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The noise emission of a rolling tyre is produced by different physical mechanisms generated during the
tyre-road interaction, being the main noise source of a vehicle when driving at high speeds. Diverse mea-
surement methods can be found in the literature to assess the rolling noise emission. In that sense, the
close-proximity (CPX) method allows to evaluate tyre/road sound level with at least two microphones
operating in the close field of the test tyre. This paper presents a new methodology, based on the CPX
method, which allows assessing the sound power level of the rolling tyre by introducing some changes
in the traditional close-proximity test. The methodology (named A-CPX) has been analytically and exper-
imentally validated, and is finally used to obtain the total tyre/road sound power level emitted by the
whole set of tyres of a vehicle.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

Tyre/road noise is one of the main noise sources in a traffic flow.
In fact, the rolling noise becomes the most important contribution
to the total sound emission, higher than the engine noise in an
internal combustion vehicle, when it is circulating at high speed.
Previous studies demonstrated that such fact is independent even
of the vehicle type. The results presented in [1] show a significant
difference in the noise emitted by internal combustion engines and
electric engines, especially at speeds below 50 km/h. But, above
that speed, it is possible to assume the noise emitted by an electric
vehicle as the noise emitted by an internal combustion engine
vehicle without mechanical noise.

Different methods are collected in the literature to assess tyre/
road noise, some of them are standardized methods and others are
specifically designed for research purposes. Among the first group,
the Coast-By (CB) method [2] is the current method for the
approval of tyres, based on measurements at 7.5 m of the test vehi-
cle when it passes with the engine switched-off and the transmis-
sion in neutral. The Close-Proximity (CPX) method [3] is much
extended in the research field, and it is based on sound pressure
measurements in the near field of the tyre/road interaction.

The CPX method proposes two different alternatives for mea-
surement: the test tyre is installed in a trailer, and the trailer is
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towed by a vehicle; or the test tyre is directly mounted on the vehi-
cle. The debate about benefits and drawbacks of each configuration
is open. Some authors prefer to use an open trailer [4,5], whilst
others choose to use a covered trailer [6-8], and some research
groups install the measurement microphones on the test vehicle
[9-11]. The trailer solution avoids any wind noise disturbances
but sound reflections are generated inside the chamber, in contrast
with the vehicle solution that may be affected by wind noise but
there are no added sound reflections.

A common feature of most of the tyre/road noise studies col-
lected in literature is the resulting magnitude. Most of them pro-
vide their results as an expression of the sound pressure level,
but just a very few assess the sound power level [12-14], and
mostly are used in traffic noise prediction models [15,16]. The ben-
efit of providing the power level of a sound source is the invariabil-
ity of such parameter, as it is independent of factors as
environment, attenuation or distance.

The work presented in this paper defines an alternative
methodology, named alternative close-proximity (A-CPX), to
assess the tyre/road noise sound power level of a rolling tyre
installed on a car while it is being driven on a road. The analytical
and technical viability of the methodology are validated by means
of a theoretical study and a series of field measurements, respec-
tively. The results obtained with the A-CPX test are used to obtain
the tyre/road sound power level of the whole vehicle, which is
finally compared with other experimental results found in the
literature.
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2. The alternative close-proximity (A-CPX) methodology

The novel A-CPX methodology has been designed for evaluating
the sound power level emitted by a rolling tyre, by means of sound
pressure level measurements. The methodology is based on the
procedures described in the ISO 11819-2 standard [3] and also
on the ISO 3744 [17]. The major difference regarding the tradi-
tional CPX method lies on the microphone locations, since in the
A-CPX method these are located in further distances than in the
traditional one. Such fact allows to assume that measurements
are made in acoustical far field, as it will be illustrated in the next
sections. The test tyre is directly boarded on the test vehicle,
instead of using a trailer, in order to avoid sound reflections and
to ease instrumentation setup.

The initial hypothesis is to consider the tyre as a static, omnidi-
rectional, point source located on two reflecting planes: the road
surface and the vehicle body. The power level emitted by the
source is assumed to be proportional to the mean root square of
the sound pressure, averaged in time and space.

