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ABSTRACT

After a brief literature review, a cross spectral technìque

usìng two microphones is described for measuring the sound power of

a development computer even when the ambient noise is relatìvely hìgh.

Principa'l sound radiation regions are identified and recommendations

are made for "quietening" the computer. These include acoustical

treatment of the back panel, streamlining the airfloúu wjthjn the

computer, and acoustical improvement of the El{I+seal. Then an ajter-
native but pragmatic approach is detailed which substitutes an acceler-

ometer for the microphones. It is based on idealizing the computer

as a sphere puìsating in an infinite baffle. This approach has been

used advantageousìy to highiÍght the comelation between the sound

and vibration of the computer. Finally, the mapping of structureborne

vibration paths on the computer's cabinet is described. Once again,

fundamental design flaws are identified and improvements are suggested.

These recommendations include modifying the air flow within the computer,

better isolation between the fan and the cabinet and local stiffening
of the relativeìy fìexible rear panel.

+El ectromagneti c i nterference
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CHAPTER I

Identìfication of the sources of noise and their reduction

is the primary objective in noÍse control. However, it is desirable

to have an accurate, quantitative measure of the sound intensity or

power of a source before embarking on a noise reduction program.

sound por,.,er is generally emphasised because it provides a datum that

does not change with ambjent conditions tl]. Prior to the development

of a viable method for directly measuring acoustic intensity, nearly

all studies relied on the measurement of sound pressure. Sound

pressure, however, is affected by ambient conditions so that it is

necessary then to use special acoustical environments, such as that

found in an anechoic chamber, to straightforwardly interpret the

resul ts [2].

Classical methods of sound power determination, like free,

reverberant and semi-reverberant field testing, and duct testing,

require special acoustica'l facilities 12,3,4J. These facilities
essentiaìly simuìate free field or diffuse field conditions. In a

reverberation chamber, for examp'le, the boundaries are acoustically

"hard" so that the sound field approaches a diffuse condition where

the sound energy is statisticalìy uniform throughout the room.. In

an anechoic chamber, on the other hand, the treatment at the room's

boundaries effectiveìy absorbs the incident sound, thereby producing
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an echo free or free field conditìon. Under echo free conditions,

the methodoìogy for determining the sound power of a source is described

in IS0 standards 3740 to 3746 inclusive and'in ANSi Sl. 3l-.l980 and

ANSI Sl. 32-.l980 [5,6]. According to the method described in these

standards, the sound source'is pìaced on a reflecting p]ane in an

anechoic chamber at the geometric centre of an imaginary hemisphere [6].

The sound power is determined from sound pressure measurements taken

on the hemispherical control surface. The radius of the control sur-

face is made sufficiently large to ensure that the sound waves are

radiating freely and progressively outward from the surface. Typically,

the hemisphere's radius is at least twice the major dimension of the

sound source [l] so that the surface is in the acoustical far field of

the source" The sound pressure produced by the source is measured

by using a microphone, generally at l0 to 24 standard locations on the

hemisphere as shown in Figure ì"ì. The number of mÍcrophone locations

depends upon the accuracy required, the directivity of the source and

the symmetry of the radiation pattern. Usually ten is the number

selected because it reasonably compromises between the two opposing

requirements of accuracy and a short experimental procedure. The micro-

phone locations are usualty distributed such that each 'location is

associated with the same proportÌon of the totaì surface anea of the

hemisphene. The sound pob/er level is approxi'mated by the procedure

described in Appendix 1. For progressiveìy outgoing waves under free

field condîtions, the mean square acoustical pressure, p2, is related

directly to the sound intensity, I, by [7]
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r = pZlpc {r. r }

Here p is the medìum's density and c is the speed of sound in the

medi um.

A major limÍtation of determining sound power from sound pressure

measurements is that meaningfuì results can be obtained on'ly in the

far field of the sound source. Close to the source, the air's particìe

velocity is not necessariìy in the dir:ection of propagationof the sound

wave so that an appreciabìe tangential velocity may exist [3]. con-

sequentlyr pâFt of the acoustical energy radiated by the source may be

undetected due to the directional characteristics of al'l microphones.

It is this undetected velocity component which often causes an ap-

preciabìe extraneous variation in sound pressure level at various

distances from the source even under free field conditions t3]. There-

fore, measurements must be in the far field where the particle velocity
is primarily in the direction of propagation of the sound wave and the

magnitude of the acoustic intensity is proportionaì to the square of

the sound pressure [3]. Thus, speciaì acoustical facilities have to

be quite large with sound sources of considerabÏe size, (e.g. 7m.X7m.X4m.

to accommodate a truck) and, consequently, such facilities are quite

expensive. t4l

Prior to the development of the acoustic intensÍty technique,

no straightforward method existed for determining the individual sources

of sound. It was necessary, thereforê, to use a cumbersome and.time

consuming technique like lead cladding. cladding has been empìoyed

extensively, for exampìe,in the automotive industry. The procedure in-



volves wnapping a lead sheet, ìined with fibre g'lass or other absorbing

material, anound indiv'idual components and measuring the reduction jn

the overall sound pressure level (and, hence, the sound power'leve1)

due to selective wrapping. The reduction in the overall sound power

level corresponds to the contribution of that particular wrapped com-

ponent to the overalì sound power level. There are, however, several

drawbacks. First, an anechoic chamber is required to prevent reflected

sound uJaves from interfering with the measurements. Second, this

method fa'ils at frequencies below about 300 Hz. because the tead then

becomes "transparent' to the noise. This deficiency defeats the pur-

pose of wrapping (i.e. to eliminate the effect of individual sources

while measuring the reduction in the overall sound power ìevel). Third,

the ìead sheet is situated close to the noise source so that there is a

possibility of ampìifying the sound due to the tight fitting enclosure

at ('low) frequencies where wavelengths are greater than the structural

dimensions. Under such circumstances, it is extremely difficult to

distinguish the noise generated by a particular component from that

produced by other components. Finalìy, extreme caution has to be

exercised during the wrapping procedure to prevent the ìead from inter-

fering physicaiìy with the vibration of the noise source. It is as-

sumed generaìly that the sound field generated by the covered compon-

ents does not interfere with the sound generated by the other components

which, in turn, implies that these fields are uncorrelated.

Directional microphones have been used as an alternative to

ìead wrapping for identifying individual noise sources [3]. Aìthough

they provide good front to back discrimination, their major lobe is



6

generally too broad at Íntermediate frequencies around 500 Hz. Hence,

purpose built mjcrophone arrays such as an "acoustic telescope,, or
"acoustic mirror" are employed to provide suitable direct.ivity charact-
eristics t3]. An acoustic mirror is a simpìe method of creat.ing a

reflecting acoustic telescope. The major limitation is the si ze of
the mirror; it should be 50% to 75% of the measurement distance for
good resolution or typicalìy 8m. for the location of sound sources of
an aero engine [3]. In an acoustic telescope a smal]er array of micro-
phones can provide an exceptionaìly directional detector. The entire
affay may be swung Ín any direction for good source discriminatÍon.
The disadvantage of this technique is that directional mÍcrophones are

prohibitively expensive. Furthermore, many instrumentation channels

are required and the array's optimum dimensions are a function of
frequency so that they have to be varied as the anaiysis proceeds.

The first attempt to directly measure acoustic intensity under

laboratory conditions was made by Olson [g] in 1932. In 194], cìapp

and Firestone [9] deveìoped an intensity meter by using a ribbon

velocity microphone. The ribbon microphone consisted of a strip of
crinkled aluminum foil, ZS ¡lm thick, which was held in terminaì clamps

between two permanent magnets. Any movement of the conducting strip
caused by an impinging sound wave produced a measurable eìectric
potentia'l difference between the terminaìs proportional to the wave,s

velocity. However, such a microphone ceases to respond to a soùnd wave

travelìing paral'lel to the pìane of the ribbon at frequencies above.

2 kïz. [to:'lì] so that the device then behaves as a pressure microphone
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[9,10]. Furthermore, ribbon microphones may have voltages induced in

them by stray magnetic fields because of their electomagnetic nature.

In addition, they are heavy but can be damaged by moderate winds.

These limitations restrict the use of ribbon microphones except under

stri ct ì aboratory condi ti ons Il I ].
The measurement of particle ve'locity is also possibre by using

Rayìeigh's disc [3]. The disc is usualìy about 20 um thick and it is

suspended verticalìy by a fine g'lass wire. The normal to this disc

makes a chosen angle, 0, to the direction of the sound stream which is

proportÍonai to the speed of the stream. This apparatus is unsuitable

for noise source delineation due to the important assumptions inherent

to the theory. First, there should be no surface c:lose to the disc.

second, the disc's diameter, d, should be smal'l in comparison to the

wavelength of sound i.e. d/À < 0.3.| [l]]. This requirement places a

physicaì limitation on the measurement of high frequency sound (e.g. for

a disc diameter of ì.6 cm. the upper frequency limit is about .1800 
Hz.).

Furthermore, it is assumed that the fluid medium is incompressible and

that the viscous forces and discontinuities of flow at the edge of the

disc are negligible. As with other earlier devices, including Baker's

directionaì hot wire anemometer or veìocity transducer ['lZ], the

instrument is fragile, extremeìy sensitive to drafts and impractical

for routine measurements outside of a laboratory.

With the advent of reìatively inexpensive dual channel spectrum

anaìyzers, direct intensity measurements may be made by using the cross

power spectrum of two closely spaced microphone signals []3,14,15].
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Subsequent integration of the component of intensity normaì to a

hypothet'icaì control surface surrounding the source provides the

total sound power. The significant advantage of this technique is

that the acoustical power radiated by a source may be estimated

both close and far from the sound source even in the presence of

interfering sound fields [13]. Furthermore, the cross spectral

technique provides a vectorial or visual definition of the acoustic

intens'ity by indicating the energy fìow patterns in the vicinÍty of

sound sources, reflecting surfaces and absorbers. This additional

information provides a vaìuable diagnostic aid in situations where

knowledge of the propagation and dispersion of the sound is required.

Although the requirements for the mÍcrophones and ampìifiers are

stringent vis-a-vis amplitude, phase matching and wide frequency re-

sponse, it is possible to measure the acoustic energy over a continu-

ous range of frequencies without a cumbersome and expensive anechoic

chamber [2,]3,.l5]. Consequently, the technique wiìl be used to deter-

mine the tota'l sound povrer of a deve'lopment computer, with and without

contaminating acoustic fields, and to identify its principal acoustical

radiation regions.



CHAPTER II
ACOUSTIC iNTENSiTY TECHNIQUE

The theoretical basis of the acoustic 'intensity technique

will be expìained here. In addition, the assumptions inherent to the

theory, major difficulties connected with these assumptions and tech-

niques commonly used to overcome them will be discussed. Before em-

barking on major airborne testing ofthe development computer, prejim-

inary experiments were performed by using a stand'ing wave tube and an

ILG reference sound source. The objective of these tests was twofold.

First, it was necessary to verify and check microcomputer software

written to manipu'late data from a real time analyser. For this purpose,

the standard standing wave tube [ì3] was adequate because it provided

a means of generating pìane waves with little or no interference

from external sound sources. The plane waves were generated at one end

of the tube by using a speaker driven by a random noise generator. An

anechoic terminator was installed at the other end to minimise the re-

flection of sound waves from thís boundary. second, most machinery is

associated with airflow so that it was necessary to determine the

performance of the acoustic intensity technique under non-ideal conditions

(e.g. in a semi-reverberant sound fìeìd with significant airflow). The

results of the two sets of experiments will be reported here. The

final part of the chapter deals with tests undertaken on the development

computer to assess the viabiljty of the acoustic intensity technique as

a quality control method or diagnostic tool.
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2.1 THEORY

The normal'intensity vector, Ìn, is the net rate of flow of

acoust'ic energy per unit area normal to a given surface [13,14].

Consequently, the total acoustic power, l,l, passing through a surface

wi th area, S, i s,

t,.l - [ r as,
5jn

where I- is the magnitude
n

magnitude of intensity, I

[2,13,14,.l5],

{2.1 }

of the norma I i ntens'i ty vector T- . The
n

n, may be defined mathematically as

T/2
IIn=ìim1/T I nu"dtr_)co _in

{2.2}

where p is the root mean square.sound pressure, T is ostensibly the

sampiing period and t,^ is the particle veïocity with magnitude u" at a

point wjthin a region of an isotropic and Newtonian medium with neglig-

ible mean fìow, viscosity and field forces [13,14,i5]. As noted in

Chapter I, earliest attempts to directìy measure the medium's particìe

velocity were largely unsuccessfuj. However, by using a finite difference

approximation, the particle velocity, ü., may be determined by the sound

pressures sensed by two c'lose'ly spaced microphones. These microphones

will be designated, for convenience, by subscnipts i and 2. Two typica'l

configurations are shown in Figure 2.1. In eithen case the magn.itude

of the velocity, ur, at any ìnstant, t, flây be expressed as [13,14,15,

16,L7, 19, 19,20]
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{2. 3}

and,

p = (pl + vr)/z with p(t) = 0 for t < 0. t2.4\

The R., and p, are the pressures sensed by microphone I and 2, respec-

tively, lr is the directional vector between the microphones' centres,

and p is the density of the medium. By substituting equation {2.3} and

{2.4} into equation {2.2} and empìoyÍng the definition of time average

[15]' the intensity may be rewritten as shown in Appendix 2A in
+

the form [21-]

In = E {Im (FplFpä )} /p^ru: {2.s}

Here, E represents the expected value, Im is the imaginary part, FO

denotes the Fourier Transform of p andois the variable circular fre-
quency. Then the magnitude of the intensity vector may be redefined as,

lz,3,l 3,.l4,I 5,1 6,21f

In = Im (\ù/ (p^ro) tz.6\

by transforming equation {2.2} into the frequency domain. Here,

Im(G.t2) ls the ímaginary part of the cross poh,er spectrum between the

signaìs measured simuìtaneously by microphone L and microphone 2.

