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The acoustic description of an industrial machine is crucial as it can provide information about its health status
and assess the effectiveness of design modifications. Experimental acoustical measurements exist, but they may
be impractical in noisy environments and limited by spatial requirements. Vibration-based approaches have been
explored to overcome these limitations. However, the experimental procedure requires a large number of sensors.
The aim of this work is to introduce a novel method which, starting from the vibration-based procedure, allows to
reduce the number of sensors required to accurately estimate the sound power. An analysis of the number and the
position of the accelerometers has been conducted to find the positions that better fit the resulting vibration-based
sound power. An experimental campaign on a system consisting of a worm gear gearbox driven by an electrical
motor has been used as a case study to verify the accuracy of the procedure. Acoustical based measurements
were conducted and used as reference. Thus, starting from the data of twenty-seven accelerometers, the improved
procedure was performed. The results will be plotted considering two and four accelerometers as input data and
four operational conditions. The resulting vibration-based sound power levels demonstrate a good agreement in
both octave bands and overall values.

Furthermore, the trend of the radiation factor was investigated, aiming to determine the influence of parameters
such as resistant torque and rotational velocity.

3746 [1] may be employed in free fields. As an alternative, starting
from the knowledge of the acoustic intensity, the standard ISO 9614 [2]
has no limitations on the type of acoustic field but can be troublesome
regarding the spatial requirements.

This work aims to find methodologies more accessible for acous-
tic power determination, based on the acceleration signal processing
since the accelerometers have low spacial requirements and are not af-
fected by background noises. Since the goal is to investigate the link
between the radiated power and the vibration of the structure, it has
been essential to introduce a dimensionless quantity called radiation re-
sistance (or radiation efficiency, or radiation factor) described in Eq. (1).
As suggested by Fahy and Brancati [3], the radiation resistance is de-
fined as the ratio between the averaged radiated sound power (W) and

1. Introduction

The characterization of industrial machinery through acoustics is of
growing interest in the mechanical field, as it allows information about
the state of health of a component or comparison between different
design configurations. As a consequence, the definition of a reliable pro-
cedure to easily derive the acoustical magnitudes is an interesting topic.
Within this contest, radiated sound power is a quantity that allows a
deep characterization of a mechanical component in terms of acoustical
emission. Differing from the acoustical pressure and the acoustical in-
tensity, the acoustical power does not depend on the distance between
the measurement location and the source but it is a property of the sound
source. Nevertheless, the measurement techniques may be troublesome,
especially considering industrial environments affected by predominant

background noises and impractical test benches.

Currently, the experimental procedures for evaluating acoustic
sound power are based on acoustical measurements. Standard ISO 3741
and 3743, based on the measure of the sound pressure, may be em-
ployed in reverberating test rooms, while Standard ISO 3744, 3745 and

* Corresponding author.
E-mail address: crsglil @unife.it (G. Cristofori).

https://doi.org/10.1016/j.apacoust.2024.110162

Received 4 April 2024; Received in revised form 1 July 2024; Accepted 3 July 2024

Available online 11 July 2024

the sound power radiated in the far-field by a circular rigid piston with

surface .S and vibrating with mean-square-velocity v?:

ez W __ )}

pocSﬁ

0003-682X/© 2024 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).


http://www.ScienceDirect.com/
http://www.elsevier.com/locate/apacoust
mailto:crsgli1@unife.it
https://doi.org/10.1016/j.apacoust.2024.110162
https://doi.org/10.1016/j.apacoust.2024.110162
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

G. Cristofori and E. Mucchi

Applied Acoustics 224 (2024) 110162

Nomenclature

Greek Symbols

A Difference between acoustical-based and vibration-based
sound power levels

r Index indicating the spectral similarity

P Air density

o Radiation resistance

Latin Symbols

a Acceleration signal

c Velocity of sound in air

k Combination of accelerometer

k' First reduced combination of accelerometers

k' Final improved combination of accelerometers

m Number of operational conditions

n Number of reduced accelerometers

N, Number of considered operational conditions
Number of starting accelerometers in the improved proce-
dure

S Vibrating surface

v Vibrating velocity signal

w Radiated sound power

Z, Characteristic impedance of air

Subscripts

0 Subscript indicating the reference value

ac subscript representing the acoustical-based quantities

i subscript representing the accelerometer position

j subscript representing the octave frequency band

vib subscript representing the vibration-based quantities

po is the mean air density (kg/mz) and c the velocity of sound in air
(m/s). It must be noted that the theoretical circular rigid piston has to
be large with respect to the wavelength of the airborne sound. The radi-
ation resistance depends on the geometry, the thickness of the radiating
object, the excitation source [4], the boundary conditions [5] and the
modal pattern [6].

