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ABSTRACT
This paper describes a procedure for experimentally determining, in
terms of the particle motions, the shapes of the low oxrder acoustic modes
in enclosures. The procedure is based on finding differentiable functions
which approximate the shape functions of the low order acoustic modes when

these modes are defined in terms of the acoustic pressure. The differentiable

approximating functions are formed from polynomials which are fitted by a

least squares procedure to experimentally determined values which define the

shapes of the low oxrder acoustic modes in terms of the acoustic pressure.

These experimentally determined values are found by a conventional techniqué

in which the transfer functions, which relate the acoustic pressures at an
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array of points in the enclosure to the volume velocity of a fixed point
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source, are measured. The gradient of the function which approximates the
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shape of a particular mode in texrms of the acoustic pressure is evaluated to
give the mode shape in terms of the particle motion. The procedure was

tested by using it to experimentally deteymine, in terms of the particle
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motions, the shapes of the low order acoustic modes in a small rectangular
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enclosuxe. Details of the experimental technique used and some of the

results obtained  are given.
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INTRODUCTION

+

The excitation of one or more of the low order acoustic modes in an
enclosure can generate in the enclosure sound pressures with distinct tonal
qualities which can annoy the occupants of the enclosure. A commonly
experienced example of this situation is‘the "cavity boom” which sometimes
occurs in the cabins of passenger cars., Cavity boom arises when a low
order acoustic mode, which may be coupled to a complaint portion of the

enclosing stxucture, is excited. Usually the cavity boom is excited by the

engine and it often occurs when the engine firing frequency coincides with

&

N
Y A L

oo T

the frequency of a low order mode. Many studies, both thecoretical and

experimental, have been made ta investigate the low order acoustic modes
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11243 annoying sound pressures associated with the presence

in passenger cars

of low oxrder acoustic modes arise in the cabins of agricultural and industrial
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machineé?. A similar effect can occur in the cabins of ships and aircraft.

It is usually a simple task to expgriméntally determine’thé frequencies;
of the, low order acoustic modes of an enclosure. However, it is not a simple,
task to experimentally determine the mode shaées, particulaxrly if they vary
with more than orn= spatial co—prdigate and if the modeshapes are required
in terms of the .particle motions. A knowledge of the modeshapes, and in

particular the modeshapes in terms of the particle motions, is useful in

devising appropriate noise control measuxres.

Over the last decade there have been considerable developments in

experimental methods for determining the modeshapes of structures®’®. fThe

ability to describe the motion of a structure when it is vibrating in-a

-

particular mode is one of the most useful developments which has occurred.
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The ability to describe the motion has been facilitated by the fact that
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& motion transducer, usually an accelerometer, is one of the two transducers
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which are used to generate the electrical signals from which the transfer
functions, used in the experimental medal analysis of the structure, are
obtained.' Although considerable developments have been made in experimental
methods for determining the modeshapes of stfucturesr it is only in recent
yoars that attempts have been made to exéerimentally determine the shapes of

104748 one possible reason for the relative lack of progress

acoustic modes
in the acoustic ‘case is that the most conveniently measured acoustic
quantity, the acoustic pressursz, cannot be used directly to de¢termine the

partiéle motion associated with a particular mode.

This paper describes a procedure whereby the particle motions

associated with low ordar acoustic modes in enclosures can be derived from

transfer function measurements which relate tho acoustic pressures at an

array of points in an enclosure to the vélume velocity of a fixed point

sourge in the enclosure. The theory of the procedure is describéd and then
the results of a numerical evaluatioh of the procedure are gi&en: Finally,
a description of how the procedure was used to experimentally detexmine the

low order acoustic modes in a small rectangular enclosure is given.

'

p CTETRLNITIR T TR m s

N R T RSO A i - R
. .

.y X a8 g o v v A g et g A
0t 0 A e i S AP (e Ay MO S s D A N e v d e ’

.

A



I'

DESCRIPTION OF THE METHOD

Let an xyz axes system be located in the enclosure as shown in Fig. 1. ; 9
The axes are not necessarily oi:thogonal. Suppose tl{z;t LLX MMX NN transfex
functions which relate the acoustic pressures at the LLX MMX NN points
shown in Fig. 1 to the volume velocity of a f:ixﬁd point source are mc?asured.
The points shown in Fig. 1 are on lines parallel to the x, y and z axes.

