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SOUND SOURCE CHARACTERIZATION OF VIBRATING BODIES BY
THEORETICAL AND EXPERIMENTAL TECHNIQUES

ABSTRACT

Boundary element method (BEM) is a widely used technique which has been
successfully applied for many structural and acoustic problems. Sound source
characterization of vibrating bodies which is the main subject of this study has been
accomplished by solving Helmholtz integral equation via BEM fed by surface
velocity measurements. For these operations, an available in-house computer code
which enables to perform acoustic analysis of vibrating bodies in full and half space
has been rewritten in MatLAB®. Additionally, a new module has been developed for
this code to solve half-space acoustic problems in the presence of an impedance
surface. The code is capable of post-processing operation to display sound source
localizations and providing the data to be assessed by means of sound source
characterization. This program which can be used for active noise control has been
tested first for the theoretical acoustic sources; a dilating sphere and hemisphere.
Then, as an engineering application, sound source characterization of a refrigerator
has been performed. Passive noise control effect of an impedance surface under the
refrigerator also has been examined. Sound measurements for the acoustic field of
the refrigerator have been accomplished and compared with the numerical solutions.

Keywords: Vibro-acoustics, Boundary element method, Helmholtz integral
equation, Sound source characterization, Impedance surface, Active noise control,

Passive noise control, Dilating sphere, Refrigerator.



TIiTRESEN CiSIMLERIN SES KAYNAGI DAVRANIS OZELLIiKLERININ
TEORIK VE DENEYSEL YONTEMLERLE BELIRLENMESI

0z

Sinir elemanlart yontemi (BEM) yaygin olarak kullanilan, bir ¢ok yapisal ve
akustik problemde basariyla uygulanmis bir yontemdir. Bu ¢alismanin temel konusu
olan, titresen cisimlerin ses kaynagi karakterizasyonu, Helmholtz integral
denkleminin yiizey hiz Olglimleri ile beslenen BEM ile c¢o6ziilmesi yoluyla
gerceklestirilmistir. Bu islemler i¢in, tam ve yarim uzayda bulunan titresen cisimlerin
akustik analizi amaciyla biinyemizde gelistirilmis olan bir bilgisayar programi
MatLAB®*da yeniden yazilmistir. Ayrica bu program icin, ses yutucu bir yiizeye
sahip yarim uzaydaki akustik problemleri ¢dzebilen yeni bir modiil gelistirilmistir.
Program, ses kaynaklarinin yerlerini gostermek icin sonuglarin islenmesini ve bu
kaynaklarin davranig 6zelliklerinin degerlendirilmesini miimkiin kilmaktadir. Aktif
giiriiltii kontroliine yonelik olarak kullanilabilecek bu bilgisayar programi, dncelikle
diizgiin titresen kiire ve yarim kiire gibi teorik akustik kaynaklar i¢cin denenmistir.
Daha sonra bir miithendislik uygulamasi olarak, bir buzdolabinin ses kaynaklarinin
belirlenmesi ve degerlendirilmesi islemi gerceklestirilmistir. Buzdolabmin altinda
bulunan ses yutucu bir yiizeyin pasif giiriiltii azaltimi etkisi de incelenmistir.
Buzdolabinin akustik alani i¢in ses dl¢timleri yapilmis ve bu 6l¢timlerden elde edilen

sonugclar, sayisal ¢oziimler ile karsilastirilmistir.

Anahtar sozciikler : Vibroakustik, Sinir elemanlar1 yontemi, Helmholtz integral
denklemi, Ses kaynag1 karakterizasyonu, Ses yutucu yiizey, Aktif giiriiltii kontrolii,

Pasif giirtiltii kontrolii, Diizgiin titresen kiire, Buzdolab.



CONTENTS

Page
M.Sc THESIS EXAMINATION RESULT FORM......ccooviiiiiicie e i
ACKNOWLEDGEMENTS ... .ottt nnee e ii
ABSTRAGCT ..ottt st e bt s et bttt nr et re it s WY
OZ oo ettt v
CHAPTER ONE — INTRODUCTION ....ooiiiiiecee e 1
1.1 INEPOTUCTION ...ttt sttt 1
1.2 THeSIS OrganiZaAtION........ccveruirtiiiiiiesieie ettt 4
CHAPTER TWO — THEORETICAL CONSIDERATIONS. .......ccccvvvieiieiennns 6
P20 R 1 0o L1 o4 £ o o SR 6
2.2 Derivation of Helmholtz Integral ..., 6
2.2.1 Green’s Theorem and Helmholtz Equation ............cccocevvviiiieniniciienen, 6
2.2.2 Exterior Helmholtz Integral EQUation ............cccccoeevevieii i, 8
2.2.3 General Expression of the Helmholtz Integral Equation......................... 10
2.3 Numerical Solution of the Helmholtz Integral Equation..............c.cccceevenneee. 13
2.3.1 Numerical Expression of the General Surface Helmholtz Integral
EQUALION ... 13
2.3.2 Matrix Representation of the General Surface Helmholtz Integral
EQUALTON ..o 16
2.4 Helmholtz Integral Equation for Half-Space...........ccccooeviiiiiiiiiiiiiccee, 18
2.4.1 Numerical Expression of the General Surface Helmholtz Integral
Equation for Half-Space ..........cccociiiiiiie i 21
2.4.2 Matrix Representation of the General Surface Helmholtz Integral
Equation for Half-Space ..o, 22
2.5 Helmholtz Integral Equation for Half-Space Contact Case ...........cccccevevuvennee. 22

Vi



CHAPTER THREE - NUMERICAL RESULTS OF SPHERICAL

SOURCES. ... .ottt et e et e e et e ste s besteeneeneeneeee s 27
L INTrOAUCTION ..ottt bbb bbbt 27
3.2 Analytical Expression for a Dilating SpPhere ..., 27
3.3 Numerical Results of a Dilating Sphere for Full-Space Case ...........ccccceuene. 27

3.4 Numerical Results of a Dilating Hemisphere for Half-Space Contact Case... 28
3.4.1 Numerical Results of a Dilating Hemisphere in Contact with a Rigid
INFINITE SUMACE ..o e 29
3.4.2 Numerical Results of a Dilating Hemisphere in Contact with an

Impedance Infinite SUMface..........cccccv e, 30

CHAPTER FOUR - SOUND SOURCE CHARACTERIZATION OF A

REFRIGERATOR ...ttt et nee e e e annee e 35
o I 1 oo [0 Tod o] o SRS PRRURORPPRRN 35
4.2 Model Description of the Refrigerator ...........c.coovvviiiiienenc e 35
4.3 Surface Velocity Measurements of the Refrigerator...........cccccocvvviiivieienn, 36
4.4 Sound Source Characterization of the Refrigerator ..........cccccocvvniiiniinenn, 37

4.4.1 RIQId SUIMACE ..c.veceve et 38
4.4.2 IMpPedance SUMACE..........ccccviieeiecee e 39
4.5 Sound Measurements of the Refrigerator............ccocvvvvvvineniensceeee 40
4.5. 1 RIQIC SUIMACE ..ot 40
4.5.2 IMPedance SUMACE..........ccccviiiee e 43

CHAPTER FIVE - EXPLANATIONS ABOUT THE COMPUTER CODE .... 69

5.1 INTOTUCTION ... et nreas 69
5.2 Explanations about main_Dem ..o 69
5.3 Explanations about SUD Programs...........ccccoeiiriniinienene e, 70
5.3.1 dALA_INPUL ..ot 70
5.2 VL e 70

vii



5.3.3 AV _B8 ettt bbbttt 71

B30 COB T e 71
TG o0 [ o SRR 71
L TRC TN ST o0 1 1 T 71
B 3 T SUINBL. .ot e e e e e ee e eeeneens 71
D38 S VI ettt ————— 72
LRI =) (o - - VRO 72
TG 01 0 I [=T o - ot SRR 72
B3 LT BXENCL .ot ————— 72
B3 L2 BXIWWIIEE .eeeeeeee ettt ettt e e e e e e e e e e eeeeeeeeeeeeeeeeereeeeeeeeeneeeeereens 72
CHAPTER SIX — CONCLUSIONS ...t 73
REFEREN CES ...ttt ettt et e e e e et e e e e e e e e e et ereeeeeeaeeaees 76
APPENDICES ...ttt e e 81

A - DETERMINATION OF REFLECTION COEFFICIENT OF A
SURFACE ...ttt nne s 82

B - GEOMETRICAL DATA OF SPHERICAL AND HEMISPHERICAL
SOURRCES. . ...t nb et n e nneas 87

C - SURFACE PRESSURES OF DILATING SPHERICAL AND
HEMISPHERICAL SOURCES ........coooiiii s 92

D - GEOMETRICAL AND SURFACE VELOCITY DATA OF THE
REFRIGERATOR ..ot 96

E — COMPUTER PROGRAM ......ooiiiiiiiiie ettt 120

viii



CHAPTER ONE
INTRODUCTION

1.1 Introduction

Machinery has become much more complicated to satisfy customer expectations
and legislations by the technological development. This causes complex dynamic
problems leading to high noise and vibration levels and thus irritates the daily-life. It
Is expected from a reputable product to have low-noise characteristics together with a
good quality-price property. Therefore, some active and passive treatments before
and during the design stage have to be performed to deal with these dynamic
problems. For this purpose, the designer has to have a satisfactory information about
the vibro-acoustic characteristics of the machinery parts; localization, radiation
characteristics, time, spatial and frequency dependent behaviours of the sound
sources. Furthermore, it has to be accurately obtained, the interaction between the
structural and acoustic parts of that machinery taking into account of reflection

effects of the surrounding surfaces.

Noise source identification and characterization has become a powerful tool for
the design and production of modern and noiseless machines and systems. Various
techniques have been developed for this purpose. In general, measurements of
surface velocity and exterior sound pressure are practical ways to perform a simple
source localization analysis. The capability of these measurement approaches is very
restricted due to the fact that it directly depends on the accuracy of the test set-up and
expertise of the measurement technician. In the identification of acoustical
characteristics of sound sources, some methods are available for researchers. For
example; inverse and reciprocity methods (Fahy, 2003; Verheij, 1997a, 1997b)
presenting characteristics of sources and transmission paths; pseudo-forces method
(Janssens & Verheij, 2000; Janssens, Verheij & Loyau, 2002) where the internal
excitation in a source component is reproduced by fictitious forces on the outer
surface; and Inverse Boundary Element Method (IBEM) (Schuhmacher, Rasmussen
& Hansen, 2003; Z. D. Zhang, Vlahopoulos, Raveendra, Allen & K. Y. Zhang, 2000)



that is a three-dimensional holography method joining boundary element modeling
used in direct (forward) solution with inverse methods. The more industrialized
tecniques are, Spatial Transformation of Sound Fields (STSF) (Ginn & Hald, 1989;
Hald, 1989) that bases on measurements on a flat image of the source scanned on a
reference plane; Near-field Acoustic Holography (NAH) (Maynard, Williams & Lee,
1985; Veronesi & Maynard, 1987), an approach to reconstruct the acoustic field on
the surface of a planar source based on Helmholtz integral equation and the two-
dimensional spatial Fourier transform; and beamforming (Castellini & Martarelli,
2008; Christensen & Hald, 2004), a technique that measures acoustic pressure by
means of microphone arrays and locates sound sources by post-processing the
measured signals. Different commercial software based on these techniques
compatible to measurement hardware can be directly supplied by the test equipment
sellers. In addition to these briefly explained techniques some other approaches such
as, Statistically Optimal NAH (SONAH) (Hald, 2005a, 2005b); Non-Stationary
STSF (Hald, 2000); Helmholtz integral equation, BEM with Singular Value
Decomposition (SVD) (Bai, 1992; Veronesi & Maynard, 1989); Helmholtz Equation
with Least Squares method (HELS) (Wang & Wu, 1997; Wu, 2000); Fast Multipole
BEM (FMBEM) (Sakuma & Yasuda, 2002; Yasuda & Sakuma, 2005) are also
available. All these methods have pros and cons depending on the accuracy,

operation time and expenses, required equipment and software costs.

Analytical solutions of sound sources having uniform geometry are available for
many years (Morse & Feshbach, 1953; Morse & Ingard, 1968; Pierce, 1981,
Skudrzyk, 1971). However, closed form solutions have not been generally possible
for arbitrarily shaped sources and the sources embedded in a complex structure.
Therefore, for such cases, some efficient numerical techniques according to the

objective of the analyses have to be considered.

Helmholtz integral equations constitute the foundation of many studies
accomplished by numerical methods (Bell, Meyer & Zinn, 1977; Burton & Miller,
1971; Chertock, 1964; Copley, 1967; Koopmann & Benner, 1982; Piaszczyk &
Klosner, 1984; Sarigiil, 1999; Sarigiil & Kiral, 1999; Sarigiil & Secgin, 2004; Se¢gin



& Sarigiil, 2010; Seybert, Soenarko, Rizzo & Shippy, 1985). In the application of
Helmholtz integral to acoustic radiation problems, either the acoustic surface
pressure or surface normal velocity distribution of the vibrating body has to be pre-
defined. In practice, normal velocity is the pre-known variable obtained from
structural analyses or measurements. In this case, the first step is to apply the surface
Helmholtz integral equation for the determination of acoustic pressure distribution on
the surface of the sound source by using boundary conditions. Secondly, predicted
surface pressures are used for the computation of sound pressure field around the

source via exterior Helmholtz integral equation.

In general, methods that are based on the numerical solution of a surface integral,
such as Helmholtz integral, are known as Boundary Element Method (BEM). This
method is similar to the Finite Element Method (FEM) due to its properties;
discretization of the body, use of the shape functions and obtaining a set of algebraic
equations. However, in the FEM, the body is entirely discretized while only the
surface of the body is discretized in the BEM. Therefore, the BEM reduces the
dimension and thus it is faster and less dense than the FEM.

In practice, machines sit on a floor or are mounted to at least one wall. The floor
or the walls can be regarded as rigid or impedance surfaces which limit the analysis
domain. If only one theoretically infinite surface restricts the domain, it is called as
half-space condition. For such cases, the surface reflection effects have to be taken
into account. The half-space algorithm for Helmholtz integral originally developed
by Seybert & Soenarko (1988) and Seybert & Wu (1989) can be reliably used for

such a problem.

In this thesis, an efficient methodology for sound source characterization based on
the solution of Helmholtz integral equation via BEM fed by surface velocity data is
presented. For this purpose, an in-house computer code previously developed in
Vibration and Acoustic Laboratory has been rewritten in MatLAB® and improved for
solving half-space problems with impedance surfaces. The impedance surface

solutions constitute the contribution of this thesis to the literature. This redeveloped



code promises high resolution post-processed data that is displayed as 2D sound
source localizations. The code also provides raw data ready for the assessment by
means of sound source characterization. These analyses form the background of an
effective active noise control. The tests of the computer program have been realized
by making comparisons between the analytical and numerical results for spherical
and hemispherical sources. As a practical application, sound source localization and
characterization of a refrigerator been performed. The effect of an impedance surface
under the refrigerator was examined as a sound absorbing material. The BEM results
for this passive noise control application have been compared with those from the

sound measurements.

1.2 Thesis Organization

This thesis comprises six chapters including introduction and conclusions, and

appendices.

Chapter 1 mainly discusses the importance of sound source localization and

characterization of vibrating bodies and presents a literature review.

Chapter 2 gives the theory and solution of Helmholtz integral equations via BEM

for full-space, half-space and half-space contact cases in detail.

Chapter 3 presents the surface and exterior pressures of a dilating sphere in full
space and a hemisphere in contact with a surface; for both the rigid and impedance
bounding surface cases. Furthermore, this chapter presents the comparison of

computed results with the analytical solutions.

Chapter 4 presents the sound source identification of a refrigerator. The measured
surface velocity distribution together with calculated and displayed surface and
exterior pressure distribution of the refrigerator make possible this assessment.
Moreover, the numerical results of the refrigerator are compared with the sound

measurements in this chapter.



Chapter 5 gives detailed explanations about the computer program.

Chapter 6 presents a short review and underlines the outcomes of the thesis.

Appendix A presents a brief information about the determination of reflection
coefficient of a reflecting surface; Appendix B gives the geometrical data of
spherical and hemispherical sources; Appendix C presents the surface pressures of
spherical and hemispherical sources; Appendix D gives geometrical and surface
velocity data of the refrigerator; consequently Appendix E presents the computer
code.



CHAPTER TWO
THEORETICAL CONSIDERATIONS

2.1 Introduction

In this chapter, derivation of the Helmholtz integral equation for the three-
dimensional full space is presented and expressed in terms of the acoustic variables,
pressure and particle velocity. Numerical solution of the surface integrals in the
Helmholtz integral formulation is accomplished by using boundary element method
and Gaussian quadrature technique. Helmholtz integral formulations and their
numerical expressions are also presented for the three-dimensional half-space and

half-space contact problems.

2.2 Derivation of the Helmholtz Integral Equation

2.2.1 Green’s Theorem and Helmholtz Equation

The derivation of the Helmholtz integral equation starts with the three-

dimensional wave equation,

10°p
Vzp—c—Zatz =0 (2.1)
where p is the acoustic pressure and c is the speed of sound. Assuming a harmonic

i 274t

time dependence e <", acoustic pressure can be written as,

where f is the wave frequency. Substituting Equation (2.2) in Equation (2.1), the

wave equation becomes



(v2+k?)p=0. (23)

Equation (2.3) is known as the Helmholtz equation, where k =2#f /cis the

wavenumber. If the Helmholtz operator, L , is defined as,
L=Vv2+k? (2.4)
the non-homogeneous Helmholtz equation is given as (Morse & Feshbach, 1953),
Lv=-4m5(Q-P) (2.5)
where & is the Dirac-delta function, Qand P represent two points in the medium.

The fundamental solution of Equation (2.5), in the three-dimensional space is the

free-space Green’s function,

,R=|Q-P|. (2.6)

Green’s theorem relates the surface integral over S’ to the volume integral over

V bounded by S’ for any two smooth and non-singular functions p and v in

volume V (Kinsler, Frey, Coppens & Sanders, 1982).

I(pVZV—VVZ p)dV :I(p v -V P de (2.7)

! !
v 5 on on

where n’ is the outward normal of the surface S’. Forming the difference

pLv —vLp and by using Equations (2.3) and (2.4), the following relation is obtained:

pLv—vLp = pviv—vV?2p,

pLv = pv2v—vv2p. (2.8)



If two sides of Equation (2.8) are integrated over the volume V , and if Green’s

theorem in Equation (2.7) is used, the following equality is obtained:

(p ar\]/ —v@jds : (2.9)

Substituting Equation (2.5) into Equation (2.9) and by using the Dirac-delta function
property,

[p(@Q) 5(@-P)dv = p(P) (2.10)

\

the following equation is obtained,
—4zp(P)= (pﬂ—va—p,jds . (2.11)
S!

2.2.2 Exterior Helmholtz Integral Equation

As shown in Figure 2.1, if point Q is on the surface S and point P is inside the

field V , between the surface S and the infinite surface Y., Equation (2.11) may be
rewritten by using free-space Green’s function in Equation (2.6) and expressed as the

summation of two integrals:

a(e—ikR/R)-i_e—ikR@
on’ R on'

azp(P)= [ |-p (2.12)

S+

The surface 2 at intifinity is identical to a sphere with a radius of R=R’ —
(Skudrzyk, 1971). By using the relation 6/on"=0/dR’, the contribution of this

surface to the integral in Equation (2.12) may be rewritten as,



a(e—ikR’/R,)+ o IR EY

as. (2.13)
&R’ R R

lim R'—)ooj. -p
z

By using the spherical co-ordinates, the following relation
dS =R'?sin@ do dg = R'2dQ (2.14)

may be rewritten. Here Q is the space angle. By substituting Equation (2.14) in
Equation (2.13) and taking the derivatives, Equation (2.13) takes the form,

: | o P |-k
limg_,, jR {—’+ |kp+—,}e dQ . (2.15)
s LR R

Thus, the contributions of the regions infinitely far away vanish if,

IimR_m[R(g—ngpﬂ -0 (2.16)

which is known as Sommerfield radiation condition. This condition explains that
there isn’t any source at infinity, there isn’t any reflection coming from infinity and

the function p vanishesas R — .

When Sommerfeld radiation condition is used, the integral in Equation (2.12)
involves only the surface of the source. Since the outward normal of the surface S is

n=-n', Equation (2.12) may be rewritten as,

8(e—ikR/R)_ o-1kR o

ds. (2.17)
on R on

4zp(P)=]| p

which is called as exterior Helmholtz integral equation.
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2.2.3 General Expression of the Helmholtz Integral Equation

If S is a smooth surface and if point P is allowed to approach to the surface,
Equation (2.17) takes the form (Courant & Hilbert, 1962)

a(e—ikR/R)_ e R ap
on R on

27p(P)= | p ds (2.18)
S

which is known as surface Helmholtz integral equation.