The right side of equation {2.6} may be conputed by using a

commenciaì1y available Fast Fourier Transform (FFT) analyser in con-

iunction with a microcompute!. A block diagram of the measurement

+
* denotes the complex conjugate

ur = (l/^rpl 
t/ 

tor-pt )dr ,
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apparatus is shown in Figure 2.2. In order to improve the signaì-

to-noise ratio, an averaged value for the cross power spectrum

is used. For the experiments described in subsequent sections, 64

averages were used to determine the cross spectrum n,r*. There are,

however, two major limitations of such a procedure [13,14,17f.

First, the spacing of the microphones, Ar, is extremely critical.
Experience [2,13,14,]5,'17] suggests that the error in the intensity

level is less than + 1.5 dB provided the spatia'l gradients of the

acoustical pressure and velocity are smaìl in comparison to the

predominant waveìength of sound being measured (i.e. kar<l where k

is the wave number). The following paragraphs explain in detail the

procedures used for minimising the procedural and equipment related

measurement errors associated with the acoustic intensity technique.

The acoustic intensity, I"*,produced by a simple sound source

like a monopole is []81,

I"* = uzpc s?/sz r2r2

where S is the monopìe's strength and

measurement ìocation. Assuming perfect

{2.7}

r is its distance from the

instrumentation, the measured

intensity using the finÍte difference approximation, Ime, has been

evaluated as []7,.l8],

I,n. = (kpc s2l¡ ?n2 Ar r1r2)sin(-k¿r).

signals are assumed to be ergodic and stationany [t01.
diffenence between successive averages was always
of measurement error.

{2.8}

+ The pressure
Furthermore, the
wÍthin the limÍt
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The error, L", between the measured and exact sound intensitìes may

be defined as []7,lBl,

L. = l0 Log (ime/Iex) {Z.g}

or^, by using equation {2.7}and {Z.g},

Le = t0 Log (sin(kÀr) * 
"2¡¡f,n, 

r.,rr)). {2.10}

Here, r is the mean distance of the sound source from a point mid-

way between the microphones and r., and r, are the distances of micro-

phones I and 2 from the source, respectiveìy.

Equation {2.ì0} indicates that the approximation error, Ls, is
a function of kar ¿5 wsil as + By approximating

r=rrìr, , {2.11}

equation {2.10} may be modified to ,

l---î
Le = ìo ìos ¡s f#ry1 {2.12}

which is plotted in Figure 2.3 It may be seen that the intensÍty
vector is grossly underestimated at alì frequencies when

Âr/r <<.|. The above analysis assumes a simpìe monopoìe sound source

which is normally representative of far but not near field measure-

ments [.l7,.l8]. Parameters ìike mÍcrophone spacing for near field
situations are usually assessed on the basis of a non-dimensionaJ

quadrupoìe anaìysis because of the greater and more representat.ive

modal complexity of the radiatÍng surface. Then the following 'limits

0.1< kÂr<1.3 ,0< Lr/r < 0.5 {2. r 3}
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have been proposed for errors typica'lly withjn + l.sdB Ii9,20,23f .

in addition to the emor induced by the finjte difference approximat-

ion of relation {2.3}, the imaginary part of the cross power spectrum,

im (G1o) in equation {2.6}, is extremeìy sens'itive to phase mismatch

between the two microphone channels [2,13,14,217. This problem

appears to be severe at frequencies less than about 250 Hz. where the

signaì to noise ratio may also be poor [21]. The signal to noise may

be improved by ensemble averaging. However, expensive phase-matched

instrumentation is necessary to directly overcome the phase related

probìem. Researchers like Chung 120,21f, Krishnappa [13] and others

12,14f have described inexpensive but indirect techniques for avoid-

ing errors due to phase mísmatch. An overview will be given in the

fol I ow'ing paragraphs.

There are two techniques commoniy used to overcome prob'lems

from mismatched phase between microphone channels. The first technique

is common'ly caìjed the Switching Technique. In this procedure, the

phase-corrected cross spectrum in equation {2.6} is approximated by

the geometric mean of two cross spectra, G.,Z und Glzr. Here, GIZ it
the cross spectrum determined by the originaì microphone configuration

and G.,Zs is the cross spectrum after interchanging or "switching" the

two microphones and associated channels [14,20"21f. Consequently,

equation {2-6} may be approximated as,

rn = Im (Gl z Gl er ) '/'/ hor^) {2.14}

The second method is known as the Transfer Function Method. In this

procedure, the calibration of each microphone channel is accomplished

by individuaììy caìibrating the microphone channels with a standard
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calibration source like a pistonphone. Two closeìy positioned micro-

phones are then exposed simultaneously to the same signa'l by flush

mounting them in a rigid circular pìate attached to the end of a

tube. sound waves are generated at the other end of the tube by

using a ìoudspeaker driven by a random noise generator. It is

assumed during the calibration procedure that the m'icrophones are

subjected to one dimensional plane waves. However, this assumption

is invalid at frequencies greater than 0.293 c/R, where c is the

local speed of sound and R is the radius of the tube ['l]. Thus,

for a typicaì tube with a radius of about 50 cm., the upper

frequency limít is 200 Hz. for plane urave propagation. At frequenc-

ies above this value, the transverse acoustical air modes in the tube

are no'longer negligibìe because they may be reflected back to the

source with a significant amplitude buiìdup []]. Another source of

error is the incorrect pressure gradient on either side of the micro-

phone diaphragm. Ideally, the air equalization hole located at the

rear of the diaphragm shouìd be exposed to a pressure gradient similar

to that sensed by the two microphones. However, this condition can-

not be satisfied due to the partial enclosure of the mícrophone in

the duct. The improper exposure of the air equaìization hole can lead

to changes in the R.C. time constant of the interna'l volume behind the

microphone's diaphragm and, hence, the response of the microphone.

Providing these practicaì limitations are overcome, the calibrated cross

spectrum Gl2 
ca.T 

may be written as [2,13,]4],

lz.ul = G,r/(Hr, lHl 12) {2.ì5}
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where H12lH1 l2 is the calibration cross power spectrum between

the two microphone channels and Gle ìs the measured cross power spectrum.

[2,1 3,1 4]

The chief advantage of the Transfer Function Method over the

Switching Technique is that G.,r. need not be evaluated. Hence, the

measurement of the cross spectrum G.,, need be done onìy once which results

in a significant time saving. 0n the other hand, it is extremeìy difficult
to generate an accurate H' for a broad band analysis. As mentioned

earlier, the frequency limit of the pìane wave assumption does not

permit a sufficientiy wide frequency band for calibration over the entire

audio spectrum of 20 Hz. to 20 k{z. Thus, it may be necessary to repeat

the calibration procedure by using tubes of different diameters to

make corrections over the desíred frequency range [2,]3]. Another dis-

advantage is that the cumbersome calibration apparatus is difficuìt to

transport.

In view of the conflicting arguments both for and against the

two procedures, a modified switching procedure may be employed whÍch

overcomes the disadvantage of both techniques. The two microphone

channels are subjected simultaneously to a broadband sÍgnal and the cross

power spectrum is determined. The microphone channels are then switched

and,while maintaining the broadband signaì, the cross power spectrum in

this switched configuration is obtained. Thus, the relative phase and

gain factors of the two microphone channels may be determined from the

square root of the ratios of the transfer functions between the two

microphone channels (i.e. KIZ in equation {2.17} on page 20). Thus, problems
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associated w'ith obtainìng a wide frequency response in a duct are

overcome because the two micrOphone channels are presumabìy exposed

to the same calibration signaì in both configurations. This procedure

also results in a halving of measurement time because calibration

need be undertaken on'ly once [2,]3]. Mathematicalìy, the procedure

may be represented by,

Glzcat = Glz/ (Ktz. lHl

Kjz = U1z/HlrJ'/' {2.17}

measured in the originaland H.,, and HlZ, u"" the transfer functions

and switched configurations, respectiveìy.

This section has outìined the practical feasìbility of the

acoustic intensity technique. The need for expensive purpose-built

equipment is eliminated by using one of the corrective procedures

described. The fol'lowing sections detail tests using the acoustic

intensity technique. The Switching Technique was employed invariably

because ít is particularìy suitable for overcoming phase mismatch

errors below about 125 Hz. 120,21 ;22,23)

12l {2.16}

where,



21

?.2 RESULTS

The feasibility of the acoustical intensity technique was

tested in a practical situation by using the development computer.

The overall objectì've of these tests was to measure the total sound

poþrer level of the computer in the 500 Hz., 1000 Hz., and 2000 Hz.

octave band centre frequencies. Th'is procedure was dictated by a

sperry test procedure [24] based on the ANSI s'|.31-19g0 and ANSI

s1.32-.l980 standards. In addition to sound power measurements, the

principal sound radiation regions of the computer were identified
to determine a systematic basis for design changes in existing and

future models. Pre'liminary experiments urere carrÍed out under

non-ideal, semi-reverberant conditÍons by using a standing wave tube

and an ILG reference sound source. These experiments enabled the

microcomputer based software associated with the acoustÍc intensity
technique to be checked. The reference sound source consisted of a

motor to which a squirre'l cage fan was attached. It produced

calibrated intensity levels of gl dB in the octave bands centered

between 64 Hz. and 4 kHz. In addition, the reference sound source

introduced a significant air ftow (speed about ì5 mph.) greater than

that produced by the exhaust fan:located at the rear of the deveìop-

ment computer. The folìowing sections describe in detail the preìimin-

ary experiments, the measurement of the sound power .levelS, 
the

identification of the principaì radiation regions as well as an ex-

planation of the results.

sound pressure levels were measured by using two carefully
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calibrated Bruel & l(i aer, Type 4.|65, l.25 cm. diameter microphones

connected to BrueJ & Kiaer Type 2ì69T pre-amplifiers. The pre-

amp'lifiers were powered by a Type zB07 power supply and resuìtÍng

signa'ls were processed on a Hewlett-Packard 3s824 dual channel

spectrum anaìyser and 9816s microcomputer. Microphones were used

in both the end-to-end and side-by-side configurations to determine

the advantages and disadvantages of both configurations.

Microphones were used in the end-to-end configuration as

shown in Figure 2.la to identify noise sources. A 50 mm. spacer be-

tween the microphones provided an adequate workÍng frequency range

of 32 to 1250 Hz. (It was suspected that the computer's air-
flow-induced sound occurred essentiaì]y below 500 Hz. consequently,

this range easiìy encompassed the lower and upper frequencies of

interest.) ff¡e microphones were used in a side-by-side configuration,

on the other hand, with a spacing of 2.5 cm. to determine the total

sound power. Then the working frequency range was 220 to 2800 Hz.

according to the limits given by equati ort ' {2..l3}. This range

allowed measurement of the computer's sound power at the 500 Hz., .1000

Hz., and 2000 Hz. octave band centre frequencies as specified by the

test procedure 1241. Furthermore, the latter unlike the end-to-end

configuration permitted the use of wind screens to protect the micro-

phones from the a'irfìow generated by the reference sound source or

development computer. The distance from the centre of the probe.to

either of these sources was lB cm. so that the requîrements set by

equation {2.13} were satisfieci.



23

The acoustic intensity probe was inserted through an air-
tight slot in the standing urave tube. Ihe tube's diameter of l0 cm.

dictated the upper frequency rimit of zkïz. for prane wave generation.

