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The development process of a tyre usually involv&®mbination of simulation and testing
techniques that are focused on characterizing sictaerodynamic and vibrational phenom-
ena. One of the acoustic phenomena of interesth@reabsorption properties of the tyre,
which affect the sound radiated. Those propertiesrainly related to local resonant effects,
which can be changed by modifying the geometnheftyre tread. In this paper, a procedure
is presented to determine the attenuation achiduedo a change in tyre tread configuration.
The acoustic transfer path from sound producedhatside of the tyre-pavement contact area
to the other is measured. A miniature microphorgeasmall monopole with a known output
have been developed to allow measurements ins@layth grooves. Tyre sections with a
circumferential groove only, as well as sectionshwadditional side branches, have been
evaluated.

1. Introduction

When a tyre makes contact with the pavement, nsigenerated by several mechanisms (e.g. tread
impact, air pumping, slip-stick, etcetera) [4]. 8dus then radiated by sidewall vibrations or radia
vibrations, or at the tyre-road interface. Two ef$eaffect the degree of attenuation of airborne
sound generated at the tyre-road contact poingtl§sirthere is the horn effect. A flat road surface
and a circular tyre create a geometry similar &t tf a horn, which is known to be an efficient
acoustic radiator. Consequently, sound generatadthe throat of the horn is attenuated little. Po-
rous asphalts are increasingly being used to retheéhorn effect [5]. Secondly, there are pipe
resonances. When the pavement and tyre make cohtdes in the road surface and groves in the
tyre from cavities that act like resonators. THehaviour is similar to resonators such as quarter
lambda or Helmholtz resonators, see figure 1. Deipgnon the size and shape of the cavity sound
is attenuated at certain frequencies.
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Apart from the properties of the pavement, the heffact and pipe resonances are also affected by
the geometry of the tyre. Therefore, the studyhekeé attenuation mechanisms is of concern to tyre
manufactures. In [3] the influence of these effeeés analyzed simultaneously by measuring the
attenuation from sound produced at the centre pdietre the tyre contacts the pavement to the side
of the tyre. A monopole was placed at the siddeftyre and a microphone was installed inside one
of the grooves. The transfer function between tieme velocity of the monopole and the sound

pressure measured by the microphone was obtaifesl transfer path is equal to the transfer path

from the tyre-pavement interface to the side oftyine due to the reciprocity principle.

| ]

Figure 1. Holes in the pavement (left) and groves in the (ymeldle) form cavity resonators (right).

In this paper, the influence of pipe resonancesudied separately. When a tyre is loaded, the rub-
ber is compressed and the tyre tread and its s@leches form cavities between the flat contact
surface of the tyre and the pavement. The attesnafi the side branches is determined by measur-
ing the acoustic transfer path from one side oftyine to the other. The acoustic transfer path de-
scribes the amplitude decrease and phase changesérond waves propagating from a source to a
receiver. The transfer path can be determined bgsoreng the sound radiation of well-defined
source such as a monopole and the resulting saasdyre at the receiver position.

For these test, a small monopole source thatrfitee tyre tread, and a miniature microphone
that could even fit in the side branches, have lEeloped. The monopole loudspeaker is posi-
tioned inside a groove at one side of the flat @oinsurface. The microphone is positioned inside
the groove at the other side. The transfer fundbietween the volume velocity radiating from the
monopole source and the sound pressure capturéx logicrophone is measured.

In the following chapter, the monopole sound sousdatroduced. Thereafter, the method to
determine the transfer path is described. Finadlgults of transfer path measurements on a loaded
tyre are presented and analyzed.

2. Monopole theory

An effective way to create a small and easy torobmhonopole is with a tube that is open on one
end, and connected to a loudspeaker inside ansemelat the other. Sound will radiate spherically
from the open end of the tube due to diffractidrthé size of the opening is small enough com-
pared to the wavelength, sound will radiate unifigrin each direction, and a monopole sound

source is created. Consequently, the upper frequépg is limited by the size of the opening. As
a guideline, f_., should be smaller tha#0/d , whered is the inner diameter of the tube [1-2].