If point P is inside the surface S, since there will not be a singularity problem in

V , by using Dirac-delta function property,

. :j ) a(e—ikR/R)_ o-1kR o s (2.19)
S

on R on

is obtained. Equation (2.19) is known as the interior Helmholtz integral equation.
Equations (2.17), (2.18) and (2.19) together, may be written in a compact form as the
general Helmholtz integral equation:

a(e—ikR/R)_ o-ikR o
on R on

C(P)p(P)={| p ds . (2.20)

Here C(P) takes the following values according to the position of the field point P

(Figure 2.1):

A if PisinsideV
C(P)=12x if PisonS
0 if P is outsideV
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If P is at a corner or edge of S which has no unique tangent plane at that point, a
more general expression for C(P) is given as (Seybert, Soenarko, Rizzo & Shippy,

1985),

on

C(P)=4r+] [a(n/ R)} ds . (2.21)

If Equation (2.21) is used in Equation (2.20), the equation known as the general

surface Helmholtz integral is obtained:

T

Using the particle velocity u and the density of the fluid in the medium p,, the

linear Euler’s equation is written as,

ou
—=-Vp. 2.23
Po at p ( )

Assuming a harmonic change for the acoustic particle velocity u =U g2t

E = i24u (2.24)

may be written. Substituting Equation (2.24) in Equation (2.23), the following
equality is obtained:

0 .
a—ﬁ = —iz kuy, (2.25)
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where z, = p,C is the characteristic acoustic impedance of the medium, u, is the

component of the surface velocity in the direction of the outward normal.
Substituting Equation (2.25) in Equation (2.20), the Helmholtz integral can be

written in terms of acoustic pressure and velocity:

c(P)p(P)= j[ lLR/) Fizgku, _:R}ds. (2.26)

The partial derivative of the free-space Green’s function (Equation 2.6) with respect

to n is,

—ikR —-ikR
M:—(%ije oSy (2.27)

on

where y is the angle between the vectors R and n (Figure 2.2). By using Equation

(2.27), Equation (2.26) may be rewritten as,

1 o-ikR _ o-ikR
C(P)p(P)+J.{p(E+|kj cosy — }dSzi[lzokun ~ }ds. (2.28)

Taking the derivative of the C(P) term in Equation (2.21) with respect to n yields,

oWR) _ _ L cosy (2.29)
R

Considering Equation (2.29), the general surface Helmholtz integral may be written

as,
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{47: - I[% cos yj dS] p(P)+ J'[ p(% + ikj e‘:R o5, }ds _ J{ilokun e_l;kR }ds

S S

(2.30)

2.3 Numerical Solution of the Helmholtz Integral Equation

In order to determine the radiation characteristics of acoustic sources, acoustic
pressure and normal velocity distributions on the surface should be known. In
mechanical problems, generally the surface velocity distribution is prescribed.
Therefore firstly, by using the Neumann boundary condition, acoustic pressures on
the surface are calculated from the surface Helmholtz integral equation.
Subsequently, by using the calculated surface pressures as input for the exterior

Helmholtz integral equation, field pressures of the acoustic sources can be evaluated.
2.3.1 Numerical Expression of the General Surface Helmholtz Integral Equation

Before the numerical integration of the general surface Helmholtz integral, the
variables in Equation (2.30) can be written in terms of the related points as,

{4;; _ i[m cos (P, Q)} dS(Q)} p(P)

e—ikR(P,Q)

+ﬂp(Q)( R(F%,Q)JrikJ R0 ™ 7(P,Q)}dS(Q)

ol o 1kR(P.Q)
= ﬂ'zokun (Q)W

}dS(Q) . (2.31)

In the present study, the boundary element method is used to solve the surface
integrals in Equation (2.31). In order to apply this method, the surface of the body is
discretized by using L quadrilateral elements shown in Figure 2.3. The surface
integrals in Equation (2.31) are rewritten as the summations of the elemental surface

integrals,
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ds. (2.32)

In the isoparametric element formulation technique, global Cartesian co-ordinates
and acoustic variables, such as pressure and normal velocity, of a point on an

element are written in terms of the nodal variables of the corresponding element;

8

X, (&m)= D N, (E7) Xz

a=1

8

Y2(&m)= 2N (E7m) Yaa @)

a=1

8

2,(&m)= 2N, (&) 24,

P, (&)= ZS_:Na(f,ﬂ) Pia () (233
(Un),(&m)= i_lNa(cf,n)(un)m ©)

where & and 7 represent the local co-ordinates. x;, y, and z, are the global co-
ordinates, p, and (uy,) , are the acoustic pressure and the normal velocity of a point
on the 4, element, respectively. The variables with the subscript Ao represent the
nodal values of the element 4. « =1,2,3...,8 denotes the node number. N, denotes

the second order shape functions for an 8-noded quadrilateral element (Sarigiil,
1990).

The surface integrals in Equation (2.32) may be written in the local co-ordinates as,
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[ds =[3(&n)dedn (2.34)

S S
where J is the Jacobian of the co-ordinate transformation in Equation (2.33)(a).

Substituting Equations (2.33) and (2.34) in Equation (2.32) leads to

L L 8 L 8
[M—zsﬁd}pd Y S b 2ok SV, (), (2.35)
A=1

2=l =1 2=l =1

where d =1— D and D is the total number of nodes on the surface of the body.
The coefficients in Equation (2.35) are,

Soa = j(Rd (;n)j wsra(En)IEmdzdy

1:/Olld = J‘Na(éyn){Rd (]é’n)""ik} COS 74 (5’77)

Sl
| —1J(&,p)dEdn 2.36
{Rd(m)} (&.m)d¢ dn (2.36)
2 =N, (&n)| ——|3(&n)dEd :
£a<§n){Rd(§1n) (En)de o

where Ry(&,77) denotes the distance between the node d and the points representing

the element 4.

In Equation (2.36) singularity occurs due to the term ]/Rd(f,n) when
Ry (§,n)=0. In order to solve the ordinary surface integrals in Equation (2.36),

Gaussian quadrature is used. This is a powerful integration technique and very
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suitable for the removal of the singularity problem (Sarigiil, 1990). Using Gaussian

points that never coincide with the nodes, Ry (&,7)# 0 condition can be satisfied.

In the Gaussian quadrature, a surface integral for a function which is indicated by

w 1S written as two numerical summations,

11 n m
[w(en)dsdn = [pen)dedn=3 Y AAwlE.n;) (237)
S 11 i=1 j=1

where A and A; represent Gaussian weights, n and m denote the number of

Gaussian points in the & and 7 directions, respectively. Local co-ordinates and

weights of these points are tabulated in numerical analysis books. If the approach in
Equation (2.37) is applied to Equation (2.36), coefficients of Equation (2.35) become

2

n m 1
S d =i§ jzzlAi Aj {m} COS?d(fiiﬂj)J(fi’ﬂj) :
=3 A A-Na(éi,ﬂ-){j—)l +ik}cosyd(§i,n-)

i=1 j=1 : Y Reléiom; J

e_ide(gilnj)
'{Rdfé,m)}](ﬁm) | e

., n m AN ( )e—ikRu(éﬁj) J( )
Vad —le J_Z:iAi iN &7 {m} il

2.3.2 Matrix Representation of the General Surface Helmholtz Integral Equation

Surface Helmholtz integral has a suitable form for matrix solution. If Equation

(2.35) is written for each of the nodes on the surface of the body, a system of
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equations involving 2D (D real, D imaginary) algebraic equations are obtained. This

set of equations can be written in the matrix form as,
[Gp}+[Cpi=IV fun} (2.39)

where [G] is 2Dx2D diagonal matrix which includes the geometrical data, [C] and
[V] are 2Dx2D matrices. {p} and {u,} are 2Dx1 vectors including the acoustic

pressure and normal velocity of all nodes, respectively. Equation (2.39) may be

written as follows,
[[c]+[c])p}=[Jua}- (2.40)

By defining a new matrix [M]=[G]+[C] and subsituting this matrix in Equation

(2.40) leads to
[MKp}=VHun}. (2.41)

If the right-hand side of Equation (2.41) is rearranged as {h}=[vJu,}, Equation
(2.41) becomes

[M]ipj=th}. (242)

Acoustic pressure of each node on the surface of the vibrating body can be evaluated
by solving Equation (2.42).

The field pressures can be calculated by substituting the determined surface

pressures of the body, to the exterior Helmholtz equation:

L 8 L 8
Arpg ==, D5 Pay +izgk D) D vy (Un),, (2.43)
=1 a-1 =1 a=1
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where p; is the acoustic pressure of a field point, tf; and vj, are the related

coefficients defined in Equation (2.38). In order to evaluate acoustic pressures of
field points, the solution of Equation (2.43) is performed separately for each field

point.
2.4 Helmholtz Integral Equation for Half-Space

v being free-space Green’s function, Helmholtz integral in Equation (2.20) can be

written in closed form as,

C(P)p(P)= {p@—va—p}d& (2.44)
's[ on on

In the case where there exists an infinite reflecting plane that makes the acoustic

domain V a half-space, the surface S is given by the summation S =S, +S,.
Here, S, represents the surface of the vibrating body whereas S, denotes the

surface of the infinite plane that forms the half space (Figure 2.4)

In most radiation problems the Neumann boundary condition (dp/on known) is
specified on the surface of the vibrating body S,. For a reflecting plane S, the

impedance boundary condition expressed in p is given as,
ikp+——=0 (2.45)

where Z is the acoustical impedance of the surface. Equation (2.45) is used in

Equation (2.44) for the integrand of the S, integral.

The solution of the Helmholtz integral in Equation (2.44) requires the calculation

of surface integrals over the entire body S which includes the infinite reflecting
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plane S, . In practice, numerical solution of Equation (2.44) should be performed by

a reasonable number of surface elements. However, the integral over infinite plane

S, causes to some numerical modelling and computational difficulties. Under this

p

circumstance, the inclusion of the surface S, puts forward the question of where to

terminate the discretization of the infinite plane. Indeed, there is no specific answer
to this question.

Boundary element method provides considerable flexibility in the selection of the
kernel functions in Equation (2.44). Any regular solution of the wave equation may
be added to the usual free-space Green’s function and the resulting function may be
used instead of v in Equation (2.44). For that reason, it is required to select a

modified Green’s function vy which causes the integral over infinite plane S, to

vanish in Equation (2.44),

Ny Gp}
j p—H —vy = ds, =0. (2.46)
i on on

p

Thus, the selection of appropriate Green’s function gives the opportunity to

implement boundary element discretization only to the vibrating body S, .

The selected vy should satisfy the boundary condition in Equation (2.45), on the

infinite plane S,
ikvy +————=0. (2.47)

Therefore, the integrand in Equation (2.46) is identically zero which can be verified
by the substitution of Equations (2.45) and (2.47) into Equation (2.46).

Equation (2.47) may be satisfied for two important cases:
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e when S isarigid plane (dp/on=0, u, =0, Z =00 0N Sp),

e when S isafreesurface (p=0, Z=0 on S).

For these two conditions the modified Green’s function may be chosen as,

(2.48)

which is formed by adding a second term to the free-space Green’s function due to a
image point P’ of the point P with respect to the infinite plane as shown in Figure
2.4 (Seybert & Soenarko, 1988). Here, R’ is the distance between points Q and P’ (

R'=|Q—P) and R, is the reflection coefficient of the reflecting plane. The value
of R, depends on the sound absorption coefficient of the reflecting plane. For Q is

on Sp, Rp can be chosen as:

e when S isarigid plane R, =1,
e when Sp is a free surface Rp =-1,

e when S, is an impedance surface R, = 1-a?,

where « is the sound absorption coefficient of the reflecting plane. The relationship
between R, and a (R, =v1-a?) is derived in Appendix A. The value of Rp

reaches to 1 when « =0 which means that S, is a rigid plane.

Equation (2.48) which is known as the usual “half-space Green’s function”, is
used in theoretical acoustics, for example in the determination of the field produced
by a point source near a reflecting plane. Seybert & Soenarko (1988) have
successfully applied the half-space Green’s function to the finite body problems for

the first time.
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The selection of the appropriate Green’s function vy as it is given in Equation

(2.48) removes the requirement of integration over the infinite plane S, . Thus, all

discretizations and numerical approximations are performed only for the body S, . In

this regard, for half-space radition problems Equation (2.44) leads to
c(P)p(P)= | {pav—“—v a"’}olso . (2.49)
S

In this thesis, numerical solutions are performed for both rigid and impedance
infinite surfaces. The general surface Helmholtz integral in Equation (2.22) can be

rewritten in closed form for a surface point P of a body in half-space as,

[47[ + IF(GL”R)} dSO] p(P)-

- J.izokVH (R,Rk)u,(Q)dS, . (2.50)
S

o

112G pores,

0

2.4.1 Numerical Expression of the General Surface Helmholtz Integral Equation
for Half-Space

The discretized form of the Helmholtz integral in Equation (2.35) is also valid for

this case. The coefficient s,y remains unchanged, whereas the expressions for

coefficients t§y and vy, take the following forms

n m

Sid =, ZA'AJLQ(;—UJ)J COS}/d(fiyﬂj)J(fi,Uj) :

i=1 j=1

n m e*ide & :’7;)

ta =2 1A A,-Na(éi,n,-){m;,—m)nk}{m}com (.m;)
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o kR (6,

+R'{Ra (éli,ﬂj)HkMRa (gi’ﬂj)}cosﬂj (gi,nj)}J(gi,nj) . (25))

o o R(Em)  R(Em)
Via =2, ZAiAjl\l"‘(éi’ﬂj){Ro| (§i177j)+Rp Ry (&mj)

i=1 j=1

}@,m).

2.4.2 Matrix Representation of the General Surface Helmholtz Integral Equation

for Half-Space

The general surface Helmholtz integral equation for half space has a similar
matrix form as the general surface Helmholtz integral equation for free space.

Therefore, the solution steps are the same for both surface and field pressures.

Despite the fact that, inclusion of new terms in the Helmholtz integral for half-
space case increases the computer time and memory requirements, these are fairly
small when compared with the computation time and memory required for the

evaluation of the integrals on the reflecting plane S, .

2.5 Helmholtz Integral Equation for Half-Space Contact Case

Half-space contact problem is a special case of the half-space position. If the

vibrating body is sitting on the infinite reflecting plane S, as demonstrated in Figure

2.5, some modifications are needed in the half-space formulation. In this case, the

boundary S of the body is divided into two parts; the first part S, in contact with
S, while the second part S, exposed to the acoustic medium. Helmholtz integral

equation for the contact case can be written as,

ov op
C(P)p(P)= {D—H v _i|dso (2.52)
S{ on M on
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which is identical in form to Equation (2.49) written for the half-space case except

that S, here is a part of the boundary, not the total boundary. The coefficient C(P)

in Equation (2.52) is again 4z for P in V and zero for P in D'. However, special

care should be taken in calculating C(P) when P on S, if S, does not have a

unique tangent plane at P . Thus, there are two possible cases for P on S, (Seybert

& Wu, 1989):

e The first case is that P ison S, but not in contact with the reflecting plane S .

For this case C(P) is given by,

C(P)=4r+ | [%j)}d(sﬁsc) (2.53)

S,+S,

where the integral is calculated on the total surface. Therefore, Equation (2.53) is

identical to Equation (2.21) written for full space.

e The second case is that P is not only on S,, but also in contact with the

reflecting plane S , . In this case C(P) is given as,

C(P)—(1+Rp){27z+ | [%nR)}d(SO+SC)] (2.54)

S +S

where R, =v1-a? .

The elements of S, which are called as “dummy elements”, don’t contribute to

the Helmholtz integral in Equation (2.52) since there is no acoustic variable
associated with these elements. However, these elements are used for integration in

Equations (2.53) and (2.54) only to obtain geometrical data.
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By using Equations (2.50) and (2.54), the general surface Helmholtz integral for a

point P in contact with S, and S, can be rewritten in closed form as,

L+ Rp)[2ﬁ+ [ F(LR)} d(s, +sc)} p(P)

S,+S, on

~ IFVH (R,R"k)

P }p(Q)dSO=!izoka(R,R’,k)un(Q)dSO. (2.55)

[ o

S

After implementing boundary element discretization, co-ordinate transformation
and Gaussian quadrature, Equation (2.55) takes the form

L L 8 L 8
{(1+ Rp)(Zn—Zsﬂd de T Pag =i20kD. D v (Un) (2.56)
P

A= a=1 2= =1
where the coefficients s,4, t5; and v9, are identical to those in Equation (2.51).

The general surface Helmholtz integral equation for half-space contact case has a
similar matrix form as the general surface Helmholtz integral equation for free space.

Therefore, the solution steps are the same for both surface and field pressures.



Figure 2.3 8-noded curvilinear

quadrilateral element.
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CHAPTER THREE
NUMERICAL RESULTS OF SPHERICAL SOURCES

3.1 Introduction

In this chapter, dilating spherical sources are considered in order to test the
accuracy of the rewritten computer code in MatLAB®. For this purpose, BEM is
applied to a dilating sphere in full space and to a dilating hemisphere in contact with
a rigid infinite plane. The evaluated surface pressures of the spherical and
hemispherical sources are compared with the theoretical solution.

In order to present the sound pressure distribution around the hemispherical
source and to examine the effect of the sound absorbent surface as infinite plane,
equal pressure contours are calculated and displayed for two cases: « =0 and a =1;

that is, for rigid and anechoic infinite surfaces.
3.2 Analytical Expression for a Dilating Sphere

The exact analytical solution for the surface and field pressures of a dilating

spherical source vibrating with a uniform radial velocity U, is given as (Wu &

Seybert — eds: Ciskowski & Brebbia, 1991),

r %1+ika

aU iZOka e—ik(r—a) (31)

where a is the radius of the sphere, r is the radial distance between the centre of the

sphere and a field point.
3.3 Numerical Results of a Dilating Sphere for Full-Space Case

In the numerical solution of a dilating sphere in full space, the boundary element

discretization presented by (Sarigiil, 1990) was used. This model has 24 elements

27
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and 82 nodes as illustrated in Figure 3.1. As a necessity of the BEM solution the data
concerning nodal co-ordinate matrix and incidence matrix is fed to the computer.
Incidence matrix is composed of node arrays in each element. The nodal co-ordinate
and the incidence matrices of the sphere are given in Appendix B (Tables B.1 and

B.2). 16 Gaussian points were used in the numerical integration of each element.

In order to verify the computer program for full-space case, a dilating sphere of
radius a =1 m was examined. It is assumed that there is a uniform normal velocity at

the surface of the sphere as U, =u, =1 m/s (n=1,2,3,...,82). The wavenumber is
k =1m™, the density of the fluid in the medium is pPo =12 kg/m® and the speed of

sound is ¢ =340 m/s. Since it is not possible to obtain a unique value for each node
in a numerical solution, average of the surface pressures of the dilating sphere is
presented in Table 3.1 together with the theoretical result as solution of Equation 3.1.
The pressure distribution over 82 nodes of the spherical source is tabulated in
Appendix C (Table C.1). It is seen that although the surface pressures vary from

node to node, their average value is very approximate to the theoretical result.

Table 3.1 Comparison of surface pressures predicted by BEM and theory for a spherical source (a =1

m, uy =1 mis, k=1m?, p,=1.2 kg/m®, ¢ =340 m/s)

Theory (Pa) BEM (Pa)
288.500 288.697

3.4 Numerical Results of a Dilating Hemisphere for Half-Space Contact Case

In the numerical solution of a dilating hemisphere for half-space contact case, the
boundary element discretization in Figure 3.2 was formed by taking one-half of the
sphere model in Figure 3.1. The elements in the bottom surface of the hemisphere are
“dummy elements”. The nodes of the “dummy elements”, except the nodes that are
at edges and at corners, are “dummy nodes”. There is no acoustical variable
associated with these nodes. Therefore, they are only taken into account in the

evaluation of the C(P) integrals in Equations (2.53) and (2.54) to obtain the

geometrical data. This boundary element model has 4 dummy elements among 16



29

elements and 5 dummy nodes among 54 nodes as demonstrated in Figure 3.2. The
co-ordinates of these nodes and the incidence matrix of the hemisphere are given in
Appendix B (Tables B.3 and B.4). 16 Gaussian points were used in the numerical

integration of each element.