- | The distances between the points on a line parallel to a particular axis need '

‘_,q,_,u
*

not be equal but the distances between corresponding points on different {
lines are equal. Suppouse, that Iy a convexntional medal analysis method, i
such as the method described by Nieter and Singha, the acoustic pressure at

the point X1y, ygg s, 2xg Per unit volume velocity of the source is measured

e

as Pr(x17,¥Ygye28K) in the rth mode whose angular frequency is Wwp. This
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measured quantity is composed of the true value, denoted Py*(x1r,YgJ:2xK)

and an error term, denoted %. Thus:

0

s

Py (X311, YIT12KK) =Pr*(X11/¥Y33/2KK) + E (y - !

.- T wa-
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The LLX MMX NN values of Pp(X1y,YogrZrg) derived from the LLX MMX NN
measured transfer functions can be used to determine a function which:
approximates Pr*'(x,y,z) . Let this approximating function, which is denoted

pr(x,y,2) , be given by:
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The constants C,..: ;, XFsevee r ¥Jreee 5 Zgs-.- which define the approximating -

function can be derived from the measured values, Py (XII'YJJIZKK"' . by the

i

following procedure. A total of MMX NN polyncmials of the form:
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I

can be fitted by a least squares procedure to thn LL values of Pp (xn,yJJ,zm{)
along each of the MMX NN lines which are parallel to the x axis., The
coefficients X:'C'JJ,KI'( derived from a least squares £it along a particular

kline can be normnalized by dividing all of the coefficieni:s by one of the

coefficients. If the first coefficient is used as the normalizing coefficlent,

a polyisomial of the following form is obtained:

L-}

1 +X

: R ‘
Z’Jo‘,m(x Foswere +XI’JJ'KKX teosoen +xL,JJ'xxx

xI,.;J‘J,KK is given by XI‘:'JJ’KK/xi’JJ,JJ . Ideally, corresponding normalized
coefficients for each of the MMX NN polynomials will be eq‘ual, However, since-.,
th:ese coefficients are derived from experimental data they will differ and so
Xy can be estimated by averaging the Xr gy xx coefficients. Thus Xy is

Lo en .
given by:

" MM NN
XI = 8 L xI'JJ’K_K /MM XNN
JJ:-"} KK&I

v ‘.
.

Along some lines parallel to Ithe x a#is the experimentally derived .values
Py (%11, Y3T 1 2KK) xﬁay be small and so the coefficients and hence ti;e normalized
coefficiencs may not be representative and it is prud.ént to discard such
coefficients in the averaging. This can be ;ionc?. by evaluating the "size" @f
each of the fitted polynomials in terms of a measure such as the root mear.

square value of the fitted polynomial and then discarding coefficients
associated with polynomials whose "size" is, for example, less thaﬁ the
average size.

A similar procedure involving tle fitting of polynqmials in the y and =z
directions can be used to determine the normalized cocfficients ... YT eanZR eaes
Once‘ the normalized coefficients ...Xp ...¥y ...Zg ... have been found, the

coefficient C which appears in Eqn. (2) can b - 2nd to minimise the sum

of the squares of the differences bhetween Py (X1p,Yggr2Zgk) and prlxX11,vaJgr2xx) -
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It is found, in the development of the acoustic wave equation, that

. tHe acceleration of a gas particle in a particular diréction is given by

the negative of the gradient of the pressure in that direction divided by
the density of the gas. Thus, for the rth ;node, the amplitude of the particle
acceleration in the x direction' per unit volume velocily of the scurce

Ay (x,y_,z) . can be approximated by:

s

arg (X,y,2) = %_ng_(%c,_,‘m)_ E (3)

It can be seen frou this equation that the first partial derivative of
the approximating function with respect to x must be found. This can be

readiiy done when pp(x,y,z)} is defined in the form of Eqn. (2). The

v

. amplitudes of the particleivelocity and the particle displacement can be

readily found from the amplitude of the acceleration. Similarly, the

amplitudes of the acceleration, velocity and displacement in the y and =z

directions can be estimated from the partial deriv:ai:ives of the approximating

-
3

function with respect to y and =z.

IT. CALCULATIONS WITH THE FITTING PROCGEDURE

It .".LS ev:Ldent that the approxamating function pr(x,y,z) must approx:.mate
Pr*(x,y,2) suff:!.cn.ent:ly well so that the first partn.al differentials of
Pr(X,y,2) and Py*(x,y,z) are in satisfactory agreement. An indication of
how many terms should  be incorporated. in the approximating function can be
obtained by using a suitable differentiable fungtion to generate data at the
points Xyr,YggsZggi *I=L1,LL; J0= 1,MM; KX= 1,NN, fitting approximating
functions with various 'numI;érs of terms and then comparing the first partial

d:.fferentlals of the or:.g:mal and the approximating functions.