An adjustable sìeeve sealed with pìasticine ensured airtightness.
A l0 cm. thick anechoic termination was used to reduce the effect
of reflected sound waves. The spacing between the microphones was

adjusted to encompass the desired frequency range. Great care was

taken during the installation of the probe through the slot to

ensure that the mfcrophones measur.ing the normal ljntensity were

normal to the longitucjinal axis of the tube. This was done visuaììy
by using a spirit ìevel. FurthermoFê, the microphones were flush

mounted with the inner surface of the tube so that they did not

disturb the sound waves. An octave band analysis was performed on

the acoustic intensity determÍned from the two microphones. These

values were compared with those obtained by employing the traditional
method of measuring the sound pressure levels and using equation {l.l}
to determine the acoustic intensity. The results are shown in Figure

2.4. Results at frequencies above 2s0 Hz. agree within 2 dB. However,

there is a discrepancy of up to l6dB berow about 12s Hz. This differ-
ence occurred as a result of reflections from the tube,s supposedly

anechoíc termination. The termination was effectÍve at frequencfes

only above 800 Hz. [2,ì0]. Furthermore, the I.2 n. ìength of the tubd

dÍd not permit the probe to be positioned sufficientìy far from.the

terminator to minimise lend effects,'. Thus, a 4m. tube of internal

diameten 7.5 cnr.was used in conjunction with a 0.5 m. anechoic iermin-

ation to extend the ìower frequency limit to about lg0 Hz. with an
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upper limjt of 2.6kïz. These later results are shown jn Figure 2.s.

They correlate better even at the lower frequencies.

The results from the 4m. ìong tube confirmed the findings of

other researchers that the measurement of airborne sound intensity by

using two close'ly spaced microphones is relative'ly straightforward

[2,13,14,20f - Problems arise with the conventiona] method of sound

power determination when l) there is a substantial movement of the

medium l22l;2) the predominant frequency of the major sound source

is lower than about 100 Hz. tl3l and 3) intensity : :l

measurements are made in areas of high environmental noise. Noisy

conditions are typicaì of most industrial environments where the

acoustical intensity technique is of greatest value. Thus, an ILG

reference sound source was employed to conveniently simuìate such

condÍtions (i.e., to provide high leveìs of background noise and a

significant airf]ow). However, the acoustic intensity given by equat-

ion {2.6i is valid only if there is no mass movement of the medium

(i.e. no air ftow) 1221. Ducting was considered to divert the air
flow away from the microphones. However, this procedure was found

impractical because it required the fan to be encompassed within the

duct so that its sound would be attenuated by a not absolutely

determinable amount. Hence, a thin, ìight poìythene diaphragm was

used to protect the microphones from the flow but the diaphragm added

extraneous noise due to vibrations of its surface. Finaìly, a stand-

ard polyurethane wind screen was fixed over each microphone. The

sound attenuation due to these wind screens is less than z dB up to
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SkHz for wind speeds less than about 0.3M, where M is the Mach

number [2 6 ]. This range, of course, encompasses the speed of interest.

A one third octave band analysis was performed on the acousti-

cal Íntensity determ'ined by the two microphone method and compared with

the manufacturer's specifications of the reference sound source. These

results are presented in Figure 2.6. There is excel'lent agreement at

all frequencies even as low as 63 Hz. These tests, therefore, showed

the wÍnd screens to be extremely effective for air flows of concern.

Having tested the software, an investigation was initiated

l) to determine the sound power of the develdpment unit, with

and without the presence of contaminating acoustic fields; and 2)

to identify and rank its principaì radiation regions. The findings

of a feasibility study regarding the use of acoustic intensity to
determine the sound power and, in addition, to identify sources of

noise will be presented next.

2. 2.1 SO.UND POÌ^IER DETERMINATION

The objective of these experiments was to conventionaìly

determine the sound power of the deveìopment computer [24] and to

compare the data with that from the acoustic intensity technique. The

totaì sound power of the computer was evaluated in accordance with

the procedure detailed in specified standards lz4J. However, tests

were made in a large room under semi-reverberant conditions due'to

the unavailability of an anechoic chamber. The test fixture support-

ing the computer was basicaìiy an H frame with four vertical columns
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and four horizonta'l supports from which the computer could be sus-

pended 90 cm. above a hard reflecting p'lane. The total sound power

of the computer was measured by using the acoustic intensity technique.

A closed fmaginary measurement surface paralìeì to the sides of the

cabinet was chosen in the nearfield of the computer, lB cm. from

the cabinet. The norma'l component of the sound intensity was measured

at a total of twenty equaìly distributed points on the imaginary

surface. The total sound power was then determined conventionally

by summing the sound power radiated over each section of the imaginary

surface. The sound power of the computer was evaluated next in the

presence of interfering acoustic sources. This evaluation entaíled

the positioning'of an ILG reference sound source 1.0 m behind the unit

with a reflecting screen 1.2 m. to the left of the computer. Such

conditions reasonably simulate a noisy, reflective environment with a

fairly substantiaì air flow. The corresponding sound pouler levels

invariably determined by the acoustic intensity technique are presented

in Table 2.1.

The total sound pourer measured either in the presence or

absence of the reference sound source are in good agreement in Table

2.1. The observed differences of up to 3 dB are well within the limits

of experimental error determined in Appendix 2 under semi-reverberant [26]

conditions. A formal measurement error ana'lysis is quantified in

Appendix 2 so that only the two major errors will be mentioned.brief'ly

here. One primary error with the acoustic intensity techníque is the

+ 1.5 dB deviation associated with the finite difference formulation
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Case Sound power at octave band centre frequency

500 Hz. 1000 Hz. 2000 Hz.

I
r

70.6+4.0' 60.2+3.4 58. I +3. 3

2 69. 6+l .8 57.4+t.8 55.0+t .8

3 68. 2+t .8 63.8+l .8 63.2+l .8

Reference
Sound
Source

72.0+1.5 72.0+1.5 72.0+1.5

(+¿s. re. 10.0 E-12 t^l. )

Tabìe 2..l : Computer's totaì sound power level determined l) convent-

ionally 2) by using the acoustic intensity method, and 3)

as in 2) but in the presence of the reference sound source.

Sound power level of ILG reference sound source given for

comparr s0n.
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of equation {2.6}. Another is the + 1.0 dB error inherent to the

averaging mode of the spectrum analyser when the invariabìy employed

64 averages ís used [25]. Despite these measurement errors, the

measured values of the sound power by using the acoustic intensity

technique agree well with those measured conventionaììy. The signifi-
cant advantage of the acoustic intensity technique is the speed with

which the sound power of the development computer was determined

(typicaììy 20 minutes as compared to about 3 hours when measured

conventionaìly). There are, however, serious discrepancies when

measurements were performed in the presence of the reference sound

source. In case (3), for example, the measured sound power agrees

with that determined conventionalìy in the 500 Hz. octave band. How-

ever' differences of up to I dB can be observed in the octave bands

centred at ì000 Hz. and 2000 Hz. These discrepancies may be explained

by examining the characteristics of the sound sources. Intensity

levels of 8l dB were produced independently by the reference sound

source in each of the octave bands centred between 64 Hz. and 4kHz.

Such levels exceed by more than 15 dB those values generated by the

computer alone. It was difficult, therefore, to distinguish the

noise produced only by the computer. ThÍs observation is corroborated

by the nearly equaì sound powers measured at the 1000 and 2000 Hz.

octave band centre frequencies. Consequentìy, these results confirm

the findÍngs of other resea!"chers l1g,Zg,30], that the acoustic intens-

ity technique cannot be used if the noise levels of the background
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exceed those of the source alone by l0 dB or more. in addit'ion to

the quantitative measurement errors associated with the acoustic

intensity technique mentioned in Appendix 2, some qualitative errors

h,arrant discussion. First, the test procedure l24l is based on the

premise that the measurement of the sound pressure levels is in the

free fieìd e.g. in an anechoic chamber. However, an anechoic chamber

was unavailable so that measurements had to be undertaken in a large

(8.3m X 5.6mX 3:r6m) room. The resulting sound field was essentially

reverberant so that the normally empìoyed standard for free field

measurements [24] was replaced by the more appropriate ANSI Sl.2l-1976.

A comparison of the sound of the computer evaìuated in free field and

semi-reverberant field conditions produced a difference of up to 3 dB.

This difference reflects primarily the effect of the environment on

the measured sound polver levels. This observation highìights the

chief advantage of the acoustic intensity technique i.e. it is un-

affected by environmental conditions. Furthermore, the directivity

characteristics of the sound source are extremeìy important in

determining the number of measurement locations. The overall sound

pressure levels in Figure 2.7 suggest that the predominant radiation

regions lie towards the rear of the computer. Hence, accuracy

could be improved if extra measurement locations were included around

the sides and rear of the computer where changes ín sound pressure

levels are greatest. However, it woujd be obtained at the expense

of a significant increase in measurement time. Thus, a total of

twenty measuremeni points represenied a reasonab'le compromise between

these.'requi rements .
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The previous'ly described experiments illustrate the advantages

of the acoustic i'ntensi'ty technique. First, the sound power of a

sound s-ource may be determined with a ìower measurement error than

with the conventional procedure. Second, the acoustic intensity

approach may be used advantageously under difficult measurement condit-

ions without specia'l acoustical environments.

2.2':2 LOCATION OF SOUND SOI]RCES

This section deals with the identification of the principal

radiation regions of the development computer by using the acoustic

intensity technique. However, overaìl sound pressure levels were first
measured in the near field of the computer at a distance of 3 feet

from each pane'l to obtain a "feel" for the overal'l sound radiation

pattern. These pressure levels are shown in Figure 2.7. It can be

seen that the predominant radiation regions are towards the rear of

the computer. This is the extent of the information that is avail-
abìe by utilising conventional equipment such as a sound level meter.

Measurement of sound pressure Ievels is unlike'ly to reveal further

details without the use of, say, the lead cladding technique [3],32,33].
near field ana'lysis is more tikely to determine the cause-sound effect
relationship of various components with the computer. consequently,

the acoustic intensity technique was used to more closely identìfy

the principal radiatÌon regions. A7 xBanda 5 x 5 e'rement grid
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was marked, respective'ly, on the left side and rear panel of the computer

as illustrated in F'igure 2.8. The numbering system employed for the

grid is also shown. The printed circuit board (pcB) chassis and

power suppìies within the computer are located towards the front half

of the computer. consequentìy the front half of the computer is

more complex in its construction compared to the relativeìy ',symmet-

rical" rear half. Thus, a narrower grid was marked on the'left compared

with the rear panel. The probe was mounted horizontalìy on two sturdy

tripod stands with the aid of a spirit level. The probe was visuaì'ly

positÍoned normal to the panel and the acoustic intensity determined

at each jocation. A three dimensional pìot of intensity was charted

at one-third octave centre frequencies. Typicaì plots are presented

in Figure 2.ì0 through 2.14. The discussion that follows is based, in

part, on comprehensive air flow studies carried out earlier by the

computer manufacturer.

Figure 2.10 shows the acoustic intensity emitted to the side

of the left panel in the j/3rd octave band centered at .l00 Hz. It is

clear from this figure that the predominant noise radiation regions at
-frequencies around ì00 Hz. jie 'toward the rear of the computer. This

is expected because the fan is mounted on the rear panel and operates

at 56 Hz. However, there is also significant acoustic energy radiated

at location 3.l,38 and 45. This phenomenon may be expìained in relat-

ion to the airflow within the computer. The air enters the computer

through a griìle at the lower end of the front paneì and impacts the

metal pìate ìocaied at the base of the PCB chassis shown in Figure 2.9.
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upon impact, part of the air stream is deflected through 90 degrees

to pass through the spacing between the printed circuit boards before

turning through another 90 degrees and exiting at the rear. A sub-

stanti a'l proporti on of the ai r enteri ng the uni t, however, i s a'lso

deflected towards the left and right sìde pane'ls. Based upon the

primary location of "impact" determined by the manufacturer, it is

believed that the airstream striking the side panels behaves as a

noise source at location 3.l, 38 and 45.

Figure 2..l'l indicates that the left panel radiates little
sound around 125 Hz. except towards the rear. This observation sug-

gests that there is considerable sound "1eakage". from the spacing

between the cabinet and the rear panel. 0n the other hand, Figure

2.12 intimates that significant acoustic energy is radiated at all

the measurement locations around 500 Hz. It is possible that the air,

which is forced through a narrow gap between the cabinet and the PCB

chassis, causes the panel to radiate sound essentiaìly uniformly over

its surface. Then the minor variation in intensity over the surface

of the panel is probably due to locally changing airflow created by

components fixed to the PCBs. Figure 2.13 indicates that the major

radíating regions at about ì000 Hz. again ìie towards the rear of the

computer. The slightìy higher values of 4 dB at location 2l and 28

relative to that at location l4 are possibly from "singing" caused by

air passing through a honeycomb mesh at the exit. 0nce again, sound

radiation was detected towards the front of the computer at location

32 and 39. This is also due, presumabìy, to the defìected air stream
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striking the side panels. There is an apparent,'lack,, of sound being

radiated in Figure 2.]4 at locations ?,3,4,7,8 and 9. This implies

that the acoustical hood on the rear paneì was effective at frequenc-

ies lower than about 125 Hz.

The above phenomena could not be verified by a conventional

technique like lead wrapping because of the danger from high voltage

condensors. Ordinarily it is easy to identify the exact location of

a noise source. However, it becomes increasingìy difficuìt when the

sound Ís propagating through module gates, wire 'loops, stiffeners

etc., in a confined space because the directional characteristics of

the sound are distorted. If the magnitude of the acoustic intensity

radiated by each individual component is required, further work is

necessary to quantitativety identify, as in r.eference [34], loss factors

to account for distortíons as the sound travels from the source to the

microphone. [¡S,gO]

The results obtained by using the acoustic intensity tech-

nique wiìì be summarized.

l. sound power levels may be determined quickly and accurately even

under difficult measurement conditions.