A literature review has demonstrated the existence of analytical pro-
cedures to define the radiation factor and the radiated power, neverthe-
less, they were limited to simple geometries. Finite rectangular panels
with different boundaries ([7],[81,[9],[10]) and annular guided plate
[11] have been investigated. The outstanding methodologies to deter-
mine the sound power are the Rayleigh Integral Method (RIM) [12], the
Discrete Calculation Method (DCM) [4], the Integral Transform Method
(ITM) [13] and the modal summation approach (MS) [6]. Conta et al.
[14] described and compared the RIM, the DCM and the ITM method-
ologies on planar objects with impact excitations. A description of the
radiation efficiency of cross-laminated plates has been done by Santoni
et al. [15], investigating the influence of the number of measurement
points and their distribution on the surface. They concluded that, as long
as the number of considered positions is fairly high, the local position
of each single transducer plays a less important role.

Since applying the analytical methodologies may be impractical for
complex geometries, alternative experimental and numerical procedures
have been investigated. Jacobson et al. [16] experimentally defined the
radiation factor of a gearbox using only three accelerometers and sound
intensity measurements as input data. Hence, the gearbox faces have
been simplified as vibrating flat panels and the radiation efficiency has
been computed with ideal acoustical models. They have found that the
analytical results do not adequately simulate the experimental radiation
behavior of the gearbox. Revel and Rossi [17] derived the sound power
level of a loudspeaker diaphragm with numerical simulations, analyti-
cal procedures, acoustic intensity techniques and the Standard ISO 7849
based on the experimental vibration data acquired with a laser Doppler.
The last procedure has been found to be the fastest and easiest to imple-
ment with a good accuracy of the results, nevertheless, the loudspeaker
is still a simple and planar geometry. Yantek [18] employed the vibra-
tion methodology to investigate the influence of different modifications
on a continuous miner tail section considering a unitary radiation fac-
tor. The results, in terms of modification efficacy, show good accuracy in
comparing the vibration sound power level and the acoustic pressures.
Nevertheless, the radiation efficiency behavior has not been investi-
gated. Abouel-Seoud et al. [19] predict the radiation factor of a gearbox,
employing the RIM and considering the gearbox surfaces as a set of
flat panels. Nevertheless, no verification has been conducted on the ac-
curacy of the results considering a radiation efficiency experimentally
assessed. Barelli et al. [20] compared the vibration-based methodology

with the acoustical intensity measurements on a cogenerative internal
combustion engine, subdividing the external surfaces into three areas
that show different frequency trends of the radiation factor: although,
they have not done a sensitive analysis on the number of accelerom-
eters and several differences have been found in the resulted radiation
efficiency of the three considered areas. An alternative approach to mea-
suring the vibration velocities has been proposed by Gardonio et al.
[21] that found the sound radiation of a baffled rectangular panel start-
ing from the vibratory velocity acquired with a set of six cameras. The
sound radiation into free-field has then been estimated by using the RIM.
Nascimento et al. [22] compared the sound power level of refrigeration
compressors with two methodologies based on acceleration data analy-
sis: ISO 7849 and a data-driven soft sensor method.

This work aims to employ a vibration-based procedure to measure
the radiated sound power of a machine with experimental accelerations
as input data, allowing to overcome the limits related to the existing
methodologies. For real, the acoustical experimental measurements are
limited by the background noises and spatial requirements. The original-
ity of the work regards the developed novel methodology to reduce the
number of accelerometers from the quantity proposed by the Standard
ISO 7849-2 maintaining the accuracy of the results. Once the method-
ology is developed and verified, the reduced number of accelerometers
can be used to compare different prototypes in the R&D phase within
time and cost limitations. It can also be used for end-of-line testing, mak-
ing the procedure easy and repeatable.

The procedure to define the radiation factor from the experimen-
tal vibration data has been described in Sec. 2. Hence, in Sec. 3, the
methodology has been described to find the best localization of a re-
duced number of sensors. In Sec. 4 the experimental campaign has been
described. The results of the improved procedure were presented and
discussed in Sec. 5. Sec. 6 provides a detailed analysis of the radiation
factor in various operating conditions. Finally, Sec. 7 summarizes the
obtained results.

