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ABSTRACT,

Employiné the standing wave method, tha.attenuation coef-
ficient of the (040)y (I,0), end (2,6) mode sound waves in two dife
ferent rigid walled rectangular wave-guidgs filled with eir have be?
en measured in the frequency range from I.2 to 4.7 Kc/se Experimen--
tel values of attenuation coefficient are in good agreement (about
'3%) with the theoretical values.

Measurements of the attenuation coefficient with a helium
filled guide were also carrigd out and good ag;eement with theory
was oﬁtained. | - |

The specific acoustic impedance of a sample of ‘mineral wo.
ol end absorption coefficients of the mineral wool and an ertifical
sample.were measured at normsl and oblique incidence. |

| The variation of the reflection coefficient of some pres-
surs ~-release ﬁaterials under high hydrostatic pressures at frequ-
encies up to 5.5 K¢/s has been measured.
- In these experiments a column of water contained in a
cylindirical, vertical steel tube was excited into resonance by a
sound source éituated et the bottom of the fube, both with and wit-
hout the samples, Resistance and reactence ratios have been obtai-
ned for the samples at different frequencies and for hydrostatic
pressures from zero to 25 aitmospheres.

The theory of the pressure-~release materials under high
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hydrostatic pressure indicaiés that it is'possible to meke good
pressure:reloase materials capable of operating in deep water, It;
appears that the materials should have adequate rgsistance to high
hydrostatic pressure and must contain air-filled voids.

The results indicate the reflecting propertieé of the

"samples and so can help in the design of efficent reflectorse



CHAPTER I

GENERAL SURVEY

Dotails of'propagation of higher order mode sound waves
in rigid walled, gas filled, rectangular wave-guides will be exp=
lained in chapter II.

Two Gifferent rectangular wave-guides have been ﬁsed
for measurements of tube attenuaiion.and the impedance and sbsorp-
fion coefficient of_porous materiels, The details of the apparatus
will be given ip éhapter I11,

k Theoretical values of the coefficients of (0,0),(my0),
(Osn) and (myn) type modes will bevgiven in chapter IVe It appears
that for wave~guides wifh the transverse dimensions less than IScme
sound attenuation in the body of the medium is small compared with
the tube wall losses. (sbout I%)e

‘ Applying the boundar& layer theory, the theoretical va;u-
és of attenuation coefficients for eir and helium are calculated,
Experimentel values of attenuation coefficient were determined by
émploying the stending wave method,

Although, measurements with (0,0) and (I,0) modes were
carried out by meny euthors, less attention_was given for (2,0)
mode

The results of measurements with (2,0),(I,0) and(0,0) .

‘modes for air filled waveguides have been given in chapter V, Re-
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sults of measurements withAﬁelium filled guide are also included
in the ;ame chapter.

In chapter VI, the methods and déterminﬁtion of the spe-
cific acoustic impedance of porous meterisls at oblique incidence
are explained and thg specific acoustic impedaﬁce of a sample of
mineral woql was measured at normal and oblique incidence,

In chapéer VII, the propertiss of sound ebsorbing maté-
.rials will be explained. Absofption coefficients of mineral wool
end an artifidgl sample at normal snd oblique incidénce have been
measureds |

In underwater acoustics, at shallow depfhs, it is easy
1o make & good reflector using different materials which containA

gire For deep water, however, there are other conditions which
require to be fulfilled and these are'dealt within chapter VIII,

Very little attention has been paid to the construgtion |
of reflectors in water-borne sound, especially in deep water,s
Thué, one of the main aim of this work was to examine the acoustic
properties of some avgilable pressure-release materials in water
al high hydrostatic pressures and at sudigble frequencies., Some
forms of medium ere proposed for testing end two artifiéal materi=-
als were ﬁ;de for experimeht.

The measurements were carried out with a water filled

steel tube and deteils are given in chepter IX,
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The method of resﬁhance anelysis was abplied for the mea-
surement‘pf the specific acoustic impedance of the pressﬁre-release
meterials, This method is explained in cheapter Xe

" Apparastus vhich were used for .measurements and the expe-
rimental resulis for'thé‘two ertificel samples, thres different fo=-
emed plastic and a sample of rubber with clbsed pores, are given
in chapter XI. | |

It was found that a£ zero hydrostatic pressurg; all samp~
les have a reflection coefficient of about 90 or ebove. However,
Vét high hydrosfatic pressﬁres the reflection coefficient of the =

samples are reduced. This reduction is depends on the type of mate-

rial,
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" CH4PTER II

PROPAGATION OF SOUKDL IN RECTANGULAR FLUID WALVE-GUIDES. CASE OF
RIGID WALLS AND WITHOUT ENERGY DISSIFATION,

2.1. INTRODUCTION.

The phenomenon of wave propagation within weve-guides has
been known for more then 9 years. Lord Rayleigﬁ, hes given & theore -
ticel account of the higher order acoustic waves which are possible
within rigid-welled tubes of rectanguler and circular cross-section,
Morsez, Rogers’, and more recently Redwooc?, Budderf, Rschevein‘and
Bate and Stepheng'also dealt with this subject in more detail.’

In wéve-guide propogation the boundaries of the guide
have a considersble influence on the types of wave that may be
propegateds If the boundaries are rigid and impervious, plane we=
ves are poésible within the guide 2s well as higher order modes.,
This may be achﬂ%ed by enclosing the fluid between solid pleates
made of an extremely rigid meterial, which prevents any appreci-
eble displacement at the boundaries,

If the gﬁide has zero pressure at the boundary, however,
plane wave propagation is not possible, For most purposes a water-
eir surface can be regezrded as & zero pressure boundary,

In rigid circular tubesy, if the radius of the tube is-
sufficientl& small, only plzne sound waves cen propzgate for a

given frequency.
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This condition is given by,
fﬂ-‘-’-} 3.413D
where D: Internel radius of the tube,
c3 v@locity of sound in free gas,
f1 the frequency.

In rectangulsar tube; it is possible to excite plane wa-
ves alone by using frequencies less than the cut-off frequency of
the (1,0) mode., (See equationZ.Z3).

Therefore it is easy 1o propegate plune waves alone, but ;
excitation of a particular higher order mode in the absence of 'all
other modes is ﬁore compliceted,

| The anelysis of circuler tubes involves Bessel functions
and for rectangular tubes sine and cosine fuﬁctions.
Iﬁ 19338, Hartig and »Swansog, realized that a sound so-
urce having e pressure distribution correséonding to a pérticular
mode could be used to excite thal mode alone.

In this work, rigid and impervious walled rectangular
wavefguides, fillea with gas were used, In order to meke meagﬁ-
rements of attenuation of transmitted waves and in paerticular to
know how the transmitted mode affects the wave attenuation, it will
be necgssery to know the acoustic charac teristics of higher order
modes in reétangular wave-guides, This will also be useful in mea-

suring the sbsorption coefficient of materiels at oblique angles of
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.incidence.

In this chapter, energy losses within the guide for the
higher order modes will be considered to be zeroe.
2,2 RECTANGUL/IR WAVE-GUIDES WITHOUT LOSSES:t (myn) IODES.

Consider a rectengular wave-guide with transverse dimen-
sions (22) and (2b) iny- and z- directions, respectively. The axis

is loczted centrelly, as shown in figure 2.1. .
N2

2b 0

LTI LTI TR
‘X' Figure 2.I

Introducing the time factor exp(jwt) , the wave equation.

mey be written, b1¢ 514) .. 2 .
bx‘ 3&3 3?: (%) 4) | (ZJ).

where,¢: velocity potential,

wt angular frequency (w=20f),
The solution of this equation gives the velécity potential for pro-

pegation in x direction,

03 505 SR Slnn) S ertat i)
xexr(ju't) (2.2)

where, myn: integers,

AL: the amplitude constent,
B : wavelength constant of the (myn) th mode. .

Mma



p...n is given by, . ,
(2 (2] (S) k. o
It cen be seen that, there are serious restrictions on

the forms of wave which may propagate. Each value of m and n des-
cribes & "mode" of propagetion., The importent features of these mo-
des mey be listed zs below, |

a) Each mode can be considered as four plene weves, e&ach of
which is obliquely incident with respect to a1l the four containing
walls and trevelling aiong the guide in a zig-zag path. Each mode ‘
is distinguished by a variation of pressure across a transverse-seca.
tion, The nodal lines of pressure inside the guide should be noted;
the number and nature of such lines provide a basis ’for distinguis~
hing between modes. Position of nodal lines bf pressure in a transT
verse-scction for & few of the higher order modes of acoustic waves

in rectangular tubes are shown in figure 2,2,
k4

~ - —q - = -]

. i K
(m=Imn=0) (m=2, n=0) (m=0m=1I)  (m- I,nzl) F'S““zl
b) The selection of sine or cosine is dependent upon whether m

for o= = o o o
b - o wn - an df

- o w o oww w

and n are odd or even numbers, If, for example, m is even and n is
odd number, the mode is symmetrical in y but is antisymmetrical in
z direction,

Cosfmu s Cosfnn .
'Ihesm _2.;‘3) and SM(-{E a) termg corr.'espond to the varie
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-tion in the y- and 2- exis, respectlvely.
c) The acoustic pressure (p) and perticle velocities in parti-

culer directions ( u"’“ﬂ ,ul) determined for a single mode 4) are,
‘ mA

P:}’,}:t:jwfaénn . ( )
2.4
U= - 1€ - X»n (‘? ‘

LYY .\.ﬂ . ) |
- %—- e ) 52 (28 oS orl)- 2 S

Y $t : £)_ ~tan/n
u z=Z¥mn all. Cos ) ) )-« - ex w ( T ¢
2 AMA 'Lb $cﬁ( Co‘-( \"\P( ]F F<] B Co‘t Y
where, f, 3 undisturbed density of the gas in the wave-gulde,
Xm: propagation constant of the (myn) th modes.

In the loss free case, the propsgation constent is given

by,

\‘ﬂn = 3 an ' (2.5')

|

d) At any given frequency only those modes, for which p“is re~
al are propagated. When F“is imaginary for any frequency; corres-
ponding mode attenuate repidly in-’?‘direction according to thhe tern
“'(-'3}“9. The mode is thsn described as "evanescent" and there is no
transmission of energy along the guide for such modes. The fréquenc% '
for which ﬁmis zeroy is called the cut-~-off frequency of that mode,
The cut=-off frequency of the (myn) th mode cen be determined from
equation(2,3), and is given by, oL ~

(A sl o

Using the equations (2. 3) and (2.6), » @ may be written in terms of

ran
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‘cut-off frequency,

2 1 ‘
P W |- (%c)(m,ﬁ) L (2 7)
mn ‘Z: ~ at ' )
e) Vhen m=n =z 0y the velocity potential equation reduces to,

¢= ¢ao= H” eKP(—'] ﬁw'x)cxp(]wf) (2.8)
This represents a plene wave, In rigid walled weve-guides, the fo-
ur oblique plene wsves are now equivalent to a singie plene wave
travelling in the direction of the x axis. From equation (2.3), the

wevelength constant for plene waves,

8, = = (2:9)

vo

The cut-off frequency of plene waves, from equation(2.6)

(1)

(0,0)

Therefore, plane waves can be propagated at all freéuencies.

is now,

° (2.10)

Ll

£) The'charaéeristic impedence of the (myn) th mode is defined
Y

- P dw, | L
W, = o 3 (2.11)
: Uy XNA
Wy is real for a propagating mode(Y;}s imeginary); and
nn

W;“, is imeginary for an evesnescent mode,

In the case of plene waves, for example,.

. Jw - : )
Yoo:3 ém-,n:: T, ! snd W“ - /o Co (2.\\.q
g) The velue of wavelength constant, in terms of wavelength is

given by, ‘ 20

Bon = 3 (2.12)

L]
where,)\: the wavelength of propagation in the tube in the sbsence
MmN .

M A

of sttenustion,
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fngular frequency, .
V7 | e
wee _— . (243)

®
. Neo
where,)\; the wevelength of the plane wave in the tube in the gb-
sence of attenuation,
Substituting the equetions (2.12) and (2.13) into the equ.

stion (2.3) gives,
2

: 2 2 2
\ } m N .
< ) () = (=) () @)
o0 ) ho 4%
This equation gives the relation between)ine)Lo, mode num,
bers end the trensverse dimensions of the tube and called as the
" weve-guide equation".
2.3, RECTANGULAR WAVE-GUIDES WITHOUT LOSSES: (my0) MODES.
In this present work plane waves, (\j0) mode and (250) mo-
de have been excited and measurements have been carried out by usin%
the eppropriate sound sources.

In the case of (myo) modes the velocity potential reduces

to, &= %‘; 9., = A, & (% a\ exp (-3 ﬁmx) eap(iwt) (2.15)

e gia(EYo(mE) )

Equetion (2.15) may be considered to be a superposition
of two travelling waves along the guide obliquely incident with res-'

pect tothe side walls (y-3a), and making the angledwith the axis x

where, >: . 2 5
Cos® = _f:_o___ - ol - Mo)l (2.|7)
. 1

500 XW\Q %

For a propegating mode ? ig resl number, therefore®is a
- mo
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real gngle., At high frequencies i.e. f))(f,? ,)9 has lower values,but
‘ ™m,e

et a cut-off frequency of a mode, & — 96 end the weves do not prog-

ress in x direction but reflect between the boundaries striking

them at normel incidence, Variation of @ with the frequency is shown

in figure [(2.3), !
(-] 90’ .
|
60 |
40’ !
: Figure 2.3
20 I
’ |
0
(Vo —
Fach mode has a characteristic phase velocity Cp o c?is

the rate at which a point of constznt phase travells glong the boun-

dary of the guide and is given by,

\

: A

C - _‘f’_ - S; (4 )(m,o) ] (2-18) .
P : Fmo C.v£9

cP, is alwsys greater than Cy s except whenog= o. For a propegating mo.

de, the relationship between c,, S (£)s and £ isy’
™, 0)

(“ )“”’> ( n 1 =) (z.'m

Energy propagates at a group velocity ¢ , which is glven

by, _ _ A ]i |
y c%- C, Cos o= c,{n _‘T‘Lm (2\20)
From, equations (2.18) and (2.20),. :
2
C, = Cer C‘ (2.2!)

Fc;r a propsgating mode c is real and always less than s
SOy cr> c,) c’. For an evanescent mode c“is imaginary, but this re-

sult has no useful physical interpretation. Variations of c' and cz
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‘with the frequency is shown in figure ( 2.4),

Xelocity :
1 c
¢
o 7 )
: Figure 2.4
Cofr— — == — - - - == = - - - = = == -
! SN
| Cq -
|
1%
(4C)(M.9) " '——>é

The acoustic pressure and particle velocities for (myo)

modes becomes,
P=iws, ¢,
u){-: .‘3 ?no ¢Mo = \(MO ¢u0

- WM —Sta/ wmu
u"' Qmo “Za Ces
- Mmn

O
2 Cot 2a

%)¢m°

(2.22)

—2‘—;‘3) :axp(—{\ oo w.) t)&?(jw*)

u=o s ( i.e. all functions are independent of z).

