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Abstract

Sound power is a widely applied quantity for the characterization of sound sources.
Its determination is based on measurements of sound field quantities. Despite the
state-of-the art measurement techniques, the sound power determination has some
disadvantages. Most significant is the low frequency limitation, with different
measurement methods leading to different results, which are expressed in broad
frequency bands. A new method is proposed towards the establishment of traceability
in airborne sound power. The realization of a primary source enables the free field
sound power to be determined. The study investigates the dissemination process by
which the sound power of a device under test can be referred to its free field sound
power. In addition, the related uncertainty can be explicitly determined. The method
of choice is the substitution method, which has been investigated both theoretically
and experimentally. Apart from the well-established sound pressure measurements,
the implementation of the substitution method also includes sound intensity
measurements. The theoretical investigation focuses on the different positioning of
the sources used in the substitution method, the substitution of sources of different
radiation order and the existence of an impedance boundary. The sound power of
aerodynamic reference sound sources has been examined since this type of source has
been chosen to be the required transfer standard. For the measurements a specially
designed scanning apparatus has been used. Sound power determination in calibration
conditions and in situ has been performed. The required correction has been derived
and successfully compared to an existing one. Sound pressure and sound intensity
measurements at realistic environments have taken place and their sound power has
been determined by applying the dissemination process. The sound power
determination includes both narrow and broadband analysis along with a transparent
uncertainty budget for the spectrum from 20 Hz to 10 kHz.






Introduction

When a source generates sound, it emits sound power causing sound to propagate
through a medium (in airborne sound air, this is), which reaches the human ear, where
it is detected as vibrations of the eardrum caused by the sound pressure fluctuations.
In this model, sound power is the cause and sound pressure the effect. As sound power
is closely related to the sound source, it is used to describe the source in terms of its
acoustic characteristics.

Sound power cannot be directly measured, but it can be indirectly determined by
measuring its effects: sound pressure and sound intensity. As it may be assumed, the
effects do not only carry the wanted sound source information but are also influenced
by additional conditions for the sound field. To understand the phenomena and to be
able to distinguish their effects, some definitions follow on a number of basic acoustic
concepts.

The sound power determination of any source includes measurements in an acoustic
field. This field is the interference of three components: a) the field, which is radiated
by the source itself and would exist in free field conditions, where sound propagates
in absence of reflecting boundaries, b) the same type of field radiated by sources
outside interest and c) the field related to physical phenomena such as reflection,
scattering and diffraction caused by surrounding bodies and surfaces [Fah95]. The
first component, is the one which describes the sound source of interest and can be
further divided into three field conditions, which are related to the geometry of the
source and the distance from it.

Closest to the source or adjacent to the vibrating surface is the hydrodynamic near
field, which extends to a distance less than a wavelength [Bie03]. In this region, the
pressure and particle velocity are nearly in quadrature (/2 phase difference), there is
fluid motion, but it is not directly related to sound propagation. Sound pressure
measurements in this field cannot be considered indicative for the radiated sound
power.

Next to the hydrodynamic field is the geometric near field [Bie03]. This extends to a
larger area than the hydrodynamic. Sound pressure is generally not inversely
proportional to the distance from the source, but relative minima and maxima occur.
Although the sound pressure and particle velocity can be in phase or may have a small
phase difference, there is no radial components from the source centre. Bies [Bie03]
mentioned a study in his book to determine the sound power in the geometric near
field but not with fully conclusive results [Bie93].

After the geometric near field, the far field starts and may extend to infinity. In this
field the particle velocity and sound intensity have only radial components, and sound
pressure and particle velocity are spatial angular [Fah95]. The far field exists when
three criteria related to the distance approximately from the source, the wavelength
and the characteristic source dimension are fulfilled [Bie03]. In the far field, the sound
power can be determined along with the directivity. These two quantities can fully
describe a sound source in terms of its radiated energy.
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The existence of an ideally free field is not feasible, but the existence of free field
conditions in confined spaces can be the case. The boundaries pose an impedance load
to the source and change the effective radiation impedance. The changes in the
radiation impedance have implications to the radiated sound power, especially when
reflecting planes exist, where an increase of 3 dB in sound power is seen in case the
source is positioned close to a reflecting plane, 6 dB near the junction of two reflecting
surfaces and 9 dB in the junction of three surfaces [Bie03]. This means that the sound
power that really exists in a realistic sound field is different from the sound power that
would exist in a free field.

Sound power can be determined by a series of standardized measurements utilizing
state-of-the-art measurement techniques. Each measurement technique is based on
assumptions concerning the existing sound field, which are not fulfilled for the whole
frequency spectrum between 20 Hz and 20 kHz, with large deviations at low
frequencies. Figure I exhibits an example of the different sound power levels of the
same source as a result of determination in different sound fields using different
techniques. The current measurement methods determine the sound power that is
really emitted, but it depends on the sound field and the measurement method.

This comes in contradiction to the characterization of the source based only to its
characteristics. To overcome this contradiction, the present study proposes the
characterization of the sound source based on its free field sound power, which is
independent from the acoustic environment. Anechoic or hemianechoic rooms are
qualified chambers, where free field occurs. In spite of determining sound power in
such rooms, it is not possible for any source of interest either to be transported or to
fit in such rooms.

The main concept of this study is to establish traceability for the unit watt in airborne
sound. In plain words, this could enable the sound power of any source of interest
located in any realistic environment to be referred to the free field sound power by a
chain of measurements with pyramid structure. The actual sources, such as equipment
or machinery, are located at the base of the pyramid. On top, a primary source of
known free field sound power is located. The measurement chain is completed by the
use of another source, which transfers the realistic sound power to the acoustic
laboratory. If each measurement step is adequately defined, the related uncertainty
can also be determined. This enables the sound power determination in metrology
terms.



Introduction

70
=
(: 60 [
o
S 50¢
M
o
»\1§ 40 —Reverberation room .
- -Hemianechoic room - pressure
------ Hemianechoic room - intensity
30 L L L
10° 10° 10*
Frequency / Hz

Figure I: Sound power level of a source determined in different sound fields using
different measurement techniques.

In chapter 1, the definition of sound power is given along with a literature review
about previous sound power research and the current limitations. The fundamental
concept of the substitution method is explained in section 1.5, along with metrological
terms. Chapter 2 presents a theoretical study of the substitution method, focusing on
the order of the source and the existence of a reflecting plane. The calibration of
transfer standards and the related uncertainty are discussed in chapter 3. The
properties of transfer standards and the influence of environmental and operational
conditions in their sound power are the subject of chapter 4. The determination of the
sound power and the related uncertainty of sources under test in realistic environments
are presented in chapter 5, including both sound pressure and sound intensity
measurements.
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1  Fundamentals of sound power

1.1 Sound power definition
According to ISO 80000 [ISO8000], the sound power P transported through a surface
is the product of the sound pressure p and the component of the particle velocity u,
at a point on the surface in the direction normal to the surface, integrated over that
surface. Sound power is expressed in watt and it relates to the rate per time at which
airborne sound energy is radiated by a source.

The sound power level expressed in decibels, is defined by [ISO8000]:

P
L, =101g[—de (1.1)
R’ef

where P is the reference value (10712 watt).

1.2 Use of sound power
The most common model in noise control problems is the source-path-receiver
system. Three acoustic terms describe the action: emission, transmission and
immision. Sound energy is initially emitted by a sound source, it is then transmitted
through a propagation path and is ultimately immitted onto a receiver as it can be
plainly explained by Figure 1.1. The source acoustic characteristics along with the
transmission path are valuable information for the receiver’s noise protection.

Source Receiver
(Emission) O ) > (Immision)

Path
(Transmission)
Figure 1.1: Sketch for the noise transmission from a source to a receiver.

Although the ear responses to sound pressure, the fact that this quantity is dependent

on the distance from the source and on the acoustical environment constitutes it as an
7



Chapter 1: Fundamentals of sound power

unsatisfactory descriptor of the emission. Instead, emission, which is related to the
ability of the sound source to radiate sound at specific directions, is described by the
sound power, which is not as greatly influenced by the surrounding environment
[Fah95] and the directivity, which describes the variation of the sound radiation with
direction [Ver06]. Sound power cannot be directly measured, but it may be determined
by either sound pressure or sound intensity measurements.

Since sound power describes the total sound power of the sound source, it is a useful
acoustic descriptor, which among others: enables the comparison of products of
different suppliers, may verify if a product meets specific noise control requirements
and can be used to predict the expected noise levels in diffuse or free field in case the
directivity is additionally known for the latter [Bie03]. The sound power is a
commonly used quantity in legislation or specifications related to the sound energy
emitted by sound sources. As examples, the European Union Outdoor Directive
[Dir14] requires the determination and declaration of the sound power of equipment
for use outdoors, the Machinery Directive [Dir42] relates the sound power to
requirements for safety issues and the Energy Labelling Directive [Dir30] uses the
sound power for standard product information. For the enhanced product data
evaluation by a consumer, the quote of the sound power information must be
comprehensively declared [Guel6]. The sound power, apart from a significant
acoustic quantity, is a consumer and trade tool, which must be kept updated to the
increasing demand for lower noise levels in modern daily life. For this, improvements
must be applied to many sound power aspects. For example, the determination of the
related uncertainty is of great importance [Car07] along with a new noise labelling
[Carl6].

The quantity of sound power is currently used in more than fifty ISO standards either
as the main topic (the term sound power included in the title) or as a supplementary
topic (the term mentioned in the main text) covering different types of sources (e.g.
noise sources, earth moving machinery, industrial fans, reciprocating internal
combustion engines etc.). The present study focuses on the sound power
determination of noise sources described by the ISO standards belonging to acoustics
field. There are seven standards determining sound power by sound pressure
measurements: ISO 3714 [ISO3741], ISO 3743-1 [ISO37431], ISO 3743-2
[ISO37432], ISO 3744 [1SO3744], ISO 3745 [ISO3745], ISO 3746 [ISO3746] and
ISO 3747 [ISO3747]. Three standards use sound intensity as the measurable quantity
for sound power determination: ISO 9614-1 [ISO96141], ISO 9614-2 [ISO96142] and
ISO 9614-3 [ISO96143]. Additionally, ISO 6926 [ISO6926] is also included, because
it describes the requirements of reference sound sources used for the sound power
determination.
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1.3 State-of-the-art in sound power measurements

Sound power has been for a long time a field for wide acoustic research. In this
paragraph, a literature overview is given to end up to the up-to-date sound power
measurement status. The overview mainly focuses on the topics, which will be further
discussed in the next chapters. These are: theoretical sound power studies, the use of
reference sound sources in sound power measurements, the use of sound pressure and
sound intensity to the sound power measurements and the related uncertainties.

The direct determination of sound power after sound pressure or sound intensity
measurements or after the application of the substitution (mentioned also as
comparison) method has been the topic of many studies. Lubman presented the errors
in sound power determination using both the direct and the comparison method in
reverberant environments [Lub74]. Hiibner [Hii731] discussed the errors concerning
the direct sound power determination in free field conditions in terms of different
measurement surfaces and different source positioning within the measurement
surface. The determination of sound power above a reflecting plane in free field
conditions was analysed by Holmer [Hol77]. The influence of a reflecting plane in
sound intensity measurements was discussed by Pope ([Pop86], [Pop89]). Russell
[Rus80] calculated the error propagation equations for various sound power
measurement techniques, including the substitution method in reverberation rooms.
Bies investigated the near field in sound power determination based on sound pressure
measurements [Bie93]. The near field error was also the subject of An-tze [Ant08]
paper. Probst [Pro89] argued about the angle error concerning the sound
determination over an enveloping surface including the mirror source modelling. The
differences between sound power levels by measurements at different acoustic fields
and their consequences to acoustic measurements were examined by Vorldnder
[Vor952]. Free field sound power measurements are performed in qualified anechoic
or hemianechoic rooms. The measurement bandwidth is an influential factor for the
qualification procedure and subsequently for the sound power determination in
narrow bands as it was shown by Wittstock [Wit042] and Cunefare [Cun06].

The environmental conditions affect the radiated sound power and therefore many
studies have dealt with the related corrections. The required acoustic environment
correction for the determination of the sound power level was examined by Hiibner
[Hii771], who also presented a first approach for the comparison of sound power under
reference meteorological conditions [Hii801]. Hiibner discussed about the relation of
the sound power to normalized environmental conditions [Hii992] and about the
influence of environmental conditions (static pressure) in the sound generation by
aerodynamic sources [Hi1772]. The same author suggested a correction for the effect

9
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of changing atmospheric pressure to sound generation by fans [Hii981]. A research
on the calibration procedure of reference sound sources was performed by Tsuei
[Tsul4], focusing on the environmental correction factors.

The errors in sound power determination are related to uncertainties. An attempt to
determine the uncertainty of sound power by the measurement reproducibility in
hemianechoic environments was made by Hanes [Han92]. Finke [Fin93] presented a
study on the uncertainty components during the sound power determination according
to ISO 3745 [ISO3745]. The need of clear statements of the uncertainty in sound
power measurements was highlighted by Higginson [Hig93]. Jacobsen provided an
overview on the sources of uncertainty in sound power measurements using sound
intensity ([Jac97], [JacO7]). The differences between the true and the determined
sound power value using the comparison method were investigated by Sehrndt
[Seh96]. The sound power level and its uncertainty by varying the source acoustic
parameters in a hemianechoic room were examined by Simmons [Sim04]. Loyau
[Loy07] explored the uncertainty related to the number of microphones, the angle and
the air impedance during sound power determination using sound pressure
measurements over a hemisphere. A work was undertaken by Caligiuri [Cal07], who
focused on the main uncertainty components for the sound power determination in
various cases. A study for the uncertainty of sound power emitted by pure-tone or
narrow band sources in a reverberation room was presented by Jacobsen [Jac09].

An important aspect of sound power determination is the use of reference sound
sources. The variations of the sound power of a sound source with the environment it
is placed in, were studied by Ballagh [Bal82] using both a monopole and a dipole. The
use of reference sound sources in the determination of the sound power and the related
accuracy was presented by Jonasson ([Jon86], [Jon88]). Tachibana studied the
differences in sound power in different boundary conditions by measuring sound
intensity [Tac89]. The need for narrow band sound power determination was
discussed by Hickling [Hic90]. The determination of sound power in reverberation
rooms focusing on the low frequencies was studied both theoretically and
experimentally by Agerkvist [Age93]. The sound power determination in factory halls
by applying the substitution method was discussed by Probst [Pro93]. A model to
study the sound power level deviations of reference sound sources in low and high
frequencies was presented by Campanella [Cam96]. A very comprehensive study
about the calibration of reference sound sources in free and reverberant field was
performed by Vorldnder [Vor951]. An experimental study dealt with the influence of
areflecting plane in an anechoic room to the hemifree field sound power of a reference
sound source [Yam14].

10
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Measurement automation was on the focus of some studies. Firstly, the measurement
of sound power using a moving microphone was applied [Brii76]. An automated
system for sound power measurements was presented by Yanagisawa [ Yan82]. The
use of the same kind of system for the measurement of sound intensity for the further
sound power determination was designed by Hickling [Hic97].

Apart from the well-established aerodynamic reference sound sources, alternatives
have been suggested. A proposal for an impulse reference sound source was made by
Tachibana [Tac96]. The use of a calibrated dodecahedron loudspeaker as a reference
sound source was proposed by Dragonetti [Drall]. Since the aerodynamic reference
sound sources generate wind, it is common for windscreens to be used. The effects of
the windscreens in sound pressure measurements were presented by Hessler [Hes08]
and in intensity probes by Jacobsen [Jac94]. A numerical investigation on the use of
windscreens was performed by Juhl [Juh06].

Influences on sound power determination have also been studied theoretically. The
reflection of a sound wave upon a reflecting plane has been the topic of many studies.
An initial approach was made by Ingard [Ing51]. A correction for the previous study
was proposed by Thomasson [Tho76]. A simulation for the sound power
determination based on sound intensity utilizing a computer program was performed
[Lav92]. Another simulation on the sound power determination was provided by Wu
[Wu86], where a theoretical model was developed to compare the sound power after
a finite number of sound intensity measurements and the actual power that passes
through the same surface. The sound intensity of two interfering monopoles in the
near field was the scope of the study of Krishnappa [Kri83]. Taking this work a step
further, the same author provided both theoretical and experimental results on near
field sound intensity of a monopole over a reflecting boundary [Kri87]. The number
of samples on the measuring surface was discussed by Tohyama [Toh87] for the free
field method. Continuing his previous research, Tohyama [Toh88] considered
different types of finite-sized sources for sound power determination. The errors due
to the finite distance between the two microphones of the intensity probe were
calculated based on theoretical expressions given by Shirahatti [Shi88].

Mechel discussed the propagation of a spherical wave above a reflecting plane
[Mec891]. Tohyama [Toh90] also investigated the errors due to the determination of
the averaged mean sound pressure over the measurement surface. A theoretical study
about the errors in sound intensity measurement in case of a dipole source was
discussed by Shirahatti [Shi92]. The mathematical background for the sound intensity
scanning method was calculated by Paterson [Pat93]. The effects of sound pressure
interference were discussed by Corréa [Cor94]. For the propagation of sound above a
reflecting plane, a model based on the complex image theory was also presented

11
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[LiY96]. A floor reflection model was used to investigate the differences on the sound
power level of a reference sound source related to the distance between the source
acoustic centre and the microphone [Cor96]. The sound propagation near an
impedance plane concerning a dipole was discussed by Li [LiK97]. A sound source
model above an infinitely large floor was designed to study the errors in sound power
determination based on both sound pressure and sound intensity measurements
[Suz07]. The reflection from a rough surface was considered for the theoretical
calculation of the sound intensity of a monopole source [Max12]. The effect of a
reflecting plane on the calibration of a reference sound source was experimentally and
theoretically investigated by Yamada [Yam15]. The effect of a finite size reflecting
boundary on the determination of the sound power in an anechoic room was also
analyzed by Zhong [Zho18].

14 Limitations of current methods

The sound power determination of airborne sound can be performed by sound
pressure, sound intensity and vibration measurements. The guidelines for the selection
of the appropriate method are described by [SO 3740 [ISO3740]. The main parameters
of the selection are the type of the sound source, the measurement environment and
the desired accuracy. The present study focuses on the sound power determination
based on sound pressure and sound intensity measurements as it has already been
described in section 1.2. Table 1.1 summarizes the state-of-the-art sound power
determination applications according to the up-to-date ISO standards [ISO3740].

Based on the table, sound power can be either directly determined by sound pressure
or sound intensity measurements or determined by the substitution (comparison)
method by sound pressure measurements using a reference sound source. There is no
procedure to refer the sound power of a source to the sound power of a primary source.
Although at each standard the related uncertainties are provided, an uncertainty
budget to explain in detail the sources of uncertainty at each step of the sound power
determination is lacking. Only broadband frequency analysis may be used from
100 Hz for sound pressure and 50 Hz for sound intensity measurements. Below the
low frequency limits, there are deviations among the different sound power
determination procedures. A scanning mechanism to measure sound pressure or sound
intensity of a stationary source over a fully covered surface does not exist. Any
corrections related to the reference sound sources assume their dipole behaviour,
which has not been explicitly studied. To overcome the above limitations is the
motivation and the starting point of this thesis.

12
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Before the discussion of the theoretical and experimental results, an introduction to
the metrological term of traceability is given in the next section. The substitution
method is also explained, since it is the basis for the calculations presented in the
study.

Table 1.1: Up-to-date standard specifications for sound power determination.

3741: 3743-1: 3743-2: 3744: 3745: 3746: 3747:
2010 2010 2018 2010 2012 2010 2010
Sound pressure
Acoustic environment
Essentially In situ
Reverberation Hard-walled Speclal‘ free field Anetch()lc ().r over Essentially
reverberation over hemianechoic . reverberant
room room . reflecting g
room reflecting room field in situ
plane
plane
Precision grade
Pre(clljlon Engineering (2) Precision (1) Survey (3)
Character of source sound
Steady, Steady,
broadband, broadband,
narrow Steady, broadband, narrow An narrow
band band or discrete frequency Y band
or discrete or discrete
frequency frequency
Source volume
Volume no Measurement
more than radius more
2% of test Volume no more tlh an 1% of reqml\lc(:inm than double No restrictions
room test room volume ! > | characteristic
volume dimension
Frequency analysis
130ct | 1/1 oct [ 1/3 oct [ 1/1 oct
Lowest frequency
100Hz | 125 Hz [ 100 Hz [ 125 Hz
Sound power determination method
Di Di
ITeCt. Substitution ITeCt. Direct Substitution
Substitution Substitution

(Table continues to next page for sound intensity measurements.)

13
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9614-1:
1993
Sound intensity
Acoustic environment

9614-2: 9614-3:
1996 2002

No requirement
Precision grade

Precision,
engineering, | Engineering, | Precision
survey survey (2,3) | ()
(1,2,3)

Character of source sound

Steady, broadband, narrow band
or discrete frequency

Source volume

No restrictions
Frequency analysis
1/3 oct
Lowest frequency
50 Hz
Sound power determination method
Direct

1.5 Traceability of sound power unit

A new approach has been proposed for the sound power determination ([Witl3],
[Witl4]). According to this approach, the in situ sound power of a sound source may
be referred to the free field sound power of the same source by establishing
traceability.

By definition [JCG12], traceability is the property of a measurement result when it
can be related to a reference through a documented unbroken chain of calibrations.
Figure 1.2 shows the calibration chain for the proposed traceability of the unit watt in
airborne sound. The free field sound power of a primary source under calibration
conditions (top) is disseminated by a transfer source (middle) and used for the
determination of the in situ sound power of real sources (bottom) using the
substitution method. This way, the free field sound power of the real sources is
expected to be determined. The application of the substitution method at each
dissemination step ensures except from the sound power, the determination of the
related uncertainty as well, which is also a prerequisite for the establishment of
traceability.

The following sources may be used as an introduction to metrology concepts: [Tay94],
[Gol10], [Und18], [Bir03], [BelO1], [Str18].
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4= Primary source

Calibration
conditions

. Transfer source

Equipment,
machinery etc.

Figure 1.2: Sound power traceability chain.

The substitution method relates the known sound power level of a source to the
unknown sound power level of another source by also calculating the difference
between the surface and time averaged sound pressure levels of the two sources. It is
described by:

lW, unknown lW , known + Lp, unknown Lp, known (1 2)

where L, is the sound power level and Z the surface and time averaged sound
pressure level [Ver06].
To avoid low frequency effects such as near field and room modes, the present

contribution also investigates the application of sound intensity level L,, to the
substitution method. Eq. (1.2) is accordingly modified to:

lW,unknown :lW,known +L1,unkn0wn _LI,known (13)

The related uncertainties can be generally described by:

u? (Lw,unknown ) =u’ (LW,known )+ u? (Lp, unknown — Lp, known ) 1.4

u (LW unknown ) =u’ (LW,km)wn )+ u? (LI,unknown Ly xaown ) (1.5)
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Chapter 1: Fundamentals of sound power

where u? is the variance of the probability distribution of the quantity in parenthesis
[JCGOS].

Sound power traceability aims to improve the sound power determination deficiencies
as described previously and shown in Table 1.1. The application of the substitution
method is expected to eliminate low frequency limitations and thus, to expand the
usable frequency range below 50 Hz. Finer frequency resolution would enable the
sound power determination of tonal sources. A specially designed apparatus would
provide more robust surface and time averaged levels. A combined uncertainty can be
determined by the partial uncertainties of each substitution step.

