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Summary 

Tyrelroad noise has never been a big problem for Vredestein in the past. Up until now 
it has always been possible to achieve about the same performance on this point as the 
competing tyre manufacturers. But lately Vredestein has had more problems to 
achieve the same noise levels as other tyre manufacturers. Furthermore the legislation 
concerning tyrelroad noise is about to change. At the moment it is still possible to 
meet those requirements. However if this legislation becomes even stricter in the 
future, it may grow to be a problem. 

At the moment Vredestein has very little hdamental knowledge about 
tyrelroad noise. To prevent tyrelroad noise from becoming a major problem for 
Vredestein, research into tyrelroad noise is started. 

Aim of this report is to increase the fundamental knowledge about tyrelroad 
noise. More specifically: which noise generation mechanisms play a role in the 
generation of tyrelroad noise and how can they be influenced by tyre design? 
Tyrelroad noise generation mechanisms can be divided into two groups: 

Vibrational mechanisms 
Aerodynamical mechanisms 

For tyre manufacturers the most important mechanism of the first group is the tread 
impact mechanism. This mechanism can be influenced by tread pattern design. 
For the second group of mechanisms it is much more difficult to indicate which 
mechanism is most important. Air pumping as well as the air resonance mechanisms 
seem to be important. These mechanisms can also be strongly influenced by tread 
pattern design. 

Furthermore there is another group of mechanisms which cannot be regarded 
as pure generation mechanisms, but they do influence the noise emission in a 
significant way. An important mechanism from this group that can be influenced 
through tyre design is belt resonance. 
This last mechanism is investigated further by experiments because this mechanism is 
thought to be the cause of the peak in the frequency spectra at 1 kHz. Experiments 
show that for all tyres there is probably only one cross-sectional mode which is able 
to radiate sound efficiently. The mode can be influenced through tyre construction, 
although the influence of extra mass seems to be rather small. The large difference 
between the normal Bridgestone tyre and the other tyres is believed to be caused by 
the pre-stress in the nylon overhead of this tyre. This increases the extensional 
stiffness of the tread, which influences the first cross-sectional mode significantly. 
This will have to be confirmed through experiments though. At this point it is not 
possible to tell whether or not the belt resonances are responsible for the above- 
mentioned peak and further experiments are needed. 
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Chapter 1 Introduction 
Tyrelroad noise has never been a big problem for Vredestein in the past. Up until now 
it has always been possible to achieve about the same performance on this point as the 
competing tyre manufacturers. But lately Vredestein has had more problems to 
achieve the same noise levels as other tyre manufacturers. Furthermore the legislation 
concerning tyrelroad noise is about to change. At the moment it is still possible to 
meet those requirements. However if this legislation becomes even stricter in the 
future, it may grow to be a problem. 

At the moment Vredestein has very little fundamental knowledge about 
tyrelroad noise. To prevent tyrelroad noise from becoming a major problem for 
Vredestein, research into tyrelroad noise is started. 

Aim of this report is to increase the fundamental knowledge about tyrelroad noise. 
More specifically: which noise generation mechanisms play a role in the generation of 
tyrelroad noise and how can they be influenced by tyre design? 

To answer this question the research starts with a literature study. Here the 
generation mechanisms that play a role in tyrelroad noise are identified. From this 
study it becomes clear that the generation mechanisms can be divided into two 
groups: vibrational mechanisms and aerodynamical mechanisms. These mechanisms 
are discussed in chapter 2. 

Next the influence of tyre design parameters (e.g. dimensions, tread pattern, 
tyre structure) is discussed in chapter 3. 

Prediction of tyrelroad noise requires some prediction or simulation model for 
the tyrelroad noise generation. If such a true model is available, one can play with 
various modifications to the tyrelroad system and study the effects. Therefore some 
modelling work is discussed in chapter 4. 

Apart from the two groups of generation mechanisms mentioned above, there 
is another group of mechanisms, which cannot be regarded as pure generation 
mechanisms, but they do influence the noise emission in a significant way. An 
important mechanism from this group that can be influenced through tyre design is 
belt resonance. To investigate this mechanism, an experiment is described in the 
chapters 5 and 6 ,  to examine the influence of extra mass on the vibration properties of 
the tyre tread. The Vredestein tyre is also compared to two Bridgestone tyres. 

In chapter 7 conclusions from the literature study and experiment are 
discussed and recommendations are made. 



Chapter 2 Generation mechanisms 
The generation mechanisms of tyrelroad noise have been investigated since the 
1970's. All the research has led to a complicated mix of mechanisms, all of which 
have some influence on the noise generation. In general, there is no disagreement 
among most experts on the existence of these mechanisms. However, the relative 
importance of these mechanisms is still disputed. 

The most important mechanisms are shown in table 2.1. Also some phenomena 
closely related to the mechmisms 21-e mentioned in this table. These cannot be 
regarded as pure generation mechanisms, but they do influence the noise emission in a 
significant way. In the table they are mentioned under the name "related amplification 
or reduction mechanisms" 

ation mechanisms of tyrefroad noise ; 

1 Impact mechanisms (mostly 
radial) 

2 Adhesion mechanisms (mostly 
tangential) 

3 Air displacement mechanisms 

4 Horn effect 

5 Tyre resonances 

6 Mechanical impedance effect 

7 Acoustical impedance effect 

1A Running deflection 
1B Tread im~act  

3A Air turbulence 

3B Air pumping 

3C Pipe resonances I 
3D Helmholtz resonances I 
5A Belt resonances 
5B Torus cavity resonance 
The road surface gives more or less reaction to 
tyre block impacts depending on tyrehoad 
stiffness 
7A Porous surfaces affect the source strength 
7B Porous surfaces affect the sound propagation 
to a far field receiver 

As can be seen in table 2.1 the mechanisms can be divided into two main groups: 
1. Mechanisms related to vibrations of the tyre. These mechanisms mostly occur 

below 1000 Hz. 
2. Mechanisms related to aerodynamical phenomena. These mechanisms mostly 

occur above 1000 Hz. 

There is no simple answer to the question of which mechanism is the most important, 
since their relative contributions may vary for different tyres, roads and operating 
conditions. 

The following sections will describe the mechanisms and the conditions under which 
they are important. The frequency ranges apply to "normal" tyres and "norma!" 
surfaces. 



8 2. I Vibrational mechanisms 

§ 2.1 .I Running deflection 
As a tyre rotates it will be subject to a "running deflection" around its circumference, 
with the major forces acting at the trailing and leading edges of the contact patch. This 
momentary "distortion" and following forces in the radial direction will create forced 
and free vibrations which will propagate along the tread and also into the sidewalls. 

9 2.1.2 Tread impact (300-1500 Hz) 
The existence of a tread pattern with separate tread elements in the rolling direction 
causes a disruption of the smooth radial displacement at the contact patch edges. One 
could say that the tread elements impact or "hammer" against the road surface, but 
since the road surface is non-compressible, the tread elements and the tread band will 
have to absorb the resulting deflection instead of the road. The tread pattern therefore 
induces vibrations in the tyre. The frequencies which are excited by this mechanism 
depend on the length of the tread blocks and the vehicle velocity. 

where: 
f : Frequency [Hz] 
v : vehicle velocity [ d s ]  
h : block length [m] 

Typical frequencies for different velocities and block lengths are shown in table 2.2. 

€j 2.1.3 Texture impact (800-1250 Hz) 
This mechanism is basically the same as the tread impact mechanism. The difference 
is that now the surface texture is impacting against the tyre instead of the pattern 
block against the road. Equation [2.1] is also valid for this mechanism, with h being 
the distance between major asperities. Some typical frequencies for this mechanism 
are shown in table 2.2 also. 

I Table 2.2 Typical impact frequencies 
. .. . . 