The cut-off frequency of (my0)) modes are,

wC,
Lo

i),

,0)

(2.23)

From this equation, the cut-off wavelength of (myo) mo-

des are given b ( ) . 4a
& 7 X‘(mn m

The pressure distribution in the

(2.24)

Xy plane corresponding

to some lower modes are illustrated in figure (2.5).

‘FH"LJ Lodll fodehdd ld

Y- T

(m=0, n=0)(symmetrical mode)

<&

\—vv‘\*m‘kﬂ'ﬁ
(m=2, n20),(symmetrical mode)

Figure2.,5

r

Y Lozt sty ]y
P ’ X ?
XY

(m '.’;3; n

P

TRV
(m =X, ne=0) (antisymmetr.‘c_al
Loz p bl Lol modg)

<3 \
\'\—\—v("?avv\—v ’

=0) (antisymmetrical -
me de)

P




For a propegeted mode u and p are in phase and u‘is in
phese quedrstwrevith them, Porticle displacements in x and y direc-
tions are in quadratwfe. Thus, particles of fluid traverse ellipses

in the xy plene ss shown in figure (2.6), for (1,0) mode,

\3:',://111111/ \3

(B o
G

Figure 2.
é x Figure 2.6

.~
‘3'0\‘\\\\\\\\T.

For an evenescent mode, however,laand u‘are in phase and

p is inphese quadretyfewith them. Particle displacements.in x end y -
directions are in phasse now and both are antiphase with the pressu-
re, Thus, the ﬁarticles of fluid traverse straightlines, as shown

in figure (2.7) for (1,0) mode.
\_\:'-‘q////j’/// I‘v‘
J

Figure 2.7

el

I R v v S S S W i W .
The wave-guide equation for (m,0) modes becomes(from equ-

| 1 \ 2 m 2 ,\ﬁ‘
(%) (= )=(&) e

2.4, CONDITIONS FOR THE EXCITATION OF A GIVEN MODE.

ation 2,14),

In order to excite a pure mbde it is necessary to satisfy
two conditions, - .
a) The guide should be excited by a sound source configuration
producing a pressure distribution identical with that corresponding
to the particular mode. If, this condition is not precisely satis-

fied several modes may be excited simbltaneously,
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b) Tne frequency of excitation, must be grester then the cute-
off frequency of that particuler mode,

By choosir{g a weve-guide which has & sufficiently learge

.retio of mejor to minor _transverse dimensions; (i.e. a)b )y the cut-
off frequencies of the modes cen be put in the order of,

2 s ), LA, = 2% e
wheres m= 0y ,2,3 in this experiment.

Thereforey, if the frequencies less than the cut-off frequ-
ency of the (0,1) mode are used, only (m,o) modes can be excited.

The amplitude constanis A“; are determined by the chare.c-;
ter of the éouhd source. If the sourc.e gives & known velocity dist-
ribution in the plesne x:0, A, can be obteined, If, in tﬁe plane x=0
there is & sinusoidal source of velocity in x direction,

vV exp(jw t) | “‘(2.27)

Particle velocity at x=o for (m,o0) mode is,
() -2 5 e A, () ap(int) @ey)
o " 3 Mmzo L F’"’ o Sin\"Za pPLIWE .
This may be equated to equation (2.27), and, ‘

4

Ve Sk, A, Su(asy) (2.29)

|ﬂ
mso
In order to find Amb’oth s1des of this equatdion are multip_

' .
lied by Cos(.".‘za'.’. ‘), (m is sn integer) and integrate between y--a and

Y=+ 8
+a . 4 ot . . CO (
Cos (M T - Cas 5
JIEHE NS =T / (52 e)dy
- The right-hand side of this equation is zero, except when
m = m. Hence, . -t

s = B | v G (5 g,)cu, (2.30)
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‘wheyey Bz] if mfgo 53 B=2 if m=o.

Ey meens of this equation it is possible to determine the
condition for eliminstion of eny higher order mode in the weve-gui-
dee (ie.e. A;3°)' |

A symmetrical source, for which V(y):_V(-y) will excite
onlymodes of .zero or even order, while an antisymmétrical source
for which V(y)=s =-V(-y) will excite only odd onders.

Thus, it is possible to eliminate one set of modes by the
choice of symmetricel or entisymmetricel source configuration. Disé-
rimination between odd or between even modes requires greater comp-
lexity of sourée snd freqguency limité.

Using frequencies f such that, ) .

(%c‘)(,,o) | < )& 4 ( A"')('!.,a) (2'3|) )
then only (o,o) mode and (i,0) mode may be propsgated. Elimination
of one of these modes is possible by using a symmetrical or anti-
symmetricel source. A symmetricsl source hes a pair of symmetricallwy
located pistons of equal emplitude and in phese synchronism, while
an antisymmetricai source has & peir of symmetrically loceted pis-
tons of equal amplitude but in phase opposition. 4n antisymmetrical
source may be described as a dipole. |

In order to excite the (2,0) mode alone, two conditions
nust be satisfied: | | |

a)The frequencies which sstisfies the equation .

(éc)(l,o_) <« < (&«.\)“.?) ‘ (2.32)

must be used,
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b) A symmetricsl sound source must be used, but plene weves
cen also be propageted et the seme time with the (2,0) modes, s0,
a further condition hes to be sztisfieds

From equation (2.84), the condition for eliminetion of

plene weve is, o :
/ \% 3\; =0 - (2.33)
]

This equation requires a minimum of three pistons, a pair
of equel amplitude located at equel distences Y:ja, and a third of
double emplitude operating in entipMese at y= 0. Such a source is

described cs a quadrypole,
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. CHAPTER III

APPARATUS FOR FLUID.WAVE-GUIDE MEASUREMENT Se
3.1, INTRODUCTION. Scott (1946), has éiven six conditions, and Be-
ranek (1949), has added a seventh which must be fulfilled for accu-
rate plane wave impedance tube measurements,

Corresponding conditions which must be satisfied for mea-
éurements with higher order modes may be given as follows:

(i) The cross-sectional area of the tube must be constent and
the walls should be rigid, |

(ii) omly tﬁe desired mode éf sound‘waves shogld ﬁe bropag&;..
ted free from the others,

(iii) ihe microphone orifice must be accurateiy located fto e~
bout 0..I M,

| (iv) The face of the sample must be plene and mounted accura-
tely perpendlcular to the central exis of the tube,

(v) The microphone used for exploration of the sound field
must not appreciably effect the field and must be sensitive and
stable,

(vi) A single frequency must be used for each measurement,

(vii) The temperature in the tube must not elter.

In order to satisfy these conditions the following appa-
ratus has been designed,
3.2, DLSCRIPTION OF APPARATUS. The degree to which the above seven

conditions have been satisfied by the present apperatus can be best
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understood by examining them one by one as follows:

(1) T™e Rectanguler Whve-Guides: Two rectanguler guides have
been used, which are:

The LargeFWave-Ggidez The internal dimensions of this guide
are I4,36 cm. and 4.8 cm. By substituting in equation (2.23) the
éut-off frequencies of the (1,0), (2,0) 5 (3,0) and (0,I) modes

are found,

“‘)('n) = 1204 'C/s'- '(&‘)cs.o): 3612 ¢/s .

(i‘)(z,o) = 240‘3 e/ls. ‘ H‘\(o"): 3583 ¢/s.

Thusy at the frequencies less than 3583 c)%, condition
(2.26) is satisfied for the values of m=1I,2,3 and (Oyn) type mo-.'
des cennot be propagateds In fact, the (2,0) mode is the highest or_
der in this experiment and when frequencies lesé then 36I2¢c/s, are
used, discrimination between the modes depend only on the source
configuration,

The length of the guide is 2I0 cm. and it was made from
tufnol plates, The rigidity of tufnol plates are poor and it was
surrounded with sand and put in a strong wooden box,

The $mgll Wave~-Guide. The smell waveguide has & wall thickness
of 0.22cms and internal traﬁsverse dimensions of 7.2cm. and 3.4cm.
The length of the guide is IXOcm, and it was mede from brass.

The cut-off frequencies of the (I,0),(2,0) and (0,I) mo-

des ares
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Thus, at frequencies less than 4780c/s, only (0,0) and

4780 c/s.

5080 c/s.

(1,0) modes can be propagated in the tube, This tube was also surro
unded with sand consirained in a wooden box. |

| After these preparations the two wave-guides satisfied
condition (i), with no indicetions of wall vibretion as explained
in chepter five..

One end of both guides is fitted to a heavy brass specimen
holder, the other end being connected to the loudspesker units by
means of two rubber tubes,

From the cut-off frequencies of the (I,0) and (2,0) modes
it cen be seen that the oblique incidence measurements are limited
to ebout one octave, within whiéh the angle of incidence varies from -
30 to 90°as tho frequency decremses, (see equation 2.I7)

(ii) Excitetion of a particuler mode free from the others requ.
ires a particular sound generator system., The systems were used ares
(0,0) end (I,0) System: Two identicel lou@speéker units,. each
" of resistance IS ohmsy are coupled by two rubﬁer tubes to sbout I.5
cme diemeter orifices in the end plete of the wave-guide, The upits
are fed via a balance net&ork which in conjunction with a varieble

length device in one dldriving tube, permits the adjustment of the
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two acoustic source current to equal strengths with a phase diffe-
rence of zero‘orIT. fhese two conditions of dfriving the wave-guide
produce pure (0,0) and pure (I,0) wavessyrespectively, provided that
the cut-off frequencies of higher order modes are not exceeded as
explained before in this section,

The acoustic pressure distribution in the wave-guide is
détected by a multiple probe system.-Three stainless steel probe
tubesy one against each narrow.wall of the wave-guide and a thirth
mid-wey between these two. They are fixed at one end to the movsble
stage car(’ying slso a Rochelle Salt micréphone.The micrbphone maf .
be connected by a small rubber connection to any of the probe tubes
and.the pressure vériation along the guide observed by moving the
optical.slide.The probés serve both for the initial generétor ad=
jusfment end for the subsequent standing waveimeasufements. When the
microphone is cénnected to the centre probey which lies in the (I,O)
nédal plgne, it responds only tq plane waves which may be eliminated
by edjustment of fhe sound source. When g condition of balance hes
been attained (ieee zero pressure at the centre probe), the microp-
hone is trensferred to the outer probe which then mey be used to ex.
plore the standing wave pattern of the (I,0) mode. For (0,0) waves
the input to one of the spe;ker units is reversed and standing wave
measurements are made with the centre probe, This is important, be-
cause, although the (I,0) mode could be eliminated by operating the

sound source system in perfectly symmetricel manner, it is difficult



to satisfy tﬁis condition and centre probe'aoes not respond to thg
(1,0) mode,

(0,0) and (2,0) Systems For an aveilable wave-guidé due to the
limitation on frequency for the (I;o) mode, the possibility of mea=
surements of acoustfc impedances at normal incidence is also limi-
teds Using a sound source as wiil be des§ribed later in this secti-
on pure (0,0) end pure (2,0) modes caﬁ be propagated. Therefore, nor_
mal incidence measurements at higher frequencies become possible
for that particular wave-guide. In this experiment (2,0) sound sour;
ce system has been used for the large wave-guidé only.

It has been shown in chaﬁter two that, the (2,0) mode may
be generated by a symmetricel source (to eliminete the entisymmetri-
cal (I,0) mode) which satisfies the egﬁation (2.33). Three pistons

the outside pair operating with equal amplitude and phase and the
centre piston with double amplitude and in antiphase. The qevice has
been designed by Sha#!

.The two outer orifices are fed from one of_the'units thfo-
ugh one of the rubber tubes,}a'concealed semicircular channel ensu~
ring that the so&nd'energy divides equally.The cenire orifice is fed
from the Sec9nd unit through thé other rubber tube, If the units
are fed in phase, which may be adjusted by the balance network, pure
plene waves in the wave-gulde propagated., The acoustic pressure dist-
ribution in the wave-guide is now detected by using four probe tu-

~ bese Outer pair which fit into the lower corners of the guide and
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an inner pair located at the pqsitions of%ﬁg%which are the two no-
del plenes,

Adjustment éf the sound soufce is carried out by connec-
ting one of the inner probes to the microphone and adjusting for |
zero pressures Thus the (I,0) weves are eliminzted, Zeasurémpnts
of'preésure in the tubé.for the:(z,o) mode méy be obtained using
one of the outside prébes (i.es near the tube wall)e Plane wave me=-
asurements ere carried out with an inner probe when all three‘ori-
- fices are adjusted to operate in phaée since any residual (2,0) mo;
de will have no effect at the nodal plane.

(iii) Spacers: In order to keep the orifices of the probe tu~
bes in their proper places, spacers which zre of 0.75mm. diameter
. steel pivot wire have been used. Théy have been punched in the pro=-
be tube walls and so o:ifices of the probe tubes have been kept in

their proper places wiih_an-accufacy of about O, Imm,

(iv) Spgbimen Holders:s ror attenuation measurements a brass
plate I.2 cm. thick for the small wave-guide and I.9 cm. for tﬁe
lérge, with a plene face has been used., For impedance measurémants,
however, specimen holders which provide a rectangular cavity for the
specimens énd of trensverse dimensions equel to tho;e of the &avef
guide have been used., The end of the guide.ma& be closed, either by
the plate or the specimen holder, The face of the specimens were
smooth and plane. In order to mount the specimens perpendiculer to

the axis of the tube, the distance between {the specimen face end
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thé rim of the specimen holder heve been.read using a ruler end a
haend lens to about 0.I mm. When same readings have been obtained
for about éight different ruler positions, this condition ey assu=
med to be fulfilled,

| (v) Reference Miérophonea For the iarge wave-guide, probe tubes,
250 cm. in lgngth, of inside diemeter 2.3 mms and ou;side diemeter
3.0 mm. are used while for the small wave-guide the fespective dimen-
sions ére 150 cm, i.8 mme and 2,3 mm, The guides are supported by
resting on the lower wall of the_ﬁave-guide. Presence of probe tu=~
bes cause a'slight increase in the mode wave-length, and change the
balance gonditions at the sound source end. The_absérptipg by the
probe orifices is less important,

The refefencp microphone is used to correct for variations
in the incident souﬁd amplitude reaching the reflecting‘surface,
when the probe tubes are moved. The reference microphone is coupled
~ to & very smell orifice in the wave-guidé wall, near the specimen

fece. Three such orifices are provided at different transverse po-
" sitions (§=°'ﬁf %E’%:q)’ so that the microphone may read sound
pressure.at desired positions.

