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ABSTRACT:
The three parts of ISO 9614 describe methods for the determination of the sound power level of noise sources.

According to these standards, measured sound power levels must be qualified by comparing several sound field

indicators to given criteria. This procedure is investigated by analytical calculations with monopole and dipole

sources. Their sound fields are superposed with extraneous free and diffuse sound fields. When the ISO 9614 method

is applied to these cases, it turns out that the signed pressure intensity indicator is well suited to qualify the measured

sound power level. In contrast to this, the unsigned pressure intensity indicator and the field non-uniformity indicator

fail to describe the quality of the determined sound power level. This theoretical finding is verified by a large mea-

surement program. VC 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative
Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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I. INTRODUCTION

The sound power level (SWL) LW is the key quantity to

describe the noise emissions of products, machines, and

equipment. For example, the following regulations use the

SWL to describe the noise emission of some or all of the

products in their scope: the European Outdoor Noise

Directive,1 the Australian approach to noise labelling,2,3 the

European Machinery Directive,4 and the EU energy label

for certain products in the scope of the European Ecodesign

Directive.5,6

Furthermore, the SWL of machines, products, and

equipment is the input quantity for the prediction of sound

pressure levels7,8 in workshops and other rooms, where

these products are operated. This prediction supports the

safe and ergonomic design of factories, workshops, etc. with

regard to noise and allows for the evaluation of the effects

of room acoustic treatments and other noise control mea-

sures before they are implemented.

Thus, determining the SWL is important for environ-

mental protection, for occupational health and safety, for

product safety, and to inform consumers about the perfor-

mance of a product regarding its noise emission. Ten differ-

ent international standards can be used to determine the

SWL. They differ on the required measurement equipment

and the acoustic environment and yield results with different

grades of accuracy.

These standards (see ISO 37409 for an overview) can be

divided into two main groups: those based on measuring the

sound pressure level—the ISO 37409 series of standards—

and those based on measuring the sound intensity—the ISO

9614 set of standards (Parts 1–3).10–12 The former rely on

cheaper measurement equipment but encounter more restric-

tions regarding the acoustic environment. Here, the mea-

surements must either be performed in special acoustic

environments—hemi-anechoic chambers, reverberation

rooms, or outdoors—or be corrected regarding reflections in

the room, the so-called environmental correction, and the

background noise.

Outside of acoustic test facilities but indoors, one often

finds that no measurements with sufficient accuracy, e.g.,

engineering grade, can be performed or that the conditions

do not allow for a measurement that is compliant with the

standard at all, e.g., because the environmental correction

exceeds the limit in the standard used. In contrast to this, the

sound intensity method works well outside of acoustic test

facilities, and its application is mainly limited by the level

and stationarity of the background noise, if present.

Nevertheless, the methods based on sound pressure

measurements are more frequently used. ISO 374413 is

referred to in the European Outdoor Noise Directive1 and in

many machine-specific noise test codes and safety stand-

ards, so-called C-standards in the European standardization

jargon.

There are several potential reasons why the sound inten-

sity method is rarely used despite its advantages. The cur-

rent version of the ISO 961410–12 set of standards uses partly

inconsistent terminology. The older parts, ISO 9614-110 and

ISO 9614-2,11 date to 1993 and 1996, respectively; have nota)Email: Volker.Wittstock@ptb.de
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been revised since; and, apparently, do not correspond to the

state-of-the-art. Recent technological and scientific advan-

ces have yet to be included in these standards (see also Sec.

II). These standards use three major field indicators to assess

the quality of the measured SWL. Depending on their val-

ues, more measurement points or even a completely new

measurement, e.g., on another measurement surface, might

be necessary to achieve the desired grade of accuracy. Still,

in certain sound field situations, one might have no result

regarding the SWL in the end. This approach makes deter-

mining the SWL with the sound intensity method quite labo-

rious and complicated.

This paper aims at proposing ways to simplify and

improve the sound intensity method. We present results regard-

ing the correlation between the currently used field indicators

and the deviation of the measured SWL from the actual SWL.

The results hint at the fact that there might be room for simplifi-

cation of the sound intensity method by using fewer field indi-

cators to assess the quality of the measured SWL.

Section II describes the current knowledge regarding

the relation between measured SWLs and the indicator-

based standardized criteria for the intensity measurement

method. The paper continues with a theoretical investigation

of the correlation of the currently used field indicators with

the deviation of the measured SWL from the actual SWL in

Sec. III. Section IV shows the results of experiments that

aim to test whether or not the theoretical results can be con-

firmed by measurements, while Sec. V presents the conclu-

sions based on Secs. III and IV.

II. INVESTIGATED INDICATORS AND CRITERIA IN ISO
9614

The intensity method for the determination of sound

power is an enveloping surface method. This means that the

normal component of the sound intensity is measured on a

hypothetical surface enveloping the source under test.

