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Acoustics — Estimation of airborne noise emitted by
machinery using vibration measurement

Acoustique — Estimation du bruit aérien émis par les machines par mesurage des vibrations

ISO (the International Organization for Standardization) is a worldwide federation of national standards bodies (ISO member bodies).
The work of preparing International Standards is normally carried out through ISO technical committees. Each member body
interested in a subject for which a technical committee has been established has the right to be represented on that committee.
International organizations, governmental and non-governmental, in liaison with 1SO, also take part in the work.

The main task of ISO technical committees is to prepare International Standards. In exceptional circumstances a technical committee
may propose the publication of a té¢hnicalyreport ofione of the following types :
— type 1, when the necessary support'within the-technical committee canhot be obtained for the publication of an International
Standard, despite repeated efforts;

type 2, when the subject is still under technical, development, requiring wider exposure;

— type 3, when a techhicalscommitteelhas ©ollected data’/of @ different’ Kind “from ‘that-which is normally published as an
International Standard ("’state of the art'“aforbexample):
Technical reports are accepted for publication directly by ISO Council. Technical reports types 1 and 2 are subject to review within
three years of publication, to decide if they can be transformed into International Standards. Technical reports type 3 do not
necessarily have to be reviewed until the data they provide are considered to be no longer valid or useful.

ISO/TR 7849 was prepared by Technical Committee ISO/TC 43, Acoustics.
The reasons which led to the decision to publish this document in the form of a technical report type 2 are explained in the

Introduction.

0 Introduction

0.1 Reasons for publication as a technical report type 2

The proposal to prepare an International Standard on measurement and characterization of noise radiated by structure-borne
components of machinery was initiated in 1979 at the ISO/TC 43/SC 1 meeting. A draft proposal was prepared for discussion.
However, in 1982 it was decided that the text of this DP should be amended on the basis of the member body comments, and as the
subject had not sufficiently advanced to prepare an International Standard, the amended text should be submitted for adoption as a
Technical Report. This proposal to publish as a Technical Report was supported by the majority of participating members of TC 43.

This document is published in the form of a technical report type 2 as the subject cannot yet be considered suitable for an Inter-
national Standard because of the lack of present knowledge on some measurement characteristics; the accuracy of the method
remains, for example, uncertain when applied to specific families of machines which are most relevant in noise radiation. The subject
is still under study and this Technical Report may encourage further practical investigation in this field, producing basic data to

change this Technical Report into an International Standard in future.
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0.2 General

The determination of airborne noise emission of a machine by measuring vibrations of the machine’s outer surface may be of interest
in the following cases:

— when undesired background noise (e.g. noise from other machines or sound reflected by room boundaries) is high compared
with the noise radiated directly by the machine under test;

— when the noise radiated by structural vibration is to be separated from noise of aerodynamic origin (also in cases where the
new noise intensity measuring technique cannot easily be applied);

— where the structure-borne noise from only a part of a machine, or from a component of a machine set, is to be determined in
the presence of noise from the other parts of the whole source.

This Technical Report gives a procedure for estimating the sound power of the airborne noise emitted by machinery from vibration
measurements. Under certain conditions, the measurement procedure can be applied without great difficulty if

— the shape of the machine’s outer surface is more or less simple;

— vibrations at different measurement locations are not significantly correlated, and a large number of resonant modes of vibra-
tion are found within the frequency band.

Certain well correlated sources of simple shape can also be treated (vibration of a source of zero order, piston vibration). If these

conditions are not fulfilled, some problems arise as described in 0.3. For such cases it is not yet possible to give exact requirements for
the measurement procedures, but some measurement procedures are put forward in this Technical Report.

0.3 Assumptions and problems in determining the'sound /power from'a knowledge of the mean square
value of the surface velocity of vibration of machines

0.3.1 The airborne sound power radiated by a machine or equipment caused by structural vibrations of its outer surface only, Pg,
can be estimated by using the following equation:
Ps = oc 2 Sg0
where
oc is the fluid characteristic impedance,
where
o is the mean density of the fluid (i.e. air),
¢ is the velocity of sound in the fluid (i.e. air);
v2 is the mean square value of the normal vibratory velocity averaged over the surface area Sg;
Sg is the area of the defined outer surface of the machine;
o is the radiation factor.

