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a b s t r a c t

A study of tyre inner trim as a method for reducing tyre cavity resonance noise is
presented. The tyre is modelled as a rectangular toroid where only the outside shell is
flexible. A modal series solution of the sound pressure frequency response inside the tyre
cavity is derived from the wave equation using modal superposition. In the solution with
the rigid and flexible wall boundary condition, the effect of placing a trim layer onto the
inner surface of the tyre tread plate wall is reflected by adding a damping loss term in the
sound pressure frequency response function. The numerical simulation result was then
compared with the result obtained from a roving impact test performed on a tyre.
The results show that selective trim material may be effective for reducing the structure-
borne noise magnitude resulting from the tyre cavity resonance.

& 2014 Elsevier Ltd. All rights reserved.

1. Introduction

The vibration transmitted from the excitation sources of tyre/road interaction and powertrain into vehicle cabin through
the vehicle structure reside below 500 Hz frequency range. In comparison to the many noise sources, the tyre cavity
resonance has been identified as a tonal noise that can be clearly heard inside the vehicle cabin which contributes to the
increased level of annoyance. Physically, the tyre cavity resonance is a phenomenon generated by the standing wave
occurring inside tyre cavity as a result of tyre tread/road excitation. The main adverse effect is the transmission of vibration
to the wheel hub which then propagates into the passenger cabin. Several authors have investigated the phenomenon by
theory, simulation, and experiment [1–11] since it was first reported by Sakata [12] (for a more comprehensive review,
please read Mohamed [13]).

One of the significant findings on tyre cavity resonance includes the work conducted by Yamauchi et al. [5] where they
proposed a change in tyre wheel shape that proved to be effective in eliminating the resonance peaks. In other study,
Molisani [6] presented a deeper understanding of how the tyre cavity resonance could couple to the tyre structure
resonance. Fernandez [7] provided a comprehensive experimental study with regard to the use of absorbing material inside
the tyre cavity to mitigate the effect. Feng [10,11] used a wireless microphone inside the tyre cavity to measure sound
pressure of static and rolling tyre.

To the author0s knowledge, majority of cars sold in the market do not have the tyres with sound absorbing materials in
them. The study involving insertion of absorbent materials onto the tyre inner surface was done previously but without any
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guideline of the attachment method and the detailed parameters of materials. In [7], the authors explored various methods
to apply noise absorbent materials inside the tyre cavity although it was arguable that the method conformed to the tyre
manufacturer guideline and specification. As outlined in [15], the automotive industries are reluctant to adopt such
countermeasure as it increases costs while at the same time prefer a primary integrated countermeasure with the tyre or
wheel construction.

In this work, tyre is simplified as an annular cavity where the sound pressure equation inside the tyre cavity and the
vibration response on the flexible outer annular plate representing tyre tread are derived. The effect of absorbent material
added inside the annular cavity is investigated in the equation to compare the result with that without the absorbent
material as illustrated in previous work [3,7]. An experimental modal test was done to get the spatial response of the tyre
structure and cavity by a roving impact test method. This is to verify the effect of the added trim on the sound pressure level
inside the tyre cavity. The transfer function amplitude from the impact test describes the response of the tyre structure and
cavity when the tyre tread surface is excited. The purpose of the roving impact test is to correlate the measured tyre
structure and cavity resonance mode shapes to those obtained from the analytical method.

2. Tyre cavity resonance

2.1. Theory

Tyre and cavity geometry can be constructed from two cylinder shells with two annular side plates as depicted in Fig. 1.
For simplification, tyre inner shell and side walls can be regarded as rigid reverberation surfaces without sound absorption
material boundary. Eq. (1) represents the wave equation where p is the acoustic pressure.

∇2p�ð1=c2Þð∂2p=∂t2Þ ¼ 0 ð1Þ
It is convenient to remove the time-dependence by substituting pðr; θ; z; tÞ ¼ pðr; θ; z;ωÞeiωt into Eq. (1), where pðr; θ; z;ωÞ is

given by

pðr; θ; z;ωÞ ¼∑
s
Dsφsðr; θ; zÞ ð2Þ

where φs is the mode shape of the tyre cavity torus and Ds is a coefficient. This results in a reduced wave equation such as

∇2φsþk2φs ¼ 0 ð3Þ
where k¼ω=c. k is the wave number, ω is circular frequency in rad/s, and c is the speed of sound at 343 m/s. In cylindrical
polar coordinates ðr; θ; zÞ, Eq. (3) becomes

∂2φs

∂r2
þ1
r
∂φs

∂r
þ 1
r2

∂2φs

∂θ2
þ∂2φs

∂z2
þk2φs ¼ 0 ð4Þ

Using separation of variables and to let φsðr; θ; zÞ ¼ RðrÞΘðθÞZðzÞ which leads to three differential systems related to axial,
radial, and azimuthal direction, a general solution can be written as

φsðr; θ; zÞ ¼ Asmsnsl ½AmJmðkmlrÞþBmYmðkmlrÞ�½e� imθþd0eimθ�½e� iklzþc0eiklz� ð5Þ
where Jm and Ym are respectively the Bessel functions of the first and second kind, both of orderm. Asmsnsl is a constant, while
Am and Bm are constants for all the three sound wave components which depend on the boundary conditions. For this work,

Fig. 1. A simplified tyre model – toroid.
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