OPERATIONAL MODAL ANALYSIS OF A TYRE USING A
PU PROBE BASED SCANNING TECHNIQUE

E. Tijs', B. Makwan4, O. Peksé| S. Amarnath D. Bekké
Microflown Technologies, Tivolilaan 205, 6824 BV, Arnhem, the Netherlands

Apollo Tyres, Colosseum 2, 7521 PT, Enschede, the Netherlands

e-mail: tijs@microflown.com

Tyre vibration can be studied with several expentakand simulation techniques. An im-
portant goal for a tyre manufacturer is to “tunéé tresonant frequency of the tyre sub-
system to reduce the structure-borne noise indhenterior. In this paper, a novel measure-
ment technique is applied to determine the opearatityre deflection shapes under different
conditions; i.e. free condition, loaded conditiand rolling condition. The vibrational behav-
iour of a tyre is studied using a PU probe, whiomprises a sound pressure and a particle
velocity sensor, and a scanning technique. Theivelahase information is obtained using a
static reference sensor. The experimental datdearsed to validate simulated mode-shapes
and resonant frequencies.

1. Introduction

As road noise is of increasing concern in urbarireninents, the development of more silent tyres
is pursued. For these investigations it is necgsgacharacterize the noise radiated. During ex-
perimental investigations, vibrations are measwien as they are the origin of sound radiated.
Such studies can be rather involved because ruamebehave non-linearly and there can be asym-
metrical mode shapes. Moreover, vibration patteleend on the loading conditions and the way
the tyre is excited. Excitation forces exists irrmal, lateral, and in front direction, which causes
vibrations in axial or in radial direction, seeuig 1.

Several methods exist to measure vibrations. Famgke, accelerometers can measure in
three directions. However, they have to be attatbete surface, which can alter the stiffness and
damping of the tyre, and tests with rolling tyre@e anpossible. Alternatively, vibrations can be
measured contact-free with Laser Doppler Vibronget&isadvantages of this approach are that
often the tyre needs to be painted and complicsgédips with mirrors are required to measure dif-
ficult to reach areas. For the investigations dbedrin this paper, the usage of another non-contac
method that involves particle velocity sensorsigestigated.
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Figure 1. Possible excitation directions and vibration dii@ts.

In the very near field, the normal component ofdtreictural velocity is similar to the normal parti
cle velocity [4]. Therefore, particle velocity sens can be used to measure structural vibrations in
the vicinity of objects. Such vibration tests haveigh signal-to-noise ratio because [5]:

» particle velocity levels, due to the vibration bétsurface itself, are high due to near field ef-
fects.

» particle velocity levels, due to background noisgjally are low because many objects have
a high impedance. The incoming and reflected souaks are nearly equal of strength but
opposite in phase, thus they interfere destrugtivel

« Particle velocity sensors are directional, andlmapointed towards the vibrating surface.

Very near field assumptions apply if two conditi@re met; i.e. distancle to the surface should be
much smaller its typical sizé , and wavelengti should be much larger than the size of the vi-
brating surfacel; 2nlh<< L << A [4-5]. In this paper, this particle velocity sen®ased method
is used for three vibration tests:

* atestin unloaded, free conditions,
* atestin loaded conditions where a non-rotatimg iy pressed against a flat surface,
* atestin loaded conditions on a roller-bench.

In the next chapters, these tests are describedharresults are presented and analyzed. Dureng th
first two tests, a shaker is used to excite the iymormal, lateral, or in front direction. Thecéa-
tion during the latter test on the roller benchsely resembles the real conditions on the road.
Usually, vibration measurements require many memsent points. Here, a method called
Scar& Paint is used to map sound fields quickly and witfh resolution [6-7]. It involves a probe
that is swept across a surface while a video oftbasurement set-up is captured. The probe posi-
tion is obtained from the video with dedicated waite. The tracking procedure is automated,
which speeds up the post-process procedure.

2. Tyre measurements under free conditions

In the first test, the operational deflection shapeeasured of a tyre in unloaded conditions. The
tyre is suspended in elastics, and a stinger isdgto the surface and attached to a shaker that ex-
cites the tyre in normal or in lateral directiom Accelerometer is used on a fixed position asghas
reference during this measurement. The tyre vitinait measured with a probe containing a parti-
cle velocity sensor that is swept across the sartdche tyre. The position of the probe is deter-
mined by tracking a colour marker on the probe withideo camera, which is positioned at a dis-
tance from the set-up. The path of the probe dutiegneasurement is shown in figure 2 left.
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There are many modes, and only a few of them asevshFigure 2 and 3 show examples of the
measured operational deflection shapes (ODS) foerak frequencies. The complexity of the
modes increases with frequency. The numbers afdlaur scales have been removed for confiden-
tiality reasons. Red areas are surfaces with a Vedipcity level and a positive phase. Green areas
indicate surfaces with low levels. Blue areas iatéca high levels, but with a negative phase.

y| Y
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Figure 3. Operational deflection shapes for three views &8 (left) and three view for 284z (right).

3. Tyre measurements under loaded conditions

In the second test, the axle of tyre is loaded.iAgastinger was used to excite the tyre in normal
direction. For lateral and front excitation theasigement shown in figure 4 is used, which enables a
similar excitation as in reality. The shaker is mwected to the tyre’s supporting plate, which is-sus
pended freely on bearing balls. Vibration measurdmeere performed for all excitation directions
with the same procedure as described in the predbapter.