A starting point for the determination of sound power using the substitution method
by including both sound pressure and sound intensity is the investigation of the
procedure in theory. A number of models were implemented in order to examine the
factors that influence the substitution method, and to which extend. The description
of the modelling and the related results are presented in the next chapter.
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2 Theoretical considerations for the substitution method

The theoretical determination of sound power has been an intriguing topic for many
acoustic studies. These studies have mainly focused on the direct sound power
determination, and few have been related to the substitution method, providing the
need for further investigation. In this chapter various influential factors of the
substitution method are examined, in order to provide a theoretical background for the
evaluation and interpretation of the substitution method results based on both sound
pressure and sound intensity measurements as presented in chapter 5.

The following paragraphs describe the theoretical implementation of the substitution
method focusing on various influential factors. Different source orders were
considered (monopoles and dipoles) and the substitution method was applied using
both sound pressure and sound intensity. The substitution includes the comparison of
sources of the same order (e.g. monopole-monopole and dipole-dipole) and of
different order (e.g. monopole-dipole). Calculations were performed for free field
conditions and for the presence of reflecting planes. For the latter, both plane and
spherical wave approach were considered.

<o

<p
£ S 4

b4 T,
I—»X 0
Figure 2.1: Geometry of a point source, which emits spherical sound waves and a
receiver for sound emission above a reflecting plane.

2.1 Reflection over impedance plane

The substitution method is applied in realistic acoustic environments, which include
reflections from surfaces. A simple example is the highly reflecting floor of a
hemianechoic room. For the influence of such surfaces on the theoretical calculation
of the sound pressure and sound intensity over a surface, two methods were
considered. Firstly, the Sommerfeld [Som09] solution was implemented and
secondly, the mirror source model [Vor08]. In both methods only specular reflections
were considered since the investigation was more focused on lower frequencies.
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Chapter 2: Theoretical considerations for the substitution method

Figure 2.1 shows a point source S emitting spherical waves above a reflecting plane
while the direct and reflected sound is detected by a receiver P. Mechel [Mec892]
provided a comprehensive study for the derivation of the sound pressure at the
receiver point, which was used as the basis for the analysis in this chapter. The
positioning of the source and receiver was described by spherical coordinates. An
example of a spherical coordinate system is shown in Figure 2.2.

Z

(}’, eel’ goaz)

A - ——
<V

Figure 2.2: Spherical coordinate system.

According to Figure 2.2, the position of the source and the receiver may be described
in spherical coordinates as:

X =rsinf, cos,,
y=rsing, sing,, .1
z=rcosf,

where r is the distance from the coordinate system origin, 6, is the elevation angle
and ¢,, is the azimuthal angle (the elevation and azimuthal angle increments follow
the corresponding arrow notations of Figure 2.2).

The sound pressure at the receiver point consists of the direct and the reflected part
and is given by:

—Jjkrs
p(xsyvz):pdir +preﬂ ZJPqu 4

+ Pren (22)
5

where p is the air density in kg/m’, ¢ the sound speed in air in m/s, k the
wavenumber in m™! and ¢ the effective complex source strength in m*/s [Fah98].

As it can be seen in Figure 2.1, the sound reflections are strongly dependent on the
incidence angle on the reflecting plane. In order to provide an exact solution, Mechel
18



Chapter 2: Theoretical considerations for the substitution method

[Mec892] suggested the decomposition of the spherical wave into an infinite sum of
plane waves. Thus, the reflected sound is described by:

pck’q
4z

Pret spherical = j Jo (krsin@)e F70) < R(9) singdo 23)
Ty

where J, is the Bessel function of zeroth order. For the calculation of the Sommerfeld
integral in Eq.(2.3) complex angles must be taken into consideration to account for all
possible directions of the propagation vector. As it can be seen in Eq.(2.3), the angle
dependent reflection factor R(#) and the phase shift related to the path followed by
each reflected plane wave from the source to the receiver are taken under
consideration. The angle dependent reflection factor is given by:

_&cosO-1

R(9)=2227
) EcosO+1 24

where & is the specific acoustic impedance of the reflecting plane normalized by the
air characteristic impedance pc .

Suh [Suh99] provided a well-established numerical integration method for Eq.(2.3).
According to this approach, the Sommerfeld integral is divided into a definite integral
for the interval [0,7/2) and an improper integral for the interval
(7/2+ jO,7/2+ joo]. Suh [Suh99] showed that the improper integral converges
except grazing incidence and that the angle step A@, which replaces d€ , must be as
small as possible for better accuracy.

For an approximation of Eq.(2.3) the mirror source model is usually used. The
simplification of the configuration of Figure 2.1 is shown in Figure 2.3, where the
source sound waves can be considered to be plane instead of spherical. In this model,
the principles of geometrical acoustics are followed. Similarly to optics, in
geometrical acoustics the sound waves are dealt as rays [Vor08]. The mirror source
model is widely used in room acoustics, especially after Allen [All79] showed that it
can provide results equivalent to those after solving the Helmholtz equation for the
case of rectangular rooms. The approximated form of the reflected sound becomes:

e—jkrsv

preﬂ,plane :.]kaq R(QO) (25)

4rry

The approximation of prefl, spherical tO Prefl, plane May be the cause of errors especially
in the near field, because it violates the wave equation [Mec892]. Then three main
error sources may be identified when: the sum of the source and the detector heights
(z+2zy) is not large enough compared to the wavelength, the reflection factor R
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Chapter 2: Theoretical considerations for the substitution method

exhibits strong angular variation at the specular reflection angle €, and the specular
reflection angle 6, is close to grazing incidence. Usually, the Sommerfeld integral is
used in room acoustics for the error calculation, while the mirror source model is
applied for the main sound field calculations ([Suh99], [MAr14]).

An influential factor of the substitution method is the source positioning and its
distance to the receiver. Additionally, near field effects also influence the substitution
method. The theoretical calculations of the substitution method were performed
including both the Sommerfeld integral and the mirror source approach.

For the purposes of the present study, the substitution method has also been applied
using sound intensity apart from sound pressure. The calculation of the sound intensity
based on the sound pressure follows.

The sound intensity vector of the source S in the direction of the radial component 7
can be calculated according to [Fah98]:

1 "
I =5Re[p(rs)-ur ("s )J (2.6)

with u, being the complex conjugate of the radial particle velocity in m/s, which is
related to the sound pressure according to [Fah98]:

P
u, (rg)= o 1 o(s) 2.7

Wpog P O

where @, is the angular velocity in rad/s.

s

Wi,

z T,
L»x 0
Figure 2.3: Geometry of a point source, which emits plane sound waves and a receiver
for sound emission above a reflecting plane.
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The estimation of the gradient can be approximated [Ver06] and Eq.(2.7) becomes:

1 p(rS +Ar/2)fp(rszr/2)
J Oprg P Ar

u () =—

where Ar is the distance in m of the positions at which the sound pressure is

(2.8)

determined and must be much smaller than the wavelength of interest. The distance
Ar is equivalent to the length of the microphone spacer of the intensity probe used
for sound intensity measurements. For the simplification of the sound intensity
calculation, all distances between each source and each receiver were expressed in
relation to the axis origin, because this ensures the calculation of the intensity normal
to the measurement surface component as indicated by Eqs.(2.7) and (2.8).

In general, the distance between two points, positioned at (x1 5% ,zl) and
(x2 V2.2 ) , may be calculated by:

A:\/(xz X )2 +(y2 - )2 +(zz -z )2 (2.9)

As an example, the distance 7y between the source S(zo ,0,0) and the receiver
P(r,Hel ,(paz) in Figure 2.1 is:

g = \/(—rsin 0, cosp,, )2 +(—rsin 0, sing,, )2 +(z0 cosO—rcosf, )2 (2.10)

which ultimately provides:

% :r\/zé/r2+1—220/rsin€el cos @, (2.11)

Using Eq.(2.11) the direct sound may be expressed as:

efjkr\izg 2 +1-22g /rsin G cos gy,

Par =Jpckq (2.12)
47rr\/z§/r2 +1-2z,/rsiné, cosg,,

According to the analysis of Suh [Suh99], Eq.(2.3) is expressed as:
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jjgh[m@m@ﬁm@J
0

s e—jkr(cosﬁe]+zo/r)cos®l % §COS®1 -1
jpckq &cos®, +1

p refl, spherical =
4 ®
—J- Jy [kr(siné’el )cosh@)2 J
0

e—kr(cosed +20/r)sinh©, < -j+ §sinh®2
j+&sinh @,

sin®, dO©,
2.13)

cosh®, dO,

where ®, and ®, are the real and imaginary reflection angles, respectively.

The reflected sound for the mirror source S’ positioned at (zo ,7r,0) and by applying

Eq.(2.10) is expressed as:

preﬂ, plane =
-1+ ¢
sin? 0,
. . I+ —
. e*]kr (z0/r)” +1+220 /rcos 6y ((:os@el + 2 /I’) (2.14)
jpckq > ) 4
47rr\/(z0/r) +1+2z,/rcos, 1+
" sin? 0,

(cosb, + 2, /r)2

The same analysis may be applied to the equations for the particle velocity of the
reflected sound for both spherical and plane wave approach.

2.2 Measurement surface

The substitution method requires the determination of the surface and time averaged
sound pressure or sound intensity of both sources. A grid of receivers may sample the
surface over which the sound power is to be determined. This comes in contrast to
room acoustics calculations, where a pair of a source and a receiver is usually
considered. The number of receivers increases the computational time, especially in
the case of the Sommerfeld integral evaluation [MAB16].

22



Chapter 2: Theoretical considerations for the substitution method
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Figure 2.4: Hemispherical receivers grid for coaxial circular (black) and helicoid
(grey) positioning.

The measurement surface was chosen to be spherical for free field considerations and
hemispherical for the case of hemianechoic sound field, which is in tandem with the
measurements performed concerning the substitution method. This way, the receivers
have the same distance from the source in case it is located at the centre of the sphere
or hemisphere. Apart from the surface shape, the positions of the microphones also
play an important part in the sound power determination. The surface must be
representatively sampled, otherwise errors may occur, such as in the case of highly
directional sound sources or irregularly shaped sources. Figure 2.4 shows two
different measurement surface configurations that were compared for the receivers
grid determination. The first configuration consists of a coaxial circular grid of
receivers. In the second, the receivers are positioned along a helicoid path. The
spherical coordinates for the spiral path positioning can be calculated using Eq.(2.1)
for the following elevation and azimuthal angles:

Spherical helix Hemispherical helix
0<g, <27M 0<g, <7M
(2.15)
6, = cos™ &—1 6, = cos™! Lz
M M

where M is the number of helices.

The calculation of the surface and time averaged sound pressure and sound intensity
values requires attention in terms of the surface weighting, so as the partial surface to
be properly sampled by each microphone [Nob99].
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For a coaxial configuration of n,. receivers, the surface and time averaged sound
pressure level is given by:

1 N
. 1 Jirec ERe{(pdir + Dren )'(pdir + prel'l) dSi}
L, =10lg| — dB (2.16)

2
St = Dret

where Re denotes the real part of a complex quantity, * denotes complex conjugate,
Sy is the total surface area, dS; = r” sin6), d6, d,, is the area element covered by
the i-th receiver and p,; = 20-10° Pa.

The surface and time averaged sound intensity level is given by:
Trec lRe (Pdir + Drefl ) : ur, dir+ ur, refl ) dSl
1 2

L, =10lg| — -

[ —— ref

dB 2.17)

where 1 =107" W/m2 .

Correspondingly, the surface and time averaged sound pressure level for a helicoid
configuration of n__ receivers is given by:

1 *
Nyee ERe{( Pdic T Pren )-(Pdir + Prent ) } / Nyec

L, =10lg -
i=1 pref

dB (2.18)

The surface and time averaged sound intensity level is given by:

1 *
_ Mrec —Re {( pdir + preﬂ ) : (ur,dir + Mr, refl ) }/nrec
L, =10lg -

dB (2.19)

i=1 ref

Eqgs.(2.18) and (2.19) require only the division by the number of receivers due to the
cosine weighting of elevation angles as shown in Eq.(2.15).

Figure 2.5 shows the surface and time averaged sound pressure for both coaxial and
spiral configurations as shown in Figure 2.4 for various numbers of receivers. A
reflecting plane with £ =5-11j after Suh [Suh99] was considered on the reflections
of the hemisphere base and the mirror source model was used. The sound pressure

24



Chapter 2: Theoretical considerations for the substitution method

calculations were performed using Eq.(2.12) and Eq.(2.14). The sound intensity was
calculated using Eq.(2.8). The parameters for the calculations were: zo =0.1m,
r=2m and Ar=2cm. The effective complex source strength was frequency
independent ¢ =10 m’ / S.

60
40
20

L,/dB re 20 pPa

60
40
20

/dB re 10712 W/m?

Lr

Coaxial
60
40
20
—60 pts
100100 107 |- 50 s
Coaxial 325 pts
60
40
20

10 102 100 10°
Frequency / Hz

Helicoid

10°

Helicoid

....
,,,,,

10 102 100 10°
Frequency / Hz

Figure 2.5:Time and surface averaged sound pressure (top) and sound intensity levels
(bottom) for various numbers of receivers. Left column: coaxial receiver
positioning. Right column: helicoid receiver positioning.
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Figure 2.6:Surface and time averaged level difference for sound pressure (top) and
sound intensity (bottom) between the plane and the spherical wave

approach for various angle steps.
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In Figure 2.5 the number of receivers influences the averaged sound pressure and
sound intensity level in the coaxial configuration, since a number of microphones are
placed at the same height above the reflecting plane as seen in Figure 2.4. This is not
the case for the helicoid configuration. Figure 2.5 also shows that in case of helicoid
configuration a smaller number of receivers is required for the same result. Based on
the above, the helicoid configuration has been chosen for the further calculations of
this chapter.

23 Angle resolution

The estimation of the surface and time averaged levels becomes more tedious in the
case of the Sommerfeld integral calculation, due to the additional computational cost,
mostly related to the angle step Ad. For the analysis provided by Suh [Suh99] and
Aretz [MAr14] the proposed value was 107. A helicoid configuration of 189 receivers
above the same reflecting plane as for the calculations of Figure 2.5 was used and the
averaged sound pressure and intensity level was calculated for both plane and
spherical wave approach. For the latter, the following angle steps were used:
A = [10" 102 103 10**]. Figure 2.6 shows the level difference between plane and
spherical wave approach as described by:

-L

‘p/ 1, spherical

AL, =L

‘p/1 , plane

(2.20)

As it can be seen, the level difference remains the same for angle steps starting from
1073, This was the value used for the calculations reported in this chapter.

24 Sound intensity calculation

Sound intensity may be calculated either by Eq.(2.7) or Eq.(2.8). The configuration
described in Figure 2.4 was used and the surface and time averaged sound intensity
level over the measurement surface was estimated for both the pressure gradient and
the approximation method.

The calculation of the pressure gradient was performed in Mathematica (ver. 11.1.1).
Figure 2.7 shows the effect of the spacer for the pressure gradient approximation
above 10 kHz for both plane and spherical wave approach. For the spherical wave
approach, both sound intensity calculations provide the same results. This is not the
case for the plane wave approach where the sound intensity level differs between the
two intensity calculation methods. The results between plane and spherical wave
approach also differ, as expected. Additionally, the computational time using the
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pressure derivative decreases significantly compared to the time using the gradient
approximation. The spherical wave approach is more time consuming because of the
Bessel function estimation. For the sound intensity calculation based on the pressure
derivation, one Bessel function must be evaluated, while for the gradient
approximation two Bessel functions are needed. For the above reasons, Eq.(2.7) was
further used for the calculation of the sound intensity.

H 60t

~

E 50r

T

= 40

2 —Plane wave - derivative

93 30 —Plane wave - approximation

‘E 20 Spher@cal wave - derivat@ve .
""" Spherical wave - approximation

1 1 |
10° 10*
Frequency / Hz

Figure 2.7: Calculated surface and time averaged sound intensity level using sound
pressure derivation and approximation for plane and spherical wave.

2.5 Generalization of the results

For generalization purposes, it would be advisable to relate any frequency of interest
(20 Hz—20 kHz) to a range of radii through the Helmholtz number (H = kr). Similarly,
any source displacement from the axis origin may be expressed as a ratio of the
measurement radius

L == 2.21)

The line segments that define the translation of the source, have been taken into
consideration as coordinates e.g. z, for translation above the x-y plane and —z, for
translation below the x-y plane. This way a single equation may be used for a specific
source translation. Thus, Eq.(2.12) becomes
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) efjH \’LE +1-2 L, sin G, cos @y,
Par =JPCk™q . (2.22)
47H |2 +1-2L_sin6, cosg,

2.6 Translation of the substituted source

The aim of the substitution method is to determine the unknown sound power level of
a source by comparing it to the known sound power of another source. The sound field
quantity of sound pressure for both sources must be measured. Part of this study is the
implementation of the substitution method using the sound intensity as well, which is
also a field quantity. By definition, both sound pressure and sound intensity values
depend on the sound environment. This dependency along with the aim to determine
the sound power of the unknown source that would be emitted in free field conditions,
makes the theoretical investigation of the substitution method imperative.

The theoretical calculations focused on three main aspects: i) the substitution of
sources of same or different order, ii) the position of the substituted (of unknown
sound power) in relation to the position of the known sound power source and iii) the
existence of an impedance plane. Two sources were chosen: a monopole and a lateral
dipole. All sources had the same effective complex source strength (g = 105 m%/s).
For the determination of the sound pressure and sound intensity, the dipole was
implemented as the combination of two monopoles of opposite sign. Figure 2.8 shows

®
°
O

Figure 2.8: Sources for the theoretical investigation of the substitution method.
Monopole (left) and lateral dipole (right).

the sources considered.

The substitution calculations may be divided in two main categories: a) the substituted
source to be of the same order as the known (monopole-monopole, dipole-dipole) and
b) the substituted source to be of different order to the known (monopole-dipole).
Table 2.1 summarizes the theoretical calculations configurations.
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Table 2.1: Configurations for the theoretical application of the substitution method.

Unknown Sound field Translation of

Known source the unknown
source (measurement surface) source
Monopole Monopole o Free field (sphere)
Dipole Dipole o Hemifree / highly reflecting
floor (hemisphere). Plane
and spherical wave
approach for the reflected Vertical and
sound. .
. . . horizontal
Monopole Dipole e Hemifree / highly

absorbing side wall
(hemisphere). Plane and
spherical wave approach
for the reflected sound.

Figure 2.9 visualizes the substitution method geometry configurations as mentioned
in Table 2.1. Table A.1 in Appendix A contains the spherical coordinates of the
original and mirror sources for the configurations depicted in Figure 2.9. Figure 2.10
and Figure 2.11 provide a geometry explanation of the distances from Table A.1.
Following the generalization approach described in Eq.(2.21), similar replacements
are:

L, =— (2.23)
r
Ax
Dx=— (2.24)
r
and
d
D=— (2.25)
r

For the derivation of the sound pressure and intensity equations, apart from the
spherical coordinates of the source position, the specular reflection angle is also of
great importance. Table A.2 contains the reflection angle for the geometries shown in
Figure 2.9. For the calculation of 7 and 7, the coordinates of Table A.1 may be
applied in Eq.(2.9). The angles of Table A.2 may be used for the calculation of the
reflection factor of Eq.(2.4). This way the sound pressure equations for the original

and the mirror source may be derived. For the reflected sound pressure according to
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the spherical wave approach, the values of Table A.2 may be used in the following
way. The nominator of each arctan function corresponds to the parenthesis factor of
the Bessel function in Eq.(2.13). Accordingly, the denominator corresponds to the
parenthesis factor of the exponential function. For both plane and spherical wave
approach, the particle velocity for the sound intensity calculation may be made using

Eq.(2.7). For the derivation of Eq.(2.13) the following equation may be used:
{ j f(x)dx} :I S(x)dx (2.26)

2.7 Number of receivers and frequency resolution

Another important parameter of the theoretical calculations was the number of
receivers that constitute the measurement surface over which the averaged sound
pressure and sound intensity must be determined. In room acoustics modelling, a
single pair of source-receiver is usually used for the calculation of the related acoustic
parameters. This is not the case in the present study. Boucher [MAB16] used various
half-space solutions in order to investigate interference effects. Among solutions, the
Sommerfeld integral was initially included as a potential candidate. For calculations
of many receiving points this solution was excluded, because of the high
computational time. Ultimately, the Sommerfeld integral solution was rejected as
being the most time consuming.

For the present calculations, apart from the number of receivers, the frequency
resolution was also of great importance, since the difference between the plane and
the spherical wave approach is higher at low frequencies. On the same frequency
range, the substitution method aims to widen the applicability of the sound power
determination. Thus, a finer than the one-third octave band resolution was required.
The different positions of the translated source also increase the computational time.
After experimental trial, the Helmholtz number vector was determined by 310
logarithmically spaced frequency lines ranging from 1073 to 10°. Comparison between
results of the same geometry but of different frequency resolution, revealed
differences in high frequencies, with the finer resolution spectra to be smoother than
those with coarse resolution. The frequency resolution was decided not to be increased
because it is an order of magnitude larger than one-third octave band analysis. More
frequency lines would demand more computational time, which should be as limited
as possible in order to make the theoretical model easy to use in case of future
applicability to realistic measurements. Apparently, the same resolution applies
globally to all calculations.
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Figure 2.9: Geometrical configurations for the substitution method. Top: free field
conditions. Middle: Reflecting floor. Bottom: Absorbing side wall.
Vertical and horizontal translation.
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Figure 2.10: Geometry explanation for monopole mirror source.
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Figure 2.11: Geometry explanation for dipole mirror source.

The number of receivers was set to 126 or 252 using Eq.(2.15) for hemispherical or
spherical measurement surface respectively. More specifically, for hemisphere and
sphere, the number of helices was set to M =4 and the azimuthal angle step was 0.1.
These settings led to computational time in the range of 50 mins for the case of a
vertically translated dipole over a reflecting floor (see Figure 2.9) for five translation

positions.
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2.8 Free field substitution

The substitution method was initially applied in free field conditions with the sources
positioned within a spherical measurement surface. The known source was at the
centre of the sphere whereas the unknown source was translated both vertically and
horizontally as shown in the two top graphs of Figure 2.9. The free field sound
pressure of the monopole is given by [Fah98]:

_jH
g = jpckg 2.27
pmon. free field JpP q ArH ( )
The radial component of the particle velocity using Eq.(2.7) is:
2 < 2.28
u ree field =k q(1+ jH .
1, mon, free field q( J ) ArH ( )

The free field sound pressure enables the surface and time averaged sound pressure
level to be calculated following Eq.(2.18), as:

1 *
Vrec — Re{p ‘mon, free field * Pmon, free field } Mee
~101g E .
i=1 Pret

L

dB  (2.29)

'p, mon, free field

Similarly, the surface and time averaged level of the sound intensity normal
component is:

n, 1 R *
ree —RE pmon, free field Mr, mon, free field Npee

L ~10lg Z

‘I , mon, free field
I ref
i=1

dB  (2.30)

In order to relate the sound power level to the generalization of the mathematical
expression, the free field sound power of the monopole was calculated as:

e .
ree —IRC Phron, free field " U, mon, free field Nee 4 7Z'H2
P, k*

ref

LW,mon, free field — 10]g dB (2.31)

i=1

The same procedure was followed for the dipole free field analysis. The free field
sound pressure of the dipole is:
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Plip, free field =

The particle velocity was calculated for each dipole pole as the contribution of each
source to the overall sound intensity [Fah95]:

1 =(ps+ +ps )u; -i-(pS+ +ps. )u; (2.33)
The radial component of the particle velocity is:
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Using Eq. (2.33) the averaged levels are:
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The dipole free field sound power level is given by:

e | LRe !
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pay Mee
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x 2
e | 1 . k 2.37)
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+
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The substitution method was implemented for all cases described in Table 2.1 for the
following translation increments: L. = [-0.1 -02 -03 -04 -0.5] and
L;=10.10.2 0.3 0.4 0.5] (see Figure 2.9). The sound power of the unknown source
after applying the substitution method was compared to the free field sound power
according to:

ALy :lw,sub _lw,rreeﬁeld (2.38)

Figure 2.12 shows the sound power level differences for all configurations considered.
If both unknown and known source are monopoles, the substitution method provides
deviations up to 0.47 dB when sound pressure is used. The deviations become
negligible if sound intensity is used. The use of sound pressure becomes critical in
case at least a dipole is included. The deviations can be up to 3 dB for vertical
translation of the unknown source and 2.5 dB for horizontal translation. Sound
intensity is also in this case insensitive to the translation of the unknown source. The
substitution method yields large deviations in the case where the sources are different
(known: monopole, unknown: dipole) when sound pressure is used. This is not the
case when sound intensity is used. The deviations remain up to 0.2 dB for horizontal
translation. In overall, Figure 2.12 justifies the use of sound intensity for the
substitution method, since it provides results close to the free field values for all
configurations for which the calculations were performed.