As the characteristic impedance oc is a constant for known meteorological conditions, the formula given above requires the three
quantities v2, Sg and o to be determined.

0.3.2 The value of v2 is obtained from measurements of the r.m.s. vibratory velocity component perpendicular to the machine’s
outer surface and taken for a sufficient number of measurement locations distributed over the relevant outer surface of the machine.
The array and number of measurement locations can be regarded as sufficient if the value of v2 remains stable within the precision of
the method for an increasing number and changed array of measurement locations. A random distribution of vibration pick-ups
appears to be desirable. Guidelines on a practical approach are given in 7.2 and 7.3.

It may be desirable to subdivide the machine’s surface area in order to rank the sound power radiated from different components. The
implication of this subdivision is that each area radiated sound independently.
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The spatial variation of vibration velocity depends on
a) the number of resonant modes excited simultaneously in the frequency band;
b) the degree of non-uniformity of the structure (e.g. presence of stiffness, holes variation and thickness of material);

c) the spatial distribution of the exciting forces.

The major problem occurs when very few modes are excited at resonance in a frequency band.

0.3.3 The area of the relevant outer surface of the machine, Sg, can be calculated easily if the shape of the outer surface of the
machine is simple (e.g. cylindrical, spherical, composition of flat plates, etc.).

One problem is the radiation from connected structures, such as pipes, mounts, supports, etc., and the radiation from grid-work, rib
surfaces, perforated surfaces and supporting structures.

It is recommended to define Sg for specific kinds of machinery in connection with the relevant radiation factor (see the
"“Bibliography”’).

0.3.4 The radiation factor, g, depends on the following factors:

a) The dimension of the radiating surface compared with the wavelength of the sound in air for the relevant frequencies.
b) The shape of the radiating surface.
c) The modal pattern in the frequency band.

The value of g is determined not only by/the!structure; butalso by/the distribution and manner of excitation and by the internal loss
factor. So for a certain machine, o may vary if the field of exciting forces changes (e.g. between idling and load).

The radiation factor of individual modes of certain idealized uniformstructures, such as spheres, flat plates and circular cylinders,
is known. The modal-average radiation factor of such;structures-sialso’known ion.the;assumption of equal modal energy. Certain
kinds of excitation may resuit in non-uniform modal-energy, e.g. airborne excitation, single excitation, impulsive excitation.

d) The time characteristics of the process (stationary or non-stationary).
The radiation factor can be determined as follows:
a) Theoretically, as described above (see the “‘Bibliography’’).

b) Experimentally from measurements on one or more structures being representative of a certain family of machines or
equipment.

This method uses the equation given in 0.3.1 in the following form:
Ps

g = ——

ocSgv2

where

Py is the airborne sound power determined either in accordance with ISO 3741, 1ISO 3742, 1SO 3743, ISO 3744, 1SO 3745 or
I1SO 3746 or by using sound intensity measurement;

oc, Sg and v2 are determined as described previously.
c) By assuming estimated o-values as a function of frequency.

Such values may be derived for machines having similar acoustical behaviour as compared with sound sources being investigated
carefully according to methods a) and b).

According to some investigations the radiation factor g (f) of a spherical source of zero order (see 8.3.2) approximates, for
example, the radiation factor of a large number of sound sources (machines, equipment).

A very rough estimation of ¢ is given by the value ¢ = 1. In general, this assumption allows one to estimate an upper value for the
radiated sound power, Pg.
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1 Scope and field of application

This Technical Report gives basic requirements for reproducible methods for estimating the sound power emitted by machines or
equipment by using surface vibration measurements. The method is especially applicable in cases where accurate direct airborne
noise measurements as specified in 1SO 3741, ISO 3742, ISO 3743, ISO 3744 and 1SO 3745 are not possible because of high back-
ground noise or other parasitic environmental influences. The methods are only applicable to noise which is emitted by vibrating
surfaces of solid structures and not to noise generated aerodynamically. The method described in this Technical Report applies mainly
to processes which are stationary with respect to time. Research into the possibility of extending these techniques to non-stationary
processes is, however, encouraged.