Sound field indicators are local or surface-averaged quanti-

ties that are “intended to help the experimenter in evaluating

and interpreting experimental data.”14 In the specific case of

ISO 9614,10–12 they are used in combination with given cri-

teria to assess the measurement conditions to achieve a

desired grade of accuracy of the measured SWL. As an

intermediate step, modifications of the measurement setup

like increasing or decreasing the measurement distance,

increasing the number of discrete measurement points, or

increasing the scan line density may be necessary. In certain

very unfavorable field situations, it is possible that no valid

SWL can be obtained according to ISO 9614-1.10

With N discrete measurement points on the enveloping

surface, the measured sound power Pmeas is given by

Pmeas ¼
XN

i¼1

Imeas;i Si ¼
XN

i¼1

In;i þ Ires;ið Þ Si; (1)

where i indicates the measurement point, Si the partial sur-

face represented by the ith measurement point, Imeas;i the

measured sound intensity, In;i the normal component of the

sound intensity, and Ires;i the residual sound intensity. Thus,

the physically existing normal component of the sound

intensity is linearly superposed by the residual intensity, an

error contribution resulting from using the two-microphone

(p-p) technique. Its level can be calculated from the sound

pressure level Lp; i at the ith measurement position by15,16

LI;res;i ¼ Lp; i � dpI0 (2)

with the pressure-residual intensity index dpI0. Here, and in

the further course of the paper, it is assumed that the imped-

ance of air is exactly 400 N � s=m3 and that the reference

value for all sound pressure levels is 2� 10�5 Pa, for all

intensity levels 10�12 W=m2 and for all SWLs 10�12 W. The

pressure-residual intensity index dpI0 is an instrument-

specific quantity, which is measured separately in a sound

field with a vanishing pressure gradient, e.g., in a coupler. In

such a field, the sound pressure level Lp;Dp¼0 and the level of

the residual intensity LI;res are measured. Their difference is

a measure for the phase mismatch D/ between the two mea-

surement channels of the p-p probe, which holds two micro-

phones at a distance 2 Dr,16

dpI0 ¼ Lp;Dp¼0 � LI;res � 10 lg
k 2 Dr

D/

����
���� dB; (3)

where k is the wave number. Combining Eqs. (1) and (2)

gives the difference between the level of the measured

sound power Pmeas and the level of the correct sound

power P,

P ¼
XN

i¼1

In;i Si (4)

as16

DLW ¼ 10 lg
Pmeas

P
dB

¼ �10 lg 1� sgn D/ð Þ 100:1 FpIn�dpI0ð Þ=dB
�� ��dB; (5)

where sgn D/ð Þ describes the sign of the phase mismatch,

sgn D/ð Þ ¼
1 when D/ � 0;

�1 when D/ < 0;

(
(6)

and

FpIn ¼ Lp � LI;meas (7)

is the signed pressure intensity indicator. Here, Lp is the

surface-averaged sound pressure level and LI;meas the

surface-averaged level of the measured normal component

of the sound intensity, which includes the residual intensity.

To limit the measurement deviation due to the phase mis-

match, all parts of ISO 961410–12 require
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FpIn � dpI0 < �K dB; (8)

where K is 10 for precision and engineering grade and 7 for

survey grade. According to Eq. (5), this limits DLWj j to val-

ues below 0.5 dB for precision and engineering grade and to

values below 1.0 dB for survey grade measurements.

In addition to criterion (8), all parts of ISO 961410–12

require, furthermore, that

Fp Inj j � FpIn < 3 dB (9)

with the unsigned pressure intensity indicator

Fp Inj j ¼ Lp � L I;measj j : (10)

Whereas criterion (8) follows directly from Eq. (5), a clear

physical explanation for criterion (9) is, to the knowledge of

the authors, not available.

To limit the measurement uncertainty due to imperfect

sampling, the field non-uniformity indicator

FS ¼
1

Imeas

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

N � 1

XN

i¼1

Imeas;i � Imeas

� �2

vuut (11)

is used. For measurements at discrete positions,10 the mini-

mum number of measurement positions is

Nmin > CF2
S; (12)

where the factor C is calculated from the assumption of statis-

tically independent samples on the enveloping surface and the

given standard deviation of reproducibility of the method.10

For precision and engineering grade, the standard deviation of

reproducibility depends on frequency, and so does the factor

C. It is between 11 and 57. For survey grade, only the A-

weighted SWL is considered. C is 8 in this case. This criterion

has been in discussion for some time (see, e.g., Jacobsen14 and

H€ubner17). There are further indicators and criteria used in

ISO 961410–12 that are not examined in this contribution.

III. THEORETICAL INVESTIGATION
ON THE USEFULNESS OF SELECTED INDICATORS

A. Basic approach

To investigate the usefulness of the indicators intro-

duced in clause II, field configurations with single monop-

oles and single dipoles are considered. The sound pressure

field created by these sources is superposed by a plane wave

and an additional diffuse field, both of varying amplitude.

