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ABSTRACT
Tire noise reduction is an important aspect of overall vehicle noise reduction. However, due to the complex
nature of tire noise generation and interrelation between various generation mechanisms, it is difficult to isolate,
predict and control tire noise. Aerodynamic noise generation mechanisms in tires are difficult to predict experimentally, resulting in the need for an accurate numerical model. Computational fluid dynamics (CFD) is used here
to propose a computational model capable of predicting air-pumping noise generation. Groove deformations are
prescribed by custom functions instead of using structural solvers and the rotation of tire is represented by using
mesh motion and deformation techniques. Near-field and far-field acoustic characteristics are predicted using fluid
dynamic equations and acoustic models. The use of various spectral analysis tools show that the proposed model is
capable of predicting the high frequency air-pumping noise while also predicting other aerodynamic mechanisms
such as pipe resonance, Helmholtz resonance and rotational turbulence. This study is intended to provide an understanding of the various aerodynamic noise generation mechanisms so that numerical models can be used in the
future to predict tire acoustics economically and effectively.
1 Introduction
A significant contribution to noise pollution in urban areas results from traffic noise. While the main contribution to
traffic noise is from the vehicle engine and powertrain [1], tire noise is critical to vehicle noise control. This is due to the
difficulty in attenuating tire noise, after it is generated at the source [2]. Furthermore, with the reduction in engine noise
and introduction of electric vehicles, which have no engines and hence, no engine noise, the contribution of tire noise to
the overall vehicle noise has increased. Tire/pavement noise represents 75% to 90% of the total noise in passenger vehicles
while it could be just as significant in other large vehicles [3]. Consequently, there is an increased need to investigate and
control tire noise.
Tire noise generation is a complicated phenomenon and there are various mechanisms involved, that produce a combined
effect on the overall noise generation process. While it is difficult to isolate and independently study the contribution of each
mechanism, they can be roughly classified into generation mechanisms and amplification/reduction mechanisms [4, 5]. Tire
noise generation mechanisms can be further classified into mechanical and aerodynamic types. While the mechanical kind are
caused by low frequency structural vibrations in the tire, the aerodynamic ones are caused by the air-flow and corresponding
high frequency pressure changes in the surrounding, due to the motion of the tire and treads. The amplification mechanisms
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and moving along the contact patch, until stage IV. The groove approaches the downstream side of the tire in stage V, where
it undergoes a volume increase as it leaves the contact patch and creates pressure waves which propagate through the horn
geometry on the downstream side of the tire. In stage VI, the groove is clear of the contact patch and returns back to its
original shape.
A previous unpublished study by the authors had used a two-dimensional version of the same model. A distinction of
the current model from its two-dimensional counterpart is that for stages III and IV in the 2D model, the air trapped inside
the grooves are not able to escape through the sides of the tire, due to the absence of the third dimension, and therefore,
would be released only on the downstream side. This produces larger pressure waves than expected and consequently, higher
sound pressure levels. Furthermore, pipe resonance effects are not captured. A three-dimensional consideration overcomes
this problem as the trapped air may leak through the groove openings on the sides and traverse through the horn geometry,
producing a more realistic effect. Consequently, a three-dimensional consideration is also capable of accounting for pipe
resonance effects, as the groove moves through the contact patch.

3 Governing equations
The governing equations solved in the simulations presented here involve the near-field fluid dynamics, far-field acoustics and the spectral analysis of the acoustic data.
3.1

Navier-Stokes equations
Since the objective of this paper is to investigate aerodynamic noise, it is necessary to take into account the compressible
nature of air in order to capture acoustic wave generation and propagation accurately, although the changes in density are not
very large. Consequently, the solution for the fluid domain in the near-field is obtained using the compressible Navier-Stokes
equations. The continuity and momentum equations are formulated in Equations (1) and (2), respectively, as follows:
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It should be noted that Equation (2) is the filtered form of the Navier-Stokes equations. The filtering is applied in order
to separate the scales of turbulence, as a part of the LES turbulence modeling approach, into large scales and sub-filter or
sub-grid scales. The turbulence model is required to account for the rotational air turbulence that is generated due to the
tire (and groove) rotation, since it is not economical to directly solve for all the scales of turbulent motion for the problem
considered. Thus, τi j in Equation (2) is the subgrid-scale (SGS) stress tensor obtained as a result of the filtering of the
nonlinear or convection term, which in turn requires closure in order to solve the governing equations. This is done using the
Boussinesq hypothesis [15, 16].
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In Equation (4), µt is the SGS turbulent viscosity. For the LES Smagorinsky model, the SGS turbulent viscosity is defined
by,
µt = ρLs2 S
Here, Ls is the SGS mixing length and S =