A suitable differentiable function is given by:
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Pp¥(x,y,2) = cos (&1x)cos (mmy)cos (nTz)

xin"n "0,1,2' e

This function, in addition to being yaeidily differentiable, defines
in terms of the acoustic pressure, the shapes of the modes in a rectangulaxr
enclosure whose sides have unit lengths in the x, y and z directions.

There are %, m and n half waves in the x , y and 2z directions.

’.Fig. 2(a) shows the values of the original and the approximating
functions along the x axis after an approximating function with L= M= N=3
was fitted to LL= MM= NN= 4 values derived from the origg,nal function, Egn. (4),
with 2=m=n= 1, The gradients along this line in the x, y and z directions
axe shown in Fig. 2(b) for the original and the approgimating futictionsz. Figs,
3(a) and 3(b) show the corresponding results for the case of L= M=N=4,
LL =MM ==NN =5 and L =m=n=l, Comparison of Figs. 2(b) and 3(b) indicates.
that if a mc;de in an enclosure involves 2 half wave in a g;i:ven direction,
ti‘xe corresponding approximating polynomial should incorporate at least four *
coefficients. It is of interest f:hat:, for a rectangular enclosure, seven

modes can occur wvhen there is no more than one half wave in each of the x, y

and =z directions.

Fig. 4(a) shows the values of the original and approximating functions
along the x axis after an approximating function with L= M= N= 6 was fitted
to LL= MM= NN=7 va'lues dexived from theb original function, Eqn. (4), with
£ =m =n =2 . The grac:lients élong this line in the x , y and 2z directions are
shown in Fig. 4(b), for the original and the approximating functions. .Figs.
.5(a) and 5(b) show the corzr.;esponding results for the case of L= M= N= 7 ’

LL =MM =NN =8 and £=m=n= 2. Comparisop of Figs. 4(b) and 5(b) indicates
that if a mode in an enclosure involves two half waves in a given direction,

the corresponding approximating polynomial should incorporate at least seven

coefficients.
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It is of interest, that, for a rectangular onclosurz, fifteon modes can
occur when there are no more than two half waves in cich o the x, y and z

directions,

Although it is possible to fit polynomials to modes which involve more
than two half waves in each direction, the number of coefificients required in
the approximating polynomial becomes large as doas the number of points at
which measurements must be made. The number of data pointis at which
measurements must be made depends upon the magnitude of the error term E In
Eqn. (1) relative to the magnitude of the true value of tpe function. If
wdie than two hFlf waves occur in a given direction, the approximating
function‘can be fully or partially constructed from harmonic functions instead

I

of the polynomials used ih.Bqgn. (2}.

-

III. EXPERIMENTS -

The previously desgribed proceduxe was applied to experimentally
determining the shapes of the parﬁicle velocity medes in a small rectangular

enclosure. These modeshapes can be compared with the theoretically determined

modeshapes,

.
.

The internal dimensions of the rectangular enclosure and the orientation
of the =xyz axes system are shown‘in Fig. 6. The acoustic field in the
enclosure was exéited by a horn driver which was located in the x=0, y =0,
z =L, cornex of the enclosure. The horn driver, which was driven by noise
which was white over the 50 Hz to 500Hz range contained a microphone in the
magnet cavity so that the volume velocity of the source could be measured.

Details of the source and how it was calibrated are given in Appendix A.
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Transfer functions which related the #couatic pressures at points aleng
lines parallel to the x, ¥y and z axis to the volume velocity of the souxce
were measured, The points, which wers equally spaced along the lines, were

. defined by the values LL= 1L, MM =7 and NN =9 . The values of Py(X11,YJ3/2KK)
ware determined for the first ten resonance frequencies‘by the coincident~
‘quadrature procedure®. An approximating function was fitted to each of the
ten sets of data by the previouszly described procedure. First, all of the
sets wore fitted with polynomials defined by L= M= N= 6 so that the general

shape - of the mode in the direction of each a.cis could be estimated.. The

LY
»

appropriate values of the polynomials in each direction for each set of data ".