An imaginary parallelepipedic surface must be defined sur-
rounding the test tyre, which should not be installed on a drive
nor steering axle, see Fig. 1. The characteristic dimension of the
source, dy a-cpx, is determined by the Eq. (1).

doacox =/ (1/2)° +E+1 (1)
As the noise source is considered to be located on two reflecting
planes, microphone positions will be distributed over an imaginary
surface, quarter-sphere shaped. The radius of this surface should
satisfy the condition expressed by the Eq. (2), in which the charac-
teristic dimension of the source, dg a-cpx, should be previously
rounded to the higher integer. Likewise, it is recommended that
the radius of the surface never be less than 1 m and preferably
should have an integer value.

Ta_cex > 2 - do_a_cpx (2)

Microphone positions are distributed over the surface according to
the coordinates collected in Table 1. The Fig. 2 shows a comparison
of the microphone positions for the traditional CPX test, Fig. 2a, and
the microphone positions for a radius of 1 m in the A-CPX, Fig. 2b.
After studying different alternatives, presented in the Section 4, it
is recommended to use slender structures for supporting the micro-
phones, in order to avoid air turbulences in the surroundings of the
microphones that might influence the measurements.

Fig. 1. Parallelepipedic reference surface defined for the A-CPX test.

Table 1

Microphone position coordinates.
Microphone position X/r y/r z/r
A-CPX Front down 0.86 0.50 0.15
A-CPX Rear down —0.86 0.50 0.15
A-CPX Middle 0 0.89 0.45
A-CPX Front top 0.57 0.33 0.75
A-CPX Rear top —0.57 0.33 0.75

Fig. 2. Comparison of microphone positions: a) the traditional CPX test; b) the A-
CPX test for a quarter-sphere surface of 1 m radius.

In an A-CPX test, the vehicle equipped with the test tyre circu-
lates at a reference speed, over a distance of 200 m on the road sur-
face. During the test, the microphones record the sound pressure
levels generated by the tyre/road interaction. That procedure is
repeated at least 3 times. The microphones are connected to a mul-
tichannel data acquisition system that will be located inside the
vehicle. The sampling frequency follows the theorem of Nyquist-
Shannon, defining the sampling frequency at least twice the max-
imum frequency of interest. Data is processed in third octave
bands.

Vehicle speed is controlled during the test, using a global posi-
tioning system (GPS) boarded on the vehicle. Also weather condi-
tions are registered, avoiding wind speeds over 5 m/s.

For the data processing, each road section of 200 m is divided
into segments of 20 m. For each segment, it is calculated the equiv-
alent sound pressure level registered by each microphone, accord-
ing to the Eq. (3):
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Lpisa-cpx =10- 10g|: Z 1001 Lpja- cpx} dB (3)

where Ly;s o cpx is the average sound pressure level for the micro-
phone i calculated for the segment s, and for each third octave band,
in dB. N is the number of samples of the segment, and L, 4_cpx is the
sound pressure level for the sample j within the segment s, expo-
nentially averaged, for each third octave band, in dB. Fast time con-
stant is recommended for the exponential averaging, and in such
case the sampling rate should be one sample per 0.125 s.

Then, the averaged sound pressure level for all the segments
included within each road section of 200 m is calculated for each
microphone, Eq. (4):

- 1 X
Lp1 Section_A—CPX — —O Z pi,s_A—CPX dB (4)
s=1

where Ly; secrion_a—cpx 1S the averaged sound pressure level, registered
by the microphone i in the whole section Section, for each third
octave band, in dB.

The same procedure is applied to average the whole number of
repetitions n done at the reference speed (at least 3, as previously
commented), and is evaluated according to Eq. (5):

n
LpiA—CPX == Z Lpi,SectionJl—CPX dB (5)

Section=1

Following, the averaged sound pressure level over the quarter-
sphere surface is calculated, using the Eq. (6):

Lpacx=10- log{ Zloo“w CPX} dB (6)

Finally, it is calculated the tyre rolling sound power level, according
to Eq. (7).