In a;l standing wave measurements in this work, each rea-
ding on the<travelling microphone was followed by one on the refe-
rence microphone, and the ratio of the two was used in the subse-
quent analysis;

(vi) Frequency Stebility: The angle of incidence is a function
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of frequenc&. Therefore, the frequency.of'éxcitation must be held
cgnstant within one part in seversl thousand if en accuracy of 2% |
is required, -
-The frequenqy stability of the Signal Generator, which
was used ip this work (see section 3¢3)s maintained.a conéfancy bet.
ter than one part in a thousand for an hour. At & given frequency
the observation of the standing wave.pattern in the tube takes e~
bouf I5 minutesy furthermore, the frequency of the generator was
checked contimlously on the frequency couﬁter, and only the obsé;-.
vations for which the frequency kept constant were accepteds As a .
result it is assumed that this condition has elso been fulfilled,
(vii) The Stebility of Temperature: The discussion with re-
“gard to frequency stability applies equally to the temperéture of
the ges inside the wave-guide, During the measuremen?s, the tempe=~
reture of the gas should' be constent to within C.I G If the gas
,femperature is changing, the gtanding wave pattern will elso shift,
| Howevery The labératory air températgre did not change
nore thean CLI C per half hour end the large thermal capacity of the
wave-guide also assisted in meinteining stebility the IS5 minute pe-
riod reqﬂiggd for a standing wéve measurement, Furthermore, the poe
sitions of minime of the standing wave pattiern were read in the pos-
sible shortest time which is only about two minutes. This considera-
tion is important because the que,wave-length is directly obtained

from the positions of the pressure minima,
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3¢ 3. GENERAL ARR%%EMENT OF THE APPARATUS, The apparatus which have
been used in this experiment arelshown in figure 3.I, The details
of some individual components having been dealt wit£ in section 3.2
( i.e; the two micropbones, loudspeaker units, wave-guides and pro-
be tubes.).

| The Advange Audio Frequency Signal Generator J2C has en
oﬁtput impedence of 600 ohm with a frequengy.range of I5¢/s to 50kc
It provides an output into 600 ohmy O.I mWe to I W ( 0.25V to 25V)
with a low distortion level. 0§9r511 distortion at full output is
less than 2% (34 dB down on fundamental)e If the output is kept be~
low 0.1 ¥ distortion is less than If ( 20 d3 down oﬁ fundemental)e
4Nbrmally e power of about 0I5 W reéuired to drive the 1§udspeaker
:bnits; The signal generator has been used at a low output level and
8 power amplifier which has an output impedance ;f I6 ohmswas emplo.
yed to couple the Sigﬁai.Generator with tbe loudspesker units,

Thé AF Spectrometer Type 2III hes a frequeney range of 35
¢/s to 35 Ke/s and consist basically of an input emplifier, a fil-
ter system and en output amplifier. It .has I/3 and I/I octave fil-
t;rs. The indicating instfument is equipped with rectifier circuits
so enablingnthe true r.m.s, velue of the signal to be measured. The
input impedence of the instfument is 2.2 meggphms. which allows di-
rect connection to the microphone. The gtanding wave pettern can be
plotted directly from the meter, Microphone emplifier is also used

when belencing the sound source and when measuring the reference
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microphone voltage. The maximum voltage gain of the amplifier is
I00 dB. The balanging of sound source requires a filter whigh hes
a narréw bandwith in order to avoid the influence of noise and har-
monic distortion and therefore a 1/3 octave filter has been used
in this experiment, |

Thg direct measurement of the absorption coefficient of
the test material wﬁth the aid of this AF Sﬁectrometer is also
o , : Secales

ppssible. The indicating meter of the Spectrometer containsl in
addition to the normal calibrations, Tﬁis permit direct reaﬁing of
the absorpiion coefficient in percent.

A Cathode Ray Oscilloscope (CRO) hds'been'useq ?o detect
the microphone signale The input signal from the Signal Generator |
was elso displayed on the screen of the oscilloscope to ascertain
the wave form. | )

An Advange Fréquency Counter has been ﬁsedAto read the
frequency of the Signal Generator more preciseiy, which wés necés-
éary in order to determine accurately the angle of incidence and

'to.be sure that the frequency of the Generator did not change durin%
fﬁe readings.

The movable probe microphone thcﬁ can be seen in figure
(3.2) has a(massive brass housing set in rubber, This was remounted
more flexibly with pieces of rubber tube and enclosed in & hard boe

ard box filled with sound absorbing materials. Such preparations we-

re necgssary to reduce the siray signal level of the travelling mic.
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rophone, duc to unwanted sound penetrating the microphone housing
and to isolate the mechanical vibration entering via the optical
benches The stray level was abput 80 dB below the signal level of =
pressure maxima and was not importanf even when measuring the pres-
sure minima. There was no need to cover the reference microphone

‘which was always actuated with a large signal,



CHAPTER IV

THE ATTENUATION OF THE HIGHER ORDER 1.ODES OF ACOUSTIC WAVES IN GASs
FILLED RECTANGULAR TUBES.

4,I., INTRODUCTION.

In chepter two no consideration has been given to the at-
tenuation of the sound waves during propegation in the tube. The so_
urce of dissipation in tubes may be divided;into three general cate_
gories which are: bodj losses; boundary layer losses; and losses
due to tube well vibrations,

' a) Body Losses: This type of loss comprises four basic types,
(i) Viscosity losses,
(ii) Thermal conductivity losses,
(1i1) Losses due to molecular exchanges of eﬁergy,
" (iv) Losses dué to turbulence and inhomogenéity of the fluid
medium, |
(i) Viécosity losses, This type of loss results from relative
mofion occurring between various portions of the medium durinithe
compressions and'expansions that accompany a sound wave. 4

Stokeéz(1845), has theoreticslly developed a mechanism
for sound attenuation by using the property of viscosity of the me-
dium,

For-plane wavesy, he has modified the wave equetion to inc_
lude viscosity as below,

2
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where,f'is the shear coefficient of viscosity.
The attenuation coefficient due to viscosity in the me-

dium is then given by,
-2 wh (4.2)
vis 3 7 ¢l
where, cois the velocity of sound in the medium.
It appears that for all normal frequencies the velocity
of propagetion is unaffected by the viscosify.

(ii) Thermal €onductivity Losses, For acoustic waves, the pres_
sure fluctiations in the bodonf the gas are accompenied by density
fluctdations slightly out of phase, dﬁe to the low thermal conduc-
tivity of the gas., Consequently, there is an energf loss in the gas
thus reducing the amplitude of the wéve.

Kirchhof}3(1868), utilized the property of thermal conduc_
tivity of the medium and developed a theory for.this type of loss

in fluids. The theoretical equation associated with the thermal con.

duction is given by,

24 X-\} w?
o‘ﬂn( = > (/o C3 XP (1‘3)

where,® sthermal conductivity of the gas,y

7&?: specific heat of the fluid at constant pressure,
A fhe retio of principsel specific heafs.
Attenuation due fo viscosity end to thermal conductivity
ect independently, when the attenuvetion is smell. Thus equations

(4.2) and (4.3) may be added to give the theoretical " classical

coefficient of attenuation” for zcoustic waves in a medium, i.e.
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(iii) Losses Due To Moleculer Exchenges of Egergy. The dissi-
petion of acoustic energy that is essociated with changes in the mo_
lecular structure of the medium results in a finite time being re-

quired for these changes to tske place,

| Yhen & moq:atomic gas, such as a;gon and helium, is comp.
ressed adisbatically, 211 the work done in compressing the gas goes
into increasing the temperatufe of the gas. Since, this take place
almost instantaneously, chenges in tehpefature, pressure and denéitg
are all in phase, consequently, when sound waves a;e propegeted in
such gases no excess absorption is present apert from the losses
due to viscosity and thermal conductivity.

For polyatomic gases  the internal'eﬂergies of rotation
and vibretion of the molecules must also be consiﬁéred as well as
the enerzgy of iranslation. During the propsgation of sound waves, a
cheracteristic time or relexation time is required for molecular en_
ergy changes to occur, This finite time ceauses density changes in
a fluid to leg behind pressure changes., Thus, moleculer relaxation
tends to éttenuate the sound wave. When the frequency of sound wa-
ve is so low that the reléxation time is much smaller then a pe-
riod of the aéoustic cycle, equilibrium asmong the various steates
exist ﬁirtually at all times and the attendent difference in pha-

se between pressure and temperature chenges is small, Similerly,
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when the frequency of sound wave is so high, the relaxation time is
much larger then a beriod of the acoustic cycle. Almost no interchar\;
ge of energy takes pluce between external translational states and
the internel states, Therefore, this type of loss will produce a
meximum excess attenuation when the period of the acoustic cycle is
equal to the relaxation time.

Affect of Reletive Humiditya Aitenuati;n of sound is also de-
pends on the relative humidity. Siviagq(l947), has measured the atta
. enuation coefficient for dry eir and for air with 37% relative humi -

dify, as a function of frequency. Resultérshowed thaf there is some
excess attenustion of sound in humid air at the fréquencies up to‘
100 kc/s. This‘exéess absorption is.temperature dependent and ceu-
sed by‘the presence of & small percentage of weter-vapor moleéules.
InAdry air the . relexation time for oxygen aolecules is several
.seconds and thérefore the vibrational mode is not-éxcited by sound
waves. However, the presence of water-vapor reduces the relaxztion
time ﬁ::a 16 to'Iaséeconds and so ceuses excess attenuetion at fre-
quencies from oné to hundred kc/%. The vibrationsl energy of nit-
rogen molecules is very smell at room temperesiures end does not
contribute to the anomalous absorption.

(iv) Losses Due to Tu;bulence and Inhomogeneity of The Fluid
Medium. Yhen the fluid contains inhomogeneities, such as suspended
particles or regions of turbulence, en edditionsl ettenuation ta-
kes place apert from that occuring in an isotropic medium. In tube

measurements, these types of loss can be neglected,
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b) Boundary Layer Losses: During the propegation of sound we-
ves in tubes there is a loss of energy arising from heat conduction
and viscosity at the tube walls., These losses occﬁr in a thin leayer
of ges &t the wall, vhich is known as the "Boundary Layer", This
type of loss will be expleined in more detail later in this chapter.
In this section an§ only the historical introduction will be given
here. |

The influence of viscosity on the propsgation of plene
weves has been studied by Heﬁnhoit?(.‘f%l%), in cylindi#rical tubes,
Tﬁe more general problem including thermel conductivity effects =
was solved by Kirchhofgs(I868), He has given the vélue_fqr the
coefficient of attenuation of planelwaves in a tube, which is in-
versely proportional -to the radius of the tube. The attenuation of
plane waves in rigid cylindrical tubes have beén measured by seve-
ral writers, such as, MasoAG(IQZB), Berane£7(1940); and Fa;$(1940),
but they found the value I0-I5 % gbove that predicted by the theory:
of Kirchhoff, Séot%9(1946), used a standing weve tube and found the
value only 3% above the theory.

Attenuation of higher order modes in tubes has been investi_

gated theoreticelly by Mbrsgg considering the admittance of the wall
to be small, |

Cremeﬁ‘(1948), used the boundary layer ecoustic impedance
method. He pointed out that the reflection of & plané wave striking

a rigid impervious plane surface and meking an angle@ with the sur-
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- face of the wells, may be treated by the acoustic impedance concept

where the wall impedance Z has the value,
L (+3)
Z fe

]
ny )? X_ x o
Sin 9+ —_—
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NielseR? (1949), has given expressi

(B V14 s

ons for the viscous

end thermsl conduction losses at the wells of the acoustic resona-

tors of circular cross-section.

Attenuation of (I,0) modes in rigid rectangular tubes has

3
been investigeted experimentally by Hartig and Lembert (I950) for

the first time. Their anslysis léd them to an expression for the

attenuation due to thermal conductivity and viscosity &t the tube’

walls which wes equivalent to Kirchhoff's result, multiplied by a

factor which was a function of the cut-off frequency of the (I,0)

2y -
mode. Shaw (I950), commenting on the work of Hartig and Lambert,

has given a theoretical formule which wes different.

2.5
Bogert (I950), has applied electromagnetic wave-guide

techniques to the calculation of the ettenuation of the (I,0) mode

in a rectangular tube but included viscous losses only.

36,27

Beatty (I950), calculated the boundary layer attenuation

ceused by viscous and thermel affacts of all higher order modes of

prdpagation in both rigid welled rectengular and circular tubes, u-

sing Morse's duct formulas.and the concept of boundary lesyer admit-

tance introduced by Cremer, He has obtained the same result as ob-

teined by Shew.

28 23
Lombert(I95I), has found a solution by applying Sleter's



energy relations, His results were similar to Beatty and Shaw,

&ué;(l953), hes found a theoretical solution for the at.
tenuation of the (m,0) modes between two parellel ﬁlates, using the
fundemental equations given by Kirchhoff* for plene waves., His expe-
rimentel results for the (I,0) modes were in good agreement with
theory.,

Campbelll(1953), hes given more iﬁformation about boun-
dary leyer phenomenna.

Ghabria{z(IQSS), haé méasured the attenustion coefficient
of the (2,0) mode. His results agree to IZ with the theory given by
Beatty, Lambert and Shaw. |
| Lamber%g(1953) end Westoiq(1953), heve given more detaii
about attenuation in tubes; and Lamsé%%(l957), hes made further in-
vestigetion about sound attenuation in rigid tubes near cut-off
frequency. ,

c) Losses Due to Tube Wall Vibationss A third loss mechanismi
is by coupling of the fluid vibrations with the wells of the tube,
If the wells of the tube are rigid this type of loss could be neg-
lected. However, the character of the antisymmetricel mode cen ce-
use some excess attenuastion if the walls of the tube are not infi-
nitely rigid. This will be'explained in more detail in the next
chapter,

Comparison of the Body Losses under the defining conditions

of the present experiments



2,

e i} Dee

In this experiment, the experimental conditions were as
follows:
a) The walls of the tube are rigid,
b) The relative humidity was always above 407,
¢) The transverse dimensions of the tubes are less than I5 em.

The measgrements have been carried out at the frequencies
from I to 4.6 kc/% et labardiory temperaturés, and the tutes were
filled with air and helium.

The body losses are‘of particuler significence when the
volume of the fluid is large in comparison with the aréa of its bo-
underies,

Knudsen's measurements indicates that, as the reletive ﬁu
midity increases, the-frequency of ihe moximum attenustion is inc-
reased. At the normel relative humidities of 46% or more, this fre-
quency is in the lower uliresonic reange and consequently, the atte-
»nuation due to water-vap&?lin air at normsl laberatory temperaturés
is very smsll for frequenciss between I to 5 ke¢/s.

. ¢
Body losses, for dry sir in 20 C is given by,

='3 41 ncpers
Lpoay = % **e\m. + L, =20 10 N e

ody Vis, T
wherey, £ is the frequency in c/é.

Thu54§d§s proporfional to ( frequencyf'and its velue is
more signifiqant at ultirasonic frequencies and in lsrge volumes,

Boundary leyer losses ( see equaticn{,yg are proportio-
nal to the square root of the frequency and inversely prdportional

to the trunsverse dimensions of the tube. Therefore, gt low frequ-
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encies and with the present dimensions, the body losses become neg-
ligible being ebout I less than the totsl ettenuation,

On the other hand, to apply the boundary ieyer epproach,
the thickness of the boundary layer (see equationf.9) should be
small compared with thé transverse dimensions of the tube, as is the caé
- with the present apparatus.