The resulting sound field around the sound sources is sam-

pled at N field points on an enveloping hemisphere or sphere

by a p-p probe with an assumed pressure-residual intensity

index dpI0. The field point distribution is chosen so that each

point represents the same area. The SWL obtained from this

simulated measurement is finally compared to the known

SWL of the monopole or dipole as a function of the stan-

dardized indicators from clause II.

B. Monopole

1. Theoretical model

The starting point is the sound intensity measured by a

probe comprising microphones A and B at a distance 2 Dr.

The probe has a pressure-residual intensity index dpI0. The

sound intensity indicated by the probe is then

Imeas ¼
pAj j pBj j

4 q c k Dr
sin /A � /Bð Þ

þ sgn D/ð Þ
8 q c

pAj j þ pBj jð Þ210�0:1 dpI0=dB; (13)

with the modulus of the sound pressures p at microphones

A and B, the impedance of air q c, the phase difference

/A � /B of the sound pressures at microphones A and B,

and the sign of the phase mismatch between the two chan-

nels sgn D/ð Þ. The sound pressure at microphones A and B

is considered to be induced by a monopole with a volume

flow q placed at the origin of a spherical coordinate system

(r, u, h), which is superposed by a plane wave of amplitude

a traveling in the positive x-direction (expressed in spherical

coordinates as r cosu sinh) and a diffuse sound pressure of

amplitude b,

pA=B ¼
j q c k q e�j k r7Drð Þ

4 p r7Drð Þ þ a e�j k r7Drð Þ cosu sinh þ b: (14)

Here, j is the imaginary unit, and the probe is oriented in

such a way that microphone A is closer to the monopole

than microphone B. Then the minus sign (�) applies for

microphone A, whereas the plus sign (þ) does for micro-

phone B. The diffuse field pressure amplitude b measured at

field points A and B does not have a phase because the

sound pressures at different field points are uncorrelated in

an ideal diffuse field and, thus, do not have a distinct phase

relation when averaged over time.

Introducing Eq. (14) into Eq. (13) yields the measured

intensity. By assuming a negligible correlation between the

different sound pressure fields, the time integrals of the

products q a, q b, and a b vanish. Then a relatively simple

expression for the related radial component of intensity is

achieved,

Ir ¼
sin k 2Drð Þ

1� Dr=rð Þ2
h i

k 2Dr
þ a2

r

sin k 2Dr cosu sinhð Þ
k 2Dr

8<
:

9=
;

þ sgn D/ð Þp2
r 10�0:1dpI0=dB; (15)

where the measured intensity is related to the area of the

enveloping surface S and the sound power of the monopole

PMon,

Ir ¼ Imeas

S

PMon

: (16)

Furthermore, a related sound pressure is used in Eq. (15),
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pr ¼
1

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

1� Dr=rð Þ

� �2

þ a2
r þ b2

r

s8<
:
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

1þ Dr=rð Þ

� �2

þ a2
r þ b2

r

s 9=
;; (17)

which is calculated from the related amplitude of the plane

wave ar and the related sound pressure of the diffuse field

br. They are both related to the sound pressure induced by

the monopole by

ar ¼ a
4 p r

q c k q
; br ¼ b

4 p r

q c k q
: (18)

Apart from the finite difference approximation, which is

expressed by the geometrically adapted sinc-functions in

Eq. (15), the theoretical model does not include any depen-

dency on frequency. Since the finite difference approxima-

tion is not in the scope of this contribution, the following

calculation results are given for a sufficiently small parame-

ter k 2 Dr.

2. Calculation results for very large numbers
of measurement points

Due to symmetry, only the upper hemisphere of a sur-

rounding sphere is discretized by a mesh of 2117 points,

which acceptably represent equal areas (Fig. 1). The differ-

ence between the measured and the theoretical SWL of the

monopole is then obtained by averaging the related intensity

from Eq. (15). Surface averaging of the related pressure and

of the modulus of the related intensity then enables a calcu-

lation of the indicators FpIn and Fp Inj j, whereas the minimum

number of discrete measurement points is calculated from

Eq. (12) with the indicator FS from Eq. (11).

To cover a relevant range of the indicators, the sum of

the amplitudes of the extraneous sound fields is varied

according toffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2

r þ b2
r

q
¼ 0:1;…; 100; (19)

and the ratio between the related diffuse field amplitude br

and the related plane wave amplitude ar is set to three fixed

values,

br= ar ¼ 0:1; 1; 10; (20)

thereby simulating a predominantly direct or diffuse extra-

neous sound field and an intermediate case.

The SWL difference, i.e., the difference between the

measured SWL and the known SWL of the monopole, is a

clear function of the pressure intensity criterion FpIn � dpI0

(Fig. 2). For very small values of FpIn � dpI0, the SWL dif-

ference approaches 0 dB, as expected. There are two

branches obtained, one for sgn D/ð Þ ¼ 1 and one for

sgn D/ð Þ ¼ �1. The nature of the extraneous sound field

does not influence the result at all. Therefore, all three

curves are identical. It is furthermore noticeable that these

results match excellently the theoretical result from Eq. (5),

thereby validating the calculation model. Figure 2 indicates

clearly that limiting FpIn � dpI0 to certain values is appropri-

ate to limit the SWL difference.