I Tread im~act  I 
1 [mml 

20-40 I Resulting frequency 1 420-210 1 700-350 1 970-490 1 1250-625 1 1540-770 
30 I Resulting frequency I 275 465 650 830 1 1025 

Texture impact 
8-20 I Resulting fi-equency 1 1040-420 1 1740-700 1 2430-970 1 3 125-1250 1 3825-1540 
14 I Resulting fi-equency I 600 990 1 1390 1 1790 1 2180 

Speed lkmlh] 

When tread elements pass through the contact patch they accumulate a potential 
energy, until the forces exceed the friction forces. At this moment the block then 
suddenly slips back to a position at which the friction forces are large enough to keep 
the block in place. (see figure 2.1). This process is repeated many times per passage 
through the contact patch. 

90 70 30 110 50 



Slip speed 

Figure 2.1:Stick slip Left: when tread block deformation gets too large, the blocks slip back 
Right: friction coeficient against slip speed 

This phenomenon only occurs when materials exhibit reduced friction with an 
increase in slip speed (see solid line in figure 2.1). SticWslip as a generation 
mechanism is considered to be very important in situations where great tangential 
forces are applied to the tyre, such as during acceleration, braking or cornering. 
During free rolling or driving at constant speed this mechanism is considered to be 
much less important. 

5 2.1.5 Stickisnap (above 1-2 kHz) 
This mechanism occurs when a tyre becomes "sticky" and the road surface is very 
clean. For exampie a "winter" tyre at high temperature. The pattern blocks stick to the 
road surface and some force is needed to break the adhesion. Before the rubber 
releases from the surface the rubber will be stretched a little. When the block finally is 
released there will be some vibration in the rubber element to get back to its "rest" 
position. The adhesion sticklsnap mechanism is not considered to be very important 
for traffic noise, because the road surface is usually covered with a thin layer of dirt. 
The problem is however important for tyre tests on very clean drums in laboratories. 

5 2.2 Aerodynamical mechanisms 

5 2.2.1 Air turbulence (388 Hz) 
The air around the tyre is put into motion by the rotation of the tyre. The noise which 
is generated by this mechanism only constitutes a significant contribution to tyrelroad 
noise at speeds much higher than normal highway speeds. [Hayden, 19711. This 
means the mechanism is not important for the tyre road noise during speeds normally 
driven in traffic. 

6j 2.2.2 Air pumping (> 1000 Hz) 
When a tyre rolls a volume of air is enclosed in the contact patch within the cavities 
and pores constituted by the tread pattern grooves and surface texture. Air is 
compressed and pressed away at the front of the contact patch and expanded and 
sucked into the cavities at the rear. Even within the contact patch there will be 
significant air displacements. The variations of surface texture and tread pattern 
grooves, the latter of which will be rapidly squeezed, produce a variation of the air 
flow in time. This generates vibrations in the surrounding air and therefore constitutes 
a source of sound, characterised by the volume change per unit of time. 

Monopole theory has long been used to model air pumped from the squeezed cavities 
[Hayden, 19711. This theory applies the Euler equations to a vibrating point source 



modelled as a small spherical emitter with radius R, undergoing small oscillations, 
much smaller than radius R. The volume of the emitter is: 

v = 4 / 3 ~ - R 3  [2-21 
The resulting volume changes are then: 

V ' : volume changes (time derivative of volume) [m3/s] 
R ' : time derivstive of radius R [ d s ]  

These volume changes cause spherically symmetric pressure waves to propagate out 
from the source decaying as l h .  The sound pressure p radiated from a monopole into 
free space is related to the second derivative of the volume pumped V" as follows. 

Where: 

P : the density of air [kg/m3] 
r : the source-receiver distance [m] 

According to [Gagen, 19991 this theory cannot be applied to the squeezed cavities in 
tyres. The pressure and density changes are too large to be modelled by the small- 
amplitude acoustic monopole theory (which assumes small oscillations). The high 
accelerations and velocities of walls of a groove of a tyre can violate the assumptions 
underlying this approach. The groove volume changes can easily exceed 10 %. 
Gagen claims experimental support for this by results in [Ejsmont et al, 19841 which 
show that there is a non-linear dependence of emitted sound intensities upon groove 
width, which is a clear violation of the 

Change t--- 
imp - 

- 
Effec - 

& 
V) 

z 
8 .3 

; 
4 

teE2F-t 1 
Gagen thus has derived a "squeezed acoustic 

(see table2.3)- 

L 
: wave equation". His starting point are 

thesame Euler equations for fluid flow as used in the monopole theory, 
- 

together with 
moving boundary conditions specifying a cavity under compression. 



The assumption that the velocity of the expelled jet causes turbulence to generate 
sound waves, suggests that the sound intensity will depend on the ratio Lld (groove 
lengtldgroove width), or the geometry of the cavity. This is in accordance with 
observations that both thin width and large width grooves emit less sound than 
medium width grooves (Table 2.3). Evidently, for large grooves Lld and velocities are 
small so no sound from air jets is expected. Medium width grooves have L >d>O 
giving a ratio Lld large enough to give significant sound emission. Finally, thin width 
grooves with d -0 have very little air in them so the initial mass mo-0, meaning that 
the kinetic energy of the expelled jet is never significant and little sound is expected. 

This theory seems to be the most credible and appropriate so far, but needs further 
experimental testing and validation. 

Air pumping seems to be an important source of sound above 1000 Hz. Especially on 
dense surfaces. On porous surfaces air pumping is less important because the air can 
escape from cavities more easily. 

9 2.2.3 Pipe resonances (900-2000 Hz) 
In the contact patch pipes can be formed between the tyre tread pattern and the road 
surface. These pipes can either have both ends open or have just one open end. From 
basic acoustics it is known that the resonance frequencies for these pipes are: 

Both ends open (112-resonator): 
n - c  

fn = 2 . ( ~ + 0 . 8 . d )  
c : speed of sound [mh] 
n : integer 
d : pipe diameter [m] 
L : pipe length [m] 

One end open (114-resonator): 
(n-112).c 

fn = 2 . ( ~ + 0 . 8 . d )  
These pipe resonances then arnplifl air vibrations caused by for example the "air 
pumping" mechanism. 

Just like air pumping the pipe resonances are more important in dense surfaces than 
on porous surfaces. 

5 2.2.4 Helmholtz resonances (1 -2.5 kHz) 
A Helmholtz resonance occurs as an 
interaction in a simple mass-spring system. 
Applied to tyre noise generation, the volume 
of the cavity leaving contact with the road 
surface acts as a spring, and the air present 
between the tread and the road acts as a mass. 
(See figure 2.2). As the cavity moves out of 
the contact patch, a mass-spring system is 
suddenly created at the moment when the 

I Air resonant radiation 
\ CHeimhoifz resonance) k 



cavity opens to the air behind the tyre. Then, along with the cavity moving further 
away from the trailing edge, the volume and thus the mass of the air immediately 
outside the cavity will increase. Since the mass, spring and damping constants 
determine the resonance frequency, this frequency changes during the cavity 
movement; at the same time the resonance amplitude decreases. It means that there is 
a "tone burst" associated with each cavity leaving the contact patch, starting at a high 
amplitude at a medium frequency and fading-off at a higher frequency. 

5 2.3 Amplification/ reduction mechanisms 
Besides the generation mechanism discussed in 92.1 and 92.2 there are some other 
phenomena which have an important influence on tyrelroad noise. These mechanisms 
cannot be regarded as generation mechanisms though. The three most important of 
these mechanisms are discussed in the following sections. 

5 2.3.1 Horn effect 
Close to the leading and trailing edges of the tyre footprint, the tyre and the road 
surface form a structure with a narrow "throat" at the edges, which widens more and 
more the further out from the edges one moves. This geometry provides a better 
match between the impedance at the "throat" (where a major part of the noise is 
generated) and the ambient acoustical impedance. (See figure 2.3). 

Figure 2.3 Horn effect Figure 2.4 Amplijkation due to the horn 
effect. d is the distance between the source 
and the wheel axle. p is the soundpressure. 