2. The fol'lowing changes are necessary, to improve the acoustícal

performance of the cornputer

a) The back panel of the computer requires acousticaì treatment.

b) The airflow within the computer needs streamlining to

neduce turbulence and, hence, the vibration of the internal

components mounted on the PCB chassis.
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c) The combined acoustìc

the rear panel needs

and EMI seal between the cabinet and

i mprovement.

2.3 CONCLUS I ONS

This study has demonstrated the feasibi'lity of applying the

acoustic intensity technique to digital computer systems. First,

the sound power can be determined accurateìy and without a speciaì

acoustical environment. The measurement time may be further reduced

by using the modified switching procedure to eliminate the need for

switching channels after each measurement. Second, the source

identification tests have yielded a better understanding of the sound

sources within the computer. Tests on this computer have yieìded

valuabìe insight into the mechanism of sound radiation and illustrate

the potential of the cross spectral intensity technique.
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CI-IAPTER i I i
CORRELATiON BETþJEEN THE SOUND AND VIBRATIONS OF

THE COMPUTER

This chapter explains a pragmatic approach to determining

sound power by using a simple empirical procedure involving velocity

measurements on the computer's panels. [37] it is expected that the

results wilÌ highlight the degree of correlation between the radi-

ated sound and the vibration of the computer. [39,39] The computer is

idealized as a pulsating sphere - an idealization which has been

used successfully to represent an internal combustion (I.C.) engine

[40,4]]. Fukuda et al [40] took measurements on an i.C. engine

block where there was essentially one "flexible panel" supported

by an essentialìy rigid casing. The test computer has a similar

configuration because the back panel is much more "flexible" than

the other paneìs. The rnodeìÍng of a sound source as a pulsating sphere

is based on the premíse that there exists a strong comelation between

the vibration of a solid boundary and the sound radiation from that

surface [37]. Any vibrating surface will radiate sound if it is in
contact with an elastic medium. The layer of the medium in immedi-

ate contact with the surface moves with the surface. The resu'lting

movement is sufficient to initiate a train of compressions and rare-

factions whi-ch generate a sound wave [37]. Consequently, the move-

ment of a boundary transfers energy to the particles of the medi.um

which travels through the medium as a sound wave. Thus, it should

be possi-ble to determine the sound power of the computer by simply

using surface velocity measurements [37,38,39,40,4] ].
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It is wide'ly known that sound travels from a source to the

observer along both airborne and structureborne transmission paths

t38]. The correlation between structureborne vibration and aírborne

sound, however, is not weil defined. Thfs chapter exp'lains the

idealizations used and the results obtained by modejing a computer

as a pulsating sphere whose surface vibrates radialìy. The anaìysis

is confined to radial pulsations of the sphere and invariabìy pre-

sumes symmetry to simplify the anaìysis [39,40]. It is assumed that

the panels of the computer are continually subjected to excitations

caused by the constant rotationaì speed of the fan. Mean square

velocity levels were measured at various locations on the surface

of the computer and the sound power determined as shown in Appendix

3. Once again, sound power levels were obtained in the 500 Hz.,

1000 Hz., and 2000 Hz. octave bands lZ+1.

3. Ï THEORY

The theory of sound radiation from a pulsating sphere is welì

defined [37,38,39,40,4]1. It is strictly valid onìy at the fundamental

or "br€athing" mode. To extend the analysis to higher frequencies, the

total area of the vibrating surface, S, is divided into n{S/ÂSr)

i.dentical components each having surface area ÂS, [40]. This

sirnplification reasonably permits the further assumption that e'ach

component vibrates r'n its own breathing mode. Then the overall sound

po!úer is the sum of the sound powers radiated from each component.
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The sound power radiated by an element on a hemi-sphericaì source

puìsating with volume speed Ue in an infinite baffle is [40]

wu = bcuz"lznuz) r2u2/ (t * k?uz) {3.1i

Here k is the acoustic wave numfer and a is the radius of the hemi-

sphere which is approximately INVT [40 ]. It is assumed that

a) the amplitude of motion is small i.e. much less than the radius

of the sphere; b) the sphere is embedded in an infinite medium so

that there are no refJected u/aves [l]; an¿ c) the n radiating

surfaces are independent, incoherent and distributed uniformly

over the surface. Thus, by substituting a in equation {3.1} and

summing, the expression for the total sound power, l,{r, becomes,

l,t, =nrt.l.= o.ÈZrs 1kzasr/ ( zn+t265, ¡ , . {3.2}

ïhe < > '¡s the temporal average of n individual components of the

surface speed, Ê. For a broadband frequency analysis, the wave

number, k, and the unit surface area, AS, are taken, for convenience, to

correspond to those vaìues at the centre frequency of each band [40].

A value of 
^S€ 

is necessary to determine an appropriate

number of 'measurement points. According to reference [40],

ior example, reasonable accuracy may be obtained if 
^sf 

is approximated

by the area covering the fundamental mode of a comparab'le simply

supported rectangular pìate. Then the following 
^Sf 

have been suggested

, for f, (nls ),nT,ry {3.3}Â5f = (l11f )Æfq

ÂS^ = S
T , otherwr'se {? d }
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from which n may be obtained stralightforward'ly. in the above, oa:

denotes the material density, h is the thickness and D is the flexural

stiffness of a paneì. In determining h, p¡, and D, it is assumed that

each panel is homogeneous and uniform and that any deviations from the

simp'le unstiffened hollow box model do not affect the vibration pattern.

3.2 RESULTS

Preliminary experiments were undertaken to determine if the

major movement of each computer panel was flexural or axial. This

information is necessary because the idealization of the computer as a

pulsating sphere is realistic only if the transverse motion of every

paneì predominates. The computer was clamped on a sturdy table by using

C-clamps to prevent the computer from "bouncing". An electro-magnetic

shaker was attached to the hood at the rear of the computer as shown in

pìate P.3.1. A whîte noise source was used to drive the shaker. The

output of the shaker was delivered to the computer through a fairly weak

spring to simulate the force produced by the fan but without any ac-

companying air flow. This simulation is reasonable because the spectrum

of the excitation imparted by the shaker encompasses the excitation

frequency range of both the air flow and the fan. The corresponding

axial and transverse accelerationsof the computer's exterior panels brere

measured by using two B & K type 4344 accelerorneters mounted on an aluminum

block shown in Figure 3.ì. The ensuing acce'lerations are presented in

Appendix 3. They i.ndicate that at frequencies greater than 2'50 Hz, the

transverse accelerations of the paneìs vúere, Índeed, greater than the
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Plate P.3.1 : View of shaker attached to rear of computer.



5l

Accelerometer

Mounting
Block

Figure 3.1 ! Accelerometer arrangement for measuring transverse
and longitudinal accelerations at, a ttpointtr.
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corresponding axial accelerations by up to l5 dB. Therefore, exterior

paneìs certainly vibrate primariìy transverse'ly in frequencies related

to the measurement of the computer's sound power.

Stilì finer knowledge of the computer's dynamic behavior is needed

to better assess if the uniformly radial motion of the assumed breathing

mode is reasonable. Modal behavior was found most convenientiy by im-

pacting each pane'l with an instrumented hammer lazf to obtain the fre-
quency response functions given in Figure 3.2a through 3.2d. Natural

frequencies are identified in these figures by peak amplitudes correspond-

ing to a phase shift in excess of 60 degrees and a coherence value better

than 0.8 1421. A fair number occur below 200 Hz. which approximates

the lower cut-off frequency of the lowest, 500 Hz centred octave band of

concern. Consequentìy, flexural modes with wavelengths smaller than each

paneì's dimensions must predominate in the frequency span covered by the

sound power measurements. Then inevitable out-of-phase motions even on

an individual paneì contradict the uniform breathing assumption. Hence,

every exterior computer panel must be idealised as a set of components

each pulsating essentially incoherently.

The computerts sound power measured conventionalìy or by using

the acoustic intensity technique are presented for reference in row I

and 2, respectiveìy, of Table 3.1. Analogous octave band sound power

levels obtained from surface velocity measurements are given in row 3

and 4. (A typical computation i.s shown more conveniently in Appendix

3.) The number of measurement locations suggested by equation {3.3}

and {3.4} were.empìoyed to compute the data of row 4 whereas somewhat

fewer locations were used for row 3. Differences between corresponding
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Case Sound power at octave band centre frequency

500 Hz. 1000 Hz. 2000 Hz.

I 70.6+4 .0 60.2+3.4 58. 2+3 . 3

2 69.61r.8 57.41r.8 55.0Jr.8

3 64.6+0.0 63. r t0. 0 65. 3+0. 0

4 72.8!0.0 6t .3+0.0 6l .010. 0

(in dB re 10.0 E-12 w.)

Table 3.1 : Computer's totaì sound power level determined l) convention-

ally; 2) by using the acoustic intensity method; 3) using

surface velocity measurements at 20, 40 and B0 locations;

and 4) as in 3) but with 25,50 and 100 locations, respect-

ively, for the 500, 
.l000 

and 2000 octave bands.
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sound power levels in these two rows are generaìly apparent and partic-

uiarìy so in the 500 Hz octave band. Results in row 4 ínvariably cor-

re'late better with the reference data of row I and 2. consequentìy,

the number of measurements suggested by equation {3.3}and {3.4} should

at least be employed. 0n the other hand, the sound powers in row 4

are constantly the highest followed consistent'ly by those in row I and

row 2. The greatest differences of about 3dB and then a further 3dB

between these rows happen in the 2000 Hz octave band. Presumably the

complex structural interactions between interior components and exterior

panels as welì as panel regions adjacent to ìocaì stiffeners can no

longer be ignored completely there. Therefore, equation {3.3} which is

based pragmaticaììy upon the simpìest uniform hollow box becomes some-

what less accurate. Further "incoherent" sources implícit to additional

measurement locations may produce an improvement but only at the cost

of substantially longer measurement periods.

This pragmatic approach implicitìy assumes that,the mechanicaì

vibration of the computer's exterior panels radiates the sound. However,

this approach would fail at frequencies beìow 200 Hz where the "air flow

noise" of an axial flow fan Ís known to predominate. The sound intensity

spectrum of such a fan is shown in Figure 3.3 [43 ]. Fortunately, at

frequencies related to the measurement of the computer's sound power

(500,.1000 and 2000 Hz), the mechanicaì vibration of the computer,s

exterior paneìs is predominant, thereby satisfying the implicit assumpt-

ion. [40,45,46,47f
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3.3 CONCLUSIONS

The importance of the idealised model cannot be over-emphasized.

In chapter II, for exampìe, the sound power of the computer could not

be determined accurateìy when the ambient noise levels exceeded those

from the computer alone by about l5 dB. under such circumstances, the

sound power of the computer could be determined by using the surface

velocity technique because the velocity is hardly affected by ambient

noise. This assertion wouìd only appìy, of course, to circumstances

where contaminating vibrations are minimal. Furthermore, the correlat-

ion between the vibration and sound radiation has been highlighted.

Thus, the sound power of a source may be measured under even the most

trying conditions. In addition, the enhanced understanding of the

physical process of sound radiation may be used advantageously to sug-

gest future structural remedies on the cabinet.
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CIjAPTER IV

VIBRATiON iNTENSiTY TECHNIQUE

Combustion and aerodynamic noiseare major noise components for

many pourer systems like fans and engines [49]. After these two noise

sources have been attenuated, structureborne vibration often becomes

important [48]. As mentioned in chapter iII, the typically predominant

normal surface component of vibration produces acoustic pressure uJaves

which become significant when large surface areas, typicaj of industrial

blowers, are encountered [a9]. Then the vibrations themse'lves have to

be controlled to reduce acousticai radiation from the surface. Suitable

controls will generalìy require the significant vibration sources and

the structureborne transmission paths to be identified so that the

mechanical energy along the propagation paths may be absorbed or defìected.

A new cross spectraì technique wilì be described which may be

used to identify sources of vibration by empìoying intensity

vectors. Following a presentation of the theory [49,50,5],52], the

results of preliminary tests on a lead plate will be given. These

tests provided experience on a relatively simpìe homogeneous plate and

formed the basis for further tests on the computer which is basicaì'ly

an assemblage of beams and paneìs. A major aim was to better understand

the mechantsm and pr"opagation of structureborne vibration energy ànd,

if feasible, attenuate excessive vibrations in the development computer.

A secondary consideration was to provide a standard for the design of
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future computers.