2.9 Substitution including an impedance plane

The substitution method was also applied for the case of an impedance plane.
Figure 2.9 shows the translation of the unknown source for the case of a reflecting
floor and a reflecting side wall. Compared to free field calculations, the reflection
factor must be included in the calculations. This includes the specific acoustic
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impedance &, which for a locally reacting boundary is independent of the incidence
angle [Kut79]. On the other hand, the reflection factor depends on the cosine of the
reflection angle € as described by Eq.(2.4). According to Kuttruff [Kut79] the
absorption coefficient is related to & and the reflection angle for the case of oblique
incidence (see Figure 2.3) through:

4Re{§}coso9
a(6)= . ° (2:39)
(|§|cosé’0) +2Re{§}cos90 +1
m
= 8.421:::::::::::::: 8.421_::::::::::::::——LX:LZ:O-I(P)
Z]f §EE======zz:::2: § Seamaaaaa oz --L_=1_=02(p)
107 10° 10 107 10° L=L,=03()
g . - T— —-L =L =04(p)
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S OFFEESSSseses  (RESSSSSSSSSSSSSS ) -1 -01()
m 10 10° 10° 107 10° L =1=020)
D 04 W 104 o L =L =03()
2}& 02 e 02 ==_1 -1 =040
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kr kr

Figure 2.12: Sound power level difference between level after substitution method
and free field level using both sound pressure (p) and sound intensity (/).
Left column: vertical translation of the unknown source (L;). Right
column: horizontal translation of the unknown source (Lx). Top row:
known source: monopole, unknown source: monopole. Middle row:
known source: dipole, unknown source: dipole. Bottom row: known
source: monopole, unknown source: dipole.

The product of the impedance and cosine of the reflection angle strongly affects the
field quantities that describe the reflected sound. The selection of an impedance value
to be used for all intended calculations, e.g. sound pressure, sound intensity,
monopole, dipole etc., becomes non-detrimental. In bibliography ((MAr14], [Bie03]),
three different impedance values were used to cover low, moderate and high
absorption values, namely 5-11j (a = 0.21), 1-2.83j (a = 0.41) and 0.59+0.57;
(=0.71). The calculation of the surface and time averaged sound pressure level using
the previously described models, lead to results that come in accordance with theory,
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ie. deviation of the values between plane and spherical wave approach in the near field
and convergence in far field. This is not the case for the sound intensity levels, because
for some kr, especially in the near field, sound intensity levels are larger than the
corresponding sound pressure levels for both plane and spherical wave approach,
which comes in contradiction to the sound intensity theory. In realistic sound intensity
measurements, the case of larger sound intensity levels than sound pressure levels is
rejected as erroneous. In the present study, since the inclusion of the sound intensity
for the determination of the sound power using the substitution method is a novelty,
which among other means lack of bibliography, the substitution calculations were
further performed, since the full development of the models for the impedance plane
lies outside the scope of this study, but may be an interesting topic for future work.

Before presenting the results of the substitution method, a list of observations for the
not fully correct sound intensity results is given. In Eq.(2.14) the specific acoustic
impedance is included once in the nominator and once in the denominator. In case of
the derivation for the particle velocity calculation, the impedance becomes apparent
to more terms, making the interpretation of its influence complicated. It has been
observed that for a given value of the specific acoustic impedance, the model gives
correct sound intensity levels (lower than the sound pressure levels) for the entire
frequency range in case of a dipole but not for the monopole. This may lead to the
assumption that the distance of the dipole poles and the distance source-reflecting
plane is also influential. Larger sound intensity levels than sound pressure levels were
also observed for the case where the particle velocity was calculated based on the
pressure gradient approximation.

For the case of the translated dipole against a side wall, the sound pressure level does
not vary while varying the impedance of the plane. This is attributed to the low side
directivity of the dipole. On the contrary, this is not the case for the sound intensity
calculation. For the case of the reflecting floor, the specular reflection angle spans
from 0.4° to 84°. For the absorbing side wall, the angle varies from 0.4° to 21°.

Based on the above observations, the specific acoustic impedance was chosen after
trial and error. The major criterion for the selection of the impedance was to yield
more correct sound intensity values for monopoles and dipoles. For the case of the
highly reflecting floor, the impedance was set to 15+50; and for the absorbing side
wall 0.6+1.4;. The absorption coefficient for both cases is shown in Figure 2.13 as
sets for all configurations. The coefficient is shown as a function of the measurement
surface point, because the reflection angle slightly changes by changing the source
position (vertical and horizontal translation). The highest possible absorption
coefficient (0.54) was also related to the impedance value and the related sound
intensity implications.
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The substitution method was performed in the way described in chapter 2.8 and the
results were compared to the free field sound power using Eq.(2.38). Additionally, the
comparison to the free field sound power was performed for the sound power levels
determined by directly using the surface and time averaged sound pressure and
intensity levels using the following equations [Ver06]:

— 27H? pc m’
=L +101 dB-10lg| —-——|dB 2.40
b g[ kS, ] g[400 kg-s] 240)
- 27H*
Ly =L, +10lg) ==~ |dB (2.41)
kS,
where S;=1m>%
1
0.8 1
0.6
N
0.4
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0 1 1 1 T
20 40 60 80 100 120

Measurement surface point

Figure 2.13: Absorption coefficient for calculations including impedance planes.
Higher value lines: absorbing side wall configurations. Lower value
lines: reflecting floor configurations.

Figure 2.14 shows the surface and time averaged sound pressure and intensity levels
for a horizontally translated monopole (Lx = 0.1) in case of a highly reflecting plane.

As it may be seen, in the near field (kr < 1) the levels differ, and the sound intensity
levels become higher than the corresponding sound pressure levels. On the other hand,
in the far field (kr > 1) the levels of each quantity converge, while the sound intensity
levels are lower than the sound pressure levels.
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Figure 2.14: Surface and time averaged sound pressure and intensity level for a
horizontally translated monopole over a reflecting plane.
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Figure 2.15: Deviation from the free field sound power level after applying the direct
(dashed) and the substitution method (continuous). Known source:
monopole. Unknown source: monopole. Vertical translation over

reflecting floor. L; = 0.3.

The deviation of the sound power levels after applying both the direct and the
substitution method from the corresponding free field sound power level have been
derived using Eq.(2.38). Figure 2.15 shows the deviation for all field quantities and
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wave approaches used for the sound power determination for the case of a vertically
translated monopole over a highly reflecting floor. As indicative, the translation
distance (Lx, L;) was set to 0.3, since for all translations similar findings can be found.
For the side wall configurations, the normalized distance from the axis origin to the
side wall was Ax=1.5.

As it can be seen in Figure 2.15 both sound power determination methods produce
similar results for large kr (>10'%), while the influence of the reflecting plane is
apparent to the direct method sound power levels (~ 3 dB) for small k7. This exhibits
that the substitution method gives the free field sound power and the direct method
the sound power that is truly emitted by the source. It must also be stated that the
substitution method gives the exact free field results in case both sources are placed
at the same position. The large deviations for sound intensity results using the plane
wave approach for very low kr are attributed to the distance between the original and
mirror source.

In Appendix A the deviations for the cases described in Table 2.1 are shown. Similar
results to those of Figure 2.15 can be seen in all figures of Appendix A that describe
the substitution of a monopole by a monopole. In the case of the absorbing side wall
the deviation from the free field sound power is smoother due to the inexistence of
strong reflections.

The applicability of the substitution method is enhanced for the case of the substitution
of a dipole by a dipole. In all cases, the near field deviation of the levels after the
substitution method is much lower than the direct method.

The deviation from the free field sound power levels becomes large, especially in the
near field, for both sound power determination methods for the case where the
unknown source is a dipole and the known one a monopole. For the calculations with
areflecting floor, both sound power determination methods yield to similar deviations
from the free field sound power level. This is not the case for the absorbing side wall.
The substitution results are closer to the free field levels for high kr, with the range to
vary with varying configuration and field quantity.

When the substitution method involves sources of the same order, the spherical wave
approach gives sound power values closer to the free field ones by using both sound
pressure and intensity for all k. When a dipole is substituted by a monopole the
difference between the plane and spherical wave approach is not as large as
previously, with the substitution results using sound intensity and plane wave
approach to give a wider kr range with small deviations from the free field sound
power.
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The standard deviation of the deviations from the free field sound power levels for the
substitution method results reveals that the sound intensity based on the spherical
wave approach gives results not so widespread as the sound pressure using the same
approach. The same can be seen for the substitution of a dipole by a dipole except for
the case of vertical translation over floor. The lowest spread of deviations from the
free field levels concerning the substitution of a dipole by a monopole depends on the
geometry and the distance from the source.

A general result for the substitution method including a reflecting plane is that the
horizontal translation of the unknown source with respect to the known source
produces lower deviations from the free field sound power level for a wide range of
the spectrum.

2.10 Geometry with two reflecting planes

An attempt was made for the application of the substitution method in a geometry,
which includes both a floor and a side wall. Compared to the previous calculations,
this means that the integral evaluation range of Eq.(2.13) must be changed. The limit
of the real angles is no more 7/2 but it is determined by the intersection point of the
two planes. This change of the angle has an effect on the Sommerfeld integral
evaluation as shown in the Appendix of [Suh99], because the simplification of the
identity used in Eq.(A3) is no longer applicable and more trigonometric functions (sin,
cos, sinh, cosh) are introduced in the integral evaluation. These extra functions
significantly affect the convergence of the integral using imaginary angles.
Apparently, the results of the two planes calculations indicated that further
investigation is required, which lies outside the scope of the present study, but could
be the topic for future analysis.

The theoretical investigation of the substitution method opens the way for the
experimental part of the study. Before providing measurement results related to the
substitution method, an apparatus for the determination of the time and surface
averaged sound pressure and sound intensity levels is presented. A detailed discussion
is performed on features of the apparatus, which are of importance for the sound
power determination. The apparatus was used for the determination of the sound
power of the transfer standard under calibration conditions. The related uncertainty
was also determined and decomposed to the contributing factors.
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3 Calibration procedure for transfer standards

In sound power measurements the use of reference sound sources is based on
ISO 6926 [IS06926], which describes the proposed procedure as calibration.
Although the wide acceptance of the procedure by the acoustical community,
according to the international vocabulary of metrology [JCG12], it is a reference
measurement procedure. Calibration is defined as the operation, which relates the
quantity values (in our case the unit watt) with measurement uncertainties provided
by measurement standards [JCG12]. In the context of this study, a primary standard
(primary source) and several transfer standards (transfer sources) were used. The
sound power of the latter can be referred to the sound power of the former through the
dissemination process. The measurements and uncertainty calculation required, for

the transfer standards calibration procedure, are described in the following
paragraphs.

Figure 3.1: Primary and transfer sources used in this study. Left to right: primary
source, AEG Type ADEB71K2, Briiel & Kjar Type 4204, EDF Type A
and Norsonic Type Nor 278.

PTB (the National Metrology Institute of Germany) designed and assembled a
primary source. The source consists of a vibrating piston, a shaker and a housing
construction allowing the source to be embedded on the PTB’s hemianechoic room
floor while isolating the surrounding plate from vibrations [Kir06]. As transfer sound
sources, six aerodynamic reference sound sources (RSSs) were used. This type of
sources was chosen because they are widely used in sound power determination. In a
RSS the sound is generated by a fan driven by an asynchronous motor ([Har59],
[Fra77], [Cam91], [Suz93], [CamO08])]. Six RSSs were used of four different types,
namely an AEG Type ADEB71K2 (AEG), three Briiel & Kjar Type 4204 (B&K), an
EDF Type A (EDF) and a Norsonic Type Nor 278 (NOR). Apart from this type of
sources, other types have also been developed ([Tak00], [van18]). Figure 3.1 shows
the primary and the transfer sources used for the measurements of this study.
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3.1 Scanning apparatus

Sound power is determined by field quantities (sound pressure or sound intensity)
measured either at free or diffuse sound field (or at approximations of those). In case
of free field, the measurements are performed over a surface. The measurements may
utilize stationary microphones, scanning intensity probes (usually hand held) or a
mechanical system that moves a microphone along a meridional path over the source
under test [ISO3745]. The latter technique is used by many acoustical laboratories,
including National Metrology Institutes. The quarter circle moving path of the
microphone along with the simultaneous rotation of the source enables the sound
power determination in a virtual hemisphere of varying radius. There is a main
disadvantage for this kind of measurements. The microphone moves along the same
field points relative to the room, which has not perfect frequency response at low
frequencies.

In order to overcome these disadvantages and to gain better insight to effects, which
affect the sound power determination (e.g. near field effects) a scanning apparatus was
specially assembled by PTB. The scanning apparatus consists of two parts, a stainless
steel semicircular arc placed in PTB’s hemianechoic room and two motors positioned
outside the room, which enable the moving of the arc back and forth. There are two
arcs for different radii. Each arc has holes where up to 24 microphones can be
mounted. Figure 3.2 shows both arcs of the scanning apparatus with the largest
bearing all microphones possible. At the centre of the semicircles, the spot at which
the sources under test can be positioned is visible.

The microphones are attached to one edge of 70 c¢cm long acrylic glass rods. The
manual movement of the rods along the arc holes enables the variation of the
measurement radius. The same kind of rods with edge modification can be also used
for the attachment of sound intensity probes. The hole positions were chosen to cover
equal surface by each microphone in case of 24 microphones. The angles of the
microphones positions with respect to the floor are: 17°, 29°, 38°, 44°, 51°, 57°, 63°,
68°,73°,78°, 83°,88°92°,97°,102°, 107°, 112°, 117°, 123°, 129°, 136°, 142°, 151°
& 163°. Figure 3.3 shows a microphone positioned on the arc using a rod.

The arc is tilted by two motors with one reel each, which control the length of two
wire ropes that transmit the movement to the arc. The motors are attached to a massive
concrete block so that their vibrations are isolated and not transmitted to the
hemianechoic room side wall. The wire ropes length along with the arc weight may
induce arc vibrations during scan. For this reason, each wire rope is not directly
attached to the arc but to a rope, which in turn is attached to the arc. Between them
springs are intersected. The scan parameters are set by software and the scan speed is
measured by a potentiometer.
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Figure 3.2: Sning apparatus.

—

b
Figure 3.3: Microphone positioned on the scanning apparatus.

3.2 Measurable quantities

One scope of this study is to apply the substitution method using sound intensity as
well. For this reason, the scanning apparatus has been designed that both sound
pressure and sound intensity measurements can be performed.

321 Sound pressure

For the measurement described in this study 1/2" free field microphones were used
(G.R.AS. Type 40AF) with 1/4" preamplifiers (G.R.A.S. Type 26AC-S4). The
selection of these preamplifiers was made for mechanical reasons, because the
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subsequent adaptors enabled the attachment of the microphones to the acrylic glass
rods.

The microphone signals were recorded in real time while the analysis was performed
either also in real time or in post processing depending on the number of channels
used. An OROS multianalyzer recorder (OR38) and NVGate software (ver. 8.30)
were used for the recording and analysis of the signals. The final frequency domain
data were further analysed using Matlab (vers. 2013a —2015a).

3.2.2 Sound intensity

Apart from the sound pressure, sound intensity can be also measured using the
scanning apparatus. For this study the related measurements were performed using
three intensity probes and sound intensity microphone pairs (Briiel & Kjar Type 4181
and 4197). Two spacers of different length were used (9 mm & 71 mm) to cover the
frequency range between 20 Hz and 10 kHz.

The same analyzer was used as for the sound pressure measurements and the radial
component of the sound intensity was calculated according to:

L :mhn[Sp] P2 (wang )} (3.1)

ang

where Im[Spl » (a) )J is the imaginary part of the cross spectrum of the intensity

ang

probe microphone signals [Ver06].

33 FFT windowing effects

The scanning apparatus has been used for the measurement of both primary and
transfer sources. The primary source was driven by a fixed phase multisine signal,
which exactly matches the time window of the analysis. Therefore, a uniform FFT
window was applied for the measurements of the primary source. Due to the
broadband characteristics and the randomness of the aerodynamic reference sound
source signal, a Hanning FFT window was used. The Hanning window side lobes rise
the power spectrum values by 50% compared to the same values using uniform
window. In level expression, the added value is 101g(1.5) dB = 1.76 dB [Brii87].
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34 Background noise contribution

A desired feature of the scanning apparatus is low background noise. The background
noise was measured while scanning at different scan speeds (scan duration 600 s,
900 s & 1200 s). The sound pressure level of three RSSs (B&K, EDF, NOR) was also
measured at various radii and compared to the background noise level for both one-
third octave band and FFT (6401 lines, 3.125 Hz) frequency resolution. Figure 3.4
shows the comparison of surface and time averaged sound pressure levels.
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Figure 3.4: Aerodynamic reference sound sources sound pressure level (black) and
background noise (grey) for one-third octave bands (top) and FFT bands
(bottom).

The background noise levels are at least 20 dB lower than the sound pressure levels
at which the RSSs normally operate. The effect of the increased scan speed can be
observed at the region between 1 kHz and 2.5 kHz without affecting the signal to noise
ratio. Apparently, the scanning apparatus background noise is unlikely to affect the
RSS measurements.

3.5 Scan speed

The scan must be uniform with an adjustable duration. The latter can be achieved by
the software that controls the motors. A potentiometer monitors the angular velocity
of the scan. It is connected to one arc end and the rotation of the arc rotates the
potentiometer as well. The slope of the potentiometer output voltage is related to the
scan speed. Measurements were performed with 1200 s duration including both
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onwards and backwards scan. The slope of the voltage output was calculated for time
intervals of 10 s. The results are presented in Figure 3.5.
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— —Backwards movement
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Figure 3.5: Potentiometer voltage for both scanning apparatus movements (top) and
corresponding angular velocity (bottom).

As it may be seen in Figure 3.5 the scan speed has an average value of 0.005 Deg/s
for most of the measurement duration. Different values may be seen at the beginning
and end of the measurement and the middle of the scan. The connection of the
potentiometer to the arc can explain the speed values at the beginning and end. A
small plastic tube connects the potentiometer to the arc, whose flexibility prohibits the
simultaneous rotation of the two. When the arc reaches its maximum position the scan
speed reduces because of the reels stop and go. The measurement results repeatability
can be used as proof for the sufficient stability of the scanning apparatus.

3.6 Scan repeatability

The scan speed is related to the scan repeatability. The surface and time averaged
sound pressure level was measured for three different RSSs (B&K, EDF, NOR) and
measurement radii. For the measurements at the same radius the standard deviation
was calculated, and the results are presented in Figure 3.6. The large standard
deviation values at 10 kHz are attributed to the tonal characteristics of a source under
investigation. It is concluded that the measurement repeatability is high due to the
resulted standard deviation, which also includes the emission repeatability of the
sources under investigation.
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Frequency / Hz

Figure 3.6: Standard deviation of the surface and time averaged sound pressure level
for various radii measurements for one-third octave bands (top) and FFT
bands (bottom).

3.7 Apparatus reflections

During the scan, reflections from the arc are included in the recorded signals. To
investigate this, the primary source was measured using both the scanning apparatus
at 2 m and the meridional path mechanism at 1.91 m. The measurement radii
correspond to the same distance between the microphones and the equipment. The
influence of reflections at high frequencies for both measurements are shown in
Figure 3.7. At frequencies below 100 Hz, the influence of the room modes can be
observed in both measurement mechanisms. In the frequency range between 800 Hz
and 5000 Hz, it can also be observed that there are different reflections between the
measuring mechanisms.

The substitution method includes the subtraction of the sound pressure levels of the
two sources involved, which is expected to compensate for the arc reflections. This
was investigated experimentally. Three RSSs (B&K, EDF, NOR) and the primary
source were measured at three different radii (1.45 m, 1.70 m & 2.00 m). The
measurement data were then referred to the same distance and the sound pressure level
subtraction included in the substitution method was applied. The standard deviation
of the originally measured sound pressure levels was compared to this of the level
differences. The comparison is shown in Figure 3.8. The measured data is strongly
affected by the arc reflections between 1250 Hz and 2000 Hz. This is compensated
after the sound pressure levels subtraction for both frequency analyses. The peak at
2500 Hz is attributed to the frequency response of the primary source. It is evident
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that the expected reflections compensation is achievable by using the substitution
method.
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Figure 3.7: Primary source sound pressure level after different measurement
techniques. Microphones at the same distance from measuring equipment.

3.8 Comparison to meridional path

The sound power determination using the scanning apparatus and the meridional path
was compared in terms of level difference and measurement repeatability. Sound
pressure measurements were performed for three RSSs (B&K, EDF, NOR) and the
primary source at three different measurement radii with the scanning apparatus and
a meridional measurement for each source. The sound power was calculated
according to ISO 6926 [ISO6926]:

L, —Z+101g(si}ﬂs'.+c1 +C, +C, (3.2)
0

where L, is the surface and time averaged sound pressure level, S the measurement
surface in m2, Sp=1 m?, C, is the reference quantity correction, C, is the acoustic
radiation impedance correction and Cj is the correction for air absorption [ISO6926].

After the determination of the sound power level for each measurement technique, the
difference between the two techniques was calculated as:

ALW :LW,scan _LW,meridional (3.3)
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Figure 3.8: Standard deviation of the originally measured sound pressure levels (blue)
and the sound pressure level difference (orange red) for one-third octave
bands (top) and FFT bands (bottom).
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Figure 3.9: Sound power level difference between scan and meridional path

measurements for one-third octave bands (top) and FFT bands (bottom).
Each colour corresponds to a different reference sound source.

Figure 3.9 shows the sound power level differences for all sources. The two methods
provide different sound power values. At low frequencies room modes and wind
influences cause large differences. The increase at 10 kHz is due to the frequency

content of a RSS. The aforementioned reflection influences are also apparent. In
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frequency regions where the previous phenomena are not apparent, the difference is
between -2.18 dB and 1.24 dB for one-third octave band analysis and -2.76 dB and
5.21 dB for FFT measurements. The differences may also provide an evidence for the
implementation of traceability of the unit watt.

The repeatability of the measurement methods was checked by comparing the
standard deviation of the sound power determined by each method. PTB poses sound
power levels of a RSS using the meridional path technique for more than 20 years.
The standard deviation of this data was compared to the standard deviation of
measurements obtained with the scanning apparatus for the same source using
ISO 3745 [ISO3745]. Figure 3.10 shows the compared standard deviations.
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0.25

o/ dB

0.15

0.05f

Frequency / Hz

Figure 3.10: Standard deviation of sound power levels determined by the meridional
path (continuous line) and the scanning method (dashed lines) for one-
third octave bands.

