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«  ABSTRACT .

The total acoustic power radiation from one side of a
. rectangular flat plate, vibrating in'dne of its natural mode
-under different mixed boundary conditicns has been-investigatéd.
Thé conditions at the edges of plates which have been
inyestigated here include (i) Lwo.opposing ends fixed and-other
two ends free {ii) one end fixed and the olher three ends free.
The radiation éfficiency of a rectangular flat plate, with two
opposing ends fixed and other two ends free, has also been found

to check the soundness of the method employed by comparing the

efficiency with the results available in literature. Numerical

results on the acoustic power radiation by the plate with
different sets of values :.of thicknéss ratio, aspect ratio apd
mode orders have been obtained.

The characﬁeristic beam functions -developed by Warburton
have .been used to define the deformation mode of vibrating
~plates.

When a plate with two opposing ends fixed and other two ends
free vibrates in one of its mnatural modes, acoustic powér
radiation increases in a regular faghibn. But at higher mode
orders it flucfuates maintaining neérly the same.averagé
magnitude and the waviness is gradually reduced_as\the mode order
increases.

in the casé'of a p}ate with one end fixed and other three
"ends free, powef radiatién is more than that of alplate with two
opposing ends fixed and other two ends free. But the variation of
-power radiation with the change of mode orders, thickness ratio

and aspect ratio is similar.
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CHAPTER-1

INTRODUCTION

1.1 GENERAL :

The mechanical and electrical equipments which are an
,integfal parﬁ of modern living are also the source of many
acoustical pgoblems. ;nténtionally or otherwise, the choice of
heating, ven£ilating or air conditioning systems, for example, is
an acoustical decision. Nearly every piece of mechanical
equipment in a building is a source of sound and vibration; the
pipingrand the dﬁct systems are superb paths for both air-borne

and structure-borne sound.-

The subject of écoustics'is broad enough to challenge
specialists in many branches of the field. Engineers and
scientists may cqnéentrate on the acoustic design of concert
halls and theatérs,'design of quicker méchanical-equipment,
reduction of aircraft noise or such specialised fields as
underwater sound and medical applications of ultrasonic. One'of
the most importént and extensive application of acoustics and
noise control’ relates to mechanical systems of building. Here
concern must bé focused on enguring'such £hings as adequate
speech privacy, provision for acceptable sleeping habits and
little or no annoyance from equipment noise. Sound and acoustics

are appropriate for the designer of the thermal system tec

consider for two reasons.



1. A good designer thinks in terms of providing a favorable
environment extending beyond the realm of temperature, humidity,

radiation and air motion.

2. The compressors, fans, pumps and flow of air are some times the
"major generators of noise in buildings, but same equipment may

offer the means of controlling other more objectionable noise.

1.2 MECHANISM OF PRODUCTION AND PROPAGATION OF SOUND :

Knowledge of acoustics is very essential to identify the
source of sound and-to fealise the mechanism by whiéh it is
produced. Noise is caused by the vibration of solid, liquid or
gaseous medium. When this vibration is within the range of
audible frequency of the human Being, a human ear can perceive
thé_qoise; otherwise, they go unnoticed. When a solid Body
vibrates at a frequency within the audible frequency ranée, a
part of the energy dissipated is transmitted to the surrounding
environmeﬁt as perceivable sound. Energy is transferred from one
‘vibrating particle -through the next and ‘the acoustic energy
travels through the surrounding medium as longitudinal waves. In
this study,.we are interested to find the amount of accoustic
energy dissipated in the form of noise due to the natural

vibration of rectangular plates with mixed boundary conditions.

A



1.3 MOTIVATION TO SELECT THE PROBLEM

Due to the mechanical vibration of solid structures sound
is prodqud. It is then trénsferred to the surrounding medium in
the form of_acoustic gnergy which often causes discomfort to
" human life. Everyday, many problems are encountered with unwanted
sound. Many of thesé noiée sources are in the form of flat
plates. In our civilizatiop, the familiar flat plate noise saurce
are walls, windows, floors an@ roofs éf the buildings, many
enclosed suffaces and integrated parts of machine, wall of air-
conditioning ducts etc. Attempts were made in the past to
evaluate the. noise characteristic of different vibrating soufces
by measurements. Engineers always endevour to eliminate
acoustical noise from the mechanical systems and buildings.
Therefore, understanding of the acoustits of rectangular plates
“is an absolute necessity in order to determine noise dissipation
under various mixed boundary conditions when ﬁhese plates vibrate

in one of their natural mode of vibration.

1.4 OBJECTIVES OF THE STUDY :

In this analysis, attempt is made to study the noise
genergting characteristic of a rectangulér flat plate in an
infiﬁite baffle. The plate 1is subjeéted to two mixed boundary
conditions. These are : (i) Two opposing ends fixed and other
fwo ends free,(1i) One end fixed and other three endslfreé. The

ocbjectives of the study are as follows



(i)

(ii)

The develoﬁment of appropriate displacement function that

satisfy the required boundary conditions of the rectangular

' flat plate vibrating in flexure.

Derivation of expressions for the natural frequency of the

vibrating plate for different mode shapes.

(iii)Evaluation of the frequency of vibration for a particular

(iv)

{v)

case and study its variation with the mode shape.

Derivation of an expression for the power radiation due to.

natural vibration of the plates under considgratioﬁ.

Evaluation of the magnitude of the avergge power radiated
from one side of the baffled plates by the method of
numeriqal.integration oflthe expression for the radiation of

power. For this purpose, a computer program is to be

‘developed.

(vi)To study the variation in the radiated power from the plate

with the differentrmode numbers, aspect ratio, gnd

thickness ratio under different boundary conditions. '

(vii)Determination of the 'radiation efficiency of the flat

plate with two opposing ends fixed and other'twé ends free
and | rlotting the same against the wave number ratio for
comparing the result of the currén£ investigation with
tﬁosé of the previous works [1,46] in order to Qerify
the soundness of the present analysis rand torasceftain

the absence of any error in the numerical procedure

employea.

- _\-"\



1.5 DEFINITION OF TERMS :

Some terms used in this thesis are defined here in order to
remove ambiguity in their use and to attach precisg meaning to

them.

(a) Acoustic Pressure :

‘Sound is a disturbance that propagates through an elastic
material at a speed characteristic of that medium. Sound travels
as a wave of altarnate compression and rarefaction with.an
associated pressure variation. The acoustic p;essufe at any point
is the differencg between the aétual bressure at that point in
the presence of the sound and the pressure that would exist at
1that point under identical conditions in the absence of sound.
- The sound préssure is the incremental variation in pressure above

atmospheric pressure which varies sinusoidally with time.

" (b) R M S Sound Pressure :

Sound consists of a rapid irregular series of positive
pressure disturbance (compression) and negative pressure
disturbance (rarefaction) measured from the gquilibrium pressure
value. If the mean value of the sound.preésure disturbance 1is
measured, it would be éero, because there are as many positive
compression as negative rarefaction. Thus; the mean value of
sound pressure is not a useful measure. Care must be takenrto

look for a measure that permits the effects of rarefactions to be



added to the effects of compressions. One such measure is the

. P value of

root mean square (rms) sound pressure Prm rms

s
sound pressure is obtained by square root of the effects produced
by adding the squares of compression and rarefaction effects of

* sound pressure.‘Mathematically,

Prﬁs = POAIZ, where P, is peak value of pressure wave.

(c) Acoustic Intensity :

It is the most basic quantity in understanding the sound
power. Due tolthe vibration‘of a body, acoustic power is
transferred to the surrounding in the form of noise from that
body.-For defining the acoustic inténsity;‘é point at some
disﬂance from a source of sound and a small area perpendicul;r to
the line joining the point to the source haé to be considered.
Some of the power being generatéd by the source will be
transmitted through the area; the exact amount depends not onlr
on the strepgth of the source but also on the directional
property, the distance of the area from the source and the
presence of sound absorbing and souhd reflecting material. If the
‘power passing through the area A is W, thén the acoustic

&

intensity I is given by

I = W/A.



CHAPTER - 2

Literature Review

2.1 Introduction

The works on the vibration of rectangulaq plates started iﬁ
the last part of the 19th century. Rayleigh wés the first person
who came forward to begiﬁ the study of the dynamica1 behaviour of
structures and developed fundamental governing equations of

vibrating plates. With the passage of time,| research in this

field got momentum with the recognition Pf the fact that
i

environmental pollution, caused by noise, is dn important factor

‘affecting human comfort. Yet, the acoustic radiation

.characteristics of flat plates is still awaiting its exhausting

.study.
2.2 Vibration gifplates:-

Early part of the study on dynamical structures were mostly
on-vibrational énalysis of plates. Most off the initiators
confined their study to the determination of| the frequency of

"vibrating plates.

Warburtsn [47] derived approximate ex?ression for the
. frequencies of all the modes of vibration QH isotropic plates
subjected to any combination of free, simply.supported or c}amped
edges. He applied the Rayleigh method, assuming that the
deflections of the plates could be represented b& suitable

characteristic functions satisfying the boundary conditions (48].
. | .




: i
In his analysis, the author first developed a set of beam

'functions.satisfying the end conditions of vibrating beams and
applied those results to the yibration of plates. He expressed
the frequency in terms of a dimensionless frequency factor which

in its turm is a function of mode shapes.

In 1959, Hearmon {18] extended thelfreatment presented by
Warburton [(47]) to the orthotropic plates of material having three
mutually perpendicular axis of symmetry with any of itsredges

either clamped or simply supported.

In 1960, Lin [29] studied the free vibration of plates
stiffened with many stringers. The differeﬁtiai equation was
solved for an individual plate and the solutions for an

individual plate-were coupled with the boundary conditions.

For the problem of solid circular plate, an analytical
solﬁtion was presented by Wah [44] in 1962. Approximate valueé of
the natural ffequency o{ an iéotropic recténgular plate with
thickness varying in one direction were peﬁorted by Gontkevich
[11] and Apple and Byers [2]. Apple aﬁdiBfers calculated the
upper and lower bounds for the fundamental natural frequency of
simply supported plates. Gontkevich derived aéproximate
expression for c;lculating the-natural frequency for the plate

with various'boﬁndary copditions by. the use of finite difference

method.



In 1969, Dickinson [4] extended the sine series solution,
previously used for the study of flexural vibration of
~rectangular isotropic plate, to freely vibrating orﬁhotropic
plates. The authér used the sine series solution developed by
Dill and Pister [5] and applied the method to'three particular

plates with different support conditions.

In 1972, Jain [23] analyzed circular plates of variable
thickness by a Frobenius method to caiculate fundamental
frequency and buckling load. Pardoeq [34] dealt with the problem
by finite element approach Ritz and Galekin éolutions have been
obtained by Laura and co-workers [25,26] to calculate frequency.
Saiﬁo and Suzuki [36] performed an analytical evaluation on the

viscoelastic beam effect on the plate vibration characteristics -

in 1977.

éorman (121 cdnducted free vibration analysis of plates with
all combinations'rof clamped-simply supported edges, excepting
those of two opposite edges simply supported. He discussed the
rvibration of plates with two opposite edges simply supported'in a
separate paper [13]1'The author also introduced the aﬁalyéishof

free vibration of rectangular pldte in his earlier work [14];'

In 1978, Gupta and -Lal |16} analy=zed the'cirﬁclan plates of
variable thickness by a Frobenies method to have fundamental
fregquency.Celep [3] studied dynamic stability of free circular

plate under non conservative load. The problem of variable
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thickness was solved by Laura and Valergradé [43} by Ritz method.
K. Ohtomi [33]) studied analytically the free vibration of a

simply supported rectangular plate, stiffened with viscoelastic

"beam. The effectslof the volume and number of stiffening beah on

the plate were clarified. In 1986, Laura and co-workers [27]

studied the transverse vibration of rectangular plate to

-calculate fundamental frequency of vibration. The authors used

the Rayleigh-Schmidt methodology coupled -with the use of
pelynomial coordinate function. The frequency values obtained by

these authors were Qery close to those obtained by Leissa [28] in

1973.

2.3 Acoustic Radiation from plates:

Extensive research works have been carried out to studyrthe
vibration of solid structures like'rectahgular plates, but the

study of acoustic radiation due to the vibration of solid

"structures like:r flat plates is yet very inadequate and

unsatisfactory.

The first solution to the radiation of power from an elastic

plate, modeled by the classical plate theory, was obtained by

. Skudrzyk ([37,38] and Heckl [19,20,21] for a time harmonic point

force and by Thompson and Rattya [42] fop a time harmonic point
moment. The solution for the acoustic preééure radiated from a

point excited plate using the classical theory was given'by Gutin .

[17].
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The influence df‘fluid lcading on the radiation from the
élastic plate was investigated by Maindanik and Kerwin {31). To
improve the high fregquency prediction of élastic plate, in 1966,””
Feit [8] employed the_Timshenko-Miudlin theory for such a
prediction. This theory adds shear deformation and rotary inerti&
to the_classical flexural theory. There are two dispersion
curves for this plate. The flexural branch (acoustic) has phase
and group velocities approaching the Rayleigh velocity of the
plate material as the frequency increases. Stuart [39] explored
the solution for the same plate with new insights into the leaky
wave emanating‘from the plate and obtained a more accurate
solution wﬁen the angle of obser%ation approached the coincidence
angle. This new solution would be accurate ét closer observation
distance than that of Feit'’s [8].A solution for the acoustic
pressure radiation from a point excited plate was also given by
Feit [6] in 1970. All these investigations employéd the classical
plate theéry. Such thegry fails at high frequency where the phase
and group velocities become infinite as the frequency become
unbounded. Such a plate theory is useful only for frequencies

where the ratio of the wave length to the plate thickness exceeds

eight.