3.4.1 Numerical Results of a Dilating Hemisphere in Contact with a Rigid Infinite

Surface

The problem considered is the radiation from a hemisphere sitting on a rigid
infinite surface which has a sound absorption coefficient of a=0. This
configuration is analogous to a sphere in the full space as presented in Figure 3.3.
The hemisphere examined has a radius of a=1 m and vibrating with a uniform

velocity U, =u, =1 m/s (n=123,...,49). The wavenumber is k=1 m™, the
density of the fluid in the medium is p, =1.2 kg/m® and the speed of sound is

¢ =340 m/s. The average value of the computed nodal pressures is compared with
the average of the surface pressures of the dilating sphere in full space. As seen in

Table 3.2, the results of hemispherical source are computed with sufficient accuracy.

Table 3.2 Comparison of surface pressures of spherical and hemispherical sources (a=1m, up =1

mis, k =1 m?, p, =1.2 kg/m®, ¢ =340 m/s)

Spherical source (Pa) Hemispherical source (Pa)
288.697 288.832

Equal pressure contours were computed at the vertical (x =0) plane in dB and
demonstrated in Figure 3.4 in order to display the sound pressure level distribution
around the hemisphere sitting on a rigid infinite surface. Since the hemisphere and
the infinite surface system is symmetric with respect to the x—z plane, the contours
are also symmetric with respect to this plane. Furthermore, as the rigid surface has no
sound absorbent property, the distribution of the contours is homogenous and

circular as seen in Figure 3.4.
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3.4.2 Numerical Results of a Dilating Hemisphere in Contact with an Impedance
Infinite Surface

The hemisphere examined here is identical to the hemispherical source that was
introduced in the previous section. However, it is in contact with an anechoic surface

which is an impedance surface with a sound absorption coefficient of a =1.

In order to show the effect of the impedance surface on the sound pressure level
distribution around the hemisphere, equal pressure contours evaluated at the vertical
(x=0) plane are presented in Figure 3.5. Since the hemisphere and the impedance
system are again symmetric with respect to the x—z plane, the contours are also
symmetric with respect to this plane. Comparison of Figure 3.4 with Figure 3.5
shows that sound pressure levels around the hemisphere decrease due to the presence
of anechoic surface. Moreover, the circular contours in Figure 3.4 tend to take
elliptical shape in Figure 3.5, as a consequence of vanishing reflection effect of

infinite surface.

The surface pressures of a dilating hemispherical source sitting on infinite
impedance  surfaces with  various sound absorption  coefficients (
a =0, 0.25,0.50, 0.75 and 1) are tabulated in Appendix C. In the literature survey of

this thesis, no study on the half spaces with impedance surfaces could be found.
Therefore, any comparison for the results of this new module could not be
performed. However, the logical and consistent solutions for different « values
indicate the validity of the developed module. Table C.2 shows evidently the
decrease in the surface pressures with the increase of the sound absorbing coefficient

of the infinite surface.



Figure 3.1 The boundary element discretization of a sphere with 24 elements
and 82 nodes (Sarigiil, 1990).

31



) 52

54

5l
(
' o

g
&

[

- ¥

¢ 50
i4
C Dummy nodes

xv
Figure 3.2 Boundary element di

dummy elements and nodes 50-

L

(a)

scretization of a hemisphere with
54,

(b)

Figure 3.3 (a) A hemisphere sitting on a rigid infinite surface.

(b) A sphere in a full space.

32



-3a/2 -a 0 a 3a/2 =-3a/2 =-a
Figure 3.4 Equal pressure contours of a dilating hemisphere sitting on a rigid infinite surface, atthe x=0 plane (¢ =0, a=1

).

€€



™

&

3a/2

a

z.il

-3a/2

3a/2

a

=-a

-3a/2

1m).

=0 plane (e =1, a=

, at the x
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CHAPTER FOUR
SOUND SOURCE CHARACTERIZATION OF A REFRIGERATOR

4.1 Introduction

As the main practical application of this thesis, sound source localization and
characterization of a refrigerator was performed. On the other hand, the sound
reduction effect of an absorbent material placed under the refrigerator was examined.
Therefore, the analyses were accomplished for two cases: the refrigerator is sitting on
a rigid surface and on an impedance surface. These problems constitute an
application of the half-space contact case as displayed in Figure 4.1. The
determination of the surface and exterior pressures requires the surface velocities to
be prescribed. For these analyses, surface velocity data of the refrigerator was
obtained by vibration measurements in Sound and Vibration Laboratory. By using
the velocity data, BEM was applied in order to obtain the surface and exterior
pressure distributions of the refrigerator. Sound source characterization was
accomplished with regard to the displayed surface velocity and pressure distributions
together with field pressure distribution. Numerical results for the field pressure
levels of the refrigerator sitting on both rigid and impedance surfaces were compared

with sound measurements at several points.

4.2 Model Description of the Refrigerator

The refrigerator shown in Figure 4.2 is of energy class A; has two lids and
dimensions of 690 mm x 710 mm x 1875 mm. As schematized in Figure 4.1, it has
symmetry with respect to the central x—z plane. For the BEM analysis, the
refrigerator surface was discretized into 192 quadrilateral isoparametric elements
with 578 nodes. As demonstrated in Figure 4.3, the width and length of each side
surface were divided into 4 and 10 pieces, respectively. Meanwhile, both the width
and length of the top and bottom surfaces were divided into 4 pieces. As a result of
these, each of the side surfaces has 40 elements with 149 nodes whereas each of the
top and bottom surfaces has 16 elements with 65 nodes. Due to the half-space contact
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algorithm, 16 elements and 33 nodes at the bottom surface were regarded as
“dummy” for which no acoustical variables were specified. Figure 4.4 shows the lay-
out of the half-space contact boundary element model of the refrigerator. As
mentioned in Chapter 3, as a necessity of the BEM solution the data concerning
nodal co-ordinate and incidence matrices were fed to the computer. These matrices
for the refrigerator are introduced in Appendix D (Tables D.1 and D.2).

4.3 Surface Velocity Measurements of the Refrigerator

As input for the computer code, surface velocities of the refrigerator were
measured by a simple vibration system presented in Figure 4.5. The vibration test
system consisted of a vibration meter, a tunable band-pass filter, an accelerometer
and a data-logger. Measurements were performed with respect to 1SO 8187:1991
standard that dictates characteristics and test methods of refrigerators. According to

this standard the following conditions should be satisfied during the measurements:

¢ All shelves in the refrigerator should be fixed.

e The internal temperature of the refrigerator should be 5 °C + 2 °C.

e The temperature of the medium should be 22 °C + 3 °C while the relative
humidity and the atmospheric pressure should be 50 % + 20 % and 96 kPA + 10

kPa, respectively.

The surface velocity measurements were accomplished at the optimal operation
condition of the refrigerator “med-med”. The measurements of the internal
temperature of the refrigerator were performed by using two thermocouples with a
weight of 10 gr. The variation of the internal temperature with time illustrated in
Figure 4.6 was obtained from the data-logger. Figure 4.6 also presents the operation
condition of the compressor. All the surface velocity measurements should be
performed while the compressor and fan of the refrigerator are running. Figure 4.6
shows that the time interval where both compressor is running and the internal
temperature is within 3 °C - 7 °C range is the filled region. Therefore, measurements

were accomplished when the refrigerator is running at this mode.
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The frequency analysis was performed by setting the filter to 1/3 octave band
center frequencies when the accelerometer was placed on the rectangular meshes
drawn on the surface panels of the refrigerator. In this analysis, 50 Hz and 100 Hz
were determined as the dominant frequencies. Therefore, the surface velocity
distribution on each side surface and top surface of the refrigerator was examined at
these two resonance frequencies. Consequently, the gathered velocity data of the
nodes was fed to the computer for the acoustic surface pressures of the refrigerator to
be computed. The velocity data for both 50 Hz and 100 Hz frequencies are given in
Appendix D (Tables D.3 and D.4).

4.4 Sound Source Characterization of the Refrigerator

In order to perform sound source localization of the refrigerator, the first step is
the examination of the surface velocity distribution. Measured velocity distribution
of the refrigerator was presented on the model lay-out in Figure 4.7 for both 50 Hz

and 100 Hz frequencies.

As seen in Figure 4.7, vibrations at 50 Hz are more critical than the vibrations at
100 Hz. Higher velocities on top-front and top-rear regions imply vibrations of fan
and air-circulation due to the fan blades. Higher velocities on bottom-rear region

indicate compressor surface vibrations. The reasons of panel vibrations are:

e Transmission of compressor vibrations by joints fixing the compressor to the
refrigerator chassis at both 50 Hz and 100 Hz.

¢ Vibration of the cooler grid at 100 Hz.

e The effect of fan at both 50 Hz and 100 Hz.

The second step of sound source localization of the refrigerator is the
determination of the surface and exterior sound pressure distributions. In the solution

process, 16 Gaussian points were used for the numerical integration of each element.
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The surface and exterior sound pressure distributions were acquired for the

following two cases:

o when the refrigerator is in contact with a rigid surface that has a sound absorption
coefficient of a =0,
e when the refrigerator is in contact with an impedance surface that has a sound

absorption coefficient of o =0.30.

4.4.1 Rigid Surface

In this case, the refrigerator sits on the floor. Since the floor does not have any
absorbent characteristic, it is rigid. Therefore, the surface and field pressure
distributions of the refrigerator were calculated for the case @ = 0 for both 50 Hz

and 100 Hz frequencies.

The surface pressure distribution of the refrigerator is demonstrated in Figure
4.8.a for 50 Hz and in Figure 4.8.b for 100 Hz. As seen from Figure 4.8 the
compressor dominates the sound radiation on the rear side for both of the two
frequencies. Moreover, compressor vibrations do not only cause higher surface
pressures on the rear side, but also influence the other sides. This situation can be
explained by the coupling phenomena leading to structure-structure and structure-
acoustic interactions. Although the coupling phenomenon is observed at both of the
two frequencies, it is more obvious at 100 Hz, despite lower pressure levels.
Furthermore, cooler grid placed at the rear of the refrigerator is affected by the
vibrations of the compressor and fan at 100 Hz. Therefore, it behaves as if a planar

sound source.

Equal pressure contours of the refrigerator at the horizontal cross-section through
the compressor are displayed in Figures 4.9 and 4.10 for 50 Hz and 100 Hz,
respectively. The influence of the compressor vibrations on the other sides can be

obviously seen in these contours. The compressor mostly affects the sound pressures
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of the left side at 50 Hz and causes a more regular distribution all around the
refrigerator at 100 Hz.

Sound radiation pattern of the refrigerator at the horizontal cross-section through
the fan is presented in Figures 4.11 and 4.12 for 50 Hz and 100 Hz, respectively.
Figure 4.11 shows that the sound radiation is almost at the same level for all sides at
50 Hz. This distribution means that the circulated air causes uniform sound radiation
to all sides. Figure 4.12 implies that the radiation pattern at 100 Hz is mostly
originated from the cooler grid vibrations. However, fan is also effective at this
frequency and due to this effect equal pressure contours incline towards to left-front

side of the refrigerator.

Consequently, displayed results expose that the compressor is the dominant sound
source of the refrigerator. Furthermore, the surface and field pressures of the
refrigerator is more critical at 50 Hz compared with those of 100 Hz. As a result,

three main sound sources are determined for this refrigerator:

e Compressor is a point source at 50 Hz and 100 Hz.
e Fan is a point source at 50 Hz and 100 Hz.

e Cooler grid is a planar source at 100 Hz.

The field pressures around the rear side of the refrigerator were also computed
and presented in Figures 4.13 and 4.14 for 50 Hz and 100 Hz, respectively. Equal
pressure contours show a symmetrical sound radiation with respect to the central

axis.

4.4.2 Impedance Surface

In this case, it is assumed as the refrigerator sits on an impedance surface with a
sound absorption coefficient of o =0.30 for both 50 Hz and 100 Hz frequencies. In
order to examine the sound absorption effect of the impedance surface, previous

analyses for rigid floor were repeated.
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The surface pressure distribution of the refrigerator for this case is demonstrated
in Figure 4.15. Figures 4.16 and 4.17 display equal pressure contours of the
refrigerator at the horizontal cross-section through the compressor for 50 Hz and 100
Hz, respectively. Sound radiation patterns of the refrigerator at the horizontal cross-
section through the fan are shown in Figures 4.18 and 4.19 for 50 Hz and 100 Hz,
respectively. Finally, Figures 4.20 and 4.21 present the field pressures around the

rear side of the refrigerator for 50 Hz and 100 Hz, respectively.

Comparison of Figures 4.15-4.21 with Figures 4.8-4.14 shows that the surface
pressure and field pressure patterns of the refrigerator are not affected by the
impedance surface. However, a light decrease arises especially in the field pressure

levels.

4.5 Sound Measurements of the Refrigerator

In the present work, sound measurements of the refrigerator were performed at
several field points and results were compared with the boundary element solutions

introduced in the previous section.

Sound measurements were accomplished by a Type 1 sound level meter.
Measurements were performed with respect to ISO 8187:1991 standard which was
introduced in Section 4.3. Field pressures of the refrigerator were obtained for the

following two cases:

e when the refrigerator is in contact with a rigid surface,

e when the refrigerator is in contact with an impedance surface.

4.5.1 Rigid Surface

In this case, sound measurements were performed from the rear side of the

refrigerator when the refrigerator was sitting on the floor as seen in Figure 4.22.
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Background noise level was measured as 41.4 dB at 50 Hz and 35.9 dB at 100 Hz.

The measurements were accomplished for two different height;

e corresponding to the middle of the refrigerator (z =0),

e 580 mm above the floor (z =-357.5mm)

and at four different distance;

e 500 mm apart from the rear side of the refrigerator ( X =—-845mm),

e 700 mm (one characteristic length) apart from the rear side of the refrigerator (
X =-1045mm),

e 1000 mm apart from the rear side of the refrigerator (X = —1345mm),

e 1400 mm (two characteristic lengths) apart from the rear side of the refrigerator (
X =—-1745mm).

Results of the measurements and BEM are compared in Tables 4.1 and 4.2 for 50

Hz and 100 Hz, respectively. In the measurements there is almost at least 10 dB

difference between the sound pressure levels of the refrigerator and the background

noise for both 50 Hz and 100 Hz frequencies.

Table 4.1 Comparison of sound pressure levels of the refrigerator at 50 Hz (a =0)

x(mm) y(mm) z (mm) BEM (dB) Measurement (dB)
-845 0 0 40.7 55.3
-1045 0 0 39.6 53.1
-1345 0 0 38.2 52.9
-1745 0 0 36.7 51.3
-845 0 -357.5 41.7 55.6
-1045 0 -357.5 40.5 54.5
-1345 0 -357.5 39.0 53.4
-1745 0 -357.5 37.3 53.0

In Figures 4.23 and 4.24 sound pressure levels at z=0, y=0 and different x

distances obtained via BEM are compared with measurements for 50 Hz and 100 Hz,

respectively. Figures 4.25 and 4.26 show the comparison of sound pressure levels
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calculated via BEM with measurements at z=-357.5 mm, y =0 and different x

distances for 50 Hz and 100 Hz, respectively.

Table 4.2 Comparison of sound pressure levels of the refrigerator at 100 Hz (¢ =0)

X (mm) y (mm) z (mm) BEM (dB) Measurement (dB)
-845 0 0 314 49.2
-1045 0 0 30.4 46.5
-1345 0 0 29.2 45.3
-1745 0 0 28.1 46.3
-845 0 -357.5 32.7 47.3
-1045 0 -357.5 319 45.9
-1745 0 -357.5 29.6 45.6

It is seen in Tables 4.1, 4.2 and Figures 4.23-4.26, as getting closer to the floor the
sound pressure levels increase. This situation is the evidence of that the compressor
is the dominant sound source of the refrigerator. On the other hand, sound pressure
levels decrease as getting further from the refrigerator. BEM results obey these two
realities strictly whereas measurements disobey in some cases. Additionally, all
comparisons show very higher values of measurements than BEM solutions. The
differences tend to increase toward further distances. The main reasons of these

differences may be;

e The variation of the refrigerator’s working status.
o Effect of reflecting surfaces around. The perfect free field condition couldn’t be
satisfied.

e Effect of background noise during the measurements.

As a result, it is seen that sound measurements have been affected highly by the
environmental conditions. This is due to the facts that the refrigerator has
comparatively low sound levels and also has large dimensions. Low sound property
causes it to be affected by the background noise. On the other hand, due to its large
dimensions, its far field is very distant where reflection effects dominate. For precise
measurements, large anechoic chambers are required. The cost of construction such a

chamber is very high. Therefore, numerical solution is more advantageous for many
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practical cases. As it is shown, BEM is a powerful technique for sound source

identification and characterization; and may be confidentially used.
4.5.2 Impedance Surface

In this case sound measurements were performed from the rear side of the
refrigerator when the refrigerator was sitting on glass wool as seen in Figure 4.27.

Technical properties of the glass wool used in the measurements are given in Table
4.3.

Table 4.3 Technical properties of the glass wool

Thickness (cm) Width x Length (cm) Fre(ql_t|12e)n0y Sogggiﬁ:?; ?22[?3)0 :
5 60 x 120 125 0.30

Background noise level was measured as 35.9 dB at 100 Hz. The measurements were
performed for 580 mm above the impedance surface (z = —-357.5mm) and at the four

distances as in the rigid surface case.

Sound absorption coefficient of the used glass wool has been declared as
a =0.30 at 125 Hz. Since the refrigerator has a critical frequency at 100 Hz, the
BEM solution was performed at this frequency with « =0.30. The glass wool has no
absorption for lower frequencies as many of the sound absorbent materials.
Therefore, measurement and BEM comparisons could be made only for 100 Hz as
shown in Table 4.4. In the measurements almost at least 10 dB difference between

the refrigerator’s sound and the background noise was satisfied.

Table 4.4 Comparison of sound pressure levels of the refrigerator at 100 Hz (« =0.30)

X (mm) y (mm) z (mm) BEM (dB) Measurement (dB)
-845 0 -357.5 325 46.3
-1045 0 -357.5 315 45.7
-1345 0 -357.5 30.4 46.9
-1745 0 -357.5 29.1 46.0
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Figure 4.28 displays the comparison of sound pressure levels obtained via BEM
with sound measurements. There is again quite large differences between two sets of
results and these differences tend to increase toward further distances as in the case
of rigid surface. Because, the measurement results loose their consistency towards
further distances due to the reflection effects whereas BEM solutions are always
conformable. On the other hand, comparison of Table 4.2 with Table 4.4 or Figure
4.26 with Figure 4.28 indicates that the sound pressure levels in latters are smaller as
a result of sound absorption effect of the impedance surface. This phenomenon is
more obvious for the BEM solutions. Consequently, as in the case of rigid surfaces,
the BEM code for impedance surfaces in half space gives more reliable results rather

than sound measurements.



1875 mm

Figure 4.1 Schematic representation of the refrigerator sitting on

a surface.

Figure 4.2 The  tested

refrigerator.
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Figure 4.5 Surface velocity measurement system.
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Figure 4.22 Sound measurement when the refrigerator is sitting on the floor (« =0).
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Figure 4.27 Sound measurement when the refrigerator is sitting on glass wool (« =0.30).
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CHAPTER FIVE
EXPLANATIONS ABOUT THE COMPUTER CODE

5.1 Introduction

In the present work, a computer code, which had been written by Avsar (2000) in
Visual Basic programming language, was adopted to MatLAB®. Avsar’s program
solves acoustic radiation problems in different sub-spaces. In the present study, only
half-space algorithm was adopted, however impedance surface approach was
included. The computer code named main_bem was successfully used to obtain
surface and field pressures of spheres and a refrigerator in half space with rigid and
impedance surfaces. The users can run this code easily without having any necessary

information about the computer programming language.

5.2 Explanations about main_bem

main_bem calculates the surface and exterior field pressures of vibrating
arbitrarily shaped bodies in full or half space with rigid or impedance surfaces. The
acoustical information about the bodies gives the opportunity to perform sound

source identification and characterization analysis.

There are basically two sub programs of main_bem; surhel and exthel, which
perform the calculations and evaluate the acoustic pressures. The other sub programs

prepare geometrical and velocity data to these programs.
main_bem calculates the acoustical impedance of the medium and runs the sub

programs data_input, vel, av_aa, coeff, depar, corn, surhel, swrite, exdata, deparl,

exthel and extwrite which are explained in the following section.
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5.3 Explanations about Sub Programs

In this section, explanations about the sub programs used in the main_bem are

given. Information given in parenthesis denotes the variables used in the code.

5.3.1 data_input

This program reads data of the discretized boundary element model of the

vibrating body from the input file “indat.txt”. The input file “indat.txt” contains:

e Wave number (kwn),

¢ Dimension transformation coefficient (aba),

e Number of nodes except “dummy nodes” (nod),

¢ Number of nodes which are not in contact with bounding surface (nod1),
e Total number of nodes (nod2),

e Total number of elements (AE),

e Number of elements except “dummy elements” (ae2),

e Number of Gaussian points on the local horizontal axis (AB),

e Number of Gaussian points on the local vertical axis (AB),

¢ Sound absorption coefficient of the bounding surface (alfa),

e The co-ordinates of nodes (alm),

¢ Incidence matrix (Al),

e The angles between the local and global co-ordinates (aci),

e The distances from the global co-ordinate’s origin to the local co-ordinate’s origin

in directions x, y and z (dxyzb),

respectively.