4.1 THEORY

The plateborne vibration vector, w, is defined as the net flow

of vibration energy per unit width. The magnitude of the piateborne

vibration intensity in a given direction, wi, is the projection of the

intensity vector in that direction as shown in Figure 4..l. In form-

ulating the vibration intensity f'lowing through a small section of a

stiffened panel of the computer, the following assumptions are made.

t) Flexuraì vibrations predominate and 2) losses occur on'ly at the

ends of a panel or reinforcing beam. The first assertion has already

been confirmed experimentally in Chapter III. Rotational inertia and

shear deformation, therefore, are reasonably negìigible [Sì]. The

second assumption may be iustified by the argument described ín refer-

ence [49] for a one dimensional structure. The anaìysis may then be

extended to a two dimensional structure such as a plate by describing

the flexural behaviour of a ptate in'terms of two perpendicular

beam 'functions. This is easily accomplished by appropriately modifying

the subscripts defining the directions. For a one dimensional structure,

the vibrationts compìex wave number, k, has four roots; two of which are

usually real and two Ímagrinary. [50] These roots impìy a harmonic solut-

ion consisting of "travelIing waves', (implying free field) and a,,near

field"e exponentiaì]y decreasing solution with waves moving in both

the outward and inward directions. This latter sftuation is analogous



A
I z

F
ig

ur
e 

4.
.l 

: 
R

ep
re

se
nt

at
io

n 
of

 t
he

 v
ib

ra
tio

n 
in

te
ns

ity
 v

ec
to

r
a 

m
ea

su
re

m
en

t 
lo

ca
tio

n 
on

 t
he

 c
om

pu
te

r.
at

O
r O



6l

to the near field of a sound seurce where the acoustic waves do not

travel freeìy and progressÍvely from the source. The near field compon-

ent usualìy decreases rapidly from the boundaries of the wave medium

and usualìy does not carry energy so that progressive waves are more

important. The present anaìysis is limited to this type of wave. For

traveì1ing progressive waves, the existence of a near field is
attributed to the necessity for satisfying mechanica'l equiìibrium at

boundaries where continuity of the physicaì properties of the wave

medium are disrupted. Therefore the ampìitude of the near field can

be expected to be simi'lar to that of the progressive waves at these

boundaries [50].

Consider initially a flat, uniform and homogeneous p'late section

of the computer with its neutraì plane in the x-y plane as shown in

Figure 4.2. At any point of a cross-section which is perpendicular to

the x-axis, there exists the component of shear force, Q 
+, 

and two
X

moment components, Mx and M*r. The scalar product of the corresponding

vectors with their own velocity vectors gives the vibration intensity

vector through the cross section in the x-direction [49,51,s27. Now [s2]

M* = -D (aZEla*2* vazE/¿y?)

M =fvlXY YX

= -D¿iix0
'X

= D(l'v)a2Elaxay

c{5.{it
dx öy

{4.t}

{4.2}

{4.3i

+ The notation Q* wi]l
in the x-direction.
strai ghtforward.

be used to designate the magnitude of vector Q

An extension to other subscripted variables is
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where D is the p'late's flexural stiffness and f the transverse

displacement ìn the z direction. The x and y components,6x and 0,

respectiveiy, of the angular displacement,0 , are

. = --ir6) {4.41"x âx'

and

e r-3tEl . {4'5}"v âv

Therefore the x-component of the intensity vector is composed not onìy

of the contribution of the force,

**q= Q, è Elàt , {4.6}

but also those from the bendi.ng and twisting moments, respectively

given bv [a9]

*xb= Mx FazElay¿t) and wxt = M*r(azElaxat) t4.7j

Consequently, the magnitude of the total vibration intensity in the x-

direction, wx, is [5t,52]

w =<0Ë>+<M e>+.M*ð*r. {4.g}x 'x' xyy

Adotsuperscriptinvariab1ydenotesatimederivativeand<>

designates a temporal average. The intensity component in the y

direction, wy, can be combined to give the magnitude, r{, and direction,

0, of the net intensity vector, ñ, as

* =7 t 5f*uþ and 0= arc tan (wrlw*) {4.9}

Al I s'ix variabl es i n equati on {4. B} shor¡ld be i deaì 1y measured

simultaneously. This is impractical, however, for two reasons. First,
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as in the acoustic intensity case where the velocity could not be

determined directìy, the force and moments cannot be measured

straightforwardìy. Second, even with the modif.ications described

below, this procedure would require an expensive six channel data

acquisition system. Hence, further simpìifications are necessary to

reduce costs. Fortunate'ly, the force and moment components of

intensity are equal for flexuraì waves in the free fie'ld region

[49'51]. Thus, on'ly the moment need be measured and its components

M*: My, and M*, can be determined easily in terms of the surface

strains e.,,e.. by using the simp'le reìationships [5t,52]x- y

l4x -- zDlh(e . + vEr) e

l4r=20/h(er+ve*)

and

M*y = zDlh(ì -v ) v*,

{4. 1 0}

{4.1'r }

{4.12}

Although the strains ex and e, can be measured easiìy by using strain
gâruges, the shear strain yxy is almost inaccessible because it involves

attaching a strain gauge along the edge of the plate. This poses an

obvious difficulty with thin plates where the thickness is much less

than the width of the strain gauge. The problem may be overcome by

introducing a modified component of intensity, w*', where

**' = <[(M +Mr)/(t+v)]ort {4. I 3}

qiven bvX-
is an approximation to the true moment contribution w
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equation {4.8} This approximation has been explained in detail in

reference [5t]. It has been found to be reasonable for panels and beams

like those forming the exterior of the computer. Now the sum required

in equation {4..l3} of M* and M, may be determined from equation {4.10}

and {4..l1} as

M* * My = ZD/h(l+v)(e* + er) {4.14}

However [51 ],

,* * .y = -h/2(a2E/a*2 + azE lavz) {4.15}

so that equation {4..l4} becomes

M.. + M.. - -D(l*.u)(az Elar? +ð2 E/èy?). {4.16}xy
For plane waves in a free field, the sum of the partiaì derivatives in

equation {4.16} is [5]l

azç¡ax?+az Elnyz = kzE {4.i7}

where k4 = ufn/D, u is the angular frequency and m is the mass per

unit area [5.l,52,53]. Substituting equation {4.17} into equation {4.16}

yields,

M..+M..- -D(t+v)t<zE {4.18}xy
Under free field conditions the force and moment components, w¡, and wr*,

of the intensity are equaì so that [49,51]

!{- =w =w12ïx mx x'

and, hence,

{4. 1 e}
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w.. = 2w_..= 2w^'r . {4.20}XMXMX

The last relationship together with the further substitution of equation

{4. l3} gives

w..=- <zou?Eox>, {4.2'}
X

or, by integrating the acceleration 6 t*ice to give the expression in

terms of the disp'lacement, E

tt
ô. I f ,.'

wx = .zDk'u* 
oJoJ 

E dr ,dr > {4.22}

Thus, wx may be determined by simuìtaneousìy measuring the time

averaged angular speed ô.. an¿ transverse acceleration ; . Variables e.,'x'x
and E may be obtained by using the two accelerometer configuration shown

in Figure 4.3 [5l,szf. This arrangement is analogous to the two micro-

phone configuration described in Chapter II where the pressure, p, and

magnitude of the particle velocity, u' now correspond to the acceler-

ation, E, and rotational speed, 0x, respectively. By modifying the

procedure involving the microphones to accommodate the accelerometers,

t't may be seen that the acceìeration,Ë , at the measurement point may be

approxima'ted by the mean acceleration from the two accelerometers. These

accel.erometers may be distinguished by subscripts I and 2 again. The

mean acceleration, therefore, is

E= (El+E2)/2.

The arigu'lar speed 0*, on the other hand, can be determined from the finite

di fference approximati on,
L

. Lr ..
u*=oJ Gz-Et)/¿r¿t ; {4.24t

{4.23}
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h,here Âr is the spacring between the accelerometers. Once again, the

spacing, Ar, is a functr'on of the vibration wave'length and, therefore,

must be set appropriately. There ìs presently no nomogram for setting

the spacing Eo that a reasonable value was determined experimentaì'ly.

The procedure will be described later. Substituting for k2,ê and i in

equation{4.22}, the intensity component, w*, may be rewritten as

wx = e DluÆk f f,Ë., 
+ ¿z) o¿ {Ër :i¡to" dr >. {4.2s}

o'o'
It is shown in Appendix 2 that the last equation can be transformed into

the frequency domain to yield

w* = 2/ùn Im (G., )/u?tr {4.26}

i^rhere GIZ is the cross power spectrum between acceleratÍons I and 2

[52,53]. This expression is now similar to equation {2.6} in Chapter

II. 0nce again, 64 averages were invariabìy used to improve the

signaì to noise ratio of the accelerations.

From the experience with the acoustic intensity technique, the

practical impìementation of equation {4.26} was anticipated to be even

more sensitive to phase mismatch between channels because of the

lower frequency characteristics of the vibrations. Thus, the switching

technique was used again to overcome phase mismatch between the two

accelerometer channels. If the measured cross spectrum is denoted by

GlZ, in the switched configuration, then equation {4.26} can.be

approximated by
1/z

wx =zffi Im[Grz " Gler]'¡.l-za" {4.27}
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I)ue to the inhe!^ent assumption of the force and moment components

of intensity being equaì in equation {4.6} through {+.ll}, equation

{4.26} is valid only for the "free field" case. However, for the more

compìex "near fieldil condition, PavÍc [49] has similarìy formulated

equation {4.25} at any instant, t, as

dr dr

dt dt >.

{4.28}

Subscripts I through 4 now refer to four accelerometers whose

orientation is such that energy fìows in the direction of an

accelerometer with a lower number. Aìthough expression {4.28} is

general, signal processing in the time domain is cumbersome because

elaborate electronic circuitry is required. Consequently, Verheij [S4]

transformed the expression developed by Pavic into the frequency

domain as

w = Dl i .(4Im[G 23 ] - Im[G 24] - Im[G .,3 J ) {4.29l.
ûÌ'A'

so that a dual channeì spectrum analyser may be used straightforwardly

in coniunction with a mÍcrocomputer. It can be seen, however, that

this procedure is slower than that associated with equation {4.2.6}

because three cross spectra have now to be evaluated. 0n the other

hand, equation {4.29} wijl be used'in the following section to cor-

roborate the experimental results obtained by using equation {4.27}.

t t 't'r t¡ t, t,
w = D/a3< o"l J uroj u, dr dr dr - ..| oJuooJuro.

t. t. t'
,.l oJuroJu,o'
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4.? RESULTS AND DISCUSSiON

The overall objective of the vibration intensity measurements was

to identífy the predominant structureborne vibration paths through the

computer in the 63 and 500 Hz. centred one-third octave bands. These

bands were selected because previous pre'liminary vibration tests [55]

had yielded high structureborne levels there. However, experiments

were first undertaken on the I m. X I m. X.006 m. ìead plate shown

in Figure 4.4 to provide vaìuable practica'l experience and a simp'le

means of calibration. A lead plate uras chosen because lead has a high

loss factor compared to other metals. The incident wave is absorbed

rapidly as it progresses through the material and this inhibits re-

flections or reduces their magnitude significantly so as not to inter-

fere with the incident wave. Consequentìy, this arrangement is anaìog-

ous to the calfbration ôf the 4m.ìong pipe described in Chapter II.
The results of these calibration experiments wilì be presented in the

fol lowing section.

A dual accelerometer mount shown in Figure 4.3awas designed and

fabricated to meet certain requirements. First, the accelerometer

mount and accelerometers (or probe) had to be ìight so as to incon-

sequentially affect the vibrations of the pìate. Second, the funda-

mental resonance frequency of the probe had to exceed the upper

frequency of interest (i.e. 500 Hz. for the computer) to prevent the

dynamics of the probe from distorting the measurements. The funda-

mental resonance frequency of the probe was found to be anound 1400 Hz .
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which is well above the upper frequency of interest. Third, the

accelerometers had to be protected from e'lectromagnetic interference

(EMI) generated by the high voìtage transformers within the computer.

Consequently, the accelerometer mount was fabricated from low density

alumÍnum which provides an excellent EMI shierd. Fourth, the spacing

between the accelerometers had to be adjustable to encompass any desired

frequency range. A slot arrangement was considered where the acceler-

ometers could sìide across the mount and be locked in place. However,

firmly securing the accelerometers was too difficurt. Hence, two

sets of tapped holes were drilled on the mount such that there was a

choice of a 2 cm. or 3 cm. spacing between the accelerometers.

4.2.1 LEAD; PLATE

The lead plate was suspended from two corners by a 3 mm. steel

cable as shown in Figure 4.4. The lower edge of the plate was embed-

ded in a sand pit so that the sand couìd act as a vibration absorber.

An electro-magnetic shaker was attached to a poi.nt on the central axis

of the paneì, 20 cm. from the pìate's upper edge. A white noise

signal from the HP 35824 spectrum analyser was fed to the shaker which

then generated essentially fìexural waves in the ìead p'late. The

shaker was coupìed to the p'late through a spring and a force transducer

so that the i.nput power could be measured directly. An accelero.meter

was attached at the input and the integrated output provided the velo-

city. Two supports were also aitached to ihe plaie,50 cm. from the
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upper edge' to stabilize the paneì and prevent it from uflapping".