Broadband monopole loudspeakers with sufficienndopower are complicated to manufac-
ture because of the low radiation efficiency of thke. In practice, the choice for a monopole is a
trade-off between the maximum sound level reachetithe upper frequency limit. A large tube
opening is required to generate sufficient sounslgrat low frequencies, while the opening should
be small compared to the wavelength to ensure alim@ctional radiation at high frequencies. More
than one sound source may be needed to cover d baval.
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The loudspeaker input signal is unsuitable for prgpredicting the sound radiated because varia-
tions in temperature and geometry (for a flexihibet) affect the acoustic impedance in the tube,
and thus the tube’s radiation efficiency. Moreoibe damping in the tube is hard to calculate, and
the relation between the loudspeaker output anidtedisound level may be non-linear. Therefore,
a reference sensor should be used at the end tflibe

In [1-2] three potential choices for a referencesse were described. Firstly, the sound pres-
sure can be measured by a single microphone. Theted sound level can then be calculated using
the predicted radiation impedance. However, theatmh impedance depends on temperature
variations and on the presence of nearby obstddesidition, the relation between sound pressure
and the sound radiated may be non-linear at highdtevels, and there can be positioning errors at
high frequencies. Instead of using sound pressieeparticle velocity, ... May be measured at

the end of the tube. The particle velocity is limgaelated to the radiated volume veloci®, even
if there are surrounding obstaclé€d= U, ,.....A, Where A is the tube’s opening area.

One method of measuring particle velocity is withadr of closely spaced and phase matched
microphones. The sound pressure gradient is pliopaitto the particle velocity if the sound field
is linear. However, at high sound levels this agstion violated, and accurate measurements at low
frequencies are hard because of phase errors.

Alternatively, the particle velocity can also beasered directly with a Microflown sensor.
Provided that the sound level does not exceed themum level of the sensor, the volume velocity
can be estimated straightforwardly. The monopo&siusr the measurement in this paper also uses
the latter approach to estimate the radiated saewlfigure 2 left.

particle_—",
velocity
sensor

inner tube
diameter 3mm

Figure 2. Left: Mid-high frequency monopole. Right: extensjgiece and miniature reference sensor.

The sound pressurp at a distance from the centre of a monopole given by [1-2,6]:

A
2r
where p is the density of air and is frequency. The monopole source is positioneth@ntyre
tread for the direct transfer path tests. The drtie standard monopole as shown in figure 2 (left)
is too large for this. Therefore, an extension @ieonsisting of a narrow tube has been developed,
see figure 2 (right). The reference sensor canaeohstalled at the end of the tube because itas to
narrow and because very high velocity levels cagdigerated that would overload the particle ve-
locity sensor. For example, a volume velocity sfe8m®/s is required according to equation 1 to
generate a sound pressure level lati4d of 60dB at 0.2n distance. The resulting particle velocity
for the tube with an inner diameter of 0.0038 almost In/s. Therefore, the particle velocity sensor
is positioned 1fhm from the centre of the monopole. The acoustmeidance of a monopole is:

p_ ikr

T

p(r) =i -Qe™ (1)

(2)
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Combining equation 1 and 2, the particle velocday e obtained by:

_ Qikr+1

u(r) = 4 3
There are disadvantages of positioning the referesensor outside the tube. The configuration is
more fragile and measurements might be affectedefigctions from surrounding obstacles. The
latter might cause discrepancies during tests testin this paper because the monopole extension
piece will be positioned inside a tyre groove. Hoare these discrepancies are less relevant because
a similar position will be used for all measurensemnd only the relative variation amongst these
tests is analyzed.

e—ikr (1)

3. Transfer path tests

3.1 Test description

For these tests, a tyre with four different seci@studied, see figure 3. The first section cxiBsi
only of one circumferential groove of &ln wide and 8..a/m deep. The second tyre section con-
tains an additional side branch that isrirb wide and perpendicular to the circumferentialoge.
The third section contains a similar side branchrabblique angle. The forth section contains two
oblique side branches of different lengths.

