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Preface

This is a general book on machinery noise measurement for engineers. [t
is intended to be of value to the designers and manufacturers of any
machinery or equipment which makes noise—fer example, clectric and
mechanical machinery, office and data-processing® ‘egipment, and domes-
tic appliances—with the exception of moving vehicles.

The noise level produced by engineering equipment is growing in
importance with increasing emphasis on the reduction of ‘noise pollution’
as part of governments’ efforts to improve the ‘quality of life’. Home and
overseas purchasers of engineering equipment demand quietness and
frequently compare the products of different manufacturers for relative
noise production. However, it is often the case thatsuch comparisons are
meaningless because they are not based on the same measurement
methods. An important indicator of high quality, a vital factor if interna-

‘tional trade is to grow, is a careful and valid specification of noise

produced. An engineering exporter who does not Masproper attention to
the noise of his equipment and cover this feature -in his literature and
technical specifications does so at his peril.

There is no dearth of bulky scientific books on acoustics. But most
seem to have been written for specialists and do no¥provide much help to
an engineer having a specific noise problem to solve. There has been a
real need for an up-to-date review of advances in our knowledge of noise
and its meaSurement over the last twenty years, with-particular reference,
to engineering matters. Only a very unaware engingering designer will not
have given. thought to the need for quietness in-his firm’s products and
appreciated how important it is, if noise figures afsto be taken seriously,
fcr ‘the measurements on which they are based to have been made
rationally and accurately. An engineer, producing a product for sale
against competition, needs advice on acquiring maicrophones and noise
equipment, on how to use it, on how to specify appropriate measure-
ments, and how to deal with the results. And the problem of making
measurements of value when no anechoic chamber is available is a common
one. It is often. not appreciated that perfectly adequate noise measure-
ments can often be made without such an expensive facility.

The authors’ intention in producing this book has been to provide
soundly based advice for their fellow engineers who are not noise experts,
but who have the need to measure and evaluate noise from machinery.
We provide this advice in practical form, with worked examples. With
international trade in mind we also append a list of national and interna-
tional standards on machinery noise.



vi PREFACE

Recently, advances have been made in digital techniques. We there-
fore cover digital sound-level meters and spectrm analyscre in addition
to giving a comprchensive cover (o the more conventional anatogue
instruments. )

Fdinburgh and S 1A
London AL
August 1984
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1. Fundamental terminology

A steady pure-tone sound in air is a sound which exhibits sinusoidal
pressure variations in air having a constant frequency and a constant
amplitude. The noise, i.e. unwanted sound, around us is usually a
combination of a series of components at different frequencies of various
mechanical, electromagnetic, and aerodynamic origins. Before examining
noise-measurement problems, we shall first introduce some fundamental
terminology in the field of acoustic noise.

1.1. Sound-pressure level

. In a sound field the sound pressure at a given point is the instantaneous
pressure minus the static pressure at that point. The sound pressure is
generally expressed as the sound-pressure level in dB (decibel) defined by

2

L,=10 1ogm(%—) dB a.1)
Pres

where p = the r.m.s. sound pressure and p,; = the r.m.s. reference sound

pressure.

The reference sound pressure is internationally taken as 2X
107* N m' 2 (i.e. 20 uPa), which is approximately equal to the r.m.s. sound
pressure of a pure tone of 1000 Hz at the normal threshold of hearing.
Almost all noise measuring equipment commercially available gives direct
readings in sound-pressure level as defined by eqn (1.1) and based on the
reference pressure of 2x 107N m™2,

Example 1.1

A pure tone sound exhibits a r.m.s. sound pressure of 2x10 *Nm 2.
Calculate the sound-pressure level. The sound-pressure level is

2x 1072
L,= IOIng(W) =40 dB.

1.2. Sound-power level

The sound power emitted by a source is, for ease of comparison,
expressed as the sound-power level in dB defined by

LW = ]ﬂ ‘Og",(;"";{“\) (12)

vef’



2 FUNDAMENTAL TERMINOLOGY

where W = the average sound power emitted by an object in watts and
W,¢ = the reference sound power in watts. The reference sound power
W, is internationally taken as 1x107'*W (i.e. 1pW). In the older
literature, the reference sound power was sometimes taken as 1X
107w,

Example 1.2

An electric motor emits a sound power of 1X10°°W at 1000 Hz.
Determine the sound-power level. The sound-power level is
1x107¢

_ 22 Y ~-12
Lw =10 log10(1 < 10_12) 60dB re 1x10 W.

1.3. Sound intensity

The sound intensity at a given point in a sound field in a specified
direction is defined as the average sound power passing through a unit
area perpendicular to the specified direction at that point. For a plane and
spherical sound wave propagating in a free field (a field free from
reflections) the sound intensity along the direction of wave propagation is
given by'*-1 .