In Figure 3.10 it can be seen that the scanning method provides better repeatability
for directly determined sound power (no substitution performed), which fully supports
the application of the scanning apparatus to sound power measurements. More
prominent is the standard deviation decrease for the scan method at the low and high
frequency end. The former is assumed to be due to the microphone paths, which may
smoothen room mode effects. The latter is attributed to the source directivity, which
can be better detected by the scanning apparatus. The arc reflections are to be
compensated when the substitution method is applied yielding even better
repeatability.
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3.9 Calibration uncertainty

According to GUM [JCGO8], the objective of a measurement is to determine the
measurand (in this case the surface and time averaged sound pressure level), whose
lack of knowledge of the exact value is described by the related uncertainty. The sound
pressure measurement using the scanning apparatus for the calibration of the transfer
standards must include corrections for: the filter analysis software, the changes in the
sound emission by the source, background noise, the reflections from the scanning
apparatus, the attenuation of the scanning apparatus in case the microphone position
is above the apparatus, the microphone sensitivity, the microphone calibration, the
positioning of the microphones, the sound incidence angle, FFT windowing, near field
and windscreens. The calibration includes the application of the substitution method,
which means that the sound pressure must be twice measured, once for the primary
and once for the transfer source.

The corrected sound pressure level of the primary standard, following the approach
of a previous study [Wit051], may be described by:

Lp,PS,i = G.4)
L};, PS.i + Cfil + Cem + Cnuise + Cref + Catt + Cmic,i + Ccal,i + Cpos.i + Cang,i '
Similarly, the corrected sound pressure level of the transfer standard is:
Lp,TS,i = L;:,TS,i + Cfil + Cem + Cnoise + Cref + C;m (3 5)
+CFFT+Cnf +Cscr+Cmic,i+Ccal,i+cpos,i+cang,i '

In the above equations Cy, is the correction for the filter analysis software, C,, the

correction for the changes in the sound emission by the source, C, the background

noise
noise correction, C,
Call

for each microphone sensitivity, Cca,; the correction for the calibration of each

the correction for the reflections from the scanning apparatus,
the correction for the attenuation of the scanning apparatus, Cpic,; the correction

microphone, Cpos,i the correction for the positioning of each microphone, Cuyg,i the
sound incidence correction for each microphone, Cgep the correction for the FFT

windowing, C,; the correction for the near field and C,., the windscreen correction.

scr

Eqs.(3.4) and (3.5) include correction factors that either affect each microphone to the
same extend or affect each microphone individually as indicated by the i-index. Due
to the same effect of some corrections to both primary and transfer sources, these
corrections will cancel out by applying the substitution method. In the following
paragraphs the correction factors are explained and the contribution to the combined
uncertainty are further analysed.
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3.9.1 Corrections to cancel out during substitution

The correction factor Cj;; describes the influences of the filters applied for the
frequency analysis of the data. The filter specifications may be found in the related
standard [IEC14] and an uncertainty estimation in a previous study [Wit052]. The use
of the same measuring equipment during all sound pressure measurements makes this
correction factor vanishing during the substitution method.

The sound emission for every source under test depends on several factors (e.g. the
input voltage) and the related correction is described by the factor C,, . The
substitution method is used to describe the sound generated by the source without
intervening in the sound generation process, which is in the interest of the
manufacturer. The plug and play use of the sources excludes the correction for the
changes in the emission from the substitution method.

The presence of the arc is related to reflections which are apparent in the sound
pressure measurements as has already been examined in paragraph 3.7. It has also
been presented that the substitution method results in the cancellation of the reflection
influences in case the measurements are performed at the same measurement radius.
For this reason, this correction is not influential for the substitution method. The same
applies for the attenuation from the arc.

The free field sensitivity of the microphone is a function of frequency and the
correction Cric,; may be acquired by the frequency response graph provided by the
microphone manufacturer. The use of the same microphones for the measurement of
the primary and the transfer standard under the assumption of linearity, leaves the
correction out of the substitution application.

During the microphone calibration process before the measurements, the differences
in the calibration values set by meteorological conditions are introduced by the Cea,;
factor. Since the calibration is performed before both primary and transfer standard
measurements, the correction factor is not taken into account for the substitution
method.

In an ideal free field, it is straightforward to calculate the sound pressure level at a
distance r from the source. In a hemianechoic room there are room modes, which
influence the measurements and a correction must be applied through the factor
Cpos,i - The calculation of the factor for the case of a point source is presented in
[Wit051]. The fixed position of the arc in the hemianechoic room leads to the same
remaining wall reflections during the measurements for the substitution method and
thus, the rejection of the correction as influential to the uncertainty analysis. The factor
would also be important in case the frequency content of the sources was different

(e.g. a tonal source and a broad band source).
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The orientation of the microphone diaphragm to the sound incidence has an influence
on the recorded sound especially at higher frequencies. The correction factor Cang,:
takes into consideration such influences. As it may be assumed, the correction is the
same for the primary and the transfer source if the microphone position is not altered
and the correction is apparently not influential in the substitution method.

3.9.2 Corrections to be applied and uncertainty equation

After paragraph 3.9.1 the surface and time averaged sound pressure level for each
source becomes:

L, ps =10lg| — 10" 0ers 0" |ap (3.6)
mic i-1
and
L_p,Ts:mlg ; 100.1(Cnni<e.TS+CFFT+Cnf+Cscr)ZlOOAlL;%TS,i dB (3.7)
i=1

‘mic

The expression of the uncertainty follows the definition of GUM [JCGOS], according
to which the measurand Y usually cannot be directly measured, but is determined by
various input quantities X, instead:

Y=r£(X;) (3.8)

The input quantities of Eq.(3.8) are considered uncorrelated random variables that
follow certain distributions. The expected value of the measurand is then determined
by the estimates of the input quantities and the combined uncertainty is expressed as:

(3.9)

where 7. is the number of estimates.

The correction factors in Eqs.(3.6) and (3.7) can be considered independent of each
other. Using Eq.(3.9) the combined uncertainty of each measurand is:

55



Chapter 3: Calibration procedure for transfer standards

2 2
oL oL
2( _ p.PS 2y p,PS 5
W (Ly s )= = | W (L o)+ e | 0 (Croees) 3-10)
! aLp,PS,i (P ) aCnoise,PS ( one )
oL ’ oL ’
2 P, TS 2(r1 P, TS 2
(s )= 28| 2 (10 )+ 2 ] 2 ()
p, TS ] p,TS,i noise, TS
( ) 6Lp,TS,i aCnoise, TS (3_11)
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oL oL oL
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aCFF]' aCnf aCscr

The determination of the sensitivity coefficients yields the following expressions for
the combined uncertainty:

w? (L, s ) =" (L ps )+ 4" (oot s ) (3.12)

u? (Lp,Ts ) =u’ (L,I,,Ts )*”2 (Cnoise,TS ) +u’ (CFF'I‘ )+“2 (Cnf )+”2 (Cscr ) (3.13)

393 Uncertainty due to background noise
The correction factor for the background noise C, . is given by ISO6926
[1SO6926]:
—0.1 (Zfﬁ)
Cnoise :_IOIg 1-10 dB (314)

where E is the average background noise level of all microphones. The uncertainty
is calculated according to Eq.(3.9) as:

_

IO—O.I(L", -Lp)

iy | L) () ars)

u2 (Cnoise ) =

where the uncertainties in the second bracket can be calculated by:

w* (L) =0 (L;) (3.16)
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The standard deviation includes all measurements performed (various radii) referred
to the same radius. Similar equation can be applied for the background noise level
uncertainty.

Eq.(3.15) shows that the background noise uncertainty depends on the difference
between the average sound pressure levels of the source signal and the noise and the
uncertainties of these quantities. The background noise uncertainty must be
individually calculated for each source included in the substitution method, due to the
differences in the spectral content and frequency response of the sources.

394 Uncertainty due to FFT windowing

In section 3.3 the correction factor due to FFT window Cgzp was described.
Measurements of a RSS were performed using both uniform and Hanning window.
The related uncertainty was calculated as:

2
2 o (Lp,han,i _Lp,uni,i)

n

(3.17)

‘mic

where o is the standard deviation of the sound pressure level differences and n;,
the number of microphones.

3.9.5 Uncertainty due to near field effects

The RSS is a dipole based on the sound generation mechanism and a correction for
near field effects C,; must be taken into account for the transfer standard calibration
procedure. Near field measurements and a theoretical correction are presented in
section 4.4. The uncertainty for the theoretical near field correction can be calculated
following the regression error analysis described by Eq.(4.24). The theoretical
correction for the near field effects does not apply to the room modes which also affect
the measurements. For this reason, a comparison between the aforementioned
theoretical correction and a correction based on the sound pressure measurements was
performed and it was found that the latter also included the room influences and
therefore, should be applied to the calibration procedure. Based on this correction an
uncertainty is proposed and described in Section 3.9.7.
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3.9.6 Uncertainty due to microphone windscreens

The wind produced by the rotating fan of the RSS is a disturbing factor especially at
low frequencies and for short measurement radii. For this reason, windscreens may be
applied for the RSS measurements. Apart from the desirable wind suppression at low
frequencies there is also a high frequency effect with the absorption provided by the
porous windscreens. This induces a correction factor C,, and a related uncertainty.
Due to the same exposure of each microphone to the high frequency effect, the
correction is globally applied to the time and surface averaged sound pressure level.
The correction factor was experimentally determined by measurements of different
RSSs at various radii. At each radius, measurements with and without windscreens
were performed. The correction factor was calculated by:

Cscr = LP,TS, ser Lp,TS, no scr (318)
The related uncertainty is then:
W (Cor)=0" (Cuer) (3.19)
3.9.7 Application of the substitution method under calibration conditions

After applying the previously mentioned corrections for the calculation of the surface
and time averaged sound pressure levels as described in Egs.(3.6) and (3.7), the sound
power level of the transfer source under calibration conditions can be determined by
the sound power level of the primary source as:

Ly 1s.ca =Lw ps T Ly 1s,ca =Ly ps

Brs o, Trs o (3.20)
{-10@(%}1}3%@[ = 'JdB}cﬂsycal ~Cy b

PS PS

The term in parenthesis is the reference quantity correction and Cj the correction for
air absorption as described in ISO 3745 [ISO3745] and ISO 9613-1 [ISO9613]. The
correction for the reference meteorological conditions ( C, ) has not been included,
because it lies out of the scope of this study, where the reference is the free field sound

power level of the primary standard.

The uncertainty of the sound power level is given by:
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u? (LW,Ts,cal):“2 (LW.PS)+O'2 (Lp,Ts,cal _Lp,Ps)

n, 2

+z|:(Lp,TS,cal _Lp,PS )r i _(Lp,TS,cal _Lp,PS) }

i=1

2 2
10dB Brs, ca " Brg, ca + 5dB Trs,ca " Trs, cal (3.21)
10 Bpg By 10 Tpg Tis

(T 4 (F ) 4 o) (o)

+u’ (Cs,Ts,cal =G5 ps ) +u’ (CFFT ) +u’ (Cscr)

where n, is the number of the different radii at which measurements were performed.

3.9.8 Uncertainty of the primary source sound power level

The sound power level of the primary source is determined by vibration velocity
measurements performed by a laser scanning vibrometer. For further information on
the primary source the reader is kindly requested to read [Kir06]. The uncertainty of
the sound power of the primary source has been provided by relevant measurements
focusing on the realization of unit watt in airborne sound.

3.99 Uncertainty due to the surface and time averaged sound pressure level
difference

The substitution method includes the sound pressure level difference of the primary
and transfer source. The uncertainty calculation must include a statistical effect and
any systematic effects, such as near field effects and remaining room influences. The
former is expressed as the standard deviation of all sound pressure level differences
and the latter by deviations between the mean value for a measurement distance and
the mean value for all radii. Since the systematic effects are related to low frequencies,
the deviations were set to zero for frequencies above 1 kHz.

3.9.10 Uncertainty due to reference quantity correction

The reference quantity correction has been expressed by including the atmospheric
pressure and ambient temperature variations during the primary and transfer source
measurements. The ratio of atmospheric pressures and ambient temperatures for the
measurements performed at the same location is in the range:
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BTS, cal TTS, cal

=0.99...1.02,
PS PS

=0.99...1.01 (3.22)

The uncertainty estimation following Eq.(3.21) for these ratios has been calculated to
be 0.016 dB for atmospheric pressure and 0.002 dB for ambient temperature
variations. The uncertainty for the measurement of both ratios is estimated to be 0.1%,
because the measurements were performed by the same instruments. Apparently, the
uncertainty contribution is infinitesimal.

Measurements were performed at three different radii (1.45 m, 1.70 m & 2 m)
including three transfer sources and the primary source. Five measurements were
made pro radius providing 15 surface and time averaged sound pressure levels for
each source.

3.9.11 Uncertainty due to air absorption correction

If the measurement of the transfer source is directly followed by this of the primary
source and the changes in atmospheric pressure, ambient temperature and relative
humidity are small, the correction can be neglected. As it has been expressed by
Eq.(3.20), the substitution method includes the difference of the corrections and
apparently, the uncertainty must be calculated based on the difference as well. For this
study the variations as expressed by Eq.(3.22) and including measurements on
different dates, lead to a maximum difference between the air absorption correction
for the primary and the transfer source of 0.27 dB. The related uncertainty can be
calculated by:

u* (C3,Ts,ca1 =G ps ) =0’ (C3,TS,cal =G5 ps ) (3.23)

An alternative way to calculate the uncertainty would be to apply Eq.(3.9) to the air
correction equations described in ISO 9613-1 [ISO9613]. It is though believed that
the number of the available measurements on different environmental conditions is
sufficient to provide the wanted uncertainty.

Another uncertainty contributing factor may be the difference of the acoustic centre
location between the sources. The transfer sources have a height and thus, an elevated
acoustic centre compared to the centre of the primary source, which is on the floor.
This is related to distance between the source and the microphone for the air
absorption correction. An investigation was performed by calculating the absorption
correction for different acoustic centre locations: on the base, in the middle and on top
of the transfer source. The related uncertainties were estimated and found to be close
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to the value provided by Eq.(3.23). This means that the uncertainty contribution due
to the location of the acoustic centre can be neglected.

3.9.12 Combined uncertainty for the substitution method under calibration
conditions

By taking into consideration the individual uncertainties mentioned above, the
combined uncertainty for the first part of the calibration procedure of transfer
standards based on sound pressure measurements can be estimated. It must be noted,
that the calibration procedure includes further measurements using the transfer
standards in realistic environments, for which another application of the substitution
method is required in order to relate the sound power level of the transfer standard
under calibration conditions to the in situ sound power level. This is explicitly
described in the following chapter.

The combined uncertainty for the first part of the calibration procedure is:

u? (LW,TS,cal ) =u’ (LW,PS )+ u? (Lp,Ts,cal —L, ps )+ u’ (ﬁ) +u? (m) 3.24)
+u2 (Cnoise,PS ) + M2 (Cnoise,TS ) + u2 (Cscr )+ u2 (CS,TS,cal - CS,PS )+ u2 (CFPT ) '

The combined uncertainty was calculated for three different RSSs (B&K, EDF, NOR)
individually and it was found that there are no significant uncertainty differences
between the sources. For this reason, a global combined uncertainty was calculated to
cover all measured RSSs. To achieve this, the values of each uncertainty component
were compared for the three RSSs and the maximum value was chosen for the global
uncertainty calculation, which is presented in Figure 3.11 and Figure 3.12. The total
uncertainty and its components for each RSS are shown in Appendix B. In one-third
octave bands, at low frequencies the uncertainty is influenced by the deviation of the
sound pressure level differences, near field effects, remaining room influences and the
influence of the background noise for the primary source. At high frequencies, the
deviation of the sound pressure level differences, the deviation of the primary source
and transfer source sound pressure level and the windscreen uncertainty become
influential. The same applies to FFT analysis with the high frequencies being also
influenced by the primary source background noise uncertainty.

The next step of the dissemination of the unit watt is the sound power determination
of the transfer standard in situ, which is discussed in the following chapter. The
transition from calibration conditions to in situ conditions presupposes the correction
of the sound power level. The factors that affect the sound power is atmospheric
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pressure, ambient temperature and fan rotation speed. The related correction factors
were derived after corresponding measurements and the overall correction is
presented along with its uncertainty. Additionally, the proposed correction is
compared to an existing one.
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Figure 3.11: Combined and individual uncertainty for the transfer standard sound
power determination under calibration conditions for one-third octave
bands.
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Figure 3.12: Combined and individual uncertainty for the transfer standard sound
power determination under calibration conditions for FFT frequency
bands.
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4  Properties of transfer standards

For the determination of sound power by applying the substitution method
aerodynamic reference sound sources may be used, which must fulfil the requirements
proposed by the relevant ISO [ISO6926]. The types depicted in Figure 3.1 were
investigated as potential candidates for transfer standards in the dissemination
process. In this chapter the results of these investigation are presented.

4.1 Existing requirements

The current performance requirements, according to ISO 6926 [ISO6926] include the
temporal stability of the sound power output, the total sound power output, the spectral
characteristics, the directivity and the recalibration. The temporal stability is
quantified by the standard deviation of the sound power level under repeatability
conditions and three values are proposed for three different frequency regions as
shown in Table 4.1.

Table 4.1: Maximum value of the standard deviation under repeatability conditions of
the sound power level output of an aerodynamic reference sound source.

Standard deviation under

Frequency range (Hz) repeatability conditions o: (dB)

50 -80 0.8
100 — 160 04
200 — 10000 0.2

The spectral characteristics must be broadband (octave or one-third octave) for the
frequency range of use. Although narrow band frequency analysis is not taken into
consideration in the qualification procedure, such analysis was also performed since
sources with tonal frequency characteristics are aimed to be included in the
dissemination process.

The directivity is quantified by the directivity index (DI), which is calculated by:

DIi =Lpi_L (41)

P
where Lyi is the sound pressure level recorded by the i-th microphone used for the
determination of the sound power and L, is the surface and time averaged sound
pressure level, both in dB. The maximum allowable directivity index value is +6 dB
[ISO6926].
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4.2 Temporal stability

For the results of this chapter six RSSs were used, an AEG, three Briiel & Kjer, an
EDF and a Norsonic. Each RSS under measurement was placed at the centre of PTB’s
hemianechoic room and the emitted sound was recorded using the scanning apparatus
as described in chapter 3.1. The covered measurement surface had three different radii
(1.45 m, 1.70 m & 2 m). For each source, four measurements were performed per
radius in a six-month period. Apart from the scanning apparatus, a stationary quarter
circle metallic arc of 2m radius was also used. Along its body ten 1/4" condenser free
field microphones (G.R.A.S. Type 40 BF) were positioned as seen in Figure 4.1. The
elevation angles from the hemianechoic room floor were: 3°, 9°, 16°, 23°, 30°, 37°,
46°, 56°, 66° and 90°. The position was chosen that the measurement surface covered
by each microphone is the same. The stationary arc measurements were performed
during a two-month period and were grouped as eleven sets pro source (each set
measured on different date). Prior to measurements the microphones were calibrated
using a pistonphone (Briiel & Kjar Type 4228). Each measurement set consisted of
ten consecutive measurements of the same source. For each RSS, a total of 110
measurements became available except for one, where due to prior to warm up
instabilities, the first measurement of each set was discarded leading to a total of 99
measurements. For the investigation of the temporal stability in narrow band
frequency analysis, apart from the standard octave or one-third octave band analysis
[ISO6926] an FFT analysis (3.125 Hz resolution, 6401 lines, Hanning window) was
also applied. The stationary arc measurements were performed real time whereas the
scanning apparatus measurements included post analysis of the recorded wav files.

Figure 4.1: Quarter-circular stationary arc for the investigation of reference sound
source temporal stability (left) and two zoomed microphones (right).
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An important setting for the temporal stability measurements was the measurement
duration, especially for the narrow band resolution. The standard deviation o of a
random signal is given by:

434
0=———=dB (4.2)
BbandT

dur
where B, , is the signal bandwidth in Hz and T}, the signal duration in s [Bie03].

The measurement duration for the stationary arc measurements was set to 610 s, which
according to Eq.(4.2) corresponds to a standard deviation of 0.1 dB. The scanning
measurements had 1200 s duration ( o = 0.07 dB). The randomness of the RSS signal
was also checked by varying the measurement time while keeping the bandwidth
constant. Shorter measurement durations led to higher standard deviation.

The sound power level was determined by:

S, L. /10 pc 1’1’13
=101, E —x107"" |dB-10lg| — dB .
b g So g[400 kg-s “-3)

i

where Lyi is the sound pressure level of the i-th microphone and S; the surface
covered by the i-th microphone in m? [Ver06]. The sound pressure level has been not
corrected for background noise because the stationary signal of the RSSs cannot be
fully corrected for the non-stationary background noise. On the contrary, the
correction for the air absorption was applied according to ISO 6926 [ISO6926].

Figure 4.2 shows the sound power levels of the Norsonic RSS for both broad and
narrow band analysis after the stationary arc measurements. As it can be seen, the
emitted sound contains tonal components, which are revealed by narrow band
analysis.

The sound power levels of each source were divided to four groups, a group per
measurement radius for the scanning apparatus measurements and a group containing
all levels for the stationary arc measurements. This was performed because the
reflections from the arc would increase the overall standard deviation in case the
sound power levels were taken into consideration as a single set of measurement data,
since for each measurement radius the reflection effects are apparent at different
frequencies. The repeatability standard deviation was calculated for each RSS and was
compared to the proposed values according to Table 4.1. Due to the lack of standard
deviation limit values for narrow band analysis, the broad band values were applied
to the narrow band measurement results. The temporal stability results are presented
in Figure 4.3.
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Figure 4.2: Sound power level of the NOR reference sound source for one-third
octave bands (top) and FFT bands (bottom).
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Figure 4.3: Reference sound source sound power level standard deviation under
repeatability conditions for one-third octave bands (top) and FFT bands
(bottom). Blue: stationary arc measurements. Orange red: scanning
apparatus measurements. Black: ISO 6926 limits.

The standard requirements [ISO6926] are fulfilled by almost all RSSs under
consideration in case of broadband frequency analysis. A RSS exceeds the ISO limits
at low frequencies, which is related to the not constant fan blade passing frequency.
Similarly, only one RSS is related to standard deviation values above limits at high
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frequencies. This may be attributed to the tonal components at this frequency range,
which have a varying level as seen also in FFT analysis. It is also of interest that the
deviation is larger in the case of the scanning apparatus measurements than the
stationary arc measurements. Concerning the FFT analysis, it can be seen that for
frequencies above 200 Hz more sources do not fulfil the repeatability requirements,
and this becomes more intense above 5 kHz. The 3.125 Hz FFT frequency resolution
data was used for the calculation of the standard deviation for different frequency
resolutions (6.25 Hz, 12.5 Hz and 25 Hz). Figure 4.4 shows the percentage of the
signal samples, which fulfil the ISO requirements [[SO6926]. As it can be seen, the
percentage increases as the frequency analysis becomes broader. Based on the above,
if the qualification of the RSSs is to include narrow band frequency analysis,
corresponding standard deviation values must be set.

100

%0

60 o

Samples %

20 il I I 11

3.125 6.25 12.5 25
Bandwidth / Hz

Figure 4.4: Percentage of the samples, which fulfil the ISO 6926 broad band

repeatability requirements for various bandwidths. Continuous: stationary
arc measurements. Dotted: scanning apparatus measurements.