[Graf et al., 19991 determines the amplification due to the horn effect. (see figure 
2.4). The amplification is determined relative to a situation without the tyre in place. 
As can be seen from figure 2.4, amplifications due to the horn effect can reach up to 
20 dB. 

5 2.3.2 Belt resonances (600-1 300 Hz) 
The deformation of the tyre tread near the contact patch leads to radial and tangential 
stress discontinuities which induce vibrational modes in the carcass and the belt. The 
flexural waves propagate from the contact patch in both directions around the tyre, 
merge and create standing waves. According to [Kim & Bolton, 20011 there are two 
types of waves: "slow" (60-80 rnls) and "fast" (180 d s ) .  (See figure 2.5) The fast 
=odes are considered to be efficient rsldiat~rs. 



clrcumferentlal modes 
4 C 

circumferential wavenumber, k, 
I etc. 

Figure 2.5 Typical tyre dispersion relations [Kim & Bolton 20011 

5 2.3.3 Torus cavity resonances (230-280 Hz) 
The air column in the tyre cavity can resonate at a certain frequency. The frequency of 
the cavity resonance is defined only by the tyre and rim size and the speed of sound in 
the medium that inflates the tyre. A simplified equation for the cavity resonance 
frequency is: 

c 2 - n . c  
f = - =  

I n - ( D + d )  
[HZ] ~2.71 

c : speed of sound in the gas inflating the tyre [ d s ]  
1 : length of the cavity [m] 
D : outer diameter of the cavity [m] 
d : inner diameter of the cavity [m] 
n : integer 

Typical fi-equencies for passenger car tyres are in a range of 230-280 Hz (n-1), 
depending on the tyre size. This means this resonance is more important for interior 
noise than for exterior noise. 



Chapter 3 Influence of tyre parameters on tyrelroad 
noise 

In this chapter the influence of tyre parameters on the tyrelroad noise is discussed. If 
possible quantitative results of changing parameters are mentioned. If this is not 
possible design guidelines are given to minimize the influence of that parameter on 
tyrelroad noise. 

5 3. I Tyre dimensions 
It is difficult to determine the influence of tyre dimensions on tyre road noise. This is 
because it is impossible to change one parameter while keeping the other ones 
constant. For example, while changing the tyre width and keeping the rim diameter 
and outer diameter constant, the aspect ratio will change. Nevertheless the general 
influence of tyre dimensions on tyrelroad noise is discussed in the next sections. 

5 3.1 . I  Width 
One would expect wider tyres to make more noise for several reasons. First of all a 
wider tyre means more tread block impacts or texture impacts per time unit. Secondly 
a wider tyre means that more air has to be displaced within the tyrelroad interface. 
And finally the horn effect is more effective for wider tyres than for narrow ones. This 
effect of width on tyre noise is supported by measurements [Sandberg & Ejsmont, 
2002, p210-2111. 
The increase of noise with width is around 0.4 dB per 10 rnm. This seems to be valid 
only for tyre sizes with widths up to 200 rnm. For wider tyres the influence becomes 
lower and approaches zero for truck tyres. 

5 3.1.2 Diameter 
The relation between tyre diameter and tyrelroad noise is less clear. The tyre diameter 
has opposing effects on air displacement mechanisms and tread and texture impact 
mechanisms. Air displacement mechanisms are more efficiently amplified by the horn 
effect if the opening of the horn is less rapid. This means that there is a positive 
relation between tyre diameter and noise coming from air displacement mechanisms. 
On the other hand the larger diameter provides a lower attack angle (see figure 3.1) 

Figure 3.1 Attack angle 

which means a gradual displacement change when the rubber and road surface meet. 
Also the change from first impact to the maximum penetration takes more time 
(assuming equal vehicle velocity). This is also supported by experiments [Sandberg & 
Ej smont, 2002, p2 1 1-2 121 where there is no clear relationship between diameter and 
tyrelroad noise. 



§ 3.1.3 Shoulders 
The study of [Graf et al, 19991 shows that rounding the shoulders lowers the 
amplification by the horn effect in the range around 1000 Hz. They report a difference 
of 5 dB around 1kHz between a sharply cut cylinder and one with "rounded" 
shoulders. 
(see figure 3.2) 

d %& view 
8% 

Figure 3.2 AmplEfication by a solid cylinder with rounded edges of different radii 

5 3.2 Tyre structure 

5 3.2.1 Belt 
Increasing the belt stiffness decreases the radial driving point mobility of the tyre and 
the vibration levels on the tyre. This way tyre noise generation is reduced. This has 
been confirmed by several experiments. See for example [Sandberg & Ejsmont, 2002, 
p. 4321. According to [Kropp et al., 19981 the increase in stiffness has to be 
accompanied by an increase of mass per square meter of the belt. This is because an 
increase in belt stiffness reduces the radial velocity on the tyre, but at the same time 
increases the radiation efficiency. Keeping the ratio between mass and bending 
stiffness constant will lead to a decrease in the mobility of the belt, but will not 
change the wave numbers on the belt. 
In another experiment [Iwao & Yamazaki, 19961 an extra mass (rubber ring) is placed 
along the centreline of the tread on the inside of the tyre circumference. This reduces 
tyre noise in the frequency range from 800 to 1 100 Hz by some 5 dB. 
Increased damping of the belt has also been investigated by placing an "absorptive 
layer" between the "normal" two steel belts. This resulted in a 3 dB(A) noise 
reduction. [Bschorr, 19851 

5 3.2.2 Changes with respect to torus cavity resonance 
Fitting an aborptive material on the rim inside the tyre cavity reduces the internal 
SPL. [Bschorr, 19851 obtaines a reduction of the internal tyre SPL from 140 to 130 
dB. Outside the tyre the reduction is still 0.8 dB. 
Gluing an absorptive material to the inner side of the tyre is reported to almost totally 
eliminate the torus resonance. [Haverkamp, 19991. The effect on the overall SPL was 
not reported. Another approach is used in [Yamauchi & Akiyoshi, 20021. In this study 
two extra parts are fitted symmetrically on the rim inside the cavity to make the rim 
oval, because of this the cross section of the acoustic cavity changes while the tyre 
rotates. This suppresses the resonance. They report a change of 6 dB(A) in the region 



of the toms cavity resonance, determined by experiment. The effect on the overall 
SPL is not reported. 

9 3.3 Material properties 

5 3.3.1 Elastic modulus and loss tangent 
One of the most comprehensive experiments establishing relations between tyre noise 
and material properties of tyres is [Muthukrishnan, 19901. According to his 
experiments tyres with a low elastic modulus for the rubber in the tread produce the 
lowest noise levels. The reason for this is that here are less vibrations in the tyre tread 
because of the softer impact on the road surface. 
Some other conclusions concerning material properties from this experiment: 

Tread elastic modulus has a much larger influence on exterior tyre noise level 
than sidewall elastic modulus. 
The loss tangent of either tread or sidewall has the least effect on tyre noise 
level. 

5 3.3.2 Rubber hardness 
Intuitively a low rubber hardness seems favourable with respect to low noise tyre 
design. The impact of soft tread blocks against the surface leads to less vibrations then 
the impact of hard blocks. If this is tme one would expect a lower SPI, at frequencies 
corresponding to the tread impact frequencies. Experiments [Sandberg & Ejsmont, 
2002 ~2191, however show a decrease of the SPL for frequencies normally connected 
with air-displacement mechanisms. No satisfying explanation for this has been found 
up until now. Although the noise reduction does not occur in the expected frequency 
range, softer tyres are indeed quieter than hard tyres. 
The fact that softer rubber reduces tyrelroad noise is confirmed by a parameter study 
carried out by [Wullens & Kropp, 20011 using the Kropp-model, at least for the 
vibration generated noise. For air pumping noise the influence of contact stiffness 
seems less clear: at lower frequencies a higher contact stiffness leads to less noise, 
while at higher frequencies a higher contact stiffness leads to more noise. The model 
used in this study did not include a tread pattern. 