2
=2 wm= 1.3)
» pc
where p=the r.ms. sound pressure in Nm™2, p =the constant equilib-
rium density of the medium in kgm™, and ¢ =the velocity of sound in
the medium in ms™.
The product of p and c is defined as the characteristic impedance of
the medium. At 20°C and standard atmospheric pressure, the charac-
teristic impedance of air is

(pC)air=(1.21 kg m (343 ms™Y)
=415kgm2s" .

2

In acoustics, the unit in kgm s is also called a rayl. (The c.gs. rayl is

sometimes ‘used also.)

1.4. Relationship between sound-power level and sound-pressure level

Let us consider the case of a machine completely enclosed by a surface.
Assuming that the direction of wave propagation at any point on the
surface is perpendicular,to the surface and that the sound wave can be
regarded as either a plane or a spherical wave, the total sound power
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emitted by the machine is
: p?
W=I IidA,-=I ~dA; (1.4)
‘A A PC

where the integration is over the whole surface area A and p; is the sound

_presgure on the ith elementary area dA;. If the whole surface area is

divided intd 'vi-equal parts dA and the value of n is sufficiently large, eqn
(1.4) becomes

n 2
w=3Piga
i=1PC
- 158\ AP
=n(dA) népc -Apc 1.5)

where p,, = the average r.m.s. sound pressure over the whole surface area.
Dividing both sides of eqn (1.5) by W,,; and taking logarithms, we
have the sound-power level

2
Lw=10 logm—%v—=10 logio A + 10 logm(“f)“vpc ) (1.6)
ref

refl

Based on the definition of the sound-pressure level, the value of p2, can
be expressed in terms of the sound-pressure levels on the surface by

P =piu(s 3 1000) (&)
i=1

where L,,; is the sound-pressure level at the ith elementary area.
Combining eqns (1.6) and (1.7),

. 3 1 n
Luw =1010g;0A + 10 logm( “f °;c )+ 10 logm(;; ; 10°~“4m). (1.8)

ref

The second term of eqn (1.8) is approximately equal to zero when
Pt =2X10° Nm2, W,,=1x10""2W, and pc =415 kg m 2s"*. Thus the
sound-power level can be expressed as

Lw=10log,0A +L, (1.9)

where A =the whole surface area enclosifxg the machine in m? and
- 1¢
L= 1010gm(; Y 10°-‘L».-). (1.10)
i=1
The value of L, is called the mean sound-pressure level or the level of

mean-square sound pressure. ,
Equation (1.9) gives a simple approximate relationship between the
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sound-power level and the mean sound-pressure level and enables us to
determine the sound-power level from sound-pressure level measure-
ments made over an ‘imaginary’ surface enclosing the machine. Strictly
speaking. eqn (1.9) is valid only when the sound-pressure level measure-
ments arc made in a free field, e.g. in an anechoic chamber. However, for
many practical cases. eqn (1.9) can be used for measurements made in an
ord nary laboratory if suitable corrections are made (see Chapter 4).

1.5. Combining two or more sounds of different frequency

et us assume that there are two pure tones at frequencies f, and f,
(f. #f,) in a sound field. Let the r.m.s. sound pressure of these two sounds
be p, and p,, respectively. Based on the summation of the two sinusoidal
waves, the total r.m.s. sound pressure is

P = (PT+ P (1.11)
The above equation can be rewritten as

2 2 2
Ptot D1 '_&

2 ‘a2 2 "
Pret Pret Pres

Taking logarithms and multiplying both sides by 10, we have

2 2 2
10 1og,0 p;,, =10 |0g“,<—%1— + %),
P Pret pref

ie.

Ly = 1010g,,(10% s + 107 2), (1.12)

If the two pure tones have the same r.m.s. sound pressure, hence the
same sound-pressure level, the combined total sound-pressure level is,
based on eqn (1.12), only 3 dB more than the sound-pressure level of one
pure tone alone.

The above procedure can be generalized to include any number of
pure tones, each of which has a frequency different from the rest. The
combined sound-pressure level of n components of different frequencies
is

2 2 2
p: . P} p2
Lo = 101081, (E P p;"e.)

= 101log;o( 107 Fer 4 10% He2 4 - - - 4 109 ), (1.13)

Tt should be emphasized that the combination of two or more sound
waves of different frequencies does not depend on the phase angle of the
sound pressure of these waves. However. the combination of two sound
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waves of the same frequency does depend on the phase angle. Let us
consider the case of two sound waves of the same frequency in a noise
field. The combined total r.m.s. sound pressure at a given point in the
field is. based on the addition of two phasors,

Pun = (DT P2+ 2pip2cos 8)'7 (1.14)

where p, and p, are the r.m.s. sound pressures of the two sound waves,
and 6 is the phase angle between the two sound waves at a given point. If
p: = p» and the two sound waves are in antiphase at a particular point, i.e.
6 = 180°, then the total sound pressure becomes zero at that point. On the
other hand, if the two sound waves are in phase with each other at
another point, i.e. § =0, then the total sound pressure at that point is
doubled, resulting in an increase of 6 dB in the sound-pressure level.