Ly a-cpx = Lp_a—cpx + 10 - 10g(Sa_cpx /So) dB (7)

where S 4.cpx is the area of the measurement surface, according to
Sa_cex = T - Ta_cpx?, in square meters, and Sp = 1 m?.

As commented before, the A-CPX is based on the traditional CPX
method. Nevertheless, this novel method has also other differences
with respect to the CPX, apart from the different microphone loca-
tions. The CPX is intended for evaluate the influence on the traffic
noise emission of different road surfaces under same traffic condi-
tions. Therefore, it can be used to compare the behavior of different
road materials. However, the A-CPX methodology is designed to
evaluate noise from the tyre perspective, or even it could be said,
from the tyre/road combination perspective, since it is focused
on evaluating the tyre-road combination as a noise source. Further-

Table 2
Comparative scheme CPX vs A-CPX.

more, in the A-CPX test, the tyre and the road pavement used dur-
ing the measurements should not necessarily be standardized or
reference elements.

By contrast, some features are shared by both methodologies. In
that sense, they have in common that both assume the tyre/road
noise as the main vehicle’s noise source during the measurement.
It is also estimated, in both methods, that there may be background
noise influence coming from wind turbulences and both recom-
mend carrying out the measurements when wind speed is less
than 5 m/s. The Table 2 shows a comparative scheme that summa-
rizes the main technical differences between both methods.

3. Analytical study

With the aim to study the analytical viability of the proposed
methodology, a preliminary simulation was conducted based on
the formulation of sound propagation of ideal noise sources.

3.1. Previous remarks

In the current European automotive market, very common tyre
dimensions for passenger cars are 195/65R15, 205/55R16,
225/45R17 and 225/40R18. According to Eq. (1), the characteristic
dimension, dg a.cpx, that correspond to those tyre dimensions, is
located in the interval between 735 and 747 mm. And following
Eq. (2), a radius of 2 m would be preferable for defining the mea-
suring surface for those usual tyre dimensions. However, the fea-
tures of the A-CPX methodology involve that microphone
locations should be close to the tyre for a proper boarding on the
vehicle, and a 1 m radius would be more convenient for the tech-
nical viability of the test than using a 2 m radius. Depending on
the frequency of interest, the microphone positions in a 1 m radius
surface could be located in the close field of the sound source. The
threshold between the far and the close fields is limited by the dis-
tance to the sound source equal to the wavelength of the lowest
frequency of interest. Then, the 315 Hz frequency is the lowest fre-
quency that could be measured using a 1 m radius surface.

The most relevant sound generation mechanisms [18] are pro-
duced in the vicinity of the interaction between a tyre and the
pavement. Some of those mechanisms radiate noise in the contact
region exclusively, whilst some others have a wider radiation area.
In the literature are found different works [19,20] related to the
identification of noise sources in a rolling tyre. Some authors
[21,22] consider as a hypothesis that the whole sound emission
is concentrated in a point located on the tyre sidewall, close to
the interaction between tyre and pavement. Some others [23,24]
propose to characterize a rolling tyre as a set of monopoles located
on its surface.

Measurement Method

CPX

A-CPX

Measurement principle

least two microphones, located close to the tyres
Tyre/road sound pressure level -
reference tyre and speed

and (if using reference tyres)
Close-Proximity Sound Index (Lcpx:1)
Near field

2 mandatory positions

4 optional positions

50, 80 and 110 km/h

Measurement results

Acoustic field
Measurement positions

Reference speed

The average A-weighted sound pressure levels emitted by
specified tyres are measured over an arbitrary or a specified
road distance, together with the vehicle testing speed, by at

CPX level (Lcpx) - for the

The sound power level emitted by a test tyre installed on a vehicle test and
circulating on a road surface, at one or various reference speeds, is evaluated
by means of sound pressure level measurements

A-CPX Sound Power Level for the evaluated tyre/road combination
(LW_A—CPX)
Far field

5 mandatory positions

Any speed of interest for the study, from 40 km/h and upwards (where tyre/
road noise dominates vehicle noise emission)
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Different studies in the literature analyze the contribution of
each area of radiation of a rolling tyre, mainly those based on
sound intensity measurements [25] and acoustical holography
[26]. It is found as a common behavior that the contribution of
each area of radiation has a dependency on the frequency, being
considered that the emission from the leading edge is slightly
higher than the emission from the trailing edge, especially at low
and medium frequencies. At the same time, the sound radiation
is typically higher at lower areas of the tyre than at the upper
areas. However, the upper areas have also an important contribu-
tion at low frequencies.