Guidelines for the estimation of the radiation factor variation with frequency are given in annex D. Recommendations on the selection
of frequency bands are given in annex E.

This Technical Report specifies procedures by which the sound power radiated from individual parts of the whole of the vibrating sur-
face of large machines can be estimated by vibration measurements.

2 References
ISC 1683, Acoustics — Preferred reference quantities for acoustic levels.

ISO 3741, Acoustics — Determination of sound power levels of noise sources — Precision methods for broad-band sources in
reverberation rooms.

ISO 3742, Acoustics — Determination of sound power levels of noise sources — Precision methods for discrete-frequency and
narrow-band sources in reverberation rooms.

1SO 3743, Acoustics — Determination of sound power levels of noise sources — Engineering methods for special reverberation test
rooms.

1SO 3744, Acoustics — Determination'of sound power levels of noise sources — Engineering methods for free-field conditions over a
reflecting plane.

1SO 3745, Acoustics — Determination of sound power levels of noise sources — Precision methods for anechoic and semi-anechoic
rooms.

IS0 3748, Acoustics — Determination of sound power levels of noise sources — Engineering method for small, nearly omnidirectional
sources under free-field conditions over a reflecting plane. "

1SO 5348, Mechanical vibration and shock — Mechanical mounting of accelerometers. 1)
IEC Publication 225, Octave, half-octave and third-octave band filters intended for the analysis of sounds and vibrations.

IEC Publication 651, Sound level meters.

3 Definitions

For the purposes of this Technical Report, the following definitions apply.

3.1 structure-borne sound: Vibration transmitted through solid structures of a machine in the frequency range of audible sound.
It is determined either from the vibratory velocity or the vibratory acceleration of the surface of the solid structure.

3.2 machine:

(1) Item of equipment which incorporates a single noise source.

(2) Assembly of items of equipment which incorporates several noise sources.

3.3 vibratory velocity : Component of the velocity of the vibrating surface in the direction normal to the surface. The root-mean
square (r.m.s.) value of the vibratory velocity is designated by the symbol v.

NOTE — The vibratory displacement is the time integral of the vibratory velocity. The r.m.s. displacement for sinusoidal vibration, s, with frequency f
is given by the following equation:

s=_Y R )]
2nf

The vibratory acceleration is the time derivative of the vibratory velocity. The r.m.s. acceleration for sinusoidal vibration, a, with frequency f'is given
by the following equation:

a=2nfv ... (2)

1) At present at the stage of draft.
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3.4 vibratory velocity level, L, : Velocity level, in decibels, given by the following equation:
v2
L‘,:10Igv—g ... (3)
where
v is the r.m.s. value of the vibratory velocity within the frequency band of interest;

v, is the reference velocity 1 and is equal to 5 x 10-8 m/s (= 50 nm/s).

NOTES

1 For airborne and structure-borne sound, the reference velocity, v, has the property that the intensity level, the sound pressure level and the
vibratory velocity level for a progressive plane wave in air are almost equal in magnitude (se ISO 1683).

2 The determination of the vibratory velocity level, L,, from the vibratory acceleration level, L,, is described in annex F.
3.5 radiation factor, o: Factor expressing the efficiency of sound radiation and given by the following equation:

P
o= —2— L@
ocSgv2

where
Pg s the airborne sound power emitted by the vibrating surface of the machine;
oc is the characteristic impedance of air,
where
© is the mean density of air,
¢ is the velocity of lsoundiniair;
Sg is the area of the vibrating surface (vibrating measurement surface; see 3.8);
V2 s the squared r.m.s. value of the vibratory velocity averaged over the area Sg.

The three quantities , Pg and v2 relate to the same period of time.
3.6 radiation index: Index defined by the expression 10 Ig o.