When the SWL difference is plotted as a function of the

difference between the unsigned and the signed pressure

intensity indicators Fp Inj j � FpIn, different curves are

obtained for different sound fields (Fig. 3). Whereas large

values of the indicator correlate with large SWL deviations

for the predominantly free external field (br=ar ¼ 0:1) and

the mixed extraneous field (br=ar ¼ 1), the indicator totally

fails for the predominantly diffuse field (br=ar ¼ 10). A lim-

itation of the SWL difference by an application of an upper

limit for Fp Inj j � FpIn, thus, requires knowledge of the nature

of the sound field.

Similarly, the relation between the SWL difference and

the minimum number of measurement points calculated

according to Eq. (12) shows significant differences depend-

ing on the nature of the extraneous sound field (Fig. 4). The

direct calculation result for the minimum number of mea-

surement points is presented here on a logarithmic scale to

handle the huge dynamic range. Of course, sound power

FIG. 1. Upper hemisphere discretized by 2117 points.

FIG. 2. Power level difference DLW as a function of the pressure intensity

criterion FpIn � dpI0 for br=ar ¼ 0:1 (black), br=ar ¼ 1 (black, dashed), and

br=ar ¼ 10 (gray). All three curves are identical and are plotted in one

graph to illustrate this.
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determinations with less than one measurement point are not

possible. For the predominantly diffuse extraneous field, rel-

atively small numbers of points are sufficient, whereas for

the dominant plane extraneous wave, much larger point

numbers are calculated from Eq. (12). This result clearly

demonstrates the physical meaning of the SWL difference,

which is the difference between the measured SWL and the

true SWL. This SWL difference is a systematic error or bias

that cannot be reduced by using more measurement points

on the enveloping surface. As for Fig. 3, it is, thus, question-

able whether the application of the criterion (12) is appropri-

ate to limit the SWL difference.

3. Calculation results for a smaller number of
measurement points

The result from the previous clause is that the SWL

difference is a clear function of FpIn � dpI0, whereas the

SWL difference depends on the nature of the extraneous

sound field for Fp Inj j � FpIn and Nmin. However, these three

criteria are not alternatively used but additionally in ISO

9614-1,10 i.e., the result has to be qualified according to all

three criteria. To simulate this situation and to use a more

reasonable number of measurement points, a spherical

array of 12 points with equal point density is used for fur-

ther calculation. It covers a full sphere. Discrete measure-

ment points are located at the center points of the surfaces

of a circumferential regular dodecahedron. Altogether,

1000 random representations with equal distributions are

chosen, where dpI0 is between 10 and 25 dB and the relative

amplitudes ar and br are between 0 and 5. Additionally, the

orientation of the spherical array is randomly chosen. The

result is then treated like a measurement result according

to ISO 9614-1.10 All calculated data points lie exactly on

the curve defined by Eq. (5). These results are then classi-

fied according to criterion (8). The current thresholds of 10

and 7 dB are effectively limiting the SWL deviation to

below 60.5 or 61.0 dB (Fig. 5). Calculation results that do

not fulfill criterion (8) are disqualified and not shown in

Fig. 5.

According to ISO 9614-1,10 results have to addition-

ally comply with criterion (9). For the set of calculation

results complying with criterion (8), this test is shown in

Fig. 6. There is no correlation at all of the SWL difference

with Fp Inj j � FpIn. Disqualifying all results that do not

comply with criterion (9) is, therefore, totally

unnecessary.

A similar result is obtained for criterion (12). In the

considered case, 12 points are used. The calculation of the

indicator FS in combination with the assumption of a survey

method (C ¼ 8) leads to a disqualification of a large amount

of results although their SWL deviation is well within the

desired limits (Fig. 7).

C. Dipole

1. Theoretical model

Monopoles are omnidirectional sources. To extend the

investigation toward more realistic sources, i.e., sources

with a stronger directionality, the monopole from the above

model is replaced by a dipole with dipole moment D. The

sound pressure at microphones A and B is then

FIG. 3. Power level difference DLW as a function of Fp Inj j � FpIn for

br=ar ¼ 0:1 (black), br=ar ¼ 1 (black, dashed), and br=ar ¼ 10 (gray).

FIG. 4. Power level difference DLW as a function of the minimum number

of measurement points [Nmin from Eq. (12) with C ¼ 8] for br=ar ¼ 0:1
(black), br=ar ¼ 1 (black, dashed), and br=ar ¼ 10 (gray).