[

shaker

Figure 4. Measurement arrangement to excite in lateral ontfdirection.
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Only during some tests an additional vibration sengas used as a phase reference, which allows
calculation of the operational deflection shapes.the other measurements it was only possible to
calculate the velocity levels (only an absoluteelewno sign). In addition, the load on the tyreldou
only be controlled accurately on one of the tweuget used.

Figure 5 shows examples of vibration patterns aaptwith a 4000! load and front excita-
tion. The absolute particle velocity levels arewhd@no directional information). Red areas are sur-
faces with high velocity levels, blue areas vibrétde. Figure 6 shows operational deflection
shapes with normal excitation and a load of appnaxely 300WN. In this figure, blue areas do have
a high velocity, but a negative phase. Red areaswafaces with a high velocity level and positive
phase, green areas vibrate little. In both figunéscate mode shapes can be identified. Compared
to the free suspension case, the shape and fregaétite modes is altered due to the load applied.

Figure5. Velocity levels for a 400N load and front excitation. Left: $&. Middle: 94Hz. Right: 21Hz.

65Hz 340Hz 404Hz 469Hz 727Hz

Figure 6. ODS examples for a load of approximately 380&hd normal excitation.

4. Tyre measurements under rolling conditions

In the third test, the tyre was installed on aemobench where the loading and excitation condition
are similar to the real conditions on a car. As tioeed before, particle velocity probes are affdcte
little by background noise if they are placed ig thcinity of the test object. Consequently, no an-
echoic room is required to perform the test. Coragdo laser based tests, not only the vibration is
measured, but also the sound radiated. In [1] agohare was described to calculate the sound pres-
sure for different angles using different trangfaths. Such an approach might be supplementary to,
or even partly replace past-by-noise tests. Thamtdge of roller bench tests are that conditions ca
be controlled well (temperature control, no raimd @ahere is no influence of a test vehicle).
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Airflows near a rolling tyre can affect the partiotelocity sensor. In 2009, similar vibration tests
were performed [1]. However, at that time the depaient of wind caps was still in an early phase.
Tests could not be performed close to the tyre imzghe airflow was too high. Meanwhile, better
wind caps have become available. Here, a commbreiahilable wind screen was used consisting
of an open cell foam covered by cloth and looseeEbNo sensor overloads were experienced with
this wind cap, which allows measurements nearyree A distance of ~5®&m was chosen between
the centre of the particle velocity probe and tjre to keep a safe distance from the rotating tyre
because the wind cap already has a radius oin30As the distance decreases, a higher spatial
resolution is achieved and the influence of backgdonoise reduces. Measurements with two tyre
types were performed at 45 km/h and 60 km/h. The lyad was 4008. An extension pole for the
sensor was used for the safety of the test engiseerfigure 7.

Figure 8 and 9 show examples of vibration pattenessured. Red areas show high velocity
levels, blue areas show low levels. At most fregiesh the sound radiated around the
tyre-pavement interface exceeds the velocity legélthe side wall. However, for some modes the
level of side wall vibrations of the tyre are swadial, see e.g. figure 8 left and middle. Espégcial
such frequencies are of interest when optimizimgdymnamic stiffness of the tyre.

— O ———— e — |

Figure 9. Measured vibration pattern for tyre 2 atk®é@h. Left: 4791z. Middle: 53MHz. Right: 75MHz.
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The preliminary tests demonstrate the feasibilityr@asuring tyre vibrations on a roller bench
without overloading the particle velocity sensowweéver, there are some recommendations for
future measurements. The maximum speed during teetewas 6km/h, as this is the limit of the
substrate mounted on the rollers. Different subssranight be used to evaluate higher speeds. Fur-
thermore, no cleat was used (i.e. a strip mountethe roll to impact the tyre). With such a cleat,
the tyre would have been excited even more, andnibges might have been visible more clearly.
In addition, no additional sensor was used as preiseence. With this sensor not only the velocity
levels can be computed, but also the operatiorfidal®n shapes.

5. Conclusions

A methodology to measure vibrations based on partielocity sensors has been investigated. Ad-
vantages of this method are that vibrations cambasured easily without touching the tyre. Three
conditions have been tested, i.e. a tyre in unldadaditions, a tyre in loaded conditions, andra ty
on a roller bench. Whereas test results of thé fiwe conditions can provide useful information
about the dynamic response of the tyre and carsée 10 validate simulations, the roller bench test
is a better representation of the actual conditi@wmnpared to other investigations, tests could be
performed close to the tyre because the latestsgnegn model has been used, which can cope with
higher airflow speeds. For small distances to theating object, the influence of background noise
is low and a high spatial resolution can be acldeWo sensor overloads due to airflow were ex-
perienced, even though the tyre-sensor distancenlgbem.

Intricate mode shapes could be identified in adt teonditions. For some tests the velocity
levels were calculated. For others, also the operalt defection shapes (velocity level times the
sign of the phase) could be calculated when artiaddl sensor was used as a phase reference.

In future investigations, more tyre types mightéxaluated and results of different loading
conditions might be compared. On the roller berlsh,maximum speed was onlylg@/h because
this was the maximum of the equipment installethat time. Higher speeds might be tested in the
future. Furthermore, a cleat might be used to exbié tyre stronger, to increase vibration levels.
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