Given these previous remarks, three different cases have been
considered for the analytical study, Fig. 3, in order to analyze the
effect of the noise sources location, on the sound power level. As
the sound emission of a rolling tyre has a complex behavior, it is
proposed a simplification based on several point noise sources
emitting on the tyre radiation areas. As a first case, the emission
has been concentrated on the tyre sidewall, in the center of the
contact patch. For the second case, a three noise sources configura-
tion has been proposed: one on the sidewall, one on the trailing
edge and one on the leading edge. Finally, a five sources configura-
tion will be considered: the three positions proposed for the sec-
ond case plus two sound sources on the upper area of the tyre.
The position of the sources has been located considering a

175/70 R13 tyre, as such tyre will be used for the experimental
tests.

The sources are hemispheric point noise sources, emitting pink
noise, located on the tyre surface. The noise source located on the
tyre sidewall, in the center of the contact patch, has been consid-
ered as a quarter of sphere source, since it is located on the ground
plane as well. The ground plane has been modeled as a reflective
surface. The receiver locations have been distributed over a 1 m
radius quarter-sphere, according to coordinates in Table 1.

The global sound power level emitted by the whole set of
sources is the same in all cases under study. However, the individ-
ual emission of each source is different and depends on the number
of sources per case. Given that this is a preliminary model based on
ideal noise sources, the hypothesis of acoustical symmetry has
been considered for the vertical plane, mainly based on the usual
assumption of low sound directivity of a rolling tyre in the far field
[27]. Then, the sources located at the leading and trailing edges in
case 2 have the same emission, and have a higher emission than in
case 3. In case 3, the sound power emission of the tyre is dis-
tributed among the five sources, considering also vertical symme-
try and a higher emission at the leading and trailing edges than at
the upper areas of the tyre. The Fig. 4 shows the sound power level
emitted by the sources, and the total sound power level emission,
for the different cases. The relative sound power level of each point

Fig. 3. Location of noise sources for the cases into study.

Fig. 4. Sound emission considered for calculations.
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source has been estimated according to the experimental results
find in the literature [18] for each area of radiation.

3.2. Simulation results

The calculation algorithm developed for the simulation is based
on the properties of sound propagation outdoors. If the sound
power level of the different noise sources is known, the sound
pressure level at the different reception points around the tyre
can be calculated. Then, the Eqs. (6) and (7) can be used to evaluate
the sound power level of the whole tyre. The simulation results
will allow to identify the deviation between the sound power level
evaluated by the algorithm and the total emission of the known
noise sources. Therefore, it can be identified the differences of con-
sidering the tyre as a point noise source or as a distribution of noise
sources.

The results of all cases are presented in Fig. 5. The figure shows
the global sound power level emitted in each case under study, the
sound pressure levels calculated by the algorithm at the receiver
positions (including also the traditional CPX locations) and the
sound power level calculated by the algorithm.

The sound power level calculated by the algorithm in case 1,
equals to the emitted sound power level. That case corresponds
to an ideal situation in which the whole emission is concentrated
in a single point. The sound pressure levels at the traditional CPX
positions are higher than the power level, which reflects the loca-
tion of the receiver points in the acoustical close field.

In case 2, the emission is located at different points and certain
receiver positions are closer to some sources. In that case, the cal-
culated sound power level differs by 0.35 dB from the global emis-
sion and small dispersion is observed at the receiver positions. A
similar situation results for case 3, where a deviation of 0.48 dB
between the emitted and calculated power level is obtained.