Figure 3. Four different tyre sections that are tested.

A flat pavement section is pressed with 6B0@ownward onto the tyre. To determine the acoustic
transfer path, the monopole extension piece (figireaght) is placed at one side of the flat tyre-
pavement contact surface between the circumfetegrismve. A miniature microphone with a di-
ameter of 3nm is produced, which is positioned inside the geoat the other side of the contact
surface, see figure 4. The monopole loudspeakerdged with a pink noise signal.

Figure4. Description of the measurement set-up. Left: Schiernaerview. Right: right side view.
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3.2 Measurement results

Figure 5 shows the absolute part of the measueatsfier function between the sound pressure of
the microphone and the volume velocity of the maepoudspeaker. The right figure shows the
differences between the sections with side branclative to the section without side branch. The
scales of the y-axis have been removed for cortiialéy reasons. Figure 6 shows the measured
phase. The right figure shows the phase differenoepared to the condition without side branches.
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Figure5. Left: absolute part of the transfer function. Righiscrepancies compared to the pipe without side
branches.
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Figure 6. Left: transfer function phase. Right: relative phasmpared to the pipe without side branches.

Both figures show that damping is achieved by tditeonal side branches. Attenuation is achieved
in the band aroundkHz, depending on the configuration. For the sectiath two side branches
there is additional damping for frequencies aroRraHz.

The frequency where damping occurs is determineidlynhy the length of the side branch.
The measured frequencies are similar to the ongscéed for quarter lambda resonators. A quarter
lambda resonator consist of a tube that is opeanenend and closed on the other. Absorption is
achieved due to viscous damping at the openingaaritle walls of the tube [7-8]. Furthermore,
there is interference of the incident and refleote/e because the sound pressure amplitude of
sound waves travelling towards the tube is in phtise with that of the reflected waves if the
length of the tube is equal to a quarter wavelengtlan odd multiple of that. Actually, the acoasti
length of the tube is slightly longer than the getnical length. The additional length depends on
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the size and shape of the opening, and on theHeofgthe tube, and lies between 072%and
8/3r for a cylindrical opening (witlr being the radius) [8].

Given that the side branches can be modelled byaatey lambda resonator, their acoustic
lengths can be approximated using the frequencyemte highest damping is measured, which in

this case is:[¢=1[2 =86mm for the long side branch, add-22 =37mm for the small side

branch. This seems plausible as the acoustic leragttbe longer than the geometric lengths.

4. Conclusions

The surface geometry of a tyre affects the way dqunduced at the tyre-road interface is radiated.
In this paper, a procedure is presented to deterthia attenuation of the side branches of a tyre
groove. The transfer path from one side of thediad surface of a loaded tyre to the other side is
measured, and the degree to which the amplitudephade of sound waves are changed is cap-
tured. To enable such tests, a miniature monopudeaamicrophone have been created, which are
small enough to fit in a tyre groove. A particldo@ty sensor has been installed at a small distanc

from the centre of the monopole to measure itsatai. A method has been to introduced to cor-

rect for the sensor-monopole distance, and to takthe sound pressure radiated.

The measured values were similar to those expéatedrather simple models for the rather
simple tread geometries used in this research. ix#pg on the number of side branches and their
orientation, damping was achieved at certain fragi@s. The extend to which the results match
with simulations for different tyre tread desigresho be investigated further. The test method pre-
sented is particularly interesting for more compige tread designs that are difficult to simulate.

The frequency range of the monopole extension piee sufficient for these measurements.
A monopole with a higher output is required if foeqcies below ~608z are of interest. However,
such a sound source will probably be too largettoto the tyre tread.

With the same equipment, different types of tranptghs may be assessed also. An example,
is the transfer path investigated in [3], which addses the attenuation of sound produced at the
tyre-pavement contact point to a position outskaetyre.
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