Sound radiation from the beam-reinforced 'plate, excited by
point or line forces, has been investigafed by a few authors.
Ramanov [35] obtained the solution of the radiated pressure from

a plate reinforced with beams and excited by a line force. Feit
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and'saurenman [Tj analyzed the.acoustic radiation of a point-
excited platé'rginforced with a beam, but confined their
intefests to ﬁighlfrequencies..

In 1972, Wallace [45) found radiation resistance ffomfihe
farfield pressure distribution produced by albaffled beaﬁ,
~vibrating with a simple harmonic motion in one of its nét;ral
'-ﬁodes. He considered beaﬁs hinged at one end and clamped at the
other. The author'derived expression for the radiation
resistance which are asymptotic to the exact solution as the
frequency approaches zero. Ia addition numerical integration of
the farfield acoustic intensity was used_to obtain graphs
-covering the entire frequency- range for the first ten modes of -
the beam. In another paper [46] .the author determined the
radiation resistance corresponding to the natural mode of a
finite rectangular panel supported in an infinite baffle. He used
the approxima£e beam functions developed by Warburton [471.VBut
his analysis waé confined to simply supported panel oﬁly.rln
1974, Gorman (15] obﬁained'the solution fof a plate reinforced by
many beams and excited by a line forcé parallel to the beam. His
solution thus mékes the beams reaction on the plate purely-as
rotary and transverse'impedences'without flexural wave travglling
in the beam. Garrelick and Lin [9) analyzed the raaiatiop from a
beaﬁ reinférced plate and confined‘their attention fo on-axis
response. Lin éﬁd_Hayck [30] obtained the exact solution for thel
radiation from & point excited plate reinforced by one 5eam,

which is valid in the entire acoustic space.



Ahmed [1] studied the acoustic power radiation from one side

kof a baffled rectangular isotropic plate for different thickness

ratio, aspect ratio and mode orders. The author also found

radiation efficiency of the plate with all edges simply

supported. The author used Warburtons [47] displacement functions

" to define the deformation mode of'the'surface of the plate.

It is seen that much research works have been done
natural frequency of rectangular plates but in the case
acoustic radiation they are still less reseaFched.
Bangladesh,works on natural frequency and acoustic radiation

rectangular plates are in a state of infancy.

on

of

of
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CHAPTER - 3

FORMULATION OF THE PROBLEM

3.1 Introduction:

Before considering the various boundary‘conditions,the bagic:
equations and methods of solution are described. In this ahal&sis
a rectangular plate of uniform thickness is assumed to be
confined in an infinite baffle. The baffle prevents the movement
of air arround the edges of the plate and permits rgdiation into
" -the spaces in front of either of the surfaces of the plate. Sound
waves are generated by the vibration of the plate in contact
withthe fluid medium and ‘energy is transferred from the source to-
the fluid. The characferistics of the source determine the
frequency and directional properties of the geﬁerated sound
field. In this paper we shall devote our attention to the
generated.sound energy and radiation efficienéyv We shall assume
that the fluid medium out side the sourcé region is initially
uniform and at rest énd the acoustic pressure genef;ted outside
the source is small énough so that the first order equations of
sound are valid‘in the region out side the scurce. The plate may
have any combination of simply supported clamped or freely
suspended condition at the edges. But the current analyéis is
confined to two mixed boundary conditions namely (1) two
opposing ends are clamped and the other two opbosing ends freely
suspended ,(2).0ne end clamped and the three other ends freely

suspended. The plate, along with the coordinate system used in
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the analysis is shown in fig-1. Different boundary conditions are

dealt with in séparate sections. But only a general mathematical

model 1is presentéd in this chapter.

3.2 Assumptions:

The governing equations are based on the following

assumptions

(1)

(2)

(3)

(4)

(5)

(6)

There 1is no deformation in the middle plane of the plate.

This plane remain neutral during bendingl
The plate is isotropic, elastic and of uniform thichness.
The plate is thin and free from applied load.

Points of the plate 1lying initially .on a normal to the
middle surface of the plate remain on the normal to the

middle_sﬁrface of the plate after bending.

Thé normal stresses in the direction transverse to the plate

can be disregarded. These stresses must be zero at the free

surfaces and,provided that the plate is thin,it is reasonable

to assume that it is zero at any section.

Only transverse displacement is considered and this is very

small in comparison with the thicknesé of the plate.
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3.3 Mathematical Modeling

(A) Determination of power radiation

For a rectangular plate of sides 2a and 2b, the ;ibration
'form ﬁust satisf# the boundary conditions at the edges and also
satisfy the plate equation of dynamic equilibrium. When gxcited,
the plate vibrates in simple harmonic moiion in one. of its
natural modes. The transverse displacement at a point (x,y) on
the surface of the plate at any tiﬁe t corrosponding to.fhe

(myn)th mode of vibration is given by [ 1]

Won = Wp,  ©(x) e(y) e}¥mt ceveees (3.1)
where,
wmn = amplitude of transverse displacement
W ° = natural angular frequency of vibration of the plate

corrosponding to the (m,n)th mode
t = time
e(x), e(y) = digplacement function describing the wave form of
the vibrating plate and satisfying the conditions at

the edges.

The motion of the plate surface which generates the acoustic’

radiation is given by the normal velocity distribution,

U= =------ = iWpn Wpn 8(x) 8l(y) ellmn t

= UgeiWmt
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Whenever a distarbance is created at any point in a compressible
“fluid there is a propagation of that disturbance through out the
fluid. It is désired to.study the characteristics of this

prbpagation. For this purpose the follqwing symbols are

introduced.
X, Y, Z coordinafes of a particle of the medium.
U,V,w component velocities of a particle of the medium.
P’ Instantaneous density of the mediuﬁ
P ‘pressure ;n the medium
C velocity of propagation of the disturbance,
s’ the condensation defined by thé relation

s’ = (P-PyP = (5’0’)//0 , where

X F’is the constant mean density at any point.

q) the velocity potential.

All the above quﬁntities except ¢ are functions of x,y,z & t.
Now it is necessary to define the velocity potential - the most

important single quantity in the study of the irrotational motion

of fluids.

Velocity potential is defined as a scalar function of space
and time such that its negative derivative with respect to any
direction gives the fluid velicity in that direction.

. Mathematically, veiocity potentialcp,is given by
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2P

u = T T3}

= 2%

v = - B\d,
_ 2

o = o- -3

Let us consider a small volume element of the fluid. The
differeﬁce'between the efflux and influx of the medium in this
element is equal, by the so-called principle of continuity, to

the time rate of growth of mass in the element.

The most simple method of obtaining the mathematical
expression of tﬁis principle is by the consideration of an
element parallelopiped of aimensions AX, AY, ézf By considefing
the influx and éfflux through each pair of faces respectively,

the difference between the later and the former for the wholé

cube is found'to be

5 (P u) 3PV YR W)
+ +

Moreover, the rate of growth of mass in the cube is clearly
B}a/ - R .

-——gj;— Ax Ay Az, Equa'ting these two quantities we 'get the

following:
ype’ Pa) 26v) T dPw)
S ——mm o $ m—————— + —————— = 0 v e s et s s (3.3)
ot ) x Dy 2z

If in. this equation we make the subétitution, o= f9(1+S’), we

have,
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sf : Ju v dw
L= +. P 14S*){-== + —=—=v 4 =———m—m )
t _ d x oy oz
> s’ 28’ s’
+P(Ummmm 4 v == W Eem=) = O ... cee. (3.4)
Jx dy dz

- In acoustics the condensation is a very small quantity
compared with unity. Movereover, acoustical wave lengths are so

long that u,v,w, and S' change very little with x, Y, Z.

2 u o s’
Hence ----, ----, etc. are very small quantities. We can

dx 2 x ) : .

2u : BS/
therefore neglect terms like Sf ----- and u { ---- ) in
' X 3 x
>u -
comparison to —5—-— and to this approximation the continuity
x .

eguation becomes

o s’ o u 2V AW
——= 4 em— 4 —mmm f m—eee = 0

- 7 e b et {3.5)
at; ax ay' az

Substituting the values of u,v,w in terms of the'potential

function, we have,

—————— = vq) TR R " e {3.6)

To replace (3.3) by an equation in which ¢ is the only
independent variable we must have recourse to the hydrodynamical_

equations of motion [24] these are,
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Ju 2 u Bﬁ du 1 P

—t— + U - 4V ——-— 4 W ————- = - == ----

Pl y

Jt D x oy dz D x

‘and two similar equation for v and w, where in, the left-hand side
" represents the gcceleration of the medium in the x-direction and

the right-hand side, the force per,ﬁnit mass, and there are no

eéxternal forces acting. From what has been said above, we can

du du
neglect u (----), etc, compared with -—5—-, etc. Equations of
‘ 2x : t '

- motion then take the simpler form

Ju 1 DP
...a_.; = - _P_’ ——a—; '
>v -1 3P

EV Sl
oW 1 dp

YT

If we substitute into these equations u = - —%?i , etc, multiply
X

the three equations by dx, dy, dz respectively and add, we have
1 o
. '—b‘.-— d':P --, dP :

Dt o

or integrating

JdP ‘
oP S ----- e e . (3.T)

2t
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Since P’changes but‘little it will be approximately correct to
remove it from under the integral sign, calling it P , the mean

"density. Then, j dp reduces simply to the excess pressure, so

P = _——— DOUCIQIO'IDU.7.'0!..!...‘!.'—.!.!.!. (3-8)

On the other hand, if we write it as SP,we have the approximate

relation,

_____ = —_—— I I R I O L I I R I ) (3.9)

'Newton assumed that the passage of train of longitudinal wave
through air is so slow that heat generated during compression or
cold produced 'during rarefaction is dissipated or absorbed to or

from the body of the gas respectively, so the process is

isothermal.

Hence, Boyles law, PV = constant, holds

So isothermal elasticity of the gas is given by the equation

PAV + VAP = 0 it ittt eneornons seeesensas (3,10)
dpP
or, P = =~ V =—-- = E, bulk modulas (volume stress/volume
dv '
strain)
E P
Therefore, velocity, c¢ = “RT = TS e .o (3.11)

or, it can be written in the form,
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S5P = ¢25f7 . But ‘EF; # S’ by the definition of

6pndensation and hencé there follows the important relationship.
EP = cZ P S e, (3.12)

Moreover, (3.9} now becomes

oF 2 gf

———— = C

ot

.l.l.l.lll..l'.l'l;l ------ (3-13)

which is a gene;al equation-connectiné vélocity potential and
‘condensation..lf we substitute s’ from (3;13) into (3.6) we

~finally have,
229 | :
E;;é = c® g e touraee ceereens (3.14)

Which is the familiar equation of wave motion. The general
solution of (3.14) shows that the influence of any value of 4 is

propagated with velocity c.

In the case of spherical wave, diverging from a point, let us
assume spherical symmetry about the point. That is, P will be
assumed to depend 6nly on t and the distance R from that
point. In polar qoordinates.it.may be shown {22] that ~q2¢=tqkes
. the form,

25 2 29 1 >
2

. | L
VE T OERT W Ton akeine 38 1056t

ST T e— -‘__; o"----c---uoucooo(3-15)
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.Where X = R sin® Cos
y = R Sin® Sin«
z = R dose

In the case of assumed symmetry, the above equation reduces to

2 .
2 . %% 2 29
v F dR2 R DR
2 | 1 32
or VP = - ——cc (RP) t.irviverirnnnnnrners (3.185)
R OR? |

Therefore, the general wave equation (3.14) for spherical wave

propagation becomes

>2(Rp) ) >2(RP )
—————— = ¢ == e- eeaireearaareseead(3.17)
2 t2 2 R?
Let @ = (1/R)F (ct + R), where F is any arbitrary function.

It is clear that P satisfies the general wave equation (3.17). Sd_ﬂ

is the solution of the above equation.

As before we shall postulate a harmonic wave and for convenience,

shall employ the complex notation for q>of the plate problem,as -

in fig. 1
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where,
r is the distance from the source dA to the receiving
point.

X is the amplitude of velocity potential per unit area.

A is the area of the rectangular plate on which distur-
bances are created and propagated in to the surrounding
medium.

k = 2N /A = W/ Af = tw/ ¢ , acoustic wave
number.

W is angular fregquecy of vibration.

C is velocity of sound in air.

f is frequency of harmonic vibration.

A is. wave length of sound wave.

The differential form of the equation (3.18) is

de = -——- eik(Ct + r), where dA = dxdy.

The total velocity potential at the receiving point (R,9,< ) will
be obtained by the integration of the contributions from over the

whole plane ‘surface of the rectangular flat plate and so

<"
: q)r = .S____ eik{ct + r) dA
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. , , |
In order to evaluate o , let the source of hemispherical waves at

dA to be a pulsating hemisphere of radius r wﬁich is finallf

ol
<made vanishingly small. Hence area = 20N ry 2, and the velocity
potential at the receiving point is

‘F; A S ellWt + ko) ... (3.19)

The particle velocity at the surface of the hemisphere will be

given by
_ 0P
U, = r, = - (-.,_g;- bpr = r,
2+ i(wt + kr ), K 1 '
= - 2Mr, “x’ el ol-—- - —-27} L.(3.20)
2
l."D ) o

0

where U is the linear surface velocity which followsAthe

harmonic variation. According to (3.2)
U = UO eiwt L L I I I T I T S I T T n...-..-..-‘(3.21)

where Ug is the amplitude of velocity distribution.