3.7 airborne sound power level, Ly, : Ten times the logarithm to the base 10 of the ratio of a given sound power to the reference
sound power. The width of a restricted frequency band is indicated, e.g. octave-band power level, one-third octave-band power level,
etc. The airborne sound power level is expressed in decibels (reference sound power: 1 pW). The airborne sound power level for a
particular part of the surface of the machine, Ly, is given by the following equation :

Pg
P

[o]

Lys = 101g . (5)

where

Ps is the sound power radiated by the relevant part of the surface of the machine;

P, is the reference sound power (= 10-12W = 1 pW).

3.8 vibrating measurement surface: The surface or parts of the surface of the machine on which the measurement positions lie;
its area is designated by the symbol Sg.

1) The choice of v, = 10-9 m/s (as specified in ISO 1683) would result in a vibratory velocity level which is 34 dB higher than the level used in this
Technical Report. In equations (6), (10), (11) and (17) 34 dB shall, therefore, be subtracted from the right-hand side.
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3.9 extraneous structure-borne vibratory velocity level: Vibratory velocity level determined when the machine is not working
or caused by other undesired sources. Extraneous structure-borne sound originates from structures other than the machine under
consideration, e.g. from coupled assemblies.

3.10 spherical source of zero order: Sphere vibrating with uniform phase and the same amplitude over the whole surface.

4 Principle

4.1 General

The method described in this Technical Report is based on the assumption that the airborne sound power output of a vibrating
surface is directly proportional to the mean-square vibratory velocity averaged over the vibrating surface and directly proportional to
the area of the vibrating surface.

4.2 Method

Vibratory velocity levels in frequency bands are determined at a specified number of locations on the measurement surface of the
vibrating structure (the sound source), using vibration measurement equipment. The average vibratory velocity level in frequency
bands plus a term for the area of the measurement surface plus a term for the efficiency of sound radiation of the structure gives the
airborne sound power level in frequency bands.

Three ways of estimating the radiation factor, o, and hence the airborne sound power level are described as follows:

a) If a radiation factor ¢ = 1 is assumed, an ‘approximate upper limit to the'radiated airborne sound power is obtained. Thus an
upper limit for the A-weighted airborne sound power level can be estimated from the A-weighted vibratory velocity level.

b) If, for a given structure, the sound radiation’ model of @ spherical source*6f zero order can be justified (e.g. for compact
machines), the frequency-dependent radiation factor o can be obtained from a theoretical curve. By using vibratory velocity levels
determined in frequency bands, airborne sound power:levels in.frequency bands can be determined; from these levels the
A-weighted airborne sound power levels may be calculated.

¢) For more accurate determination, the frequency-dependence of the radiation factor o for the structure or family of machines
under test is determined. This also requires the determination of vibratory velocity levels in frequency bands and results in band
sound power levels and, if required, the A-weighted airborne sound power level.

5 Measuring instrumentation

5.1 General

In this clause, measuring instrumentation using vibration pick-ups is described. In most cases it will be convenient to make use of light
accelerometers; however, for special purposes, other kinds of equipment and measuring techniques may be needed (e.g. non-contact
devices, laser-doppler methods).

5.2 Vibration pick-up
The vibration pick-up can load the vibrating surface.

For vibration measurements covering a wide frequency range, piezoelectric accelerometers should be preferred. When selecting an
accelerometer for a particular application, allowance should be made for the parameters of the transducer and the environmental
conditions in which it is to be used.

Measurements are normally confined to using the linear portion of the frequency-response curve of the accelerometer which, at the
high frequency end, is limited by the resonance of the transducer. As a rule-of-thumb the upper frequency limit for measurements can
be set to one-third of the resonance frequency of the accelerometer so that vibration components measured at this limit will deviate by
no more than 1 dB.