5.3.2 vel

This program reads the nodal velocity data (AH) of the vibrating body from the

input file “inv.txt”.
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533 av_aa

This program reads Gaussian weights (AV, AA) from the input file “ava.txt”.
5.3.4 coeff

This program calculates

e Gaussian weight functions A; and A; (AU),
e Shape functions N, (ALtS),

e Jacobian matrix (AJ),

e The co-ordinates of Gaussian points (AF).
5.3.5 depar

This program calculates the distances (R) between the nodes and Gaussian points.

In addition to this, evaluates the cosines of the angles (O) between R and n vectors.
5.3.6 corn

This program calculates the term C(P), including the effect of edges and corners

and adds this term to the diagonal elements of the coefficient matrix of the nodal

pressure vector.
5.3.7 surhel

This program calculates the surface pressures of the vibrating body by using the
surface Helmholtz integral equation and makes use of the data calculated by
data_input, vel, coeff, depar and corn. The output of this program is the nodal sound

pressure vector (surf_pres) in Pa.
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5.3.8 swrite

This program uses the nodal sound pressure vector (surf_pres) and calculates the
sound pressure levels of the nodes in dB. The output of this program is the file
“surfpres.txt”. The first column in the output file is the node number whereas the
second column is the sound pressure levels of the nodes.

5.3.9 exdata

This program reads the number and co-ordinates of the field points from the input

file “ext_data.txt”.

5.3.10 deparl

This program calculates the distances (Rr) between the field points and Gaussian
points. In addition to this, evaluates the cosines of the angles (Oo) between Rr and

n vectors.

5.3.11 exthel

This program uses the surface pressures which had been calculated by surhel in
the exterior Helmholtz integral and calculates the field pressures. Exthel makes use
of the data calculated by data_input, vel, coeff, exdata and deparl. The output of this
program is sound pressure vector (ext_pres) of the field points.

5.3.12 extwrite

This program uses sound pressure vector (ext_pres) of the field points in Pa and
calculates the sound pressure levels of the field points in dB. The output of this
program is the file “extpres.txt”. The first column in the output file is the node

number whereas the second column is the sound pressure levels of the field points.



CHAPTER SIX
CONCLUSIONS

In the present study, an available in-house computer code solving full-space
problems and half-space problems in the presence of a rigid surface has been
rewritten in MatLAB®. In addition to this, a new module has been developed to solve
half-space problems with an impedance surface. The code performs this task by
using the boundary element method implementation of the Helmholtz integral
equation. The validity of the code was tested by examining a dilating spherical
source and a dilating hemispherical source by comparison of the analytical result.
This code enables to obtain acoustic surface and field pressures of a vibrating body.
The code is also capable of post-processing operation to display sound source
localizations and providing the data to be assessed by means of sound source
characterization of the vibrating bodies in half space with rigid and impedance

surfaces.

A dilating sphere in full space and a hemisphere sitting on a rigid surface that
forms half space were computed in order to test the accuracy of the rewritten code.
Then the effect of a sound absorbent surface on the sound pressure distribution
around the hemispherical source was examined. In this regard, equal pressure
contours of the hemisphere were calculated and displayed for two cases. In the rigid
case, since there is no sound absorbent property, the distributions of the contours are
homogenous and circular. However, in the anechoic case, the circular contours tend
to take elliptical shape as a consequence of vanishing reflection effect of the surface.
As it is expected, in the second case, sound pressures around the hemisphere
decrease due to the presence of anechoic surface. On the other hand, surface
pressures of hemispheres sitting on surfaces with different sound absorption
coefficients were computed. The decreasing pressures with increasing absorption

coefficients indicate the validity of the recently developed module.

As the practical application of this thesis, sound source characterization of a

refrigerator was performed for two cases: the refrigerator is sitting on a rigid floor
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and on a glass wool which has sound absorbent property. For the determination of
the surface and field pressure distributions, firstly the boundary element model of the
refrigerator was developed. After that, in conformity with this model, the surface
velocity data of the refrigerator was obtained by vibration measurements with respect
to 1SO 8187:1991 standard. During the measurements, two dominant frequencies; 50
Hz and 100 Hz for which velocities have considerable levels were determined.
Therefore, the surface velocity distribution of the refrigerator was examined at these
resonance frequencies and it was seen that vibration levels at 50 Hz are greater than
those at 100 Hz. By feeding the gathered nodal velocity data to the computer code
and by operating the BEM algorithm, the surface and exterior pressure distributions

of the refrigerator were obtained for both frequencies.

Sound source localization and characterization were accomplished with regard to
the displayed surface velocity and pressure distributions of the refrigerator together
with the field pressure distribution around the refrigerator. Displayed results exposed
that the refrigerator has three main sound sources. The compressor was determined
as the dominant one vibrating as if a point source at both 50 and 100 Hz frequencies.
The second sound source was detected as fan which acts as a point source at the two
frequencies while the cooler grid which behaves like a planar source at 100 Hz was

regarded as the third one.

On the other hand, sound measurements were performed while the refrigerator
was sitting firstly on rigid floor and secondly on glass wool for comparison purposes
with the BEM results. The measurements were accomplished for two different
heights and at four different distances from the rear side of the refrigerator. In the
measurements, it was paid attention that at least 10 dB difference to be between the
measured sound pressure and the background noise levels for both 50 Hz and 100 Hz

frequencies.

When the results of rigid floor and glass wool cases are compared, it is noticed in
both the BEM solutions and sound measurements that the sound pressure levels in

the glass wool case are smaller than the levels in the rigid floor case as a
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consequence of sound absorption effect of the impedance surface. It is a fact that
sound pressure levels increase as getting closer to both the refrigerator and the floor.
When the BEM solutions are examined, it is seen that they are in agreement with
these expectations. However, some deviations from these realities are noticed in the
sound measurements. Furthermore, it is obviously seen that sound pressure levels
obtained in the measurements are greater than the levels evaluated by the BEM. The
main reasons of these differences may be the variation of the refrigerator’s working
status together with the effect of reflecting surfaces around the refrigerator.
Moreover, during the measurements, sound pressure levels might be affected from
the background noise. In order to prevent the influence of environmental conditions
on the measurements, a large anechoic chamber is required for a quite big body
working without too much noise, such as refrigerator. In most cases, the cost of
construction such a chamber may not be feasible. However, the BEM has proven its
power for all the computations performed in this thesis.

Consequently, the results show that the presented procedure in this study may be
effectively used in sound source characterization of vibrating bodies. This procedure
provides satisfactory information, about the vibro-acoustic characteristics of the
machinery parts; localization, radiation characteristics, spatial and frequency
dependent behaviours of sound sources, to the machinery designers and researchers
for the purpose of active noise control. On the other hand, this analysis exposes that
the effectiveness of passive noise control treatments may be tested in the form of
computer simulations without making real applications causing waste of time and

money.
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APPENDIX A
DETERMINATION OF REFLECTION COEFFICIENT OF A SURFACE

A.1 Reflection Coefficient

When a wave (incident wave) encounters a reflecting surface, part of the wave is
reflected (reflected wave) backward from the surface and part of the wave is
transmitted (transmitted wave) across the surface as shown in Figure A.1. Here, |

denotes incident wave, R represents reflected wave and T is transmitted wave.

Reflecting
Surface
Figure A.1 Schematic representation of
reflection and transmission of an incident

wave from a reflecting surface

The reflection coefficient, Rp , of the surface can be written in terms of acoustical

pressure of reflected and incident waves as,

R, _Pr (A1)
P

where pg denotes the acoustical pressure of reflected wave and p, represents the

acoustical pressure of incident wave.
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One-dimensional form of the Helmholtz Equation (2.3) may be written as,

o*p

b +k%p=0. (A.2)

Let p bethe sum of pg and p, as the following form
p=pg+ Py = Ae'e 4 Belete!x (A3)
RT P

which satisfies Equation (A.2). Here, o denotes the radiation frequency. In order to

calculate p, it is necessary to evaluate coefficients A and B in Equation (A.3).

Therefore, it is required to apply Euler’s equation as boundary condition. One-

dimensional form of Euler’s Equation (2.23) is written as,

ou op
= __F A4
Po ot o (A4)
Taking the derivative of p in Equation (A.3) with respectto X,
% = Ae' (= ik )e 7 + Be'“ (ik )e™*. (A.5)
X
Substituting Equation (A.5) into Equation (A.4) yields
OU it iy, \amikX _ maict (i, \aikx
po = he (ik )e Be'“ (ik )e"*. (A.6)

If two sides of Equation (A.6) are integrated with respect to t; normal velocity u of

the surface is obtained as,

ot . .
0= (e pei) (A7)
PoC
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where ¢ = w/k.

There are three ways of obtaining the reflection coefficient R, of the surface:

e If u and p are known for a specified value of x, coefficients A and B can be
calculated by using Equations (A.3) and (A.7). Then, R, may be evaluated by

using Equations (A.1) and (A.3).

e Max and min value of p in Equation (A.3) can be written as,
Prax = PR + Pr» (@)
Prmin = PR — Py - (b) (A.8)

If Prax and pp, are known, p; and pg may be calculated and R, can be

determined by using Equation (A.1).

e R, may be obtained by using sound absorption coefficient, &, of the reflecting

surface. « is related with the acoustical energy of the transmitted and incident

waves in the following form,

_Er

£ (A.9)

a

where E; and E, denote the acoustical energies of the transmitted and incident

waves, respectively. Energy conservation law gives,

E| = ER + ET (AlO)
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where Eg represents the acoustical energy of the reflected wave. Equation (A.10)

can be rewritten as,
ET - E| - ER . (All)

By substituting Equation (A.11) into Equation (A.9), the following equation is
obtained:

a=1-—R (A.12)

Since acoustical power is proportional to acoustical energy, Equation (A.12) can

be written in terms of acoustical power as

a=1-— (A.13)

where Wg and W, denotes the acoustical power of reflected and incident waves,
respectively. On the other hand, the acoustical power of a wave may be written in
terms of its pressure and particle velocity as,

W=p-u (A.14)

For a one-dimensional (plane) wave, the particle speed is in phase with the
pressure and given as, (Kinsler, Frey, Coppens & Sanders, 1982)

u=—_, (A.15)

Substitution of Equation (A.15) into Equation (A.14) yields
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w="_ (A.16)

In this regard, the acoustical power of reflected and incident waves can be written

as,
2
Wg = PR (a)
PoC
D 2
w, =, (b) (A.17)
PoC

respectively. The sound absorption coefficient of the reflecting surface is obtained
by substituting Equation (A.17) into Equation (A.13) as,

P 2
P

By using Equation (A.1), Equation (A.18) may be rewritten as,
a=1-R,’ (A.19)
which yields reflection coefficient as,

R, =Vl-a?. (A.20)



APPENDIX B
GEOMETRICAL DATA OF SPHERICAL AND HEMISPHERICAL
SOURCES

Table B.1 Nodal Co-ordinates of the Spherical Source
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Node

Node

No | X (mm) y (mm) z (mm) No | X (mm) y (mm) z (mm)
1 | 0.000000 | 0.000000 | 1.000000 33 | 0.653281 | 0.653281 | 0.382683
2 | 0.000000 |-0.195090 | 0.980785 34 | 1.000000 | 0.000000 | 0.000000
3 | 0.000000 | 0.195090 | 0.980785 35 | 0.923880 | -0.382683 | 0.000000
4 | 0.382683 | 0.000000 | 0.923880 36 | 0.707107 | -0.707107 | 0.000000
5 | 0.000000 |-0.382683 | 0.923880 37 | 0.382683 | -0.923880 | 0.000000
6 |-0.382683 | 0.000000 | 0.923880 38 | 0.000000 | -1.000000 | 0.000000
7 | 0.000000 | 0.382683 | 0.923880 39 |-0.382683 | -0.923880 | 0.000000
8 | 0.000000 | -0.555570 | 0.831470 40 |-0.707107 | -0.707107 | 0.000000
9 | 0.000000 | 0.555570 | 0.831470 41 |-0.923880 | -0.382683 | 0.000000
10 | 0.707107 | 0.000000 | 0.707107 42 | -1.000000 | 0.000000 | 0.000000
11 | 0.653281 | -0.270598 | 0.707107 43 |-0.923880 | 0.382683 | 0.000000
12 | 0.500000 |-0.500000 | 0.707107 44 |-0.707107 | 0.707107 | 0.000000
13 | 0.270598 | -0.653281 | 0.707107 45 |-0.382683 | 0.923880 | 0.000000
14 | 0.000000 |-0.707107 | 0.707107 46 | 0.000000 | 1.000000 | 0.000000
15 |-0.270598 | -0.653281 | 0.707107 47 | 0.382683 | 0.923880 | 0.000000
16 | -0.500000 | -0.500000 | 0.707107 48 | 0.707107 | 0.707107 | 0.000000
17 |-0.653281 | -0.270598 | 0.707107 49 | 0.923880 | 0.382683 | 0.000000
18 |-0.707107 | 0.000000 | 0.707107 50 | 0.923880 | 0.000000 | -0.382683
19 |-0.653281 | 0.270598 | 0.707107 51 | 0.653281 | -0.653281 | -0.382683
20 |-0.500000 | 0.500000 | 0.707107 52 | 0.000000 | -0.923880 | -0.382683
21 |-0.270598 | 0.653281 | 0.707107 53 |-0.653281 | -0.653281 | -0.382683
22 | 0.000000 | 0.707107 | 0.707107 54 |-0.923880 | 0.000000 | -0.382683
23 | 0.270598 | 0.653281 | 0.707107 55 |-0.653281 | 0.653281 | -0.382683
24 | 0.500000 | 0.500000 | 0.707107 56 | 0.000000 | 0.923880 | -0.382683
25 | 0.653281 | 0.270598 | 0.707107 57 | 0.653281 | 0.653281 | -0.382683
26 | 0.923880 | 0.000000 | 0.382683 58 | 0.707107 | 0.000000 | -0.707107
27 | 0.653281 | -0.653281 | 0.382683 59 | 0.653281 | -0.270598 | -0.707107
28 | 0.000000 |-0.923880 | 0.382683 60 | 0.500000 | -0.500000 | -0.707107
29 |-0.653281 | -0.653281 | 0.382683 61 | 0.270598 | -0.653281 | -0.707107
30 |-0.923880 | 0.000000 | 0.382683 62 | 0.000000 |-0.707107 | -0.707107
31 |-0.653281 | 0.653281 | 0.382683 63 |-0.270598 | -0.653281 | -0.707107
32 | 0.000000 | 0.923880 | 0.382683 64 | -0.500000 | -0.500000 | -0.707107




Table B.1 (Continued)

NNOSe X (mm) y (mm) z (mm)
65 |-0.653281 | -0.270598 | -0.707107
66 |-0.707107 | 0.000000 | -0.707107
67 |-0.653281 | 0.270598 | -0.707107
68 |-0.500000 | 0.500000 | -0.707107
69 |-0.270598 | 0.653281 | -0.707107
70 | 0.000000 | 0.707107 | -0.707107
71 | 0.270598 | 0.653281 | -0.707107
72 | 0.500000 | 0.500000 | -0.707107
73 | 0.653281 | 0.270598 | -0.707107
74 | 0.000000 | -0.555570 | -0.831470
75 | 0.000000 | 0.555570 | -0.831470
76 | 0.382683 | 0.000000 | -0.923880
77 | 0.000000 | -0.382683 | -0.923880
78 |-0.382683 | 0.000000 | -0.923880
79 | 0.000000 | 0.382683 | -0.923880
80 | 0.000000 |-0.195090 | -0.980785
81 | 0.000000 | 0.195090 | -0.980785
82 | 0.000000 | 0.000000 |-1.000000
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Table B.2 Incidence Matrix of the Spherical Source
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Elel\rlr;ent nodl nod2 nod3 nod4 nod5 nod6 nod7 nods
1 1 2 5 8 14 12 10 4
2 5 2 1 6 18 16 14 8
3 1 3 7 9 22 20 18 6
4 7 3 1 4 10 24 22 9
5 10 11 12 27 36 35 34 26
6 12 13 14 28 38 37 36 27
7 14 15 16 29 40 39 38 28
8 16 17 18 30 42 41 40 29
9 18 19 20 31 44 43 42 30
10 20 21 22 32 46 45 44 31
11 22 23 24 33 48 47 46 32
12 24 25 10 26 34 49 48 33
13 34 35 36 51 60 59 58 50
14 36 37 38 52 62 61 60 51
15 38 39 40 53 64 63 62 52
16 40 41 42 54 66 65 64 53
17 42 43 44 55 68 67 66 54
18 44 45 46 56 70 69 68 55
19 46 47 48 57 72 71 70 56
20 48 49 34 50 58 73 72 57
21 58 60 62 74 77 80 82 76
22 62 64 66 78 82 80 77 74
23 66 68 70 75 79 81 82 78
24 70 72 58 76 82 81 79 75




Table B.3 Nodal Co-ordinates of the Hemispherical Source
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NNOSe x(mm) | y(mm) | z(mm) NNoge x(mm) | y(mm) | z(mm)
1 0.000000 | 0.000000 | 1.000000 38 | 0.000000 |-1.000000 | 0.000000
2 0.000000 |-0.195090 | 0.980785 39 [-0.382683 | -0.923880 | 0.000000
3 0.000000 | 0.195090 | 0.980785 40 |-0.707107 | -0.707107 | 0.000000
4 | 0.382683 | 0.000000 | 0.923880 41 |-0.923880 | -0.382683 | 0.000000
5 0.000000 |-0.382683 | 0.923880 42 |-1.000000 | 0.000000 |0.000000
6 |-0.382683 | 0.000000 | 0.923880 43 |-0.923880 | 0.382683 | 0.000000
7 0.000000 | 0.382683 | 0.923880 44 |-0.707107 | 0.707107 |0.000000
8 0.000000 |-0.555570 | 0.831470 45 |-0.382683 | 0.923880 |0.000000
9 0.000000 | 0.555570 | 0.831470 46 | 0.000000 | 1.000000 |0.000000
10 | 0.707107 | 0.000000 | 0.707107 47 | 0.382683 | 0.923880 |0.000000
11 | 0.653281 |-0.270598 | 0.707107 48 | 0.707107 | 0.707107 |0.000000
12 | 0.500000 |-0.500000 | 0.707107 49 | 0.923880 | 0.382683 | 0.000000
13 | 0.270598 |-0.653281 | 0.707107 50 | 0.500000 | 0.000000 |0.000000
14 | 0.000000 |-0.707107 | 0.707107 51 | 0.000000 |-0.500000 |0.000000
15 |-0.270598 | -0.653281 | 0.707107 52 |-0.500000 | 0.000000 |0.000000
16 | -0.500000 |-0.500000 | 0.707107 53 | 0.000000 | 0.500000 |0.000000
17 |-0.653281 |-0.270598 | 0.707107 54 | 0.000000 | 0.000000 |0.000000
18 |-0.707107 | 0.000000 | 0.707107
19 |-0.653281 | 0.270598 | 0.707107
20 |-0.500000 | 0.500000 | 0.707107
21 |-0.270598 | 0.653281 | 0.707107
22 | 0.000000 | 0.707107 | 0.707107
23 | 0.270598 | 0.653281 | 0.707107
24 | 0.500000 | 0.500000 | 0.707107
25 | 0.653281 | 0.270598 | 0.707107
26 | 0.923880 | 0.000000 | 0.382683
27 | 0.653281 |-0.653281 | 0.382683
28 | 0.000000 |-0.923880 | 0.382683
29 |-0.653281 | -0.653281 | 0.382683
30 [-0.923880 | 0.000000 | 0.382683
31 |-0.653281 | 0.653281 | 0.382683
32 | 0.000000 | 0.923880 | 0.382683
33 | 0.653281 | 0.653281 | 0.382683
34 | 1.000000 | 0.000000 | 0.000000
35 | 0.923880 |-0.382683 | 0.000000
36 | 0.707107 |-0.707107 | 0.000000
37 | 0.382683 | -0.923880 | 0.000000




Table B.4 Incidence Matrix of the Hemispherical Source

91

Elel\rlrz)ent nodl nod2 nod3 nod4 nod5 nod6 nod7 nods
1 1 2 5 8 14 12 10 4
2 5 2 1 6 18 16 14 8
3 1 3 7 9 22 20 18 6
4 7 3 1 4 10 24 22 9
5 10 11 12 27 36 35 34 26
6 12 13 14 28 38 37 36 27
7 14 15 16 29 40 39 38 28
8 16 17 18 30 42 41 40 29
9 18 19 20 31 44 43 42 30
10 20 21 22 32 46 45 44 31
11 22 23 24 33 48 47 46 32
12 24 25 10 26 34 49 48 33
13 34 35 36 37 38 51 54 50
14 54 51 38 39 40 41 42 52
15 46 53 54 52 42 43 44 45
16 48 49 34 50 54 53 46 47