3.3. Conclusions of the simulation phase

As it is collected in the literature, the emission of a rolling tyre
presents a higher energy concentration at the contact area with
pavement, which leads to consider the tyre as a point sound
source. However, for short measuring distances it is necessary to
take the tyre as a distribution of sound sources. When considering

various sources, the A-CPX methodology presents some deviation
from the theoretical emission. The previous calculations have been
done by locating the reception points on a 1 m radius quarter-
sphere, but according to the methodology and for the tyre dimen-
sions considered for the simulation, a 2 m radius would be more
appropriate. For a 2 m radius, the simulation results for all cases
give no deviation between the emitted and calculated emission.
However, it would be unfeasible to board the microphones during
the test campaign using a configuration of 2 m radius. Therefore, it
can be assumed the small deviation, lower than half a decibel,
obtained when using as smaller radius.

4. Experimental validation of the methodology

Experimental tests were conducted in order to validate the
novel methodology. The test campaign was performed with a
1991 3-door 1.6 Ford Escort vehicle, front-wheel drive car,
equipped with Pirelli 175/70 R13 82 T tyres, Fig. 6.

The tests were conducted on a paved road of 675 m length com-
posed of a 20 cm thick subbase of graded aggregate, a 20 cm thick
base course of graded aggregate, and a surface course consisting of
two layers, 5 cm G-20 and 4 cm S-20 with barren porphyry, and
sprayed with prime and tack coats, Fig. 7.

Microphones Y-inch Bruel & Kajer model 4935 were utilized,
connected to the 24 bit 16 channel Pimento data acquisition sys-
tem (LMS International), operating at a sampling frequency of
25 kHz. The frequency range employed was between 100 Hz and
10 kHz, and the results were presented in one third octave bands,
as shown in the next sections. Microphones were calibrated and
tested to check their phase, and were protected by windscreens
during the test campaign. Weather conditions and road surface
temperature were registered periodically.

According to the A-CPX methodology, five microphones were
distributed around the tyre under test. Also the traditional CPX
positions were included in the set-up: front and rear mandatory
positions and middle optional position. Tests were conducted for
six reference speeds: 40, 50, 60, 70, 80 and 90 km/h, and three rep-
etitions were performed for each speed, travelling a total distance
of 600 m for each speed. The vehicle speedometer and also a GPS,
with a sampling frequency of one data per second, were used to
control driving speed.

Fig. 5. Sound pressure levels and sound power levels calculated by the algorithm.



12 N. Campillo-Davo et al./Applied Acoustics 143 (2019) 7-18

Fig. 6. Test vehicle and tyres.

Fig. 7. Detail of road surface over which tests were conducted.

4.1. Early A-CPX tests

In a first test campaign, microphones were attached to the vehi-
cle with two supporting frames specially designed to this function,
Fig. 8.

The averaged sound pressure levels for each reference speed
recorded during early A-CPX tests (denoted as A-CPX-I) are shown
in Fig. 9. Also the sound pressure levels registered at the traditional
CPX positions are shown.

Fig. 8. Configuration used in the early A-CPX tests.

Results show the same pattern for positions located in A-CPX
and traditional CPX locations: a predominant energy concentration
at middle frequencies, between 800 and 1250 Hz, that according to
the literature [18,28] corresponds to tyre/road noise emission. That
pattern is similar for all speeds and also for all microphone loca-
tions, included the traditional CPX ones. As a general trend, an
increment of the registered sound pressure levels is linked to the
driving speed.

In those curves, a relative maximum peak at lower frequencies
(400 Hz for 40 km/h) is also observed. Such peak shifts to the right
in the spectrum as speed increases (800 Hz for 80 km/h or 1 kHz
for 90 km/h). Noise levels at those frequencies are generated by
the impact periodicity of the tyre treadband blocks against the
road surface, as the pattern of the test tyre has a tread pitch of
22 mm, Fig. 10. In the Table 3 it is illustrated the impact frequency
due to treadband pattern impacts, calculated according to Eq. (8),
where f corresponds to the impact frequency (in Hz), v is the driv-
ing speed (in m/s) and [ is the tread pitch (in m). The frequencies
have been calculated according to the actual average driving speed
of the vehicle, obtained from the GPS system (it was observed a
deviation of 13% from the speedometer speed).

v

f= ) ®)

The graphs presented in Fig. 9 have particularly high levels at low
frequencies, and they are higher than usual in a common rolling
noise spectrum. The behavior of sound levels at those frequencies
is close to lineal, presenting a negative slope, since sound levels
decrease as frequency increases. The frequency range affected by
such behavior increases with the speed: up to 400 Hz at 40 km/h,
and up to 630 Hz at 90 km/h.