From equation (3.20) and (3.21) it is evident that if ro—0

Ugel Wt = o (2T L pkleiwt
or . '
. U
or X = 0
2T
Ug . |
Therefore d@ = ---- ¢ (Wt + kr) g4,
2 r
.

crrrerereniarees (3.22)
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From the expression {(3.8) we have for area dA { = dx dy)
P = jfE , then
Dt
ifau .
ap = TR% s ke gy
2 r
= ikPc de¢ PO < X< B

Substituting d¢ from the equation (3.22) into equation (3.23) we

have,

If the receiving point (R,9,% ) is located in the farfield, then
the distance r of the receiving point from the elemental area dA

can be expressed with the first corder approximation as [32 ]
r —_ R“(XCOSD(+ySin°()Sine ..t.-tl--!....'U.I (3.25)

The second term [x Cos« + ¥y Sin «]SinB in the equation (3.25) is
very small compared to the first and its effect can be neglected
in the amplitude factor of the equation (3.24). However, both the

terms are equally significant as far as- the the phase factor of

the equation (3.24) is concerned,

Subtitdting equétion (3.2) and (3.25) in equation (3.24) and
neglecting the second term in the expression of r in the

amplitude'factor of equation (3.24), it can be shown that,
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dP = - —----2o 00 8(x) o(y) el(@t +tkr), 4,

= - _____/ o mh e(x) O(y) ei{wwt +kR-k{x Cosx+ y Sinx)SineldA

-Thus the net acoustic pressure at the point (R,G[m’) due to

{m,n)th mode of vibration of the plate is given by

a
ked W
p = Jof_gﬁL?E__; 1(u)t+kr) x) a(y) e 1k(x Cosex +y Sln«)Slnedxdy
2R 0
Pckw, W sx qy '
= - m———— Et_‘___ 1( wt+kr) x) e(y} e (_"—_ + _;t_)"- )dxdy
2T R ) 2a
-a
..... rerrsees (3.26)
where s = 2ak Cosx Sin®
and q = 2bk Sin« $ine

Acoustic intensity of a sound wave is defined as the average
power transmitted per unit area in the direction of propagation
of the wave. Instantaneous power per unit area is equal to the

product of instantanecus pressure (P) and instantaneous particle

velocity (v). Average power per unit area measures the acoustic
intensity. Therefore,acoustic intensity,
T
I =1/T-. S' Pvdt.

o

Here P =-- zpcz {dw/dx)
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If w = W Cos (Wt - kx}), Where W is the amplitude of
displacement w,
v = dw/dt = - WW Sin{(wt -kx)
dw/dx = - Wk Sin {(« t-kx)
ke = w, and T is time period, then
P =. - Fc Ww Sin(wt - kx)

Here ¢ is the velocity of sound and /X is the density of the

medium;
Theréfore,
. T '
I = 1/T-S[~,pCWLOSinlwt—kx)}[—iﬂw Sinjwt—kx)}dt.
0 2 2 T )
= 1/2 ., Pcld W —m e - (3.27)
Since, P = - Fc WwSin (wt-kx),
Pmax = _PC WLO *

The root mean sqare value of pressure,

Prom.s = Ppax/ \/2

From equation {3.27), I = =~w-ceeee——coo = 0T Lo L

where, =P:2

net acoustic pressure.

is the square of the root mean square value of the
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The total average power radiated from one side of the baffled
plate, found by integrating the farfield acoustic intensity over

the hemispherical surface is
n onj2

Pw - S ————————— Rz Sine de du LI I ] {30288)

(B) Determination of Natural frequency

The natural frequecny of the plateiy corresponding to the

mn
transverse mode of vibration (m,n) has been determined by a
number of authors in terms of boundary conditions, the nodal
patterns, the dimensions of the plafe and the conétants of the
plate material.. Warburton [47]) derived the expression for the
natural frequecny from energy equation. He studied a rectangular
plate of sides of length a and b ;here thervibration form must

satisfy the boundary - conditions at the edges; also it must

satisfy the governing equation of plate (Love.1927)

4

O W b4w Zfzw 12{0(1-3-2) bzw
Ces 42 mmdemom g e 4 ommmmmmmmmmen o =0 ..(3.29)
dx9 A2 dy? byq Egh2 dt2

Here w,.the'displacément at any point (x,y) at time t, is given
by
w = Wyy Sindt = A 6(x) 8(y) Sinwt ........... (3.30)

where ny is amplitude of the wave form.

e{x}, e(y).is space functions defined by the author [47]and

W is natural frequency.
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In general, it was not possible to find a form for () to satisfy
equation (3.29) togather with the'boundary‘conditions; For these
cases, an infinite series was assumed for qu; each term of -

the series satisfied equation (3.29) and some of the boundary
conditions, and by.considering suitable wvalues of the

‘coefficients A,the remaining conditions were satisfied.

- Accurate values of frequency may also be obtained by the
considerations of energy. For a rectangualr plate, the potential

" energy of bending U . {Timoshenko 1937) is

b
( Eh3 aaw 5, azw 5 blw b‘)‘w
U = (1/2)—*———5— [{(--—--- ) #(--—--- ) 42 0 e o +
ya 12(1-0%) ox? Ay O x2 2 y2
a?‘w 2
+ 2(1-0)(-—=~=-- ) Jdxdy . . . . . (3.31)
D XIY

and the kinetic energy is

a b 3 w '
‘T = SS(I/Z)(/”mh/g)( ————— )2 dxdy ......... (3.32)

¢ o

From maximum values of potential and kinetic energy, naturatl

frequency may be obtained as

wzm,n e it ...(3.33)
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For any boudnary condition, expressions for space function ©(x),
8(y) were substituted in equation (3.30) and (3.33) to giﬁe an
expression for frequency. Warburton expressed the natural

frequency in terms of a dimensionless frequency factor Af, given

by
2 R | q 4 2 _
Af' = Gx* + Gy* .{a/b) + 2(a/b) [HxHy+(1-0)JxJy}..(3.34)
and the relation betweenUJﬁn and )% was obtained as
N © alu¥12(1-02) ,
A} - = e —'"‘2' _________ R I T T T T T T TR S SR R ) (3-35)
' IWEh“g : ’

. Thus the frequency factor A4 was obtained for any ratio a/b;-the

frequency was given by

A}hﬂ Eg | '
f = —_-é—_- [ ___________ '__5 _____ }1/2 Te e s e (3036)
a 484, (1 - ¢“)
Where, ﬁ\ T = density of the plate material,
T = 7 poissions ratio,
E = modulus of elasticity of the plate material
h = thickness of the plate
g = acceleration due to gravity
Gx,Gy,Hx,Hy; Jx,Jdy = functions of boundary conditions and dee

shapes. The values of these gquantities were given by Warburton

[47 ] in the form of a table presented here for ready reference.
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Table giving the values of the parameters Hx Hy,Gx,Gy,Jx, Jy of

dimensionless frequency factor.

Boundary m Gx Hx Jx
condition
Two end 2 1.506 1.248 1.248
fixed and - , . : . .
two ends 3,4,5 m-1/2 (m-1/2)[1- 2/(m-1/2) 1 (m-1/2)[1- 2/(m-1/2) ]
free :
One end 2 1.499
fixed and . ' :
three 3,4,5 m-1/2 (m-1/2)[1- 2/{m-1/2) 1 (m-1/2){1+ 2/(m-1/2) 1}
ends free
n Gy Hy Jy
Two end 2 1.506 1.248 5.017
fixed and ' ' .
two ends 3,4,5 n-1/2 (n-1/2)[1- 2/(n-1/2) ] (n-1/2){1+ 6/(n-1/2) ]
free -
One end 2 1.506 1.248 5.017
fixed and
three 3,4,5

-ends free

n-1/2 (n-1/2)[1- 2/(n-1/2} 1

(n-1/2)[1+ 6/(n-1/2)
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(C) Determination of radiation efficiency

The radiation'resisﬁanéé corresppndihg to the natural modes
ofla finite ractangular panel is theoritically determined from
the total enefgy radiated to the farfield. Wallace, in his
papers|[45,46], intgoduced the concept of radiation efficienéy with
~a view to simplify the matters. The main idea behindithe
introduction of the concept of radiation,effiicengy was to
eiiminate the dependence.on the impedance of the acoustic medium
and the plate size while calculating the acouétic radiation ffom

vibrating plates. The radiation efficiency is defined by

Wallace [45,461 as

Smm - ————'——"""_--__-"_-.“i . 7 o-clnnnloao.-o-o-- (3-37)

where P is the total average'powér radiation from one side of
the baffled plate and <:uw=> is the average of the temporal and

spatial factor of the square of the surface vglocity; given by

. ) o
% o .
({uw1> = (1/4ab).g g (1/2) . hi dxdy ... RERREEE {3.38)

-a -b

u, is obtained from the equation (3.2) as

u, = dwpn W e(x) ely).
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3.4 Displacement Functions

The characteristic beam functions are usually adopted to
Eepreseht the deformation of plates in vibration in both fhe X &”
& directions. By this method the approximate freequency
expressions are Bbtained. Warburton [47] found a number of beam
functions for describing the displacément of a vibrating beam
under different combination of end conditions. He also used thése
. functions to reppgsent the vibration of réctangular flat plate.
The slightly modified beém functions, which are hereby referred

to as displacement function, for different boundary conditions

are presented here,

(i) Two opposite ends fixed, other two ends free

If the two opposing edges parpendicular to x-direction are

fixed, the corresponding beam function is giveh by Warburton [47}

as

©(x) = Cosynx/2a + R Cosh¥m x/2a for m = 2,4,6 ....

©(x) = Sin¥,. x/2a + R, Sinh ¥m x/2a for m = 3,5,7 .....
Sin ¥w /2 , _

where, Rm = o and ¥m are the roots of the
Sinhjm/2

equation tan¥ /2 + tanh ¥ /2 = 0, and

, Sin ¥m/2 , :
Ry = - -——=-—------ --- and i are the roots of the

equation tan¥ /2 - tanh ¥ /2 = 0.



When the opposing ends perpendicular to y-direction are free, the

corresponding beam functions are

-

8(y) = Cos ¥, y/2b + Rn Cosh ¥,y/2b for n = 2,4,6 ....
O(y) = Sin Y. y/2b + Rn’Sinh ¥.y/2b for n = 3,5,7 ....
Sin Yn /2 )
where, Rn = - et e e and i are the roots of the
Sinh¥h/2
equation tan¥./2 + tanh /2 = 0, and
Sin}(.,.//z - /
Rn' =  ———co-- /~———,and Ynare the roots of the equation
Slnh‘{n/z

~tan¥ /2 - tanh ¥ /2 = 0.

(ii) One end fixed, other three ends free plate :

If one of the edges rperpendicular to‘x—éirection is fixed

while the others are free, then the corresponding beam functions

is

X +a X + a
e(x) = Cos Ym(--—-- } - Cosh ¥m(-————=- )y -

2a 2a 1

X + a X + a
Ry, {Sin Jm(~—-—-~ ) - Sinh  fa(----- )}
. 2a 2a
for m = 1,2,3........

Where Rm R et and ¥Ym are the roots of the
: Sin¥..+ Sinhtm

euation Cosy . CoshY = -1
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If both the edges of the plate perpendicular to ‘y-axis are free,

the corresponding beam function is

©(y) = Cos ¥ny/2b + Rn Cosh ¥ny/2b for n = 2,4,6 ...,
. ’ s .. /

8{y) = Sin ¥,.y/2b + Rn Sinh Y{,.y/2b for n = 3,5,7 ....
Sin ¥n/2 .

where, Rn = -  ————rememmeee and ¥n are the roots of the
Sinh {n/2 :

"equation tan¥ /2 + tanhy/2 = 0, and

Sin ¥n/2 . .
Rn/ =  ——--eeea ~=---,and ﬁxare the roots of the equation
‘ Sinh¥. /2 : : ' -

tany /2 - tanh ¥ /2 = 0.
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CHAPTER- 4

Solution of the problem

4.1 Introduction :

In this chapter expression f0£ analytical determination of
total average acoustic power from one side of the baffled plate
for various boundary conditions are presented. For the plate with
two oppsite ends fixed and. the bther two ends free, the
expressioh for radiation efficiency is also dgrivgd and presented
here. In Fhe subsequeﬁt sections, the method of integration of

the expression for power and radiation efficiency for various

boundary conditions are treated.
4.2 Plate with two cpposing ends fixed and other two ends free,
(a) Power radiation

From equation (3.26), the acoustic pressure digtribution at

a point in the farfield is given by

—kpcwmv\w

P = e — .-E‘E_ e if (-‘_‘-)vnnt + kR)X
2T R
He(x;.__e(y;e‘““/za + ay/2b) 4.4y
_a—

The displacement functions ©(x) and €(y) for this plate with -

tbe'fixed edges parallel to y-axis and the free edges parallel to

X—-axlis are
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: X x
©{x} = Cos (Y4, ---) + Rm Cosh (¥m---) for m = 2,4,6 ...
- . 2a - 2a
P | , X
8(x) '= 8in ( ¥m---) + Rm’ Sinh (¥, ---) for m = 3,5,7....
2a 2a :
Sin (Yu/2 ) S
where ‘Rm R e and fw~are the roots of the
’ Sinh(¥w/2 )
equation, tan (¥/2) + tanh (¥/72) = o0
Sin( dm/2) o
Rm'’ = - ---=-------- and ¥~ are the roots of the
equation, tan(Y¥ /2) - tanh (Y4 /2)) = 0
y Yy '
©(y) = Cos (¥n---) + Rn Cosh ( dn---) for n = 2,4,6 ...
' : 2b 2b
R r Y Pl Y
©(y) = Sin (¥n---} + Rn’ Sinh ( %o =--) for n = 3,5,7....
2b . 2b
Sin { ¥n/2 ) ‘
where Rn T e e and Y are the roots of the
Sinh(¥./2 )
equation, tan (¥/2) + tanh (¥/2) = 0
sin(d,/2) ,
Rn” = -—---------- and ﬁqare'the roots of the
Sinh( ¥,/2)
equation, tan( ¥ /2) - tanh tyY /2)) = 0

It is now required to consider each of the combination of odd and

even values of m and n separately.
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Case 1. Even values of m and n

Substituting the displacement functions ©6(x) and O(y), the
dcoustic pressure distribution P becomes,
& b

P & mmmm——.. ell@t + kR) g S [{Cos{dmx/2a) +
2T R - ~p

Rm Cosh(BLx/Za)}e_iSX/za dx ] x [{ Cos()duy/2b) +

Rn Cosh (V,y/2b)} e ~19¥/2b g0 ¢ . C 0 41y
where S = 2ak Cosx Sing
q = 2bk Sina 8in®

Integration of equation (4.1) gives,

Pz = o e i(wt, + kR) [

¥aSin(¥m/2). Cos (s/2)} + -3------ ;=== +«{S Cosh{¥/2)Sin (s/2) +
Xln'\{(s/x'm\)'|' l} .