After insta'lJation, an unavoidable S degree tilt was observed relative

to the horizontal so that the comp'lete arrangement was not quite

symmetri cal .

A preliminary but important cross-check was performed by com-

paring the vibration power to the plate measured by using two different

techniques. The power input was determined from the product of the

force and velocity at the connection of the shaker assembly to the

pìate. The output was measured bV using the two accelerometer amange-

ment. The two accelerometer probe was pìaced on the pìate and located

progressiveìy at eight equispaced positions on a circle around the

contact point as illustrated in Figure 4.4 Intensity levels were

integrated a'long the segments associated wíth each measurement location

and the total output power ìevel was calculated. A comparison of the

input and output levels is presented graphicaìiy in Figure 4.5. It
can be seen that discrepancies of up to 5 dB occur at frequencies less

than 50 Hz. but that there is good agreement otherwise" Thus, the

employed spacing of 3 cm. between the probe's two accelerometers should

be adequate for measurements at or above 63 Hz. However, the spacing

between the accelerometers would have to be increased for measurements

beìow 63 Hz. This comparison confirms the measurement capability of

the two accelerometer technique.

The technique deveìoped by Pavic [a9] and modified by Verheij

[S+] was used to fur.theÈ check the power levels imparted to the pìate.

This procedure involved a linear array of four accelerometers and the
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vr'brati on i ntensi ty was cal cul ated by usi ng express.i on {4.29} . Once

again, the switching technique was used to overcome phase mismatch

between the accelerometer channels. A comparison of the vibration

power levels determined by using the force/velocity transducer, two

accelerometers and Pavic's four acceleroneter technique is presented

graphicalìy in Figure 4.6. It can be seen from the figure that the

input power agrees again with the values from Pavic's technìque where

a spacing of 3 cm..was empìoyed between the accelerometers. There

are significant emors, however, when the spacing between the accelero-

meters was onìy 2 cm. It wouìd seem, therefore, that a spacing of 3 cm.

is reasonable for measurements in the frequency range of 50 - 200 Hz.

so that this spacing was invariabìy used.

The agreement between the power Ieveìs determined by using the

various techniques is expected. Aìthough the measurement locations on

the circumference of a 5 cm. radius circìe were in the far fieìd, they

were sufficiently close to the input that vibration losses were small.

However, measurements made withÍn a radius less than 4 cm. from the

input yielded significant discrepancies of up to l0 dB. 0n the other

hand, measurements on the circumference of a circle of radius l2 cm.

from the input showed little deviatíon from the measured input. Con-

sequently, it may be concluded that the reason for the discrepancy was

the I'near field" effect mentioned in the theory. Another interesting

observati.on from these tests concerns Pavic's four accelerometer.

technique. Aìthough this technique permits measurements in the near

and far fields, there are serious practicaì problems associated with it"
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Figure 4.6 : Comparison of vibration power levels measured by
using force/velocity transducers' vibration
intensity and Pavicrs technique with accelerometer
spacings of 2 cm. and J cm.
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First, jt is thrice as time consurlìng as the two accelerometer technique

because about l0 minutes is required typicaììy per location for each

Vibration intensity vector component. Second, the increased physical

'length of the accelerometer amay restricts the use of this procedure

to'large unencumbered surfaces which were generally not present on the

computer. Third, the vibration intensity vector is no longer measured

at a point so that the indistinct measurement location may limit the

technique's use in locating vibration sources.

Further tests were performed on the lead ptate to provide ex-

perience for the mapping and interpretation of the directions as well

as the magnitudes of the intensity vectors. Consequently' 56 measure-

ment locations together with a reference axes system were marked on the

paneì as illustrated in Figure 4.7. The two accelerometer probe was

positioned at each ìocation along the x-axis and then reversed through

180 degrees to measure the horizontal component of the net vibration

intensity. In each case, switching was used to overcome phase mis-

match between the accelerometer channels. Then a similar procedure was

followed along the y-axis to determine the verticaì component. The

magnitude of the intensity vector is simply the resuìtant of these two

components as indicated by equation {4.9}. This method was repeated at

each location for the one-third octave bands centred between 63 and .l00

Hz. Typical intensity patterns are presented in Figure 4.8 through

4.10.

Before considering the propagation paths, a cursory examination

of the vibration energy away from the shaker coup'ling reveals severaì
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interesting phenomena. Fit"st, the total energy crossing sections AA'

and BB' in Figure 4.8 through 4..l0 generaìiy agrees favourably with

the input power. This resuìt is not surprising because the energy

should intuitiveìy flow towands the vibration absorbing sand. The

intensity directions in the ìowerpìate regions genera'lìy corroborate

this observation. There are discrepancies, however, of up to l4 dB

at the sections listed in Table 4.1 Such discrepancies may be caused

by internal stresses within the pìate due to the sagging under its own

weight. Furthermore, several intensity vectors in Figure 4.8 through

4.10 are predominant'ly horizontal a'long sections M' and BB'. Con-

sequent'ly, an energy balance in the verticaì direction is 'likeìy to

generate discrepancies because of the comparativeìy little energy flow

there. This assertion may initially appear to contradict the intuit-

ive direction of flow. However, the pìate is two dimensional so that

the vibration energy flows in both the x and y directions. The absorb-

ing sand pit, however, is the onìy active vibration absorber and it
is located distantìy from sections AA' and BB'. Consequently, the

"horizontal" component of the intensity vector has to "turn" through

approximately 90 degrees to eventualìy flow towards the absorber. This

feature is reflected in ..Figure 4.9 by t'he generaì:ly increasing

magnitude of the vertical component of the intensity towards the bottom

of the plate. Second, an inspection of the acceleration magnitudes in

'Figures 4.8 through 4.ì0 clearìy shows that the energy usually.flows

from locatíons with high acceìerations to ones with lower accelerations.

The acceieration, of course, is proportional to the force so thai the basic
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0ne-thi rd
octave band
Centre Fre-
quency

Hz.

Force and
veì oci ty
transducer
input Power

*
dB

Input Power
two acceler
ometer tech
nique

7l .0

76.8

74.9

Power acros
Section AA'

dB

Power across
Section BB'

63

80

100

67 .7

78.2

76.2

71.9

75.9

66. 6

73.9

64. 0

73.0

dB re to-12 w.

Table 4.ì Energy balance across various sections of the

p'late. (Details of the calculations are shown

AppendÍx 4).

I ead

in
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concept of energy flow from a point of higher to one with a lower

potential is reinforced. Third, there exists a circulation or vortex

type phenomenon which can be seen within the dotted boundaries of

Figure 4.8 and 4.9. Accelerations recorded in a narrow grid within

a vortex are also given in these figures for reference. However, no

definÍte pattern is discernible ìn these regions. This phenomenon has

been mentioned by Noiseux [51]who connected vortices with individual

circulation cells. It is most probably due to edges initiating

reflections which interfere locally with the original waves to produce

the circuìatory pattern. However, similar effects may also emanate

from local stiffners (like those on the computer paneìs) or may indicate

the overa'll flow from a source to a sink. Elaboration requires further

detailed studies.

4.2.2, COMPUTER

After completing the tests on the ìead plate, the two accelero-

meter probe was used to identify the computerrs structureborne vibrat-

íon paths in the 63 and 500 Hz. centred one-third octave bands. Sixteen

measurement locations uJere marked on each of the left, right and top

panels. These panels were relatively free of external attachments but

the rear panel not only had 18 connector caps but also had the fan

hood attached. Hence, somewhat more measurement locations were thought

necessary on this panel due to its additional complexity. Unfortunate-

ly, the 4 cm. X t cm. dimensions of the probe were such that its location
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on the back was difficult because of the space restrictions between

the connector caps. The size of the probe could not be reduced be-

cause its major dimension depends largely upon the necessary 3 cm.+

spacÍng between the accelerometers. Therefore, only the lB locat-
ions shown in Figure 4.ll wene empìoyed,

Intensity vectors mapped on the exterior paneìs of the computer

are shown in Figure 4..l2. At first glance it would seem that the

vectors are orientated randomìy except, perhaps, towards the ríght of
the top panel at locations 20, ?4, Zg,32 in Figure 4.11. A close

examination inside the computer revealed the presence of PCBs towards

the left side panel with a void towards the right side. Consequently,

the computer was not quite syrnmetrical about the vertical pìane bi-
secting the top and bottom. Due to the consistent, recognisable

pattern to the right of the top paneì, it was suspected that vibration

sources other than purely structural were present. They were thought

to be associated with the internal air fìow because the previous sound

tests had highlighted the importance of this flow. Therefore, it was

considered necessary to determÍne the magnitude of the airfìow induced

vibrations and to compare these levels with the structureborne vibrat-
ions generated mechanicatly by the fan. Consequently, the folìowing

th¡:ee confígurations were adopted. The development computer was t )
i.n its original configuration; 2) with the rear panel isolated from

the cabinet by polyurethane foam to minimis.e the drop in the internaì

static air pressure; and 3) as in case (ì) but with internal compon-

ents removed so that the aÍr could be ducted by using a poìythene tube

+thontheteadpìateandthecomputerpanelsin
a given direction are comparable. Hence the spacing of 3 cm. between
the accelerometers is still reasonabTe.
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from the front entrance dir:ectìy to the exit at the rear of the

computer. These assemblies respectively and reasonably simulated a

combination of air and fan induced vibrations, 'largely airflow induced

vibrations and, finalìy, aìmost a purely fan induced mechanical vibrat-
ion. The ensuing accelerations are presented in Figure 4..l3 through

4.ì6. The predominant features of all these figures may be subdivided

into three main groups. First, there is a generaìly increasing acceler-

ation level up to about 160 to 200 Hz. second, a peak occurs around

160 to 200 Hz. and, third, the spectra are relative'ly horizontal above

250 Hz. In Figure 4.16, however, there is aìso a pronounced peak in

the area of 50 to 63 Hz. on the rear panel. This peak comesponds to

the fan's operating frequency of 3250 rpm or 54.12 Hz. which, due to

the resolution of the one-third octaves, is observed in two frequency

bands. Furthermore, the acceleration levels at frequencies below b0 Hz.

increase dramaticatly by up to 15 dB with the back panet isolated - thereby

impìying a "resonant condition". This increase happens at substantially

lower frequencies (below 50 Hz.) than on the other panels" The frequency

response function shown in Figure 3.2d shows the fundamental resonant

frequency of the back panel to be 64 Hz. Consequently, the increase seems

to be due to the greater flexibility of the back panel because of the

isolation. Therefore, it is reasonable to suggest that the response of

the back panel is primarily stiffness controlled at frequencies beìow

about 80 Hz. Consequently, it would be beneficial there if the excitation

imparted to the rear by the fan could be reduced by redesigning the fan

mounts to provide better isoìation. Furthermore, the rear panei may aTso

be isolated better from the cabinet by using an improved EMI seal and
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elim'inating the direct vibration transmission through solid screws"

The second saìient feature of Figure 4.13 through 4.16 is the further

and greater peak occurring around 160 to 200 Hz. Virtual elimination

of the airflow marginalìy lowers the peak so that it appears to be

influenced largeìy by structural factors. From Figure 3.2b and 3.2d

it is cìear that this peak is a structural resonance dictated by

the computerrs top/back panel. The frequency region above about 250 Hz.

is uniformìy resonant with structural interactions between the interior

and exterior paneìs possibly comi'ng: into play. Good correlation be-

tween the sound power measured by the surface velocity and acoustic

intensitytechniques supports this hypothesis because the sound radiated

from about 500 to 2000 Hz. is ìargeìy due to structural vibrations of

the cabinet. However, components within the computer may infìuence

this behaviour to sóme degree. Consequently, the structuraì properties

of internal components were analysed in detail by utilising the Impulse

Technique again 1421. The instrumented hammer was used to impact the

components whose responses were detected with an accelerometer. Each

acceleration was normalised automatically with respect to the magnitude

of the impact by the spectrum anaìyser. Typicaì normalised frequency

nesponse functions are shown in Figure 4.17a through 4.ì79. It can be

seen that there are invariabìy peaks in the 500 Hz. region which cor-

respond to resonant structural frequencies of the PCB chassis, cards

and cross members etc. The fol'lowing sections draw upon the sal.ient

features of Figure 4.13 through 4..l6 and Figure 4.17a through 4.179 to

expTain the resuits obtained'by using the two accelerometer vibration
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intensity technique"

Comparing acceìerations of different computer configurations at

the same location (Figure 4..l3 through 4..16), it is cìear that at

frequencies less than 100 Hz. the air flow induced vibration ìevels

generaì'ly exceed those generated pur"ely mechanically by the fan by

up to 12 dB (re'l E -S m/s2). Consequently, it is not surprising

that the intensity patterns seem to be behavíng randomly in Figure

4.12 because the primary source is the turbulent air which strikes

the panels haphazardìy. To corroborate the importance of the air
flow in generating structureborne vibrations, it was necessary to

examine the vibration intensity patterns in the one-third octave

band centred at 63 Hz. in the absence of air fìow. Thus, an extern-

al vibration source devoid of any air flow was required. The primary

objective was to sjmulate purely the mechanical forcing of the fan

at the rear of the computer. Consequentìy, the computer was clamped

to the base of an essentialty rigíd table with a shaker attached to

the fan hood as shown in Plate P3.l.The vibration was transmit.ted

mechanicalìy to the computer through a weak spring to produce a

force-ìike excitation. The white noise input to the shaker was

fiìtered through a one-third octave band centred at 63 Hz. to reason-

ably simulate the maín frequency characteristics of the fan. The

internal configuration of the computer, now without power, was similar

to that used in the previously described air flow experiment. òn.u

again, vibration intensities we!^e measuned at the same locations and
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the resulting intensity patterns are given in Figure 4.18. The vib-

ratjon energy now flows towards the front right of the computer on the

top panel. The right half of the top paneì has a transmission path

fairty similar to that shown in Figure 4.'12 where air was flowing

internally. However, the intensi'ty pattern on the left half of the

top paneì has changed quite appreciably. This díscrepancy corroborates

the earlier conclusion that the air fìow does, indeed, act as a vib-

ration source at 'locations where air strikes the panels. For ex-

ample, Figure 2.9 shows the air flow path within a symmetrical computer.