q

(5)
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Therefore, although the change in temperature due to pressure changes are small, the filtered energy equation (Equation
(7)) is solved as well as part of the compressible approach.
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Here, hs and λ are the sensible enthalpy and thermal conductivity, respectively. The sub-grid enthalpy flux term on the right
hand side of Equation (7) is approximated using the gradient hypothesis in order to provide closure to the energy equation.
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where, C p is the specific heat for the fluid and Prt is the sub-grid Prandtl number. In addition, an ideal gas assumption, that
accounts for the compressibility of air is used to couple the energy equation to the momentum equation.
3.2

Acoustic model
An acoustic model needs to consider the propagation of acoustic waves originating at the near-field, with the far-field
turbulence bearing no influence on the far-field acoustics [8]. Due to the ability of including the monopole, dipole as well
as quadropole sources in the prediction of far-field acoustics, the Ffowcs-Williams and Hawkings (FW-H) model is used as
the acoustic model in this paper. The FW-H model is an inhomogeneous wave equation, derived from the continuity and
Navier-Stokes equations [17] and the solution for the far-field acoustic pressure, p0 , is obtained using Equation (9).
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In Equation (9), ui is the fluid velocity in the xi direction, un is the fluid velocity normal to surface, f = 0, vi is the
surface velocity in the xi direction, vn is the surface velocity normal to the surface, δ ( f ) is the Dirac delta function and H ( f )
is the Heaviside function. The control surface around the near-field domain, which is used as the input for the acoustic model
is represented by the surface f = 0. ni is the normal vector in the direction of the exterior region, a0 is the far-field acoustic
velocity. The Lighthill stress tensor Ti j is obtained using Equation (10) given by:
Ti j = ρui u j + Pi j − a20 (ρ − ρ0 ) δi j

(10)

Pi j in Equations (9) and (10) is the compressive stress tensor, which for a Stokesian fluid is given by,
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ANSYS Fluent has the capability of solving the CFD and FW-H model equations, simultaneously. This allows for a simultaneous solution of the near-field and far-field acoustics in the proposed model.
3.3

Spectral analysis
The acoustic pressure obtained for the various receivers are analyzed using Fourier Transform tools. Specifically, the
fast Fourier transform (FFT) technique available in Fluent is used to obtain the power spectral density (PSD) and sound

Table 1: Details for tire geometry and transverse grooves

Parameter

Value

Tire radius

332.2 mm

Tire width

200 mm

Number of grooves

2

Groove dimensions

5 mm × 10 mm × 155.3 mm

Groove separation

5◦

Operating velocity

40 km/hr

Groove deformation

22%

pressure level (SPL) from the pressure signals. The acoustic data is collected at all the receiver locations for a sampling
frequency of 20 kHz. For the reference pressure, Pre f = 2 × 10−5 Pa, the SPL is obtained from the PSD using the relation

SPL = 10log10

PSD
2
Pre
f

!

(12)

The resulting SPL spectrum is converted into an A-Weighted SPL spectrum over a 1/3-Octave band by using the A-scale
function. This kind of analysis closely approximates the frequency response of a human ear. In addition to PSD and SPL
spectra, it is necessary to study the temporal variation of the acoustics in order to understand the causes of noise generation
and isolate the different mechanisms. Therefore, the time-variation of acoustic energy is obtained using the short-time
Fourier transform (STFT) algorithm in Matlab. STFT divides the signal into sections in time and applies a discrete Fourier
transform to each of the sections. The result is a time-varying acoustic spectrum, also called a spectrogram.

4 Computational details
The computational details including a physical description of the problem are described in this section.
4.1

Tire parameters
The details for the tire used in this study are listed in Table 1. The groove deformation value was obtained from the
experimental study by [14]. The tire under consideration is of the size 215/60R16. The 3D shape of the tire is an undeformed
cylinder with fillets to create lateral horn geometries. Two transverse grooves are considered in the simulation, separated
by 5 deg in the circumferential direction. The grooves undergo a 22% by volume deformation at the tire/road interface, as
the tire rotates at an operating velocity of 40 km/hr. The deformation is prescribed using a User Defined Function (UDF)
at the boundaries of the grooves and mesh layering is done to deform the mesh inside the groove domains. The rotation of
the tire is represented by velocity boundary conditions on the tire surface, while the groove rotations are incorporated using
the sliding mesh technique. The velocity boundary condition is also prescribed to the ground surface in order to represent a
rotating drum. The outer domain is considered to be large enough such that the pressure waves are either diffused or they
permeate through without any reflection, using far-field boundary conditions. Ultimately, the computational considerations
are made such that it represents an experimental setup in an anechoic chamber.
4.2