Small, low-mass accelerometers may have high resonance frequencies but in general they have low sensitivity (dynamic range). So a
compromise has to be made because high sensitivity normally entails a large piezoelectric assembly and, consequently, a relatively
large, heavy unit with low resonance frequency.
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The mass of the accelerometer becomes important when measuring on light test objects. To avoid mass-loading errors, the dynamic
mass of the transducer should be much less than the dynamic mass of the structure at the point of attachment [0,2 og ¢| #2/fin the
case of a flat plate, see equation (13)].

5.3 Amplifier and filter

The signals generated by the vibration pick-up shall be amplified, filtered and indicated as r.m.s. values. The structure-borne noise
shall be measured with a sound level meter or an equivalent measurement system complying with the requirements for a type 0 or
type 1 instrument as specified in IEC Publication 651 with the microphone replaced by the vibration pick-up. The filters shall be in
accordance with IEC Publication 225.

5.4 Integrator

If an integrator to transform acceleration signals to velocity signals is used, it shall have characteristics which match the dynamic
range of the measuring system. If this requirements is not satisfied and the signal to be measured is too low, the vibratory velocity
levels shall be calculated directly from the vibratory acceleration levels (see annex F).

5.5 Calibration

The entire measuring system shall be calibrated at one or more frequencies before each series of measurements is begun. The peak
value of an acceleration signal corresponding to an acceleration of 9,81 m/s2 may serve as the calibration signal. In addition, the pick-
up and the electrical measuring instrumentation should be checked as a unit electrically over the entire frequency range of interest at
least every other year.

Example :

If the vibration pick-up is calibrated by a sinusoidal acceleration signal, the resulting vibratory velocity level (reference velocity 1), v,:
5 x 10-8m/s), L, in decibels, is given by the following,equation;

~

a
2nfvon/2

Hence, for a calibration with a peak acceleration Valueof/7/=:9,81-m/s2:and afrequency, f, of 100 Hz, the vibratory velocity level 1) is
106,9 dB.

L,=20lg . (6)

6 Description, installation and operating conditions

6.1 General
In most cases, the emitted sound power will depend on both the installation and the operating conditions, and general recommenda-

tions on these are given in 6.2 to 6.4. If, however, airborne sound measurement test codes for the relevant family of machines exist,
the installation and operating conditions specified in those codes shall be used.

6.2 Description of the machine

If the machine features auxiliary equipment or components which emit sound, these should be identified. The items of auxiliary equip-
ment required to be running during the test shall be specified.

Sources of extraneous structure-borne sound should be identified.

NOTE — The procedures specified in this Technical Report do not allow the direct measurement of extraneous structure-borne sound. The use of
correlation measurements or the comparison of vibration spectra of coupled assemblies may be necessary.

6.3 Installation
The installation and mounting of the machine shall, as far as possible, be that intended for its final application. If the structural sur-

faces of the machine are covered by non-structural materials (e.g. insulation), the vibration pick-up shall be mounted on a non-
structural surface (see also annex B).

1) See footnote to 3.4.
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6.4 Operating conditions

The machine shall be operated in a manner representative of normal use. One or more of the following operating conditions may be
appropriate (see also 6.1):

a) machine under nominal load/nominal operating conditions;

b) machine under full load, if different from a);

c) machine under no load (idling);

d) machine under operating conditions corresponding to maximum sound radiation representative of normal use;

e) machine under simulated load, operating under precisely defined conditions.

7 Determination of the vibratory velocity on the vibrating measurement surface

7.1 General

The specifications given in 7.2 to 7.8 are of a general nature, but if test codes for the relevant family of machine exist, the specific
requirements in those codes shall be used.

NOTE — The accuracy of the measurement results depends to a large extent on the number and distribution of the measurement positions and the
distribution of the vibratory velocity on the vibrating measurement surface.

Where an individual bandwidth contains a single strong tonal component, the uncertainty of the estimate determined by the method
might be high.

7.2 Vibrating measurement surface

7.2.1 General
Suitable measurement surfaces shall be selected according to the criteria outlined‘in'7:2.2 to 7.2.4.

NOTE — The results of any preliminary investigations (see 7.2.4) and the structures of the radiating areas (e.g. the presence of stiffeners) should be
taken into account when selecting the measurement surface.