- Hence, oniy the boundary layer losses will be teken into
account which is the usuel procedure when using small tubes,
4,2, ATTENUATION OF HIGHER ORDER MODES IN RIGID,RECTANGULARTUBES:

It is assumed that the effects of viscoéity and thermal - -
conduction at the walls of a tube msy be considered‘indepepdently,
the two contribution may than be superppsed.

Viscous Losses: The effect of viscosity in modifying the moti-
on of & geas in contéct With the walls hes bgen treated by Sﬁokeéf
Consider en alternating ges current of velocity

U, op(jwt) (4.6)
and moving parellel to an infinite rigid plazne locsted et h=0,

where, the axis of h is normal to the plene (see figure 4,I).This
| h |
he U ? | Fiquee.dy. )
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velocity of gas will be influenced by friction nesr the well. If,Ut
is defined as the tangential particle #elocity at the wall,Stokes

has shown that the velocity must satisfy the viscous wave equation:

}ut - WA
—— ’a . u - (t\_’)
W £t



The solution of the viscous wave equation is given by:

0 ) o

In this equation,

i = ¥ ' (49)

vis, w 5,
has the dimensions of length and is known &s " The viscous boundary

37
leyer thickness", utreduces to zero at the wall (Lemb). The tangen-

tiel velocity is built up in the distance ofil_from the well. For
‘ Vis .

20°C and I atmosphere pressure in air,

- 0.219 :
ivis = ‘T%"’“‘T cm . .
where, £ is the frequency in cycle per second. So, at f'= I600 ¢/s,
igz 0.0055 cm. After several multiples of ¢ the motion of gas is un-
is. Vis .
influenced by the wall. .

The energy dissipation per second within an elemental vo-
lume of the boundary leyer of area (dA) and thickness dh due to vis

cosity is:
2

pdf () | (4.19)

Substituting from equeation (4.8) into the above equation

and integrating between hs 0 gnd h-» a0 s gives the mean power loss

JV%F, associated with an area da of the boundary leyer, due to vis-
Vs, ,

cosiity, i.e. ’ ’ .

. : SN ]

dW -1 ( ) . ’ (i)
Vis. T g4 /i, W iv.‘s. U, ¢ ‘m (l‘ J

Therefore, the viscous loss at the walls is proportional

to the square of thetangential particle velocity amplitude. Thus,



the power loss in & length of the tube dx due to viscosity is:

] 1
cj\X/\l;s. =4 —‘f_ /; wiws‘ (u°)£ O‘X Ou (l;.)L)
where, the integration is to be performed around the perimeter of

the cross-section of the tube. ( see figure 4.2).

FA
|| ™
‘ l ] L .
S ')V SN T B SRR
Y ¢ /)——-——-— j}m“)"l ~~~~~~~
/ / "«//dx ‘
) ‘ Fusufe.lg.z.

Thermal Conduction Losses. Tﬁe presence of a solid well modi~-
fies the thermel fluc_tdations caused by an scoustic disturbence in
the layer of gas neasrest the‘wall. Ythen the pressuré rises to a max,
imumy heat is genérated and.the density of the gas increases. But,

' , because of the infinite thermal capacity of the well compeared to that
of the ges, hest generatéd in the gas sabsorbed éy the wall csusing
a cooling of the gas, In the succeeding half cycle, acoustic pres-
éure fells {0 a minimum value and the heat previously absorbed is.
given back. Thus, approximztely an isothermel condition is meintained.
On the other hand, the flow of heet is not quite in phase with
‘pressure flucﬁuations and the gasdensity lags behind the pressure.

As e consequence of the phese difference in density and

pressure there is a net heéting of leyer of gas at tke wzll which
ié subsequently communicated to the body of the gas. This layer of

gas is known as "The thermal boundsry leyer",



e

The energy loss, which occurs when a wall is subjected to
a periodic pressure veriation:

P= B exp(juwt) (4.13)
can be celculeted. Since the boundary leyer is thin the pressure
Constant
may be con51dereGTthroughout. Outside the boundery layer there is a
temperature variationﬂ', but in the proximity of the well 9:0. Thus
the solution of the thermul wave equation must satisfy the boundary
’ ? ’
conditions, (i.e. at h =0,0- 0 and at h-»-0,8:6,) and it is given by

0 O, [l- exp( (H-‘,;)\'\/\/ZH// wx,,)]exp[jwi’)(q )

wherey | : Thermal conductivity of gas,

A : specific heatof the gas at constant pressure,

P

h, is measured sglong the axié normal to the surfzce of the wall,

’
and 6, is given by: ) .
o' X=L T, : (4.15)
x . P -
where, A : the ratio of principal specific heats CX,/XQ of the gas,
4

P,

T, : the ambient absolute temperature,

the static pressure,

Fl + amplitude of the acoustic periodic pressure.

In equation ( 4,I4) the quantity,

_ R |
_iu,f "Zw—«w?i(’ | (4.16)

has the dimensions of length and is known as " the thermal boundary

. . - 0.260
layer thickness". For 20 C and I etrosphere pressure in alr,ii -.gff_.Cnu

SN

wherey f is the frequency in cycles per second. Hence for f 2 IGOOq&L
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¢ = 0.0065 cm.
th.

The quantities 9' end excess pressure p are smell, so the

equation of state mey be written in the form of:

dv:v;(?é-.%) 3 (4.17)

where, dv is the change in the volume element of V.

Writing V= dAsdh , equation (4.1I7) may be rewritten,

dv - (,%_;___E_) df.dh (4.1%)

Substituting from equation (4.I4) and remembering that

c - JXP
° 2

(4.18) becomes:

dv - (7(-1 l-—[e.xp( H-]) k/J-R/wj 7_',) 7‘] P af(lw)dﬂc}h (419)

The product of the real part of the rate of reductlon in

VOlume'_(Q—Y—) and the reel part of the pressure gives the rate of
3t Teal . .
energy loss: where,

e e T 1T

feal
+Sinw{:} (_%%) dAdh (4-20)
and, [fﬁ PCcsw“zL (li 21)

euclng the meen velue with respect to time and integra-
ting the result between h =0 and h-» ~o gives the mean power loss,

associated with the area dA of the boundary layer, i.e.

. S 22
A\XJ{:"\.:T 2k w sy Pl dA (4.22)

Therefore, this type of loss is proportional to the

square of the pressure amplitude.



~Cm

It is evident from equations (4.9) and (4.I6) thet the
two boundery leyer thicknesses are nearly equal, i.e.zJ:z' ;5%“ .
. vis, -
Thus it mzy be considered that the thermsl and viscous pr;Lesses
occur in a single bound;ry leyer, Also ¢ is negligible compared
with the trensverse éimensions of the tube,
The power loss in-a length of tube dx, due to thermal
conductivity is (cf.4.12), (see figure 4.2),
Awthfji A Aorowe, Bode Al (w23)
Determinetion of The Attenuation Coefficienti In the cese of
acoustic wave propegstion in a rectangular tube without attenua-.
tion, the velocity potentiel (4)) and the propagation constent (an
of eny mode, are given by the equations (2.2) end (2.5), respecti-
vely. -
The efféct of viscosity and thermal conduction losses is
essumed to add a smsll real part to the propesgation constant, so
theat, |
| “\{Nm = °<'“" + .& €MI\ <L‘2’L‘)
ﬁhere,dm; thé attenuation coefficient of the (myn) th mode.

Velocity potential is now multiplied by exf(‘%uﬁ)’ but is

otherwise unchanged from egquation (2.2), i.e.

¢ - i 5: anexf)('_o(mnl) Cos (_ﬁ_‘f‘_ “8) go: (%—E 2>C05(wf-gnnl> (L‘. 25)

m=3 «A%> Sia LA

For a particular mode the rate at which the acoustic energy

crossing the section at x2 0 is,



=50=
xa b 7 ‘

W:—%—*///P u, Ol‘t dz  dt (4.246)

where, Z is the period of the scoustic cycle (g = 2“/w),

par 3 pwn, S (an ) $r2 (3% 2) sinwt (4:27)
and:
- - Cos /mn Cos /nn ‘
uu.f - ""'"' = ? ma an Sin (‘—“25\ "0 S:a \TE ?;)Smwt' (.li.?«%.)
The total power lose is: . .
AW = dW,, + AW, (4.29)
The altenuation coefficient  , is related to dW ana W by
Mma
the tion: L W
equation o(“m o\’x. = L W
LS
(o\ ) (/) [ g o) gm‘
. —Z
WM& M]‘//Pux o\\&olzou:
The velues of p, E, and u_are given by the equations (4. 2‘2)
end (4,29

The velue of the amplitude of the tengential velocity is

2 R4 < »
(W), = (), + () +(u), (4:31)
At the walls yz 3 a,U) ., 0nd at 2:3D (W) =0.
| 3
e, ;-AM‘ B Go(3Ty) O (2 z) (1.32)
(\1) W‘ mi -5/ ma ) Cos(

o Cos U zal] s i\zj\;}) .(q,’;'s’)
(W)= 0 5F Sz (a%9) E(Re) (a3

Therefore, all velues gre known in the equation (4.320)

end evatating the integrsls of this eguation the value of attenu-

(lf. 3 o)



ation coefficient con be found.

Now, for perfectly rigid walls,

0

, v
C\Wv:s \ ' . zo[[ = w2...42 (UJ:*(“JIW%
o\x .:l i Uis-./i’ (uo)t ~_Ll-)0°_ \J|${[a[ 1 i'):L |

¥ T T
+2[: Lw) + (W) 4 (\AJ’;_ 10‘}%}

The result of this integration depends on the vslues of

m and n and may be written for convenience as four different con-

ditions, (i) m=0, n=0

(S L 2w tu AL R, (asb)  (035)

(ii) mt 0, a2 0 _

{%NQL%‘S(M.,,)" ’L;sjlf.“’ F\zm EWEV‘Q (L) c\+'2.€ L}(q 34)

(iii) m< 0, nfet

[ e 7o o e iz*’« = M @)

and (iv) m# 0, ni O, _ .
N R R
[T;:T, 2['1? }% w_ ii\\.P’zou

=-‘T%:<—“ Vi, '&2..0 (PE):,A‘ ¥ Z[\, (Riudz]

and the results for four different cases are set below,

n=0

_»t . “ 2 .
[%\“ﬁ"‘““‘hf lc‘ pow Bsy (axh)  (1033)

(ii). m$0, n=z0,

[ AWl L 2Ly WAL gy (aszh) (kbo)

{m,0) 2
(iii) m=0, njo

JW b . "
0\‘:(.". ](0 n)- 2,C7- /o W A”‘ it'v\ (zaTb) (4M)



(iv) m# 0y n#0,

T‘ AW%

Flnally,

a._%Dy an A3 dx ok

_ WA, 4. (a+b) (4.42)

(M.\)‘ Zc

+a 't") Z
Co" " Cos?
= /o (%Y Z’AW\Y\ Ty /S 5 “ A}S::\( )G\ fsln wta/t
and the four resulting cases are: (i) <r:'n 0, n=0, b °
’ 2
\X{o,o) =2 Wf. AN Fea a (4“3)
(ii) m 40y, n= 0,
. s
Wiz wp, By B, wb )

(ili) m=20y, n40, . ..
2 .
W(o.fﬁ = Wfa R,n Gcn Q\O (L‘L‘S) |
(iv) m$0, n::0, . |
w(w\ﬂ) = '—"‘ At / H @ma <o‘\o (44")
Substitution of the equatlons, (4.35), ( 4.39) and (4.43)
into equation (4.30) gives the attenuation coefficient for plene wa-
ves in the tube viz, }
d - ‘L_‘ » ( J—‘ .l-——a) Z ‘-l s o
(o,0) ~ 4 'g'uo 9 N b ws. ¥ (X )2“32,\ (L‘ L'7)
Substitution of equations, (4.36), (4.40) and (4.44) in-

to equation (4. 30) leads to,

xtm‘°)=7§—“§ii~£{ (32 ] v 6L —3}
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The casec b corresponds to propegation biween parallel

plenes at y-3a, which was considered by Sha%z who derived an iden-
ticel expression for'xmﬁpplying Kirchhoff's method; He has also fo-
und thet, the wave-leggth constantis increased by the magnitude of
the attenuation coefficient which is due to the attenuation of the
sound waveg,
38

Pyett, using the perturbed mode numbers where dissipati-

on exists, derived the same expression for a rectangular tube. i.e.

Fm"=~%/,<l‘~= —3;—‘—1“( | (L«ua)

where,}f 1s the wavelength of the (m,n) th mode in the tube.
Substitution of the equations (4.37) , (4.41 ) and (4.45)

into equetion (4.30) gives:
: - T vis, T 2 t -““_YI.L'
Loy = 7 ¢ _ ¢, {3,, + 1 f,n * o =

(X-1) wisy, ( \ \ ) -
- Y .S

2 cr éw\ 2o b (LI 0)
Finally, substitution of the equations (4.38) , (4.42)

end (4.46)into’ equation (4.30) gives:

i ;
O(me) Vis.