§ 3.4 Tread pattern 
The tread pattern plays an important role in the generation of sound. For example 
simply cutting three longitudinal grooves in a slick tyre increases tyrelroad noise by 
3.5 dB(A). [Saemann & Schmidt, 20021. Tread pattern influences almost all generation 
mechanisms mentioned in chapter 2. When designing the tread pattern a lot of other 
parameters besides tyrelroad noise have to be considered and because of this the tread 
pattern is always a compromise. The next sections give basic requirements for tread 
pattern design in order to reduce tyrelroad noise as much as possible. 

§ 3.4.1 General layout 
The shape or contour of the tyrelroad footprint at the leading and trailing edges is very 
important for noise generation. The shape of elements forming the tread pattern of the 
tyre should not coincide with the contour of the tyre footprint at the leading or trailing 
edges. (see figure 3.3) 
Instead they must cross the contours at a relatively high angle of at least about 45". If 
the shape of grooves or blocks does coincide with the footprint contour, the impact at 



the leading edge or the release at the trailing edge is abrupt and coherent over a large 
part of the tyre width. Qualitative results of changes in tread patterns are shown in 
[Ejsmont et al., 19841 and [Sandberg & Ejsmont, 2002, p 230-23 11. 

"Bari" l~yolr t  "Good" layalrt 

Figure 3.3 "Bad" and "good" general layout 

5 3.4.2 Grooves 
For tread pattern grooves everything that improves the ventilation is favourable. In 
order to reduce air pressure changes in the grooves passing the tyrelroad contact area 
it is necessary to provide enough air channels that help equalise the pressure between 

Any grooves in a lateral or lateral- Figure 3.4 Footprint of the "Singing Sam " [Sandberg & 

diagonal direction such as to at Ejsmonf 20021 

least partly coincide with the 
outline of the footprint (ignoring the "rule" in 93.4.1) should be narrow. If they are 
wide, there will potentially be a relatively large step that needs to be bridged between 
blocks, and a large step means a large radial tangential displacement. 
Longitudinal grooves that are not well ventilated to the sides can be acoustically 
choked by placing a sort of "groove-fence" in the groove. (see figure 3.5). 

Furthermore the pipe resonance of the 
longitudinal groove should not coincide with 
the pronounced peak in the frequency 
spectrum at 1 kHz. For longitudinal grooves 
(both ends open) the length at which 
resonances appear around this frequency is 
about 175 mm. This is close to the length of 
the contact patch. Because the length of the 
contact patch cannot easily be changed, 
another wav of influencing: this resonance 

V 

Figure 3.5 Bridgestone groovefence frequency is changing the length of the pipe 
(www. bridgestone-eu. com) by making the grooves sinusoidal or zigzag 

instead of straight. 
For grooves with one end open the critical length is about 90 mm. Unfortunately this 
is sometimes close to the length of lateral grooves. 
The use of sipes (the small grooves used in winter tyres) in the tread is favourable. 
Siping and the resulting fragmentation of tread blocks into lamellae in the tread 



pattern will reduce the tread impact mechanism since it will always be a smaller and 
more flexible block that momentarily touches the road surface than if no sipes were 
present. At the same time sipes are too narrow and contain too little air to create noise 
by any of the air displacement mechanisms. 

§ 3.4.3 Tread blocks 
To avoid noise with an unpleasant tonal character the tread pattern has to be 
randomised. This means different pitch lengths have to be placed circumferentially 
around the tyre. This procedure does not lower the overall noise level, it only 
distributes the sound power over the spectrum in a more suitable way. 
There are different ways of randomising the tread pattern, but according to [Ejsmont, 
20001 it is usually enough to test about 1000 randomly generated strings to find a very 
good one. Some other remarks: 

The ratio between the shortest and longest pitch should be at least 1 : 1.4 
Too many pitches of the same length in a row should be avoided. This 
would influence the homogeneity of the tyre. 
According to [Ejsmont, 20001 the asynchronous principle -using different 
layouts for the left and right side- is slightly better than the synchronous. 
The difference however is very small and not everyone agrees with 
Ej smont on this point. 



Chapter 4 Modelling work 
Prediction of tyrelroad noise requires some prediction or simulation model for the 
tyrelroad noise generation. If such a true model were available, one could play with 
various modifications to the tyrelroad system and study the effects. This would be 
very useful for both research and design. This model would have to be extremely 
complicated because of the large number of generation mechanisms and influential 
factors. Also a complete model must not only cover the tyre but also the road surface 
and its contact with the tyre. Because of the complexity of a "complete" model, a lot 
of researchers have focussed oz pxts of the p:oS!em. 

In this chapter models focussing on tyre vibrations are discussed first. The complete 
models are discussed later on. 

5 4. I Modelling tyre vibrations 
The models that are discussed in this section only describe the dynamic behaviour of 
the tyre. They do not include generation mechanisms and radiation models. 

5 4.1 .I Ring model 
One of the first models for describing tyre vibrations is by [Bohm, 19661, which is 
also used by [Hecki, 19861. B o b  suggested treating the tyre as a circular ring: 

where: 
u : tangential displacement [m] 
v : radial displacement [m] 

: Young's modulus of the tyre material w m 2 ]  
: cross-sectional area [m2] 
: radius [m] 
: bending stiffness p m 2 ]  
: density of the tyre material [kg/m3] 
: stiffness determined by elastic properties of the sidewalls and air pressure 
inside the tyre [ ~ / m ~ ]  
: tension [N] 
: stiffness determined by elastic properties of the sidewalls and air pressure 
inside the tyre [ ~ / m ~ ]  
: outside (driving) pressure in radial direction [Nlm] 

This model has some obvious disadvantages. First of all this model can only account 
for circumferential modes as variations in the axial directions are not allowed. 
Secondly, it is difficult to determine the right values for the parameters. A tyre 
consists of more than one material, so one cannot simply use the parameters of one 



material. These values will have to be determined by measurement, which makes it 
difficult to use this model in the design process. According to [Heckl, 19861 this 
model is valid for frequencies up to 800 Hz. 

5 4.1.2 Shell models 
One of the first publications in which the tyre is treated as a 3-dimensional object is 
[Soedel, 19751. Here the tyre is viewed as an equivalent thin shell. The response of 
the rolling tyre is formulated by way of a three-dimensional Green function. This 
function can be formulated by using modal expansion. The modes and 
eigenfrequencies of the inflated tyre not in road contact may be obtained theoretically 
or experimentally. This leads subsequently to the general solution for any kind of tyre 
loading in terms of an integral. The integral may be simplified by expressing the 
loading on the tyre by its vector resultant. This approximation eliminates the need to 
obtain the exact load distribution in the tyre contact area. Damping can also be 
included by introducing a modal damping factor for each natural mode. 

This approach can handle frequencies up to 2000 Hz, depending on how well one is 
able to determine natural frequencies and modes, either theoretically or 
experimentally. 
One advantage of this approach is that once the modes and natural frequencies have 
been determined, different loading conditions can be applied. This may also make it 
possible to determine the eigenfrequencies and natural modes with a large FE model 
containing all material properties, which should still be a relatively fast calculation, 
while the dynamic response to a certain input is then determined using the shell 
approximation. This way it is not necessary to determine parameters like the ones 
used in the ring model. (Bending stiffness, stiffness of the sidewalls) 
Of course to be able to determine the eigenfi-equencies and natural modes accurately 
using a FE model, one has to be able to describe the materials used in the tyre well. 