However, due to the asymmetrical construction of the development com-

puter with the presence of PCB's on the left side of the interior

chassis, the impact of the air is restricted to locations 17,18,21 ,22,25,

26 shown in Figure 4.ìI. Furthermore, it can be seen from Figure

4.18 that there is generally a net flow of vibration energy from the

top edge of the right panel towards the computer's base. Indeed, it is

clear that on the lower half of the rear panel there is a net energy

flow towards the base of the computer. This is not surprising because

the computer's mounting to the table is through solid angle brackets

which provide good transrnission to the table. However, there is a net

flow towards the hood area in the upper half of the rear panel. A

similar behaviour can also be seen Ín Figure 4.18 at the top left corner

of the right paneì (at locations 41,25,46 in Figure 4.1ì). This evid-

ence cìearly corroborates the obvious that the fan and hood assembìy

is the source of vibration. It appears that structuneborne transmission

of energy occurs aS a result of the hood pivoting about the upper edge
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of the cabinet which is known to be quite stiff. Some energy is

transmitted from the hood to the top panei. Indeed, the flow pattern

in Figure 4.lB suggests good structureborne vibration transmission

from the rear to the top paneì despite the intervening EMI seal. The

structureborne path is presumably through the unisolated screws which

attach the rear panel to the cabinet. Consequently greater consider-

ation should be given here to better vibration isoJation. Vibration

energy is a'lso transmitted to the computer's base through the lower

haìf of the back panel. It seems that there is virtually no horizont-

aì energy transmission from the area of the fan/hood to the rear paneì.

This might explain the "inflow" of energy from the side panels to the

top half of the back paneì. It would be prudent to stiffen the back to

alIeviate .the "pivoting" action of the fan. It has been possibìe to

identify this "pivoting" action with the aid of the flow pattern provid-

ed by the vibration intensity technique. Previous tests [55] relied

soleìy on acceìerations. Although high accelerations were observed at

the centre of the rear paneì" it was thought they were merely due to the

rear panel's greater flexibiìity. The vibration intensity technique

has shown a more detailed and detrimental consequence of this fìexi-

bility.
{n summary, the vibration intensity pattern on the development

computer in the 63 Hz. one-thitd octaye band indicates a net flow of

energy from the fan area to the top panel and also to the lower half of

the rear panel. However, a small part of the structureborne energy

flows to the sÍde panels and re-enters the rear panel in its upper
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half. This intensity pattern is severely distorted by the flow of air

through the computer's inter.ior. Acceleration measurements on the

computer cabinet have shown that the airflow induced vibration con-

tributes significantly to the overall vibration levels in Figure 4.'13

through 4.16. Thus, locations where the air stream impacts the panels

of the cabinet act as vibration "sources". Consequently, the air-

flow within such machines must be examined carefulìy so that the air-

flow induced structureborne vibrations may be reduced.

Finally, víbration intensities were determined to identify the

structureborne paths in the one-third octave band centered at 500 Hz.

Thèy are shown ln Fígure 4.19. At thosellocations were the intern-
al PCB chassis is mounted direct'ly to the external cabinet (ìocations

17,33,35,37,39 in Figure 4.11) the intensity pattern is distorted from

its expected downward flow. This phenomenon occurs because internaì

computer components have structural resonances igt the range 400 to 600

Hz. which, presumabìf, the air stream excites. This resonant energy

is then transferred to the rest of the computer by the solid contacts.

Consequen.tly, locations where the internal PCB chassis is mounted on the

cabinet essentially act as vibration "sources". This observation was

corroborated by their acceleration leveìs which were up to 4 dB higher

than elsewhere.
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4.3 CONCLUSIONS

Good correlation was established in Chapter III betwen the vib-

rating computer and the sound radiated in the octave bands centred

from 500 to 2000 Hz. It was based primari'ly upon the assumption

that the exterior pane'ls could be idealised as a set of incoherent

sound sources each moving fundamentally in a breathing mode. Further-

more, air flow noise was neg'lected. This last assumption was reason-

able because the predominant source above about 200 Hz. was from

structural resonances excited essentially by the mechanicaì1y mounted

fan. Therefore, the comelation should not be surprising because

similar agr€ement has been reported [40] for an engine with a compar-

able configuration involving one quite flexible (rear) pane'|. The

rear panel has been shown to be the major cause of high structureborne

vibration levels. The accompanying change in the computer's volume

effective'ly generates much of the airborne sound too.

The vibration Íntensity technique has been shown to have good

potentiaì in solving vibration problems. Based upon the results of

this study, the following recommendations may be made in order of

priority. First, the air flow within the computer has to be modified

to reduce both the airborne and structureborne noise. Second, the

fan mounts need to be redesigned to give better isolation. Third,

internal components and the PCB chassis should be isolated frofl the

cabi'net to neduce structureborne transmission caused by resonances

of the internal components. Finally, the rear panel needs to be
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stiffened, particuìarly around the central portion to alleviate the

pivoting action of the fan and hood assembly.
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APPENDIX I

According to IS0 3745 and ANSI. 3l-1980, the sound power of a

source is determined by surrounding it by a hypotheticaj hemisphere

in the far field. The sound pressure 'leve'|, LO, is measured usual'ly

at twelve equally distributed locatÍons on the hemisphere. Each

location has the same elemental surface area of the hemisphere

associated with it. The þ are then averaged spatially to Sive L¡.

Then equatíon {A.l.l} is used to determ'ine the sound power.

The sound power level of the source can be determined from the

ielationship [26] ,

L,u = LÞ + l0 ìosìo 
ï 

- ì0 ìos',' N+c dB re' lo-l2w'

{A.r.r}

where Lp is the average measured sound pressure level referenced to

20 upa,

S = 2nr2 = surface area of hemisphere,
,

So = 'l m'

N = number of measuring locations

C = Correction term, in dB, for the influence of ambient pressure and

temperature.

In order to determine Lp , the sound pressure level of the source

is determined at the 12 locations whose co-ordinates are listed in

Tab'le 4.1.1.
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Location Number Axi s
X

Axi s
Y

Axi s

7

l

2

*
3

4

5*

6

7

8

9*

l0

ll*
12

0

3.48

5.58

2.16

5. 58

3.48

0

-3.48

-5" 58

-2.16

-5.58

-3.48

5.58

3.48

2.16

0

-2.16

3.48

-5.58

-3.48

-2.16

0

2.16

3.48

2.16

3. 48

0

5.58

0

3¡48

2.16

3.48

0

5. 58

0

3. 48

Table 4.1.1 Cartesian Coordinates of Microphone Posítions.

Note:

l. The above coordinates, expressed in feet, represent a set of

twelve points uniformly distributed on the surface of a hemisphere

with a radius of six feet, with the origin at the acoustic center

of the source.

2. *Three decibeìs shalì be subtracted from the sound pressure levels

obtained at those points on the reflecting plane (Z=0).
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APPENDIX 2

Measurement of sound power and error analysis:

Measurement of the sound power by using equatÍon {A.l.l} is
valid only if measurements are done'in the free field. Due to

the unavailability of an anechoic chamber, sound pressure measure-

ments were carried out in a large room. The onìy ìarge room

available had hard pìaster surfaces. Consequently, the standard

ANSI Sì.3t - 1980 was replaced by the more appropriate ANSI Sl.2t-

1976 to accommodate sound power measurements in a semi-reverber-

ant field. To account for semi-reverberant conditions two new con-

stants, Directivity factor, Q, and Room constant, R, are introduced.

These constants account for the boundary materials etc., ôs s.hown

by equation {4.2.1} 126J.

L* = !Þ - t0 toet' (#- f I - 0.5 dBrelo-12w. {A.a.r}

l.lhere L* is the sound power leveì,

Lp i.s the average measured sound pressure level referenced to

20 ¡r Pa

r is the radius of the measurement control volume.

The sound pressure levels of the computer are shown in Table 4.2..l.
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Location Co-ordinates (Ft)

Number X Y Z

Sound pressure level in octave
bands centred at (dB)*

500 Hz I I ,ooo Hr I zooo H.

I

2

3

4

5

6

7

I
9

t0

ll
12

0.00

3.48

5. 58

2.16

5. 58

3.48

0. 00

-3.48

-5.58

-2.16

-5.58

-3.48

5.58

3.48

2.16

0.00

-2.16

3.48

-5.58

-3.48

-2.16

0.00

2.16

3.48

2.16

3.48

0.00

5.58

0. 00

3.48

2.16

3. 48

0.00

5. 58

0.00

3.48

57.5

55.0

51 .0

56. 0

52.5

56.0

53.5

55. 0

50.0

56. 0

51 .0

56. 0

45. 0

46.0

43. 0

47.0

4ì .0

46.0

45. 0

44.0

4l .0

4s.0

43.0

47.0

46.0

44.0

42.0

45. 0

39. 0

44.0

45. 0

4l .0

39. 0

4s.0

40.5

45.0

*
dB re 20 uPa L-

D
54.4 44.5 42.9

Table 4.2.1: Sound pressure levels measured at l2 ìocations

on the hypotheticaì hemisphere surrounding the

computer.
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For a sound source positioned close to a boundary, the Q-factor is

approximately 2 according to reference L267.

Dimensions of the room are 27' x 1"8.5' x !2' .

Thus, floor area = 4gg.5 f*
ceiling area = 499.5 f*

wall area = 1OìZ.O ftz

x area = Z09Z.O ftz

According to reference 126f, R = IS q, for small values of a. Values of õ

have been obtained from reference [26] for various materials and the

value of R is determined as shown in Tabl e A.2.2"

Surface S õ at pctave band centre frequency (Hr.)
5oollooorzooo

Wooden floor

Concrete Ceiling

Portable partitions

499.5 x 0.03

499.5 x 0.01

1092.0 x 0.20

499.5 x 0.03

499.5 x 0.02

1092.0 x 0.02

499.5 x 0.03

499.5 x 0.02

1092.0 x 0.15

R- X S õ 238.4 210.6 I88.8

Table 4.2.'2: Determination of Room constant R.

Now, substituting for the variables in equation {A.z.L}, the measured

sound powers in the 500,.1000 and 2000 Hz. octave bands are 70.6,

60.2 and 58.2 dB re l0-12t,J, ,.rp.ctiveìy.
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Error Analysis:

The governing equation for the measurement of sound power level, Ltv, is [26]

L* = Lp - ì0 toglo (+ * fil - o.s . {A.z.z}

Thus, the error .L* i t

.,,u= r (orlî elo)z * (åbn'Q)2* (Fr", 
"o)zJ 

1/2 
{4.2.3}

or

.,* = r ( "Lp )2 * (1ryå 
) # ), +

'4n"2 R

r,S|$:, r#l )z t1/2 . {A.z.4t
\ -i---4r' R

r=6ft, Q=2, e=2.718

Rs00 = zge.q rtz , R1000 = Zlo.a ttZ , R2000 = lgg. g ftz.

Variation in LO = t 0.5 dB.

Thus percentage variation ¡5 9:5 o' 0'5 o' 0'5
uo.tor' aäË %' #g % in Lr'

Maximum error in Q is 12.s%, as Q-factors between 
.l.5 to 2.5 have been

approximated as 2 126J. The error in R will not significanily affect
the final result so as a "worst case" estímate let that be 70% 126l.

Corresponding erro.t .,0, eO, and e* in Lp, Q and R have been

tabulated in Table A.2.3 for quick reference.
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Error Octave band centre frequency (Hz)
500 1000 2000

0.9% 1.1% 1.1%

12.5% 12.5% 12.5%

70% 70% 70%

Table 4.2.3 : Errors in LO, Q and R.

Substituting for
"tO , eU and e* in equation {A.2.4} for each of the

500, 1000 and 2000 Hz octave bands, the resujting errors are:

.500 H, = t 5.8% or 1 4.0 dB

t1000 Hz = ! 5.6 % or 1 3.4 dB

t2000 Hz = + 5.6"/" or + 3.3 dB.