2. Overview of the vibration-based procedure

The procedure to evaluate the vibration-based sound power and the
radiation efficiency of a complex geometry has been assessed following
ISO-TS 7849-2 [23]. The first step consists of discretizing the radiating
surfaces into smaller areas. The standard helps in defining the correct
number of sensors. The flowchart in Fig. 1 describes the step of the
procedure: initially, a first-attempt finite number i of accelerometers
must be chosen following the suggestion in the Standard ISO-TS 7849-2.
The number of accelerometers will be adjusted as described hereinafter.
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Fig. 1. Flowchart for the radiation factor evaluation starting from the vibration-based data.

For each measurement point i, the RMS value of the acceleration normal
to the surface (a;) is acquired and, consequently, integrated to obtain the
RMS value of the vibratory velocity (v;). Then, from the velocity spectra,
the velocity levels (Lv; j) are assessed, in one-third octave bands, for
each accelerometer:

0%,

Luy; = 10log;— dB )
Y%

where vy = 5x1078m/s is the velocity reference value.

Following standard ISO 7849-2, the number of measurement points
must be increased if the difference between the maximum and the mini-
mum value of the vibratory velocity level exceeds the number of chosen
accelerometers, considering each one-third octave band. Once a proper
number of sensors is identified, the surface averaged velocity level is
derived with the following equation:

N
Lv, = 1010g<é D S,.10°-1vaf> dB 3
i=1

where S is the total radiating area and .S; is the partial area associated
with measurement point i. Finally, the vibration-based radiating power
is computed, considering a unitary radiation efficiency:

Lw; =Ly, + 1010g10S£ dB + 10log ZZ“ dB )
0 c,0

where Z_, is the reference value of the which value is 411 N's/ m3 and

S,, is the surface reference value of 1 m?. Eventually, the radiation factor

is computed as the ratio between the acoustical-based sound power and

the vibration-based sound power:

W,

6/- _ ac,j (5)

Wi

3. Novel approach to reduce the number of sensors

It should be noted that the major limitation of the aforementioned
procedure is related to the number of sensors required, since an experi-
mental setup with several accelerometers can be impractical and expen-
sive, especially in industrial environments. This consideration leads us
to look for an alternative test setup with fewer measurement points with
a reasonable accuracy of the results in terms of emitted sound power.

The flowchart in Fig. 2 describes the procedure to find which are
the better accelerometer positions given a fixed number of sensors, with
reference to an initial setup of several sensors. The initial sensor data
recommended by the Standard is essential for the proposed method-
ology as it enables the identification of the optimal accelerometer po-
sitions. Thus, starting from these data, the reduced number of sensors
found with the proposed procedure may be useful for comparing similar
prototypes in the research and development phase and for end-of-line
verifications.

The starting setup consists of a number p of accelerometers, chosen
following the Standard ISO 7849-2: for each sensor, the RMS value of
the acceleration normal to the radiating surfaces has been acquired. The
first step of the procedure consists of choosing the number of reduced ac-
celerometers (n) and the number of operational conditions to optimize
(m). Thus, following the signal processing described in the previous sec-
tions, the overall vibration-based sound power level has been computed
for all the combinations of accelerometers considered, namely k,,. The
number of combinations is described in Eq. (6).
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Number of operational conditions (m)

Compute the vibration-based sound power
level of the k combinations of accelerometers
for the m operational conditions (Lw,; )

Lw A = [Lwyp e — Lw,

ac,m m

ac,ml

|

k'

A, < Target Value —

m

|

Find the k¥’ combinations com-
mon to the m operational conditions

|

Compute I'},, e—ifm=1

|

Ly = zrk'm

l

if m=1""—>

Find the k” combination rel-
ative to the min value of I';,

|

Combination of k" improved accelerometers

Fig. 2. Flowchart of the procedure to optimize the position of the accelerometers.

k,=p" (6)

It is worth noting that, considering a reduced number of sensors, the
measurement surfaces were equally subdivided between the selected
measurement points to enhance the efficacy of the procedure. Thus,
Eq. (3) changes as follows:

n

= 1 .,

Lv; = 1010g<; > 100-1Lvu> dB @)
i=1

A first cut of the combinations of accelerometers is made, keeping
the &/ combinations of accelerometers for which the absolute value of
the difference between the acoustical-based and vibration-based overall
sound power levels (A,,;) is less than a given Target Value. Therefore,
the number of combinations is still reduced at &’ combinations con-
sidering which of the k! combinations is common at each considered
operational condition.