In more recent papers [Kim & Bolton, 20011 and [Kim & Bolton, 20031 use shell 
models to investigate the propagation characteristics of the waves that contribute to 
the tyre's dynamic response. Furthermore they investigate the effects of rotation on 

Figure 4.1 Dispersion relations for circular cylindrical shell supported by springs and dampers 
along the edges of the treadband, dashed line - asymptotic quasi-longitudinal, solid line - 

equivalent tensioned membrane [Kim & Bolton, 20011 



the dynamics of a tyre. 
In [Kim & Bolton, 20011 they use a FE model to model the effect of finite sidewall 
stiffness and orthotropy resulting from fibre reinforcement of the treadband. This FE 
model is found to reproduce the major features of tyre dispersion curves: the 
appearance of tensioned membrane-like flexural wave modes at low frequencies, and 
the cut on at the tyre's circumferential ring frequency of a fast mode that is primarily 
associated with extensional motion of the tread band. (see figure 4.1). For a schematic 
view of these modes see figure 2.5. 
In [Kim & Bolton, 20031 the effects of rotation are examined using a cylindrical shell 
model. Based on the results with their model, they conclude that at typical rotation 
speeds it may be possible to use a stationary tyre analysis to predict the dispersion 
characteristics of a rotating tyre after a simple kinematic compensation. The effect of 
rotation on the dispersion characteristics can be seen in figure 4.2 a) and b). 

Figure 4.2 Dispersion relations *,flexural wave, x, shear wave, and +, longitudinal wave. (a) Natural 
frequencies when rotation velocity is 0 (b) natural frequencies in reference coordinates when rotation 

velocity is 100 rads [Kim & Bolton, 20031 

The relation for mapping the stationary forced response onto the rotational response is 

where: 
f : rotation compensated tyre natural frequency [Hz] 
f~ : stationary tyre natural frequency [Hz] 

k, : wave number [m-'1 
SZ : tyre rotational velocity [radls] 
According to Kim and Bolton this is allowed because the rotational stiffness effect is 
negligible at normal rotation speeds for car tyres (up to 100 radls). 

The vibrational models discussed in the previous section can account for the dynamic 
behaviour of a tyre, but they do not include the mechanisms generating these 
vibrations. Nor do they include the aerodynamic noise sources. Two recent models, 
which try to model the tyrelroad noise generation and propagation more or less 
completely are the Chalmers-model and TRIAS (Tyre Road Interaction Acoustic 
Simulation). These two models are discussed in the next two sections. 



§ 4.2.1 Chalmers-model 
First reports on this model are published in 1989 ([Kropp, 19891). At that time the 
model is far from complete, but in the past years the model has been improved and 
parts have been added. The following describes the three main parts of the model as it 
is at t h s  moment. 

Tyre model 
The model basically describes a smooth tyre rolling at constant speed over a rough 
road surface. The tyre model is based on the elastic field equations modelling a 
structu~e consisting of two coupled layers under a 
static tension. The two layers represent the steel 
layer and the rubber tread. An elastic bedding 
supports the layers in all three directions to model 
the interior pressure of the tyre and contribution 
of the sidewalls stiffness. Since the contact 
between the tyre and the road is of non-linear 
nature the description of the vibrational properties 
of the tyre is formulated in the time domain. The 
circumference of the tyre is divided into discrete 
elements (slices with the width of the tyre), 
represented by their contact points. A matrix 
containing Green's functions (i.e. impulse 
response functions) describes the displacement 
response in any discrete point due to forces at 
these points. Main simplification of the model is 
the omission of the curvature of the real life 
structure, which leads to deviations at low 
frequencies (below k 400 Hz, the ring frequency). 
However these deviations can be compensated 

, , Rolling band 

Sidewalls 

Air and sidewalls 
rigidity 

Figure 4.3 Schematic view of the 
Chalmers-model 

for by for instance frequency 
dependent material data. For a more detailed description on the tyre model see 
[Larsson & Kropp, 20021. 

Contact model 
The second part is the formulation of the contact between tyre and road. Up until 
recently this has always been a Winkler bedding, a bedding of uncoupled springs. 
There are two problems with this approach: 1) How to define the individual spring 
stiffnesses so they give a realistic description of the tyre tread surface. 2) the 
roughness of the road influences the contact stiffness. 
In the current contact model the coupling between contact points is taken into 
account. The model calculates the dynamic radial contact forces during rolling, the 
local deformation at the contact patch due to roughness indenting, and the normal 
forced vibrations of the tyre structure. The contact problem is solved by classical 
contact mechanisms using an elastic half-space. The road is assumed rigid and its 
roughness is obtained by laser measurements. For a more detailed description see 
[Wullens & Kropp, 20031. This model does not include adhesion forces, because the 
forces can only be positive (only compression). The problem of how to define the 
stiffness of the springs is eliminated, because the use of a tyre model that includes the 
local stifhess of the tyre makes the Winkler bedding redundant. The local stiffness 
and the coupling between the contact points can be found from the Green's functions. 



The total displacement in any point can then be calculated as a convolution between 
the contact forces and the Green functions. 
The tread pattern can also be included in the model. At this time there have been no 
publications on this subject according to [Andersson, 20031. 
Simply speaking, the model includes the tread pattern by including or excluding 
contact points in a pattern similar to the geometry of the tread pattern. The Green 
functions (response of the tyre) do change as the pattern is "carved out" compared to a 
slick tyre. A paper written by Andersson on how the mobilities change due to simple 
geometries of tread patterns, is currently under review and will be published in a near 
future. 
Finally the air pumping noise generated by the local deformation of the tread is 
calculated from volume sources derived from the contact forces 

Radiation model 
The last step is to calculate the radiated sound caused by the vibration and 
deformation of the tyre belt. This means that two main generation mechanisms are 
included in the model: the tyre vibrations and air pumping due to time variant 
deformation of the tread by roughness peaks of the road surface. Both mechanisms are 
amplified by the horn effect. Therefore the influence of the horn, built by the 
curvature of the tyre and the surface of the road, has to be taken into account as well 
as the reflection properties of the road surface. This allows for the investigation of the 
influence of porous road surfaces on noise radiation. 
The basic idea is a multi-pole synthesis. Two multi-poles are situated symmetrically 
on either side of the surface. Thus the boundary conditions of the surface - given in 
the form of the reflection factor in the normal of the direction of the surface - can 
easily be satisfied. The key point is that both multi-poles together have to fulfil the 
boundary condition given on the tyre surface (i.e. calculated velocity in the normal 
direction of the tyre surface). This way the multiple reflection of sound in the horn is 
considered. 

Ongoing work 
The Chalmers-model is not complete yet. Researchers at Chalmers University (e.g. 
Patrik Andersson) are still working on the following subjects: 

Adhesion mechanisms 
Stick-slip mechanisms 
Aero-acoustic mechanisms (e.g. Helmholtz resonance) 

§ 4.2.2 The TRIAS model 
The central component of the TRIAS model (developed by TNO-TPD) is the 
interaction rolling model, that calculates the vibration pattern of the tyre based on the 
excitation of the tyre by the roughness of the road texture (height (x,y)) and the modal 
response of the tyre. The model is based on the work of Kropp, but is extended to 
excitation over the whole contact area between tyre and road surface (2D). For this 
purpose a pre-processing moduie converts measured or synthesized iD road texture 
profiles into a 2D texture field. When measured 2D texture data are available this step 
is unnecessary. The modal response of the tyre is calculated from the mechanical 
parameters of the tyre using a homogeneous, orthotropic plate-like model. The 
vibration pattern of the tyre is used to calculate the modal amplitude of displacement 
and the volume flow for the air pumping model, which is the input to the next units of 
the model. The vibration model is used for the computation of the sound radiation due 



to tyre vibrations. It converts the displacement amplitudes to velocities and 
subsequently uses a commercially available FBEM-code to convert the velocities to 
sound levels at specified perception positions. The air-pumping noise model 
determines the sound radiation due to changes in the volume of the air in the grooves 
of the tyre tread and in the voids of the road surface. It converts the deformations of 
the tread relative to the surface texture into an alternating volume velocity that acts as 
a sound source. The output of this volume source is subsequently amplified by groove 
resonances and attenuated by damping in the pores of a porous road surface. The 
sound transmission from the source to a receiver position is computed in two steps; 
the first step is constituted by the source transmission model that consists of semi- 
empirical transfer fbnctions for the horn effect, the directivity and the road surface 
reflection. The second step is incorporated in the situation transmission model and 
deals with the propagation effects caused by 

TRfAS 
(fyre Raad fntera~tian Acoustic Sirnufation) 

TYDAS Design Acoustic S~mulafion) I 
Figure 4.4 Overview of the elements of the 
complete TRIAS model [de Roo et al. 20011 

may be deduced from basic characteristics of 

road-side absorption or reflection, 
vehicle configuration (number of 
tyres; shielding by car body) and 
characteristics of the receiver 
location. 