1.6. Octave- and one-third octave-band sound-pressure levels

Sound-measuring equipment is usually equipped with a number of band-
pass filters and the final reading of the equipment gives the total sound-
pressure level in a particular frequency band. ‘The frequency response of a
typical octave bandpass filter is shown in Fig. 1.1. The general relation-
ship between the upper cut-off frequency f, and the lower cut-off fre-
quency f, is

f2=2%f, (1.15)

where a is an arbitrary constant. For the most common filters used in

o ~Y
TUTN
e \

/ \

— 40— -
NYLRI2 1y o My 2
frequency
Fig. 1.1. Frequency responsc of an octave-band filter showing lower cut-off
frequency and the upper cut-off frequency. f, =lower cut-oft frequency: f,==
centre frequency; f> = upper cut-off frequency; B = pass band bandwidth.

Relative response (dB)
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noise-measuring equipment, a is 1 or 3. When a = 1, the filter is called an
octave-band filter and when a =} the filter is a one-third octave-band
filter. The bandwidth of the passband, i.e. the width between two ~3 dB
points (see Fig. 1.1), is

B=f,~f,. (1.16)
The centre frequency f; of a filter is defined as
fo=(f:f>)- (1.17)

TABLE 1.1. Centre and approximate cut-oif frequencies for octave- and one-
thord octave-band filters!'-¥*

Octave bands One-third-octave bands
Approximate Approximate Approximate Approximate
Centre fower cut-off upper cut-off Centre lower cut-off  upper cut-oft
frequency  frequency frequency frequency  frequency frequency
fo (Hz) fi (Hz) f> (Hz) fo (H2) fi (Hz) f, (Hz)
16 11 22 16.0 141 17.8
20.0 17.8 224
250 22.4 282
31.5 22 44 31.5 28.2 355
40.0 35.5 447
50.0 447 56.2
63 44 88 63.0 56.2 70.8
80.0 70.8 89.1
100.0 89.1 112.0
125 88 177 125.0 112.0 141.0
160.0 141.0 178.0
200.0 178.0 224.0
250 177 355 250.0 224.0 282.0
315.0 282.0 355.0
400.0 355.0 447.0
500 355 710 500.0 447.0 562.0
630.0 562.0 708.0
800.0 708.0 891.0
1000 710 1420 1000.0 891.0 11220
1250.0 11220 14130
1600.0 14130 17780
2 000 1420 2 840 2000.0 1778.0 22390
2500.0 2239.0 2818.0
3150.0 28180 35480
4000 2 840 5680 4000.0 3548.0 4467.0
5000.0 4467.0 5623.0
6300.0 5623.0 7079.0
8000 5 680 11360 8000.0 7079.0 8913.0
10 000.0 8913.0 11 220.0
12 500.0 11220.0 141300
16 000 11360 22720 16 000.0 14 130.0 17780.0
20 000.0 17780.0 22390.0

* (Extracts from ISO Standards are reproduced by permission of the British Standards
Institution, 2 Park Street, London, from whom complete copies of the publication can be
obtained.)
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2Hz—e] fomu —slle—10Hz ——230Hz—] —{le—10Hz

T fa) (b) (c) (d)

Fig. 1.2. Bandwidths of a constant 23 per cent bandwidth filter and a constant
10-Hz bandwidth filter. (a) Bandwidth of 23 per cent filter at 100 Hz; (b)
bandwidth of 10-Hz filter at 100 Hz; (c) bandwidth of 23 per cent filter at
1000 Hz; (d) bandwidth of 10-Hz filter at 1000 Hz.

The centre frequency and frequency band of each of the mternatlopa]ly
standardized octave- and one-third octave-band filters are shown in Table
1.1. In addition to octave-bands, and one-third octave bands, some noise
analysers used for identifying the predominant frequency components of
a noise are equipped with narrow-band filters. The bandwidth of narrow-
band filters is either expressed as a constant percentage of the tuned-in
centre frequency or.as a fixed value in hertz, regardless of the tuned-in
centre-frequency value. These are described as constant-percentage
bandwidth filters and constant bandwidth filters, respectively. The octave-
and one-third octave-band filters are constant 71 per cent and 23 per cent
bandwidth filters respectively. Figure 1.2 shows the bandwidths of a
one-third octave-band filter at 100 and 1000 Hz, compared with that of a
10 Hz constant bandwidth filter.

If the narrow-band sound-pressure levels of all important frequency
components within the passband of a one-third octave-band are known,
the corresponding one-third octave-band sound-pressure level can be
found by using eqn (1.13). Similarly, one-third octave-band sound-
pressure levels can be combined to give the octave-band sound-pressure
level (see Ex. 1.3). -

Example 1.3
. The one-third octave-band sound-pressure levels with centre frequen-
cies of 50, 63, and 80 Hz are 27.9, 24.8, and 23.3dB, respectively.
Calculate the octave-band sound-pressure level with a centre frequency
of 63 Hz. Based on eqn (1. 13) the required octave-band sound-
pressure level is
11, 101ogw(102’9+10“8+ 102 ’3) 30.5dB.