¥wSinh($./2) Cos(s/2)}] x | p------ 5o . {a Cos(¥n/2)Sin(a/2) -

¥ Sin(dn/2)cos(a/2)} + —p---mv 5---~- {4 Cosh(¥»/2)Sin(q/2) +
Sl (a/dn)”+ 1} . |

¥n Sinh( % /2)Cos(a/2)}] vuvennnnn... e s (4.2)

The farfield acoustic intensity is given by

2
1 = (P} / FPc
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Substituting P from equation (4.2), it is found that,

2
3288 Fc W ot b 1

I = cmpom g —ge— [ cmccmmmmmsee={S Cos{ ¥m/2}Sin(s/2)-
O A I {(s/ ¥m)=1}

YwSin(¥m/2). Cos (s/2)} + —--—---1 5~~~ .{S Cosh(¥/2)Sin (s/2) +
{(s/n)+ 1}

dmSinh(d/2) Cos(s/2)} P x { ----mmm 5-----. {a Cos(¥./2)Sin(q/2) -
: . - {(an,)" ~ 1}

$wSin(¥n/2)cos(q/2)} + --=----= y-—-- {a Cosh(¥n/2)Sin(a/2) +
: {(a/¥%) + 1}
YHS-inh( Xu/Z)Cos(q/Z)}lz

~ From equation (3.35) the dimensionless frgquency factor A}is

given by,
4 a2 o 2
2 | e @ zi1-dh) 2 A3 WEK ¢
P Y 76 U S S
nEh2 g 2R 12(1- ¢2)

2 4 1 4 2 _
where A+ = Gx + (a/b) Gy + 2 (a/b) [¢ HBxHy +(1-T)JxJy}

Z2a
-and 8 = 2ak Cos™ SinB = ---- Coso $Sin® .
' c

= m-—so=—— o ——oge-- Cos% Sin®

V3 £ (1- o¥)
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ffe}
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2 e ——mm——— e Sinx Sin®

Thickness ratio- = h/a

=l

1)

H

o

o]
ct

i

R = . Aspect ratio = b/a

The total average power radiated from one side of the baffled

platé iguthen given by nor2
Pw = K:P:/ gc . stine ded«x = 3 IRZSinededa .
00 o
2.4 R{2 nfo
8P W ).} e g2 _— ! 1 .
= TR ALY Az Ra Rt e S {S Cos(¥n/2)Sin(s/2}-

‘ Rm ’ )

%Sin(¥./2). Cos (8/2))} + ———==—-- s=-- -{S Cosh(¥/2)8in (s/2) +
{(s/d)+ 1}
2 1 _ |
{.Sinh(fw/2) Cos(s/2)}] x [ ---—--—- et . {q Cos(¥/2)Sin{q/2) -
_ {{a/¥) -1} |

' * Rn

YaSin(¥./2)cos(a/2)} 4 —--——==-p---=- {a Cosh( ¥./2)Sin(a/2) +

((a/e )+ 1)

2
¥.Sinh( ¥./2)Cos(q/2)}] Sin® dBdx .......... i eerseess. (4.3)

It should be noted that the total average power radiated from one
side of the plate is not a function of R. Only the acoustic

intensity varies inversely as the square of R as seen in equation

(4.3).
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{b) Radiation efficiency :

‘The expression for the radiation efficiency of the plate

with two opposing ends fixed and other two ends. free, needed for

,.
1

'Eomparing the result of this study with those by the previous
works [1,486], are derived here. The radiation efficiency of a

vibrating plate is defined by the equation (3.37) as

where the expression of total acoustic power Pw’ without

substituting the value of k, is

' 2  nja _
128 Kpc S w’ & bz‘s S 1
P, = --———-——>53--z-" [mmmmmmem e {S Cos( ¥m/2)Sin(s/2)~
w A ) ((s/¥)21}
R - o
ImSin(¥s/2). Cos (s/2)} + -———---- ;=== +{S Cosh{%/2)Sin (8/2) +
' : . {(s/v)+ 1}
. . o ] 1 .
YmSinh{f/2) Cos{s/2)}} x [ ~---=—~- = . {q Cos(%./2)Sin(q/2) -
{(a/w) - 1} ‘ '
Rn
¥n Sin( ¥n/2)cos(q/2}} + ———mmmmmmm - {q Cosh( ¥./2)Sin(q/2) +

{(a/ )+ 1)

2
¥» Sinh( ¥n/2)Cos(g/2)}]} Sin8 dedx
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Letting A'l = [——-—{--‘1'—';;—-2——;-{8 Cos | b}m/ZJSin(S/Z)-
' s/ ¥m)-1

YmSin( ¥m/2) . Cés (s/2)} + ——-————- 5——— «{S Cosh{(¥%/2)8in (s/2) +
{(s/d)+ 1} -

¥mSinh(¥./2) Cos(s/2)}] x | ------- === . {q Cos{¥./2)Sin(q/2) -
{(asy.) - 1}

¥nSin(¥/2)cos(q/2)} + —mm-mmm- 5= {q Cosh(¥n/2)Sin(a/2) +
{(a/d) + 1} -

: 2
¥mSinh(¥n/2)Cos(q/2)} 1],

total power is expressed as

2 2.2 2 2 2 rf2
128 kfPcOW a b
P 2 e ———— e — g -— A Sin® do d«
W z RN S
1 Y:f PB 0 (o) -

Sy

The average of the temporal and spatial factor of the square of

2
B ' the surface velocity, < :uw: >, is given by
. o ,
< lu,1® > = 1/4ab Z/2.dx d (4.4)
'uw‘ - ap, Uw «aAX y--..-.-....' .
-a b
‘But  u, = iWW 8(x) ely)

= iwW {Cos(¥wx/2a)+ Rm Cosh(¥.x/2a)} x

{Cos(®. y/2b) + Rn Cosh(¥,y/2b)}
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Substituting in equation (4.4} and c¢arrying out'the integration

2 W w? Sin Y Sinh ¥m
' = =-——— 11!y 1+ - --—-—) T+ Il {1 *+ =——===—==
< iuw: > = "'"';" ({C 1+ —-g;—h-) + Rm (1 + 5 ) +
4 Rm : , : .
—_{"(Singm/z Coshyn/2 + Cos Km/z Slnhfm/Z)} X
m .
S]-.IIYV\ 2 Slnhfh
{1+ —-g:-) + Rn“{1 + -—a:w) +
4Rn
-~--Sin¥a/2 Coshya/2 + Cos¥n/2 Sin¥a/2)}]
W W |
where, )
Sin ¥m Sinh ¥w
By [{( 1+ "a;-}_+ Rm (1 + ——3L:-—) +

414 BRm . ;
—eo=-={Sindn/2 Cosh¥m/2 + Cos¥n/2 Sinh¥n/2)} x

' 5 Sinhy,
{1 + == ) + Rn“(1 + ——%;7) +

4Rn
—Sr——(Sin&\/Z Cosh# /2 + Cos ¥./2 Siny,./2)}]

. . g 2 . . . . ..
Substituting < :uwn > in the expression of radiation efficiency

o T2 i
256 k®ab
Sun = —-—f-;—1r~—~s Ay Sin® dB d= i.......... (4.5)
R XM Xn Bl A 0 *

The plate wave number kp is now defined as’,

[(m H/Za)? + { n W/Zb)zlo‘5 and the wave number ratio,

!l

kp

N k/k

b



- 45 =

- - 2 . 2, 2
I'hus, k —H/kp or k! = ¥ kp .

" Substituting k in equation (4.5), the expression of the

radiation efficiency is obtained as

) we w2
256 ab [(mmT/2a) + (nﬂ/2bf1 5 ' )
S = e e —————— ar ———————————— \i) Al SingG de dﬁ(
nn . r[ ‘dm !,f Bl o [l
2 9 n?2 2
64 (m~ Ro+n“/R_) 2 | ‘
= .________7_ﬁ4 ______ V% Ay Sin® de dx
.5 X.\ZBI v 1 '

..... Cevieeene. (4.8)

Making the same substitution, the expressions of s and q become

2

s = (m +_n2/R;)0'5‘Pﬂ S5in8 Cosx

a = (RZm*+ 0?05 viisine sina

Case II. 0Odd ?alues‘of m and n

{a) Power radiation

For this case, the expression for the farfield pressure,

after substitution of the appropriate displacement function,

becomes,

P2 e i(wt + kR)S g [Sln(g x/za) +
—4a

Rm’ Sinh{¥.x/2a)]e”iSX/2a 4, (Sin 4. y/2b +

Rn’ Sinh(%.y/2b)le ~19¥/2b 4
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After proper integration of the above expression of P,

~kfeww el @t KR} 44 4y 1 o
Rt s Tl S b Sl & Sin{%/2)Cos(s/2)-
2T R Y.“ ¥ (s/8)° -1 |
. p Rm’” ) .,
¥ Cos{ ¥m/2)Sin{s/2)} + —————wz—-- .{S Sinh( ¥./2)Cos(s/2)-

(s/¥% )% +1

, ) a Sin(4/2)Cos{a/2)- ¥nCos (h/2)Sin(a/2)
$mCOSh{ ¥/2)Sin{8/2)}] X [-=m-mmmmom oo oo oo
. (a/¥. )" -1
f / /
q Sinh(¥./2)Cos(q/2)- ¥.Cosh{ ¥./2)Sin(q/2)

(a/ v, )% 1

. Following the same procedure as in the cése of even values of m
and n, the total average power radiated from one side "of clamped

plate vibrating with odd values of m and n comes out to be

, 4 6 2 , nf2 niz
8FW I TUE g R R, S S 1 ,
P, = ——————— -y ————=- [ =—=-5-— .{S Sin(%/2)Cos(s/2)-
v 9c A2 0NN - @025 L (/0?1 :
, , Rm '/ .
¥nCos(¥m/2)Sin{s/2)} + ----r-5z-- .{S Sinh(%./2)Cos(s/2)~
‘ (s/¥m) #+1 :

, , 2 q Sin(§/2)Cos{a/2)- ¥.Cos(¥/2)Sinlq/2)
¥nCosh( ¥w/2)Sin(s/2)}] x [-—-—-—------"-'-'"“““""‘f"",

q Sinh(m:/Z)Cos(q/Z)- UJCosh(3172)Sinlq/2)' 2
# Rn’ —oo oo T e e ] Sin® de dw
' ) (Q/ U'M y + 1
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where, s and q are the same as in the case of 1.

v'(b) Radiation efficiency :

The power has to be expressed interms of plate parameters in '

order to evaluate radiation efficiency. Now,

niz nig

2 222
128 KPcWW a b g S 1 ,
B, = ~--=-ormmgmnoen [ ==——5-- .{S Sin(¥=/2)Cos(s/2)-
nZ A yA (spot-1 -
o py Rm' - X
YCos(¥m/2)Sin(s/2)} + ——————pm- .{S Sinh(¥./2)Cos(s/2)-

(s/8m)? +1

, , 2 q Sin{¥/2)Cos(a/2)-5.Cos(¥v/2)Sin(a/2)
YonCoOSh{ ¥n/2)8in(s/2)}) X [——mm—mmmmmmmm oo |

(/4% -1

q Sinh(X:/2)Cos(q/ZJ— &:Cosh(ﬁt72)Sin(q/2) 2 ‘ ,
+ Rn’ A ] Sine do dx
G " + 1 -

2 2,222 M2
128 k PcWW a b "

= ————?_Llﬂg.f‘-x-:\z—l-— Az SinG d9 d«
1 D 0 .
where,A, = [ ---~5-- .{S Sin(v/2)Cos(s/2)-
(S/Km) -1
’ ;- : Rm” y,
XhCos(Km/Z)Sin(s/Z)} ¥ mmmm e {8 Sinh( ¥n/2)Cos(s/2)- .