FIG. 5. Power level difference DLW as a function of FpIn � dpI0 and

threshold.
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pA=B ¼ �
q c k2 D e�j k r7Drð Þ

4 p r7Drð Þ 1þ 1

j k r7Drð Þ

� �
cosh

þ a e�j k r7Drð Þ cosu sinh þ b: (21)

Introducing this expression into Eq. (13) gives the intensity

related to the area of the enveloping surface S and the sound

power of the dipole [see also Eq. (16)],

Ir ¼
3 cos2h
k 2 Dr

1

1� Dr=rð Þ2
h i

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 1

k r 1� Dr=rð Þ

� �2
s

�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 1

k r 1þ Dr=rð Þ

� �2
s

� sin k 2 Dr � arctan
1

k r 1� Dr=rð Þ

� ��

þarctan
1

k r 1þ Dr=rð Þ

� �	

þ 3 a2
r

sin k 2 Dr cosu sinhð Þ
k 2 Dr

þ sgn D/ð Þ p2
r 10�0:1 dpI0=dB (22)

with the related sound pressure

pr ¼
ffiffiffiffi
3

4

r ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cosh

1�Dr=rð Þ

� �2

1þ 1

k r 1�Dr=rð Þ

� �2
( )

þ a2
r þ b2

r

vuut þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cosh

1þDr=rð Þ

� �2

1þ 1

k r 1þDr=rð Þ

� �2
( )

þ a2
r þ b2

r

vuut
8><
>:

9>=
>;
(23)

and the related amplitudes of the plane wave ar and the dif-

fuse field br,

ar ¼ a
4 p r

q c k2 D
; br ¼ b

4 p r

q c k2 D
: (24)

As for the monopole case, a correlation between the direct

field from the dipole, the diffuse field, and the plane wave is

suppressed in the derivation of Eq. (22).

2. Calculation results

For infinitely large numbers of measurement points, cal-

culation results are qualitatively identical to the monopole

case. For the sake of brevity, they are therefore not pre-

sented here.

Then the 12-point array described in Sec. III B 3 was

used. Again, 1000 random calculations were performed with

random lateral orientation of the array and equal distribu-

tions of dpI0 between 10 and 25 dB and ar and br between 0

and 2. The upper limits of the relative sound pressure ampli-

tudes are smaller than for the presented monopole results,

because they are related to the sound pressure of the dipole

in its maximum direction [Eq. (24)].

The calculation results for the power level difference

DLW as a function of FpIn � dpI0 and Fp Inj j � FpIn are identi-

cal to Figs. 5 and 6. Therefore, they are not shown again. A

clear difference from the monopole case is observed for the

power level difference DLW as a function of Nmin (Fig. 8).

The indicator FS is much larger than for the monopole case

since the spatial variation of the sound field is much larger.

Therefore, a larger number of measurement points is

required according to Eq. (12) for the dipole (Fig. 8) com-

pared to the monopole (Fig. 7). Still, to limit the SWL devi-

ation, an application of criterion (8) is absolutely sufficient,

FIG. 6. Power level difference DLW as a function of Fp Inj j � FpIn and

threshold.

FIG. 7. Power level difference DLW as a function of Nmin for a monopole

and threshold.

J. Acoust. Soc. Am. 155 (1), January 2024 Wittstock et al. 593

https://doi.org/10.1121/10.0024361

https://doi.org/10.1121/10.0024361


whereas criterion (12) unnecessarily disqualifies correct

measurement results.

IV. EXPERIMENTAL VERIFICATION

A. Sources and surrounding environments

A major aim of the contribution was to perform mea-

surements to verify the theoretical findings. Two main topics

stand out from the theoretical calculations. The first is the

utility of the FpIn � Fp Inj j criterion, and the second is the

minimum number of the required measurement points Nmin.

The difference between the pressure intensity indices is

related to the presence of extraneous noise and/or strong

reverberation, whereas the number of points is related to the

field non-uniformity.10–12 The measurements were struc-

tured to cover a wide range of sources, environments, back-

ground noise characteristics, and other influential

parameters, and apparently, it is assumed they can be used

for supporting the ISO 961410–12 revision proposals.

Four sources were used, varying in spectral content

(broad- and narrowband), directivity, and absorption. Figure

9 shows all sources, namely, a BS, BSWA, a TS, and a

TSWA. As can be seen, BS is an assembly of two aerody-

namic reference sound sources [type 4204; Br€uel & Kjaer

(Naerum, Denmark)] positioned at different heights pro-

vided by a wooden box, having one side open. TS is a half-

dodecahedron loudspeaker, which emits a multi-sine signal

following

s ¼ A
X31

i¼1

sin 2pfi þ uið Þ; (25)

where A is the amplitude, fi the center frequency of the ith
one-third octave band from 20 Hz to 20 kHz rounded to the

nearest decade, and ui the related phase. The latter was

FIG. 9. (Color online) Sources under test: broadband source (BS) (top left), broadband source with absorption (BSWA) (top right), tonal source (TS) (bot-

tom left), and tonal source with absorption (TSWA) (bottom right).