'~
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could then be fixed. If there were two half waves ir a given direction the

polynomial index L, M or N for that direction was set to 7 on the basis of

.

the results given in the previous section. If there was one half wave in

-

a given direction, the polynomial index L, M or°N for that direction was

’.

o
A

set to 4., If the acoustic pressure amplitude was nominally constant in a

- -
Pireitac
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given direction, the pblynomial index L, M or N for that direction ‘was set

a W
g

to 2. | ]

A sample cof the results derived is presented in Figs; 7 and 8. The

<

results given in Fig. 7 xelate to the first mode, whose frequency was ' :
. 123.8 Hz. It was found, with xeference to Fig. 6, that there was one half ) g
wave in the x direction and no variaition in the y and =z directions. The ;

¢

amplitude of the acoustic pressure per unit volume velocity of the souxce

*

varied along the x axis as shown in Fig. 7(a). Values derived from the

8
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approximating function and from the measurements along a line close to 'the

axis are shown. The particle velocities derived from the approximating ' .

function varied along the x axis as shown in Fig. 7(b). The results given

£ound, with reference to Fig, 6, that for this mode, there were two half

!
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in Fig. 8 relate to the tenth mode whose frequency was 302.8 Hz. It was }
f

H

waves in the x da.rect:i.on, one in the 'y direction and there was no varlatn.on i
]
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in the 2z direction. The ninth modle, Whichvinvolved two half waves in

the z direction and no variation in the x and y directions occurxed at

a frequency of 296.2 Hz, only 2% lower than the frequency of the tenth mode.
The anplitudes of the acoustic pressure per unit volume velocity of the
souxce varied along the x and y axes as shown in Figs. 8(a) and 8(b).
Values derived fxoﬁ the approximating function and from the measurements
along lines close to these axes are shown, The particle velocities derived

from the approximating function are shown in Figs. 8(c) and 8(d).

Although the results given in Pigs. 7(b), 8(c) and §(d) contain the

expected features of themodeshapes in terms of the particle motions, they

" do not oxhibit the expected results at the boundaries. Thus, for example,

in rig. 7(b), it can be seen that although the particle velocity in the x
direction is zexo at :cé 6, it is not zero at x= 1.482m. This feature was
found to k2 present to a lesser extént in,the corresponding results for
othur wiaen. This situation is probably due to a number of factors.such

as the non-rigid boundary of tﬂe enclosure used in the experiments and

the irregular data which defined the shapes of the modes in terms of the
acoustic pressure. A comparison of Figs. 7(a) and 8(a) shows that the
experimental data for the first mode was in gentral more irregular than that
for the tenth mode. However, if it is certain that a particular boﬁndary is
rigid, the least squares fittingvprocedure can be readily modified to make
the gradient of the approximating function at and normal to that boundary
zero.' The particle velocity at and normal to that koundary will then be

Zero.,.
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IV. CONCLUDING REMARKS

The experimental results derived from the procedure described in this

paper suggest that the procedure can be developed to allow the particle
motions associated with low order acoustic modes in enclosures to bhe found..
The possibility of displaying these modes in animated form asg is preséntly

donrs in displaying the vibzational modes of a structure then exists,

CEETirae I

Undoubtedly, superior approximating functions than the one defined by Eqn.

(2) exist and several types of approximating functions are currently being

investigated. v

Particular attention is bpeing paid to the ability of these approximating

-

furnctions to extract useful information fromirreqular data., However, the

approximating funetion defined by Egn. (2) can be rapidly determined with

|

basic computati.nal facilitiesg; a feature not possessed by other approximating

3
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functions which were considered.
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APPENDIX A

THE CALIBRATED VOLUME VELOCITY SOURCE

»

»

The calibrated volum: velocity source was constructed fiom the driver |
of a hoxn type loudspeaker. The horn driver was modified. by grinding slits
into the magnet so thaﬁ the'volume between the diaphragm and the magnet was
freely connected-to the volume around the magnet., Pressure changes in the
volume around the magnet due to the m¢tion of the diaphragm of the driver
could be meas;red by a microphone which was inserted into'the volume around
the magnet, A cross-section of thé arrangement is shown in Fig. A.L. Thus
by measuring the pressure with the microphone, the volume veleocity produced

-

by the source could be determined. K

.

It can be easily shown that, if the total volume enclosed by the
diaphragm, V, , changes by a small amount, 0V, the absolute pressure, P, ,
in this volume changes by a small zmount, SP =-8V X (YPo/Vy) , if the gas in
the volume behaves in an adiabatic manner. The specific heats ratio is given
by ¥. Thus the'vﬁlume velocity U{z) of the source is related ta the

acoustic pressure p(t) in the volume behind the diaphragm by Eqn. (A.l):

¢

U(t) = = (Vo/YPo) X dp(t)/dt ' @

.