(a/ ¥ 1%+ 1
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" The average of the tempérai and spatial factor of the

. 2
the surface velocity <ju'

w, > 1is now obtained as
5 ' 6, b ' '
ug” > = (1/4ab).j g (uZ /2) dax dy.
. ...o.."b
Where, u, = i@ W e(x) e(y)

square of

= iWW [Sin(¥.x/2a) + R.. Sinh(¥.x/2a)] x {Sin(ak}/2b) +

'4 /
R,. Sinh(¥,.y/2b)]

. ' 2 .
~Substituting u, in the expression of (:uw= > and integrating, we

have, 2 2 , ,
2 ww Siny,, )9 Sinh¥y,
iugl > = —== [(1= -g5=) + R (--=-7- - 1) +
I
4R, ., , -, ,
=7 (Sin ¥ /2 Cosh ¥, /2 - CosY,/2 Sinh ¥%.//2)] x
N4 .
Sin¥)” .. Sinhy,’
[(1- -3z) *+ RAE(mpms - 1) s
4R;‘ -, ; / ’ '
~—g7— (Sin ¥< /2 Coshy¥,. /2 - Cos¥w/2 Sinh %./2)]
n 2 .
7% w2
= @ m—m————— . B
g 2
Siny’ ., Sinh¥,.,
where B, = [(1- —3;—) + Rpm (--—gj- - 1) +
L1 (2% -
4R,

Sin¥%. Y Sinh¥.
[-(1— —Y—,—) + Rp ("-—X—hj— - 1) +

‘"gff.(Sin &:/2.Cosh &:/2 - Cosﬁk72 Sinh m:/Z)] X

77 (sin ¥. /2 Cosh ¥./2 - Cos¥./2 Sinh ¥,.//2)]
Lal . ’
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w2 in the expression of radiation efficiency

gives '

iz e
256 k2 ab

Spn = "o mTm---- FTSETIETCC S g Ap 5in6 do dx
8

Substitution of acoustic wave number k,in terms of plate wave

‘humber kp and wave number ratiow¥ , gives
. ni2
2 2. nlz
266 abl[(mfn /2a) -+{ nn /2b) ]2
S T —mmm—mm - Ve Sttt - Sin® de& de
“Umn - 2 4 14 . 2
. T Yo ¥ By n? .\ .
Zn
64(m2 R, + nZ/Rd ) o
e e - W A, Sin® de d«
4X'4B 2
- . Kh“ 4] 2 O D
Now after the same substitution of s and q as in thé case of

radiation efficiency of case I, the radiation efficiency may be

.evaluated through numerical integration.

. Case

(a)

case

odd

ITII : Even values of m and odd values of n :

Power radiation :

Making proper substitution of displacement function for the
of a plate vibrating in even modes in the x-direction and_

modes in the y-direction the pressure distribution is

obtained as

& b

~KPCWOW (5 t+kR) S g

[Cos( ¥m x/2a) + -

-t -b

Ry Cosh (Y,x/2a)] e 18%/284y » [sin(4'y/2b) +

Ry Sinh(Y,y/2b))} e 19¥/2b gy
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After integration, pressure distribution becomes

_kfcoW el(®t *KRY1g api S Cos8w/2 Sin S/2 —¥mSin¥w/2Cos s/2

(q/ b/‘r\/-)z + 1

Then, the total average power radiated from one side of the plate

is

2.4 6 2 2 g nyz '
BPWALME g 2 455‘ S Cos ¥w/2 Sin S/2 - %Sin %/2Cos s/2
B = ——-—g=s——ri————"T; R, Ry [~=mmmmmmmm e m e m e
“TecgZat e (1-e0t T T )) (s/ %2 - 1

SCosh¥./2 Sin s/2 +¥mSinh¥x/2 Cos s/2 2
RM ——————————————————————————————————— ’ ]x

R T et +

. /
q Sinh%'/2 Cos q/2 - K~Cosh5}72 Sin a/2 »

s et ] Sine dede«

where s and q are the same as in case 1I.
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(b) Radiation efficiency :

Radiation efficiency of a vibrating plate is given by the

equation (3.37).

where, P,+ the total average power }adiated from one side of the

plate in terms of plate parameter is

2 229 5 MzM2
128 KPcWW a b S S S Cos¢wm/2 Sin S/2 - %.Sin %./2Cos s/2
(

W 244 ) ) L T T T T T T T T T T T e e e e e e
Tf,blmn 0 ‘o

SCosh¥w/2 Sin s/2 +¥.Sinh¥./2 Cos s/2 o
Ry =7 e ] x

(a/ %)% + 1

2 2203 72 TU2mryg
128 k"'PcW W a b
= emem———— A3 S5ing9 de de
o O
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where -~ Ag is given by

S Cos¥w/2 Sin S/2 -¥.Sin ¥./2Cos s/2

SCosh¥w/2 Sin s/2 +¥%Sinh Y»/2 Cos s/2 »

B i e IR +

q SlnhK;/Z Cos q/2 - $~Coshfn/d Sln q/2 2
RS - ]

(a/ %)% + 1

The average of. the temporal and spatial factor of the square of .
5

the surface velocity < juwi

> is given by
b
I 2 2
<'uwl > = (1/4ab) ) w_/2-) dx dy.
A_.—
where u, = 1i%W a(x) e(y)

= iuiw [Cog{ﬂnx/Za) + R, Cosh( ¥%.x/2)] x [Sinaﬁ&/Zb +

R{ Sinh ¥, y/2b}

Substituting u, in the above equation and carrying out the

integration,
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(4Rm /5) (Sin$m/2 Cosh¥w/2 + Cos¥m/2 Sinh ¥/2)] x

Sin ¥ Sinh ¥n’

(( 1- %) Ry2 (——--55- - 1) +

(4R" /g0) (Sin¥:/2 Cosh¥i/2 - Cos £72 Sinh ¥~'/2)]

where By = |( 1+ -—Ym--} + R (14 ---3{;—-) +

(4Rm /Y) (Sin¥./2 Cosh¥./2 + Cos¥/2 Sinh ¥m /2)1 x

Sin ¥, Sinh ¥n o
(1= —=55--) 4 Rﬁ?(-~—3(;~ - 1) +

v

(4RW /) (Sin¥./2 Cosh¥./2 - 'CosY¥,/2 Sinh ¥n'/2))

2
Substituting < }uw: > in the expression of radiation efficiency,

2 N2 e
256 .k° ab :

Sy = mmmmeeor g S _ S SA3 $in6 do dx

0 0
In the same manner, as in case of I,

. ) 2 2 ®(2 {2

256 abl(mmn /2a) +( n n/2b) | 15 J' ) )
S 2 e Py P — Y A, Sin® do d «
mn n% ¥4 548 5 %y 3

' Wimfa
64{1’“2 RC\ + nz/Ro\ )

7 .
_________ 4 ——f—A—‘--—-————'—“\P J S A3 SinG do dd\
‘ o 0 € .

I
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Case IV : Odd values of m and even values of n :

(a) Power radiation :

Substitution of proper displacement function in the

expression of pressure distribution, gives

o

p o _jpeed Lilot + kR)J g (Sin(y.x/2a) +
-t =-b

Rm’ Sinh(&:xIZa)]e_iSX/za dx x [{ Cos{ ¥.y/2b) +
Rn Cosh (¥.y/2b)} e ~1a¥/2b 4. 4

After integrgtion, the above expression of P becomes,

—kPcww el(@Wt +kR) 4o s 1

- | -——=-5- .{S Sin(4/2)Cos(s/2)~
ELE S5 i (s/i)?-1

$nSin{ ¥ /2)cos(q/2)} + ———-m—we Fo--=- {q'CosH(5%/2)Sin(q/2) +
' {{a/%)"+ 1} '

K$Sinh(&~/2)Cos(Q/2)}]

As in case I, the total power radiation from one side of the

plate is
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24 622 4 2 iz miz
: 8fW NMTTE g ReR, 5 _ 1 : )
P 2 e L =z - .{8 Sln(KMJZ)COS(S/z)_
w 9c B2 A - P00 (s
’ / . Rm’ ' ‘ / . -
¥aCos{¥n/2)Sin{s/2)} + ----=~~~- . {S Sinh(%Y/2)Cos(s/2)-.
. (s/ %) +1 '
s / 2 1 :
YCosh({ ¥/2)Sin(s/2)}) x [ ------- S St . {q Cos{ ¥ /2)Sin(q/2) =~
{ta/se)” - 1,} ‘ '
Rn
¥nSin( 8. /2)cos{q/2)} + ————-cmeoeo—— {q Cosh( ¥ /2)Sin(q/2) +

{(ak )2+ 1)

%.Sinh(¥ /2)Cos(a/2)}1%5ine dede«

(b) Radiation efficiency :

From the equation (3.37), radiation efficiency is

where Pw is the same way aé in the cése I,
1+ 2222 WMzap
128 kpcoW a b 1 - ,
P, =~ il v Srve? e [ —=-==-5- .{S Sin(%/2)Cos(s/2)-
NSl (s/8)%-1 |

ﬁ:Cos(Yglz)Sin(s/Z}} + it T .{8 Sinh(ﬁuyz)Cos(s/Z)-

. 2
¥,Cosh(¥m/2)Sin(a/2)}] x [ -~------ s-===. (a Cos(¥n/2)Sin(a/2) -
' {las) - 1)

¥nSin{¥s /2)cos{q/2)} + ———=-——- Fm=—== {q Cosh(& /2)Sin(q/2) +
{Ca/)"+ 1}

' 2
& Sinh{¥~/2)Cos(q/2)}] Sin® ded«~

-
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2 2 92 2. WZgo
128 kpc@®W a b

‘pr Pw = e mm g - f S‘ A4 5inB d& d«
” D. D

Cx
j=a
o
r
]
>

e
"

-~—-3-- .{S Sin(k/2)Cos(s/2)-
¥rmCoS (¥ /2)Sin(s/2)} + ———--mpm- -{S Sinh( %-/2)Cos(s/2)-

i 2
Xh.Cosh(l(m//2)Sin(s/2)}] b B ~----. {a Cos( %/2)Sin(q/2) -
' {tas) - 1} '

InSin(¥n /2)cos(q/2)} + B it {a Cogh(Xh)Z)Sin(q/Z) ¥
: {(a/76)"+ 1}
Sinh(¥ /2)Cos(a/2)} ]

Now, in the same way as earl&er,

~
=1
v
1}

ul (1/4ab)_uib(u£'/2) dx dy.
1OW e(x) Bly)

£
o2
@
H
o]
-
1

= iWW [Sin{thx/,Za) + R.:\ Sinh(a’,,fx/Za)] X [Cos(Yhy/ZIb} +
Rn Cosh(y, y/2b)])

With the substitution of u, and integration,

) . ’ A /
2 W W Sin ¥ /o Sinh,.
ug! > = - [(1—-~7ﬂf) t Rw(-mmpym - 1) 4
4Rh«l oy p I- / ’
YT (Sin ¥,../2 Cosh Yu/2 - Cosdh/2 Sinh Y..72)] x
n
- Sin ¥ 2 Sinh ¥
{1+ —7£:-) + Rn“(1 + -fai-) +
4Rn
-—-b,;——(Sinr_(,;IZ Cosh‘(h/z + Cosy./2 Sin Yh/z)}]

wlco?

LL I
Y
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: Siny.’ g Sinh %
(where By = L(1- -g7) + ReS(=mpos - 1) 4
4R W , , , ,
e (Sin ¥,../2 Cosh (. /2 - Cos %/2 Sinh ¥~ /2)] x
Sintn 0 Sinh¥.
1 + ——~-- ) + Rn“(1 + --<r-) +
{( i 75-
4Rn ' ) ‘
7—37—-{Sin8%/2 Coshy¥n/2 + Cos¥% /2 Sin¥n/2)}]
vy .
- Therefore, S_ is obtained as ‘
2 2 ﬂfi’nfz
256 abl(mmn /2a} +( nw /2b] ]i@
Sy = —mmmm—meemiemmo P ¥lla, Sine de ax
mn | T 33i§84 y o4
5 2 nj2.
64(m”~ R, + n2/R, ) o
= VY B T W Ay Sin® de dx
XM Xn B4 ’ ’
0 0

where the values of s and q are the same as in the expression of

radiation efficiency in case I.

4.3 One end fixed and other three ends free plate:

Total acoustic power radiated from one side of the
plate is required to be calculated for the condition of the plate
with one end fixéd and other three ends free. The total average
power radiation is given bf the equation (3.28A) which has to be
integrated after substituting the expression of acoustic pressure
distribution,:P. But the acoustic preésure distribution, given by
the equation (3.26), has fo be analyticallylintegrgted first with

proper displacement functions as given by Warburton [47].
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The displacement function satisfying the conditions at the

edges of the plate in this case are

X+a X+a X+a
'e(x) = COS(‘YM -————) - COSh(E{M ————— ) - RM [Sin(b’m _____ ) -
2a ' 2a : 2a
X+a
Sinh({, - -~~- )] for m = 1,2,3, . . .
2a

Where, Rp = e and Ymare the roots of the
Siny¥. +Sinh ¥m

equation, CosY Cosh¥ = - 1.

8(y) = Cos¥n y/2b + R, Cosh ¥ y/2b for n'= 2,4,6,......

6(y) = Sin¥. y/2b + R Sinh ¥ y/2b for n = 3,5,7,.......
Sin?fn/Z B

Where R, = - ———--oe__ and ¥~ are the roots of the equation
Sinh¥~/2 : '

tanY /2 + tanh ¥ /2 = 0.

, Sinh’hj/Z ,
and R, = ~==----=---- and Y. are the roots of the equation
Sinh¥i /2

tan¥ /2 - tanh Y /2 = 0.