TYDAS (TYre Design Acoustic 
Simulation) 
In the input of the simulation 
model the tyre is represeiited by a 
pre-stressed, homogeneous, 
cylindrical shell, a bitmap 
representation of the tread pattern 
and a geometrical description of 
the tread pattern grooves. The 
dynamic properties of the tyre are 
represented by the equivalent 
mass, bending stiffness 
(circumferential and lateral), the 
deformation stiffness related to the 
pre-stress level caused by tyre 
pressure and curvature and the 
contact stiffness of the rubber 
tread surface. If these properties 
cannot be derived directly from 
measurements or from design 
models of tyre manufacturers, they 

the tyre material and construction 
(density and elasticity module of layers) using well-known mechanical theory. The 
module used for these computations is called TYDAS. 

RODAS (IZOad Des ig~  Acoustic Simulation) 
Within the TRIAS model the road surface is characterised by its texture and, in the 
case of porous surface, its porosity and acoustic impedance (absorption) [De Roo et 
al., 19991. The texture must be described as a 2D texture field, i.e. a texture height as 
a function of the (x,y) position. These characteristics may be obtained from 
measurements and transformed into the required format. If they are not available as 
measured data they may be deduced from the basic characteristics of the road surface 



material and composition (type of surface, layer thickness, chipping size, binder, 
finishing) by means of the module RODAS. This module simulates the composition 
of the surface layer and derives the physical characteristics from this simulation [De 
Roo & Gerretsen, 20001. The simulation as well as most measurements characterise 
the texture as a profile, i.e. a texture height as a function of the distance (x) along a 
line. Therefore the model contains a module that converts the 1D texture profile data 
into 2D texture field data according to an auto-regressive random process modelling. 

Validation 
After validation in [de Roo et al. 20011 it is concluded that the model does not yet 
show the degree of agreement that is finally aimed for. One of the reasons for the iack 
of agreement may be that no specially prepared experiments were done. Therefore the 
quality of the input data is relatively low. Nevertheless the model seems to be able to 
predict general influence of tyre design on sound emission but is unable to predict the 
effect of small changes correctly. It is suggested that the balance between the 
contributions of mechanical vibrations and air pumping might need fbrther study. 



Chapter 5 Experiment 
The generation mechanisms have been identified and the influence of the tyre 
parameters has been described in the previous chapters. 
In this chapter experiments are done to get a better insight into one of the possible 
causes of the pronounced peak in the frequency spectrum at 1 kHz: belt resonances. 

5 5.1 Pronounced peak at I kHz 
Almost every frequency spectrum of tyrelroad noise has a wide peak at about 1 kHz. 
(See figure 5.1). The cenire of ibis peak can vary between GOO-1330Hz. 

.e 5.1 Frequency spectra of 50 dzfferent car tyres running on a drum with an 
surface at 90 km/h [Sandberg, 20011 

IS0 replica road 

The peak contributes significantly to the overall noise level. If the peak was to be 
removed completely, that means if the SPL of the frequencies around 1kHz were to be 
equal to those outside this range, the overall SPL would be approximately 6 dB(A) 
lower. This indicates the importance of this peak. So if it is possible to understand 
what exactly causes this peak, it might be possible to affect it. 
The peak may be caused by several generation mechanisms as almost all mechanisms 
are active around 1000 Hz. (see table 5.1). 

Table 5.1 Frequency ranges for generation mechanisms 
Mechanism I Frequency range of importance (Hz) 
Tread impact 
Texture impact 
SticWslip 
Stickhap 
Air turbuience 
"Air pumping" 
P i ~ e  resonances 

300-1500 
800-1250 
>lo00 
>lo00 a 2000 
300 
>lo00 
900-2000 

Helmholtz resonances 1000-2500 
Horn effect 0 
Belt resonances 
Air cavitv resonance 

600-1300 
200-250 



However, some of these mechanisms cannot be the (main) cause of the peak for the 
following reasons: 

1. The peak also appears for non-patterned tyres, where the tread impact 
mechanism does not occur. [figure 3 Sandberg, 20031 

2. The peak also appears on surfaces with a pronounced macro texture. Air can 
escape from the cavities much easier in these surfaces. This means air 
pumping, pipe resonances and Helmholtz resonances are much less important. 
[figure 1 Sandberg, 20031 

3. The peak is independent of speed. This means it cannot be due to the tread or 
texture impact mechanisms. [figure 7.13 Sandberg & Ejsmont, 20021 

According to [Sandberg & Ejsmont, 20021 belt resonances may play an important 
role. As mentioned before, the peak has a large influence on the overall SPL and if the 
belt resonances play such an important role as suggested by [Sandberg & Ejsmont, 
20021 knowledge about these resonances can help lowering the peak and by that the 
overall SPL. 

§ 5.2 Experiment 

5 5.2.1 Sound radiation 
The generation of sound waves in the air due to flexural waves in a plate is depicted 

in figure 5.2. For both waves [ 5.11 holds. 
v ' = - 
f 

~5.11 

where h is the wavelength [m], v is the 
propagation velocity [rnls] (which is 
different for different media and also 
fi-equency dependent) and f is the frequency 
[Hz]. To be able to satisfy [5.1] for both 
waves the sound wave has to be radiated 

Figure 5.2 Generation of a sound wave under a certain angle a .  From figure 5.2 
follows: 

'air sina = 

This means only waves with hflex>hair can efficiently radiate sound. Or in terms of 
2n 

wave numbers ( k = --- ): kfl, < kair. ' 
For waves with a shorter wavelength an effect called "hydrodynamic short-circuiting" 
takes place. This can interpreted as a sort of pressure equalisation between areas of 
high and low pressure at a distance less then hair/2. This means that a mode radiates 
sound efficiently, if its resonance frequency lies above the line in figure 5.3. So to 
determine which modes are important for sound radiation, their behaviour in the 
fi-equency-wave number domain has to be known. (The different modes are depicted 
in figure 2.5.) 



0 10 20 30 40 

wave number k [m-I] 

C, Figure 5.3 Dispersion relation for sound waves in air: f = -- k , where c, the speed of sound in air 
2 z  

After the dispersion characteristics of the original tyre have been determined, extra 
=ass is added on the inside of the tyre to investigate its effect on these characteristics. 
Furthermore two Bridgestone tyres are measured, one normal tyre and one so-called 
run-flat tyre. This is done to see if the results are similar for other tyre brands. 

5 5.2.2 Experimental set-up 
To perform the measurements a construction is made to mount the tyres on. (see 
Appendix I) The tyres that are used are a Vredestein Ultrac 235145 R17 94W, 
Bridgestone Potenza RE050 225145 ZR17 91Y and a Bridgestone Potenza REO5OA 
RFT 225145 R17 91W. The tyre is forced radially at the centre of the treadband by a 
shaker (Briiel & Kjaer). The force is applied through a screw that is screwed into the 
treadband. The shaker is mounted in a rubber inner bicycle tube. This way the shaker 
does not induce vibrations in the set-up (see figure 5.4 and 5.5). A Briiel & Kjaer 
8200 force cell is placed between the stinger and the shaker to measure the force 
input to the tyre. 
The radial accelerations are measured at 82 (80 for the Bridgestones, because of the 
slightly smaller circumference) equally spaced locations around the circumference of 
the tyre (see Appendix 111). A PCB 303A02 accelerometer is used to measure the 
accelerations. A SigLab model 20-42 is used to generate the input signal (frequency 
sweep) and gather the output. The input signal from SigLab is amplified with a LDS 
PA25E power amplifier and supplied to the shaker. The recorded information is then 
processed using Matlab. 
The construction for mounting the tyre on is relatively heavy (around 80 kg). To test 
whether the construction has to be attached to the floor several measurements were 
done to compare the vibration levels on the tyre tread to the vibration levels on the 
rim (See Appendix II&III). These measurements show a difference of at least 20 dB 
between those two levels. From this it can be concluded that vibrations of the 
construction do not influence the measurements. In figure 5.6 the results of four 
measurements are shown. No. 1 is the response of the location on the tyre just next to 
the excitation point. No. 42 is the location exactly opposite to the excitation point. 