Fig. 11 shows, per each reference speed, the average sound
power level spectrum obtained after processing data according to
the A-CPX method. The spectrum also reflects the features of a
common tyre/road noise spectrum in the range of medium fre-
quencies, and it also displays the behavior at low frequencies
observed in Fig. 9.

It is very usual to find in the literature that tyre/road noise
levels are expressed using a logarithmic regression, according to
the Eq. (9), as a function of the vehicle speed (v) and defined by
two coefficients, A and B. For instance, in [29] it is obtained
A=31.7dB(A) and B=33.3dB(A) in an analysis about the depen-
dence on speed of the rolling noise on a rehabilitated pavement
by using the CPX measurement method. The CPX method is also
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Fig. 9. Average sound pressure level in bands of 1/3rd octave, in dB, early A-CPX tests.

used in [30] to perform a statistical analysis on the tyre/road noise,
vehicle speed and acceleration. In that case, the values A = 38.0 and
B=29.5 were obtained and it is also referred a publication [31]
where the coefficients A and B varied from 21.9 to 27.9 and 32.9

to 39.9 respectively. Therefore, from those studies it can be derived
that both terms, A and B, adopt positive values in a range about a
few tens. This can also be confirmed from [18], where it is collected
a summary of the A and B terms from other different tyre/road
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I 22mm

Fig. 10. Test tyre tread pitch.

Table 3
Impact frequency due to treadband periodicity.

Reference speed  Actual speed  Impact frequency; 1/3rd octave band

(km/h) (km/h) 22 mm (Hz) center frequency
(Hz)

40 34.8 439 400

50 43.5 549 500

60 52.2 659 630

70 60.9 769 800

80 69.6 879 800

90 78.3 989 1000

noise studies, as well as it is analyzed the relation between both
coefficients.

The Eq. (10) and Fig. 12 show the broadband sound power levels
as a function of speed for the results collected in the present
research. As it is observed, the negative value of the independent
term A is not consistent with the values derived from the literature.
Given the results at low frequencies in Figs. 9 and 11, and also the

unusual value of the term A, it is suspected that the measurements
were disturbed in some way during the test campaign.

L=A+B-log(v) 9)

Lw a-cpx_1 = —-43+596- log(f/) (dB) (10)

Wind disturbance is an important factor to have into consideration
when measuring tyre/road noise in CPX tests. The effect of wind on
the measurement registered by a microphone protected with a
windscreen can be found in [32]. From the results of the study it
can be extracted that the frequencies below 315 Hz are the most
disturbed by aerodynamic noise, and the affected frequency range
increases with the wind speed. At high frequencies, above 4 kHz,
the measurements also show the wind influence, although the dis-
turbance is not as high as that occurred at low frequencies. A similar
conclusion can be derived from [33], where it is observed that the
frequencies below 1 kHz are the most affected by wind noise during
the CPX test, and it is recommended that CPX measurements should
be done when the wind speed is below 15 km/h. According to the
conclusions derived from those studies and given the high noise
levels at low frequencies showed in Figs. 9 and 11, it suggests that
the measurements during the early A-CPX test campaign were
affected by wind noise.

As extracted from the literature, the 315-4000 Hz is the fre-
quency range in which microphone recordings are usually less
affected by wind noise. Then, a similar expression (11) was
obtained for such frequency range.