APPENDIX C
SURFACE PRESSURES OF DILATING SPHERICAL AND

HEMISPHERICAL SOURCES

Table C.1 Surface Pressures of the Spherical Source (a =1 m, u, =1 m/s)
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Node No Surface Pressures (Pa) Node No Surface Pressures (Pa)
1 294.188 33 282.875
2 291.294 34 295.369
3 291.294 35 283.226
4 282.649 36 295.343
5 314.612 37 283.209
6 282.649 38 295.351
7 314.612 39 283.209
8 290.864 40 295.343
9 290.864 41 283.226
10 292.879 42 295.369
11 285.552 43 283.226
12 286.505 44 295.343
13 286.921 45 283.209
14 292.382 46 295.351
15 286.921 47 283.209
16 286.505 48 295.343
17 285.552 49 283.226
18 292.879 50 282.846
19 285.552 51 282.8754
20 286.505 52 282.8169
21 286.921 53 282.8754
22 292.382 54 282.8464
23 286.921 55 282.8754
24 286.505 56 282.8169
25 285.552 57 282.8754
26 282.846 58 292.8794
27 282.875 59 285.552
28 282.817 60 286.5053
29 282.875 61 286.9212
30 282.846 62 292.3815
31 282.875 63 286.9212
32 282.817 64 286.5053




Table C.1 (Continued)

Node No Surface Pressures (Pa)
65 285.552
66 292.8794
67 285.552
68 286.5053
69 286.9212
70 292.3815
71 286.9212
72 286.5053
73 285.552
74 290.864
75 290.864
76 282.6486
77 314.6115
78 282.6486
79 314.6115
80 291.2941
81 291.2941
82 294.1884
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Table C.2 Surface Pressures of the Hemispherical Source (a=1 m, u, =1 m/s)

Surface Pressures (Pa)

Node No
o=0 0=0.25 0=0.50 0=0.75 0=1.0

1 294.277 294.679 295.186 295.957 299.057
2 291.382 291.544 291.760 292.140 294.240
3 291.382 291.544 291.760 292.140 294.240
4 282.732 282.171 281.506 280.696 279.737
5 314.722 314.690 314.678 314.766 316.187
6 282.732 282.171 281.506 280.696 279.737
7 314.722 314.690 314.678 314.766 316.187
8 290.958 289.603 287.975 285.877 281.654
9 290.958 289.603 287.975 285.877 281.654
10 292.995 290.302 287.045 282.754 272.882
11 285.660 282.843 279.431 274.918 264.424
12 286.586 283.799 280.423 275.960 265.599
13 287.030 284.229 280.837 276.353 265.945
14 292.497 289.789 286.515 282.199 272.260
15 287.030 284.229 280.837 276.353 265.945
16 286.586 283.799 280.423 275.960 265.599
17 285.660 282.843 279.431 274.918 264.424
18 292.995 290.302 287.045 282.754 272.882
19 285.660 282.843 279.431 274.918 264.424
20 286.586 283.799 280.423 275.960 265.599
21 287.030 284.229 280.837 276.353 265.945
22 292.497 289.789 286.515 282.199 272.260
23 287.030 284.229 280.837 276.353 265.945
24 286.586 283.799 280.423 275.960 265.599
25 285.660 282.843 279.431 274.918 264.424
26 282.710 275.275 266.207 254.005 223.238
27 283.334 275.881 266.791 254.559 223.718
28 282.680 275.244 266.173 253.967 223.193
29 283.334 275.881 266.791 254.559 223.718
30 282.710 275.275 266.207 254.005 223.238
31 283.334 275.881 266.791 254.559 223.718
32 282.680 275.244 266.173 253.967 223.193
33 283.334 275.881 266.791 254.559 223.718
34 295.263 298.358 302.203 307.514 321.891
35 283.110 286.304 290.276 295.770 310.685
36 295.215 298.313 302.160 307.475 321.863




Table C.2 (Continued)
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Surface Pressures (Pa)

Node No
o=0 a=0.25 0=0.50 0=0.75 0=1.0
37 283.093 286.287 290.259 295.752 310.669
38 295.245 298.341 302.185 307.496 321.873
39 283.093 286.287 290.259 295.752 310.669
40 295.215 298.313 302.160 307.475 321.863
41 283.110 286.304 290.276 295.770 310.685
42 295.263 298.358 302.203 307.514 321.891
43 283.110 286.304 290.276 295.770 310.685
44 295.215 298.313 302.160 307.475 321.863
45 283.093 286.287 290.259 295.752 310.669
46 295.245 298.341 302.185 307.496 321.873
47 283.093 286.287 290.259 295.752 310.669
48 295.215 298.313 302.160 307.475 321.863
49 283.110 286.304 290.276 295.770 310.685




Table D.1 Nodal Co-ordinates of the Refrigerator

APPENDIX D
GEOMETRICAL AND SURFACE VELOCITY DATA OF THE

REFRIGERATOR
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NNOSe x(mm) | y(mm) | z(mm) NNoge x(mm) | y(mm) | z(mm)
1 345.000 | -177.500 | -843.750 33 345.000 | -355.000 |-468.750
2 345.000 | -177.500 | -750.000 34 345.000 0 -468.750
3 345.000 | -266.250 | -750.000 35 345.000 0 -375.000
4 345.000 | -355.000 | -750.000 36 345.000 | -88.750 |-375.000
5 345.000 | -355.000 | -843.750 37 345.000 | 177.500 |-468.750
6 345.000 0 -843.750 38 345.000 | 177.500 |-375.000
7 345.000 0 -750.000 39 345.000 | 88.750 |[-375.000
8 345.000 | -88.750 | -750.000 40 345.000 | 355.000 |-468.750
9 345.000 | 177.500 | -843.750 41 345.000 | 355.000 |-375.000
10 345.000 | 177.500 | -750.000 42 345.000 | 266.250 |-375.000
11 345.000 | 88.750 | -750.000 43 345.000 | -177.500 |-281.250
12 345.000 | 355.000 | -843.750 44 345.000 | -177.500 |-187.500
13 345.000 | 355.000 | -750.000 45 345.000 | -266.250 |-187.500
14 345.000 | 266.250 | -750.000 46 345.000 | -355.000 |-187.500
15 345.000 | -177.500 | -656.250 47 345.000 | -355.000 |-281.250
16 345.000 | -177.500 | -562.500 48 345.000 0 -281.250
17 345.000 | -266.250 | -562.500 49 345.000 0 -187.500
18 345.000 | -355.000 | -562.500 50 345.000 | -88.750 |-187.500
19 345.000 | -355.000 | -656.250 51 345.000 | 177.500 |-281.250
20 345.000 0 -656.250 52 345.000 | 177.500 |-187.500
21 345.000 0 -562.500 53 345.000 | 88.750 |[-187.500
22 345.000 | -88.750 | -562.500 54 345.000 | 355.000 |-281.250
23 345.000 | 177.500 | -656.250 55 345.000 | 355.000 |-187.500
24 345.000 | 177.500 | -562.500 56 345.000 | 266.250 |-187.500
25 345.000 | 88.750 | -562.500 57 345.000 | -177.500 | -93.750
26 345.000 | 355.000 | -656.250 58 345.000 | -177.500 0
27 345.000 | 355.000 | -562.500 59 345.000 | -266.250 0
28 345.000 | 266.250 | -562.500 60 345.000 | -355.000 0
29 345.000 | -177.500 | -468.750 61 345.000 | -355.000 | -93.750
30 345.000 | -177.500 | -375.000 62 345.000 0 -93.750
31 345.000 | -266.250 | -375.000 63 345.000 0 0
32 345.000 | -355.000 | -375.000 64 345.000 | -88.750 0




Table D.1 (Continued)
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NNOSe x(mm) | y(mm) | z(mm) NNoge x(mm) | y(mm) | z(mm)
65 345.000 | 177.500 | -93.750 103 | 345.000 | -355.000 | 468.750
66 345.000 | 177.500 0 104 | 345.000 0 468.750
67 345.000 | 88.750 0 105 | 345.000 0 562.500
68 345.000 | 355.000 | -93.750 106 | 345.000 | -88.750 |562.500
69 345.000 | 355.000 0 107 | 345.000 | 177.500 | 468.750
70 345.000 | 266.250 0 108 | 345.000 | 177.500 |562.500
71 345.000 | -177.500 | 93.750 109 | 345.000 | 88.750 |562.500
72 345.000 | -177.500 | 187.500 110 | 345.000 | 355.000 | 468.750
73 345.000 | -266.250 | 187.500 111 | 345.000 | 355.000 |562.500
74 345.000 | -355.000 | 187.500 112 | 345.000 | 266.250 | 562.500
75 345.000 | -355.000 | 93.750 113 | 345.000 | -177.500 | 656.250
76 345.000 0 93.750 114 | 345.000 | -177.500 | 750.000
77 345.000 0 187.500 115 | 345.000 | -266.250 | 750.000
78 345.000 | -88.750 | 187.500 116 | 345.000 | -355.000 | 750.000
79 345.000 | 177.500 | 93.750 117 | 345.000 | -355.000 | 656.250
80 345.000 | 177.500 | 187.500 118 | 345.000 0 656.250
81 345.000 | 88.750 | 187.500 119 | 345.000 0 750.000
82 345.000 | 355.000 | 93.750 120 | 345.000 | -88.750 | 750.000
83 345.000 | 355.000 | 187.500 121 | 345.000 | 177.500 | 656.250
84 345.000 | 266.250 | 187.500 122 | 345.000 | 177.500 | 750.000
85 345.000 | -177.500 | 281.250 123 | 345.000 | 88.750 | 750.000
86 345.000 | -177.500 | 375.000 124 | 345.000 | 355.000 | 656.250
87 345.000 | -266.250 | 375.000 125 | 345.000 | 355.000 | 750.000
88 345.000 | -355.000 | 375.000 126 | 345.000 | 266.250 | 750.000
89 345.000 | -355.000 | 281.250 127 | 345.000 | -177.500 | 843.750
90 345.000 0 281.250 128 | 345.000 | -177.500 | 937.500
91 345.000 0 375.000 129 | 345.000 | -266.250 | 937.500
92 345.000 | -88.750 | 375.000 130 | 345.000 | -355.000 | 937.500
93 345.000 | 177.500 | 281.250 131 | 345.000 | -355.000 | 843.750
94 345.000 | 177.500 | 375.000 132 | 345.000 0 843.750
95 345.000 | 88.750 | 375.000 133 | 345.000 0 937.500
96 345.000 | 355.000 | 281.250 134 | 345.000 | -88.750 | 937.500
97 345.000 | 355.000 | 375.000 135 | 345.000 | 177.500 | 843.750
98 345.000 | 266.250 | 375.000 136 | 345.000 | 177.500 | 937.500
99 345.000 | -177.500 | 468.750 137 | 345.000 | 88.750 | 937.500
100 | 345.000 | -177.500 | 562.500 138 | 345.000 | 355.000 | 843.750
101 | 345.000 | -266.250 | 562.500 139 | 345.000 | 355.000 | 937.500
102 | 345.000 | -355.000 | 562.500 140 | 345.000 | 266.250 | 937.500




Table D.1 (Continued)
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NNOSe x(mm) | y(mm) | z(mm) NNoge x(mm) | y(mm) | z(mm)
141 | 172,500 | 355.000 | -843.750 179 | 258.750 | 355.000 |-187.500
142 | 172,500 | 355.000 | -750.000 180 0 355.000 |-281.250
143 | 258.750 | 355.000 | -750.000 181 0 355.000 |-187.500
144 0 355.000 | -843.750 182 86.250 | 355.000 |-187.500
145 0 355.000 | -750.000 183 | -172.500 | 355.000 |-281.250
146 86.250 | 355.000 | -750.000 184 | -172.500 | 355.000 |-187.500
147 | -172.500 | 355.000 | -843.750 185 | -86.250 | 355.000 |-187.500
148 | -172.500 | 355.000 | -750.000 186 | -345.000 | 355.000 |-281.250
149 | -86.250 | 355.000 | -750.000 187 | -345.000 | 355.000 |-187.500
150 | -345.000 | 355.000 | -843.750 188 | -258.750 | 355.000 |-187.500
151 | -345.000 | 355.000 | -750.000 189 | 172,500 | 355.000 | -93.750
152 | -258.750 | 355.000 | -750.000 190 | 172,500 | 355.000 0
153 | 172,500 | 355.000 | -656.250 191 | 258.750 | 355.000 0
154 | 172,500 | 355.000 | -562.500 192 0 355.000 | -93.750
155 | 258.750 | 355.000 | -562.500 193 0 355.000 0
156 0 355.000 | -656.250 194 86.250 | 355.000 0
157 0 355.000 | -562.500 195 | -172.500 | 355.000 | -93.750
158 86.250 | 355.000 | -562.500 196 | -172.500 | 355.000 0
159 | -172.500 | 355.000 | -656.250 197 | -86.250 | 355.000 0
160 | -172.500 | 355.000 | -562.500 198 | -345.000 | 355.000 | -93.750
161 | -86.250 | 355.000 | -562.500 199 | -345.000 | 355.000 0
162 | -345.000 | 355.000 | -656.250 200 | -258.750 | 355.000 0
163 | -345.000 | 355.000 | -562.500 201 | 172.500 | 355.000 | 93.750
164 | -258.750 | 355.000 | -562.500 202 | 172,500 | 355.000 | 187.500
165 | 172.500 | 355.000 | -468.750 203 | 258.750 | 355.000 | 187.500
166 | 172.500 | 355.000 | -375.000 204 0 355.000 | 93.750
167 | 258.750 | 355.000 | -375.000 205 0 355.000 | 187.500
168 0 355.000 | -468.750 206 86.250 | 355.000 | 187.500
169 0 355.000 | -375.000 207 | -172.500 | 355.000 | 93.750
170 86.250 | 355.000 | -375.000 208 | -172.500 | 355.000 | 187.500
171 | -172.500 | 355.000 | -468.750 209 | -86.250 | 355.000 | 187.500
172 | -172.500 | 355.000 | -375.000 210 | -345.000 | 355.000 | 93.750
173 | -86.250 | 355.000 | -375.000 211 | -345.000 | 355.000 | 187.500
174 | -345.000 | 355.000 | -468.750 212 | -258.750 | 355.000 | 187.500
175 | -345.000 | 355.000 | -375.000 213 | 172,500 | 355.000 | 281.250
176 | -258.750 | 355.000 | -375.000 214 | 172,500 | 355.000 | 375.000
177 | 172,500 | 355.000 | -281.250 215 | 258.750 | 355.000 | 375.000
178 | 172,500 | 355.000 | -187.500 216 0 355.000 | 281.250




Table D.1 (Continued)
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NNOSe x(mm) | y(mm) | z(mm) NNoge x(mm) | y(mm) | z(mm)
217 0 355.000 | 375.000 255 | -172.500 | 355.000 | 843.750
218 86.250 | 355.000 | 375.000 256 | -172.500 | 355.000 | 937.500
219 | -172.500 | 355.000 | 281.250 257 | -86.250 | 355.000 | 937.500
220 | -172.500 | 355.000 | 375.000 258 | -345.000 | 355.000 | 843.750
221 | -86.250 | 355.000 | 375.000 259 | -345.000 | 355.000 | 937.500
222 | -345.000 | 355.000 | 281.250 260 | -258.750 | 355.000 | 937.500
223 | -345.000 | 355.000 | 375.000 261 | -345.000 | 177.500 |-843.750
224 | -258.750 | 355.000 | 375.000 262 | -345.000 | 177.500 |-750.000
225 | 172.500 | 355.000 | 468.750 263 | -345.000 | 266.250 |-750.000
226 | 172.500 | 355.000 | 562.500 264 | -345.000 0 -843.750
227 | 258.750 | 355.000 | 562.500 265 | -345.000 0 -750.000
228 0 355.000 | 468.750 266 | -345.000 | 88.750 |-750.000
229 0 355.000 | 562.500 267 | -345.000 | -177.500 |-843.750
230 86.250 | 355.000 | 562.500 268 | -345.000 | -177.500 |-750.000
231 | -172.500 | 355.000 | 468.750 269 | -345.000 | -88.750 |-750.000
232 | -172.500 | 355.000 | 562.500 270 | -345.000 | -355.000 |-843.750
233 | -86.250 | 355.000 | 562.500 271 | -345.000 | -355.000 |-750.000
234 | -345.000 | 355.000 | 468.750 272 | -345.000 | -266.250 |-750.000
235 | -345.000 | 355.000 | 562.500 273 | -345.000 | 177.500 |-656.250
236 | -258.750 | 355.000 | 562.500 274 | -345.000 | 177.500 |-562.500
237 | 172.500 | 355.000 | 656.250 275 | -345.000 | 266.250 |-562.500
238 | 172.500 | 355.000 | 750.000 276 | -345.000 0 -656.250
239 | 258.750 | 355.000 | 750.000 277 | -345.000 0 -562.500
240 0 355.000 | 656.250 278 | -345.000 | 88.750 |-562.500
241 0 355.000 | 750.000 279 | -345.000 | -177.500 |-656.250
242 86.250 | 355.000 | 750.000 280 | -345.000 | -177.500 |-562.500
243 | -172.500 | 355.000 | 656.250 281 | -345.000 | -88.750 |-562.500
244 | -172.500 | 355.000 | 750.000 282 | -345.000 | -355.000 |-656.250
245 | -86.250 | 355.000 | 750.000 283 | -345.000 | -355.000 |-562.500
246 | -345.000 | 355.000 | 656.250 284 | -345.000 | -266.250 |-562.500
247 | -345.000 | 355.000 | 750.000 285 | -345.000 | 177.500 |-468.750
248 | -258.750 | 355.000 | 750.000 286 | -345.000 | 177.500 |-375.000
249 | 172.500 | 355.000 | 843.750 287 | -345.000 | 266.250 |-375.000
250 | 172.500 | 355.000 | 937.500 288 | -345.000 0 -468.750
251 | 258.750 | 355.000 | 937.500 289 | -345.000 0 -375.000
252 0 355.000 | 843.750 290 | -345.000 | 88.750 |-375.000
253 0 355.000 | 937.500 291 | -345.000 | -177.500 |-468.750
254 86.250 | 355.000 | 937.500 292 | -345.000 | -177.500 |-375.000
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NNOSe x(mm) | y(mm) | z(mm) NNoge x(mm) | y(mm) | z(mm)
293 | -345.000 | -88.750 | -375.000 331 | -345.000 | -355.000 | 187.500
294 | -345.000 | -355.000 | -468.750 332 | -345.000 | -266.250 | 187.500
295 | -345.000 | -355.000 | -375.000 333 | -345.000 | 177.500 | 281.250
296 | -345.000 | -266.250 | -375.000 334 | -345.000 | 177.500 | 375.000
297 | -345.000 | 177.500 | -281.250 335 | -345.000 | 266.250 | 375.000
298 | -345.000 | 177.500 | -187.500 336 | -345.000 0 281.250
299 | -345.000 | 266.250 | -187.500 337 | -345.000 0 375.000
300 | -345.000 0 -281.250 338 | -345.000 | 88.750 | 375.000
301 | -345.000 0 -187.500 339 | -345.000 | -177.500 | 281.250
302 | -345.000 | 88.750 | -187.500 340 | -345.000 | -177.500 | 375.000
303 | -345.000 | -177.500 | -281.250 341 | -345.000 | -88.750 | 375.000
304 | -345.000 | -177.500 | -187.500 342 | -345.000 | -355.000 | 281.250
305 | -345.000 | -88.750 | -187.500 343 | -345.000 | -355.000 | 375.000
306 | -345.000 | -355.000 | -281.250 344 | -345.000 | -266.250 | 375.000
307 | -345.000 | -355.000 | -187.500 345 | -345.000 | 177.500 | 468.750
308 | -345.000 | -266.250 | -187.500 346 | -345.000 | 177.500 |562.500
309 | -345.000 | 177.500 | -93.750 347 | -345.000 | 266.250 | 562.500
310 | -345.000 | 177.500 0 348 | -345.000 0 468.750
311 | -345.000 | 266.250 0 349 | -345.000 0 562.500
312 | -345.000 0 -93.750 350 | -345.000 | 88.750 |562.500
313 | -345.000 0 0 351 | -345.000 | -177.500 | 468.750
314 | -345.000 | 88.750 0 352 | -345.000 | -177.500 | 562.500
315 | -345.000 | -177.500 | -93.750 353 | -345.000 | -88.750 |562.500
316 | -345.000 | -177.500 0 354 | -345.000 | -355.000 | 468.750
317 | -345.000 | -88.750 0 355 | -345.000 | -355.000 | 562.500
318 | -345.000 | -355.000 | -93.750 356 | -345.000 | -266.250 | 562.500
319 | -345.000 | -355.000 0 357 | -345.000 | 177.500 | 656.250
320 | -345.000 | -266.250 0 358 | -345.000 | 177.500 | 750.000
321 | -345.000 | 177.500 | 93.750 359 | -345.000 | 266.250 | 750.000
322 | -345.000 | 177.500 | 187.500 360 | -345.000 0 656.250
323 | -345.000 | 266.250 | 187.500 361 | -345.000 0 750.000
324 | -345.000 0 93.750 362 | -345.000 | 88.750 | 750.000
325 | -345.000 0 187.500 363 | -345.000 | -177.500 | 656.250
326 | -345.000 | 88.750 | 187.500 364 | -345.000 | -177.500 | 750.000
327 | -345.000 | -177.500 | 93.750 365 | -345.000 | -88.750 | 750.000
328 | -345.000 | -177.500 | 187.500 366 | -345.000 | -355.000 | 656.250
329 | -345.000 | -88.750 | 187.500 367 | -345.000 | -355.000 | 750.000
330 | -345.000 | -355.000 | 93.750 368 | -345.000 | -266.250 | 750.000
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NNOSe x(mm) | y(mm) | z(mm) NNoge x(mm) | y(mm) | z(mm)
369 | -345.000 | 177.500 | 843.750 407 | 172.500 | -355.000 |-468.750
370 | -345.000 | 177.500 | 937.500 408 | 172.500 | -355.000 |-375.000
371 | -345.000 | 266.250 | 937.500 409 86.250 | -355.000 |-375.000
372 | -345.000 0 843.750 410 | 258.750 | -355.000 |-375.000
373 | -345.000 0 937.500 411 | -172.500 | -355.000 |-281.250
374 | -345.000 | 88.750 | 937.500 412 | -172.500 | -355.000 |-187.500
375 | -345.000 | -177.500 | 843.750 413 | -258.750 | -355.000 |-187.500
376 | -345.000 | -177.500 | 937.500 414 0 -355.000 |-281.250
377 | -345.000 | -88.750 | 937.500 415 0 -355.000 |-187.500
378 | -345.000 | -355.000 | 843.750 416 | -86.250 | -355.000 |-187.500
379 | -345.000 | -355.000 | 937.500 417 | 172.500 | -355.000 |-281.250
380 | -345.000 | -266.250 | 937.500 418 | 172.500 | -355.000 |-187.500
381 | -172.500 | -355.000 | -843.750 419 86.250 | -355.000 |-187.500
382 | -172.500 | -355.000 | -750.000 420 | 258.750 | -355.000 |-187.500
383 | -258.750 | -355.000 | -750.000 421 | -172.500 | -355.000 | -93.750
384 0 -355.000 | -843.750 422 | -172.500 | -355.000 0