Figure 5.4 a) Photo of the measurement set-up. 
I :  Rubber inner tyre; 2: Shaker; 3: See close up 
5.4b 

Figure 5.4b) Close-up from 5 . 4 ~  
1: Force cell; 2: stinger; 3: Screw 

Figure 5.5 Side view o f  the measurement set-up 

The other two are the responses on respectively one quarter en three quarters of the 
tyre circumference. The responses for points 20 and 63 should look similar as the 
distmce to the excitation point is about the same for these two locations. Below 100 
Hz the coherence in the measurements was very bad. This is probably because the 
force input at these frequencies is too low to generate a substantial response. 
It can also be seen from this figure that the modes at frequencies above 380 Hz are 
less clear then the lower ones. This is due to the strong damping in the tyre. Because 
of this frequencies higher than 1000 Hz are not considered anymore, there is little 
useful information there anyway. 
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Figure 5.6 Results for four locations around the tvre 

After the measurements on the standard tyre are completed a piece of rubber is glued 
to the inside of this tyre. A sketch of its cross-section is shown in figure 5.7. The piece 
of rubber weighs about 1 kglm so a total of 2 kg of rubber is added to the tyre. The 
mass of the standard tyre is about 10 kg. 

Figure 5.7 Sketch of the cross-section of the extra piece of 
rubber 



Chapter 6 Results and discussion 
In this chapter the results of the measurements on all of the tyres (Vredestein and 
Bridgestone) are presented and discussed. But first of all the measurements done on 
the standard Ultrac tyre will be compared to measurements done by other researchers. 
Although they used other tyres, the order of magnitude of the FW should still be 
about the same. Also some characteristics should be present in both measurements. 

§ 6. I Comparison of measurements 
in figures 6.la and 6.ib the point mobility for measurements clone by Pietrzyk 
(Goodyear) and the point mobility for the measurements done on the Vredestein 
Ultrac. The results have the same order of magnitude: about -50 dB. And except for 
the bump around 350 Hz the results look similar. The peaks at lower frequencies 
(100-300 Hz) represent the beam like behaviour of the tyre. The results are not 
completely the same; the increase of the mobility at 350 Hz in figure 6.la is not 
present in figure 6.lb. However one cannot expect the two results to be exactly the 
same as the measurements were performed on different tyres. Other measurements 
show roughly the same typical results. See for example [Anderson & Larsson, 20031 
and [Matsuoka & Okuma, 20021. This means that at this point there is no reason to 
doubt the results of the measurements 

4 0 ~ ~ ~ ~ ~ ~ ~ '  
i I I I I I I I l I  

. 4 2 ~ - - l - - - l ~ - - l - - - l - - - I - - - I - -  J--J--A - -  
i l  I  I  I  I  I l l  I  

+ - - + - - + - -  
I I  I  

l - - A - _ i - - A - -  
1 1 1 1  
1 1 1 1  
1 7--1--7-- 

0 50 100 150 200 250 300 350 400 450 500 
Frequency [Hz] 

Figure 6.1 a) Measurements done by [Pietvzyk, 
20011 

5 6.2 Processing the measurements 
As mentioned in chapter 5 the FW was measured at 82 points along the 
circumference of the tyre. The results of these measurements for both Ultrac tyres 
(standard and modified) are shown in figures 6.2a and 6.2b. The 82 FW 
measurements were stored in a matrix, one coitim for each FW. So if one goes 
through a row from left to right, one can see how all 82 points behave for one 
particular frequency. 



FRF of treadband centw [dB Re i mc2iN1 

Figure 6.2 a)FRFs of the 82 measurementpoints of Figure 6.2 6)FRFs of the 82 measurementpoints of the 
the standard tyre mod$ed tyre 

Next this data is transformed to the frequency-wave number domain by performing a 
Fourier transformation on each row of the matrix. The results are shown in figures 6.3 
to 6.6. These figures do not display values below -30 dB, otherwise the figures would 
be very unclear. The cross-sectional modes with m=l, m=3 and m=5 can easily be 

Result of w v e  number transform [dB Re 'I ms-2MJ 

Figure 6.3 Result of the wave number transform for the standard tyre. The thick white line is the dispersion relation of 
.~nilnd w m m  in nir 



distinguished in figure 6.4. If one looks a little closer even the mode with m=7 can be 
seen. This mode is less obvious because of the damping in the tyre material. Only the 
odd cross-sectional modes are visible because the tyre is excited at the centre of the 
tread. Because of this the even cross-sectional modes are not excited. 
From this figure it can be seen that also for this tyre only the first cross-sectional 

mode is able to radiate sound 
resut of wave number transform [ d ~  Re 1 meYN] efficiently, even at higher 

r0 frequencies, as this is the only 
mode that stays above the white 
line. Figure 6.5 shows a close 
up of the first cross-sectional 
mode from figure 6.4. In this 
figure it is easy to distinguish 
the first six circumferential 
modes. (n-0 to n=5). Contrary 
to the other modes (m=3, m=5 
and m=7) this mode has a 
significant component at k=O. 
That the other modes do not 
have a significant component at 
lower wave numbers means 
that these cross-sectional modes 
probably do not radiate much 

Figure 6.4 Close-up of the first cross-sectional mode fvomJigure 6.3 sound. 

resut of wwe number transform [dB Re 1 rns-2n"il 

; Result of the wave number transform for the modEfied tyre. The thick white li, 
relation of sound waves in air 

is the disper 



Figure 6.5 shows the result of the wave-number transform for the modified tyre. The 
results for the modified tyre are very similar to those obtained for the standard tyre. In 
figure 6.5 the different cross-sectional modes can also be distinguished. The only 

difference is that the 
0 dispersion curves are 

moved to slightly 
lower frequencies. 
About 9 %, as the 
resonance fi-equenc y 
is proportional to 

& (see ~ p p  IV). 
This can be seen if 
one compares figure 

-'O 6.6 with 6.4. The 
curve of the first 

-25 cross-sectional mode 
lies closer to the white 

-30 line in figure 6.6 than 
in figure 6.5. However 
the difference is so 

Figure 6.6 Close-up of thefirst cross-sectional modefiomfgure 6.5 small that the 
influence on the 

radiated sound is probably negligible. The fact that even a 20% mass increase does 
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0 
Frequency fHzJ 

Point 42 Point 63 

0 200 405 600 800 4000 0 200 400 600 800 1000 
Frequency [Hz] Frequency [Hz] 

Figure 6.7 Comparison of the acceleration levels in four positions on the standard as well as the modrjied tyre 



not influence the dispersion characteristics of the tyre a lot suggests that it is difficult 
to influence these properties through extra mass. To see if there is a larger difference 
between a Vredestein tyre and tyres from another manufacturer, the same experiment 
was carried out with two Bridgestone tyres of nearly the same size. One normal tyre 
and one run-flat tyre. The results can be seen in figures 6.8 - 6.10. 