FIG. 8. Power level difference DLW as a function of Nmin for a dipole and

threshold.
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randomly generated for each discrete frequency once. Then

it was used for all TS measurements for repeatability rea-

sons. To account for any changes in the sound emission of

the TS, a correction was applied. It is given by

Cem ¼ 10 lg
Re SVinIinf g

Re SVinIin; reff g

� 	
dB; (26)

where Re SVinIinf g is the real part of the cross-spectrum of the

input voltage and current of the signal fed to the TS, and

Re SVinIin; reff g is a reference cross-spectrum. The latter was

set as the mean value of all cross-spectra used. Minor

changes in the acoustic emission of the TS were revealed

after the application of the correction. The signal correction

was also applied to TSWA.

BSWA and TSWA are modifications of BS and TS,

respectively. For the modification, an absorbing panel was

added to each source at a defined position. For BSWA, the

panel covered the open side of the box. The absorber had a

thickness of 100 mm and a surface of 0.7 m2. It was made of

a polyester fiber mat, which is framed by a U-shaped alumi-

num profile.

Measurements were performed in five rooms,

Physikalisch-Technische Bundesanstalt (PTB)’s hemi-

anechoic room, PTB’s 200 m3 reverberation room, an open

space (a basement), a 50 m3 reverberant room, and the same

room after adding absorption. For variation purposes, the

hemi-anechoic room was used in two different states. In the

first, the room was used as normal, while in the second,

reflections were added. This was realized by adding ten

reflecting panels of 0.7 m2 each. They were placed in front

of the wedges on two orthogonal sides of the room, five on

each side.

B. Probe positioning

Following the guidelines of the ISO 961410–12 series,

measurements were performed either by scanning or at dis-

crete points. The movement or positioning of the probes was

performed both by automated means and manually. Three

sound intensity probes were used, accommodating Br€uel &

Kjaer phase-matched microphone pairs.18 Three pairs of

type 4181 and one of type 4197 were available for selection.

For each measurement, two pairs of type 4181 and type

4197 were connected to the intensity probes.

1. Automated measurements

The automated measurements were performed in PTB’s

hemi-anechoic room using PTB’s scanning apparatus,19

covering a hemispherical measurement surface of 1.7 m

radius. The scanning apparatus was placed inside PTB’s

hemi-anechoic room, which is qualified according to ISO

26101-120 for frequencies between 50 Hz and 20 kHz for the

measurement radii used. For the full scan of the hemisphere,

the three probes covered once the left quarter sphere and

afterward the right quarter sphere. For the measurements at

discrete points, the arc movement was remotely stopped at

predefined positions, occurring at 15�, 45�, 75�, 105�, 135�,
and 165� (angle between the floor and the arc). This pro-

vided 36 measurement points.

A preliminary investigation was about the influence of

the scanning speed. It must be noted that the speed of each

probe is different due to its position on the scanning appara-

tus. Measurements were performed for three different mea-

surement durations, namely, T¼ 600 s, T¼ 900 s, and

T¼ 1200 s, revealing no significant differences among the

results. The scan duration is related to the temporal stability

of the random signal of BS and BSWA, and according to a

previous analysis,21 the measurement duration for the auto-

mated scanning measurements was set to 1200 s. For the

automated measurements at discrete points, the measure-

ment duration was 180 s for each point.

2. Manual measurements

The manual measurements were performed by both

scanning and measurements at discrete points. A specially

assembled holder, which could be screwed onto a micro-

phone stand, allowed the simultaneous use of all three

probes. The holder can be seen in Fig. 10. This allowed the

variation of the surface sampling by using all three probes

or only the middle one. The separation between the probes

on the holder was 0.24 m.

Contrary to the use of a hemisphere in the automated

measurements, the manual measurements were performed

over a parallelepiped of varying surface due to the different

environmental surroundings.

During the manual measurements, special effort was

made to keep the scanning speed lower than 0.5 m/s and as

constant as possible, according to the ISO 961411,12 require-

ments. For the measurements at discrete points, each partial

surface was divided into 0.5 m � 0.5 m squares. Using all

three probes led to 128 measurement points for the measure-

ments in the hemi-anechoic room, the open space, and the

reverberant room and to 78 points for the measurements in

the reverberation room. For single probe measurements, the

FIG. 10. (Color online) Holder to accommodate three sound intensity

probes on a microphone stand for the manual measurements.
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point number is 64 and 26, respectively. Sound intensity

was measured for 60 s at each point.

C. Measured quantities

1. Sound intensity and sound pressure

The sound pressure signals were recorded by a multi-

channel analyzer, which calculated the auto-spectra and the

complex cross-spectra in real time, using a fast Fourier

transform (FFT) algorithm with 6401 lines and applying a

Hanning window. The spectra were appropriately averaged

by the analyzer, depending on the measurement duration,

and they were further processed using MATLAB.