385 0 -355.000 | -750.000 423 | -258.750 | -355.000 0

386 | -86.250 | -355.000 | -750.000 424 0 -355.000 | -93.750
387 | 172.500 | -355.000 | -843.750 425 0 -355.000 0

388 | 172.500 | -355.000 | -750.000 426 | -86.250 | -355.000 0

389 86.250 | -355.000 | -750.000 427 | 172.500 | -355.000 | -93.750
390 | 258.750 | -355.000 | -750.000 428 | 172.500 | -355.000 0

391 | -172.500 | -355.000 | -656.250 429 86.250 | -355.000 0

392 | -172.500 | -355.000 | -562.500 430 | 258.750 | -355.000 0

393 | -258.750 | -355.000 | -562.500 431 | -172.500 | -355.000 | 93.750
394 0 -355.000 | -656.250 432 | -172.500 | -355.000 | 187.500
395 0 -355.000 | -562.500 433 | -258.750 | -355.000 | 187.500
396 | -86.250 | -355.000 | -562.500 434 0 -355.000 | 93.750
397 | 172.500 | -355.000 | -656.250 435 0 -355.000 | 187.500
398 | 172.500 | -355.000 | -562.500 436 | -86.250 | -355.000 | 187.500
399 86.250 | -355.000 | -562.500 437 | 172.500 | -355.000 | 93.750
400 | 258.750 | -355.000 | -562.500 438 | 172.500 | -355.000 | 187.500
401 | -172.500 | -355.000 | -468.750 439 86.250 | -355.000 | 187.500
402 | -172.500 | -355.000 | -375.000 440 | 258.750 | -355.000 | 187.500
403 | -258.750 | -355.000 | -375.000 441 | -172.500 | -355.000 | 281.250
404 0 -355.000 | -468.750 442 | -172.500 | -355.000 | 375.000
405 0 -355.000 | -375.000 443 | -258.750 | -355.000 | 375.000
406 | -86.250 | -355.000 | -375.000 444 0 -355.000 | 281.250




Table D.1 (Continued)
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NNOSe x(mm) | y(mm) | z(mm) NNoge x(mm) | y(mm) | z(mm)
445 0 -355.000 | 375.000 483 | 172.500 | -266.250 | 937.500
446 | -86.250 | -355.000 | 375.000 484 | 258.750 0 937.500
447 | 172.500 | -355.000 | 281.250 485 | 172.500 0 937.500
448 | 172.500 | -355.000 | 375.000 486 | 172.500 | -88.750 | 937.500
449 86.250 | -355.000 | 375.000 487 | 258.750 | 177.500 | 937.500
450 | 258.750 | -355.000 | 375.000 488 | 172.500 | 177.500 | 937.500
451 | -172.500 | -355.000 | 468.750 489 | 172.500 | 88.750 | 937.500
452 | -172.500 | -355.000 | 562.500 490 | 172.500 | 266.250 | 937.500
453 | -258.750 | -355.000 | 562.500 491 86.250 | -177.500 | 937.500
454 0 -355.000 | 468.750 492 0 -177.500 | 937.500
455 0 -355.000 | 562.500 493 0 -266.250 | 937.500
456 | -86.250 | -355.000 | 562.500 494 86.250 0 937.500
457 | 172.500 | -355.000 | 468.750 495 0 0 937.500
458 | 172.500 | -355.000 | 562.500 496 0 -88.750 | 937.500
459 86.250 | -355.000 | 562.500 497 86.250 | 177.500 | 937.500
460 | 258.750 | -355.000 | 562.500 498 0 177.500 | 937.500
461 | -172.500 | -355.000 | 656.250 499 0 88.750 | 937.500
462 | -172.500 | -355.000 | 750.000 500 0 266.250 | 937.500
463 | -258.750 | -355.000 | 750.000 501 | -86.250 | -177.500 | 937.500
464 0 -355.000 | 656.250 502 | -172.500 | -177.500 | 937.500
465 0 -355.000 | 750.000 503 | -172.500 | -266.250 | 937.500
466 | -86.250 | -355.000 | 750.000 504 | -86.250 0 937.500
467 | 172.500 | -355.000 | 656.250 505 | -172.500 0 937.500
468 | 172.500 | -355.000 | 750.000 506 | -172.500 | -88.750 | 937.500
469 86.250 | -355.000 | 750.000 507 | -86.250 | 177.500 | 937.500
470 | 258.750 | -355.000 | 750.000 508 | -172.500 | 177.500 | 937.500
471 | -172.500 | -355.000 | 843.750 509 | -172.500 | 88.750 | 937.500
472 | -172.500 | -355.000 | 937.500 510 | -172.500 | 266.250 | 937.500
473 | -258.750 | -355.000 | 937.500 511 | -258.750 | -177.500 | 937.500
474 0 -355.000 | 843.750 512 | -258.750 0 937.500
475 0 -355.000 | 937.500 513 | -258.750 | 177.500 | 937.500
476 | -86.250 | -355.000 | 937.500 514 | 345.000 | -355.000 |-937.500
477 | 172.500 | -355.000 | 843.750 515 | 345.000 | -266.250 |-937.500
478 | 172.500 | -355.000 | 937.500 516 | 345.000 | -177.500 |-937.500
479 86.250 | -355.000 | 937.500 517 | 345.000 | -88.750 |-937.500
480 | 258.750 | -355.000 | 937.500 518 | 345.000 0 -937.500
481 | 258.750 | -177.500 | 937.500 519 | 345.000 | 88.750 |-937.500
482 | 172.500 | -177.500 | 937.500 520 | 345.000 | 177.500 |-937.500




Table D.1 (Continued)

103

NNOSe x(mm) | y(mm) | z(mm) NNoge x(mm) | y(mm) | z(mm)
521 | 345.000 | 266.250 | -937.500 559 | -86.250 0 -937.500
522 | 345.000 | 355.000 | -937.500 560 0 0 -937.500
523 | 258.750 | 355.000 | -937.500 561 0 -88.750 [-937.500
524 | 172.500 | 355.000 | -937.500 562 | -86.250 | 177.500 |-937.500
525 86.250 | 355.000 | -937.500 563 0 177.500 |-937.500
526 0 355.000 | -937.500 564 0 88.750 |-937.500
527 | -86.250 | 355.000 | -937.500 565 0 266.250 |-937.500
528 | -172.500 | 355.000 | -937.500 566 86.250 | -177.500 |-937.500
529 | -258.750 | 355.000 | -937.500 567 | 172.500 | -177.500 |-937.500
530 | -345.000 | 355.000 | -937.500 568 | 172.500 | -266.250 |-937.500
531 | -345.000 | 266.250 | -937.500 569 86.250 0 -937.500
532 | -345.000 | 177.500 | -937.500 570 | 172.500 0 -937.500
533 | -345.000 | 88.750 | -937.500 571 | 172,500 | -88.750 |-937.500
534 | -345.000 0 -937.500 572 86.250 | 177.500 |-937.500
535 | -345.000 | -88.750 | -937.500 573 | 172,500 | 177.500 |-937.500
536 | -345.000 | -177.500 | -937.500 574 | 172500 | 88.750 |-937.500
537 | -345.000 | -266.250 | -937.500 575 | 172.500 | 266.250 |-937.500
538 | -345.000 | -355.000 | -937.500 576 | 258.750 | -177.500 |-937.500
539 | -258.750 | -355.000 | -937.500 577 | 258.750 0 -937.500
540 | -172.500 | -355.000 | -937.500 578 | 258.750 | 177.500 |-937.500
541 | -86.250 | -355.000 | -937.500
542 0 -355.000 | -937.500
543 86.250 | -355.000 | -937.500
544 | 172.500 | -355.000 | -937.500
545 | 258.750 | -355.000 | -937.500
546 | -258.750 | -177.500 | -937.500
547 | -172.500 | -177.500 | -937.500
548 | -172.500 | -266.250 | -937.500
549 | -258.750 0 -937.500
550 | -172.500 0 -937.500
551 | -172.500 | -88.750 | -937.500
552 | -258.750 | 177.500 | -937.500
553 | -172.500 | 177.500 | -937.500
554 | -172.500 | 88.750 | -937.500
555 | -172.500 | 266.250 | -937.500
556 | -86.250 | -177.500 | -937.500
557 0 -177.500 | -937.500
558 0 -266.250 | -937.500




Table D.2 Incidence Matrix of the Refrigerator
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Ekiﬂfnt nodl nod2 nod3 nod4 nod5 nod6 nod7 nods8
1 514 515 516 1 2 3 4 5
2 516 517 518 6 7 8 2 1
3 518 519 520 9 10 11 7 6
4 520 521 522 12 13 14 10 9
5 4 3 2 15 16 17 18 19
6 2 8 7 20 21 22 16 15
7 7 11 10 23 24 25 21 20
8 10 14 13 26 27 28 24 23
9 18 17 16 29 30 31 32 33
10 16 22 21 34 35 36 30 29
11 21 25 24 37 38 39 35 34
12 24 28 27 40 41 42 38 37
13 32 31 30 43 44 45 46 47
14 30 36 35 48 49 50 44 43
15 35 39 38 51 52 53 49 48
16 38 42 41 54 55 56 52 51
17 46 45 44 57 58 59 60 61
18 44 50 49 62 63 64 58 57
19 49 53 52 65 66 67 63 62
20 52 56 55 68 69 70 66 65
21 60 59 58 71 72 73 74 75
22 58 64 63 76 77 78 72 71
23 63 67 66 79 80 81 77 76
24 66 70 69 82 83 84 80 79
25 74 73 72 85 86 87 88 89
26 72 78 77 90 91 92 86 85
27 77 81 80 93 94 95 91 90
28 80 84 83 96 97 98 94 93
29 88 87 86 99 100 101 102 103
30 86 92 91 104 105 106 100 99
31 91 95 94 107 108 109 105 104
32 94 98 97 110 111 112 108 107
33 102 101 100 113 114 115 116 117
34 100 106 105 118 119 120 114 113
35 105 109 108 121 122 123 119 118
36 108 112 111 124 125 126 122 121
37 116 115 114 127 128 129 130 131
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Elel\rlr:)ent nodl nod2 nod3 nod4 nod5 nod6 nod7 nods8
38 114 120 119 132 133 134 128 127
39 119 123 122 135 136 137 133 132
40 122 126 125 138 139 140 136 135
41 522 523 524 141 142 143 13 12
42 524 525 526 144 145 146 142 141
43 526 527 528 147 148 149 145 144
44 528 529 530 150 151 152 148 147
45 13 143 142 153 154 155 27 26
46 142 146 145 156 157 158 154 153
47 145 149 148 159 160 161 157 156
48 148 152 151 162 163 164 160 159
49 27 155 154 165 166 167 41 40
50 154 158 157 168 169 170 166 165
51 157 161 160 171 172 173 169 168
52 160 164 163 174 175 176 172 171
53 41 167 166 177 178 179 55 54
54 166 170 169 180 181 182 178 177
55 169 173 172 183 184 185 181 180
56 172 176 175 186 187 188 184 183
57 55 179 178 189 190 191 69 68
58 178 182 181 192 193 194 190 189
59 181 185 184 195 196 197 193 192
60 184 188 187 198 199 200 196 195
61 69 191 190 201 202 203 83 82
62 190 194 193 204 205 206 202 201
63 193 197 196 207 208 209 205 204
64 196 200 199 210 211 212 208 207
65 83 203 202 213 214 215 97 96
66 202 206 205 216 217 218 214 213
67 205 209 208 219 220 221 217 216
68 208 212 211 222 223 224 220 219
69 97 215 214 225 226 227 111 110
70 214 218 217 228 229 230 226 225
71 217 221 220 231 232 233 229 228
72 220 224 223 234 235 236 232 231
73 111 227 226 237 238 239 125 124
74 226 230 229 240 241 242 238 237
75 229 233 232 243 244 245 241 240
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Elel\rlr:)ent nodl nod2 nod3 nod4 nod5 nod6 nod7 nods8
76 232 236 235 246 247 248 244 243
77 125 239 238 249 250 251 139 138
78 238 242 241 252 253 254 250 249
79 241 245 244 255 256 257 253 252
80 244 248 247 258 259 260 256 255
81 530 531 532 261 262 263 151 150
82 532 533 534 264 265 266 262 261
83 534 535 536 267 268 269 265 264
84 536 537 538 270 271 272 268 267
85 151 263 262 273 274 275 163 162
86 262 266 265 276 277 278 274 273
87 265 269 268 279 280 281 277 276
88 268 272 271 282 283 284 280 279
89 163 275 274 285 286 287 175 174
90 274 278 277 288 289 290 286 285
91 277 281 280 291 292 293 289 288
92 280 284 283 294 295 296 292 291
93 175 287 286 297 298 299 187 186
94 286 290 289 300 301 302 298 297
95 289 293 292 303 304 305 301 300
96 292 296 295 306 307 308 304 303
97 187 299 298 309 310 311 199 198
98 298 302 301 312 313 314 310 309
99 301 305 304 315 316 317 313 312
100 304 308 307 318 319 320 316 315
101 199 311 310 321 322 323 211 210
102 310 314 313 324 325 326 322 321
103 313 317 316 327 328 329 325 324
104 316 320 319 330 331 332 328 327
105 211 323 322 333 334 335 223 222
106 322 326 325 336 337 338 334 333
107 325 329 328 339 340 341 337 336
108 328 332 331 342 343 344 340 339
109 223 335 334 345 346 347 235 234
110 334 338 337 348 349 350 346 345
111 337 341 340 351 352 353 349 348
112 340 344 343 354 355 356 352 351
113 235 347 346 357 358 359 247 246
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Ekiﬂfnt nodl nod2 nod3 nod4 nod5 nod6 nod7 nods8
114 346 350 349 360 361 362 358 357
115 349 353 352 363 364 365 361 360
116 352 356 355 366 367 368 364 363
117 247 359 358 369 370 371 259 258
118 358 362 361 372 373 374 370 369
119 361 365 364 375 376 377 373 372
120 364 368 367 378 379 380 376 375
121 538 539 540 381 382 383 271 270
122 540 541 542 384 385 386 382 381
123 542 543 544 387 388 389 385 384
124 544 545 514 5 4 390 388 387
125 271 383 382 391 392 393 283 282
126 382 386 385 394 395 396 392 391
127 385 389 388 397 398 399 395 394
128 388 390 4 19 18 400 398 397
129 283 393 392 401 402 403 295 294
130 392 396 395 404 405 406 402 401
131 395 399 398 407 408 409 405 404
132 398 400 18 33 32 410 408 407
133 295 403 402 411 412 413 307 306
134 402 406 405 414 415 416 412 411
135 405 409 408 417 418 419 415 414
136 408 410 32 47 46 420 418 417
137 307 413 412 421 422 423 319 318
138 412 416 415 424 425 426 422 421
139 415 419 418 427 428 429 425 424
140 418 420 46 61 60 430 428 427
141 319 423 422 431 432 433 331 330
142 422 426 425 434 435 436 432 431
143 425 429 428 437 438 439 435 434
144 428 430 60 75 74 440 438 437
145 331 433 432 441 442 443 343 342
146 432 436 435 444 445 446 442 441
147 435 439 438 447 448 449 445 444
148 438 440 74 89 88 450 448 447
149 343 443 442 451 452 453 355 354
150 442 446 445 454 455 456 452 451
151 445 449 448 457 458 459 455 454
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Table D.2 (Continued)

Elel\rlr:)ent nodl nod2 nod3 nod4 nod>5 nod6 nod7 nod8
152 448 450 88 103 102 460 458 457

153 355 453 452 461 462 463 367 366
154 452 456 455 464 465 466 462 461
155 455 459 458 467 468 469 465 464
156 458 460 102 117 116 470 468 467
157 367 463 462 471 472 473 379 378
158 462 466 465 474 475 476 472 471
159 465 469 468 477 478 479 475 474
160 468 470 116 131 130 480 478 477
161 130 129 128 481 482 483 478 480
162 128 134 133 484 485 486 482 481
163 133 137 136 487 488 489 485 484
164 136 140 139 251 250 490 488 487
165 478 483 482 491 492 493 475 479
166 482 486 485 494 495 496 492 491
167 485 489 488 497 498 499 495 494
168 488 490 250 254 253 500 498 497
169 475 493 492 501 502 503 472 476
170 492 496 495 504 505 506 502 501
171 495 499 498 507 508 509 505 504
172 498 500 253 257 256 510 508 507
173 472 503 502 511 376 380 379 473
174 502 506 505 512 373 377 376 511
175 505 509 508 513 370 374 373 512
176 508 510 256 260 259 371 370 513
177 538 537 536 546 o547 548 540 539
178 536 535 534 549 550 551 547 546
179 534 533 532 552 553 554 550 549
180 532 531 530 529 528 555 553 552
181 540 548 547 556 557 558 542 541
182 547 551 550 559 560 561 557 556
183 550 554 553 562 563 564 560 559
184 553 555 528 527 526 565 563 562
185 542 558 557 566 567 568 544 543
186 557 561 560 569 570 571 567 566
187 560 564 563 572 573 574 570 569
188 563 565 526 525 524 575 573 572
189 544 568 567 576 516 515 514 545




Table D.2 (Continued)

109

Elel\rlr;ent nodl nod2 nod3 nod4 nod>5 nod6 nod7 nod8
190 567 571 570 577 518 517 516 576
191 570 574 573 578 520 519 518 577
192 573 575 524 523 522 521 520 578




Table D.3 Nodal Velocities of the Refrigerator at 50 Hz
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Node Velocity Node Velocity Node Velocity