Since considering only the overall values may be misleading, the oc-
tave band sound power levels are investigated in order to deepen the
resemblance between acoustical-based and the vibration-based data. As
a consequence, an index namely I is proposed to quantify, with a nu-
merical value, the similarity between different frequency spectra, giving
more weight to the frequency band with higher values:

2/ V Aj,k’ij,ac
[y =LY 2 e ®)
Zj ij,ac,k'

where A; ;s is the difference between the acoustical-based and the
vibration-based sound power levels, for each j-th frequency band. It is
worth noting that the vibration-based sound power levels were com-
puted from the k' combinations of accelerometers.

Finally, to combine the I',, values of each test, a sum of the indexes of
each considered operational condition has been done and the resulting
minimum value has been employed to define which of the combinations
studied give the best results in terms of sound power level with refer-
ence to the acoustical-based values. The output of the procedure is the
k"' combination of n accelerometers that optimizes the position of the
accelerometers, for m operational conditions, simultaneously.

4. Experimental assessment

An experimental campaign has been conducted to verify the pro-
posed methodology. The system under examination consists of a worm
gear mechanism driven by an electrical engine. The test bench allows the
control of the worm velocity at the input shaft and the resistant torque
on the gear at the output shaft (Fig. 3). Therefore, different operational
conditions, described in Table 1, were tested. Tests 1 to 4 employ a con-
stant power supply frequency across a range of torque values, whereas
tests 5 to 8 utilize a variable power supply frequency without a resistant
torque on the gear. The operational conditions were selected to investi-
gate the influence of torque and velocity on the resulting sound power
levels. Furthermore, it is noteworthy that the zero-torque condition was
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Fig. 3. Scheme of the system under study.

Table 1
Details of the experimental tests conducted.

Power supply frequency  Resistant torque on the gear

Test 1 70 Hz 4 Nm
Test 2 70 Hz 8 Nm
Test 3 70 Hz 12 Nm
Test 4 70 Hz 18 Nm
Test 5 40 Hz 0 Nm
Test 6 60 Hz 0 Nm
Test 7 70 Hz 0 Nm
Test 8 80 Hz 0 Nm

chosen as it represents a typical operational scenario in which the torque
is relatively low.

Both the vibration-based and the acoustical-based measurements
were conducted for each test. The acoustical-based measurements were
used as reference data to analyze the differences between the sound
power levels obtained from the two methods.

4.1. Acoustical measurements

The evaluation of the acoustical sound power level emitted by the
system has been carried out according to the standard ISO 3746 [1].
This standard was chosen due to limitations on the measurement lo-
cation. The reference box, enclosing the noise source, has a size of 14
cm x 19.5 cm x 23 cm. The measurement surface, representing the sur-
face on which the microphones are placed for the sensing of the sound
pressure, were defined at a distance of 30 cm from the reference box.
In particular, eight microphones have been placed around the system.
Fig. 4 summarizes the sensor positions: four microphones in the upper
vertexes, one in the middle of the upper face and three in the middle
of three vertical faces, excluding the one where the connection to the
electric engine hinders the positioning of a microphone.

4.2. Vibration measurements

The number of accelerometers selected adheres to Standard ISO
7849-2, which mandates that the difference between the maximum and
minimum velocity levels must be less than the number of sensors in each
one-third frequency band. The Standard recommends using ten sensors
for this measurement surface. However, the resulting vibratory velocity
levels do not meet the verification requirements of the standard with this
number of accelerometers. Thus, the procedure was repeated increasing
the number of sensors at fifteen, twenty and finally twenty-seven. A
monoaxial accelerometer has been mounted on each of these surfaces

Applied Acoustics 224 (2024) 110162

Fig. 4. Scheme of the positions of the microphones during the acoustical mea-
surements.

(model PCB 356B2, sampling frequency 25600 Hz and 1 Hz resolution)
since the interest is to measure the RMS value of the vibratory veloc-
ity normal to the radiating surface. The results obtained with less than
twenty-seven accelerometers were not presented for the sake of brevity
since they not meet the verification requirements. Fig. 5a shows the vi-
bratory velocity levels for each one-third octave frequency band and
each accelerometer. Fig. 5b shows, for each one-third octave band, the
difference between the maximum and the minimum vibratory velocity
level and the red line represents the number of employed accelerome-
ters. Fig. 5 shows the data acquired during Test 1, analogous results were
obtained for the other tested operational conditions, even though they
are not plotted for the sake of brevity. The location of the accelerometers
is shown in Fig. 6. Each point of measure is related to a representative
surface and the total radiating area is 0.1635 m?.