The sound intensity was calculated from the cross-

spectrum of each microphone pair according to

I xð Þ ¼ 1

x q 2 Dr
Im Sp1p2

xð Þ

 �

; (27)

where x is the angular frequency, q the air density, Dr the

spacer length, and Im Sp1p2
xð Þ


 �
the imaginary part of the

microphone pair cross-spectrum.22 The spacer length was

determined by the finite difference error,23 which is given by

DLI ¼ 10 lg
sin k 2 Drð Þ

k 2 Dr

� �
dB: (28)

For the measurements at lower frequencies, a 50 mm spacer

was used up to the frequency determined by Eq. (28) as the

point where DLI exceeds 0.5 dB. For the higher frequency

measurements, a 12 mm spacer was used.24

The one-third octave bands from 50 Hz to 10 kHz were

calculated from FFT bands by adding all M intensity FFT lines

xm belonging to the corresponding one-third octave band as

I ¼
XM

m¼1

I xmð Þ: (29)

In relation to the finite difference error, for the bands up to

800 Hz, the 50 mm spacer was used, whereas for the higher

frequencies, the 12 mm spacer was used.

For the sound pressure, this summation was performed

energetically by

p2 ¼
XM

m¼1

p2
A xmð Þ þ p2

B xmð Þ
2

" #
; (30)

where pA and pB are the sound pressure signals of each

microphone.

Due to the frequency characteristics of the TS and the

TSWA input signals, an alternative calculation of the one-

third octave bands was applied. In this, only the lines corre-

sponding to the one-third octave band center frequencies

and their directly adjacent lines were used (in total three

FFT lines for each one-third octave band). The adjacent

lines were considered due to the side lobes of the Hanning

window applied to the FFT analysis.

2. Pressure-residual intensity index

The pressure-residual intensity index is defined as the

difference between the indicated sound pressure level

Lp;Dp¼0 and sound intensity level of the residual intensity

LI;res, when the intensity probe is placed and oriented in a

sound field whose sound intensity is zero,12 using a specially

designed coupler. The index is calculated from Eq. (3).

The level of the residual intensity Ires is given by

LI;res ¼ 10 lg
Iresj j
I0

dB: (31)

The pressure-residual intensity index depends on the spacer

length. The relation between the spacer lengths used in the

study is

dpI0 50 mmð Þ ¼ dpI0 12 mmð Þ þ 10 lg
50

12
dB

� dpI0 12 mmð Þ þ 6:2 dB: (32)

For the residual intensity measurements, the Br€uel & Kjaer

ZI 0055 sound source was used. The generated signal is emit-

ted up to 5 kHz, which is the cut-off frequency of the built-in

filter. The source was also externally driven, but it was not

possible for frequencies above 5 kHz to emit. Due to the

application of the sound intensity measurements to frequen-

cies above 5 kHz, this value was used for higher frequencies.

The pressure-residual intensity index is given in Fig. 11. As

may be seen, the connection line appears to be sensitive to

many parameters, e.g., the microphone preamplifier. For this

reason, the pressure-residual intensity index was measured

each time there were changes in the connection line.

D. Extraneous noise

In the current state-of-the-art procedures, actions are

proposed in case extraneous noise disturbs the sound inten-

sity measurements.10–12 To investigate the influence of

extraneous noise, a set of measurements was performed in

the hemi-anechoic room. A loudspeaker used for facade

measurements was utilized as a source of extraneous noise.

It was positioned at a corner of the hemi-anechoic room so

that it radiated through the measurement surface. The loud-

speaker was fed with white noise by a noise generator.

Measurements were performed at various noise levels com-

pared to the time and surface-averaged sound pressure level

of the source. Measurements were performed with and with-

out noise. For the former, the difference between the level

of the source under test and the overall noise level was –10,

–5, 0, 5, and 10 dB. The level difference was individually

set for each source under test through a graphic equalizer.

An important characteristic of extraneous noise is its

stationarity. The measurements included both stationary and

non-stationary extraneous noise. The stationary noise mea-

surements were performed while the facade loudspeaker

was uninterruptedly emitting during the entire measurement.

The non-stationary noise measurements were performed by
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different configurations depending on the measurement

method. For the automated scanning, the measurements

were divided into four equal time intervals, and the noise

emission was successively switched, e.g., noise—no

noise—noise—no noise. For the automated measurements

at discrete points, the combination of measurements at dif-

ferent noise levels allowed the non-stationarity of the noise.

For half of the points, the measurements without noise were

considered, while for the other half, measurements with

noise were considered. The same approach was also used

for the manual measurements. For the partial surfaces paral-

lel to the facade loudspeaker axis, the measurements without

noise were used, while for the partial surfaces perpendicular

to the axis, the measurements with noise were used.

The measurements performed concerning the influence

of the extraneous noise are summarized in Table I, and those

concerning the influence of the surrounding environment are

shown in Table II (see Appendix).