Now the different combination of nodal vibration of the plate are

treated separately.
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. Cage I : Evén-vg;ueg of n and both odd-even valuesg m :

-{a) Power radiation :

The farfield acoustic Pressure distribution for the

vibrating pléte with even values of n and both odd-even values m

after substituting the appropriate displacement function is

obtained as

& b
-kfclO W ) ’ X+a X+a
P = e e}(wt+kR)J J [ cos(¥n---- ) - Cosh{ Pn--——- ) -
2R Zolb ' 2a 2a
x+a’ X+a .
Ri {Sin(y, —-~-- ) - Sinh(¥n----- )} e™15X/28)4y % [Cos(¥ y/2b)+
2a 2a '

R, Cosh(¥ry/2b)] e~1a¥/2b 4.

H

where s 2ak Cos o S$in®

2bk Sin« Sin®

fia]
i

Integration of the above equation of pressure distribution gives

. - kfcww el t+kR} g o -1 '
P = - o [ ---—5 {( ¥ Sin ¥mCos s/2 -
. 2
2nRr %2 %2 (s/% )% -1 ‘

s Cos ¥m Sin s/2 - s Sin s/2) + i(s Cos 322 - 8 Cos¥nCos s/2 -
" ¥m Sin ¥Ym Sin s/2 )} - {l/(s/x;)2+ 1}{(%nSinh¥.Cos s/2 +
s Sin s/2 +s CosAXm Sin s/2) + i (s Coshﬁ“Cosrs/Z - s Cos s8/2 -
%nSinhK;Sin s/2)} - Rﬁ%-;i—;ii}{meOS s/2 —m;COAm; Cos s/2 -
s/¥ )=

s Sin%.Sin s/2) + i (%.Sin s/2 + Y.Cos J.Sin s/2 -
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. : : R_(-1) '
$ Sin¥,Cos s/2)} + -—IE--—?-_---— {(¥%.Cos s/2 - ¥ Cosh¥.Cos s/2 -
o (s/¥) +1
s Sinh¥.Sin s/2)+ i(y,Sin s/2 +¥Cosh¥.Sin s/2 = s Sinh}(MCos s/2)}]1x
g CosYn/2 Sin q/2 -&«Sin-Yh /2 Cos q/2 R, |
[ ——memmmmmmme o R e X
(a/ %)%= 1 (a/ % )% 41
(a Cosh¥n/2 Sin q/2 +¥nSinh ¥n/2 €08 Q/2)] wev'ovmnureennns (4.7)
The farfield acoustic intensity is given by
IpfZ
| |
I = —-—ies
rc
After substituting P from (4.7),
2 2 22712
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2 . : 2 2
8 Sinhy,Sin 8/2)+(.Sin s/2 +b’mCosh§,nSin 8/2 ~ 3 Sinhf. Cos 8/2)}1x
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Total average.power radiated from one side of  the baffled plate

is now given by’

It
2 rclz' 2
IPr 2
P, = --~pz— R Sine de d«
%oy,

il
M—
My

IR? Sine de d«
Therefore, acoustic power radiation for both odd-even values of m

and even values of n becomes,

' 2.4 & 2 m2 mi2 .
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9 ¢ M hS(1- ) 59 (s/%.)7 -1
5 . 1 2 2 2
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Here, Ai = Gj + té)b?GY4+ 2(a/b)2 [ 07 H_ny +
| (1 -T) gy 3y 1
2 S Nriets
£at12(1- %)
Ry Ay 0 Eg

s = e e Cose SinBG

' 2
Ro Re Ay U/ Eg
qa = o _EH_CYC 5==--  Sin~ Sin@
eV 364 (1- &) '

Case II : Even-odd values of m and odd values n :

(a) Power radiation :

For this case, when the displacement functions are

- substituted intoc the expression for the farfield pressure

distribution, the expression takes the form

& b
-kfcW W L x+a ' X+a
P = e e1(®t+kR,J f [ cos(¥p--=— ) - Cosh( Yn-=---) -
2R ) 2a 2a '
-a -b
. X+a X+a ) ' ,
Rp {Sin(¥w-----) - Sinh(fm--—=- )} e isx/2Zayq, o [Sin{ ¥ y/2b)+
' 2a 2a : :

Ry Sinh(& y/2b)] e 1a¥/2b 4y

where s and q are the same as in case I for even values of m

and n. After integration it becomes
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Following the - same procedure as in case ‘I, the final form of

~acoustic power radiation becomes

29 Riz2 g2
2Ff W l Eg 2 1
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2 1 2
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2 R’ —_
2 2 . 2
s CoshYn - 25 Cosh¥.Cos s + Z%ns‘Sinh%nSin s) - —-E—~——\/ ( %+

(s/8)%- 1
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Abbve equation gives the total average power radiated from one
side of the baffled plate with one edge fixed and the other three
edge free, vibrating in its (m,n)th mode with even-odd values of

m and odd values n.

' 4’4 Numerical Solution

The analytical solutions of.fhe equations for calculating
the total average acoustic power radiation could not be obiained
Numerical method of solution has thus been geveloped to solve

"equation (3.26) with the help of a computer. The equations;
tan{yY/2) 4 tanh (¥ /2) = 0 and Cos{ ¥ )Cosh{ ¥) + 1 = 0, are
solved by the'methoa of bisection and the inteérations of
equation (3.26).are performed by applyiﬁg_Simpson Rule. The
result of integration are presented in taBular as well as in

graphical forms.
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The method of bisection

The method of bisection is‘very efficient for finding the
roots of continuous nonlinear as well as complicated linear
equations. In this methdd,-the equation to be solved is expressed.
in the form,.f(x) = 0. Then an approximate root is determined
either by observation or by graphical method. The values of the
function f(x) are then determined for successivé regular
intervals, If Xg be the approximate value of a root of .the
equation f(x) = 0, then, f(xo), f(xO + h), f(xo + 2h),-- - -, are
determined, where h is the successive increment of:x. If the
product of any two consecutive values of the function becomes
negative, it can be concluded that at least one root of the
equation lies 'in that inperval. Then the average (arithmatic
mean) of these two successive values of x gives a better
approXimation of tﬁe rocot of the euqation. The accqrdcy of fhe"
result can be increased to any degree by taking smaller’valﬁe of

h and repeating the process stated above.

The Simpson Formula‘ .

The tpapeéoidal rule was based on paSsiné straight lines
through pairs of consecutive boints én the graph of y = f(x).
Since the equation of a straight line is of the form, vy = mx+c,
which is the first degree or linear in x.-fhis is equivalent to

fitting each pair of points with a first degree polynomial. In
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Simpson's rule, a parabola or second degree polynomial is passed
through each set of three consecutive points. The formula is

- obtained by summing the areas under the parabolic arcs. If  the

. b

range (b-a) of the integration, 1 = Jf(x)dx, is divided into n
. . A

even equal divisions, so that h = (b-a)/n, then, by Simpson’s

formula, the result of integration is given by

I = (h/3) [ f(a) + 4 f(a+h) + 2 f(a+2h) + .uuenn. e
4f{a +(n-1)h} + f£(b)]

‘In the present.soluﬁion, thé range, O to K /2, was divided into 34

egqual intervalé for applying thé Simpson formula. The nuﬁber 34
wag taken because of the fact that the accuracy of the result
with further increase in the number of divisions increases only
slightly, but the computer time required increaées
proportionately. If highly accurate result is desired, the
number of divisions may be increased or the method of Romberg

integration can be used for improving the accuracy of the

results. !
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CHAPTER - 5

Reliability and Limitations of the Method

5.1 Reliability of the method of analysis

When a new technique is employed, it should be verified that

the method is reliable and efficient. This is achieved usually by
comparing the results of the new mathod with the results that are
already available in the literature. This would also help to

ascertain that no error due to logic is committed in formulating

the problem and no mistake is made in the computer programming.-

Keeping all these in mind, a number of standard problems are
solved with the'present method of solution ana the results are
'compared with those of others,obtained analytically or by some
other technique. On the basis of this comparison, the reliability

and efficiency of the present method are determined.

Wallace worked on the vibration characteristics of a simply
supported rectangular panel of uniform Lhickness 146]. In his
work, the author used the beam functions developed by Warburton
[47], for defining the deformation mode of rectangular panels.
The radiation resistance and radiation efficiency corresponding
to the natural modes of a finite rectangular panel were
theoretically determined from the .total energy radiated to the
farfield. The panel was assumed tﬁ be simply supported in an
infinite baffle. Asymptotic éolutions for 1low freqﬁency region
were derived, and curves covering the entire frequency range for
various mode shapes and aspect ratios were obtained through

numerical integration. Wallace [45] in his study, found the

bt
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radiation resistance and radiation efficiency of a baffled beam
féom the total power radiated into the farfield, vibrating in
simple harmonic motion in one of its natural bending modes. The
beam was supported in an infinite baffle with both hinged and
clamped supports. Asymptotic solution were derived for
frequencies well below the critical‘fréquency. In addition, he
found the radiation efficiency by numerical integration'of the
farfield acoustic:intensity produced by the vibrating bean,
covering the entiré frequency range for the first ten modes 6f
vibration of the beam. As_the nature_of radiation efficiency is
of similar and independeﬁt of end-fixity, comparison of the
result of the present analysis with that of Wallace providésfa

reasonable opportunity to prove its soundness and credibility.

When compared, it is observed that the graphs of
Wallace [46], presented in Fig.19, are identical to the radiation

efficiency graphs, presented in Fig.14 to 17, obtained in the

present study. Ahmed [1] also obtained the radiétion efficiency

@f'a simply supported rectangular flat plate for various
combinations of mode orders (Fig.18). Although the graphs of
radiation effiéiency of a plate at different combinition qf mode
orders and of different plates (different endéfixity) at tﬁe same
mode order differ from one another at the lower range of mode
orders, they reach the same maiimum value and the same asymptotic

value at increasing wave number ratio, y . This is verified here

by comparing the present results (Fig.14 to 17) with those of

L
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Ahmed (Fig.18) and ofrWaliace (Fig.19). In addition, the power
readiations from different plates of the present analysis. are
compared with that‘obtained by Ahmed [1] for a simply support
plate over the identical range of mode orders. As expected, the
‘graphs differ from another, but they maintain similar nature.
The above verification proves that the methods of solution
employed here is accurate and no error is éommitted éither in
formulating the problem or in the computer prbgramming.

5.2 Validity of beam functions :

Warburton [47] developed a number of beam functions to
satisfy the .conditions at the end of a vibrating beam. The
function were designed to-represent accurately the wave form of a
beam vibrating in its natural modes. Wallace [45] used
Warburton’s beam functions iﬁ the casé of beam with hingéd and
clamped ends. The results of the investigatidns by Wallace proved
to be satisfactory as the expressién for ther¥adiation resigstance
asymptotically approached tﬁe, exact solution as frequency
decreased. Again Wéllace {46]) studied the vibrating platerwith
simply supported end conditions uéing Warbqfton's beam function.
~ The expreséion for the radiation resistance was asymptotic to ﬁhe

exact solution at low frequency.

In the present study the beam functions of Warburton
representing deformation modes under vafious end-fixity have
been used to represent the motiqn of points on the surfaces of

vibrating plates. The  functions are ' combined to meet the
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requirements of the different boundary conditions of vibrating
plates like two opposite ends fixed while the other tw6 ends free
and one end fixed while the other three ends free. The.exact
representations of these beam functions as used in the present
anAIysié are shown in figures 2,3,4 and 5.

The above discussions prove that the beam functions
- developed by Warburton are sufficiently valid and that those
functions can be applied to the vibrating rectangular .plate with

different pure or mixed boundary conditions.

5.3 Limitations of the method:

The end results of the sclution of any complex engineering
problem are always obtained under certain simplifying assumptions
and approximationé.The limitations thus impossed on the results

must be stated clearly and should be justified.

The présent analysis of the acoustics of vibrating
rectangular plates with mixed boundary conditions have the

following limitations

1. The displacement functions used in defining the deformation
modes of the vibrating plates satisfy the governing equation
only approximately [47]. Thus, the actual deformation modes

of the vibrating plates may differ from what have been used

in the analysis,.

I



The method of finding the fundamental frequency of the
vibrating plates includes certain approximations [47]) and
thus the present analysis is also limited by these

approximations.

The governing equation used in finding the fundamental

frequency of the plates are based on certain assumpitions as
stated on page 15 and hence this analysis. is limited by

those assumptions.

The expressions for acoustic power radiation used in this
analysis include certain assumption as stated in Ref.[40,41]

and hence this analysis is limited by those assumptions.

But the nature of approximations and assumptions included in

this analysis had‘been tested in different coptexts by different

thus be concluded that the end results of this analysis would be’

authors and was found to be of not much significance. It can

good enough for engineering uses.
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CHAPTER - 6

Results and Discussion

6.1 Results and Discussion:

The appropriate beaﬁ functions'éatisfying the condition of
the edges of the vibrating plate to be solved has to be combined.
In this analysis, plate with two mixed boundar; conditions are
considered. These are:(1) two opposite ends fixed while the other
two ends free,(2) one end fixed while the othef three ends free.
The beam functions in fact satisfy the boundary conditions for .
plates with fixed or freely- supported edges, but ~are only
aéproximate for free edges. The input variables for any
rectangulér filat plate of uniform‘thickness are asgspect
ratio,(b/a), and the thickness ratio, (h/a). The results are
found for threé values of the aspect ratio and three values
of the thickﬁess ratio in each case of the boundary conditions.
The results are'presented in béth tabular and graphical forms.
Three values of each of’the two plate' parameters considered
are 0.5, 1.0 and 2.0 for aspect ratio and 0.001,0.,002,0.004 for
thickness patio.The values of other parameters as required in
numerical evaluations are : density of the surrounding medium,
F- 1.21 kg/m3, velocity of sound in surrounding medium, ¢ = 341
m/sec, density of the plate material, Pm = 7700.0 kg/ms,
modulus of elasticity of the playe material, E=206-x‘109

N/mz,amplitude of vibration W = .0001m and Poission’s ratio,l= .4
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In the foliowing section, the results are discussed for each

case separately.