FRF of msdband center id6 Re i m + N i  FRF oftreadbarn cenlet Ids Re 1 m + m l  

Figure 6.8 a)FRFs of the 80 measurement points of Figure 6.8 b)FRFs of the 80 measurement points of the 
the normal Bridgestone tyre Bridgestone run-flat tyre 

result of wave number transfom [dB Re I rns-aN] 

Figure 6.9 Result of the wave number transform for the normal Bridgestone tyre. The thick white line is the 
dispersion relation of sound waves in air 



As can be seen in figure 6.9 the results for the normal Bridgestone tyre are different 
from the results for the standard Vredestein Ultrac. Especially the first cross-sectional 
mode (m=l) differs a lot from the same mode for the Vredestein tyre. For the Ultrac 
this mode cuts on at 500 Hz, while for the Bridgestone the first cross-sectional mode 
starts at about 700 Hz. If one compares the results for the run-flat tyre (fig. 6.10) to 

resuit of wave number transform fd8 Re 1 ms-2fN1 

Figure 6.10 Result of the wave number transform for the Bridgestone run-Jlat tyre. The thick white line is the 
dispersion relation of sound waves in air 

those for the normal tyre, it appears that only the first cross-sectional mode is 
influenced significantly. The mode is shifted from +700 Hz for the normal tyre to 
*450 Hz for the run-flat tyre. The main difference between the normal Bridgestone 
tyre and the other tyres is that the normal Bridgestone is a Y-tyre (maximum speed 
300 lunh), while the other tyres are W-tyres (maximum speed 270 W h ) .  To be able 
to reach the higher velocity with the same tyre structure it is probably necessary to 
increase the pre-stress in the nylon overhead to prevent the tyre from expanding too 
much at high velocities. This may be the reason for the shift of the first cross-sectional 
mode (m=l). The reason that the effect is greater on this mode than on the others is 
that the first cross-sectional mode is believed to be related to the extensional stiffness 
of the treadband while the other modes are associated with the membrane and flexural 
stiffness of the tyre carcass.[Bolton & Kim, 20001 The higher pre-stress in the nylon 
overhead increases the extensional stiffness but on the other hand offers little 
resistance to bending. The run flat tyre is a W-tyre and has only one nylon layer 
instead 2 as the other three tyres have. This, together with the extra mass which is 
concentrated in the sidewalls, is probably the reason for the big difference concerning 
the first cross-sectional mode. 



5 6.3 Discussion 
The results from the experiments clearly show that even for very different tyre 
constructions there is still only one mode that is able to radiate sound efficiently: the 
first cross-sectional mode. It has been shown that this mode can be influenced through 
tyre construction. It seems that the pre-stress in the nylon overhead has a great 
influence on the first cross-sectional mode. To verify this, experiments should be done 
on two identical tyres except for a different pre-stress in the nylon overhead. 

The problem with changing the dispersion characteristics for lowering the 
noise radiation is that the changes that are favourable for changing the position of the 
first cross-sectional mode (adding mass and lowering stiffness) have negative effects 
on other properties of the tyre (e.g. rolling resistance, cost, maximum speed). 
Furthermore simply lowering the stiffness will also increase the vibration levels on 
the tyre, which may compensate the decrease of radiation efficiency. 

The aim of these experiments was to get a better insight into the belt 
resonances and see if they could be responsible for the wide peak around 1 kHz in the 
frequency spectra of the tyrelroad noise of most tyres. The experiments do not point 
to one single mode which may be responsible for the peak. On the other hand one 
cannot conclude that the belt resonances are not the main cause either. 

If one looks at the frequency spectra of the tyrelroad noise of different tyres 
(e.g. figure 5.1) one can see that the peak starts at 500-700 Hz - which is also about 
the cut-on frequency of the first cross-sectional wave - and starts to drop at about 
1200 Hz. - from where excitation from the impact mechanisms probably decreases. 
Furthermore most figures present the noise levels in 113-octave bands. This means 
that even if due to a different velocity or tread pattern another mode is excited, this 
mode will probably still fall into the same 113-octave band (or else the band next to it) 
and the level of that band will stay the same. Therefore the location of the peak will 
not change (much). To determine whether or not the belt resonances are responsible 
for the peak a narrow band spectrum of the tyrelroad noise is needed. One can than 
compare the frequencies at which of the peaks in this spectrum appear to the 
resonance frequencies of the first cross-sectional mode. 

To determine the importance of the first cross-sectional mode in overall 
tyrelroad noise, noise measurements should be carried out with tyres with different 
dispersion characteristics, but the same tread pattern. For example tyres with different 
weight and belt stiffness. 



Chapter 7 Conclusions & recommendations 

5 7.1 Conclusions 
Tyrelroad noise generation mechanisms can be divided into two groups: 

Vibrational mechanisms 
Aerodynamical mechanisms 

For tyre manufacturers the most important mechanism of the first group is the tread 
impact mechanism. This mechanism can be influenced by tread pattern desiga as 
discussed in chapter 3. 
For the second group of mechanisms it is much more difficult to indicate which 
mechanism is most important. Air pumping as well as the air resonance mechanisms 
seem to be important. These mechanisms can also be strongly influenced by tread 
pattern design. 

Furthermore there is another group of mechanisms which cannot be regarded 
as pure generation mechanisms, but they do influence the noise emission in a 
significant way. An important mechanism from this group that can be influenced 
through tyre design is belt resonance. 

This last mechanism is investigated further by experiment because this 
mechanism is thought to be the came of the peak in the frequency spectra at I H z .  
Experiments show that for all tyres there is probably only one cross-sectional mode 
which is able to radiate sound efficiently. The mode can be influenced through tyre 
construction, although the influence of extra mass seems to be rather small. The large 
difference between the normal Bridgestone tyre and the other tyres is believed to be 
caused by the pre-stress in the nylon overhead of this tyre. This increases the 
extensional stiffness of the tread, which influences the first cross-sectional mode 
significantly. This will have to be confirmed through experiments though. At this 
point it is not possible to tell whether or not the belt resonances are responsible for the 
above-mentioned peak and further experiments are needed. 

5 7.2 Recommendations 
The overall A-weighed sound pressure level which is measured at this moment 
at pass-by measurements gives no information on the origin of the generated 
sound. With some equations from chapter 2 it is possible to determine which 
mechanism may be responsible for a certain sound, but to do that one has to 
know the frequency at which the sound occurs. Therefore it has to be possible 
to perform a narrow band analysis of the measured tyrelroad noise. 

To determine the effect of the different dispersion characteristics as measured 
in chapter 6 on the overall noise level, sound measurements (narrow band, see 
56.3) should be carried out. In this experiment iyres with the same tread 
pattex, but differe~t strxcture (and therefere different dispersio:: 
characteristics) should be used. 

To check whether the nylon overhead is the cause of the shift of the first cross- 
sectional mode, a Ultrac with a different pre-stress in the nylon overhead 
should made. The dispersion characteristics of this tyre should be compared to 
the characteristics for the standard Ultrac. 
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Appendix I 
1 0 :  : 01 

Figure I. 1 Drawing of the construction 



Appendix II 

Comparison of vibrat~on levels on tyre tread and nm (position 2) 
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Figure II. 1 Comparison of acceleration levels on the tyre tread and on the rim. Position 2 is near the 
excitation point andpoint 42 is halfiay around the tyre. 



Appendix Ill 

4: excitation point 
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42 

Figure III.1 Sketch of the measurement positions 



Appendix IV 
The theoretical relation between frequency, stiffness and mass: 
f is proportional to . 

So for the standard tyre: 

and the modified tyre, where the stiffness is assumed to be equal to the stiffness of the 
standard tyre. 

This means: 

So a difference of about 9 - 10 % between the resonance frequencies. 
This seems to correspond rather well with the results from figure 6.3 and 6.5. In 
figures IV.l and IV.2 the ratio between the frequencies of the cross-sectional mode 
with m=3 is shown. 

Figure I!? I Cross-sectional mode with m=3 for Figure I K 2  Ratio between the cross-sectional 
the modtjkd and standard tyre mode with m=3 for the modzfied and standard 

tyre 