4.3 Corrections for changes in environmental and operational
conditions

The sound power of an aerodynamic RSS (a rotating fan) depends on three main
parameters: atmospheric pressure, ambient temperature and fan rotation speed
([Hu772], [Hu981], [Wit02]). This means a correction needs to be applied in case the
determination of the sound power of such a source takes place under different
environmental and operational conditions. During dissemination, the sound power
level of a RSS is to be determined firstly under calibration conditions (in a
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hemianechoic room) and secondly, in situ (in a realistic environment). In general, an
overall correction factor must be included, and this may be expressed by:

LW,insilu :LW,cal +C (44)
where C is the overall applied correction.

The following paragraphs describe the results concerning the investigation on the
influence of the above parameters on sound generation of a RSS.

4.3.1 Influence of atmospheric pressure

Following the analysis of Wittstock ([Wit02], [Hii981]) the in situ radiated sound
power of a fan is related to the sound power of the same fan under calibration
conditions according to:

Bin situ " Tin situ " Dip it "
Pin situ = Pcal [ B T (45)
cal cal Deal

where P is the sound power in W, B is the atmospheric pressure in kPa, 7 is the
ambient temperature in K and @ is the fan rotation speed in Hz. The factors ny , n,
and n, are determined by the emission characteristics of the source. By combing

Eq.(4.4) and (4.5), the relation between the sound power under calibration conditions
and in situ for a RSS can be described by:

LW, insitu —
(o3

Bin situ En situ in situ (46)
Ly, ca +10m, lg| — == |dB +10n; lg| —== |dB+10m, Ig dB

cal cal cal

For the investigation of atmospheric pressure influence, measurements were
performed in PTB’s hemianechoic room at different atmospheric pressure values
(97.52 kPa to 102.51 kPa), while the variations in the other two conditions were
negligible (ambient temperature +0.4% and fan rotation speed did not exceed +1.2%).
The stationary arc shown in Figure 4.1 was used for the measurements. The sound
power levels were calculated using Eq.(4.3) by also applying air the absorption
correction [ISO6926]. The mean value of the ambient temperature and fan rotation
speed values were used as the calibration values in Eq.(4.6). The proposed correction
was applied using theoretical n factors values (7 o, =1,77 oo =—2.5and
Ty theo = 5.5) ([Wit02], [Hii981]). The sound power levels corrected for the influence
of the ambient temperature and fan rotation speed were then used for the calculation
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of ng. The sound power levels of the RSSs are shown in Figure C.1 - Figure C.6 in
Appendix C. As it can be seen in Eq.(4.6) the factor may be calculated by applying a
regression analysis to the sound power level difference as a function of the
atmospheric pressure ratio. A least squares fit was applied for the calculation of all n
factors.
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Figure 4.5: Regression analysis for the calculation of the sound power correction
factor for influences due to atmospheric pressure changes for a given one-
third octave band.

Figure 4.5 shows an example of the regression analysis applied for the calculation of
ng with:

ALW (B):LW(Binsilu,i)_LW(Binsitu,max) (47)

where L, (Bin Sim’i) is the sound power level measured at the i-th atmospheric

pressure and IW(Bin Silu,max) the sound power level measured at the maximum

atmospheric pressure.
For the calculation, all RSSs presented in chapter 4.2 were used.

Table C.1 summarizes the atmospheric pressure, ambient temperature and fan rotation
speed values used for the n, factors calculation. As it may be assumed, the regression
analysis of each source produced nj values for each RSS. The overall n, value was
calculated as the mean value of all RSS values. The final value is presented in
Figure 4.6 for both one-third octave band and FFT analysis.
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The correction factor values are more close to zero instead to unity as it would be
expected ([Hi981], [Hii011]). This is assumingly attributed to the limited variation of
the atmospheric pressure, since they were all performed at the same altitude. It would
be advisable for such measurements to be repeated at locations with different altitude.
Another argument would be that the small changes in the sound pressure level cannot
be observable in view of the measurement repeatability. For the rest calculations
including the correction for the changes in atmospheric pressure, the theoretical value
was used (ng oo =1)-
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10° 10
Frequency / Hz

Figure 4.6: Sound power level correction factor for changes in atmospheric pressure.

4.3.2 Influence of ambient temperature

According to ISO 6926 [ISO6926] the sound power under different meteorological
conditions must be referred to reference meteorological conditions to compensate for
the related radiation impedance variances. On the same theoretical basis and in order
to calculate the factor n, of Eq.(4.6), measurements (indoor and outdoor) were
performed at different ambient temperatures.

The outdoor measurements took place in a parking area of PTB with the source located
at its centre to avoid reflections from the surrounding buildings. A mobile (for
transportation) but stationary (for measurements) semicircular aluminium arc was
constructed, along which ten 1/2" condenser free field microphones (G.R.A.S.
Type 40 AF) could be positioned. The positioning of the microphones was the same
as for the stationary arc of Figure 4.1, related to both sides of the source. The arc for
the outdoor measurements is presented in Figure 4.7. The indoor measurements were
performed in PTB’s hemianechoic room using the same arc.
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Three RSSs were used for the measurements, a Briiel & Kjar, the EDF and the
Norsonic. The recorded signals consisted of waterfall slices of 1 s duration. The
overall signal duration was 1200 s. The originally recorded sound pressure data
exhibited large amplitude variations due to high background noise. After the
recordings, a statistical analysis of the sound pressure levels was performed, under the
assumption that valid levels should not differ more than 25% from the mean sound
pressure level (-2.50 dB and 1.94 dB). The statistical analysis led to signal duration
between 810 s and 1200 s for one-third octave band analysis and between 321 s and
530 s for FFT analysis (3.125 Hz frequency resolution). The next step in the
measurement data evaluation was the background noise correction according to
ISO 3745 [ISO3745]. The high levels of the background noise at low frequencies
limited the usable frequency range to 315 Hz — 20 kHz. Lastly, an air absorption
correction was also applied to the data after noise correction also according to
ISO 3745 [ISO3745]. The sound power level was then calculated according to
Eq.(4.3).

For the Briiel & Kjar and the Norsonic source, seven measurements were performed
(six outdoor and one indoor), while for the EDF source a mechanical failure led to one
less outdoor measurement (six in total). Table C.2 contains the operational and
environmental parameters during the measurements for the n; factor calculation.

Figure 4.7: Semicircular stationary arc for outdoor measurements under various
ambient temperatures.
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Figure 4.8: Sound power level of the EDF reference sound source at different ambient
temperatures against frequency (top) and kr (bottom).

As it can be seen in Table C.2, the variation of the atmospheric pressure around mean
value was no more than 1% and for the fan rotation speed 1.9%.

The variations in the ambient temperature influenced the original data and especially
the FFT data by imposing a high frequency shift. In order to overcome this shift, the
data was also examined in relation to kr. Figure 4.8 shows the EDF sound power levels
for different ambient temperatures plotted against frequency and kr. All measured
sound power levels are shown in Figure C.7 - Figure C.9 in Appendix C. At 2250 Hz
the shift in frequency analysis can be seen. This is due to the different ground
reflection path between each microphone and the arc for different temperatures. The
effect of the temperature is compensated by the kr representation. The spectrum
ripples are attributed to the reflections from the arc.

The sound power level analysis for the determination of the n; factor followed the
same procedure as described in paragraph 4.2, including both kr values and frequency.
Initially, kr values were calculated for each source, leading to as many kr vectors as
measurements pro temperature. Then, a global kr vector was calculated using linear
interpolation of neighbouring samples. This global vector was assumed to represent
the frequency range of interest. According to Figure 4.8, the frequency shift due to
changes in ambient temperature takes place above 1 kHz. For this reason, the
regression was performed for frequency analysis up to 1 kHz and for kr analysis for
higher frequencies. The same procedure was followed for the uncertainty calculation
as well. The missing low frequency part of the spectrum was calculated as the mean
value of the rest spectrum for one-third octave bands. The corresponding calculation
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was performed for each frequency analysis separately, leading to different low
frequency values, which comes in contradiction to theoretical expectations. In more,
the missing low frequency values were calculated by extrapolation as well. The mean
value was finally chosen because it takes into consideration all the available spectrum.
The values of n; are shown in Figure 4.9.
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Figure 4.9: Sound power level correction factor for changes in ambient temperature.

According to theory [Wit02] the value of n, is-2.5 in case of dipole source. As it can
be seen in Figure 4.9 the factor value depends on frequency. Ground reflections and
reflections from the arc, which could not be fully compensated by the kr representation
may be observed, especially in FFT analysis. Apparently, the dipole behaviour of the
RSSs in all frequency range of interest cannot be supported by Figure 4.9.

4.3.3 Source directivity according to ISO 6926

The three types of RSS used for the influence of ambient temperature were used to
investigate the directivity in terms of the DI as described by Eq.(4.1). The data was
the same as those used for the scan data of Figure 3.9. Due to the large number of DI
values over the measurement surface, only the maximum value of all measurements
per source was used and the results are presented in Figure 4.10 for all RSSs under
investigation in both broad and narrow band frequency analysis.

The RSSs fulfil the requirements of ISO 6926 [ISO6926] for the one-third octave band
analysis. The FFT analysis reveals higher DI values than the corresponding broadband
values. The Norsonic RSS has tonal spectral content, which strongly affects the DI
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above 8 kHz. All three RSSs exhibit close or slightly higher than 6 dB values at
1.6 kHz, especially for the measurements at 2 m measurement radius. This is due to
ground reflections for the microphone positions closest to the floor. The effect is
decreased for higher positions, but since the maximum DI value is taken into account
in Figure 4.10, the reflections effect is more apparent.
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Figure 4.10: Maximum directivity index of the investigated reference sound sources
for different measurement radii. Top: one-third octave bands. Bottom:
FFT bands.

434 Source directivity according to spherical harmonics

The radiation pattern of the RSSs may also be analysed in order to determine the
behaviour of the source (e.g. monopole, dipole etc.). This may be achieved by the
sound field decomposition of a source using the spherical harmonics transform (SHT).
Such analysis is described in the following paragraphs. For calculations the
ITA-Toolbox [Ber17] was used (vers.2017, downloaded on 29.08.2017).

4.34.1 Spherical harmonics transform

Fourier transform is used to calculate the frequency content of a time domain signal,
which is expressed as a sum of sine waves of multiple frequencies. Accordingly, the
analysis of a radiation pattern is performed by the SHT ([Hag11], [Shal5]). The basis
functions of the SHT are called spherical harmonic functions and they enable the
decomposition of the sound field as a sum of spherical harmonics, which have the
same meaning as the Fourier transform harmonics.
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Figure 4.11: First two orders of the real part of the spherical harmonic basis functions.

Consider a the following sound field: a spherical surface that surrounds a source, on
which the sound pressure values can be expressed using a spherical coordinate system
as shown in Figure 2.2 and described by Eq.(2.1) in the form of p(k,r,6’81 ,goaz) .In
the case where the sound field is square-integrable on the surface of the sphere, the
sound pressure values on the sphere can be expressed as a spherical harmonics series
according to:

N

p(k’r’gel ’(paz):zz Pum (k’r) Ynm (651 ’(paz) (48)

n=0 m=—n

The basis functions ¥,", most commonly known as the spherical harmonics of order

n and degree m , are calculated by:

— !
a 2n+1 (n m) p" (COSgel ) ej””/’az 4.9)

n

Y"m (Hel’(paz) 47 (n+m)!

where P is the associated Legendre function of order n and degree m .

Figure 4.11 shows the first two orders of the real part of the spherical harmonic
functions. The radius represents the magnitude of the functions and the colour the
phase.

The spherical harmonics transform of the spatial pressure function can be used to
derive the pressure coefficients p,, of Eq.(4.8) according to:
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V.4 27
pnm (k’r) = I J. p(k7r’9el ’q)az ) Ynm* (Hel ’(paz ) sin Hel deel dq)az (410)
O =0 0, =0

where Y™ is the complex conjugate of the spherical harmonics functions.

If the sound pressure coefficients are known through Eq.(4.10), it is possible to

calculate the sound pressure at any point outside the sphere, which contains all sources
[Poll5].
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Figure 4.12: Determination of the spherical harmonics order for five one-third octave
bands. The selected order is indicated by the dots.

4.34.2 Decomposition implementation

The sound pressure measurements were performed in PTB’s hemianechoic room
using the scanning apparatus described in chapter 3 for three different radii (1.45 m,
1.70 m & 2 m) and the RSSs mentioned at paragraph 4.3.2. Each scan had 1200 s
duration and three measurements for each radius were performed, yielding 12 spatial
data sets for each source for one-third octave bands. Post analysis of the time recorded
signals divided each microphone trajectory to 171 segments. For each segment, the
time averaged sound pressure was calculated, providing a hemispherical grid of
4104 points.
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Figure 4.13: Sound pressure level over a sphere for originally measured data (left) and
after applying the spherical harmonics transform (right). B&K (top),
EDF (middle) and NOR (bottom) source.
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Since the previously described spherical harmonics analysis refers to sound pressure
measurement over a sphere, the hemispherical measurement grid was used for the
creation of a spherical one, by assuming symmetry over the highly reflecting floor of
the hemianechoic room.

The originally measured sound pressure data was used for the determination of the
spherical harmonics order. Each measured sound pressure set ( p,,.,, ) was used for
the calculation of the sound pressure coefficients p,,, using Eq.(4.10) for each order
up to a maximum ( n,, = 20). The sound pressure coefficients were then used for the
calculation of new sound pressure values ( pgyr) according to Eq.(4.8). The
amplitude difference between the original sound pressure and the sound pressure
calculated from the spherical harmonics transform was then determined for each
order:

Apn = PsHT, n ~ Pmeas (411)

As it may be assumed, Eq.(4.11) provided as many amplitude differences as
measurement grid points. For each measurement the standard deviation of all
differences was calculated per frequency and order. The order that corresponded to
the minimum standard deviation, was selected for further calculations. Eq.(4.12)
summarizes the spherical harmonics order calculation:

n(f)=min{o[Ap, ()]} 4.12)

Figure 4.12 shows an example of the determination of the spherical harmonics order
for five 1/3 octave bands according to Eq.(4.12). Figure 4.13 shows the sound
pressure level distribution over a sphere for both the measured and the SHT data
for the one-third octave band of 100 Hz. It can be verified that the SHT provided
data close to the measured.

Figure 4.14 shows the surface averaged sound pressure level difference between the
measured sound pressure and the sound pressure after the SHT for each RSS under
consideration. The subtraction was initially applied to all measurement points and
the surface averaged value was calculated afterwards. All twelve level differences
were close to the average for all RSSs. It must be stated that the same measurements
and analysis were performed for the PTB’s primary source (a vibrating piston
embedded on PTB’s hemianechoic room, i.e. a monopole) and the corresponding
level difference was close to zero for almost all frequencies, meaning that the
determined SHT order was physically correct. By examining Figure 4.14 it can be
stated that the average level differences exhibit similarities (maximum value
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between 1 kHz and 2 kHz) but also differ in the sense of the levels
maximum.
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Figure 4.14: Mean surface averaged sound pressure level difference between
originally measured data and data after the spherical harmonics

transform.
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Figure 4.15: Spherical harmonics order for each RSS against frequency.
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4.34.3 Transfer standard radiation characteristics

The spherical harmonics order was determined as the mean value of the orders
corresponding to each measurement set rounded to the nearest integer. Figure 4.15
shows the spherical harmonics order for each RSS. As it can be seen, the spherical
harmonics order depends on frequency for all sources, with the highest values between
400 Hz and 2 kHz.

The SHT also enables the calculation of the signal energy distribution to each
harmonic. The energy distribution was performed using the ITA-Toolbox [Berl7] as
well. An example of the energy distribution for a single frequency (500 Hz) is depicted
in Figure 4.16. As it may be seen, the energy is mainly distributed to zeroth, second,
fourth and sixth harmonic. In all distributions, the majority of the signal energy is
located at the zeroth order.

lg(energy)

n

Figure 4.16: Spherical harmonics energy distribution.

4344 Comparison to measurement results

The energy distribution from the SHT was used as a tool to relate the radiation
characteristics of the RSSs to those calculated in section 4.3.2. To achieve this, a
single value would be recommendable to characterize each RSS based on its energy
distribution. The expected value of the order was calculated relating the energy of
each harmonic to the total according to:
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n max nEn
— (4.13)

nexpecled = E
o0 tot

where n is the spherical harmonics order, E, the energy of each spherical harmonic
and E, the total signal energy.
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Figure 4.17: Expected spherical harmonics order for each reference sound source
(dotted lines) and order based on n, (continuous line) against frequency.

The factor n; can be theoretically calculated based on the source radiation order 7
(-1 for monopole, -3 for dipole etc.) using:
ng. —2

= 4.14
5 (4.14)

nT=

ng. isrelated to the spherical harmonics order through:

sie

ng, =—2n-1 (4.15)

By combing Eqs. (4.14) and (4.15) the spherical harmonics order can be related to n;
by:

n=-n; —1.5 (4.16)

Figure 4.17 shows the 7expectea for each RSS along with n having been calculated

using Eq.(4.16). The RSS sound production mechanism is related to dipole behaviour.
Such behaviour cannot be attributed to the RSSs based on the results of Figure 4.17.
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In more, the radiation pattern of a RSS is a combination of more than one source
orders with various harmonics energy distribution. Another observation is that the
measurements dedicated to the changes in sound power due to ambient temperature
changes do not reveal the same source order as the SHT. Apparently, although both
analyses (measurement data and SHT) may be used to describe the radiation behaviour
of a source, the calculation of n; can be related to measurements when no directivity
information is needed. On the contrary, the directivity of a source may be described
by SHT.
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Figure 4.18: Sound power level of the B&K reference sound source for one-third
octave bands (top) and FFT bands (bottom) for varying fan rotation
speed.

4.3.5 Influence of rotation speed

The variations in the emitted sound power imposed by variations in the fan rotation
speed were also studied by varying the RSS input voltage. This was performed using
a frequency converter (Philips, Type 2422 530 05405), which also enabled changes in
the alternating current frequency (50 Hz and 60 Hz). Three RSSs were initially
measured in PTB’s hemianechoic room using the scanning apparatus, with only one
providing usable sound power variations (Briiel & Kjar). The variations in the input
voltage were + 10 % around the nominal value (230 V for 50 Hz and 115 V for
60 Hz). For the 50 Hz, the input voltage was also decreased by 35 % from the nominal
value. Table C.3 shows the environmental and operational values for the calculation
of n, including the input voltage values. As it can be seen, the variations in the
amospheric pressure and ambient temperature were small during measurements.
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Figure 4.19: Low frequency part of the FFT sound power level of the B&K reference
sound source against frequency (top) and frequency over fan rotation
speed (bottom).
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Figure 4.20: Sound power level difference between FFT spectrum peaks at nominal
input voltage and rest input voltages.

Figure 4.18 shows the measured sound power levels after having applied air
absorption correction [ISO3745]. Compared to the environmental variations, the
operational variations have a greater effect to the sound power level. As it may be
seen, the data can be grouped into three categories in terms of level. The first
containing only the measurement in the lowest input voltage, which resulted to the
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lowest sound power level. In the second category there are the variations for the
50 Hz current frequency, which resulted in similar sound power levels. The third
category are the 60 Hz variations, which have more widespread and higher sound
power levels than the other categories. By closely examining the FFT spectrum of
Figure 4.18, it is apparent that the fan rotation speed changes results also by shifting
frequencies from 63 Hz to 250 Hz. The ripples in the high frequencies are attributed
to arc reflections. Similarly to the ambient temperature analysis, this frequency
segment is plotted against frequency and against frequency over rotation speed
(Figure 4.19).
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Figure 4.21: Sound power level correction factor for changes in the reference sound
source fan rotation speed for four different data sets in one-third octave
bands.

An analysis was performed, which shows that the frequency shift is proportional to
the rotation speed. Three peaks of the spectrum corresponding to the nominal 50 Hz
input voltage (230 V) were chosen (at 81 Hz, 163 Hz and 203 Hz). The corresponding
peak frequencies were located at the other spectra and the sound power level at the
nominal voltage was subtracted by the rest. Figure 4.20 shows the sound power level
difference against the rotation speed ratio. According to Figure 4.20 the sound power
level depends on the fan rotation speed, which also affects the frequency location of
the studied peaks.
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Figure 4.22: Sound power level correction factor for changes in reference sound
source fan rotation speed.
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Figure 4.23: Sound power level correction factor for changes in atmospheric pressure
(top), ambient temperature (middle) and fan rotation speed (bottom).

Based on the previous, the factor n, was calculated similarly to n; . The frequency
regions from 20 Hz to 63 Hz and from 250 Hz to 20 kHz were used for the regression
against frequency, since no frequency shift is observed by changing rotation speed.
For the interval between 63 Hz and 250 Hz the analysis was performed for the flw
vector. The frequency shift includes only low frequencies, where the one-third octave
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bands could not be used due to the small number of samples. For this reason, the factor

n,, was initially determined in FFT bands and afterwards in one-third octave bands.
The correction factor has been calculated for four data sets including: a) all input
voltages, b) only the 50 Hz input voltages, c) the 50 Hz input voltages excluding the
lowest and d) only the 60 Hz input voltages. The values are presented in Figure 4.21
for one-third octave band analysis. The values of n, differ among data sets but in
overall the correction factor increases in similar way as frequency increases. In the
author’s opinion the most descriptive analysis is the one including all measured data,
and this is to be considered as the proposed one after the fan rotation speed variations.
The proposed correction factor is shown in Figure 4.22 in both broad band and
narrowband frequency analysis.

The observation of Figure 4.22 reveals that the investigated RSS has varying radiation
characteristics in terms of frequency. At frequencies below 100 Hz the correction
factor exhibits large variations. From 100 Hz to 1600 Hz it takes values close to 5.5,
which correspond to a mixed monopole-dipole behaviour [Hii981] and above 2 kHz
the values increase meaning an increase of the radiation order too. The non-unique
radiation order comes in tandem with the temperature variations investigation.
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Figure 4.24: Standard deviation of measured and corrected data after Eqs.(4.6) and
(4.17) for measurements at various ambient temperatures. B&K source.

4.3.6 Comparison to existing correction

The calculation of the correction factors of Eq.(4.6) included the use of theoretical
values for the factors not of interest (e.g. the ambient temperature and fan rotation
speed for the calculation of the factor related to atmospheric pressure). For the
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validation of the results, the factors were calculated once more by replacing the
theoretical values with the calculated ones (in the sense of iteration). The results are
shown in Figure 4.23. The comparison of the factors shows no significant differences
for the ambient temperature and fan rotation speed variations. On the contrary, the
factor related to atmospheric pressure variations differs between the calculations and
this is attributed to the small variety of atmospheric pressure values at which the sound
power measurements were performed.

The proposed correction has been compared to an existing one [Briil3], which is
described by:

cal in situ

Binsilu T.AI
LW.insitu :LW,cal +101g s dB+Slg — dB+0'5(a)msilu _a)cal)dB (417)

where B, =102.3 kPa, T, =20° C and o, =46.9 Hz as given in [Briil3].

The measured data was the in situ values for the Eqs.(4.6) and (4.17). After the
calculation of the sound power levels under calibration conditions the comparison of
the two applied corrections was performed by calculating the standard deviation of
the three sound power level sets (measured, corrected after Eq.(4.6) and corrected
after Eq.(4.17)). Figure 4.24 shows the comparison for the ambient temperature
measurements and Figure 4.25 for the fan rotation speed measurements both for the
Briiel & Kj@r source. The standard deviation comparison for the temperature
measurements for the other two RSSs is shown in Figure C.10 and Figure C.11 in
Appendix C.

The comparison of the two corrections reveals that the one according to Eq.(4.6)
provides close sound power levels referred to calibration conditions. This is enhanced
by Figure 4.25, where the proposed correction by this study is related to lower
standard deviation values especially for frequencies above 3 kHz.