5. Application and assessment in a real case scenario

As a first attempt, the optimization of the existing twenty-seven sen-
sors, shown in Fig. 6, has been performed considering two accelerom-
eters and one operational condition. Thus, four operational conditions
were optimized simultaneously: with a constant rotational velocity and
different torques. Finally, the sound power levels have been computed
considering four accelerometers to investigate how the output varies
with an increased number of sensors. It is worth noting that the sound
power levels will be presented in octave bands, as ISO 3746 permits ob-
taining the acoustical-based sound power level in octave bands. For the
sake of brevity, the proposed procedure was implemented on Tests from
1 to 4. The other tests give analogous results.

5.1. Optimization with two accelerometers - one operational condition

Before starting with the signal processing, the number k of combi-
nations has been reduced by removing the redundant couples passing
from 729 combinations, defined by Eq. (6), to 351. For each of these
combinations, the vibration-based sound power levels have been com-
puted following the procedure in Sec. 2 and considering the acceleration
data as input. The absolute values of the difference between the overall
vibration-based and acoustical-based sound power levels were inves-
tigated and described in Fig. 7, which summarizes the data for each
combination of accelerometers. Table 2 lists the number of combinations
of accelerometers for which the difference between the acoustical-based
and the vibration-based sound power levels is lower than the Target
Value, set as 1 dB(A). Test 1 has the lowest number of k:n , while Test 4
has the highest number of k/,.

After improving each test individually, the resulting sound power
levels are displayed in Fig. 8, revealing intriguing findings. First, it is in-
teresting to note that the improved accelerometers varied for the tested
operational conditions. The couple of accelerometers (10,14) optimizes



G. Cristofori and E. Mucchi

Lv.. [dB ref5e-08 m/s]

1

100

oSnoocooOoODDD
N OO MNOoOoDWnNOOC
NN NLOOANOOo K

Frequency [Hz]

(a) Vibratory velocity levels for each one-third oc-

tave frequency band and each accelerometer

Applied Acoustics 224 (2024) 110162

30

2571

201

j
S

diff(Lv, ) [dB ref5e-08 mis]

250

Frequency [H

NOoOOOODOCDDD
—OoOOoOMNOOoONO OO
NTNOOOANO O WN

—_—— ]

(b) Differences between the vibratory velocity levels

within different accelerometers

Fig. 5. Velocity levels of Test 1

Fig. 6. Position of the accelerometers in the experimental setup.

Test 1

(3]
wn

N

[\

[
e0000 o0 oo0

—_
w N O

accelerometer number
>
N O©
L] ®
[ ]
L]
L 3
L]
[ ]
ove000
[ ]
L]

~

—_

NoX ’\\Q\%\b@,\j\,r\p
accelerometer number
Test3

N
W

N
S

(XY 1]

—_ =
w N O

—_
(=]
00
[ ]
[ ]
L

accelerometer number

|

N AR BOI S

accelerometer number

2.5

Jyw

15

0.5

Q

(v)a

(v)ar ™'v

Test 2

N
W

accelerometer number

e
— A 0O LW O N

NXAQLBLI AP
accelerometer number
Test 4
L4

[N
wn

N
[\

accelerometer number

—_ =
— A 9 O W O

N RAS O

accelerometer number

3

2.5

2
3
=

15 o
2
>

1 =

0.5

0

3

2:5

2
3
=

1.5 a
2
>

2

0.5

0

Fig. 7. Absolute values of the differences between the overall vibration-based sound power level and the acoustical-based sound power level.



G. Cristofori and E. Mucchi

jo el
W

o
(=}

~
wn

~
(=}

(=)
W

D
(=]

7

*

Lw [dB(A) ref.1e-12W]

wn
wn

wn
(=3

250 500 1000 2000 4000 8000
Frequency [Hz]

(a) Test 1. Vibration-based data computed from the
data of the k” optimized accelerometers (10,14)

85

e
(=}

~
W

~
<

(=
W

(=)
(=}

Lw [dB(A) ref.1e-12W]

wn
w

T—84.0
..... * 836

wn
(=

250 500 1000 2000 4000 8000
Frequency [Hz]

(c) Test 3. Vibration-based data computed from the
data of the k” optimized accelerometers (1,10)

Applied Acoustics 224 (2024) 110162

Lw [dB(A) ref.1e-12W]

250 500 1000 2000 4000 8000
Frequency [Hz]

(b) Test 2. Vibration-based data computed from the
data of the k” optimized accelerometers (10,14)

85

e
(=}

~
W

~
<

(=
W

Lw [dB(A) ref.1e-12W]
[}
<

wn
w

T—829
..... * 82()

wn
(=

250 500 1000 2000 4000 8000
Frequency [Hz]

(d) Test 4. Vibration-based data computed from the
data of the k” optimized accelerometers (1,10)

Fig. 8. Acoustical-based sound power level (-) and vibration-based sound power level (:*) computed from the data of the k" optimized accelerometers. Overall and

octave bands results.