Lw a-cpx—1 @315 — 40001, = 4.3 + 50.3 - log(v) (dB) (11)

The resulting term A in the equation seems now to be more consis-
tent with those proposed by the literature, which reinforces the
hypothesis of wind noise disturbances during the measurements.
The frame used for microphones support, which is composed by

Fig. 11. Average sound power level in bands of 1/3rd octave, in dB, early A-CPX tests.
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Fig. 12. Sound power level as a logarithmic function of speed, in dB, early A-CPX tests.

square bars, could have contributed to increase wind turbulences
around microphones. Some other studies found in the literature
describe experimental tests performed with microphones boarded
on different types of moving vehicles [34-36] where different solu-
tions to reduce aerodynamic effect have been applied. Hence, a sec-
ond testing campaign was conducted, using for that purpose an
improved supporting system for microphones.

4.2. Final A-CPX tests

The new test campaign (denoted as A-CPX-II) was done under
the same conditions as the previous one, but just with the differ-
ence of the microphone supporting system. It was employed a
set of blades, conventionally used for airplane modeling, Fig. 13.

Fig. 13. Configuration used in the final A-CPX tests.

Fig. 14 exposes the averaged sound power level spectra calcu-
lated after processing data recorded during the final A-CPX tests.
The spectra are showed for all measured frequencies, i.e. from
100 Hz to 10 kHz. In comparison to the previous results, the spec-
tra of the new results show an important reduction of noise levels
at low frequencies, due to the improved aerodynamic behavior
during measurements. For low driving speeds, the spectra are only
minimally affected by the aerodynamic component. For the highest
speeds, which are the most exposed to wind noise, the spectra
show the normal behavior of a tyre/road noise for frequencies
above 315 Hz. Therefore, these results demonstrate the importance
of selecting slender frames for supporting microphones.

As commented before, the range of frequencies affected by wind
has been considerably reduced, and the upper frequency affected is
315 Hz for the highest speed. The next step is to calculate the
broadband sound power level of the rolling noise. That value was
calculated considering the frequency range from 315 Hz to 4 kHz,
and it also was expressed as a function of speed, following a loga-
rithmic curve, Eq. (12).

Lw_a-cpx-ii @315 - 40001z = 21.04+39.9 - log(v) (dB) (12.a)

o315 _ ao00nz = 17.0 + 41.9 - log(v) (dB(A)) (12.b)

LWJ\—CPX —II

Finally, to confirm the viability of the final test configuration, the
Table 4 collects the sound power levels obtained in early and final
tests. The comparison of both results shows that higher the speed,
higher the variation between both tests, which indicates that dis-
turbances caused by wind noise have been reduced.

5. Tyre/road sound power level of a moving vehicle

The A-CPX methodology allows the evaluation of the sound
power level emitted by a rolling tyre installed on a dead axle, as
it has been demonstrated in the previous section. The fact that
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Fig. 14. Average sound power level in bands of 1/3rd octave, in dB, final A-CPX tests.

Table 4
A-CPX Sound power level, overall value.

Reference speed Lw_a-cpx-1 @315-4000Hz

Lw_A-cPx-1l @315-4000Hz

(Lw_A-cpx-1 @315-4000Hz) — (Lw_a-cpx-1l @315-4000z) (dB)

Lw =21.0 + 39.9-log(v)

(km/h) (dB) (dB)
Lw = 4.3 +50.3-log(v)
40 84.9 84.9
50 89.8 88.8
60 93.7 91.9
70 97.1 94.6
80 100.0 96.9
90 102.6 99.0

the tested tyre is installed neither on a drive nor on a steering axle
is an important condition for the tyre/road noise emission. As col-
lected in the literature [18], the influence of the torque applied to
driven tyres may cause an increase of the tyre/road noise of up to
12 dB or even higher.

In a Coast-By test, the vehicle is in free-rolling, that is, in non-
powered operation. That fact entail that the rolling of the tested
tyre in an A-CPX test could be compared to the Coast-By conditions
in which tyres are running during a Coast-By test. Therefore, the
tyre/road noise power level emitted by the whole vehicle, i.e. by
the set of tyres of the vehicle, running in Coast-By conditions, could
be calculated from the expression obtained for a single tyre in A-
CPX conditions. If it is considered that the four tyres on a vehicle
running in Coast-By conditions are non-coherent noise sources
and all emit the same sound power level, then, the total tyre/road
sound power level can be calculated as a logarithmic sum of four
sound sources, Eq. (13).