4.4 Near field effects

The present study aims, among others, at the extension of the valid frequency limit of
sound power measurements below the present limits (100 Hz) to frequencies lower
than 50 Hz. In this frequency region, near field effects pose an important factor
affecting the substitution method. A study of such effects was performed using PTB’s
scanning apparatus. Three RSSs were used (a Briiel & Kjar, the EDF and the
Norsonic) and sound pressure measurements were performed at the following radii:
0.60 m, 0.70 m, 0.80 m, 0.90 m, 1.00 m, 1.45 m, 1.70 m, 2.00 m, 2.43 m & 2.75 m for
both one-third octave band and FFT analysis. Windscreens were placed on the
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microphones (60 mm diameter). The sound pressure values were corrected for air
absorption [ISO3745] and the data for the two farthest radii (2.43 m & 2.75 m)
required two additionally corrections. Firstly, an off-axis correction because the
diaphragm was pointing the opposite direction compared to the microphones for the
other measurement radii (factor Cang,; in Eq.(3.5)), which was calculated according
to the frequency response of the microphones [Brii822]. Secondly, a correction for the
attenuation imposed by the arc (factor C,, in Eq.(3.5)). This correction was
experimentally calculated by measurements with and without the arc. For the first
measurements, the arc of Figure 4.7 was used in PTB’s hemianechoic room. For the
measurements without the arc, microphone stands were used instead. The correction
in one-third octave bands was the calculated by:
C,=L -L

att — ‘p, arc p, stand

(4.18)

The FFT values were defined by linear interpolation of the one-third octave band
values. Since both correction effects are influential at high frequencies, the values
below 1 kHz were set to zero.
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Figure 4.25: Standard deviation of measured and corrected data after Eqs.(4.6) and
(4.17) for measurements at various fan rotation speeds. B&K source.

In case of a concentric sphere measured at distance r, the near field error according to
Hiibner [Hii731] is generally described by:
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A(r)=10lg — |dB (4.19)

zkr|Ha ? (kr)

Nser *5

where Ha 1(2) is the normalized Bessel function of the third kind (also known as

Mser +E

Hankel function) and n, is the order of the source (0 for monopole, 1 for dipole etc.).

The near field effects can be quantified by the difference between the determined
sound power at each measurement radius and the sound power at the shortest radius
according to:

AL’W,meas,i :LW(’;')_LW(rmin) (420)
Eq.(4.19) may be the accordingly used:
AL'W,theo,i :A(rmin)_A(r;') (421)

Figure 4.26 shows the sound power level difference for both measured and theoretical
data for the 1.45 m measurement radius. The difference comparison for all
measurement radii reveals the same trend. As it is shown, the sound power level
difference as calculated by the measured data is related to a dipole behaviour. It is also
seen that below kr = 10%* the theoretical sound power level difference differs from
the measured. This is attributed to remaining wind effects, since the windscreens
cannot fully suppress the generated by the RSS wind and to room mode effects. The
remaining wind effects could be investigated by correlation measurements.
Apparently, a near field correction may be provided by Eq.(4.19) down to the kr value
where no remaining wind and room mode effects are present. For this reason, in the
uncertainty calculation of section 3.9.12 the near field effects were taken into
consideration as explained in section 3.9.5.
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Figure 4.26: Sound power level difference for measured and theoretical data for
different source orders against k7. Top: one-third octave bands. Bottom:
FFT bands.

4.5 Uncertainty of sound power levels emitted by transfer standards

The uncertainty of the sound power level of transfer standards may be divided into
the uncertainty related to the number of microphones used for the determination of
the surface and time averaged sound pressure level over the measurement surface and
the uncertainty for the calculation of the in situ sound power level based on sound
power levels under calibration conditions. Each of these parameters is calculated and
presented in the following paragraphs.

4.5.1 Uncertainty due to directivity

The directivity characteristics of a source contribute to the uncertainty for the surface
and time averaged sound pressure level. As an example, a directional source requires
an adequate measurement sampling (number of microphones) so that the directivity
is adequately detected. The sound pressure levels recorded by each microphone were
used for the related calculation. For the calculation of the surface and time averaged
sound pressure level a different number of microphones was used, and the uncertainty
was calculated by [JCGOS]:

o (L,.1)

Rpic

u’ (directivity) = (4.22)
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where o2 (Lp,i) is the standard deviation of the sound pressure levels for the

microphones used and 7, is the total number of used microphones.
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Figure 4.27:Uncertainty of the sound pressure level for different number of
microphones for the measurement of the EDF reference sound source.
Top: one-third octave bands. Bottom: FFT bands.

The number of microphones used for the surface and time averaged sound pressure
level calculation was: 8, 10, 12, 16, 18, 20 & 24. The positions of the microphones
are contained in Table C.4. Figure 4.27 shows the uncertainty for the EDF RSS.

The use of a larger number of microphones for the sampling of the measurement
surface decreases the related uncertainty for both one-third octave band and FFT
analysis. The 24 microphones used for the measurements sufficiently cover the
directivity of the sources. The decrease in uncertainty is related to the surface and time
averaged sound pressure level difference between the different number of
microphones setups. Table C.5 shows the range where the sound pressure level
difference lies for each source and frequency analysis.

The range decreases while the number of microphones increases for both frequency
analyses. Apparently, the use of a larger number of microphones for the sampling of
the measurement surface decreases the uncertainty related to the directivity of the
source under measurement.
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4.5.2 Uncertainty due to in situ sound power determination

According to GUM [JCGO8] the uncertainty of the in-situ sound power level of the
transfer source according to Eq.(4.6) is described by:

cal
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The analysis follows the initial work done by Wittstock [Wit041]. The uncertainty of
the sound power level under calibration conditions has been already discussed and
presented in paragraph 3.9.12. The uncertainty of the correction factors was calculated
based on the error of the regression analysis. This relates the sound power level
difference of the measured data and sound power level difference after the regression.
As an example, the uncertainty for the correction factor for the influence of
atmospheric pressure is given:

u2 (nB ) = 0—2 |:ALW (B) - ALVV,rcgrcssion (B)j| (424)

where ALy, (B) is the sound power level difference described by Eq.(4.7) and
ALy | tegression (B) the sound power level difference after applying the regression

analysis.
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Figure 4.28: Combined uncertainty and its components for the in situ sound power
level correction. Top: one-third octave bands. Bottom: FFT bands.

As uncertainty of the correction factor for the variations in atmospheric pressure and
ambient temperature, the maximum value of the corresponding individual
uncertainties (one uncertainty pro RSS) was chosen. The atmospheric pressure,
ambient temperature and fan rotation speed were taken from Table C.1, Table C.2 and
Table C.3. As in situ values the ones corresponding to the related parameter under
investigation were chosen, leaving the other two sets as values under calibration
conditions. E.g. for the variations in atmospheric pressure the atmospheric pressure
values of Table C.1 were chosen as in situ values, while the values of Table C.2 and
Table C.3 as values under calibration conditions. From each in situ value set the
maximum value was chosen and from each set with calibration condition values the
minimum, so as to maximize the related ratio of Eq.(4.23). The uncertainties of the
atmospheric and operational parameters are related to the uncertainty of the
measurement instrument. These are: u(B) = 0.3 kPa, u(T) = 0.5 K and u(w) = 0.05 Hz.
Figure 4.28 shows the uncertainty of the in situ sound power level as described by
Eq.(4.23). As it may be observed, in broadband analysis the most influential factor is
the uncertainty of the sound power level under calibration conditions. In narrow band
analysis, the uncertainty of the ambient temperature correction factor also affects the
overall in situ uncertainty but only around 1 kHz and to a lesser extent compared to
the uncertainty of the sound power level under calibration conditions.

The uncertainty of the correction factor for the variation in fan rotation speed was
calculated for each of the four fan ration speed measurement groups as discussed in
section 4.3.5 and the results are presented in Figure 4.29. The differences among the
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uncertainties are small and it can be stated that for the proposed uncertainty budget
there is no need for separate uncertainty calculation referring to different alternating

frequencies.
' _ —w=[44.13 Hz - 56.27 Hz]
03F --w=[44.13 Hz - 48.35 Hz]
------ w=[47.63 Hz - 48.35 Hz]
--w=[53.25 Hz - 56.27 Hz]
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Figure 4.29: Uncertainty of the correction factor for changes in fan rotation speed for
various rotation speed values.

The determination of the sound power level of the transfer standard in situ enables the
determination of sound power of real sources. The sound power determination of
equipment and machinery by applying the substitution method using both sound
pressure and sound intensity are the main topic the following chapter. The influence
of the measurement surface and the surrounding environment was investigated for a
number of sources with various spectral contents. The determination of the related
uncertainty enabled the combined uncertainty for the dissemination of the unit watt to
be derived. The combined uncertainty was compared to the existing uncertainty values
and the possibility of a new uncertainty budget for the sound power determination is
discussed.
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5 Implementation of substitution method

The substitution method was applied using both sound pressure and sound intensity
measurements and the results are compared in this chapter. The influence of the
measurement surface and the surrounding environment is discussed. The related
uncertainties are also presented.

5.1 Influence of the measurement surface

o L A E2 o\ e A ”~
Figure 5.1: Realistic sources used for the application of the substitution method. Left

to right: aerodynamic reference sound source, vacuum cleaner and air
COmpIessor.

Table 5.1 Measurement points coordinates for the box shaped measurement surface.

X (m) y (m) z (m)
-0.625 -1.25 0.4
0.625 -1.25 1.1
1.25 -0.625 1
1.25 0.625 0.5
0.625 1.25 0.6
-0.625 1.25 0.9
-1.25 0.625 0.8
-1.25 -0.625 0.7
-0.625 0.625 L5
-0.625 -0.625 L5
0.625 0.625 L5
0.625 -0.625 L5

Five sources were used for the implementation of the substitution method using both
sound pressure and sound intensity measurements. PTB’s primary source [Kir06], two
RSSs (an AEG Type ADEB71K2 and a Briiel & Kj®r Type 4204) as shown in
Figure 3.1, a vacuum cleaner (Festool Type CMT 22E) and an air compressor (Kaeser
Type Diamant 160W). The two latter sources were chosen for their tonal spectral
components. The Brilel & Kjar source was used as the transfer standard for the
determination of the in situ sound power level of the realistic sources (AEG, vacuum
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cleaner and air compressor) based on the free field sound power level of the primary
source. Figure 5.1 shows the realistic sources.

The sound intensity calculation is mentioned in paragraph 3.2.2. The sound power
determination based on sound intensity measurements is described in the ISO 9614
series ([ISO96141], [1SO96142], [ISO96143]). The measurement may be performed
either by scanning or at discrete points of a surrounding surface. Sound intensity
measurements were performed in PTB’s hemianechoic room using the scanning
apparatus along with measurements at discrete points. The former covered a
hemispherical surface, whereas the latter a twelve-point box shaped surface with
dimensions 2.5 m x 2.5 m x 1.5 m. Table 5.1 contains the measurement points
coordinates for the box shaped measurements.

The sound intensity level for both occasions is given by:

1
L, —IOIOg[ll—rleB 5.1)

ref

where |Ir| is the unsigned value of the radial (normal) component of the sound
intensity [ISO96143].

The sound power determination of the realistic sources (or devices under test, DUT)
includes two steps. In the first, the sound power level of the transfer source under
calibration conditions is determined. For the case of sound intensity measurements,
the sound power level is given by:

_— S8, cal
Ly 1s,ca 1 _LW,PS+Ll,TS,ca1_LI¢PS+]01g( dB

Sps 52)

Brs . T, '
_101g( ngs = ]dB +51g[ T; = ]dB + Coer, probe, 1 + G5, 15, cal — C3,ps + Crer
PS PS
whereas for sound pressure measurements:
- STS, cal
Ly 1s.ca,p =Lw ps + Ly 15, cal =L, ps +101g . dB
PS
Brs, ca Trs, ca 53
_]0]g = dB + Slg L dB+ Cnoise TS — Cnoise PS ( )
By Tps ' ’

+Ccr, probe, p + C3,15,cat —C3,ps + Crpr
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In the second step, the sound power level of the DUT is determined, in case of sound
intensity, by:

Spur, cal
Ly put,ca 1 =Lw 1s,ca, 1 + L put,ca — Ly 15, car 71018 ——= |dB
TS, cal
B T 5.4
~10lg| —=% |dB + 251g| = |dB+ C; pur.cq — Ca. 15, ca
TS, cal TS, cal
and in case of sound pressure by:
LW ,DUT, cal, p = LW , TS, cal, p + Lp,DUT, cal — Lp,TS, cal
S B, Tour. .
+10lg) —=* |dB ~101g| ——— |dB +25lg| —— |dB (5.5)
TS, cal TS, cal TS, cal

+Croise, DUT, cal ~ Croise, Ts, cal T C3,purt, cal ~ C3, 15, cat

where S, is the surface over which the sound power of the subscripted source is
determined respectively and Cscr, probe, 7 and  Cser, probe, p is the intensity probe
windscreen correction factor for sound intensity and sound pressure respectively. It is
similar to the correction discussed in section 3.9.6 but of different value, because of
the different windscreen shape (the pressure microphone windscreens are spherical,
while the sound intensity probe are oval with two axes of symmetry). The near field
effects and the remaining room influences have not been included as a correction
factor but are taken into consideration in the related uncertainty instead.

It must be noted that as sound pressure value, the mean value of the intensity probe
microphone signals was used. This way, the arc attenuation as discussed in paragraph
4.4 is compensated, due to the different distance of each intensity probe microphone
from the arc.

As it may be observed, Eqs.(5.2)-(5.5) include corrections for the atmospheric
pressure and ambient temperature. Eqs.(5.2) and (5.3) express the transfer standard
sound power level under calibration conditions, with the ambient temperature
correction exponent to be -0.5 due to the different order of the sources (primary source
a monopole and transfer source not a monopole). Egs.(5.4) and (5.5) provide the sound
power level of the DUT under calibration conditions. After spherical harmonics
decomposition, the order of the vacuum cleaner and the air compressor was found to
be similar to the transfer source and the temperature correction factor was set to -2.5
(dipole).
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Figure 5.2: Sound power level of the vacuum cleaner directly determined after sound
pressure scanning measurements (black) and after applying the
substitution method (grey). Top: one-third octave bands. Bottom: FFT

bands.
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Figure 5.3: Sound power level of the vacuum cleaner directly determined after sound
intensity scanning measurements (black) and after applying the
substitution method (grey). Top: one-third octave bands. Bottom: FFT
bands.

The primary source was measured only by scanning at 0.70 m, 0.80 m, 0.90 m,
1.45 m, 1.70 m, 2.34 m & 2.75 m measurement radius. The transfer source was
measured by scanning at the same radii and with the box shaped surface, while the
DUT by scanning only at 1.45 m and with the rectangular box. The implementation
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of Egs.(5.2) and (5.3) could include all possible combinations between measurements
at different radii. This was chosen not to be the case for two reasons. First, because
this would not be representative for realistically applicable engineering
measurements, meaning that for time convenience, only a radius would be chosen for
all measurements. Second, because the large number of the available sound pressure
or sound intensity level differences would have an impact by decreasing the related
uncertainty.

The sound power level of the primary source was determined by measuring the piston
vibration velocity using a laser scanning vibrometer. The measurements were not part
of this project and the sound power values were kindly provided for the
implementation of the substitution method.

The sound power levels after the substitution method were compared to the directly
calculated using Eq.(4.3) for the case of sound pressure and the following equation
for the case of sound intensity [ISO96143]:

N —_—
eri Si

L, =10lg ”P— dB (5.6)

ref

where I; is the signed magnitude of the partial surface average radial sound intensity
measured on the partial surface i of the measurement surface and S; is the area of the
partial surface i.

Table D.1 shows the atmospheric pressure, ambient temperature and surface values
used for the corrections in Egs.(5.2)-(5.5).

Figure 5.2 shows the sound power level of the vacuum cleaner after direct
determination and after the substitution method for the scanning measurements using
sound pressure measurements and Figure 5.3 using sound intensity measurements.
Figure 5.4 and Figure 5.5 show the same levels for the partial surface measurements.
The corresponding figures for the other two DUT can be found in Figure D.1 -
Figure D.8 in Appendix D. As it can be seen, the directly determined sound power
level is close to the levels after the substitution method in case of the scanning
measurements for the frequency region between 100 Hz and 1600 Hz, but not for the
case of sound pressure measurements over the box shaped surface. The sound
intensity results are close for frequencies below 100 Hz as well. The deviation
between the direct and after the substitution sound power levels at high frequencies
seen at both measurement sets are attributed to the inefficient frequency response of
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the primary sound source. Room influences may be seen at frequencies below 100 Hz
for the sound pressure measurements, with the results based on the box shaped surface
being more influenced than those after scanning. The latter smoothens the room
effects. Near field effects also affect the results along with remaining wind influences
carried mainly by the transfer standard data. The substitution method results are not
largely deviated in case of scanning, especially at frequencies above 100 Hz. The
sound intensity results of the box shaped surface are also not much deviated. It may
also be observed that the narrow band frequency analysis provides qualitative results.

12
LW/ dBre 100 "W

Frequency / Hz

Figure 5.4: Sound power level of the vacuum cleaner directly determined after sound
pressure discrete point measurements (black) and after applying the
substitution method (grey). Top: one-third octave bands. Bottom: FFT
bands.

5.2 Influence of the surrounding environment

Apart from influences of the measurement surface, the influences of the surrounding
environment were also studied. The same sources were used as previously, and the
measurements were performed in various environments of different volume and
absorption. The spaces where the measurements took place are described in Table 5.2.
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Figure 5.5: Sound power level of the vacuum cleaner directly determined after sound
intensity discrete point measurements (black) and after applying the
substitution method (grey). Top: one-third octave bands. Bottom: FFT
bands.
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Figure 5.6: Sound power level of the air compressor directly determined after sound
pressure discrete point measurements at different acoustic environments.
Top: one-third octave bands. Bottom: FFT bands.

The influences of the surrounding environment may be seen in Figure 5.6 and
Figure 5.7 as the resulting differences on the directly calculated sound power level of
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the air compressor based on sound pressure and sound intensity measurements
respectively. The corresponding levels for the other two DUT can be found in
Figure D.9 - Figure D.12 in Appendix D. In the results no environmental correction
has been applied (correction factor K, as it may be found in the ISO 3740 series
([ISO3744], [1ISO3746]). This is because there is no intention to directly compare the
proposed sound power level determination method to existing ones and because the
determination of K, would be cumbersome in case of the open space measurements.

Table 5.2 Description of measurement surroundings.

Room Volume (m?)
Hard-walled test room 1 50
Hard-walled test room 2 50
Hard-walled test room 2 — damped 50
Hemianechoic room 190
Open space in large hall -

The sound power analysis included the comparison between directly determined
sound power levels based on sound pressure and sound intensity measurements and
sound power levels after applying the substitution method. For the substitution
method, the determination of the sound power level of the transfer source was once
performed under calibration conditions and once in situ conditions. For the relation of
the two, the correction for the changes in environmental and operational conditions
was performed as expressed by Eq.(4.6). Table D.2 shows the environmental and
operational conditions and the measurement surface values for the measurements in
different environmental surroundings.

The substitution procedure for the determination of the DUT sound power level in situ
for sound pressure measurements is described by:

LW ,DUT, insitu, p — LW , TS, in situ + Lp, DUT, insitu Lp, TS, in situ

SDUT, in situ BDUT, in situ TDUT, in situ dB (57)

dB-101g dB +251g

TS, in situ TS, in situ TS, in situ

+101g

The same equation applies for sound intensity measurements. The identical
environmental conditions referring to the transfer source and the DUT along with the
same background noise levels, make the corrections for the background noise and the
air absorption to vanish.
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Figure 5.7: Sound power level of the air compressor directly determined after sound

intensity discrete point measurements at different acoustic environments.
Top: one-third octave bands. Bottom: FFT bands.

Figure 5.8 and Figure 5.9 show the sound power levels of the AEG source after
applying both methods. The corresponding results for the other two sources are
depicted in Figure D.13 - Figure D.16 in Appendix D. The primary source frequency
response effects are apparent above 2 kHz for the substitution method results. As
expected, the sound power direct results based on sound pressure measurements are
strongly influenced by the surrounding environment. The closest to the substitution
method results is the hemianechoic room sound power as also discussed in the
previous section. The sound power levels based on intensity levels are close to each
other except for frequencies below 60 Hz where the sound power levels of the direct
calculations are larger than the substitution method results.

5.3 Comparison between sound pressure and sound intensity results

The difference between the sound power levels after the substitution method and after
direct determination was calculated as:

ALW :LW,sub _LW,dir (58)

The mean value of the sound power level differences of all three DUT was calculated
and is presented in the following figures. In Figure 5.10 the sound power level
differences for the investigation of the influence of the measurement surface is

presented. Figure 5.11 and Figure 5.12 present the mean value for the surrounding
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environment influence after sound pressure and sound intensity measurements
respectively. The primary source influence is apparent to all figures above 1.6 kHz.

The measurement surface affects the sound power determination to a small extent.
The directly determined sound power level after sound pressure measurements over
the box shaped surface has the largest deviation from the corresponding sound power
level after the substitution method. The largest deviations between the two sound
power determination methods are seen for sound pressure measurements at different
surrounding environments. The lowest deviation for this case is seen in the
hemianechoic measurements. The sound intensity measurements are less prone to the
surrounding environment.

The most important finding of the comparison of the two determination methods is
apparent to both measurement surface and surrounding environment results. At
frequencies below 60 Hz, the substitution method provides up to approximately
29 dB lower sound power levels compared to the direct determination method. In other
words, the sound power that is really emitted to the measured acoustic field is 29 dB
larger than the sound power level that would be emitted in case of free field. As it may
also be seen, the smallest deviations between substitution and direct method can be
found for the case of free or approximately free field (hemianechoic room and open
space). At low frequencies there are three factors that assumingly influence the sound
power level difference. The room volume at very low frequencies and the room modes
and near field at low frequencies.
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Figure 5.8: Sound power level of the AEG reference sound source directly determined
after sound pressure discrete point measurements (blue) and after applying
the substitution method (orange red) at different surrounding
environments. Top: one-third octave bands. Bottom: FFT bands.
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Figure 5.9: Sound power level of the AEG reference sound source directly determined
after sound intensity discrete point measurements (blue) and after
applying the substitution method (orange red) at different surrounding
environments. Top: one-third octave bands. Bottom: FFT bands.
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Figure 5.10: Mean sound power level difference between sound power level after the
substitution method and after direct calculation for the investigation on
the measurement surface influence. Top: one-third octave bands.
Bottom: FFT bands.
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Mean sound power level difference between sound power level after the
substitution method and after direct calculation for the investigation on
the surrounding environment influence for sound pressure
measurements. Top: one-third octave bands. Bottom: FFT bands.
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Figure 5.12: Mean sound power level difference between sound power level after the
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substitution method and after direct calculation for the investigation on
the surrounding environment influence for sound intensity
measurements. Top: one-third octave bands. Bottom: FFT bands.
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54 Uncertainty of device under test sound power level

As in section 3.9, the uncertainty of the DUT sound power level in calibration
conditions and in situ was performed. In the next section the uncertainty analysis is
presented.