(i)Plates with two opposite ends fixed and the other two ends
: free .:

For these edge conditions of vibrating rectangulaf flat
plates the values of acoustic power radiation are obtained by
changing the plate parameters and mode shapes both in x and ¥y
‘directions. Figures 6 to 11 shéw' the topgl average acoustic
power radiated -from one-side of the baffled plate, plotted
against the n;mber of nodal lines in the y-direction. In these
figures, power-rﬁdiations at different mode orders and for
different thickness ratio #nd aspect ratios-are compared.

In figures # and 7, the values of the aspect ratio énd
thickness ratio ‘are kept constant and the variation of radiation
of power are plotted against the variation of nodal lines in the
x-direction. In order to offer a plausible explanation of the
nature of curves in Figs. 6 & 7, it 'is necessary to refer to Fig.
12 & 13, In Figsf 12 & 13, it islseen that, with the increase of
- ny, frequency fe;.ctor .>\;, incrgases. This isl alao true for
increasing m. But from the definition of frequency factor Afby
Warburton [47], it is observed that the frequency of vibration
is directly propdrtional to the frequency factor )q « S0 it can
be concluded thaﬁ the nature of variation of frequency of the .
_ plates will be the same as the frequency factor because they have
the same trend. Hence it can be concluded that, with the increase

of the values of m and n, the frequency of vibration increases.
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In figure 6; it is seen that the acoustic power radiation
increases'somewhat regularly at the lower range of n -and
fluctuates at the higher values of n. This is more obivious from
figure 7. These can be explained by the fact that the power
rédiation should increase with the increase of .the frequency of
vibration which, in its tupn, increase with the increase of the
value of m and n. But the rate of increase of frequecny is -
higher for the léwer values of n and rises slightly over ﬁhe
higher vaiues'of n. Thereque. power radiation increases sharély
at the lower values of n and only moderately at the higher
.values. At the high range of the values of mode-orders, the
values of m and n havé less impact over the acoustic power
increase. The waviness of the graph after some value of n are due
-to the interference of the waves from x and y directions. At thé
high mode ordérs; the wave form from two airections ipterfére
- frequently. Thié interference makes the acoustic powe::to
fluctuate. When two crests from two directions superimposé;the
total average acdustic power radiation increases. On the
otherhand, when the crest from one direction‘superimposes on the
trough from another, the total average acoustic power radiatioh
decreasesras depicted by the roots of the gréphs. The frequency
of waviness depends upon the interference of‘the waves. This
frequency of waviness has a lowep value at the low range of mode
forders and increase with the rise qf méde orders. This is why the

waviness of.the graph exist at the higher values of m and n. It
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is also noted that the amplitude of waviness decreases
ésymptotically to zero as mode orders increase indefinitely. The
variatioﬂ of average power radiation can be explained with‘the
help of acoustic.pressure in surroundihg medium due to the
vibration of the plate. There are three major factors gffecting
the variation of acoustic power. These are frequency of
vibration, absolute acoustic pressure and éffective radiating
surface of the plate. Due to the vibration of the plate, wave
forms are generated in the surrbunding medium, resulting in its
compression,i.e. positive pressure and rarefaction,i.e. negative
pressure. At very high mode orders, the plate wave numbers bécome
very high and therefore; alternate cfests aﬁd roots of the plate
wave come cléser to one,gno%her. Eventually, compressions; méde
by the crests and rarefactions made by the roots come also
closer. Hence rﬁrefactions and compressions are\neutralljzed. The
effective pressﬁre variafion depreases. Thus, the intensity éf
absolute pressure variation is high at the iower mode orders ﬁnd
low at the higher mode order. It‘is alréady known that ﬁhe'
frequency of vibration increases significantly with the increase
of mode orders,gt lower rangé, but for higher range, rate of
increase of frequency of vibration falls. Again, effective
radiating surfaces of the plate are larger in the low range of
mode shape because of less points of zero displacement in the
plate. With the increasé_of mode orders, this points of zero

displacement rises so that effective radiating surfaces
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decreases. Hence in the low range of mode orde;s, power radiation
sharply rises due-to the positive effects of the frequendyrof
vibration, effective pressure variation and effective radiaﬁing
surface of the plate. But at éhe higher mode orders, frequency of
vibration of the plate produces insignificant positive effect on
power variation. In fhis range effective surface of the plate
implies negative effeét on power variation. And effective
acoustic pressure in faét has no role on power change at this
high values of m and n. Therefcre, the absolute value of average
power radiation is moré or less constanf. fhough the pbwer
_radiation displays a fluctuating characteristic at high modes,
the radiation efficiency converges to unity and does not show any
change with furthgr increase in the mode number as in the figures
.14,15,16 and 17. This is because of the faét that, radiation
efficiency preseﬁts the power radiated from a plate due to its
vibration at ceftaih mode orders in comparison to the power
radiated by the same plate vibrating as‘a solid without fofming
_wafes, with a velocity equal to the root mean square value of the
surface velq;ity distribution of the plate under coﬁsiderétion.
At high mode ofﬁers, tﬁe inteferences of fhe‘compressions and
.. rarefaction produced by alternate crests and roots of the plate
waves tends to reduce the rate of increase in the total acoustic
-power radiation. Above the critical frequencj of vibration of the
plate, the acoustic radiation from the plate'becomes atable and

does not increase with increasing mode orders. This stable
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acoustic radiation is equivalent to the acoustic radiation from a
pPlate vibrating as a solid bbdy without forming waves, witb a
velocity equal to the root mean square value of the 8u:face
Qelocity distribution of the plate. The effect of this stable
mggnitude of the acoustic radiation from a plate converges the
radiation efficiency to unity above the critjcal frequency the
frequency at whcih the wave length of the standing wave of the
plate is equal to thg wave length of the :adiﬁted acousticrwave
of the plate. |

The radiation efficiency of tﬁe vibrating rlate with two
opposing ends fixed and other two ends free increases sharply
with the increase of wave number ratio. Wheh the wave nunber'
ratio is unity, radiation efficiency is the maximum in magnitude
‘which is about 1.2. In the pﬁpers [1,46],_maximum value of
lradiation efficiency is nearly 1.2 when the wave number ratio
‘reaches unity. With further increase of wave number ratio,
radiation efficency converges t6 unity and rgmains constant. It
is also true in [1,46].

In figures 8 and 9, it.is shown that the variatioqﬁ of
average acoustic power radiation depends substantially on the
variation of thickness yatio.'Naturally, more power willrbe
needed to éxcite a plate if its thickness is increasea.
Therefore, a plate of higher thickness radiates larger acoustic
powers. This is witnessed in the figures 8 &79. In figure 8, the

value of nodal line. in x direction is low and it is high in the

fig. 9.
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Figure 10 and 11 show the effect of aspect ratio over the
power radiation. Figure 11 shows the variation of average power
with aspect ratio at a lower value of m and fig. 10 for higher

value of m. From both these figures it is seen that the total

acoustic power radiation increases with the increase of aspect

ratio. It can be explained with the help of figures 12 and
13. These figures present the variation of dimensionless
frequency factor Ay with the variation of aspect ratio for
different values éf n. There are two sets of graph for two values
of m of 6 and 30 (Fig. 12). It shows that the dimensionless
frequency factor Ai increases with the increase of aspect ratio.
As dimensionless frequency factor increases, frequency of
vibration also increases, which in tern increase the total
acoustic poweg;‘Therefore, average #éoustic powér.radiation
increases as the aspect ratio is raiéed. But #t the lower mode
grder this riée is steeper than that at the higher mode orders.
From figures 12 and 13, it is seen that at high mode orders the

variation of dimensionless fregquency factor is almost

ingignificant.

(ii) One end fixed and other three ends free plate

Figures 18 and 19 show the variation of total average
acoustic power radiation from one side of this rlate. The

variation of power is plotted against the number of nodal lines

b
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in'yldriection at a particular value of‘nodal line in x-
direction. In figure 18, acoustic power radiation is observed'to
incre#se sharply with the increase of the vqlues of n for the
lower values of m. But in figure 19, with the increase in the
‘values of n for higher values of m, power radiation increaées
slowly with moderate fluctuation. The power radiation due to the
ivibration of the plate is largely dependent upon the frequency of
vibration and the effective radiating surface.From figures 24 gnd

25 it 1is evident that dimensionless frequency factor increases

\

. with the increase of mode orders. At the lower range of the mode

orders, increasing tendency is higher than that at the higher
.mode orders. Again the Yariation of frequency of vibration
follows the same trend as the dimenéionless frequency factor.

Therefore, with the increase of dimensionless frequency factor,
frequency of visration increases in the same manner as there
exist a linear relation between frequency of vibration of the
rlate and dimensionless frequency factor. But acoustic power
radiation increases if frequency of vibration increases. Hence,
from the figures 24 and 25 it may be concludea that the radiation
of power should increase with increasing n at any particular
value of m. Noﬁ effective radiating surface may be defined as the
surface of the plate from which acoustic radiation takes place.
With the increase of mode orders Fffectiﬁe radiating surface
decreases but frequency of vibration increases. That is why for

lower mode order both frequency of vibration of the plate and
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effective radiating surféce plays a positive effect on aépustic
power variation. At the higher mode orders frequency of vibratiqn
‘increases at a decreasing rate with the increase of mode orders.
On the other hand effective radiating surface decrease
significantly. Hence acoustic power will be in a stable state
with some waviness of_decreasing magnitude. With further increase
in mode orders, waviness will be asymptotically =zero. Fér the
higher value of the mode orders, waviness of acoustic power
radiated is due to the interference of the standing wave coming
from x—and.y—ditections. If two crests coming from two directions
superimpose, net result will produce a sharﬁ crest. On the other
"hand, if two crests oppose one another,.a f;ot is produced. The
frequency of interference increases with the increase of moder
orderéf In the higher mode orders, neighbduring compresgion and
rarefaction made by the crest and root of standing waves in the
plate neutralize each other. Waviness then approaches
asymptotically to zero. It should also be noted that acoustic
power radiation in this case is much greater than the previous
case. There is also a significant rise in the values of total
acoustic power betweenAthe'consecutive values of nodal lines in
x-direction.

Figureé'ZO and 21 give the nature of variation of power
radiation with the variation of thiéknesé ratio. Fig. 20 is for
the lower val@e of m and figure 21 for the higher value'of m., It

is evident that with the increase of thickness, fotal acoustic
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power radiation also increases. These two figures also give the
same information. More power is thus needed to excite a plate

with higher.thickness as the plate radiates more energy.

Figures 22 and 23 shows the effect of aspect ratio on the
variation of total acoustic power radiation. Fig.22 presents the
power variation with aspect ratio for low value of m and fig. 23
for higher value of m. From both the figures, it is seen that
total .acoustic power radiation increases 'ﬁith the increase of
aspect ratio. This may be explained by referring to figs..24‘and
25. In figures 24 and 25, dimensionless frequency factor is
plotted taking aspect ratio as a parameter. It is clear that as
aspect ratio ihcreéses. dimensionless frequency factor .Aj; also
increases. Frequency of vibration increases with the increases of
dimensionless frequgncy factor as they are iinearly related. But
the frequency of vibrations have significant positive effect oh
acoustic power. Thgn it may be concluded that if dimensionless
frequency factdr-inCreases, power radiation.also increases. Hence
increasing aspect ratio is responsible for-increase in the total
acoustic power radiation from a vibrating plate.

6.2 Comparison of power radiation from plates of different
boundary conditions

In the préSent analysis, the power radiation from a

rectangular plate with tﬁe following two boundry conditions are
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" studied: (i) two opposing end fixed and other two ends free (ii).

one end fixed énd other three endé free. It is observed that

total acoustic power radiation from a plate with one end fixed

and other ends free is higher than that of the case with two

opposing ends fixed and other two ends free. This is due to the

following reasons

a.

The absolute value of dimensionless frequency factor for a

particular mode shape is higher in the case of a plate with

one end fixed and other three ends free in comprison to the
plate with two opposing ends fixed and-pther two ends free.

Effective fadiating surface plays an important role in the
power radiation. Powef radiation will be higher for larger
effective 'radiating surface. Plate with one end fixed and

other three ends free boundary has more radiating sﬁrface

due to less point of zero displacement in comparison to a

plate with two opposing end fixed and other two ends free

boundary.

Therefore, plate with one end fixed and other three ends

free boundary'radigtes more ﬁower during vibration than the

other case.

fu

(1,
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CHAPTER-17

Conclusions and Recommendations :

7.1 Conclusion :

The following conclusions are made from the investigation of’
the results and graphs for different boundary conditions and for

different values various parameters.

i. The average acoustic power radiated from one side éf a
baffled plate vibrating in its natural mode increases with
the rise of mode numbers, thiékness ratio and also aspect
ratio. But the mode of increasing tendency of acoustic power
radiation is high for increasing valqes of mode orders
in the low- range.. At the high range of méde orders, the
acoustic power radiation is infact in a stable state with
the increase of mode number but wgyiness exists with a

tendency of decreasing magnitude.

ii. The average power radiated from a baffled plate increases

‘with the increase of thickness ratio and aspect ratio.

iii. The radiation effiicency of two opposing ends fixed and the
other two ends free'plate sharply increases with the
increase of wave number ratio \V upto thé value of unity.