Table 2

Number of combinations of two accelerom-
eters for which the difference between
the overall acoustical-based and vibration-
based sound power level is lower than the
Target Value.

Test 1 Test 2 Test 3 Test 4

K, 40 65 62 68

Table 3

Improved procedure results considering two accelerom-
eters and one operational condition. Comparison con-
cerning the overall sound power levels.

Test 1 Test 2 Test 3 Test 4
k" (10,14) (10,14) (1,10) (1,10)
Lw,, [dB(A)] 80.6 83.0 84.0 82.9
Lw,;, [dB(A)] 79.7 82.9 83.6 82.9
A, [dB(A)] 0.9 0.1 0.4 0
A%,y [%] 1.12 0.12 0.48 0

Test 1 and Test 2, while the couple (1,10) optimizes Test 3 and Test 4.
The obtained overall sound power levels were summarized in Table 3,
which contains also the differences between the acoustical-based and
the vibration-based results as well as the percentage differences. The
maximum percentage difference, in terms of overall sound power level,
is 1.12% for Test 1 and the minimum one is 0% for Test 4.

5.2. Optimization with two accelerometers - Tests 1 to 4

As mentioned before, the proposed procedure can find an improved
combination of accelerometers considering more than one operational
condition. Thus, starting from the results in Fig. 7 the couples of ac-
celerometers k' common to each of the considered four tests were indi-
viduated: the two combinations identified are the couples of accelerom-
eters (1,14) and (10,14). Fig. 9 shows the overall sound power levels
of the optimized accelerometers: the grey line represents the reference
value of the acoustical-based overall sound power level and the dotted
lines identify the Target Value limits.

In order to compare the frequency spectra, the I',, value has been
computed for each combination of k" couples of accelerometers and each
considered test, the results are shown in Fig. 10. Thus, the sum of the
I',, values for each test was computed and employed to evaluate the im-
proved couple of accelerometers. For Tests from 1 to 4, considering a
number n of two sensors, the optimised position of the accelerometers
was found to be the couple of accelerometers 10 with 14. This couple
was the same found for the improved procedure for a single operational
condition for Test 1 and Test 2. Fig. 11 shows the acoustical-based sound
power level compared with the sound power level computed from the
acceleration data optimized for Test 3 and Test 4. Moreover, as a con-
firmation of the accuracy of the procedure, the resulting overall sound
power levels, whose values are listed in Table 4, have been investigated.
For each test differences between the overall levels are less than the de-
fined target value of 1 dB(A).

The differences between the acoustical-based sound power level and
the vibration-based sound power level were finally investigated aiming
to quantify the discrepancies and to individuate which are the critical
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Overall and octave bands results.
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Fig. 12. Difference between the acoustical-based sound power level and the vibration-based sound power level.

Table 4

Improved procedure results consider-
ing two accelerometers and four op-
erational condition. Comparison con-
cerning the overall sound power lev-

els.
Test 3 Test 4
k" (10,14) (10,14)
Lw,, [dB(A)] 84.0 82.9
Lw,, [dB(A)]  83.8 82.6
A, [dB(A)] 0.2 0.3
A%, [%] 0.24 0.36

frequency bands. Fig. 12 shows that the frequency bands that present
the higher values of difference were 500 Hz and 8000 Hz. Within these
frequency bands, the radiated sound power level exceeds the vibration-
based sound power level of about 3 dB(A). Although, the frequency
bands with the higher sound power values show a very good agreement.

5.3. Optimization with four accelerometers - Tests 1 to 4

Once the reliability of the procedure has been confirmed with a num-
ber n of two accelerometers, it has been investigated how the output
data changes by adding two sensors. Tests from 1 to 4 have been in-
vestigated. Considering an initial number of four accelerometers, the
number k of starting combinations has increased from 351 (with two
accelerometers) to 17750. As Table 5 suggests, there were many more
combinations of accelerometers for which the delta values were lower
than the Target Value, with respect to Table 2.