_ 7' | +'(f:w) Wb § (_\_a. +_\._.\> (4.51)
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CHAPTER V
MEASURELENT OF THE ATTENUATION COEFFICIENT FOR PLANE WAVES, (I,0)
AND (2,0) NODES IN GAS FILLED,RECTANGULAR TUBES. .
S5«J. INTRODUCTION. In chepterIV, theoretical expressions of attenu=
ation coefficients for any type of mode have been given. In these
gxpressions, 8y b,.%,p,bk,7t,'x3 are all ?onstants which depend
on the tube dimensions and the properties of the gas filling the
tuﬁé. Therefore, for a given frequency, theoretical valués of the
attenuation coefficient for plané wa&es in the tube can be obtai-~
ned from equatioh (4.47). For (m,0) type modes, however, it is ne-
cessary to find theAvalue of EanhiCh thus requireé the.determinaf
tion of $L.

mo : . . o

From equation(4.4a), )\Momay be written in terms of o&wand)\

Mo /
, o N
j.ce % - )\mo : 5- l)
- ne = Ko X(mo/i‘“ ( '

PN

meo

is directly obtained by measurement andoﬁ\is also de~
rived from experiment. ( see section 5.2),

Theréfore,Fi\San be obtained and substituting its value
into‘equation (4.4 gives the theoretical value of attenuation coef=
ficient for (my0) type modes. _

542, STANDING WAVE ANALYSIS. The theory of the exploration of the
stending wave pattern aloné 8 tgbe was initiated by Scotg(1946) and
since considered by many others. In this method; the positions and
the values of the pressure amglitudes at maxima and minima of the

stending wave pattern slong the tube ere determined,



In meking ettenuation measurements, a smooth metal pla-
te is used as the reflector at one end of the tube,This reflector
mey be assumed to be rigid so that there is no chaﬁge in the value
of the wave amplitude.on reflection,

Now assumei??is the ratio of the amplitudes of reflected
and incident waves et the reflecting surface andA:(ZS- U)is the pha _
se change accompan\l}ing reflection, Thus, fo-r a rigid reflector, Y =¢
snd SE%. |

Scott has shown that, with a stending wave pattern in the
tube, preesure niinima occur at distsnces from the reflector giVenA B

by:
- —% - 1
N FMW qu 2 Fmo

Where, N:I,Z,B,....

xoe Mo 5§ Amse giboa (4, x4t) (52)

Correspondingly, pressure meximes occur at distences from

the reflector given by,

> T (2Ms)) -2 Aws g3, z(oﬁmlw“l‘) (5'.‘3)

M- 2P 2 1
; : 2
Where! LT:O,I,Z,B’....MO ol §M9

For a rigid reflector, (i.e.\y;o'gzp) the above expressions

reduce to, , .
T X
- N-’ - M ia - .
X, = (2 \)(\._.-—z o ) i Siah 2o, x  (54)
X, = 2M T Xms. Siah 24, % - (5.5)

2’ éu—o 2 é‘:‘-"

‘Considering now negligible energy dissipation in the tube

(ieee® =0);s then:
mo



[ XNLN;O (2N-1) ;‘ﬁm (5.6)

u .
\ Xu] = 2M—— (5.7)
As 28
Therefore, the effect of dissipation in the tube, is to decrease
the distence between & pressure minimum end rigid reflector and to

increase the distunce between a pressure maximum and the rigid ref-

lector by en amount

Ao

t
LX)

The velidity of above expressions depend on the condition

Siah 2 O(va

o v . . o
-——-':-'«ﬂ. This condition is elways fulfilled in this work for the
me .

values of hinkd

were- less than 0.71.

wme

The smplitudes of pressure minima end mexima are given by |

Pon = €L sl (@, 1 4) + ‘jf*(; SMMC&MXNW)}I Gs)
Poar = C {Cos\\’l(&m IM+~3) + -fg“g‘; Siak 2-("(«.\9 x;ﬁﬂl% (.9)

vherey, C is constant. wmo

In the present case, o(mi’is very small (less than Of003)
end the second terms in the above equations may be neglecied.
Furthermore,\V X gfor a rigid reflector, thus equations (5.8) and (5.9)
may be reduced respectively to

PM,_A:C Sinh o, % (5.10)
P CCohan, x  (SW

Generally,dl % is less than 0.2, so,C.os\\dug( does not consi _
. M9 :
derebly differ from unity end the (sinh) function is nearly equal

to its argument., Therefore, equations (5.I0) and (5.II) show theat,
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ell pressure mexime become neurly equal and tho pressure minima are
a linear function of distance, in the case of the rigic reflector.
The standing wave ratio S is given by:

S: Bae L Ay, W (5.12)

end, { max
: ~\
&Mo = —‘)-c-—- 'l'-cxn\r\ S (s.13)
If,(tanﬁls ) is plotted against Xy a straight line should
be obteined, whose slope gives the attenuation coefficient.
503« NON RIGIDITY OF WAVE»GUIDE WALLS ~-EXISTANCE OF TRANSVERSE VIB.
RATIONS. At a pressure antinode, the (I,0) mode exerts & positive '
force on one of the minor sides of a transverse section of the tube
and a negative force on the other'opposite side. Thus the antisymmét_
rical character.of thé.(I,O) mode tends to cause lateral "displaee=
ment of the section in the ssme direction if the walls of the tube
are not sufficiently rigid. However, such displacement also occurs
when the whole tube vibraetes transversly as a bar, so.that, there
may be coupling between the bar—type.flexural resonances of the tube
‘and the (I,0) mode. In such case, acoustic energy would be expecied
to pass most readely from gas to tube when the phese velocity (3)
of the (I,0) mode coincides with that of a flexural wave in the tube.
Mérgg, gives the éxpression of the velocity of flexural

wave in = bar, i.e..

Cf('%—)% (w @J’l (s.14)



where,
Eb: Younz modulus of the materiel of the wave-guide wall,
/L t density of the meterial,

R : radius of gyrstion of the cross- section.

1

R Jor & rectungular, thin walled tube of transverse dimen-

9 . (ko)

sions 2a and 2b,1is,

K‘l:\?@' (Q:i\} )% : (s.15)

The allowed frequencies of the flexural vibrztiion of an

' : 3
unsupported ber of length (1) vibrating freely aré,s)

() S () (i)

Where’ N:I,Z,B,...

Therefores from equation (5.IG),<LqFay be found and subs;
tituting theseﬁvalues,into equation (5.I4) gives the approximate va
lues of‘Ci, at res&nance; When one of the yalueé of C%, coincides
with the phase velocity of the (I,0) mode, some excess atienustion
of sound may be expected for non-rigid tube walls, In section (S.Q)
this possibility will be investigated by inserting numerical values

_in the anah}tical expressions.
5. 4. EXPERII:ENTAL WCRK . ’ ’
‘ . attenuation
In order to find the theoretical values of /gwe coeffici~
ents, the values of gas coefficients c”/; /X, ‘ZP % and M must
be known. (See references 4I, 42, 43, 44,45),

Gas constants for air:

The density of air(j:) at an absolute temperature T (degl<)
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and pressure P(cm. HYg.):

" % 27% 3

j?,: 0.901297 ("‘Z]‘Z—) ( __?___‘).cém/cm
hence, at 22°C and I etmosphere,; f= 0.00I293 gm/cu.

The velocity of sound in air (c) at any ordinary tempe-~
rature in degCy can be calculated from the formula:

= 33145 + 60.7 (tcmecro\:u}e) cmlscc.

Sos &t 22°Cy c = 34480 cm/secs

Specific heat at c;onstant pressure ('XP) and the ratio of
the principal specific heats (X) of air, at I‘atmasphere and 22° ¢
are respectively 024 %%cand L4073 | |

The shear viscosity coefficient of mir (p) at 22 C is
/./ﬂ%ll)P_ e« If the-viscosity of a gas M at the temperature T is

" +
known, the vn.scos:ntyl.) at T is given by:

T+C )( T“ )"
JaE /v .C

_vwhere C is Sutherlend constant and equal to II7 for air,.
The thermal conductivity of a gas at normal pressures is

independent of pressure and may be given by: X = 0'7'5‘(91"5)//X
Cal
CM,SgGAJcﬁCA

. At 22 Cy I atmosphere, the thermal conductivity of air iss 62121&0

~ Attenuation of (0,0) and (I,0) Modes: Measurements with

(0,0) and (I,0) modes wer.e carried ouf in the small wave-guide. The
experimentel velues of attenuation coefficients were found about

105 ebove the theoretical values, The sand which covers the guide
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Calcalafed T Observed
Erequency - [Temperature | oy, o8 (em') |,y vi0° (cm)
,2Wg /s | 218°¢ 61 42
24b¢/s | 22.0"¢ 62 60
2buh¢ls | 21.6¢ 62 65
2068 ¢/s {2167 ¢ 64 66
12938 ¢/s | 21.9' ¢ 66 47
3272¢/s | 21.9" ¢ 70 73
Toble 5. |
Frequcncy | Tomperabul S5t o205t e
2418 ¢/s | 21.8"¢ 6§20 625
2426 ¢/s| 22.0°¢ 38 6 394
Zh by els 21.7%¢ 299 294
2668 ¢/s | 21.6"¢ 159 165
| 2938 ¢/S | 21.9°¢ 132 135
3272 /S | 21.9%¢ i L4

Toble 5.2
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caused this high velues of attenuation coefficients because of its
high internal firiction. On the other hand no wall vibration occur=
redy, which moans that the walls were effectively.rigid.

The sand which covers the guide was then removed and the
measurement s were carried out with the tube free from send but still
confained within the covered box.

The results of plone weve measurements have been given in
table 5.I. The theoretical values of attenuation coefficients heve
also been included for comparison. An agreement within 3% is found
which should be within expérimenfal errors . -

The valuses of attenﬁation coefficients obtained in (I,0)
mode experiments have4been given in tables.z.‘together with theore=~
ticelvalues of<thIh figure S5eI and figure 5.2 tanﬁ‘s héve been
plotted against x, The results as expected were straight lines
which ensures that the stending wave patterans follow the theoretical
forms very closely.

The attenuation coefficient of the (I,0) mode against the
ratio ofEQC}o/Q] has been plotted in figure5.3. From this figure
it cen be seen thatd\”pas lerge values near the cut-off frequency
of the (I,0) mode. This is because the wavelength of the (I,0) mode
is vefy large when the excitation frequeﬁcy gpproaches the cut-off
frequency of the (I,0) mode.

During the standing wave measurements all pressure maxima
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were found to be approximately equal and the pressure minima incre-
ased with the distgnce measured‘égszace of the rigid reflector,
This can be seen in figure 5.4 which shows the variation of pressu-
re along the large wave-guide for the (I,0) mode ét the frequency
of 1603 c/s. |

The possibility of tube wall vibrations when the sand is . B
removed should be considereds For brass tube, EB:&“ ,m"gm.cm 5“‘,&: 9.6 Sm./cw?.
end %:ZTISL». Thus the values of allowed frequencies of the "flexurel |
vibration of the tube may be found from equation (5.I6). When N .4
in equetion (5.16), 4 is equal to 2427 c/s. Substituting this velue
into equation (5.I4) gives the vlelocity of flexurel wave which is a
bout 119,103 cm/sece On the other hand the phase velocity of the
(I,0) mode in the tube is given by C?: C,/Cose (see equation 2,18),
".‘JhenCP’ECi the value of cos® is 0.36. The value of cos@was also

given in terms of the frequency (see |eque.‘t;ion 2,I7)y iecs

Cos e:[l - (l%_-—)’%—)t];
Substituting the value of cos® and (%‘).,', into this equation gives the
epproximate frequency 2563 c/s. Therefore, at this frequency the
twovelocities c‘, -andcl are coincide and this may cause some ex.cess
attenustion,

Experiments with £=2563 ¢/s showed that observed value

ofo{' ‘is gbout I3 % sbove the theoretical value which was caused by

the tube wall vibrations,



-

Frepuency [Temperabure | ot fom)le o)
2423 ¢/s| 22.0°¢ 260 280
2478 ¢/s| 22.0% | 15¢ 164
2538 ¢fs| 21.9°¢ (1 Vb
2996 ¢/s| 22.0°¢ 77 g o
3186c/s| 21.87¢ 76 gu
Toble 5.3

Frequency | Temperatare Cleend, )
6889 ¢/s | 21.8°¢C WA 12
7003 ¢/s | 21.8°¢ 18 1Tt
7396 ¢/s | 21.9°¢ 120 126

7511 ¢/s| 21.9°¢ x4 129

| Toble 5.4
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Attenuction of The (2,0) Mode: Experiments with Tho (2,0) mode were
carried out with the large wave~guide, Observed and celeculated va-
lues of 2°are ziven in table 5.3, The plot of tanE\S egeinst x
are elso shovm in figure S.5 and 5.6, The resulis are about 6-75

sbove the theoreticel velues which was sgain caused by the high in-

ternal fAriction in the sand which covers this guide.

The variation of ® as a function of the ratio of(s?‘°is
Yo
shown in figure S5.7.of has large velues near the cut-off frequency

Lo
of the (2,0) mode where wavelength of the (2,0) mode is very large.

Attenuation of Sound in Helium Filled Wave-guide: Lisasurements with
the smell wave-guide filled with helium was also dones Helium is a
monoatomic gas so the non-classical attenuation is avoideds Helium
has also & high value of thermal conductivity with a high sound ve-
locity compared with that of air. Gas coefficients for helium (see

references AI, 42, 43,- 44 and 45) are: (C}'97°70 cm/sec, (X)-I 60y
h

[

(’7(,‘,) 1.25 cal/ gm degC, (ﬂ)l« O.I’hIO ~vn/cm ’ /./):194 micropoise -
and (R{‘: I4.614.I0qcal/cm sec degC,

From a helium cylinder the gas admitted into the guide
through & 0.08cm. orifice near the reflector plate. At the lgudspea -
ker end a specizl glass tap system and & vacuum pﬁmp have been used
to flush out the gas from the inside of the guide and from the rub-
ber tubes which connects the loudspeaker units andé the source end

‘of the wave-guide. Apart from the probe tubes, the guide wes well
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sealed, Hegce, the ¢nd of the probe tubes'near the travelling mic-
rophone were also closed,

For about I5 minutes the gas inside the.guide were flus-
hed out for several times and helium was meintained irn the guice,
The gas pressure inside the guide wes read by using U-tube geuge
which was‘connectéd to an orifice in the tube wall.

Experiments were carried out for plane waves and for fre-
quencios from 6889 to 75I2 c/s. Resulis were about 3-6% above the
theoretical values which are giveh table 5.4, Tahﬂfs against x ié
elso plotted in figure 5.8 for the frequency of 7003 c/se

The classical attenusation in the body of the gas has be-
en calculated by using the equation (4.4 )e It wass found that at
'7' Ke /sy Qi\aﬁas the value of about 3.4 o: the total boundery layer
attenustion. Therefore, theoretical values shoulc be somewhat hig-
her then given in tzble 5.4 and experimentel values of attenuation
coefficients should be accepted as clase to its theoretical vealues,

The value of the boundary layer thickness for helium can
also be determined from the equations (4.9) and (4.16). At a frequ~
ency of 7 Kc/sy Zw‘: 0.00'T‘ cm and%{_—l.; ‘O. 0073 cm which are very small

compared with tube dimensions and therefore the boundary layer

theory can be applied,
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CHAPTER VI

THE #EASUREMENT OF. THE SPECIFIC ACOUSTIC IMPEDANCE OF PORCUS MATE;
RIALS AT OBLIGUE INCIDENCE.

6.I. INTRODUGTION. lieasurement at oblique incidence implies the
use of a perallel beam of radiation incident at one definite angle
to the surface n&rmal so that rapdomly incident sound waves are ex-
cluded in the present discussion. |

Various experimental methods have been employed but before
describing these the conditions to be fulfilled by the "“ideal mef—
hod" will be defined, |

a) Any desired frequency cean be used,

b) The measurements can be carried out et eny desired angle
of incidence,

¢) Any size of material can be used for the measurements,

d) A good experimentel accuracy is attaineble.

Condition (d) is, of course, the most importent one. The
severel methods which are used in prectice may be divided into three
groups:

Free Wave Méthod. This type is the earliest method which has
been uéed to measure the absorption coefficient of materials at ob-
lique incidence. It is similar to the optical reflection and absorp.
tion measurement method. Conditions (b), (c) and pért of (a) is ful_
filled by this method but the results are not accurate for these

reasonss:
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(i) Ai-audible frequencies the wavelehgth of sound wave is lar-
ge and ray optics formulas eare not strictly applicable with an ap~
paratus of feasible dimensions. So, lower frequenqies cannot be used,

(ii) Diffraction effects.