54.1 Uncertainty of the measurement surface influence

The uncertainty of the transfer source sound power level under calibration conditions
as described by Eq.(5.2) is:

Sps
2 2
10dB BPS 2 (BTS,(HA] J 5dB TPS 2 [TTS, cal J
+ u +|———u
In10 Byg o Bpg In10 Tg oy Ts 5.9)

- Sis.e S s
412 | L g5 e +10lg] —— |dB [+ | I, ps +101g| —5— |dB
STS, cal, ref SPS, ref

+u? (Cscr, probe, I )*“2 (C3,Ts,ca1 =G5 ps )*“2 (Cerr)

S1s. e
o (LW'TS'“‘“):”2 (LW»PS )+u2 [LI’TS,cal Ly ps +101g( S dej

The uncertainty based on sound pressure measurements following Eq.(5.3) is
expressed as:

_ S5, cal
u’ (LW,TS,cal, ) ) =u? (LW,PS )+”2 l:Lp,TS,cal =L, s "'101:‘{ Sie dB
P
2 2
n 10dB BPS uz BTS, cal i 5dB TPS uz TTS,cal
In10 Byg Bpg In10 Tig oy N

(5.10)
20 70 STS,cal |l SPS
+u| L, 15 ca +101g R dB |+u”| L, ps +10lg S dB
TS, cal, ref PS, ref

+u2(C )+u2(C )+u2(C

noise, PS noise, TS scr, probe, p )

+u’ (CS,TS,cal =G5 ps )*”2 (CFFF)

It must be noted that the uncertainty of the sound pressure levels applies to the
uncorrected for background noise and air absorption levels. For the calculation of the
uncertainty of the sound pressure level difference, Eq.(3.21) was used, where two
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uncertainty components are included. For the uncertainty of the sound intensity level
difference, only the statistical effects were taken into consideration, as expressed by
the standard deviation of the differences. To calculate the uncertainty of the sound
intensity and sound pressure levels, they must be referred to the same measurement
surface. As reference the 1.45 m radius measurement surface was chosen for both
primary and transfer sources. The environmental conditions uncertainties were found
to be 0.016 dB for the atmospheric pressure and 0.002 dB for the ambient temperature,
allowing to be neglected. Thus, the uncertainty equations may be simplified to:

— S
w (LW’TS’“‘“):MZ (LW»PS )+u2 [LI,Ts,m —Ly s +101g[ S Jdlj

SPS

- Srs. e — S 5.11
41 | L g oq +101g) — 2 |dB |+u>| L, ps +10lg| —F5— |dB 10
o STS, cal, ref ' SPSA, ref
+u2 (Cscr,pmbe,l )+M2 (C3,TS,cal _C3,PS )+l/l2 (CFFT)

and

T T S
Mz (LW'TS’Cal’p):uz (LW’PS )+M2 I:LprS,cal _Lp,PS +101g{ S ]dB:l

PS

STS, cal

2\ 7 2| 7 Sps
+u Lp,TS,cal+101g dB [+ u Lp,PS +101g S dB (512)

TS, cal, ref PS, ref

2 2 2
+u (Cnoise, PS ) +tu (Cnoise, TS ) tu (C.scr, probe, p )

+u’ (CS,TS,cal =G5 ps )"'”2 (Crrr )

The uncertainty of the primary source was described in section 3.9.8. The uncertainty
of the average sound pressure and sound intensity level is given by Eq.(3.16). The
background noise level uncertainty is expressed by Eq.(3.15), the windscreen
uncertainties by Eq.(3.19), the air absorption correction uncertainty by Eq.(3.23) and
the uncertainty for the FFT windowing by Eq.(3.17).

Similarly, the uncertainty of the DUT sound power level based on sound intensity
measurements under calibration conditions using the scanning method is calculated
by:
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u’ (LW,DUT,cal,I ) =u’ (LW,TS, cal, I )

scan

S cal
+u2 L[,DUT,Ca] _LI,TS,cal +101g{&’1]dB

TS, cal
(5.13)
T — Sts. cal
+u’ (LI,DUT,cal)V +1u? | Ly 1 ca +10]g[—ca dB
sean TS, cal, ref
scan
2
tu (C3, puT, cat ~ G315, cal )
The related uncertainty for sound pressure is:
2 2
u (LW DUT, cal, p )scan =u (LW,TS,cal, P )
2 SDUT, cal
+u” | L, pur,ca —Lp 15, ca +1018| ——— |dB
STS, cal scan
(5.14)

[ [ S.
2 ’ 2 ] TS, cal
(L) pumen )+ | Ly 1. ca +101g| ——="— |dB
sean TS, cal, ref wean

2 2 2
+tu (Cnoise, DUT, cal ) +u (Cnoise TS, cal ) +u (Cz, put.cat ~ G315 cal )

The measurement of the DUT field quantities include measurements only at one
distance for each measurement configuration. In order to calculate the uncertainty of
the average sound pressure and sound intensity level, the dispersion of the partial
surface levels was used [JCGO08]:

scan (515)

2 '
N e a— o (Lp,DUT,cal,i)
u (Lp,DUT,cal) =
scan nSparlial

where ng partial is the number of partial surfaces.

The uncertainty of the DUT sound power level based on sound intensity
measurements for the box surface method is:

2 2
u (LW,DUT,cal,I )discme =u (LW,TS,cal,I)
| SbuT, cat
+u”| Ly pyr,ca — Ly 15, +101g| ——— |dB (5.16)
TS, cal
scan

2 2 2
tu (LI,DUT,cal) +u (LI,TS,cal) tu (C3,DUT,ca1_C3,Ts,ca1)

discrete discrete
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The only pair of surface and time averaged sound intensity levels of the DUT and the
transfer standard is not sufficient to calculate the level difference uncertainty. The
uncertainty of the sound intensity level differences for the scanning method was used
instead, since the different radii for which it has been calculated can be used as
indicative for the box surface method, because it also refers to average levels. For the
uncertainty of the sound intensity levels Eq.(5.15) was used.

Accordingly, the formula for the sound pressure levels is:

u’ (LW,DUT,caI,p) =u’ (LW,TS,cal,p)

discrete

SDUT, cal

dB
S, cal (5.17)

scan
2 ’ 2 ]
+u (Lp,DUT,cal) +u (Lp,Ts,cal)

2 2 2
tu (Cnoise, DUT, cal ) tu (Cnoise, TS, cal ) tu (C3, puT, cal ~ 3,15, cal )

2
+u Lp, DUT, cal — Lp,TS, cal t 101g

discrete discrete

The uncertainties of the sound power level determination of the AEG source as
described by Egs.(5.13), (5.14), (5.16) and (5.17) are shown in Figure 5.13 -
Figure 5.16. As it may be observed, the most influential partial uncertainty for all
cases is the uncertainty of the transfer standard sound power level. The sound pressure
level and sound intensity level difference uncertainty is also influential along with the
uncertainty of the sound pressure level and sound intensity level. The influence of the
background noise and air absorption correction are not influential. The same
observations may be made for the air compressor and the vacuum cleaner. All three
DUT sound power levels have similar combined uncertainties as it may be seen in
Figure 5.17 for the case of sound intensity discrete measurements. The maximum
value pro frequency was chosen to derive a representative uncertainty to cover all
measured DUT.
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Figure 5.13: Total and partial uncertainties of the AEG source sound power level for
the investigation of the measurement surface influence. Sound intensity
scanning measurements. Top: one-third octave bands. Bottom: FFT

bands.
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Figure 5.14: Total and partial uncertainties of the AEG source sound power level for
the investigation of the measurement surface influence. Sound pressure
scanning measurements. Top: one-third octave bands. Bottom: FFT
bands.
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Figure 5.15: Total and partial uncertainties of the AEG source sound power level for
the investigation of the measurement surface influence. Sound intensity
discrete point measurements. Top: one-third octave bands. Bottom: FFT
bands.
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Figure 5.16: Total and partial uncertainties of the AEG source sound power level for
the investigation of the measurement surface influence. Sound pressure
discrete point measurements. Top: one-third octave bands. Bottom: FFT
bands.
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Figure 5.17: Total uncertainty of each device under test sound power level for the
investigation of the measurement surface influence and maximum value
of all. Sound intensity discrete point measurements. Top: one-third
octave bands. Bottom: FFT bands.

For the validation of the calculated uncertainties, the following procedure was
followed. The mean value of the directly determined sound power levels and the sound
power levels after the substitution method were calculated and the difference between
each level and the mean value was produced. This was performed for each source and
measurement method. The sound power level differences were compared to literature
and the calculated uncertainty, in order to investigate if the differences lie within the
expanded uncertainty limits. According to literature, for the sound pressure
measurements, the uncertainties of ISO 3745 were chosen [ISO3745]. For the sound
intensity measurements, the values of ISO 9614-1 [ISO96141] were chosen for the
discrete measurements and ISO 9614-2 [ISO96142] for the scanning measurements.
The expanded uncertainty with 95% confidence interval was calculated according to
GUM [JCGO8] as +2u. The sound power level differences along with the uncertainty
limits are presented in Figure 5.18 - Figure 5.21. The spiky envelope at high
frequencies is due to the air compressor uncertainty (Figure 5.17).

The expanded uncertainty after the substitution method covers the sound power level
differences in the whole frequency range in case of sound pressure measurements. At
low frequencies, the uncertainty is large due to near field and room modes as
previously explained. The existing in literature uncertainty covers the sound power
level differences above 90 Hz. The differences corresponding to the directly
determined sound power levels lie outside the limits of the existing uncertainty at
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specific frequencies starting from 700 Hz. The uncertainty based on the substitution
method is in general larger than the literature uncertainty.

— . ey : +/- 2U Scan
g 50 —+/- 2U SO 3745
~
q '50 L L
10° 10° 10*
m 50 T T
o
~
< 5 .
10° 10° 10*
Frequency / Hz

Figure 5.18: Sound power level differences and expanded uncertainty limits for sound
pressure scanning measurements. Top: one-third octave bands. Bottom:
FFT bands.
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Figure 5.19: Sound power level differences and expanded uncertainty limits for sound
pressure discrete point measurements. Top: one-third octave bands.
Bottom: FFT bands.
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Figure 5.20: Sound power level differences and expanded uncertainty limits for sound
intensity scanning measurements. Top: one-third octave bands. Bottom:
FFT bands.
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Figure 5.21: Sound power level differences and expanded uncertainty limits for sound
intensity discrete point measurements. Top: one-third octave bands.
Bottom: FFT bands.

For sound intensity measurements, the proposed uncertainty also covers the sound
power level differences except some narrow frequency bands, which may be
explained by the 95% confidence interval. Up to 700 Hz the proposed uncertainty is

lower than the existing in literature. In overall, it can be stated that the influence of
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the measurement surface on the sound power determination based on the substitution
method can be sufficiently covered by the proposed uncertainty.

54.2 Uncertainty of the surrounding environment influence

The uncertainty of the sound power level for the influence of the surrounding
environment was also determined. The sound power level of the transfer standard
under calibration conditions is given by Eqgs.(5.11) and (5.12). The DUT
measurements in situ require the correction for the transfer source described by
Eq.(4.6) and the calculation of the related uncertainty by Eq.(4.23). Then, the
uncertainty of the DUT sound power level after sound intensity measurements is
described by:

2 _ .2 2
u (LW,DUT, in situ, / ) =u (LW,TS, in situ, 7 )+ u (LI ,DUT,insitn ~ L. 75, in sita )

(5.18)
+u’ (LI,DUT, in situ )+ u’ (LI,TS, in situ )

The uncertainty of the sound intensity level difference was calculated based on the
five differences of all measurement environments. The uncertainty of the sound
intensity levels was calculated by the dispersion of the partial sound intensity levels
according to Eq.(5.15).

The uncertainty for the case of sound pressure measurements is:

2 _ .2 2
u (LW,DUT,insilu,p)_u (LW,TS,insilu,p)+u (L[),DUT,insitu_Lp,TS,insitu)

(5.19)
+u (L +u? (L +u*(C +u*(C
u p.DUT, insitu | T Y4 p. TS, insitu | T U noise, DUT, in situ ) T ¥ noise, TS, in situ

The uncertainty of the air absorption correction was omitted since the DUT and
transfer source measurements were performed on the same environmental conditions.

As in the case of the measurement surface influence, the total uncertainty is mainly
affected by the uncertainty of the in situ sound power level measurement of the
transfer source, the uncertainty of the sound pressure level and sound intensity level
difference and the uncertainty of the sound pressure and sound intensity. The
surrounding environment affects the related uncertainty, which is also different for
each DUT. This is shown in Figure 5.24 for the case of sound pressure measurements.
To derive a total uncertainty applicable to all surrounding environments, the
maximum value per frequency was chosen.
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Figure 5.22: Total and partial uncertainties of the device under test sound power level
for the investigation of the surrounding environment influence. Sound
pressure discrete point measurements of the vacuum cleaner at the hard-
walled test room 1. Top: one-third octave bands. Bottom: FFT bands.

The uncertainties of Eq.(5.18) and (5.19) are shown in Figure 5.22 and Figure 5.23
for the hard-walled test room 1.
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Figure 5.23: Total and partial uncertainties of the device under test sound power level
for the investigation of the surrounding environment influence. Sound
intensity discrete point measurements of the vacuum cleaner at the hard-
walled test room 1. Top: one-third octave bands. Bottom: FFT bands.
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Figure 5.24: Total uncertainty of the AEG source (blue), air compressor (orange red)
and vacuum cleaner (yellow) for the investigation of the surrounding
environment influence and maximum value of all (black). Sound
pressure discrete point measurements.
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Figure 5.25: Sound power level differences for all surrounding environments and
expanded uncertainty limits for sound pressure measurements using the
discrete point method. Top: one-third octave bands. Bottom: FFT bands.
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Figure 5.26: Sound power level differences for all surrounding environments and
expanded uncertainty limits for sound intensity measurements using the
discrete point method. Top: one-third octave bands. Bottom: FFT bands.

The difference between the sound power levels after direct determination and after
the substitution method and their mean value was again calculated and compared to
the expanded proposed and found in literature uncertainty. For the latter, the values
of ISO 3743-1 [ISO37431] were used for the sound pressure measurements and the
values of ISO 9614-1 [ISO96141] for the sound intensity measurements. The sound
power level differences along with the expanded uncertainties are shown in
Figure 5.25 and Figure 5.26. The uncertainty limits for the sound intensity
measurements cover the calculated sound power level differences, while this is not
the case for the sound pressure measurements. This is attributed to the absence of K,
correction for the directly calculated sound power levels. Figure 5.27 shows the sound
power level differences related only to the substitution method results.

The sound power level differences based on sound pressure measurements and after
applying the substitution method are covered by both expanded uncertainties. For
frequencies above 70 Hz the ISO 3743-1 [ISO37431] uncertainty has lower values
than the proposed one. The latter covers the lower frequencies sufficiently. For the
sound intensity measurements, the proposed uncertainty covers all differences for the
whole frequency range of interest in both frequency analyses.

In general, it may be concluded that sound power level differences including both
direct and after the substitution method results for various measurement surfaces and
surrounding environments can be covered by combining the uncertainties currently
stated in the ISO series ([ISO37431], [ISO3745], [ISO96141], [ISO96143]) and the
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uncertainties proposed by this study. For one-third octave band analysis and in the
common frequency range, the lowest uncertainty value may be accordingly chosen,
to cover the wanted sound power level differences. For frequencies outside the ISO
range, the proposed uncertainty values are available. The same is also the case for the
FFT analysis. As the analysis used both directly determined sound power levels and
levels after the substitution method, the uncertainties are also applicable to each sound
power level determination method except for the directly determined levels after
sound pressure levels at different surrounding environments.

m . T +/- 2U Discrete
3 50 —+/- 2U ISO 3743-1
~ 0

3 50 | | .
10 10° 10*

8 50 1

\g 0 4 e

~

< -50 . . 1
10 10° 10*
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Figure 5.27: Sound power level differences for the substitution method results for all
surrounding environments and expanded uncertainty limits for sound
pressure discrete point measurements. Top: one-third octave bands.
Bottom: FFT bands.

5.5 Dissemination combined uncertainty

The dissemination process includes several applications of the substitution method as
it has already been explained. Each time the substitution method is applied a related
uncertainty may be derived, allowing a combined uncertainty for the dissemination to
be determined. The calculations performed in the previous chapters allow the
uncertainty derivation for two major cases: for different measurement surfaces and
various surrounding environments. The uncertainty includes also the performance of
sound pressure and sound intensity measurements.

The flowchart in Figure 5.28 shows the steps at which the substitution method was
applied during the dissemination. Further, the propagation of uncertainty may also be
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derived in the sense of a relative work [Wit052]. The sound power level of the primary
source was determined by laser scanning vibrometer measurements. The sound power
level of the transfer source under calibration conditions was determined by the
substitution method and sound pressure scanning measurements.

L, calibration
Ps conditions
scan

LW ,TS,cal
discrete
LW ,TS,in situ
scan
. discrete
discrete
|LW ,DUT, in situ ‘ LW ,DUT, cal
in situ

Figure 5.28: Flow chart for the dissemination of the sound power unit and the
determination of the related uncertainties.
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Figure 5.29: Combined uncertainty for the determination of the device under test
sound power level for different measurement settings in one-third octave
bands.
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Figure 5.30: Combined uncertainty for the determination of the device under test
sound power level for different measurement settings in FFT bands.

In calibration conditions, the sound power level of the device under test was
determined by the substitution method for different measurement surfaces and both
sound pressure and sound intensity measurements. The sound power level of the
transfer source under calibration conditions was corrected and sound pressure and
sound intensity measurements at discrete points, led to the sound power level
determination of the device under test at various surrounding environments.

The determined uncertainty for all previously mentioned sound power level
determination settings is presented in Figure 5.29 and Figure 5.30. By observing the
combined uncertainties, it may be said that the sound intensity measurements
provided lower uncertainty values compared to the sound pressure measurements,
especially below 100 Hz. The in situ measurements have larger uncertainty values
than the calibration conditions. The uncertainties have been explicitly determined and
can constitute the transparent uncertainty budget required for the dissemination of the
unit watt in airborne sound.
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6 Conclusions and outlook

The main aim of this study is the establishment of traceability in airborne sound
power, which includes the determination of sound power and the related uncertainty.
For the determination, a number of influential parameters was investigated focusing
on the substitution method, the frequency analysis, the measurements and corrections
related to the use of aerodynamic reference sound sources. In the beginning,
theoretical calculations were performed to explore the limitations of the substitution
method, which is considered to be the fundamental tool for the dissemination of the
unit watt from calibration conditions to in situ conditions.

Before the implementation of the substitution method, the model parameters were
examined, and it was found that the calculation of the sound intensity based on the
derivation of the sound pressure reduces the calculation time. It also has better high
frequency response, because it is not influenced by the spacer distance, which is the
case of the sound intensity calculation based on the sound pressure gradient
approximation.

Initially, the substitution method was implemented in free field without reflecting
planes. The findings validate the use of the sound intensity for the substitution method,
because it enables the determination of the free field sound power level of the
unknown source independently of the order of the sources used in the calculations.
This is not the case for the substitution implementation using sound pressure where
the free field sound power level is determined with small deviations only in the case
where both sources are monopoles. The substitution method overestimates the sound
power level of the unknown source when the sources are both dipoles or of different
order. The overestimation depends on kr and increases by decreasing kr.

The next step of the theoretical calculations included the presence of a reflecting
plane, either below or next to the hemispherical measurement surface. The presence
of the reflecting plane indicates the interference of the direct and the reflected sound.
For the latter, the propagation of spherical waves was considered along with this of
plane waves, which is a simplification of the spherical wave approach. The plane wave
approach is straightforward and can be easily implemented. The spherical wave
approach on the contrary, is time consuming and requires special attention to
computational parameters such as: the number of the measurement surface points, the
positioning of the points on the surface and the angle resolution for the reflection on
the impedance boundary.

The substitution method is strongly affected by two parameters: the order of the
sources and their positioning. If both sources are of the same order, the direct
determination of the sound power reveals the overestimation due to the radiation
impedance change. This is not the case for the substitution method, which provides
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sound power levels close to the free field ones. The deviations from the free field level
becomes smaller when the sound intensity is used for the implementation of the
substitution method. The deviation from the free field sound power level depends on
the positioning of the known and the unknown source. For small deviations, the
horizontal translation of the unknown source can be larger than the related vertical
translation. Both direct and substitution method provide overestimated sound power
levels in case the sources are of different order.

In overall, the sound intensity could preferably be used for the substitution method
and the sources should ideally be of the same order. The substitution of a source over
a reflecting plane could be modelled by FEM as a next step to the theoretical
investigation of the substitution method. Another study would be the inclusion of two
reflecting planes in a model.

In the first experimental part of the study, aerodynamic reference sound sources were
investigated for transfer standard qualification. For the substitution method
implementation, a scanning apparatus was specially designed. It enabled the surface
averaged sound pressure and sound intensity to be measured at different radii. The
application of the substitution method has among others, the advantage to provide
cancellation to effects, which would otherwise affect the measurements and the
related uncertainty. An important cancellation is this of the reflections from the
scanning apparatus metallic body provided that both sources are measured on the same
radius. It was found that the repeatability of the scanning apparatus measurements is
higher than this of the spiral method, which is used in current reference sound source
qualification procedures [ISO6926]. The frequency analysis in both broad and narrow
bands, provided qualitative results to be used for the broadening of the application of
the reference sound sources to determine the sound power of sources with tonal
characteristics. The development of reference sound sources of such characteristics
could be a field for further research. An additional important feature of new sources
would be the constant volume flow, which would make the substitution method
foundations more robust. Since the rotating fan of the aerodynamic reference sound
sources is related to wind generation, another study would be about the removal of the
wind influences based on cross-correlation measurements.

The second experimental investigation focused on the sound generation by
aerodynamic reference sound sources, which is proportional to environmental
pressure, ambient temperature and fan rotation speed. The dissemination of the unit
watt relates the sound power under calibration conditions to in situ conditions. For the
conditions transition, a correction is required to be applied to the sound power level
of the transfer standards under calibration conditions. Special attention was paid to
the correction factors estimation. The small range of the environmental pressure
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values due to the unaltered altitude could not lead to robust results concerning the
experimental correction for changes due to atmospheric pressure variations.
Theoretical values were used instead, since no great deviations from these are
expected to be seen by measurements. Variations in the measurement site altitude
could improve the results. Sound pressure measurements in various ambient
temperatures led to a low frequency limited correction factor due to the influence of
background noise during outdoor measurements. Extrapolation of the available values
was the basis for the missing low frequency part assuming not significant chance of
the source radiation order. Indoor measurements while varying the ambient
temperature would provide entirely experimental results. Variations in the fan rotation
speed included two different alternating current frequencies. The results revealed that
a unique correction may be applied to both frequencies.

The most prominent result of the determination of the above factors is that the
radiation order of the reference sound sources depends on frequency. Most apparent
is the increasingly high order behaviour at high frequencies while varying the fan
rotation speed. The same findings were further evaluated by spherical harmonics
decomposition. The full sphere equations used, because the mirroring on the
hemianechoic room floor was assumed. It would be of interest to apply the spherical
harmonics transform by changing the equations solid angle limits to correspond to a
hemisphere. Apparently, the reference sound sources cannot be uniquely described in
terms of sound radiation order, but this must be done related to frequency. The
verification of the proposed correction was performed by comparison to an existing
one, with the former yielding better results in terms of deviation from the mean value
of the corrected sound power level.

The high influence of the near field at low frequencies was also explored by theoretical
and experimental calculations. It was found that the measurement results describe
better the occurring physical phenomena, because they also include the influence of
the room remaining modes and the room volume, which are also apparent at low
frequencies.

The substitution method was applied for the sound power determination of equipment
and machinery in situ using both sound pressure and sound intensity measurements.
The influence of different measurement surfaces was explored in terms of scanning
and discrete method. Measurements also included the sound power determination at
various surrounding environments. It was shown that the directly determined sound
power is larger up to nearly 25 dB compared to the free field sound power at low
frequencies. The sound intensity results are less prone to low frequency effects than
the sound pressure results. For the latter, the K, correction should be included in the
case of different surrounding environments. The spread of the sound power levels

125



Chapter 6: Conclusions and outlook

after the substitution method is smaller than this of the directly determined sound
power levels.

