion is not necessarily valid when the receiver is close to the sonic
crystal because theound pressure level is enhanced due todfiections

TheEulertype mowng zonatdomain approach in Re®T] is applied for thre@imensional
simulations. The influence of moving domain size is discussed based on the comparison with the
numerical results from nemoving domain. The simulation results from movohgmain agree
well with the noamoving domain simulation, while the computational efficiency is greatly
improved. The simulation results are also compared and agree well with the experimental data in
Ref. [88]. Based on the comparison between rigid and porous sorstalsyit is found that
selectingappropriate materials important aim at different sound source frequency. The sonic

crystals made of porous material with intermediate flow impedance is effective for noise blockage.
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3 Sound Propagationover Vortex Pair

In thischapterthescatteringeffects of high subsonic vorteipoleontwo-dimensionasound
wave propagatiors studied When acoustic wave propagates through a vortex or vortex dipole,
the sound field may be significantly modified by th&eractions between the incident wave and
the vortical flow in Ref. §9]. Both the amplitude and phase of the sound wave will be affected
during the propagation through vortical flow. Knowledgfesound scattering by a vortical flow
field is very importah for many aeroacoustics studid&evious studies on this topic include
analytical studies in Reflp(-[115] and numerical simulations in Re¥1], [72], [116] and [B7].
Oneclassical numerical calculations carried out by Colonius in R&ff. NavierStokes equations
are applied to directly solve the wave propagation through a single vortex, and very good
calculation results are achievddowever there are also several drawbacks appeared about this
numerical model. Copared withthedirect linearized Eler equations, this model requires a very
high grid resolutiorandhigh order scheme tachieve accurate resulSheinet et alin Ref.[72]
applied the linearized Euler equations to solve the problem of sound propagation over a single
vortex. The secondrder cemal finite differencemethodwas used for the spatial derivatives, and
a fourthorder RungeKutta was used for time integration. Their simulation was only limitédeo
propagation of acoustic waves of weak amplitude in low Mach number.fldvesaccuracy of
their methodor high Mach number vortical flow problemwas notvalidated yet.

When we conduct simulations for high Mach number vortical flow,otiggnary numerical
schemesare not accurate enough in dealing the convective terms becauseldbity and its
gradient are high. As a result great numerical eraoegienerated in the domain near the high
speed vortical flowA high order WENO schemia Ref.[101]-[110] is adoptedo the regions

with high velocityto solve convectiomlominant kackground flow in time domaimumerical
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simulation. Tl WENO schemecannot only achieve highesrder accuracy near the high gradient

velocity regions, but also maintain a stable aod-oscillatory solution
3.1 High Order Numerical Scheme

In the simulations for this topic, a fifth order WENO scheme in R&RB]F[110] is applied
for the convention termd.o illustrate the implementation of the highder upwind scheme for
the convection terms in the current simulation, we takedimensionalconvection term as an
example

The expression of convection terms is written as:

U _ L ;
a—=a +a 3.1
X U, U (3.1)

Whered" =max(@, 0)anda” =min(a,0).
The fifth order WENO scheme fd} andu, is given like below:

u=wu Wi W (3.2)
Wherew; , w; andw; are the weight coefficientand can be founsh Ref. [109]. In additiony”,

u” andu® are three ENO3 stencils defined as:

Uy =%q° —;02" *15103 33
uy = 71305 *2*0;’ éﬂn (34
Uy =§03 *204 —éq; 3.9
where
q, = '3~J'[')X” A =,2,.E (3.6)
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and

+ ui-nﬂ,j-qn-&f 12 7)
q - ) II _, ..... E 3-
" Dx (

Inthis chapter, the fiftorder WENO scheme is applied only for the regions around the vortex,
and the numerical scheme in R&f6]is used for solvingonvection inthe remaining regiondt
should be noted thahé background velocity filed generated by the vortices is assumed to be

steady
3.2 Numerical Model Description

First the sound propagation over single vortex is discussed. The description for single vortex

is shown in Fig. 3.1, whetgs the angle between receiver and the center of vortex(asmthe

circulation of vortexThe graphic illustration for theinglevortex is shown irFig. 3.1.