No (mm/s) No (mm/s) No (mm/s)
1 0.00465 38 0.0135 75 0.0071
2 0.0093 39 0.0108 76 0.004
3 0.00735 40 0.01915 77 0.0032
4 0.0054 41 0.018 78 0.0033
5 0.0027 42 0.01575 79 0.00525
6 0.0065 43 0.0057 80 0.0038
7 0.013 44 0.0054 81 0.0035
8 0.01115 45 0.00745 82 0.0081
9 0.0075 46 0.0095 83 0.006
10 0.015 47 0.009 84 0.0049
11 0.014 48 0.00685 85 0.0017
12 0.00925 49 0.0056 86 0

13 0.0185 50 0.0055 87 0

14 0.01675 51 0.0114 88 0

15 0.00815 52 0.0093 89 0.003
16 0.007 53 0.00745 90 0.0016
17 0.00685 54 0.01635 91 0

18 0.0067 55 0.0147 92 0

19 0.00605 56 0.012 93 0.0019
20 0.0116 57 0.0052 94 0

21 0.0102 58 0.005 95 0

22 0.0086 59 0.0066 96 0.003
23 0.0145 60 0.0082 97 0

24 0.014 61 0.00885 98 0

25 0.0121 62 0.0052 99 0.00275
26 0.0194 63 0.0048 100 0.0055
27 0.0203 64 0.0049 101 0.0055
28 0.01715 65 0.008 102 0.0055
29 0.0065 66 0.0067 103 0.00275
30 0.006 67 0.00575 104 0.00275
31 0.00725 68 0.01245 105 0.0055
32 0.0085 69 0.0102 106 0.0055
33 0.0076 70 0.00845 107 0.0025
34 0.00915 71 0.0042 108 0.005
35 0.0081 72 0.0034 109 0.00525
36 0.00705 73 0.0047 110 0.0025
37 0.01375 74 0.006 111 0.005
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Node Velocity Node Velocity Node Velocity
No (mm/s) No (mm/s) No (mm/s)
112 0.005 150 0.00275 188 0.0115
113 0.00275 151 0.0055 189 0.01375
114 0 152 0.0085 190 0.0115
115 0.00225 153 0.0154 191 0.01085
116 0.0045 154 0.016 192 0.013
117 0.005 155 0.01815 193 0.011
118 0.00385 156 0.01375 194 0.01125
119 0.0022 157 0.014 195 0.011
120 0.0011 158 0.015 196 0.009
121 0.00475 159 0.012 197 0.01
122 0.0045 160 0.0125 198 0.00875
123 0.00335 161 0.01325 199 0.0075
124 0.007 162 0.00925 200 0.00825
125 0.009 163 0.013 201 0.0089
126 0.00675 164 0.01275 202 0.0063
127 0.017 165 0.0175 203 0.00615
128 0.034 166 0.019 204 0.0085
129 0.03 167 0.0185 205 0.006
130 0.026 168 0.0155 206 0.00615
131 0.01525 169 0.017 207 0.00675
132 0.0126 170 0.018 208 0.0045
133 0.023 171 0.013 209 0.00525
134 0.0285 172 0.0135 210 0.00575
135 0.00665 173 0.01525 211 0.004
136 0.0088 174 0.01225 212 0.00425
137 0.0159 175 0.0115 213 0.00375
138 0.01075 176 0.0125 214 0.0012
139 0.0125 177 0.0175 215 0.0006
140 0.01065 178 0.016 216 0.003
141 0.0074 179 0.01535 217 0
142 0.0148 180 0.016 218 0.0006
143 0.01665 181 0.015 219 0.00225
144 0.00675 182 0.0155 220 0
145 0.0135 183 0.01325 221 0
146 0.01415 184 0.013 222 0.002
147 0.00575 185 0.014 223 0
148 0.0115 186 0.01075 224 0
149 0.0125 187 0.01 225 0.0031
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Node Velocity Node Velocity Node Velocity
No (mm/s) No (mm/s) No (mm/s)
226 0.005 264 0.0265 302 0.015
227 0.005 265 0.053 303 0.0135
228 0.003 266 0.0265 304 0.011
229 0.006 267 0.0265 305 0.0145
230 0.0055 268 0.053 306 0.01025
231 0.00275 269 0.053 307 0.011
232 0.0055 270 0.0038 308 0.011
233 0.00575 271 0.0076 309 0.0095
234 0.00275 272 0.0303 310 0.007
235 0.0055 273 0.0016 311 0.00725
236 0.0055 274 0.0032 312 0.015
237 0.00825 275 0.0081 313 0.012
238 0.0115 276 0.029375 314 0.0095
239 0.01025 277 0.00575 315 0.0125
240 0.0085 278 0.004475 316 0.014
241 0.011 279 0.0285 317 0.013
242 0.01125 280 0.004 318 0.00925
243 0.007 281 0.004875 319 0.0075
244 0.0085 282 0.007675 320 0.01075
245 0.00975 283 0.00775 321 0.00825
246 0.00765 284 0.005875 322 0.0095
247 0.0098 285 0.0101 323 0.00675
248 0.00915 286 0.017 324 0.013
249 0.01125 287 0.01425 325 0.014
250 0.011 288 0.012125 326 0.01175
251 0.01175 289 0.0185 327 0.009
252 0.011 290 0.01775 328 0.004
253 0.011 291 0.01 329 0.009
254 0.011 292 0.016 330 0.00565
255 0.00785 293 0.01725 331 0.0038
256 0.0072 294 0.008625 332 0.0039
257 0.0091 295 0.0095 333 0.01
258 0.0089 296 0.01275 334 0.0105
259 0.008 297 0.0145 335 0.00525
260 0.0076 298 0.012 336 0.0095
261 0 299 0.011 337 0.005
262 0 300 0.01825 338 0.00775
263 0.00275 301 0.018 339 0.0065
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Node Velocity Node Velocity Node Velocity
No (mm/s) No (mm/s) No (mm/s)
340 0.009 378 0.0077 416 0.018
341 0.007 379 0.0044 417 0.024
342 0.0035 380 0.0047 418 0.021
343 0.0032 381 0.0065 419 0.0205
344 0.0061 382 0.013 420 0.01525
345 0.01125 383 0.0103 421 0.0136
346 0.012 384 0.011 422 0.0112
347 0.00875 385 0.022 423 0.00935
348 0.006 386 0.0175 424 0.017
349 0.007 387 0.011 425 0.014
350 0.0095 388 0.022 426 0.0126
351 0.012 389 0.022 427 0.01825
352 0.015 390 0.0137 428 0.0155
353 0.011 391 0.015 429 0.01475
354 0.0047 392 0.017 430 0.01185
355 0.0062 393 0.012375 431 0.0082
356 0.0106 394 0.02225 432 0.0052
357 0.00825 395 0.0225 433 0.0045
358 0.0045 396 0.01975 434 0.0104
359 0.00715 397 0.0235 435 0.0068
360 0.00775 398 0.025 436 0.006
361 0.0085 399 0.02375 437 0.01185
362 0.0065 400 0.01585 438 0.0082
363 0.0094 401 0.026 439 0.0075
364 0.0038 402 0.035 440 0.0071
365 0.00615 403 0.02225 441 0.0036
366 0.0086 404 0.02375 442 0.002
367 0.011 405 0.025 443 0.0026
368 0.0074 406 0.03 444 0.00405
369 0.006 407 0.026 445 0.0013
370 0.0075 408 0.027 446 0.00165
371 0.00775 409 0.026 447 0.0041
372 0.007 410 0.01775 448 0
373 0.0055 411 0.0255 449 0.00065
374 0.0065 412 0.016 450 0
375 0.0044 413 0.0135 451 0.00375
376 0.005 414 0.0225 452 0.0055
377 0.00525 415 0.02 453 0.00585
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Node Velocity Node Velocity Node Velocity
No (mm/s) No (mm/s) No (mm/s)
454 0.0029 492 0.0075 530 0
455 0.0045 493 0.00625 531 0
456 0.005 494 0.0098 532 0
457 0.00215 495 0.0098 533 0
458 0.0043 496 0.00865 534 0
459 0.0044 497 0.01075 535 0
460 0.0049 498 0.011 536 0
461 0.008 499 0.0104 537 0
462 0.0105 500 0.011 538 0
463 0.01075 501 0.0066 539 0
464 0.00735 502 0.0057 540 0
465 0.0102 503 0.005 541 0
466 0.01035 504 0.00865 542 0
467 0.0069 505 0.0075 543 0
468 0.0095 506 0.0066 544 0
469 0.00985 507 0.00965 545 0
470 0.007 508 0.0083
471 0.0074 509 0.0079
472 0.0043 510 0.00775
473 0.00435 511 0.00535
474 0.0076 512 0.0065
475 0.005 513 0.0079
476 0.00465 514 0
477 0.00785 515 0
478 0.0062 516 0
479 0.0056 517 0
480 0.0161 518 0
481 0.0209 519 0
482 0.0078 520 0
483 0.007 521 0
484 0.0164 522 0
485 0.0098 523 0
486 0.0088 524 0
487 0.00965 525 0
488 0.0105 526 0
489 0.01015 527 0
490 0.01075 528 0
491 0.00765 529 0




Table D.4 Nodal Velocities of the Refrigerator at 100 Hz
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Node Velocity Node Velocity Node Velocity

No (mm/s) No (mm/s) No (mm/s)
1 0.00155 38 0.0045 75 0.00345
2 0.0031 39 0.0034 76 0.0014
3 0.00355 40 0.006 77 0.0012
4 0.004 41 0.0058 78 0.0016
5 0.002 42 0.00515 79 0.00215
6 0.0014 43 0.0019 80 0.0018
7 0.0028 44 0.0016 81 0.0015
8 0.00295 45 0.0024 82 0.003
9 0.00215 46 0.0032 83 0.0024
10 0.0043 47 0.00335 84 0.0021
11 0.00355 48 0.00215 85 0.001
12 0.00275 49 0.002 86 0

13 0.0055 50 0.0018 87 0

14 0.0049 51 0.00405 88 0

15 0.0028 52 0.0036 89 0.00175
16 0.0025 53 0.0028 90 0.0006
17 0.00315 54 0.0054 91 0

18 0.0038 55 0.005 92 0

19 0.0039 56 0.0043 93 0.0009
20 0.00265 57 0.00165 94 0

21 0.0025 58 0.0017 95 0

22 0.0025 59 0.00255 96 0.0012
23 0.0045 60 0.0034 97 0

24 0.0047 61 0.0033 98 0

25 0.0036 62 0.0018 99 0.00065
26 0.00585 63 0.0016 100 0.0013
27 0.0062 64 0.00165 101 0.00205
28 0.00545 65 0.00305 102 0.0028
29 0.00235 66 0.0025 103 0.0014
30 0.0022 67 0.00205 104 0.0009
31 0.00285 68 0.0043 105 0.0018
32 0.0035 69 0.0036 106 0.00155
33 0.00365 70 0.00305 107 0.0017
34 0.0024 71 0.00185 108 0.0034
35 0.0023 72 0.002 109 0.0026
36 0.00225 73 0.00275 110 0.00225
37 0.0046 74 0.0035 111 0.0045
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Node Velocity Node Velocity Node Velocity
No (mm/s) No (mm/s) No (mm/s)
112 0.00395 150 0.0008 188 0.0023
113 0.00145 151 0.0016 189 0.0039
114 0.0016 152 0.0021 190 0.0038
115 0.0019 153 0.0035 191 0.0037
116 0.0022 154 0.0038 192 0.0034
117 0.0025 155 0.005 193 0.0034
118 0.0018 156 0.0031 194 0.0036
119 0.0018 157 0.0032 195 0.00245
120 0.0017 158 0.0035 196 0.0022
121 0.0037 159 0.0029 197 0.0028
122 0.004 160 0.0032 198 0.0017
123 0.0029 161 0.0032 199 0.0015
124 0.0045 162 0.002 200 0.00185
125 0.0045 163 0.0024 201 0.00295
126 0.00425 164 0.0028 202 0.0021
127 0.0033 165 0.0036 203 0.00225
128 0.005 166 0.0034 204 0.00245
129 0.00475 167 0.0046 205 0.0015
130 0.0045 168 0.0031 206 0.0018
131 0.00335 169 0.003 207 0.0011
132 0.00435 170 0.0032 208 0
133 0.0069 171 0.0029 209 0.00075
134 0.00595 172 0.0026 210 0.00145
135 0.00285 173 0.0028 211 0.0014
136 0.0017 174 0.0019 212 0.0007
137 0.0043 175 0.0014 213 0.00105
138 0.0034 176 0.002 214 0
139 0.0023 177 0.0037 215 0
140 0.002 178 0.004 216 0.00145
141 0.0016 179 0.0045 217 0.0014
142 0.0032 180 0.0032 218 0.0007
143 0.00435 181 0.0034 219 0.0007
144 0.0015 182 0.0037 220 0.0014
145 0.003 183 0.00265 221 0.0014
146 0.0031 184 0.0027 222 0.0014
147 0.0013 185 0.00305 223 0.0014
148 0.0026 186 0.00165 224 0.0014
149 0.0028 187 0.0019 225 0.001
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Node Velocity Node Velocity Node Velocity
No (mm/s) No (mm/s) No (mm/s)
226 0.002 264 0.004 302 0.00275
227 0.00325 265 0.008 303 0.0038
228 0.0019 266 0.004 304 0.0045
229 0.0024 267 0.004 305 0.0035
230 0.0022 268 0.008 306 0.00195
231 0.0018 269 0.008 307 0.0022
232 0.0022 270 0.0013 308 0.00335
233 0.0023 271 0.0026 309 0.0031
234 0.0018 272 0.0053 310 0.0032
235 0.0022 273 0.001375 311 0.00235
236 0.0022 274 0.00275 312 0.00315
237 0.0026 275 0.002575 313 0.0038
238 0.0032 276 0.0058 314 0.0035
239 0.00385 277 0.0036 315 0.00375
240 0.0028 278 0.003175 316 0.003
241 0.0032 279 0.005425 317 0.0034
242 0.0032 280 0.00285 318 0.00185
243 0.0026 281 0.003225 319 0.0015
244 0.003 282 0.0021 320 0.00225
245 0.0031 283 0.0016 321 0.0032
246 0.0029 284 0.002225 322 0.0032
247 0.0036 285 0.003 323 0.0023
248 0.0033 286 0.00325 324 0.0039
249 0.00265 287 0.002325 325 0.004
250 0.0021 288 0.00355 326 0.0036
251 0.0022 289 0.0035 327 0.002625
252 0.00265 290 0.003375 328 0.00225
253 0.0021 291 0.002975 329 0.003125
254 0.0021 292 0.0031 330 0.00135
255 0.00255 293 0.0033 331 0.0012
256 0.0021 294 0.00165 332 0.001725
257 0.0021 295 0.0017 333 0.00385
258 0.0032 296 0.0024 334 0.0045
259 0.0028 297 0.003125 335 0.00295
260 0.00245 298 0.003 336 0.0039
261 0 299 0.00245 337 0.0038
262 0 300 0.003 338 0.00415
263 0.0008 301 0.0025 339 0.003125
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Node Velocity Node Velocity Node Velocity
No (mm/s) No (mm/s) No (mm/s)
340 0.004 378 0.0022 416 0.00485
341 0.0039 379 0.0016 417 0.0056
342 0.0013 380 0.00185 418 0.0057
343 0.0014 381 0.00125 419 0.0057
344 0.0027 382 0.0025 420 0.00445
345 0.00475 383 0.00255 421 0.00365
346 0.005 384 0.00175 422 0.0033
347 0.0036 385 0.0035 423 0.0024
348 0.0039 386 0.003 424 0.0051
349 0.004 387 0.0019 425 0.0045
350 0.0045 388 0.0038 426 0.0039
351 0.0045 389 0.00365 427 0.00535
352 0.005 390 0.0039 428 0.005
353 0.0045 391 0.00275 429 0.00475
354 0.0017 392 0.003 430 0.0042
355 0.002 393 0.0023 431 0.00225
356 0.0035 394 0.00375 432 0.0012
357 0.006 395 0.004 433 0.0012
358 0.007 396 0.0035 434 0.00345
359 0.0053 397 0.00415 435 0.0024
360 0.0038 398 0.0045 436 0.0018
361 0.0036 399 0.00425 437 0.0041
362 0.0053 400 0.00415 438 0.0032
363 0.0042 401 0.00385 439 0.0028
364 0.0034 402 0.0047 440 0.00335
365 0.0035 403 0.0032 441 0.00135
366 0.0024 404 0.0045 442 0.0015
367 0.0028 405 0.005 443 0.00145
368 0.0031 406 0.00485 444 0.00195
369 0.00485 407 0.005 445 0.0015
370 0.0027 408 0.0055 446 0.0015
371 0.00275 409 0.00525 447 0.0021
372 0.0031 410 0.0045 448 0.001
373 0.0026 411 0.00435 449 0.00125
374 0.00265 412 0.004 450 0.0005
375 0.00275 413 0.0031 451 0.00215
376 0.0021 414 0.00535 452 0.0028
377 0.00235 415 0.0057 453 0.0024
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Node Velocity Node Velocity Node Velocity
No (mm/s) No (mm/s) No (mm/s)
454 0.00215 492 0.0016 530 0
455 0.0028 493 0.0008 531 0
456 0.0028 494 0.00195 532 0
457 0.0016 495 0.002 533 0
458 0.0022 496 0.0018 534 0
459 0.0025 497 0.002 535 0
460 0.0025 498 0.0021 536 0
461 0.0029 499 0.00205 537 0
462 0.003 500 0.0021 538 0
463 0.0029 501 0.0015 539 0
464 0.0028 502 0.0014 540 0
465 0.0028 503 0.0014 541 0
466 0.0029 504 0.00215 542 0
467 0.0025 505 0.0023 543 0
468 0.0028 506 0.00185 544 0
469 0.0028 507 0.00215 545 0
470 0.0025 508 0.0022
471 0.0022 509 0.00225
472 0.0014 510 0.00215
473 0.0015 511 0.00175
474 0.0014 512 0.00245
475 0 513 0.00245
476 0.0007 514 0
477 0.0021 515 0
478 0.0014 516 0
479 0.0007 517 0
480 0.00295 518 0
481 0.0033 519 0
482 0.0016 520 0
483 0.0015 521 0
484 0.0044 522 0
485 0.0019 523 0
486 0.00175 524 0
487 0.0018 525 0
488 0.0019 526 0
489 0.0019 527 0
490 0.002 528 0
491 0.0016 529 0




APPENDIX E
COMPUTER PROGRAM

E.1 main_bem.m

z0=rho*vfs;

extwrite;

main bem.m
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DefinitionS————————
rho :Fluid density

vfs :Speed of fluid

z0 :Acoustical impedance of the medium

rho=1.2;v{fs=340;

E.2 data_input.m

o° o oo

o

o° o o oe

o

o° o o oe

o

data input.m

Definitions---——-----"--""""""""""""""""—"—"" "~ ———

kwn :Wave number

aba :Dimension transformation coefficient

nod :Number of nodes except "dummy nodes"

nodl :Number of nodes which are not contact with surface

nod2 :Total number of nodes

AE :Total number of elements

ae2 :Number of elements except "dummy elements"

AB :Number of Gaussian points on the local horizontal and
vertical axes

alfa :Sound absorption coefficient of the surface

Rpl :Reflection coefficient of the surface

alm :The coillordinates of nodes



% AT :Incidence matrix

% aci :The angles between the local and global co-ordinates
% dxyzb :The distances from global coliordinate's origin to the
% local co-ordinate's origin in directions x, y and z

di=fopen('indat.txt");
kwn=fscanf (di, '$1f"', [
aba=fscanf (di, '$1f"', [
nod=fscanf (di, 'sd', [1
nodl=fscanf (di, 'sd"', [
nod2=fscanf (di, 'sd', [
AE=fscanf (di, 'S ', [1
ae2=fscanf (di, 'sd ', [
AB=fscanf (di, '%d"', [
alfa=fscanf(di, '$1f"',

Rpl=sqgrt(l-alfa);

alm=zeros (nod2,12) ;almy=zeros (nod2, 6) ;

for i=1:nod2

al=fscanf (di, 'sd', [1]);

for §=1:3

alm(i,j)=fscanf (di,’

end
end

for i=1:AE

al=fscanf (di, 'sd', [1]);

for j=1:8

AI(i,3j)=fscanf(di,’

end
end

for i=1:3
for 3=1:3

aci(i,j)=fscanf (di,'

end
end

for j3=1:3
dxyzb (j,1)=fscanf (di, '

end

fclose (di);

hhh (i, j)=cos (aci(i,])*pi/180);

hh2 (i,j)=hhh(1i,3);

dxyz=hh2*dxyzb;

dxyz (1,1)=-dxyz(1,1);
dxyz (2,1)=-dxyz (2,1);
dxyz (3,1)=-dxyz (3,1);

L', [11):