Following the improved procedure, the resulting combination of four
accelerometers that optimizes the sound power level is (2,10,14,21).
For the sake of brevity, the procedure steps are not displayed. The re-

Table 5

Number of combinations of two accelerom-
eters for which the difference between
the overall acoustical-based and vibration-
based sound power level is lower than the
Target Value.

Test 5 Test 6 Test 7 Test 8

k. 5533 4915 5483 6080

Table 6

Improved procedure results considering four ac-
celerometers and four operational condition. Compar-
ison concerning the overall sound power levels.

Test 1 Test 2 Test 3 Test 4

K" (2,10,14,21)

Lw, [dB(A)] 80.6 80 840 829
Lw,, [dB(A)]  80.1 82.8 838 828
A, [dBA)] 0.5 0.2 0.2 0.1
A%,y [%] 062 024 024 0.2

sults concerning the overall sound power levels were shown in Table 6.
Fig. 13 shows the spectra results: the vibration-based sound power levels
computed with the acceleration data of four improved accelerometers
were in good accordance with the acoustical-based sound power levels.
As a consequence, this found configuration may be suitable for four op-
erating conditions simultaneously without any changes in the position
of the accelerometers.
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Fig. 13. Overall vibration-based sound power levels of the k' combinations of accelerometer. The gray line represents the overall acoustical-based sound power level
of reference and the gray dotted lines are the difference between the overall acoustical-based sound power level and the Target Value.

Table 7

Number of combinations (k) and computational time required de-
pending on the number of starting accelerometers for the improved
procedure (n).

Parameter Values

n 1 2 3 4 5

k 27 351 2925 17750 80730
Computational time (s) 9 14 62 554 21183

5.4. Sensibility on the number of accelerometers

The analysis of the impact of the number of chosen accelerometers
on the improved procedure is crucial. The procedure has been imple-
mented starting with a different number of sensors, ranging from one
to five. A higher number of accelerometers results in longer computa-
tional time due to the rapid increase in the number of combinations
to investigate, as seen in Table 7. Table 8 lists the combinations of
accelerometers resulting from the improved procedure for the sensor po-
sitions shown in Fig. 6. It is worth noting that, by increasing the number
of accelerometers in the improved procedure, the positions of the result-
ing accelerometers remain unchanged. For instance, accelerometer 10
is present in all obtained combinations.

The investigation began with the analysis of the overall sound power
levels, whose values are shown in Fig. 14. The dashed line represents
the overall acoustical-based reference level. It can be observed that
no direct correlation is present between the number of initial sensors
used in the improved process and the accuracy of the results in terms
of overall sound power levels. Moreover, the differences between the
overall vibration-based and the overall acoustical-based sound power
levels change within the operational condition considered. In order to

10

Table 8

Combinations of improved accele-
rometers depending on the different
number of starting sensors.

Improved accelerometers k”

=]

(10)

(10,14)
(2,10,14)
(2,10,14,21)
(2,6,10,14,21)

a s W=

investigate the spectral similarity, the I" index results are displayed in
Fig. 15. The Figure illustrates that, by increasing the number of starting
accelerometers, the similarity between the spectral components of the
acoustical-based and vibration-based sound power levels is enhanced.

6. Insight into the radiation factor

As the literature review indicates, the frequency behavior knowl-
edge of the radiation factor is limited to simple geometries. Therefore,
it would be worthwhile to investigate the trend of this quantity for a real
machine with varying torques and velocities. The following results have
been obtained with the vibration-based procedure described in Sec. 2,
considering twenty-seven accelerometers.

First, the influence of the rotational velocity will be discussed com-
paring the acoustical-based sound power levels (Fig. 16), the vibration-
based sound power levels (Fig. 17) and the radiation efficiencies levels
(Fig. 18) of tests with zero resistant torques. The acoustical-based sound
power level increases with the increase of the velocity at frequencies
higher than 400 Hz. At lower frequencies, the spectra show peaks at the
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Fig. 15. Gamma index results computed from the data of the k" improved ac-
celerometers for different numbers of starting accelerometers.

power supply frequency of the electrical engine and its multiples. Simi-
lar assumptions may be formulated for the vibration-based sound power
levels. The main differences were identified at low frequencies since the
vibration-based sound power levels are more sensitive to the character-
istic frequencies of the system. This leads to a better understanding of
the behavior of the radiation factor at frequencies below 400 Hz, which
exhibit the lowest values in the frequency range under consideration.
Thus, the radiation efficiency level values of scenarios with different
velocities show a good agreement: the rotational velocities do not affect
the radiation factor behavior.