The volume enclosed by the diaphragm, V, , being of very irreqular

shape, could not be accurately.determined and so the calibration Qas made

by measuring the acoustic pressure in a small accurately known volume which
was atéached to the throat of the driver élong with the volEage generated by
the microphone which was used to measure the acoustic pressure in ﬁhe volume
enclosed by the diaphragm. vThe volume velocity was derived from the acoustic
pressure measu;ea in the small accurately known volume by use of an equation
of thg form of Egn. (A.l). The amplitude of the fredquency respohse function

relating the volume velocity produced By the source and the voltage generated
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by the microphone is shown in Fig, A.2. This frequency response function

was derived from a transfer function measurement with a white noise » ) ) ' /

electrical signal being applied to the coil of the driver.
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CAPTIONS

FPig. 1 Nomenclature for measurement points. ,

Fig. 2v(a) Magnitudes of the oriéinal (-—- ) and the approximating (~=~w--)

functions along the x axis. .

Gradients in the x, y and z directions of the original (———

~) furctions along the x axis.

L=M=aN=3 ;LLaMM=NN=4;f=m=n= 1,

Magnitudes of the original ( ) and the a;_;proximating (=)

functions along the x axis,

Gradients in the x, y and z directions of the original (
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and the approximating (~----~) functions along the x axis.
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rig. 4(a) Magnitude's of the original (~————) and the approximating (

functions along the x axis.
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Gradients in the x, y and z directions of the original (

and the approximatinc - ) functions along the x axis.
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L =M=N=6;LL=MM=NN=7 ;% =m=n=2.
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Gradients in the x, y and z directions of the original (

v .oa

K .
| e T e e

and the approximating ( ) functions along the x axis.

~%

L =M =N =7 ; LL =MM =NN =8 ; { =m =n =2 .

S ; e . pinen-schmis B b s B g D, IR £ e e
3 e 0 b b AN NG i T e T : o . >




Enclosure used in experiments showing intexnal dimensions and

axes orientation,

Pressure amplitude per unit volume velocity amplitude along
the x axis from the measured wvalues (°) and from the approximating

function ( : ).

Particle velocity amplitudes per unit volume velucity amplitude

along the x axis,

F o

L =4 ,M=N=2;LL=11 ,MM=7 ,NN =9 .

g

oy T

Pressure amplitude per unit volume velocity amplitdde along

the x axis from the measured values (¢) and from the approximating

TE T

function (————).

-

s
:

Pressure amplitude per unit volume velocity amplitude along

the y axis from the measured values (¢) and from the approximating

£
r
ELs
;. .

=

function (~———m). ’,

-
S

Particle velocity amplitudes per unit volume velocity amplitude

along the x axis,

e

Particle velocity amplitudes per unit volume velocity amplitude

. .

along the y axis.
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Cross-section of calibrated volume velocity source.
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Amplitude of frequency response curve for source.
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Fig. 2(a) Magnitudes of the original ( ) and the lapproximating T Ta—
functions along the x axis. ’ _ g
+ (b) Gradients in the x, y and z directions of the original ( )
and the approximating (----~-) functions along the x axis.
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Fig. 3(a) . Mag;xitudos of tho original (=) and the approximating (==—=w=~-)

» * .
.

functions along the x axis.

(b) OGradients 'in the x,' y and z directions of the original (~——)

and the appx:oximahing (-=-=-==) functions along the x axis,

Yot =N =4 m”mmwm~s;zum=nu1.
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‘Pig. 3(a) Maghitudes ©of the original ( ) and the approximating (=e=w=-)

functions 'along the x axis.

(b) Gradicnts in the %, y and z directions of the orig'im\.l. (

and the approximating (~-----) functions along the =x axis.
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Fig. 4(a) Hagnitudc% of tha oxiginal { ) and the approxinating (===w--)

functions along the x axis. , : S

Gradionts in the x, y and z dixections of the oxiginal (

»

and the approximating ,(-~-~--} functions along the 3 axis.
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Gradients in the %, y and z directions of thae original (

and the approximating (-=~-==) functions along the x axis.
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Pressurae amplitude per unit volume veloecity amplitude along

the x axis from the measured values (°*) an'd‘ from the approy':imating'
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Particle velocity amplitudes pex wnit’volume velocity amplitude

along the x axis.
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Pressure amplitude per unit volume velocity
amplitude along the x axis from the measured
values (.) and from the approximating
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Fig. 8(b) Pressure 'ampli‘tude ver unit volume velocity .
' amplitude along 'the y axis from the measured values
(.) and from the approximating” function ( : ).
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Pig. 8(d) Particle velocity amélitudes per unit volume
. velocity amplitude along the y axis.
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