L', 111

L', 111
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for 1i=1:3

hhh (i, 4)=dxyz(i,1);

hhh (4,1)=0;
end

hhh (4, 4)=1;

for i=0:2
for j=0:2

hh3 (i+1,j+1)=hh2 (j+1,1i+1);

end
end

yar=zeros (4,1);
yar (4,1)=1;

for i=1l:nod
var(l,1)=alm(
yar (2,1)=alm(
yar (3,1)=alm(
yars=hhh*vyar;

yars (3,1)=-yars(3,1);
yarts=hh3*dxyz;

for k=1:3
for §=1:3

hh4 (k,j)=hh3(k,J);

end
hh4d (k,4)=
hh4 (4,k)=
end
hh4 (4,4)=1;

yarts2=hhéd*yars;

almy (i,1)=yarts2(1,1);
almy(i,2)=yarts2(2,1);
almy(i,3)=yarts2(3,1);

end

for i=0:nod2-1
for 3=0:1

alm(i+l, 6*§+1)=alm(i+1,3*5+1);
alm(i+l, 6*§+2)=alm(i+1,3*5+2);
alm(i+l,6*3+3)=alm(i+1,3*3+3);

end
end

for i=0:nod2-1
for 3j=0:1

alm(i+1, 6*§+4)=almy (i+1, 3*+1);
alm(i+1l,6*3+5)=almy (i+1,3*j+2);
alm(i+l,6*j+6)=almy(i+1,3*j+3);

’
’
’

-yarts(k,1);
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alm=aba*alm;
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E.3vel.m

% vel.m

% Definitions—-—-————="""""""""""""""-"—"-"—"—"-"—"—"—"-"—"—"—"—"—"—"\—~(—~(—~(—~(—(—(—(—(—(—~(—(—(—(—(—(———
% AH :Nodal velocity data

% AH1 :Transpose of matrix AH

function [AH,AHl]=vel (nod, aba)

di3=fopen('inv.txt');

for hiz=1:nod
al=fscanf (di3, "sd"', [1]);
AH (hiz)= fscanf (di3, '$1f',[1]);
end

AH=AH*aba;
AH1=AH"';

fclose (di3) ;

% av_aa.m

% Definitions--—————--"""""""""""""""""-"—"—"—" "\~ ———
% AV, AA :Gaussian weights

function [AV,AA]=av_aa(d)

diz2=fopen ('ava.txt');

AV=fscanf (di2, '$1f', [1,136]);

AA=fscanf (di2, '%1f', [1,136]);

end

E.5 coeff.m

% coeff.m

% Definitions---——="""""""""""""""""""""""-""—"—“" "~~~
% AU :Gaussian weight functions
% ALtS :Shape functions
% AJ :Jacobian matrix
% AF :The co-ordinates of Gaussian points
uba=AB (1) ; ubb=AB(2);
AK1=[0,2,1,2,1; 0,-4,0,-4,0; 0,2,-1,2,-1;
-2,0,0,0,2; 0,2,1,-2,-1; 0,-4,0,4,0;
0,2,-1,-2,1; 2,0,0,0,-21/4;
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=(0,1,2,2,1; 2,0,0,0,-2; 0,-1,2,-2,1;
0,0, 4,4,0 0,1,2,-2,-1; -2,0,0,0,2;
0,-1,2,2,-1; 0101_41_410]/4;
AK=[-1,0,0,1,1,1,1,1; 2,0,2,0,-2,0,-2,0;
-1,0,0,-1,1,1,1,-1; 2,-2,0,0,0,-2,0,2;
-1,0,0,1,1,1,-1,-1; 2,0,-2,0,-2,0,2,0;
-1,¢0,0,-1,1,1,-1,1; 2,2,0,0,0,-2,0,-2 1/4;
AG uba*ubb;

for iz=0:uba-1;
A(iz+1)=(uba* (uba-1)/2)+(iz):
end

for iz=0:ubb-1;
B(iz+1)=(ubb* (ubb-1)/2)+(iz) ;
end

for iz=0:ubb-1;
Al (iz+1)=AV(B(iz+1)+1);
end

for iz=0:uba-1;
A2 (iz+1)=AV (A (iz+1)+1) ;
end

k=0;
for i1iz=0:ubb-1
for jz=0:ubb-1
C(k+1,2)=A1(jz+1);
k=k+1;
end
end

for i1iz=0:ubb-1
for jz=0:uba-1
Cl(iz+1l,jz+1)=RA2(jz+1);
end
end
CclT=C1l"';

k=0;
for i1iz=0:ubb-1
for jz=0:uba-1
C(k+1,1)=C1T(iz+1,3z+1);
k=k+1;
end
end

for iz=0:uba-1
A3 (iz+1)=AA (A (iz+1)+1);
end

for i1z=0:ubb-1
Ad (iz+1)=RAA(B(iz+1)+1);
end
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k=0;
for iz=0:uba-1
for jz=0:ubb-1
AU (k+1)=A3(iz+1)*Ad (jz+1);

k=k+1;
end
end
for g=0:AG-1
Lb(1,1)=1;
Lb(2,1)=C(g+1,1);
Lb(3,1)=C(g+1,2);
Lb(4,1)=C(g+1l,1)*C(g+1l,2);
Lb(5,1)=C(g+1,1)*C(g+1,1);
Lb(6,1)=C(g+l,2)*C(g+l,2);
Lb(7,1)=C(g+l,1) *C(g+1l,1) *C(g+1,2) ;
Lb(8,1)=C(g+l,1) *C(g+1,2) *C(g+1,2) ;
LbS=AK*Lb;
for i1z=0:7
ALtS (iz+1l,g+1l)=LbS(iz+1,1);
end
end

for 1=0:AE-1
for iz=0:7
for jz=0:2
temp=ATI (1+1,iz+1)-1;
X(iz+1l,jz+1l)=alm(temp+l, jz+1l);
end
end
for 1z=0:7
XX1 (iz+1,1)=X(1iz+1,1);

XX2 (iz+1,1)=X(iz+1,2);
XX3(iz+1,1)=X(iz+1,3);

end

for g=0:AG-1
d(1)=1;
d(2)=C(g+1,1);
d(3)=C(g+1,2);
d(4)=C(g+1,1)*C(g+1,2);
d(5)=C(g+1,1)*C(g+l,1);
d(6)=C(g+l,2)*C(g+l,2);
DK(1,1)=d(1l);DK(2,1)=d(2);DK(3,1)=d(3);
DK(4,1)=d(4);DK(5,1)=d(0);
DKS=AK1*DK;
for iz=0:7

e(l,iz+1)=DKS(iz+1,1);

end

DK1(1,1)=d(1l);DK1(2,1)=d(2);DK1(3,1)=d(3);
DK1(4,1)=d(4);DK1(5,1)=d(5);
DK1S=BK*DK1;
for 1z=0:7
f(1,1iz+1)=DK1S(iz+1,1);
end
TEl=e*XX1;
TE2=e*XX2;
TE3=e*XX3;
TF1=£f*XX1;
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TE2=f*XX2;
TF3=f*XX3;
HI=(TE2(1,1)*TF3(1,1))-(TE3(1,1)*TF2(1,1));
IJ=(TE3(1,1)*TF1(1,1))-(TE1(1,1)*TF3(1,1));
JJ=(TE1(1,1)*TF2(1,1))-(TE2(1,1)*TF1(1,1));

DJ (1)=HJ;DJ (2)=IJ;DJ(3)=JJ;

AJ(1+1,g+1l)=sgrt (HJ*HJ+IJ*IJ+JJ*JJ) ;
for 1=0:2
IO (i+1l)=(g*3)+i;
AP (1+1,I0(i+1)+1)=DJ(i+1)/AJ(1+1,g+1);
end
for 1z=0:7
ASMat (iz+1,1)=ALtS (iz+1,g+1l);
end

XTrp=X";
XTrpASMat=XTrp*ASMat;

vec (1) =XTrpASMat (1,1);
vec (2)=XTrpASMat (2,1);
vec (3)=XTrpASMat (3,1) ;

for iz=0:2
AF (1+1,I0(iz+1)+1)=vec(iz+1);
end
end
end

E.6 surhel.m

% surhel.m
% Definitions--————----""""""""""""""""""-"-"—"—"—~( "~ ———

% R :Distances between the nodes and Gaussian points

% 0 :The cosines of the angles between R and n

% hh :Real part of coefficient t given in Equation (2.52)

T 1ii :Imaginary part of coefficient t given in Equation (2.52)
% 37 :Real part of coefficient v given in Equation (2.52)

% kk :Imaginary part of coefficient v given in Equation (2.52)
% Amat :Matrix M given in Equation (2.41)

% Bmat :Matrix V given in Equation (2.39)

% BVc :Vector h given in Equation (2.42)

% surf pres:Real and imaginary sound pressures of nodes (Pa)
for mi=0:nod-1
if mi>nodl-1
Amat (mi+l,mi+1)=(1+Rpl) *2*pi;
Amat (mi+nod+1,mi+nod+1)=Amat (mi+1,mi+1) ;
end
end
Bmat=zeros (2*nod, 2*nod) ;
for mi=0:nod-1
for 11=0:AE-1
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for pl=0:7
11i=0;33j=0;hh=0;kk=0;
for gl=0:AG-1

sdepar————————mmm T
say=-1;
for i=0:1
for dl1=0:2
say=say+1l;
W(say+l)=AF (11+1,gl*3+dl+1l)-alm(mi+l,say+1);
end
end
for i=0:1;

R(i+1l)=sgrt (W(3*i+1) *W(3*i+1l) ...
FW(3*14+2) *W(3*1+2) +W(3*1i+3) *W(3*1+3) ) ;

end
say=-1;
for 1=0:1;
for dl1=0:2
say=say+1l;
OD (say+1l)=(W(say+1l) /R(i+1)) ...
*AP (11+1,gl*3+d1+1);
end
end
for 1=0:1;
O(1+1)=0D(3*i+1)+0OD(3*i+2)+0D(3*1i4+3);
end
O N === ———
if pl==

if mi<=nodl-1
Amat (mi+1l,mi+1)=Amat (mi+1,mi+1) ...
- (AU (gl+1)*AJ(11+1,gl+1)*0(1) ...
/(R(1)*R(1)));
Amat (mi+nod+1l,mi+nod+1)=Amat (mi+1,mi+1) ;
end
if mi>nodl-1
Amat (mi+1,mi+1)=Amat (mi+1,mi+1) ...
- (1+Rpl) * (AU (gl+1) *AJ (11+1,gl+1)*O(1) ...
/(R(1)*R(1)));
Amat (mi+nod+1l,mi+nod+1)=Amat (mi+1,mi+1) ;
end

if 1ll<ae2
hg=0;19=0;39=0;kg=0;
for ia=0:1

if ia==
Rp=1;

else
Rp=Rpl;

end

hg=hg+Rp* ( ( (cos (kwn*R (ia+1))/R(ia+1l)) ...
+kwn*sin (kwn*R (ia+1)))*0(ia+1l) /R(ia+1));

end

hg=hg*AU (g1+1) *ALtS (pl+1,gl+1l) *AJ (11+1,gl+1);
hh=hh+hg;
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for ia=0:1
if ia==
Rp=1;
else
Rp=Rpl;
end
ig=ig+Rp* ( ((sin (kwn*R (ia+1)) /R(ia+1l)) ...
-kwn*cos (kwn*R(ia+1)))*0O(ia+l) /R(1ia+l));
end
ig=ig*AU(gl+1) *ALtS (pl+1,gl+1) *AJ(11+1,gl1+1);
iii=iii+ig;
for ia=0:1
if ia==
Rp=1;
else
Rp=Rpl;
end
Jg=jg+Rp* (sin (kwn*R (ia+1)) /R(ia+1l));
end
Jjg=jg*AU (gl+1l) *ALtS (pl+1l,gl+1) ...
*AJ(11+1,gl+1) *kwn*zO0;

J3=3j+3ig;
for ia=0:1
if ia==
Rp=1;
else
Rp=Rpl;
end
kg=kg-Rp* (cos (kwn*R (ia+1l)) /R(ia+l));
end

kg=kg*AU (gl+1l) *ALtS (pl+1,gl+1l) ...
*AJ(11+1,gl+1) *kwn*zO0;
kk=kk+tkg;
end
end
if ll<ae?2
CS(pl+l,1)=hh;CS(pl+1l,2)=1iii;
DS (pl+1l,1)=33; DS (pl+l,2)=kk;
end
end
if 1ll<ae?
for 1ii=0:7
Xx (1i4+1)=AT (11+1,1ii+1)-1;
Amat (mi+1l,xx (1ii+1)+1)=Amat (mi+1l,xx (ii+1)+1) ...
+CS (ii+1,1);
Amat (mi+nod+1,xx (ii+1)+nod+1)=Amat (mi+1,xx (ii+1)+1);
Amat (mi+1l,xx (ii+1)+nod+1)=Amat (mi+1l,xx(ii+1)+nod+1) ...
+CS((ii+1),2);
Amat (mi+nod+1,xx (ii+1)+1)=...
-1*Amat (mi+1l, xx (ii+1)+nod+1);
end
for 1i=0:7
Xx (1i4+1)=AT (11+1,ii+1)-1;
Bmat (mi+1l,xx (1i+1)+1)=Bmat (mi+1l,xx (1ii+1)+1)+...
DS (ii+1,1);
Bmat (mi+nod+1, xx (ii+1)+nod+1)=Bmat (mi+1,xx (ii+1)+1);
Bmat (mi+1l, xx (ii+1) +nod+1)=Bmat (mi+1l,xx (ii+1)+nod+1) ...
+DS (ii+1,2);
Bmat (mi+nod+1, xx (ii+1)+1)=...
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-1*Bmat (mi+1l, xx (1ii+1)+nod+1);
end
end
end
end
AH2=zeros (2*nod, 1) ;AH2 (1:nod, 1)=AH1;
BVc=Bmat*AH2;

surf pres=inv (Amat) *BVc;

E.7 swrite.m

% swrite.m
% Definitions------"""-"""""-"-"-"-"""-"-"-"-"-"—"—"—~ "~~~
% aaab :Sound pressures of nodes (dB)

dosres=fopen ('surfpres.txt', 'wt');

for i=0:nod-1
fprintf (dosres, '$d ',i+1);
aaab (i+1)=20*1ogl0 (sqgrt (surf pres(i+l,1)*surf pres(i+l,1)...

+surf pres(i+nod+l, 1) *surf pres(i+nod+1,1))/0.00002);

fprintf (dosres, '$d\n',aaab (i+1));

end

fclose (dosres) ;

E.8 exdata.m

% exdata.m

% Definitions-----———-—------"-"--"-""""""""""""""
s T :Number of field points

% az :Co-ordinates of field points

ddx=fopen ('ext data.txt');
T=fscanf (ddx, "sd', [1]);
for 1=0:T-1
al=fscanf (ddx, 'sd', [1]1);
for §=0:2
az (i+1l,j+1)=fscanf (ddx, "$1f', [1]);
end
end
fclose(di); fclose (ddx) ;
for 1i=0:T-1
var(l,1)=az (i+1,1);
yar (2,1)=az (i+1,2);
yar (3,1)=az (i+1,3);
yars=hhh*vyar;
yars (3,1)=-1*yars (3,1);
yarts2=hh4*yars;
az (i+l1,4)=yarts2(1,1);
az (i+1,5)=yarts2(2,1);
az (i+l,6)=yarts2(3,1);
end
az=aba*az;
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E.9 exthel.m

% exthel.m
% Definitions—-—-—-=-========———— e

% Rr :Distances between field points and Gaussian points

% 0o :The cosines of the angles between R and n

% hhe :Real part of coefficient t given in Equation (2.43)

% iie :Imaginary part of coefficient t given in Equation (2.43)
% Jjje :Real part of coefficient v given in Equation (2.43)

% kke :Imaginary part of coefficient v given in Equation (2.43)
% esl :First term of right hand side of Equation (2.43)

% es2 :Second term of right hand side of Equation (2.43)

% ext pres :Real and imaginary sound pressures of field points (Pa)

o\

EA=zeros (2*T, 2*nod) ;EB=zeros (2*T, 2*nod) ;
for me=0:T-1
for le=0:ae2-1
for pe=0:7
iie=0;jje=0;hhe=0;kke=0;
for ge=0:AG-1

say=say+1l;
Ww (say+1l)=AF (le+l,ge*3+dl+1l) —az (me+l,say+1l) ;
end
end
for i=0:1
Rr(i+l)=sqgrt (Ww (3*i+1) *Ww (3*1i+1) ...
+WwW (3*1+2) *Ww (3*1+2) +Ww (3*1+3) *Ww (3*1+3) ) ;

end
say=-1;
for 1=0:1
for dl1=0:2
say=say+1l;
ODd (say+1)=(Ww (say+1) /Rr (i+1)) ...
*AP(le+l,ge*3+d1l+1);
end
end
for i=0:1
Oo (i+1)=0Dd (3*1+1)+0Dd (3*i+2)+0Dd (3*1i+3) ;
end

hg=0;1g=0;3jg=0;kg=0;
for ia=0:1

if ia==
Rp=1;
else
Rp=Rpl;
end
hg=hg+Rp* ( ( (cos (kwn*Rr (ia+1)) /Rr (ia+1l)) ...
+kwn*sin (kwn*Rr (ia+1))) *Oo (ia+l) /Rr(ia+l));

end
hg=hg*AU (ge+l) *ALtS (pe+l,ge+l) *AJ (le+l,ge+l) ;



end
for

end
for

end
end
end
esl=-EA*sur
es2=EB*AH2;
for 1i=0:T-1

hhe=hhe+hg;
for ia=0:1
if ia==

else
Rp=Rpl;
end

1ig=ig+Rp* (((sin (kwn*Rr (ia+1)) /Rr (ia+1)) ...
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-kwn*cos (kwn*Rr (ia+1))) *Oo (1a+1l) /Rr (1a+1l)) ;

end

ig=ig*AU(ge+l) *ALtS (pe+l,ge+l) *AJ (le+l,ge+l);

iie=iie+ig;
for ia=0:1
if ia==

else
Rp=Rpl;
end
Jg=jg+Rp* (sin (kwn*Rr (ia+1)) /Rr (ia+l));
end

Jg=jg*AU (ge+l) *ALtS (pe+l,ge+l) *AJ (le+l,ge+l) *kwn*z0;

jje=jjet+jg;
for ia=0:1
if ia==
Rp=1;
else
Rp=Rpl;
end

kg=kg+Rp* ( (-1*cos (kwn*Rr (ia+1)) /Rr (ia+1l)));

end

kg=kg*AU (ge+l) *ALtS (pe+l,ge+l) *AJ (le+l,ge+l) *kwn*z0;

kke=kke+kg;
end
CS (pe+l,1)=hhe;CS (pe+l,2)=1iie;
DS (pe+l,1)=jje; DS (pe+l,2)=kke;

1ii=0:7
Xx (1i4+1)=AI (le+1,ii+1)-1;
EA (me+1, xx (1i+1)+1)=EA (me+1l,xx (1ii+1)+1) ...
+CS (11+1,1);
EA (me+T+1,xx (1i+1) +nod+1)=EA (me+1,xx (ii+1)+1);

EA (me+l,xx (ii+1l)+nod+1)=EA (me+l,xx (ii+1)+nod+1) ...

+CS (1i+1,2);
EA (me+T+1,xx (1i+1)+1)=-1*EA (me+1, xx (1i+1) +nod+1) ;

1i=0:7
xx (11i4+1)=AI (le+1,1i+1)-1;
EB (me+l,xx (1i+1)+1)=EB (me+1l,xx (1ii+1)+1) ...
+DS (11+1,1);
EB (me+T+1,xx (1i+1) +nod+1)=EB (me+1,xx (1ii+1)+1);

EB (me+l,xx(ii+1l)+nod+1)=EB (me+l,xx (ii+1)+nod+1)...

+DS (1i+1,2);
EB(me+T+1,xx (1i+1)+1)=-1*EB (me+1, xx (1i+1) +nod+1) ;

f pres;
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ext pres(i+l,1l)=(es2(i+1l,1)+esl (i+1,1))/ (4*pi);
ext_pres(i+T+1,1)=(esZ(i+T+1,1)+esl(i+T+1,1))/(4*pi);
end

E.10 extwrite.m

% extwrite.m
% Definitions—-—-—-=-========———— e
% db :Sound pressures of field points (dB)

e

exth=fopen ('extpres.txt', 'wt');

for 11=0:T-1
fprintf (exth, 'sd ',1i1+1);
db(11+1)=20*1ogl0 (sgrt ((ext pres(il+1l,1))* (ext pres(il+1l,1))...

+ (ext pres(il+T+1,1))* (ext pres(il+T+1,1)))/0.00002);

fprintf (exth, '$d\n',db (i1+1));

end

fclose (exth);
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