E. Utility of the indicator Fp Inj j

The unsigned pressure intensity indicator is used to check

the presence of strong extraneous noise in comparison to the

signed pressure intensity indicator.10,12 In the theoretical inves-

tigation, it was shown that the deviation of the SWL from the

actual level is not correlated to this criterion. This was also the

case for the measurement results described in Tables I and II

(see Appendix). The measurement results were used as fol-

lows. The SWLs of all sources for measurements during strong

extraneous noise (Lp � Ln ¼ 0;�5; and� 10 dB) were con-

sidered. The deviation from the SWL determined after auto-

mated scanning measurements without extraneous noise was

set as the related SWL difference using

DLW noiseð Þ ¼ LW noiseð Þ � LW scan; no noiseð Þ: (33)

The SWL differences were checked according to the

FpIn � dpI0 criterion and are presented in Fig. 12 for both val-

ues of the bias error factor K. It must be noted that for the

SWL determination using a single probe, the corresponding

dpI0 was used, while for the case of three probes, the lowest

value of the three dpI0 was selected for each frequency. The

graph reveals no correlation between the two quantities and

is, thus, an experimental support to the theoretical findings

regarding the redundancy of the unsigned pressure intensity

indicator.

F. Investigation on the required number
of measurement points

An analysis was performed to check the correlation

between the non-homogeneity indicator FS and the number

of measurement points based on the discrete point measure-

ments as follows. The indicator was estimated using Eq. (1),

and following the theoretical calculation, the number of

minimum points was then calculated using Eq. (12). The

value of the factor C was 8, which corresponds to survey

grade results.10 As previously, the SWL difference was cal-

culated by setting the SWL determined after automated

scanning measurements as reference, using

DLW pointsð Þ ¼ LW discreteð Þ � LW scan; no noiseð Þ: (34)

As stated in Sec. IV E, the qualification of the results

was performed using the FpIn � dpI0 criterion of Eq. (8). The

SWL difference is shown against the number of minimum

points Nmin in Fig. 13. Again, a correlation between the

FIG. 11. Pressure-residual intensity

index for all microphone pairs. Each

line corresponds to a different date and

connection line. The index corresponds

to a 12 mm spacer.

FIG. 12. SWL deviation from the reference level against the difference

between the signed and unsigned pressure intensity indicator.
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SWL difference and the number of the required measure-

ment points is not supported.

V. CONCLUSION

This paper investigates the use of field indicators for

standardized measurements with a p-p sound intensity probe

that aim to determine the SWL of a source. In the current

ISO 9614 set of standards,10–12 the field indicators are used

to define criteria to assess the quality of the measured SWL

and to decide whether or not a valid result has been

obtained. To test the validity of these criteria, analytic calcu-

lations of the SWL measured by a p-p sound intensity probe

for sources of different order (monopole and dipole), in part

superposed by extraneous noise in the form of a plane wave

and a diffuse sound field, were performed. These calcula-

tions delivered new insights regarding the correlation of the

currently used field indicators with the deviation of the mea-

sured SWL from the actual SWL.

These theoretical results were confirmed by the results

of the experiments, described in Sec. IV. Thus, we conclude

that the unsigned pressure intensity indicator Fp Inj j and the

non-homogeneity indicator FS do not provide any useful

information regarding the quality of the measured SWL. We

propose to assess the quality of the measured SWLs using

solely the signed pressure intensity index FpIn in combina-

tion with the pressure-residual intensity index dpI0. The pre-

sent research can be the basis for further investigation,

which could be used as guidance in a future revision of the

whole ISO 9614 set of standards.

A revised and, thus, simplified ISO 9614 set of stand-

ards would help machinery manufacturers and other users

by reducing the measurement effort for the sound power

determination. This, in turn, will improve the reliability of

noise emission data of machines and ensure fair competition

toward quieter machines. Reliable noise emission data are

necessary for employers and users of machines to preferably

sell and buy quieter machines (Sell and Buy Quiet). With

reliable data, employers can more strategically replace noisy

equipment with quieter equipment. Replacing noisy equip-

ment with quieter equipment is one way to better protect

their workers from noise.
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APPENDIX

A descriptive list of the measurement sets that were per-

formed during the research project is presented. The list is

displayed in Tables I and II for better clarity.

FIG. 13. SWL deviation from the reference level against the minimum

number of measurement points.

TABLE I. List of measurements for the influence of extraneous noise.

Source Environment Measurement surface Sampling Lp � Ln Noise type

BS

Hemi-anechoic room

Hemisphere Scan, discrete points (automated)

Lp ,

�10 dB,

�5 dB,

0 dB,

5 dB,

10 dB Stationary, non-stationary

TS

BSWA

TSWA

BSWA Hemi-anechoic room þ reflection

TSWA

BS

Hemi-anechoic room Parallelepiped Scan, discrete points (manual)

Lp ,

0 dB,

5 dB,

10 dB

TS

BSWA

TSWA
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