'Champer ilethods. In one procedure a small rectangular chember
_ has been used witﬁ one wall covered with a sound absorbing meteri-
el, Bhati?1939) and Harriﬁ?lgés) have used su;h chambers and made
_ observetions on a single mode enebling the impedance to be evelu-
ateds The incidence angles depend on the modes which are excited,.
and so frequencies and angle of incidences cannot be chosen at
will, The results here are not expected to be accurate. This mzy be
due to ambient temperature changes which are very difficult to cont-
rol, The chember method is advantageous if & large surfece is re-
quired as often e.g. in panel resonators, the meteriels do not res-
pond uniformly all over their surfece. This method can also be used
at frequencies as low as I00 ¢/s, where the other two methods beco~
me impracticsbles

Acoustic Wave-Guide Method. This method was first suggested by
Hartig and Swaﬁsog (1938). In this method three techniques are pos-
siblg: |

(i) Study of the resonesnce curves obtained when the frequency
of the source is varied. This technique is unlikely to allow accu-

absorbent
rate measurements in the case of highlyTsurfaces, since the reso-

nance curves of individual modes then tend to merge making discri-



mination difficult,

(ii) study of.the resonance curves obtained when the tube
length is varied. (Beraneg3. This technique leads.to mechenical dif-
ficulties,

(iii) Exploration of the standing wave pattern in a tube, Pa-
ri:’(IS)Z?), Scot?(1945), Shcr.!/'(I953) and others used this method.
| This technique does not have any.serious disadventage if
the sound generator system ensures the excitation of the desired
‘mode only, as expleined in cheapter III,

The second and third techniqués are termed acoustic trans-
nission techniques, |

The sténding wa#e method has been epplied in the present
work. This method of “impedance measurement consist simpiy of deter-
mining the pressure amplitudes at & maximum ana minimum of the stan-
ding wave patfern, together with the distance from the specimen sur-
.face to the first minimum,

The sfecific acoustic impedance of the specimen can than
be found from charts as will be explained in the next section,

Thé-adVantages and disadvantages of the ecoustic wave-
guide method may best be understood by comparison with the " ide-
a2l method". |
2) In order to excite a propageted mode, the frequeﬁcies which are
gbove the cut-off frequency‘of that mode must be used as explained

in chepter II, Therefore, only a limited frequency range csn be used.



for a Particul&r propugated mode in the tube. If the transverse di-
mensions of the tube is smell, higher frequencies cen be used for
thet mode but it is also necassary to choose a tubé which has trens.
verse dimensions large enough to accommodate a suitsble test mate-
riel. If one uses several tubes with different transverse dimensi-
ons a large frequency runge can be used but this is, of course, ret.
her # impractible., On the other hand,vthe dimensions of the guide
become rether lerge for frequencies less than sbout 300 c/s.

b) The esngle of incidence depends on frequency and the dimen-
sions of tﬁe wave-guide section., Therefore, it cen be continuously
varied by sltering the frequency of éxcitation, but-it is not pos-
sible to measure over a renge of incident sngles at one frequency
with one tube. From the observed values of mode wave-lengths the
engle of incidences cen be determined accuratel&. “hen the frequ-
ency is increased, this angle gets less but at thc seme time the
possibility of excitation of other modes in the tuhe, which are
unwanted, put z lower limit on the value of the angle of incidence.
This lower velue for normel-sized tubes i1s gbout 25‘- 30. Beranekq,
(1942), derived an epproximeste formula for the scoustic impedan-
ce of thin porous leyers. He showed that, important chenge, with

increasing the engle of inéidence ig en increase in the resistive
pert of the impedance, the reactsnce remaining unchenged. Later ex-
periments have confirmed these results, Therefore, the value of im.

pedence does not chenge very much at lower vzlues of the angle of



incidence, (i.e. between 0°'- 253. In fect, the weve-guide epperatus
can be used for normel incidence (i.e.0:=0), measurements employing
the (0,0) mode. These considerztions indicete condition (b) can as-
sumed to be fulfilled.

c) Wav@-guides are not suitable fof large-scale acoustic mete-
'rials, unless corridors are used as sounc-channels,

d) The weve-guide hzs the great advantege that it is capable
of the high accuracy of the normel incidence tube methods. It cean
become & precision method end wes used in the present experiment.,

Normal incidence tube methods have been describéd by Beraneﬁg
in fuli deteail,

6,2 DLTERMINATION OF SPLCIFIC ACOUSTIC IMPEDANCES OF MATERI-
ALS AT OBLIQUE INCIDENCE; USING THE STANDING-'YAVE METHOD.

In this experiment, impedence measurements have been cer-
ried out using the (I,0Q) mo@e. The impedence formula , therefore,
will be evaulated here, for thig pafticular mode.

When the tube is terminated by a test material a stending
wave pettern developed along the tube, The complex reflection co-

efficient at the surface of the material is given by:

- ~lry+id) \
r;o = ¢ (é,\)
-2¥ | L
where ¢ s the retio of the amplitudes of the reflected 1o incident

weve, and \=2§ ~T : the phase angle (62>
From eqﬁations (6;1) and (6.2) :
C _;2(\"1'15)‘?‘%“ 62.(\4""18)

o = = (4.3)

—
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The specific acoustic impedence of the material, Zl y de-
,0

pends on the reflection coefficient and the cheracteristic mode im-

. 1)
pedunce \NN, of the medium. This relationship is given by(:
. ’

= -
r;o:: 1,0 W',O . (é-lr)
1 . w .
Z|,u <+ ', 0
Substituting equation (6.3) into equation (6.4) gives,

-
—_— tan\n \ Z): + 7 (4.5)
s (v+is)= p+in
Therefore, in order to flnd the value of Z of a material, first

Lo

\{/ and & must be determined. This cen be done by observing the stan.
. ding wave paltern in the tude as vill be expleined leter in this

- section. However, at the cut-off frequency of the (I,0) mode Vv"ais

infinite and equetion (6.5) becomes zero. Thereforé, this equation

does not give directly required impedance ratio.

Thus the ratio,

2. . R, X

W, S W, WL,

has to be determined. The velue ofW s given in equation (2.11.2)
which is: \l\éoz)f C, « By definstion
wph o W (.7)
Lo a1 vy ’
Fo X7 1%0

Mo

Substituting this velue into equation (6.5) gives:
Z,.\,‘ - Z,‘g__ >\o,a | — .J °(|,o >\1'o
W, , ) \Na’a '>\“o _ Zn
(o1 ) B (- 12
WW WM >\. 2
Pria (6-8)

"Soy from this equation, the resistance and reactance ratlos are gi-

IR

"
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)hoand );gan be meesured with high accuracy from observa-
tion of the standing wave pattern.zgfand j%é%re the distance bet-
ween two successive pressure minima points,

ﬂhen the Vaiues of ﬁ) ;anand the distance between the
position of first pressure minimum and the material(xq):are found

min

the vslues of p andc\are obteined using a Smith chart, described
by Willis, Jackson and Huxlego(I944). Velues of \Y are defined by
éoncentric circles intersecting the radisl lines of constént[;gﬁlgug,
. The values of p andﬂgnaynthan be found drectly which are importent”
‘for the Qquafioﬁs,(G;Q) end (6.I0).

In the presence of apprecisble tube attenuation the in-
terpretation of the standing wave pattern becomes more difficult.

The expressions derived by Scott, for the maximum end mi-
nimum pressure amplitudes and their positions along the tube have
been given in chsapterV, by equations (5.2),(5.3),(58) and (5.9).

It can be seen thet, the effect of ettenuation is to shift esch

minimum towards the reflecting surface by an emount

§ = —2ursaha (4, x+¥) (bn)
{v,0) ?.i“'.p '
The stending wave ratio cen be given by the modified for-
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mule, which is from chepter V,

- Pm‘ o
| -'S_ mx > ‘Eo\n)\(o(ho 'Y.-f'\\l’.) 6.1
ma .
Plot of’&anLSagainsé x is a straight line and the slope of this li-

-1
ne gives okw. The intercept of the{a»l\S—- X line at x=ogives the

()

value of ¥ «

In experiment, the distance(x,) cen easly be measured but
. men

effect of tube attenustion should slso be cc;nsidered. S0, must be

. ) ('r’)
added as a correction term to(}.‘) . iee.
: L M
.i(ln )wn.1 = { (Zl)w\.‘n] t g(c‘a) . (é |3_).
Cocrected W\ta;ureA

Corrected value of (X,) is used in impedsnce formulas.
AN
After these measurements and calculstions all terms in e-

quations (6.9) end (6.I0) become known and results can be obtained.
6+ 3. EXPERIMENTAL WORK:

The épecific acoustic impedance of a specimen of mineral
wool with 2,45 cm thickness end 0,12 gm/cm3 density has been mezsu~
red at oblique énd normel incidence in the large wave-guide.

The observed values of %C, andx/f’co for this specimen
are given in figure (6¢I)s The angle of incidence is a function of
[ﬂc/“ and the values of 4 { are also included in this fiéure
where (5\ = 1204 ¢/s. |

¢ Yo

If the velocity of sound in a porous medium is very low

the impedance of the medium &oes not change considerably with the
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angle of incidence. This condition is fulfilled at very low fre-
quencies or in a modiun with very fine pores. In this condition
viscous forces are large cbmpared inértial forces.,

In minersl wool, at high frequencies the velocity of so-
und is nearly equal to its free value, Therefore, the impedance
of fhis naterial gives an angle of incidence dependent impedance
values, From figure (6.I) it can be seen that the impedance of the
specimen at oblique incidence is different from the normal inci—.
dence impedance. The resistance ratio shows the greeter divergence

which was pointed out by Beranek.
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CHAPTER VII

SOUND ABSORPTICH BY PORCUS MATERIALS.

7+I. INTRODUCTION. Sound ebsorption by porous materiels is alwvays a
question of conversation of incident sound energy into heat. Lord |
Reyleigh showed that in borous materials sound was ebsorbed through
‘the viscous and thermal coﬁduction effects occuring in pores,

For plane waves, the mode impedance in the loss free case

is W,, =/ €, (7-1)

When acoustic ebsorption tekes place in a meterial a pa-
remeter termed the sbsorption coefficient is used t§ define this a-
coustic property. It is defined es the ratio of the ebsorbed acous.
tic energy to the total acoustic energy incident on the given mate-
rial, |
| For normel incidence the absorption coefficient of the

specimen is given by:

A (o) - i— 2(0) = f,Co ¢ (7.2)
© "Z(O)‘t'fa Co

Z(0) is the impedance of the specimen measured at normal incidence.

If the measurements are carried out with a higher order
modeat an angle of incidence &, in the loss-{ree case, the mode im-

pedances becomes:

W . FeCs | (7.3)
4? mnA C—OSQ‘
Paris (I927), has obtained an expression for the absorption coeffi-

cient es a function of engle of incidence® , i.e.

| Ae) =\ - z(8) Cose -f Co

2 )
=2(8) Cos® +/4 co (7'4)'



where 2(@) is the impedance of the specimen meassured et an angle of
incidence B,

Sometimes the value of the absorption COefficient is wan-
ted for random engles of incidence, This walue can be measured di-
rectly by the reverberation methogioIn a reverberagnt test room, the
time of reverberstion decreases when the ébsorbing'sample is inser-,
teds From the-times of~rev6rbe?ationvbefore and after the applicati-
on.of the sempley its coefficient of absorpiion for rendom angles of

be caleu\nted. .
incidence! The various absorption mechanisms can be divided into fo-
ur main groups. These are:
a) Porous materils with rigid frame,
b) Porous materils with flexible frame,
¢) Panel absorbérs, and
a) Resonators..

Only rigid porous materials will be considered in this
thesisy but a brief mention will be made sbout others.

The skeleton of a flexible meteriel vibretes with the eir
borne sound and a sepdrate elastic wave propagates in the skeleton.
Therefore, the compression modulus of the frame is an important
constant for such materials, apart from other parameters which will
be given in the next sectioﬁ.The surfaces of ithese skeletons may be
coated by a light end thin demping meterial, so the physical proper._
ties of the surfece coatings are also important for their behaviour.

Light panel absorbers are usuelly mounted at some distan~
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ce in front of a rigid well and they will possess a resonsnce fre-
quency at which the absorption has the highest vzlue,

Perforated penels are also used and the main variables
are the perforation and the thickness of .the air layer. Perforati-
ons may be filled by another suitable absorbing material.

For further details about sound absorbing materials see
Zwikker and Kostegland Ric’zau-c!soxif-.3
7+ 2. GENERAL EQUATIONS GOVERNING THE WAVE PROPAGATION IN A POROUS
MATERIAL ¥ITH A4 RIGID FRAME.

The acoustic parameters of rigid porous meterials are: =~

a) Porosity (j )s

b) Flow resistance (V)

¢) Structure factor (k).

a)Porosity is giveh by the ratio of the volume of accessible
pores to the volume of the specihen. The porosity is independent of
frequency and 2lways less than unity., It can be measured directly
by non-mcoustic methods.

b) Flow resistance is the ratio of the pressure gradient, in
the direction being considered, to the volume velocity in that di-
rection where the volume velocity (U ) is defined as the volume,
crossing unit area perpendicular to surface per unit time, The flow
- resistance varies with frequency and can be measured by non-acous-
tic methods,

¢) Structure factor depends on various perzmeters and is rela=
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ted to the microscopic structure of the materisl. The factor varies
with frequency, is always equal or greater than un;ty and is depen-
~dent on: |
(i) The direction of the pores,
(i1) Exeistence of some closed pores,
(1iii) Vibration of skeleton., This is small for rigid materials
But can ceuse high values of k, |
(iv) The influence of velocity distribution.
For many porous materiels k has a value between one and
two but is sometimes higher, | B
In the earlier papers various authors used a porosity and
a flow“resistance'to specify the acoustic propertes of material,
Zwikker'and Kosten, have introduced a structure_factor, ﬁhen a mic-
roséopic volume of air in the materiel is subjected to an mccelera-
ting'force, it may be constrained by the solid skeleton, to move in
directions other than that of the force, so that the component of
ecceleration in fhat direction is less than if the air were unconst._
rained. Thus, air in the pores appear to have an increased inertisl
density. This increase is exppessed in terms of.a structure factor.
Zwikkxer and Kosten (1948) have introduced effective dens.
sity (f ) and effective bulk modulus (K) to replace all the other
parameters of the porous materials,
In free air, in the.ioss free case/ and K are real.

In a medium with internal demping, density variation is



no longer in phasc with the pressure variation. This means c’}i/&(’
is complex.

Equation of continuity is given by:

Vu _,__E_-__ ;\ﬁ P (2.5)

The effective bulk modulus may be introduced bys

K. df - (2.4)
The equation of continuizy may now be written in the simple form,

i.e. - .7
V\A K P (7 ) (52)

The equation of motion in an isotropic medium is given by
_VP—_J%_/ U + VU (7.8)
-4
The effective denéity may be introduced by:

L v
A (7.9)
80y the equation of motion can be written in its simple form, i.e.