There are two major sources of error using the acoustic intensity.

technique. They are due to:

a) the finite difference approximation for the pressure gradient

of up to + 1.5 dB and,

b) the averaging mode of the spectrum analyser of up to + 1.0 dB.

The cumulative effect of these errors cannot be estimated directly so

that an experimental technÍque was used. The ILG reference sound source

was us.ed to determine the error in the measured value of the acoustic

intensity. For various measurements, the "worst case" error was

tro

tQ

eR
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approximately 1.8 dB in the 500, .1000 and 2000 Hz. octave bands.

Thus the acoustic intensity measurement (and approximation) error

has been estimated to be of the order of + 1.8 dB.
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APPENDIX 24

Derivation of expression for the acoustic intensity of a source ;

For a stationary ergodic signal., the acoustic intensity I can be

expressed as,

I=E{pur}, iA.2A. r i

where E denotes the expected value of the pressure, p, and the particle

speed, ur . By expressing the pressure and speed in terms of complex

numbers, equation {4.24.1} may be re-expressed as,

lr=qE{(p+p*)(ur+u¡)}, {4.24.2}

where * denotes the compìex conjugate. Equation {4.2A.2} may be re-

arranged to yield,
't

I=äE{Re(p.u")+Re(p.uËl)} {4.24.3}

Equation {4.24.3} may be modified by expressing the variables in terms

of their Fourier components. Thus,

1r =iE {Re(Fo . Fr,.) * Re(Fo . r;i )}. {4.24.4i

Here FO denotes the Fourier Transform of p .

As mentioned in equation {2.3}+, the particìe speed, ur, at some

instant t may be represented as,

u, = (l/^re) t/ þz - nr)at , {A.2A.5}

+Numbers without a letter prefix indicate that the
main text

equation is in the
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For the particìe speed, u- sensed mrldway between two pressure

transducers, spaced Âr apart,

Fu. = i(Fpz-Fo1)/canu, {A.2A.6}

where p is the density of air, and .i = (-,)t/' .

The Fourier T.ransform of the pressure midway between the trans-
ducers i s ,

,o= å(Fpr*Fp2) . {A.zA.7}

Substituting equation {4.2A.6} and {4.2A.7} into equation {A.ZA.4} gives,

I = [E {Re (Fpl) tm(Fp1) - ne (Fp2) rm(For)}

+E{Im (Fo1 . ,rä )} ll garur . {A.2A.8}

For stationary and ergodic signals with zero mean,

E{Re (Fo1) . ¡m (Fp1)} = 0, {A.2A.9}

r[Re (Fo2) . Im (Fo1)3 = 0. {A.zA.t0}

Consequently, the acoustic intensity spectrum is

I = E {lm (Fot Fpä,)}/ pÀro, {A.2A.il}

= Im{G,2)/ o\ru {A.2A.12}
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APPENDiX 3

In order to determine the predominant vibration mode of the

computer's paneìs, two accelerometers were mounted on each pane'l to

determine the magnitude of the transverse and axial acceìerations.

The resulting accelerations are'listed in Table 4.3.2 through 4.3.5

for convenience. According to equation {3.3} and {3.4}

AS-
T

f > +-,IT_F th ror D/q {4.3. 1}

where 
^Sf 

is the surface area of each

and D is the stiffness of the pìate"

shell is assumed to be made wholìy of

value of Young's modulus, E, is 70 GPa

Furthermore, the panels of the box are

form to simplify the anaìysis so that

!=

The total

the centre

Eh3 = 246.09 Nm.

surface area of the computer,

frequency, f, of 500 Hz.

"independent" víbrating surface

Now, the computer's box-like

aìuminum. Consequently, the

and the density, pt, is 2870 kglm3.

considered homogeneous and uni-

S, is 0.8247'5m2 so that for

Hz" so

L2G-v2)

TtDs /pJ
Now 500 Hz, 1000

that

= 20.611u,.

Hz and 2000 Hz are al'l greater than 20"6

^Sgoo
= Q.o34m2
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ASIOOO = O.017nZ

^ 
'OOO 

= 0.0085m2

. s _ 0:8247ano nsoo= Tr* =îff=

h - s - 0:8247
"tooo - Ãstooo - õ:¡-lt- =

h _ s _ 0.9247
"zooo - ÃSrooo - olõilæ =

25 points

50 points

.l00 points .

Next the square of the surface speed 'was measured at 25, s0 and r00

Jocations on the computer for the s00 Hz, 1000 Hz and 2000 Hz octave

bands, respectively. Sixty-four averages were invariabìy used to improve

the signal to noise ratio.

Thus
k2¡s,

-^T: =Pcs "--t z.-'¿2 ' ' {A'3'ìl}5000 Hz (Zn + t¿n Sr) n

'rconstants" p,c,S,k 
.and 

as, are known so that the sound power level
may be obtained next for

ASf = 0.034m2, k2 = 83.39, S = 0.82475fr2, c= 343ms-1, g = 1.16 kglm3.

The octave band surface speeds are shown in Table A.3-1. The sum

of the squared speeds' in the octave banrd centered at 500 Hz, shown

in Table 4.3.1, is 196.4 x 10-9^2/12. consequenily, inserting appropriate
values for the variables in equation {A.3.1} yie.lds

tJ=
s

500 Hz

LJ6x343x0.BZ47S 83.89 x
-110'

.034 x I.964 x 10-7
+ 83.89 x 0.34)

72.8 db re 10-12 w.

(2n
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Locati on

N

I

2

3

4

5

6

7

8

9

l0
t1

12

t3
l4
t5
l6
17

l8
t9

20

21

22

23

24

25

Velocity squarea.*,
in the 500 Hz. octave

band (dB re ìo-12*2/12)

38.5

39.5

39. 5

39. 5

37.5

38.0

38.0

38.0

37. 0

37.5

40.5

40.5

40.5

40.5

38.0

38.5

39. 5

38. 5

38.0

40.5

38.5

36. 5

36.0

37. 5

37.5

0ctave band velocity squared vaìues

the oactave band centred at 500 Hz.

tnTable 4.3.1.
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One-third ôctave
centre frequency

(kHz)

0.96

0.020

0. 025

0.032

0.040

0. 050

0.063

0.080

0"100

0.125

0..l60

0.200

0.250

0.320

0.400

0. 500

0.630

0.800

I .000

1.250

t .600

2.000

2.500

3.200

4.000

50.3

51.2

53.6

63.1

69. ì

72.7

78.1

87.8

8l .6

85. 9

99.6

95. B

76.8

79.4

82.0

92.5

88.4

95.4

92.1

84.7

8t .4

86.2

82.8

82.6

88.7

Relative transverse and axiaì
on top panel of computer.

49.8

5l .5

5l .0

52.9

58.0

67.2

6l .0

74.6

8l .9

76.5

77.5

82.0

63.3

68. t

68.3

72.1

73.7

7s.7

74.5

74.7

70.2

74.2

78.4

8t .9

86.2

acceleration levels

Transverse acceler-
ation dB re lg

Axial acceler-
ation dB re lg

Table 4.3.2:
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One-third octave
centre frequency

(kHz )

0.016

0.020

0.02s

0.032

0.040

0.050

0.063

0.080

0..l00

0.1 25

0..l 60

0.200

0.250

0.320

0.400

0.500

0.630

0.800

t .000

I .250
'l .600

2.000

2.500

3" 200

4.000

Trans verse ¡i ccel erat-
ion dB re ìg

6t .4

60.4

59.9

59. 0

60.5

59. 3

69.2

73.3

70.8

69. 3

73.8

75.7

72.3

74.4

77.4

85.4

81.2

BB. ]

78.5

83.2

77.4

80.7

79.2

82" 8

87.3

Axial accelerat
ion dB re lg

59. 3

s8. ì

57 .6

60.0

66.8

65.5

62.7

72.3

79.8

74.6

72.4

78.0

62.7

70.7

68.2

72.1

73.9

75.2

66.8

vl.9
71.3

73"7

78.3

79.9

86" I

Relative transverse and axia'l acceleration'leveìs
on left panel of computer.

Table 4.3.3:
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0ne- thi rd octave
centre frequency

(kH4)
Transverse accelerat-
ion dB re lg

Axial accelerat-
ion dB re ìg

0.01 6

0.020

0.025

0.032

0.040

0.050

0.063

0.080

0. 100

0.125

0..l 60

0.200

0.250

0. 320

0.400

0. 500

0.630

0.800

I .000

I .250

I .600

2.000

2.500

3.,200

4.000

49.4

49.4

50.6

53. 9

56. 3

59.2

68.6

7 4.7

72.4

71.6

69.2

80.0

68.8

72.7

84.4

92.7

87.7

93. 3

86.3

87.4

79.0

79.6

79.7

86.9

89. 9

46. l
47.4

49. l
57. 8

63. I

7l .3

67.4

77.1

76.9

76.6

76.6

83. I

68.6

73.1

67.3

77.5

78.04

79.86

70. 3l

74.4

71.9

77.0

78.2

84.4

92.5

Table 4,3"4: Relative transverse and axial acceìeration levels
on right panel of computer.
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0ne-third octave
centre frequency

(kHz)
Transverse accelerat-
ion dB re lg

Axial accelerat-
ion dB re lg

0.0'l 6

0.020

0.025

0. 032

0.040

0.050

0.063

0.080

0.100

0.ì25
0.ì60
0.200

0.250

0.320

0.400

0.500

0.630

0.800

t .000
.l.250

t .600

2.000

2.'500

3.200

4.000

53. 3

59.7

66.8

7?.7

78.,7

86.7

96..0
.I 
06.8

97.8

99.4

96. 5

100.7

87. 3

85.9

85.6

85. 5

77.5

79.1

82.8

80.6

72.9

75.3

77.1

84.0

89.6

48. I

49.8

53.6

60.2

68.6

70.8

75.4

88.8

85.7

78.6

78.5

84.9

66.8

73.7

70. l
72.5

74.8

76.7

7s. l
76.1

75.2

75.9

77.3

82.9

9t .4

Table 4.3.5 Relative transverse and axial acceleration levels on

rear paneì of computer.
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Er.t"ot"'AnálySis

Major errors are caused by the simp'lifications and assumpti.ons

associated with equation {3.3}. First, the computeris assumed to be in

an infinite baffle; a condition that is obviously not satisfied in a

semi-reverberant room. As in the acoustic intensity case the measured

sound power levels would be higher due to the reflected waves from the

room boundaries. Second, Ít is assumed that the sound sources are

spaced uniformly throughout the computer; a condition that is evidently

untrue as seen in Chapter II. In practice, more measurement points

should be allocated to the regions with the greater radiation levels

to prevent any bias in the measured sound pov,Jer level. ThÍrd, the

compu'ter's exterior panels have been assumed to be homogeneous and

free of ìocal stiffeners and mass dampers. 0nce again, this assumpt-

ion is not strictly vaìid due to the compìexity of the computer's

construction. 0n the computer, the external attachments occupy a

significant proportion of the total surface area when compared to

the area of the "homogeneous" panels. Consequently, this distorts

ihe simple "pulsations'r of the exterior panels. These errors can only

be expressed iQualitatively. The onìy error that can be quantified

is that which occurs in the determi.nation of the squar:e of the sur-

face velocity. This erron has a magnitude of t 1.0 dB when 64

averages are perfermed withi.n the spect¡um anaìyser. The folìowing

s.ection determines the magnÍtude of the measurement error.
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An error ana'lysìs, for the sound powers measured by using the surface

vel oci ty techni que foì I ows.

and

k2^s- 4
We=rpcS .Èt,

n 2n a k'AS¡

nï.= zLp.ro?oT "Ë,AE n 2n +k'Â Sç

{4.3.2}

{4.3.3}

ê.Èr=+ 12%of.Ët

An estimate of the average surface, velocity is, < å, = 2.75 x lOg*t-J

Thus. 2 aE nzrrrus' 
"*. = 2x1.14 x 343 x 0.826 -ftffx 0.lzx (2.75x l0-9)-

= 1.82 x iõ16w.

Now the sound power of the computer i s of the order I .9 x I O-SW. Thi s

implies a neqligible measurement error.
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APPENDIX 4

Sample calculation of the power crossing sections AA'and BB' (Table 4.1)

at 80 Hz.

The vertical components of the intensity vectors are marked in

Figure 4.4.1 for a spacing between measurement ìocations of 0.0889m.

By using the sign convention of downward positive, the net intensity

crossing section AA' is 86.4 dB whilst the net intensity crossing

section BB' is 74.50 dB. Then the net polver flow towards the sand pit

across:

a) Section AA' is 10logr6[Antitog 8,64 x .0889] = 75.90 db re L0-12W;

and across

b) Section BB' is 10logr6[Anti log 7.45 x .0089] = 64.00 db re 10-12l.l.
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4'

_ql

Figure 4.4.ì: IntensÍty levels crossing sections AA' and BB,

(dB re 'to-12 w,¡m¡

7t.9 79.3