Apart from the sound power determination, another research field was the
determination of the uncertainty at each step of the substitution method application.
This way, a combined uncertainty can be finally derived. During the determination of
the sound power of the transfer source under calibration conditions, the most
influential uncertainty parameters are the low frequency effects (near field and room
remaining influences). Strongly contributing are also the statistical spreads of the
sound pressure averaged levels of both the primary and the transfer source. The former
is also influenced by background noise. An improved version of the primary source is
expected to reduce the related uncertainties. The use of windscreens also adds an
uncertainty component at high frequencies.

In the next step of the dissemination process, which is the correction of the transfer
source sound power level from calibration conditions to in situ conditions, the related
uncertainty is mostly influenced by the uncertainty of the sound power determination
in calibration conditions. On the other hand, the uncertainty contribution of the
correction factors is relatively small.

The uncertainty of the sound power level of real sources depends on the measurement
environment. In calibration conditions, the most influential component is the
uncertainty of the sound power level of the transfer source. Additionally, the sound
pressure or sound intensity level difference uncertainties also contribute to the overall
uncertainty to a significant extend. When the uncertainty is related to different
surrounding environments, the component related to the sound power level of the
transfer standard becomes not influential. The overall uncertainty is determined by
the uncertainties of the sound pressure or sound intensity level differences.

By comparing the use of sound pressure and sound intensity, the sound power
determination based on sound intensity under calibration conditions utilizing the
scanning method, yields smaller uncertainty than sound pressure. The lower
uncertainty is also seen when the comparison is against measurements at discrete
points especially at low frequencies. Sound intensity measurements have smaller
uncertainty when the sound power determination focuses on various surrounding
environments. The uncertainty calculation focused also on the determination of a
budget for all used real sources. The final result strongly depends on the spectral
characteristics of the sources especially when tonal components are apparent.

An intriguing point for further examination would be the assembly of transfer sources
with varying directivity and order. This way the matching between transfer and real
source could lead to better substitution results. This kind of substitution would require
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the radiation pattern of both the transfer and the real source, which could be provided
by the spherical harmonics transform.

To summarize the contribution of the thesis to the sound power determination,
Table 6.1 contains the partial studies performed towards the dissemination of the
sound power unit and the estimation of the related uncertainty. Initially, a theoretical
investigation of the substitution method was performed, revealing strong dependence
to the radiation order of the sources used for the substitution implementation and their
relative positioning. Secondly, the sound power determination of transfer sources
under calibration conditions was implemented, where a scanning apparatus enabled
the surface averaged sound pressure or sound intensity level by the physical scan of a
hemisphere. The third study focused on the required correction for the sound power
determination of transfer sources in situ due to changes in atmospheric pressure,
ambient temperature and fan rotation speed. Lastly, the application of the proposed
method was implemented to real sources with focus on the influence of the
measurement surface and the surrounding environment.

By concluding, the present study may be used as the tool for a detailed and easily
implementable dissemination procedure for the sound power determination and its
related uncertainty in airborne sound. The investigation of transfer standards of
different types provided conclusive results for this kind of sources. Based on the
above, the sound power determination of machinery and equipment along with the
related uncertainty has been achieved, again by a procedure, which covers all
measured sources. It must be mentioned once more, that the real sources had different
spectral contents. The comparison of the determined uncertainty to the uncertainty
given in the current sound power standards, revealed that the proposed method may
provide an extension of the uncertainty frequency range to frequencies below the
current limits. The combination of both uncertainties may be used to improve the
uncertainty budget for the sound power determination using the substitution method.
The results of the study may contribute to a new standardized sound power
determination procedure, which would provide the free field sound power using the
substitution method. An evolution of the substitution method would be the inclusion
of sound intensity measurements apart from sound pressure measurements. The
proposed analysis provides also a transparent uncertainty budget, which explicitly
decomposes the uncertainty contributors at each stage of the sound power
determination, which is missing from the up-to-date related literature.
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Chapter 6: Conclusions and outlook

Table 6.1: Summarizing table for the contribution of the thesis to sound power
determination.

Focus: substitution method
Study: theoretical investigation

Sound
Field quantity oun p ressu.re
Sound intensity
Frequency resolution Broad and narrow band
Known source Monopole Dipole Monopole
Unknown source Monopole Dipole Dipole
Free
Reflecting .
Sound field floor For reﬂect} on: plane
- and spherical wave
Absorbing approach
side wall

Vertical/horizontal translation of the unknown source
Focus: calibration of transfer sources
Study: sound power determination of transfer sources under calibration conditions

. . Sound pressure
Field quantity - p u
Sound intensity
Frequency resolution Broad and narrow band

Scan over physical hemisphere
Focus: transition from calibration to in situ conditions
Study: sound power determination of transfer sources in situ

Sound pressure
Sound intensity
Frequency resolution Broad and narrow band

Correction due to changes in atmospheric pressure, ambient
temperature and fan rotation speed

Field quantity

Transfer source radiation order investigation based on near field
effects and spherical harmonics transform

Focus: application to real sources
Study: sound power determination of real sources in situ

Sound pressure
Sound intensity
Frequency resolution Broad and narrow band

Investigation for the influence of measurement surface and
surrounding environment

Final result: dissemination implementation + transparent uncertainty budget

Field quantity
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Appendix A: Supplement for chapter 2

Table A.1: Spherical coordinates of the position of original and mirror sources.

Original source

|

Mirror source

Floor reflec

tion - Vertical translation
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Dipole
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Table A.2: Specular reflection angle for each considered configuration.

Floor reflection - Vertical translation
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P , \/Lz ~2L._cos@, +cos® @, +sin” O, sin® p,,
. =tan - -
> 2Ax—sing, cosg,,
Dipole
. \/(LZ + D/Z)2 —2(L, +D/2)cos@, +cos’ 6, +sin” 6, sin’ @,
O, =tan” -
> 2Ax —sing, cos@,,
. \/(LZ - D/Z)2 -2(L, - D/2)cos @, +cos’ 6, +sin’ 6, sin’ ¢,
Oy =tan” : -
> 2Ax—sing, cos@,,
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Side wall reflection - Horizontal translation
Monopole
A O \/Lf —2L, cosf, +cos® @, +sin” 6, sin’ p,,
. =tan
> (ZAX—LX)—SiHHBI cosQ,,
Dipole
) 1 \/(LZ +D/2)’ —2(L, +D/2)cosb, +cos’ 6, +sin’ 8, sin® g,
. =tan~
5 (2Ax -L, ) —siné,; cosg,,
. \/(LZ - D/2)2 —2(L, —D/2)cos b, + cos” @, +sin” @, sin” @,
65 =tan” -
5 (2Ax—L,)—sin6, cosg,,
P - plane wave P - spherical wave
815 15
~_10 10
q§ S 5 rmrTTITI R
< 0 /oW 0= e b s
1072 10° 10° 107 10° 10°
I - plane wave I - spherical wave
B 150, 15
~_ 101 10
5SS el S[ e .
< 0 Bl Lk 0= R e
107 10° 10° 107 10° 10°
kr kr

Figure A.1:Deviation from the free field sound power level after applying the direct
(dashed) and the substitution method (continuous). Known source:
monopole. Unknown source: monopole. Horizontal translation over
reflecting floor. Ly = 0.3.
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Figure A.2:Deviation from the free field sound power level after applying the direct
(dashed) and the substitution method (continuous). Known source:
monopole. Unknown source: monopole. Vertical translation next to
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absorbing side wall. L; = 0.3.
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kr

Figure A.3: Deviation from the free field sound power level after applying the direct
(dashed) and the substitution method (continuous). Known source:
monopole. Unknown source: monopole. Horizontal translation next to

absorbing side wall. L, = 0.3.
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10°
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Figure A.4:Deviation from the free field sound power level after applying the direct
(dashed) and the substitution method (continuous). Known source: dipole.
Unknown source: dipole. Vertical translation over reflecting floor.
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Figure A.5:Deviation from the free field sound power level after applying the direct
(dashed) and the substitution method (continuous). Known source: dipole.
Unknown source: dipole. Horizontal translation over reflecting floor.
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Figure A.6: Deviation from the free field sound power level after applying the direct
(dashed) and the substitution method (continuous). Known source:
dipole. Unknown source: dipole. Vertical translation next to absorbing

side wall. L; = 0.3.
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Figure A.7:Deviation from the free field sound power level after applying the direct
(dashed) and the substitution method (continuous). Known source: dipole.
Unknown source: dipole. Horizontal translation next to absorbing side

wall. Ly =0.3.
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Figure A.8: Deviation from the free field sound power level after applying the direct
(dashed) and the substitution method (continuous). Known source:
monopole. Unknown source: dipole. Vertical translation over reflecting

floor. L; = 0.3.
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Figure A.9: Deviation from the free field sound power level after applying the direct
(dashed) and the substitution method (continuous). Known source:
monopole. Unknown source: dipole. Horizontal translation over reflecting
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P - plane wave P - spherical wave

Figure A.10: Deviation from the free field sound power level after applying the direct
(dashed) and the substitution method (continuous). Known source:
monopole. Unknown source: dipole. Vertical translation next to
absorbing side wall. L; = 0.3.

P - plane wave P - spherical wave
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Figure A.11:Deviation from the free field sound power level after applying the direct
(dashed) and the substitution method (continuous). Known source:
monopole. Unknown source: dipole. Horizontal translation next to
absorbing side wall. L, = 0.3.
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Figure B.1: Combined and individual uncertainty for the sound power determination
under calibration conditions for one-third octave bands. B&K source.
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Figure B.2: Combined and individual uncertainty for the sound power determination
under calibration conditions for FFT bands. B&K source.
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Figure B.3: Combined and individual uncertainty for the sound power determination
under calibration conditions for one-third octave bands. EDF source.
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Figure B.4: Combined and individual uncertainty for the sound power determination

under calibration conditions for FFT bands. EDF source.
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Figure B.5: Combined and individual uncertainty for the sound power determination
under calibration conditions for one-third octave bands. NOR source.
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Figure B.6: Combined and individual uncertainty for the sound power determination
under calibration conditions for FFT bands. NOR source.
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Table C.1: Environmental and operational parameters values for the determination of
the sound power correction factor related to changes in atmospheric pressure.

AEG | B&K1 | B&K2 | B&K3 | EDF | NOR
Bin situ / kPa
99,06 97,52 99,17 99,26 99,31 99,39
99,27 99,62 99,62 99,65 99,69 99,45
99,5 99,64 99,68 99,85 100,1 99,63
100,15 99,65 99,71 99,89 100,15 99,71
101,01 99,86 99,73 100,08 100,23 99,8
101,05 99,94 100,24 100,22 100,96 101,05
101,06 101,53 101,53 100,25 101,16 101,51
101,1 102,03 102,08 101,15 101,23 102,07
101,53 102,1 102,13 101,51 101,52 1022
101,55 102,16 102,15 101,63 101,91 102,21
99,06 97,52 99,17 99,26 99,31 99.39
Bcal /kPa
101,98 [ 10248 [ 10223 | 10223 [ 10251 | 10247
Tin situ / K
2916 2913 2921 2922 2916 292,6
292,6 2924 292,35 292,5 292,15 2927
2924 2927 2925 293,15 292 292,65
292,55 2923 2932 292,55 2916 291.8
2924 292,6 292,45 29225 292,15 2923
291.8 292,75 291.7 292,25 2934 292,6
2922 29225 2927 292,95 29275 293,3
293,05 291,6 292 291,5 293,55 291,45
291,95 292 292 292,85 2929 291,55
292,05 292,15 292,05 2913 29225 292,35
2916 2913 292.1 2922 2916 292,6
Tcal /K
293 [ 2932 [ 2932 [ 2929 | 29225 [ 2933
W@in situ /Hz
47,53 48,21 48,08 47,99 443 49,09
478 48,24 48,14 48,05 44,23 48.99
479 48,27 48,12 48,03 44,82 49,08
474 483 48,13 48,03 45,06 49,07
47,67 48,27 48,18 48,03 44,6 49
47,67 4823 48,11 48,01 44,47 49,01
47.42 48,26 48,11 48,02 44,48 49,07
47,72 48,24 48,1 48,01 44,07 49,07
4735 48,22 48,08 48,03 44,57 49,03
47,62 48,23 48,13 47,98 45,05 49,08
47,53 48,21 48,08 47,99 443 49,09
wcal/Hz
4702 | 4823 | 4805 | 48 | 4422 [ 4904
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Table C.2: Environmental and operational parameters values for the determination of
the sound power correction factor related to changes in ambient temperature.

B&K | EDF | NOR
Bin situ / kPa
101,5 101,45 101,48
101,47 101,67 101,58
100,46 100,47 100,48
100,65 100,55 100,57
102,21 101,1 102,18
101,32 100,92
101,5 101,45 101,48
Bcal/kl)a
101,23 101,03 101,18
Tin situ / K
274,15 274,15 274,15
276,75 276,75 276,75
282,15 282,15 282,15
286,15 286,15 286,15
289,25 292,75 289,25
292,75 292,75
306,55 306,55 306,55
Tcal/K
286,82 286,42 286,82
Oinsitn/ HzZ
48,23 43,7 49,02
48,25 42,67 48,98
48,3 43,92 49,03
48,27 42,6 49,05
48,23 44,23 49.07
48,17 49,07
48,23 43,7 49,02
cUcal/Hz
48,24 | 434 | 49,02

Table C.3: Environmental and operational parameters values for the determination of
the sound power correction factor related to changes in rotation speed.

Current Binsitn / KPa ll:;;/
50 Hz 100,8 100,8 100,8 100,8 100,8 100,8 100,8
60 Hz 100 100 100 100 100,1 100,02

Tin situ / K Tcal/ K
50 Hz 297,15 | 296,15 | 296,15 | 296,15 | 297,15 | 297,15 | 296,65
60 Hz 297,15 | 297,15 | 297,15 | 297,15 | 297,15 297,15

B&K Oimsita/ Hz “’If[“z' /
50 Hz 44,13 47,63 47,87 48,08 48,28 48,35 47,39
60 Hz 53,25 54,35 55,27 55,77 56,27 54,98
Vin/ V

50 Hz 150 207 218,5 230 241,5 253
60 Hz 130,5 109,25 115 120,75 126,6
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Table C.4: Selected microphone positions for the directivity uncertainty calculation.

Microphone
position in Number of microphones
degrees

8 8 10 12 16 18 20 24
17 X X X X X X
29 X X X X
38 X X X X
44 X X X X X
51 X X X X
57 X X X X
63 X X X X X X
68 X X X
73 X X X X X X
78 X X X X
83 X X X X
88 X X X X
92 X X X X
97 X X X X
102 X X X X
107 X X X X X X
112 X X X
117 X X X X X X
123 X X X X
129 X X X X
136 X X X X X
142 X X X X
151 X X X X
163 X X X X X

Table C.5: Range of time and surface averaged sound pressure level difference for
different number of microphones.

Sound pressure level difference range in dB

B&K EDF NOR
130ct | FFT | 1/30ct | FFT | 130ct | FFT
L,s—L,o 0,93 1,27 0,71 1,52 0.87 3,05
L,o—L, 0,58 1,12 0,51 098 048 191
L, ,—L, 045 0.7 035 0,86 0,44 1,87
L,o—L, 5 027 0,54 0,25 0,61 03 131
L,s—L, 026 038 021 0,5 022 0,99
L, —L, 02 037 021 043 023 0,72
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Figure C.1: Sound power level of the AEG source at various atmospheric pressures

/4

L /dBre 102w
(@)}
(e}

~N 3 ©
S w»n O

for one-third octave bands (top) and FFT bands (bottom).

L~
10° 10° 10*
10 10° 10*
Frequency / Hz

Figure C.2: Sound power level of the first B&K source at various atmospheric
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Figure C.3: Sound power level of the second B&K source at various atmospheric
pressures for one-third octave bands (top) and FFT bands (bottom).
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Figure C.4: Sound power level of the third B&K source at various atmospheric
pressures for one-third octave bands (top) and FFT bands (bottom).
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Figure C.5: Sound power level of the EDF source at various atmospheric pressures for
one-third octave bands (top) and FFT bands (bottom).
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Figure C.6: Sound power level of the NOR source at various atmospheric pressures

for one-third octave bands (top) and FFT bands (bottom).
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Figure C.7: Sound power level of the B&K source at various ambient temperatures for
one-third octave bands (top) and FFT bands (bottom).
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Figure C.9: Sound power level of the NOR source at various ambient temperatures for
one-third octave bands (top) and FFT bands (bottom).
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Figure C.10: Standard deviation of measured and corrected data after Eqs.(4.6) and
(4.17) for measurements at various ambient temperatures. EDF source.
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Figure C.11: Standard deviation of measured and corrected data after Eqgs.(4.6) and
(4.17) for measurements at various ambient temperatures. NOR source.
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Table D.1: Environmental conditions and measurement surface values for the
investigation of the influence of the measurement surface.

Scanning measurements
sm? | 308 | 402 [ 509 [ 1321 [ 1816 | 344 | 4152
Primary source
B../kPa 101,07 101,04 101,01 100,37 100,36 100,36 100,25
Ta/K 297 297,03 297,03 297,73 297,68 297,7 297,78
Transfer source
B../kPa 1014 101,42 101,42 100,75 100,76 100,8 100,67
Ta/K 297,6 297,68 297,5 297,85 2979 297,88 297,13
AEG
B./kPa 100,48
T/K 298,13
Air compressor
B../kPa 100,55
T/K 299,3
Vacuum cleaner
B../kPa 100,59
Tcal/K 298,83
Box measurements
S/m?
21,25
AEG
B../kPa 101
T/K 297,15
Air compressor
B../kPa 101
Tcal/K 297,15
Vacuum cleaner
Bcal/kPa 100,7
Tea/K 296,15

163



Appendix D: Supplement for chapter 5

Table D.2: Environmental conditions, operational conditions and measurement
surface values for the investigation of the influence of the surrounding environment.

Measurements under calibration conditions (scanning)

sm? [ 308 | 402 | 509 ] 13,21 [ 1816 | 344 | 4152
Primary source
B/kPa | 101,07 | 101,04 101,01 100,37 100,36 | 100,36 | 100,25
T/K 297 297,03 297,03 297,73 297,68 | 297,7 | 297,78
Transfer source
B./kPa | 1014 | 101,42 101,42 100,75 100,76 | 100,8 | 100,67
T/K 297,6 | 297,68 297,5 297,85 2979 | 297,88 | 297,13
wea/Hz | 48,07 438,08 48,07 48,1 48,11 438,11 48,13
In situ measurements (box)
S/m? 21,25
Hard- | Hard- Hard- o
walled | walled | walled2 | Hemianechoic pen
1 2 (damped) space
Transfer source
B../kPa 101,3 101,25 101,25 101 100,3
T/K 294,15 | 300,15 302,65 297,15 294,15
wea/Hz | 48,12 48,12 48,12 48,12 48,12
AEG
Bcal /
101,3 101,2 101,3 100,7 100,45
kPa
Tea /K | 294,15 | 300,65 302,65 297,15 294,15
Air compressor
Be ! 101,15 | 101,25 101,25 100,7 100,45
kPa
Tea /K | 294,65 | 301,65 302,65 296,15 294,15
Vacuum cleaner
Be! 101,15 | 101,25 101,25 100,7 100,45
kPa
Tea /K | 294,65 | 301,65 302,65 296,15 294,15
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Figure D.1:Sound power level of the AEG source directly determined after sound
pressure scanning measurements (black) and after applying the
substitution method (grey). Top: one-third octave bands. Bottom: FFT
bands.
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Figure D.2: Sound power level of the AEG source directly determined after sound
pressure discrete point measurements (black) and after applying the
substitution method (grey). Top: one-third octave bands. Bottom: FFT
bands.
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Figure D.3:Sound power level of the AEG source directly determined after sound
intensity scanning measurements (black) and after applying the
substitution method (grey). Top: one-third octave bands. Bottom: FFT
bands.
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Figure D.4: Sound power level of the AEG source directly determined after sound
intensity discrete point measurements (black) and after applying the
substitution method (grey). Top: one-third octave bands. Bottom: FFT
bands.
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Figure D.5: Sound power level of the air compressor directly determined after sound
pressure scanning measurements (black) and after applying the
substitution method (grey). Top: one-third octave bands. Bottom: FFT
bands.
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Figure D.6: Sound power level of the air compressor directly determined after sound
pressure discrete point measurements (black) and after applying the
substitution method (grey). Top: one-third octave bands. Bottom: FFT
bands.
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Figure D.7: Sound power level of the air compressor directly determined after sound
intensity scanning measurements (black) and after applying the

substitution method (grey). Top: one-third octave bands. Bottom: FFT
bands.
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Figure D.8:Sound power level of the air compressor directly determined after sound
intensity discrete point measurements (black) and after applying the
substitution method (grey). Top: one-third octave bands. Bottom: FFT
bands.
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Figure D.9: Sound power level of the AEG source directly determined after sound
pressure discrete point measurements at different acoustic environments.
Top: one-third octave bands. Bottom: FFT bands.
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Figure D.10: Sound power level of the AEG source directly determined after sound
intensity discrete point measurements at different acoustic
environments. Top: one-third octave bands. Bottom: FFT bands.
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Figure D.11: Sound power level of the vacuum cleaner directly determined after
sound pressure discrete point measurements at different acoustic
environments. Top: one-third octave bands. Bottom: FFT bands.
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Figure D.12: Sound power level of the vacuum cleaner directly determined after
sound intensity discrete point measurements at different acoustic
environments. Top: one-third octave bands. Bottom: FFT bands.
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Figure D.13: Sound power level of the air compressor directly determined after sound
pressure discrete point measurements (black) and after applying the
substitution method (grey) at different surrounding environments. Top:
one-third octave bands. Bottom: FFT bands.
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Figure D.14: Sound power level of the air compressor directly determined after sound
intensity discrete point measurements (black) and after applying the
substitution method (grey) at different surrounding environments. Top:
one-third octave bands. Bottom: FFT bands.
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Figure D.15: Sound power level of the vacuum cleaner directly determined after sound
pressure discrete point measurements (black) and after applying the
substitution method (grey) at different surrounding environments. Top:
one-third octave bands. Bottom: FFT bands.
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Figure D.16: Sound power level of the vacuum cleaner directly determined after sound
intensity discrete point measurements (black) and after applying the
substitution method (grey) at different surrounding environments. Top:
one-third octave bands. Bottom: FFT bands.
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Sound power describes the emission of sound from sound sources. De-
spite today’s state-of-the art measurement techniques, the current sound
power determination methods are restricted due to various limitations. To
overcome these limitations, a new sound power determination method is
proposed, aiming at the establishment of traceability in airborne sound. This
will enable the characterization of a sound source by its free field sound
power. The dissertation describes a study on the dissemination process,
which will allow the sound power of a device under test located at a real
surrounding environment, to be referred to its free field sound power. Apart
from the sound power, the corresponding uncertainty may be estimated in a
transparent way, where each uncertainty component is provided. The basic
tool for the dissemination process is the substitution method using aerody-
namic reference sound sources, applied to both sound pressure and sound
intensity measurements. Initially, a theoretical investigation deals with the
factors that influence the substitution method. Experimental results are then
presented based on measurements using a specially designed scanning ap-
paratus. The transition from calibration to in situ conditions and the required
correction, due to changes in environmental and operational conditions, is
then discussed. In the last section, the sound power level of devices under
test is determined along with its related uncertainty, which is further com-
pared to the up-to-date uncertainty values.
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