"VP:/U (7.!0)

and, P becomes frequency. dependent.

The, effective bulk modulus and the effective density have
limiting velues, Aséume a medium, composed of cylindiricel cepil-

leries, If and L are defined as:

D:(_‘ﬁ’_%gﬁ.)% '(7.1!)

where,(, ¢ the pore diemeter, and

L. (2 7(»(-’ ) (Pro\no“.’l. Muml}ﬂ(‘) (7'2)

- Limiting vslues of K are found as follows:

0L<<| i.e.

< w tr x,;_)“a & (7.13)
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then at. very low frequencies or, (K/WFP> lerge compered with the

pore diemeter, K has the limiting value: 4
. R

K=l 6] +3 _x’l (‘—')ﬂ-'—%—- (7.14)

(2t V200 (705)
then et very high frequencies, or (»(/WX ).- is small compared with
the pore dismeter, K has the llmltlng velue:
RIS YAV ZW(”')]* xP/g‘ (716)
At intermediate frequenc:.es, the value of K can only be determined :

by measurement.

The varigtion of K with frequency is shown in figure (7.1)
4\Imac3‘inar%

l<" ' Pl.ow\e

Fiaure('i. )

K,
b R/s | | Xh/s

 Limiting velues off are found as follows:

If, 9<<| ices ( w A, r(’) << (7.16)

g Req].
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2
This means that at very low frequencies, or.(///wﬂ) is large com-

pered with pore diameter, / has the limiting value:

/“’ié‘“ﬂi%”i gz] (7.18)

This equation shows that,at very low frequencies, /0 is

predominently imaginary. ,
If, 9»10 s lece ’ -
v | 7.19
(2hle ) > (2.19)
This means that et very high frequencies, or(/.l/wf)lis
smell compared Wlth pore dlamcter,f has the lml‘hlng velues
S = [w('—l)\! \- ——/, (7.20)
Therefre, et very high frequenca,esf is redal and motion
is ineriia controlled, _Since, ‘L>/\ and §\<\ the values of/ at very
high frequencies is greater thanf .
. )
The nature of the frequency dependence of/’ is shown in

figure (7.2).

I 7 gén\\

| F{c&ut‘ew.?’)

h 4

Ima 3: nov e Y




The above values of £ end K have been derived for a medi-
um composed of cylindirical capillaries. Campbells-,qhas done the czl_
culetions for a medium composed of pafallel plates.,

P and K in fact depend on verious properties of practiceal
materials so that mathematical ar2lysis can only be qualitative.

.-7. 3. PROPAGATION CONSTANT AND WAVE T:PEDANCE .OF A MEDIUM IN TERI,-IS
OF EBFFECTIVE DENSITY AND EfFECTIVE BULK LODULUS. The impedance of a
léyer of a specimen, backed by 'a rigid meterial may be written in
terms of its wave impedence (W) , propagation constant (¥) and its
thicknesse Hence, W and\& determine acousticel behaviour of a médi=-
um alterna“tivelyf and X, Regarding f and K as fundementel meterial
- constants and applying the equation of motion and equation of con-
' tinuity for the vib_rating gir, one cen find values of W andx in
terms off and K. '

These velues are given by:

X':d*iﬁ = 'JWJ—{_..I (7. 20)
W:\SYK :PC (7.2.1)

The velocity of acoustic waves in the medium iss

- | K 2.23)
c= | |

From these three equationsf ’ K and ¢ can be found. Sincef and K

&nd,

are complex, ¢ is also complex.



7e4e EXPERILENTAL JORK:

The absorption coefficients of the mineral wool and zn
artificgl sample have been measured at normal and‘oblique angles
of incidence., The results of meesurements with mineral wool are
éhqwn in figure 7.3, At esngles of incidence near to the normal
only a small divergence from the normel value is found for the ab-
sorption coefficient which was expected. Af higher angles (above
,80'), bscause of the cos® term in equation (7.4), the absorption
coefficient has small values;

| An artifical sample was made from perforeted zinc metéle.
. 30 plates were held together by four rods with a distenqe of abo-
‘ut 0.2 mme The measured absorption coefficient at normel end oblique
incidence is shown in figure 7,4. Beczuse of the high anisotropy
of this medium, its absorbiﬁg properties was different from thg

normel incidence value.
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CHAPTER VIIX
PRESSURE~RELEAST MATERIALS UNDER HIGH HYDROSTATIC PRESSURES:

Elementary considera’tion of impedance teils us that ref-
lection will occur if sound waves in one-medium strike the boundary
with another medium if there is a difference of characteristic im-
pedance,

Therefore, to obtain ab good reflec:bor the first condition
fo be fulfilled is & large difference of characteristic wave impe-
dances of the two adjoining média, i.e, water and reflector,

In the case of water/water or water/solid insilation, in-
sulators which have a sufficien;tlf.y high impedance afe not aveilable
and a reflector which has a low impedance is needed, These low impé-—
dance materiels are the so-called "pressure-release materials",

The amplitude reflection coefficient R;; for sound waves

55

in water incident normally onvai reflecting layer,

\"“K:.I My
Ka - WA%Jowcw (gl)

where d & thicknéss of the layer,.

Cunt velocity of sound waves in water,
f ¢ the frequency of the sound waves, and
MJ‘ the dynamic elastic modulus of the layer,

It follows from equation (8,I) that,

R’ ' nd%f’wcw (8-2-)'

©Jng < (mddpe

The medium is pure water, therefore,fcwis constant and
w
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independent of frequency. Frequencies up to 6 Kc/é were used,
Therefore,'tho dynamic elastic modulus and the thickness
of the leyer are the most imporitant parameters conc;rned in the
achievement of good reflections The thickness of the reflector is
limited by practical cansiderations.
It follows, therefore, thet a good reflector should pos~
sess & low dynamic elastic modulus, .
The dynemic elastic modulus of the materials are given by
a) For solid medium | | '
M =K, + —93—— V. | (8-3') '
where wa the dynamic bulk modulus of the material,
M.+ the rigidity coefficient of the material, |
The lowest velue of_MJ'for solids is not less than some IO dyn/bm}
" b) For liquid mediums Liquids do not have value of %ﬂ less
then some Iéodyn/bﬁt‘
¢) For gas medium: The value of MA increases with pressure
end is given by:'
M- XP (8.4)
where?(: ratio of principal specific heats, '
P: pressure,
For aiﬁX:.I.4 andiwhen the pressiure is equai to 20 atmse,
which corresponds to 200 m. of water, the velue of Lﬁbecomes:
. 7 .
(M‘J)mr =28 0 Atn/cw :

In order to obtain a reflection coefficient of 977 or more in we-
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ter ot a frequency of 3 Kc¢/s and & pressure of P- 20 atms.(F‘°ﬂ\equ-3J):
_.g‘i—é';,g rloq c\jﬂ/crr?. | (3-5)
where d is in ¢nm, '

From the nboye relationy, it may' be deduced that to use
& metel or ligquid as an efficent reflector requires a very thick la.
yer of about IOOcm..which ig not a reasonable value in practice.

Jt isythereforeynecessary to usse a.layer which contsins
gess

‘In the cese of air-filléd spoage with negligible skeletal
stiffness at e pressure of 20 atms. and at e frequency of 3 Kc¢/sy
Lil-,z.s,rg dyn/cme for air, thus, equation (8.5) can be fulfilled
for lsyer thicknesses down to sbout 0.I cm.

The range of-critical thickness for different pressures
and frequencies is illustrated in the table (8.15. The large varia=
tion of critical thicknesses with pressure is inconvénient in prac-
tice and alternative means must be adopted.

One procedure which can be adopted is to use a solid ref=-
lector which has porestfilled with air., The stiffness of the ref-
lector will no lomger be smell and the dynamic elastic modulus is
necessarily greater than that for the &sir itself. This increass in

greater
M will involve slightlyflayer thickness to maintain a constant value

d
- of the reflection coefficient but the layer will have adequate re-
sistance to high hydrostatic pressures.

A suitable materisl to satisfy the above conditions is
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foamed rubber or stiff plastic containing air end will therefore,
be suiteble as rofleétor material ‘in deep water,

However, the eoscape of gir from the refle;tor end penet-
ration of water into the reflector under high hydrostatic pressures
has to be avoided., Hence the reflecting materials should possess c=
 losed pores,

Bockeg‘(I96I), has done work on préssure-release reflec-
tors and found that smong the tested samplesy cellular rubber with
closed . . pores had the beé% reflecting properties at the pressu.
reis from zero to 20 atmospheres.

Mnother important epplication of equationv(8.2).relates |
to the reflection,Ain watery of sound waves from a thin film of
air. If the thickness of this air filﬁ is 0.I cme end it is enclo-
sed»between thin metal p;ates, from equation (B.é) it is found
that the air film reflects at 20 atms, pfessure gbove 95% of the
incident energy at low frequencies. A possible pressure-release
medium can be fofmed, thgrefore, from ribbed metal sheet(figure8,I)
As @ result of the flexibility of the sheets between ribs, the

sample can be used at high hydrostatic pressure in the water,
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CHAPTER IX
LIQUIDS IN CYLINDIRICAL TUBES HITH HARD WALLS,

In order to investigate the reflecting p;operties of ma-
terials under high hydrostatic pressured, it is necessary to use a
measurement chember end this may be conveniently provided by a clo-
sed rigid steel tube containing a water column, at one end of which
is situated the test specimen. |

The egreement between the analytical end experimentel re=
sulﬁs of Fay, Brown and Fortiegjgndicates that a water filled tube
is precticsble for use in measuring the impedance of uﬁdefwater.é;
coustic materials,

In air ﬁcoustics, it is reluatively easy to obtain an enc-
losure with rigid walls, that is, with wells whose specific acoustie
impedance is large compared with thet of air and, therefore, it can
be that no eﬁefgy is tfansferred from the sound field to the solid
enclosure., For sound propegetion in water, in fact, no practical
“boundary can be assumed to be completely rigid, since the specific
ecoustic impedance of the walls of the tube cannot be assumed very
large compared with that of water.

Thereforey relatively thnick walls zre necessary to provi-
de sufficiently rigid boundaries for the water column in the tube,

It has Yeen shown that for the cese of forced vibrations
of a fluid, conteined in a cylihdiricel tubey, the waves become pla-

ne if:
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—?i-éz.m*sxo (90)

where D t internal radius of the tube,
c,: velocity of sound in the fluid end
f s the frequency.

‘Below this frequency, the sound waves in the tube are

© plane.

The yielding of the tube near the liquid nodes results in
a lowering of the weve~velocity in the liquid. He Lamb has shown
that the relaetionship between velocity of sound in the tube, thick~

~ . 5%
ness of the tube walls and inside diameter of the tube is given by:

: . \
C"Cf. = Cac\'u«\ (H- Kn\Df/Jt E) h . (C)z)
vhere E: Young's modulus for the materisl of the tube, '
}%: volume elasticity of the 1liquid,
ﬁ'“_: the velocity of sound in the free liquid,
Ed““‘: actual velocity of sound in_the tube,
dtz thickness of the tube walls,

At frequencies within the audible range, the resoneance
within the liquid can be heard by ear. Figure (9.,I) shows the reduc_
tion ofvsound velocity in a steel tube filled with weter, it can be
seen thet (es Helmnoltz had predicted and from equetion (9.2)), the
aectual velocity of sound in the tube increéses with increase in the
thickness of the tube walls and with decrease in the diameler of fhc
tube.

In order to make measurements in liquid filled tubes it
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is esgential ito remove any dissolved air from the water in the
tubey, so that when the temperature or pressure changes, no air
bubbles are releascd. The pfesence of air bubbles.canvmodify app-
reciebly the velocity of sound waves in water,

.The dissolved air can be removed by heating the water or
by pﬁmping out the air from the space between the water and the

top plate of the tube using a vacuum pumpe.
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CHAPTER X

CHOICE OF METHOD OF.MEASUREMEN‘ AND DETERMINATION OF THE SPECIFIC
AGOUSTIC IMPEDANCES USING THE METHOD OF THE RESONANCE ANALYSIS,
I0.I, CHOICE OF LETHOD OF LIEASUREMENT:

To investigate the reflecting properties of materials un-
der hydrostatic pressures necossitates a measurement chamber which
is closed and of moderate size. Because of thisy, thé method of mea-
surement must be chosen from the stendard impedance tube techniqu-
€8s 1.0,

a) Progressive wave or pulée,
b) standing wave,
C)Resonance anaiysis.

The pulse technique, which requires several waéelengths
within the tube, is not appliceble to this experiment. The reasons
ares

(1) Limited length of the impedence tube,
(ii) Low audible frequencies will be used.

A standing wave pattern requires & moving sound probe or
a telescopic tﬁbe which may lead to megsuring difficulties especi-.
.elly et high hydrostatic pressures.,

Therefore, the resonance method was adopted.in this expe~
riment, This method has also the advantage of causing the lezst mec .
hanical troubles.

In the case of resonence analysis method, the resonance
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frequencieé of the water column, containea in the tube, and +the
bandvidths are measured for each of the modes in the desired frequ-
ency range. From these readings, the real and imaginafy parts of the
.termineting impedence can be derived (see the next ssction),

.Poolé¥%s work indicated that the resonance curves are
very sharp when tﬁere is & free water surface to air at the top of
the tube,

I0.2, DETERMINATION OF THE SPECIFIC ACOUSTIC LNPEDANCES USING THE
~METHOD OF THE RESONANCE AI%YSIS. |

When the sourcebof sound is at one end of the impédan—
ce tube and the semple under test is located at the opposite end,
if the leteral dimensions are sufficiently small, the sound field
can be represented by two plene waves travelling in opposiie di-
rections in the tube,

It has been shown that the dissipation constant kbis me=
de up of two components kM and gaawhere k,, is the damping constant
of the sample under test and kn. is the demping due to the tube~
wall losses e.t;c.66’»629‘

iee k;* 4, - Lna (wJ)‘

t

L kea (1) e

where f and f are the frequencies on either side of the resonance
at which the sound pressure is 3 dB. down from the resonance value.
Hencey measurements of the bandwidths of resonence peaksy with and

without sample in position give wvalues of ktand k respectively and
o ne
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hence km‘ Therofore, the specific ecoustic impedance of the ternina _
tion mey be determined by obtaining two resonance curves, onse with
the meterial in place and another without the meterial,

The specific acoustic impedance at the surface of the

sample under test is given by:

/; = Coth (¥, + ﬂ’)-?z—'-Jrjfww

where Z : spe c:.fic acoustic impedance of the sample,

(10.3)

A Cw: characteristic impedance of the medium,
--&/fwcw: resistance ratio for the ssmple,
X/fwcwz reactance ratio for the sample,

Then,

k. E“"‘\“‘\’\(” ban® ) (ro.u)
~f“’c“’ {:od\\’\\\’ tun \"’ ‘

and
____L__ _ l:cm\(\<\—- 't‘o\.\\f. \{#‘) o )
J e ) tua\;\-\)( + tawn Y= (]0.’:)

For high Values of 1mpedance\y and y less then 0.I, the follo-

ing relations may be used:

KL ) o (108)
fw Cw \'Y.l' * \_YI\

BRSNS N (N A0 B (107)
where /‘” ACW *,1 -t "{'\\ .
\¥_ &MQ | ’ (lL’)-%)

Cw € &1 .
and, | Mow | (* ~———t———{——> (10.9)
Yor = | 24, 4at A,

where f ¢ the resonance frequency,
-]



an velocity of sound in the water in the impedance tube,
wi: an integer, equol to the number of one~-helf wave-lengths in
the tube,
Q : the length of the tube ( measured from the sémple to the sound
s0Urce)s |

| In order to determine the impedance of sample in the tu-

beoy, we must first find the values of WY and \{’1.