4
Lw_rora = 10-logyp 3 10(%1)

i=1

-10. log10<4- 100-“W) (dB) (13)

The previous expression is applied to Eq. (12) to obtain the total
tyre/road sound power level emitted by the vehicle-tyres tested
in the previous section, and results on Eq. (14).

Lw_totar_a_cpx = 27.0+39.9 - lOg( v) (dB) (14.a)

Lw_torar_a-cpx = 23.0+41.9 - lOg( 7/) (dB(A)) (14b)

The expression (14) can be compared to an analogue expression
obtained for a whole vehicle running in Coast-By conditions. In a
previous research [37], it was presented a novel procedure, named
Alternative Coast-By (A-CB) methodology, to determine sound
power level of tyre/road noise of a vehicle running under Coast-
By conditions. In that study it was tested the same vehicle-tyres
configuration employed for the current research, and as a result it
was obtained a logarithmic equation that represents the sound
power level of the tyre/road noise of the vehicle.

The A-CB methodology has been reproduced in the current
research, with the same vehicle-tyres configuration, and consider-
ing the frequency range from 315 Hz to 4 kHz. The expression (15)
collects the results of such test.

Lwa_cs = 27.8 +40.1 - log(v) (dB) (15.a)
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Lwacs = 23.7 +42.4 - log(v) (dB(A)) (15.b)

It is observed that the terms A and B in Eqs. (14) and (15) have a
strong similarity, and they are the same if the values are rounded
to the nearest integer, presenting in such case a small deviation of
1 dB for term A. This fact implies that the A-CPX methodology is
perfectly feasible for assessing the sound power level of a rolling
tyre in close-proximity conditions, as well as for evaluating the
tyre/road noise emitted by a vehicle running in Coast-By conditions.
Such conclusion also indicates that the behavior of the tyres
installed on the car could be understood as a sum of four point noise
sources.

6. Conclusions

The work presented in this paper defines a novel methodology,
named alternative close-proximity (A-CPX). The method has been
designed to assess the sound power level emitted by a rolling tyre
installed on a car when it is circulating, by means of sound pres-
sure level measurements. The procedure is based on the traditional
Close-Proximity method and also on the guidelines described on
the ISO 3744. The main benefit of the method is to provide an alter-
native magnitude, the sound power level instead of sound pressure
level, in order to characterize the noise inherently generated at the
tyre/pavement interaction.

A theoretical study, based on different distributions of point
noise sources emitting pink noise, has demonstrated the analytical
feasibility of the methodology, and very low deviations between
the calculated and theoretical emissions were obtained. As a future
work, it will be of interest to include the possibility of adding noise
sources able to emit sound signals different from the pink noise, so
the effect of the asymmetric radiation in a real tyre emission and
frequency dependency could be studied. The technical feasibility
of the method was tested by experimental measurements. In a first
test campaign it was observed an important contribution of aero-
dynamic noise at low frequencies. Such disturbances were mini-
mized by the adoption of a new test frame to support
microphones. It has been finally decided to analyze results in the
frequency range of 315-4000 Hz, obtaining a logarithmic expres-
sion that relates road/tyre sound power level to vehicle speed.
The expression obtained defines the sound power level for the
specific vehicle-tyre configuration, and it may vary for different
vehicle-tyre configurations.

Finally, the sound power level of the tyre/road noise emitted by
the test vehicle has been calculated. It has been assumed as a
hypothesis that the four tyres of the vehicle are non-coherent noise
sources and all emit the same sound power level. The results have
been compared to those obtained after using another methodol-
ogy, the A-CB methodology, collected in the literature. A very rele-
vant conclusion of such comparison has been obtained: the sound
power level of the rolling noise of the whole vehicle when running
in Coast-By conditions can be calculated from the energetic sum of
the sound power level of an individual tyre installed on a non-
driven axle. As a future research, and given that in real driving con-
ditions at least two tyres are powered by the vehicle traction sys-
tem, it will be of interest to enlarge the study in order to include
the effect of the torque on the tyre/road noise emission of the
whole vehicle.
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