Z(my

-~

\ 2

PML

Y(m)
Fig. 3.1 Description of the geometry and coordinate system for the plane

propagation over singlvortex.
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For aperiodic plane wave givess
p=sin(20f) (38)
wheref is wave frequency. Since we focus on low frequepleype wave, the wave frequency is

set asf =85Hz. For ahomentropic vortex, the tangential velocity is given in Ref. [71]:

G ¢ & aRrR %¢
‘7_2,0 é - péﬁagel—_ 9§ (39

whereL is the length of vortex coreRRis the distance from the center of vortaxvortex pairto

the receiver, and is a constanselected as 1.2564. The two length scales are related by the Mach

number of the vortex, defined as the maximuntesorelocity relative to the sound speed

M =b2p% (3.10)

wherep is a numericatonstant which depends on the specific distribution of tangential velocity

in the core of vortex, arit] is the speed of sound at infinity. Different Mach numbers and the

corresponding values Ebarelisted in Table 3.1.

Table3-1 Different Mach numbeand corresponding vortex circulation

M /9
0.0625 190.4
0.125 367.2
0.25 748
0.5 1496

After simulation, the simulated pressure is normalized by calculating thenesotsquare

pressurep,.. in Eq. (311):
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prms=\/ﬁpl_ P2 ot 3.1)
T

wherep, is the simulated pressure with vortex or vortex pair, @nsl the simulated pressure

without vortical flow.According to the low frequency theories in Ref. [71], thetmeansquare

pressure levep__in the far filed should scale as:

Puns ~ Pi&( 1 T)2 (3.12
wherep, is the amplitude of the incident wave, and the paraneésaelated to the vortestrength
and the wave number of sound wave.

e= G(a, J (3.13
Based on the discussions for sound propagation over single vortex in Ref. [98], timeamot

square pressure level scaled by the right hand side of Eq. (3.12) is shown in Fig. 3.2.

—_—————— M=0.0625, epsilon=0.14
—_—— — M=0.125, epsilon=0.27
———— M=0.25, epsilon=0.55
M=0.5, epsilon=1.1

P Hps(in™)

i
200

%

angle(degree)

Fig. 3.2 Scaled roetmeansquare pressure level for single vortex.
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In the simulations in Ref. [98], the rafid r is fixed as a constant 2.5, from Fig. 3.2 we can
find that whereis decreased, which means t¥lach number becomes small, the curves scaling

with eappear to hold.

counter clockwise

Y

clockwise

Fig. 3.3 Description of the geometry and coordinate system for the plane

propagation over vortex pair.

For the simulations for vortex pair in this chapter, the geometry and coordinate system are
shown in Fig. 3.3, wherg is the vortex pair orientation angle. It is definedths contour

clockwise angle betwegnaxis and the vector from the center of clockwise vortex to the center of

counterclockwise vortex. In our simulationslifferent orientations of vortex payr from0 to
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315 are testedThe 2dis the distance between two centers of vortex pair, and it is selected as 2m,
so that theore of eaclvortexis not overlapping witho each other.

The size of computational domain ity-direcion isyi [0,110/mandzi [0,160]min z-
direction. Uniform mesh is used for simulations and grid Bjze= D 0=05m. Two perfectly

matchedayers with thickness 20m are specified at the top and bottom bounddmgesenter of

the receiverircle islocaed at(20m, 80m) and three different values of the radiugre tested:
8m, 10m and 12nilime stet =2 20°sand total simulation time 0.31s. The paramekeasd
a, givenin Eqg. (3.9) an@3.10) are 1m and 340m/s respectively. For each different gingliee

corresponding coordinates of the centers of vortex pair are given in table 3.2.

Table3-2 Coordinates of vortepair for different simulations

Y (degree) Vortex1 (clockwise) Vortex2(counter clockwise)

0 (19, 80) (21,80)

45 (19.293, 79.293) (20.707, 80.707)

90 (20, 79) (20, 81)

135 (20.707, 79.293) (19.293, 80.707)

180 (21, 80) (19, 80)

225 (20.707, 80.707) (19.293, 79.293)

270 (20, 81) (20, 79)

315 (19.293, 80.707) (20.707, 79.293)

3.3 Simulation Results andDiscussiors

The pressure distributions of each simulation, and the normalized pressure level versus

different receiver locations are given in this sectiéigure 3.4 36, 38 and 310 are pressure
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contours for each differemt with vortex pai Mach number 0.0625, 0.125, 0.25 and 0.5

respectively.
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