With further increases in values of wave number ratio,

radiation efficiency converdes to unity and remains constant.
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The total average acoustic power radiation from a baffled
plate with one end fixed and the other three ends free is
high in comparison to the power radiated from the plate with

two opposite ends fixed and other two ends free.

Recommendation :

From the knowledge and experience of the present study, the

following fields on plate vibfation and acoustics are recommended

as the scope of future research.

il

ii.

iti.

iv.

vi.

Accuracy in thiS study may be enhanced'by adopting more
appropriate displacement functions to define correctly the

motion of the_surface of the vibrating plate.

Plates with vgriable thickness and other irregularities may

also be studied.

Displacement functions may be evolved for the study of the

.effect of holes and cracks in vibrating plates.

The effects of various other mixed boundary conditions may

be studied by using Warburton's displacement functions for .

dealing with practical problems.

Plates, reinforced with beams, may be studied and the

effects of reinforcement can be investigated.

Methods should be evolved to investigate these problems

experimentally.
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‘ Table-1 ¢ Power ratiation by

tuo 6ppsing ends fixed and other two free plate. R =1, R = .001

s\n 2 4 ] 8 10 12 14. 16 18 20 22 H 26 28 30 32

8 2.060 4.0E0 1.7E1 1,262 2,262 2.BEZ 4.0E2 5.8E2 8.4F2 9.262 2.0E3 1.BE3 3.9E3 2.3E3 5.6E3 6.982
9 4.BE0 1.3E1  7.0E1  2.1E2 2.4E3 3.2E2 4.4E2 6.4E2 1.0E3 1.0E3 2.0E3 1.9E3 4.3E3 1.203 6.7E3  1.263
10 2.5E1 7.0E1 1.7E2 2.262 2.7E2 3.6E2 5.0E2 6.5E2 1.0E3 1.2E3 1.6E3 2.0E3 6.023 1.3E3 4.6E3  2.4E3
28 S.1£3  5.BE3  3.6E3 1.4E3 ‘ 2,383 5.4E; 5.0E3 2.563 2.1E3  1.0E4 - 2,5E4 3.9E4 2.5E3  7.0E3  2.4E4  6.6E3
30 2.863  4.5E3  4.6E3 5.4E3 5.583 2.1E.’? 1,73 8.5E3 1.7e4  1.6E4  3.8ES ."5.0;‘;3 1.0£3 3.5:54 3173 3.3
32 3.983  3.1E3 -1.6£3 1.0E3  2.9E3  B.4E3 1.4E4 3.8E3 3.1E3 2.883 1.3i4 3.284 6.8E3 3.0E3  3LIED

2.6E4
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" {able-2 : Power radiation by a two oppsing ends fixed and other two free plate.

Ra £ 1.0 & different values of Rt.

Rt a\n2

'

10

12

14

16

18

20

22

H

26

32

0016 T.0E-1

002 6 3.7E1
004 6 1.0E2
001 14 2,982
002 14 9.1E2

.004 14 1.5E3

5.6E-1

6.2E1

3.1E2

3.082

9.6E2

2.3E3

2.1E0

1.0E2

3.182

3.4E2

9.1E2

4683

L.4E1
1.8E2
5.6E2
4.1E2
1.0E3

4.8€3

1.6E2

2.4E2

3.3E32 5.582

1.1E3

5.1E2

1.BE3

2,263

2.6E3

6.2E2

2.9E3

J.AE3

3.4E2
9.32
4.0E3
9.1E2
1.8E3

2.483

4.9&2
1.5€3
1.6E3
9.6t2
4.0E3

4.3E4

6.7E2
2.0E3
4.6L3
i.6[3
2.0E3

6.7E3

9:3[2
4.283
5.7E4
1.3E3
1.6E4

5.1E3

1.6E3
9.3E2
5.6£3
1.8£3
5.483

6.9E3

1,363

2.2E4

5.7E3

5.5E3

2.7E3

1.7e4

1.8E3
1.3€3
3.8€3
113
‘;.ez's

8.8E4

4. 7E3
-2.2E2
1364
8.7E3
3.8E4

2.585

5.483

4784

3,785

1.9E3

4.1E3

2.6E4

1,583

1.BE3

9.7E3

L. 4E4

4.9€3

1.BE4
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Table-3 : Power radiation by two oppsing ends fixed and other two free plate. “t : 001 & different value of Ra'

a\n 2?2’

10

12

H

16

18

20

22

-

26

28

32

1.0

2.0

1.0

2.0

6 . 2.E-1
6 T.061
6 1.5E0
12 1.062
12 2.282

12 4.262

4%l

9.6£1

2.6M0

1.3E2

2.262

4362

3.6E-1

2.1E0

1.0E2

2.0E2

2.4E2

4.2

1.1E-1

1.4EL

1.862°

2.962

2.9E2

5.0e2

1.8E0
1.6E2
4.0E2

4.262

3.682

7.2(2

2.8£0
2.4£2
B.9E2

5.9E2

4762

9.9E2

3.4E0
3.4E2

1183

1.282

6.42

1383

4,360

4,982
2.4E3
1.0E3
9.BE2

2.2E3

6.8E0

6.7E2

4.8E3

1.0E3

9.2E2

2.8E3

1.1E1
9.8E2
2.5€3

1.6E3

2.083

J.AE3

2,01

1.6£3
2.5E4
2.263
1.6€3

1.5E4

3.8E]

1.383

6.7€3

2.2E3

2.3E3

4.2E3

5451
1663
2.4€3
2.6E3
4.5E3

5.7E4

1.4E2
4,783
2.6E3
2.583
3.5E3

9.4E3

2.2E3

5.4E3

1.5E4

5.6E3

3363

6.4E3

B.1E3
1.5E3
1.8E5
£.9E3
B.2E3

8.7e3
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Table-4 : Disensionless frequency factor for ‘two opposing

ends fixed and other two ends free plate for differeat values of R,

Ra

a\n 2

10

12

14

16

18

22

rli

2%

30

32

1.0

2.0

1.0

2.0

1.0

2.0

6

12
12
12
30
30

30

4.1E1
.32
3.1
1.4E2
1.3€2
1.3€2
B.8E2
8.7€2

8.7E2

6.5E1

1.4E2
4.16)
1.8€2
1.462
1.3€2
9.262
B.8E2

8.7E2

9.31
1,662
7.1EL
2.262

1.6E2

1.562

§.9E2
9.0E2

§.8£2

1.2E2
1.9E2
1.2€2
2.882
1.9£2
;.8[2
1.0E3
9.3E2

B.9E2

1.5E2

2.2E2

1.8E2

J.4E2

2.2€2

2.3E2

b.1E3

9,62

9.1E2

1.8£2

2.6E2
2.6E2
4.0E2
2.6E2
3.1E2
1,363
1.0'53

9.4E2

2.2f2
3182
3,682
" 4.8E2

J.1E2

4.0E2

1.4£3
1.0E3

9.8£2

2,682
3:7E2
4.8&2
5.3E2
3.7€2
5.1E2
l.SES
1.1E3

1.0E3

3.082
4362
6,162
6.0£2
4,362
6.4E2
1,73
1.1E3

1.1E3

3462
5,162
7.662
6.762
5.1E2
7.862

1.8E3

1285

1.2E3

3.982

5.9€2

§.2t2

1.4E2

5.9£2

9.4£2

2,083

1.3E3

L.3E3

4.4E2

6.8E2

1.1E3

8.1E2

4.882

1.1E3

2.1E3

1.4E3

1.4€3

5.0E2

1.8E2

1,383

B.9E2

1.882

1.383

2.3E3

1.5E3

1.6E3

5.5€2

8.8E2

1.583

9.6£2

B.8E2

1.563

2.4E3

1.5E3

1.8E3

6.162
9.9E2
17E3
1.0E3
9.9£2
1.763
2.653
1.7€3

2.083

6.862
1.1E3
1.9€3
1.1E3
1.1€3
2.063
2.8€3
1.8£3

2.283
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Table-5 : Radiation efficiency of two oppsing ends fixed and other two free plate for different mode orders.

1.2l

1.5

] 7 n\y .01 | Al i Al : .4l 3l .§1 1 Bl 9 1o L1 .31 1.4

22 L1.4E-11 2.4E-5 1.1E-3 .9E-3 4.5-2 1.3E- 72.9E-1 5.38-1 B.IE-1 L.1ED 1.2;0 i.iﬁo 1,260 1.1E0  1.0E0  9.9E-]
2 3 T.6E-14 8.26-7 1.3E-4 2.26-3 1.8E-2 T.6E-2 2.26-1 4.7E-1 B8.2E-) 1.280  1.4E0 1.4E0 1.380 1.1E0 1.1EQ l.lEb
I3, 2.BE-17 3.8t-8 2.1E-S .lE-f 9.66-3 5.7€-2 2.1E-1 G.1E-t 9.3E-1 1.3£0 1.5E0 1.4E0 1.3E0 1.200 1.2E0 1;250
3 1L 1.86-17 B.7E-8 3.5E-6 1.36-4 3.6f-4 J.4E-3 4.8E-3 3.56-2 B8.9E-2 1.3E0  2.5E0 1.8E0 -1.5£0 1.4E0 1.3E0 1.3E0
2 i2 4.4E-13 5.96-8 2.6€-5 B8.3t-5 7.3E-4 é.6E-3 4.6E-3 3.26-2 4.0E-2 9.BE-1 2.360 1.6E0 1.4E0 1.2E0 1.2E0  L.1EO
113 5.3E-15 3.8E-S 512E73 6E-2 4.8E-2 6.5E-2 B8.26-2 1.6E-1 1.8E-1 1.2£0 2,260 1.8E0  1.6ED | LL4E0 1L3E0 1.3E0
122 1.6E-9 1.1E-3 1.3E-2 .6El2 4.9€-2 5.36-2 8.3E-2 1.4E-1 1.5E-] l.ﬁEb. 2,380 1.9E0 1.6E0 1.4E0 1.3E0  1.2€0
10 1 3.9E-i6 4.56-8 1.76-6 1.28-5 1.4E-4 7.6E-¢ 2.9E-3 6.56-2 2.3t-1 1.1%0 2.780 1:9E0. 1.6E0 1.4E0 1.3E0 1.3E0
1l 11 5.86-18 4.86-8 2.56-6 L.6E-5 1.4E-¢4 1.1E-3 T.2E-3 9.£E-2 “2.4E-1 1.160 2.7€0 1.9E0 1.6E0 1.4E0 1.3t0 1.3€0
12 12 5.6E-14 3.3E-8 8.8E-7 1.66-5 1.3E-4 7.2E-4 4.3E-3 7.86-2 1.9E-1 9.1E-1 2.8#0 1,960 1.6E0 1.4EQ  1.3E0  L.3EO

- e

R T
T
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Table-6 : Power radiation by one end fixed and other three ends free plate, Ra ], Rt : .01

B\n 2 4 6 B 10 12 14 16 18 20 22 24 26 28 30 32

¢ 1,41 2,861 6.3 1.6E2  3.0E2  5.4E2 7.8E2 9.7E2  1.5E3 :2.4E3 ; 5.9E3  4.4E3 B.SE3 I.1E3  T.8E3  5.3E3
1 7.082 1263 2.563 8.2 2.5E4 I.7E4  T.JE4 1.4ES 2.4E5 2.6ES  B.6E5  5.6E5  2.5E3 2.986 ~1.086 9.4E5
17 1.0831 1;2£3L 1.5E31 1.9831 3.5631 6.4E31 9.7E31 L.4E32 2.1E32 3.4E32 4.1E32 4.1E32 B8.5E32 6.6E37 B8.7E32 7.0E32
18 3.0E35 1.6E35 1.6£35 4.1E£35 2.0E35 3.7E35 7.2E35 6.9E3% 2.4835 2.2E35 1.5B35 2.6E3S

LIE3S

J.9E35 1.5E3e6 3.6E3D




Table-7 : Power radiation by one end fixed and other three ends free plate. R, = 1.0.

Rt ain 2 ] 6 g 10 12 14 16 I8 20 2 U 26 28 30 32

001 6 1.4E1 2.4E1 3.6E1 1.6E2 3.062 S.4E2 7.8E2 9.7E2 1.5E3 2.4E3 5.9€3 4.4E3 8.53 3.BE} 7.BE3 5.3E3

007 6 S.9E1  1.1E2 2.5€2 4.9E2 B.7E2 L.7E3  2.3E3 5.8 3.7E3  5.3E3 1.4E4 4.9E4 17D J.5F4 3.4E4 2.%E4
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004 6 2,762 4.6E2 1.0E3  1.7E3 5.1E3  4.1E3  1.0E4 6.6E3 4.3E4  T.BE4  4.0E4° 2.3E4- 3.4E4  2.4E5  2.0E5  5.BE4
001 15 6.2625 S.BE2S 7.2E25 1.5626 1.6E26 3.1E26 6.1E26 1.0E27 9.8626 1.9E27 2.8E27 3.4E27 4.6 34627 5.4E27 5.3E27
602 15 5.8626 S.4E26 1.1E27 1.6E27 2.6£27 3.0E27 2.5E27 3.4E27 3.5E27 3.9E27 6.5€27 1.3E28 1.2628 9.0E27 7.9E27 3.6E28

004 15 2.0627 2.8E27 2.8E27 6.9E27 5.4E27 7.8E27 5.3E27 B.0E27 I.BE28 5.9E28 9.5E27 J.6E28 3.4E28 1,1829 1.4E29 1.2E29
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