7.2.2 Uniformly repeated structures

If the machine possesses uniformly repeated structures and if there are geometrical symmetries and symmetries in the excitation
forces, then, provided that preliminary investigations have proved all elements to be equivalent with respect to the mean vibratory
velocity level in any frequency band, measurements may be carried out on a single structure.

7.2.3 Uniformly distributed measurement positions

The vibrating measurement surface shall be divided into N parts of equal area Sg//N. One measurement position shall be situated in
the centre of each partial surface.

7.2.4 Non-uniformly distributed measurement positions

If parts of the vibrating measurement surface are known from preliminary investigations to vibrate more intensely than others, the
measurement positions may be distributed more densely over those parts vibrating more intensely.

In this case, each measurement position i represents one partial surface Sg; (see 8.2).

7.3 Number of measurement positions

The initial number of measurement positions on the vibrating measurement surface may be chosen according to table 1.

Table 1 — Initial number of measurement positions

Area of the vibrating

Numb f measurement
measurement surface, Sg er ot meas e

m2 positions
Sg < 1 10
1<8 <10 20
Ss
Sg > 10 23—

where S, = 1m2
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The number of measurement positions shall be increased if the difference between the highest and lowest vibratory velocity level, in
decibels, in any frequency band is larger than the number of positions given in table 1. Such an increase in the number of measure-
ment positions may, for example, be necessary if a predominant pure tone exists within the relevant bandwidth.

The number of measurement positions shall be progressively doubled until the mean vibratory velocity level, L_V (see 8.2), stays con-
stant within a range of 1 dB.

7.4 Environmental conditions

The measuring equipment shall be selected according to the environmental condition (see 5.2), account being taken of the manufac-
turer’s specifications. The influence of any cable (see clause A.2) may be reduced by using pick-ups with integrated impedance
transducers.

7.5 Measurement procedure

For the specified operating conditions, the vibratory velocity level, L}, shall be determined at each measurement position for all
frequency bands within the frequency range of interest. The vibratory velocity level, L, may be determined from the vibratory
acceleration level, L;, in accordance with annex F or from the acceleration signal by direct integration (see 5.4), thus avoiding calcu-
lations ). The measurement shall be carried out by using the time-weighting characteristic S ("slow’’) of the sound level meter or by
an integrating sound level meter.

The measurement time should be chosen so that it is appropriate for the type of sound radiated by the structure and the signal
processing techniques.

For steady sound, for example, the measurément, time should be at least 10 s,fon centre frequencies of 200 Hz and higher. For time-
varying sound, the measurement time shall be chosen in such a way that the noise of the machine is measured unambiguously for the
specified operating mode.

If the preliminary investigations/have ishown that:at particularmeasuremeént ‘pasitions thevibratory velocity levels (or acceleration
levels, see annex E) of the extraneous structure-borne'sound areless than10 dB below the levels of the machine when operating, they
shall also be determined by a suitable method (see note in 6.2) and a correction made (see 8.1).

NOTE — If it is not possible to determine the levels of the extraneous structure-borne sound separately (e.g. owing to the inseparable coupling of the
machine with other assemblies), the results calculated in accordance with clause 8 will be too high.

7.6 Mounting of the vibration pick-up

The vibration pick-up shall be mounted so that it senses as closely as possible the true velocity of the vibrating surface at the measure-
ment position over the frequency range of interest. It shall be mounted in accordance with ISO 5348 with its vibration axis normal to
the vibrating surface. For recommendations on mounting methods, see annex A.

7.7 Influence of the mass of the vibration pick-up

It is strongly recommended to use a light pick-up (see 5.2 for explanations). If such a pick-up is not available, the correction according
to annex B for uniform structures (plates, cylinders) may be applied. For other structures, the accuracy of this correction is unknown.

7.8 Determination of the radiation factor

The radiation factor of the machine shall either be measured in accordance with the recommendations given in annex D or estimated
in accordance with 8.3.2.

1) If only A-weighted vibratory velocity levels are to be determined, integration is necessary.
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