=109~

CHAPIER XI

EXPERIIZENTAL WORKe

II.I. THE APPARATUS OF THE.‘.'IA ER FILLED CYLINDRICAL TUBI:. EXPERI~
LIENTS:

The apparatus which has been used in this experimeht is
shoﬁn in figure (II.I) and figure (IX.2). Impedance tube should ha~
ve a ratio of woll thickness to inside diemeter as large as possib-
les It is also.necassary to choose a tube which hes an inside dia~
meter large enough to accommodate a suitable test materlal.

| An inpedance tube which hes a length of 305 cm has beeﬁ
used for this experlments. It is a cadnium plated steel tube of
wall thickness I.6 cme and IO.8 cme internal diemeter. From equati-
on (9.0 )y the frequencies up to 7 K¢/s can be used to produce plane
‘sound waves in this tube,

Equation (9.12) and figure (9.1 ) shows that the velocity
of sound in the contained water is constant under same conditions
but 1éss “than the velocity of sound in the free water. The sound
velocity in the tpbe, therefore, is‘about 95% of the free velocity.

There is en extra 30¢5 cm. tubing and it may be bolted to
the mein tube, if wanteds In this experiment, the main tube has be-
en used only, and from the length of the‘tube, it appears that the
fundemental quarier-wavelength resonance should occur at the frequ~

ency sbout I20 ¢/s end the higher order resonances should be sepew

Y



‘ ﬁS )
+j 110~
Al —
\,QC\AUM —_—
Puxm P - -
- Copper "
- - — ;
~ 'AL L/Tuhof\% QF\
—_ fom
—_ \_r#. { —
- — ﬁ:F thndk

lme;domc;

Tube . : ,
- | | i,

f

C— ] %
{Z-= E
] i
E 0 /777

G‘ LQSS— Sl’:e_ld.
Merc ary Manometer

. {*‘“Kﬁseril(}f-(

& qule 1N (Mﬁﬁ\ﬁaﬁ‘t cal S*jgtem)




~I1T-

\‘\ A,o \‘\one @
. [J?/ﬂy rop |
e"‘fl"{‘” ~—~E % ] . a.c. Seec_-
' L_/
£ (‘,(ometer
Sound
SourCe
- S't%nq]_ _
Generator | | ®
| B OSCIU.oScoP{
FrCG\\AQ'AC'-i F.\‘:‘)\U‘E \W.2 .
C.O%“tef—i (E Lectrical Sjstem)



~TI%

rated by about 240 c¢/se

A permenent fixture to support the tube was built end it
was fixed in a vertiéal position. (see figure II,3). There are two
steel end plates which are 5 cm., thick end they cen be bolted to
. flanges screwed on to the bottom and the top ends of the tube, (seg.
figure II.4 and figure Il.5 ).4Each of the end plates has two taps.
(A) is used to de—gaé the water using a vacuum pump and (B) is used
to apply pressure to the water column. (E), when open, is employed
to apply a balancing pressure to the water column at etmospheric
pressure, (D) is opened when it is required to apply a balancing
pressure when the water column is itself subjected to an additional
external pressure (via B).

The hydrophone is put on thé intgrnal rubber disphragm
which is at the bottom of the water column. This diaphregm prevents
coupling of the tube wells and the transducers and fhere is an air
cavify under this diephragm.

The sound source is not rigidly connected to the tube
walls or end pletey, in order to keep the direct excitation of the
tute wells to a minimum, |

The joints are sealed with O-rubber-ring;, therefore, the
water and pressurized air csnnot come out'from the tube,

By using a hend operated wéter-pump, the eir space below

‘the diaphragm could be compressed. A pressure equivalent to the
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contained weter column pressure could be obtained to balance the
downward pressure on the upper side of the diephragm. The value of
this balancing pressure is measured by a glass-steel mercury mano-
meter, |

A vacuum-pump wes used to de-gas the contained water,

The pressure on the fOp of the water column whicﬁ now fil.
led the tube could be increased by opening (B) to connect with a
gas cylinder under pressure; at the same timey the (D) was also o=
pened so as to maintain the pressure balance on thevdiaphragm. In
this operationy, (A) and (E) are closed and {C) is opened.

Thé electronic eguipment consists of a AF Signel Generas-
tor and power amplifier to drive the sound source and mn AF Spectro.
meter with a Cathode Ray OscilloscopeAto'detect the hydrophone sig-
nal. The input signal from the generator wes also displeyed on the
screen of the Oscilloscope to ascertain the waveforn,

The sound source was & 5arium titenate sphere, 2.5 cm, in
diemeter, The hydrophone Was'conggucted by using lithium sulphéte
crystals 2,5 cm, in diemeter by 0.9 cm. thickness. They were lightly
clamped inside a cylin@!;ical brass case .6 ¢m. in diameter by 3.7
cme deepe This was then filled with castor oil ana éealed with a
stout rubber diaphragm. A length of co-axial out-pdi ceble was sea-

led through the case.
| Details about the AT Signel Generator anc the AF Spectro-

meter have been given in chaepter III,
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A Venner counter has beeun used to read the frequency more
accurately which was necessary because of the sharpness of the reso-
nances,

IT.2, MEASUREMENTS AND RESULTS:

In the first instancey, Tae hydrophone and the sound gene~
.rator were mounted in the bottom of the tubeAwith both end piates
closeds The manometer and water pump were connecied to the tubs by
the copper tubing. With tep (A) open, the tube was filled by water,
With only tap (A) open, using the vacuum pump, the water column in
the tube was de-gasseds Tap (A) was then mainteined élqsed for the
rest of the experiment.

Then, tep (E) end tap (D) were opened and tap. (C) was clo_
4 sed.,Using the water-pumpyan excess air pressure was produced under
the rubber diaphragme This pressure was increased until it beceme
equal to the water column pressure and the value of this éressure
was read by the manometef. By this means, the rubber diaphragm was
maintained horizontal,

The electronic circuit was connected as shown in figure(H-Z).
To minimise background noise, the cables used were made as short as
possible, |

The system was left undisturbed for a day , for each measu-
rement to ensure that thermal equilibrium wes established.4With_the
upper water surface free,‘measurements were made to find the water

column resonance frequency and bandwidih for every mode,
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As expocted, sharp water colunmn resonsnces with frequ-
ency intervals of about 240 c/% have becen obtaineds The frequency
of resonances were very close to their theoreticel velues with a
Q ( is0e quality factor) of sbout 300,

The Q of resonances have been calculated and a plot of
against fréquency is given in figure (II.6)’ |

. One particular resonance curve has been plottedbin figure
(11.7).

it is most desirable to.minimise coupling beiween tube
ends and the water column and, hence, & brass cylinder was suspen=
ded from the upper end plate of the tubes The itest specimens were
mounted on this’brass—cyliﬁder which %as 5 cme. thick and I0.2 cm,.
diameter,

The measurements then were made using bfass-cylinder
with attached semplesy -in terms of the change in resonance frequ~
ehcy and bandwidth causéd by the presence of samples,

It was shown in chapter X that the specific acoustic im~
pedance of the sample can be determined by obtaining two resonance
curvesy one with the sample in place and another without the sample,
Therefore, resonance curves have been obtained fof'fhe samples to
 determine their specific acoustic impedences at the frequencies
from 3.5 Ke/s to 5.5 Xc/s and at hydrostatic pressures from zero

to 25 atmospheres,

Using the equations 004)9('“1)3003)3(‘49)90&5)’a¢3)
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and (l¢9),-the resistance end reactance ratios of the materials,
have been celculatsd.

From the values of resistance and reactgnce'ratios of
the materisls, the rqflection coefficient of the materials can be

found from the equations

R '%L’———‘ (na)

Faca T
The Samples:

(a) Closed Rubber Tubes (Thick #Walled): Five rubber tubes of
I.ZS‘cm. in outside dismeter were sealed on =& cifcular rubber sheet
which was 0.1 cﬁ. in thickness and had the same value of diemetcr
Aas brass-cylinder, (sge figure II,8), The wall thickness of the rub.
ber tubes was 0.47 cme. and they were clamped at both ends to pre-
vent the escape of air and the penetration of water into the tubes,

The sample wes backed by the brass-cylinder and immersed
in the water., From the readingsy two resonance curves have been ob=-
tained at atmospheric pressure and JO atmospherese. By the =2id of
these two curves and the water column resonance curve with free sur.
face to air, the resistance and reactance ratios egainst frequency
for this samﬁlé have been calculeted and plotted in figure (IZ.9).
Varietion of reflection coefficient against hydrostatic pressure

has also been calculated for this material and plotted in figure

(IT.10), Reflection coefficientAagainst frequency of this sample
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at zero and IO atmospheres hydrostatic pressures have been plotted
in figure (IT.II), ’ |

(b) Closed Rubber Tubes (Thin Telled)s A simiiar gemple as
with the thick walled rubber tubes were used, the tubes having 0.24
cme wall thickness,

Similar measurements were made on this sample and resis- = .
fance and reactance ratiosvagainét ffequenc; for this sample have
ﬁeen plotted in figure(II.I2), Variation of reflection coefficient
agains hydrostetic pressure is shown in figure (II.I3), Reflection
coefficient agminst frequency for this sémple was plotfea‘in figﬁ?
re (11.14). | |

(c) Rubber Siab #ith Closed Pores: 4 circular disc of I.0 cm.
thick rubber having cylindirical pores set perpendiculaf to the end
faées, end 0.2 cms diameter was used as a test.samle.

To prevent the penetratioh of water in the pores and the
escape of air from the pores, the samle was covered with O.I cm,
rubber sheet, |

The variation of reflection coefficient ageinst hydrosta~
tic pressure at a'fréAuency of 4 Kc/s has been measures and plotted
in figﬁre (IT.1I5).

(d) Foemsd Plastic(I):-A circular disc of 2,4 cm. thick foemed
plastic was used.'Densify of this sample is 0,32 gm/cm, The reflec-

tion coefficient of this sample is plotted as a function of hydrose-



rostatic pressure in figure (II.I6).

(e) Fommed Plastic(IX): 4 similar semple with (d) was used,
The density of this material is 0.I7 gm/cm. The reflection coeffi-
cient of this semple is plotied as anfunction of pressure in figu-

re (II.I7). o

(£) Foamed Plastic (III): Tne density of this material is
0.06 gm/cms Tests showed that this material was inadequate to the
bressures ebove IS5 atmospheres. Therefore, measurenents ﬁere cerri-
ed out at the pressures from zero to I0 atmospheres.'Ihe‘reflec-
tion coefficient of this sampie as & function of pressure is shown
in figure (II.I8),

As a result of these measurements, it is evident that
the reflection coeffiéient decreases ﬁith rising pressure. This dec..
rease in'reflection coefficient>is caused by the high static load
on the sélid structure containing air,. Unde; high pressure, comp-
réssion 6f the solid structure of the foemed materiel leads to the
formation of increasing numbers of sound bridges allowing for bet-

ter transmission of sound, .
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SYLBBOLS.

I}n,;\ The smplitude constant of the (myn)ih modey A(0) : Absorpti-

on coefficient at normal incidence, A(P): Absorption coefficieﬁt

at obli'que incidencey,dA: An eléxﬁental areé, C: A constant'ZD: Die.-
meter, K: Bulk modulus, Kg effective bulk modulus, L: Sece equ.7.I1,
LL:The dynamic elastic modulus, P: Pressulre,. I;: Anplitude of the so-
und pressuresR: Reflection coefficient, R/f;c' : resistance ratio,

S The standing wave rafio, W: The rate at which the aco;xstic energy

crossing the section at x= 0, and wave impedance of a medium, "I; gha_

s
See equed.23, X/ﬂc,: Reactance retio, 2t Specific acoustic impedenc

raf:feristic iméedance of the (m,n) th mode, d"]v 'ee equ'.4;12, dwl:-:k .
Z{o)}Spes mco. imp. at normal irnc:Ai.denc'e, z(e ): Spes BCO. impe. at ob-
li:q}ze incidence, |

2842b: Transverse dimensions of the wave-guide(see fige2.I), c: Ve~
locity of sound in air, c: Vel., of sound in a medium with internel
rc"iamping, cf;‘Phase vels, cq: Gro'up velss c: Vel. of souﬁd in water,

c‘x Vel’. of flexursl weve in a bars d: Thickness of the materisl,

dtx Thickness of the tube wallsy f: ZFrequency, f',f”:See chepter X,

f; s The cut-off frequency, f: Resonance frequencys h: An axis{see
figedeI), j:Ff\, ks Structure factor, kt ,km,lgn; 'fné damping._c’onstan&f
(see section I0,2), 1t The length of the tube, myns lode numbers,

ps Soupd pre’ssurﬂe, x.‘ '

]

. t: Time, u: Particle vels, ul ,u:] s, 3 The components of the particls

veley vt A volume element,xNz The distsnce between the N th mininmu

: The reflection coefficient of the (I,0) mode,
[} . .



and the face of tho reflector, xM: The distance between the Mtn

mnximm and the face of the reflector,
o

(‘P 1The velocity potential, szﬂTne propagation constant,)\mz Wave~

. Al

ol
length of the (myn)th mode in the loss free case, >\M':n

wavelength
of the (m,n)th‘ mode in the case o.f energy dissip_ation,A s Cut-off
frequency, A:(’LS—-I_"\: Phase change accompan\!}ying reflectiony, & 3
Period of the mcoustic cycle, N 3 'Iherm.al conductivity, X :The
Ra‘bio of specific heets, K\;Specific heat of the gas at constent
pressuré,\}’ - tw};‘e\,/ﬁ‘“ at x‘: 0, \Y and W,: See equations I0.8
and I0.9, 9 T See egus 7.I2y W2 ILngulair frequency, €m3 Yave-
length constant of the (myn)th mode,f‘ t Density of’ air,fwz Densi'ty

of watery £ : effective density, @ : angle of incidencese{ 3 Atte-

o0

nuetion coefficient of the (myn)th modey M ¢ Shear coefficie_ant of

viécosity, zv; The viscous boundary layer thickness(see equs4.9),
I E

étk: The thermal boundary layer thickness(see eque 4.16),3' :The
. . ‘ )0

shift of pressure minima towards the refleciing surface,}' ¢ Poro- .

- sityy V" : Flow resistance..