Then, the influence of different torques at the same power supply
frequency of 70 Hz was investigated. The results of the acoustical-based
sound power levels (Fig. 19), of the vibration-based sound power levels
(Fig. 20) and of the radiation efficiency levels (Fig. 21) are quite simi-
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lar considering the different torques, both in the octave bands and the
overall levels. Regarding the tests with different velocities in Fig. 18a,
lower differences were observed in the radiation efficiency levels at
lower frequencies in Fig. 21a. This is due to the fact that the charac-
teristic frequencies are the same as the velocity is the same. From these
outcomes, it can be concluded that the resistant torque does not affect
the radiation factor behavior.

Finally, the standard deviation of the obtained radiation efficiencies
was shown in Fig. 22, considering the tests from 1 to 4 (summarized in
Fig. 21) and the tests from 5 to 8 (summarized in Fig. 18). This quantity
was obtained with the following formula:

Nl‘
1 —
6, = —N, 3 E ik, —0;) (C)]

k=1

where N, is the number of the considered test (equal to 8), which are
4 Nm, 8 Nm, 12 Nm and 18 Nm with power supply frequency of 70 Hz
and zero resistant torque at 40 Hz, 60 Hz, 70 Hz and 80 Hz of power
supply frequency. The mean values of the radiation efficiencies for each
test and frequency band are represented by o ;. While o; ; denotes the
octave band radiation efficiency for each of the considered tests k,.

By analyzing Fig. 22, it was possible to understand how the radiation
efficiency changes within the different octave bands, taking into account
all the tests carried out. It was observed that the greatest discrepancies
were observed in the 500 Hz octave band, while all other octave bands
exhibited a deviation from the standard value of less than 0.7.

7. Concluding remarks
The vibration-based procedure to define the sound power level start-

ing from the acceleration data has been described. The limit of the
procedure is the requirement of several points of measurement. Since the
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Fig. 16. Acoustical-based sound power level. Zero resistant torque.
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employment of several accelerometers may be impractical and expen-
sive, a new methodology to reduce the number of sensors was proposed
to increase the ease of application of the vibration-based procedure.
The aim was to find the position of n accelerometers that optimizes the
results regarding the vibration-based sound power level, considering a
radiation factor equal to one.

An experimental campaign validated the effectiveness of the proce-
dure: the acoustical-based sound power level of the system under study
was assessed from acoustical measurements (following the standard ISO
3746) and the vibration-based sound power level was computed from
the acceleration signals acquired with twenty-seven sensors placed on
the system surface. The correct number of accelerometers has been cho-
sen following the Standard ISO 7849-2. Starting from these data, a novel
approach for reducing the number of accelerometers was implemented
and the following results were obtained.
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+ Singular operational condition with two accelerometers: the max-
imum difference between the vibration-based and the acoustical-
based overall sound power level is 0.9 dB(A).

 Tests 1 to 4 with two accelerometers: the maximum difference be-
tween the vibration-based and the acoustical-based overall sound
power level is 0.9 dB(A).

* Tests 1 to 4 with four accelerometers: the maximum difference be-
tween the vibration-based and the acoustical-based overall sound
power level is 0.5 dB(A).

These outputs verify the proposed methodology.

Moreover, the influence of choosing a different number accelerome-
ters in the improved procedure is investigated. By increasing the number
of accelerometers, the number of combinations also increases, resulting
in longer computational time. The overall sound power levels do not
show a regular trend changing the accelerometers number, while the I"
index remains quite constant from three to five accelerometers as shown
in Fig. 15. It may be concluded that the developed procedure, which re-
duces the number of sensors from the twenty-seven proposed by the
Standard ISO 7849-2, is a reliable and effective instrument for deter-
mining the sound power level determination of a machine.

Therefore, the radiation efficiency was investigated to further un-
derstand the frequency trend and the impact of rotational velocity and
applied torque. Within the increasing of the rotational velocities also the
acoustical-based and vibration-based sound power levels increase. This
consideration is true except for the low frequencies where the engine
component appears and differs as the speed changes. As a consequence,
the radiation factor frequency trend is similar between tests with differ-
ent velocities. Likewise, an increase in the applied torque results in an
increase of both the acoustical-based and vibration-based sound power
levels: the radiation factor frequency trend is similar between tests with
different torques.
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