Computational mesh
Due to the complex nature of the geometry and need of consideration of various aspects of the fluid flow in the results,
including rotational turbulence, the mesh generation process requires a lot of attention. For this study, an initial mesh
is generated using tetrahedral elements growing from the tire surface in the near-field domain, while the far-field domain
contains biased hexahedral elements. Since no ambient air velocity is considered, there is an absence of vortex shedding
resulting from spanwise shear instabilities. Consequently, a symmetry boundary condition can be used and the computational
domain can be halved, which helps to reduce the number of elements in the mesh. The initial computational mesh shown in
Figure 2 still contains 16.5 million elements.

(a)

(b)

(c)

Fig. 2: Initial tetrahedral mesh (a) View from the symmetry plane, showing tetrahedral inner mesh and hexahedral outer
mesh (b) Close-up view of two transverse grooves, meshed using hexahedral elements (c) Close-up view of contact patch
generated by cutting off tangential surfaces.

Fig. 3: Computational mesh showing polyhedral mesh in near-field domain and hexahedral mesh in outer domain

Fig. 4: Near-field and far-field receiver locations (in mm)

It can be seen from Figure 2b that the grooves contain hexahedral elements, while the tire surface is biased with prism
layers close to the size of the elements inside the groove. This is done in order to facilitate an accurate interpolation between
the tire surface and the domain interface of the grooves. Furthermore, it can be seen from Figure 2c, that a contact patch
was been created by cutting-off the tangential contact between the tire and the ground surface. Since this is unavoidable in
the creation of a valid mesh, this study takes advantage of this aspect, to create a contact patch. The length of the contact
patch has been selected optimum mesh quality and number of computational elements. Furthermore, the cut-off also acts
as a trigger to start the deformation of the grooves as they move into the contact patch. The custom UDF is written such
that when the grooves are moving into the contact patch on the upstream side, they start deforming when the right-wall of
the grooves (viewed from the symmetry plane) are in-line with the cut-off surface at the contact patch (Figure 2c) and they
deform only until the left-wall of the grooves are in-line with the cut-off surface. Consequently, they move along the contact
patch without any deformations and the process of deformation on the downstream side of the tire is the same as the upstream
side. Finally, in order to reduce the computational expense further, the tetrahedral elements and prism layers are converted
into polyhedral elements using the mesh conversion tool in Fluent, while the hexahedral elements remain unchanged. The
resulting mesh contains approximately 4.1 million elements.
The computational solution is obtained using second order schemes for time and space. Second order upwind discretization schemes are used for all spatial terms except momentum, for which bounded central differencing is used due to the use of
an LES model. The pressure-velocity coupling is accomplished using the PISO scheme. The time step size used is 5 × 10−6
s, which for an acoustic frequency of range 0.1-10 kHz, corresponds to 20 time steps per minimum acoustic wave period
under consideration. Residuals of 10−6 were obtained during convergence indicating that sufficient temporal resolution is
achieved for an LES filtered computation of this nature.
4.3

Acoustic receivers
It is necessary to place acoustic receivers both in the near-field and the far-field in order to obtain acoustic pressure data
and analyze it. The receiver locations used in this study are similar to the ones used in the experimental study of Takami and
Furukawa [14]. The locations are shown in Figure 4. Since a symmetry boundary condition is used, the acoustic nature of
receivers 2, 5 and 6 are assumed to be similar to those of 4, 8 and 7, respectively, and the results for only one of the sides
is shown in the paper. Furthermore, receivers 9, 10 and 11 are considered to be near-field receiver locations and the nearfield domain has been made large enough to include the coordinate locations of these receivers. Consequently, the acoustic
pressure data is obtained at these locations through the solution of the fluid dynamic equations. For the other locations, i.e.
far-field receiver locations, the FW-H model is used to compute acoustic signals.

Fig. 5: Pressure iso-contours showing the propagation of pressure waves due to deformation of transverse grooves on the
downstream side of the tire

(b)

(a)

(c)

Fig. 6: Half PSD spectra for (a) Receiver-9 (b) Receiver-10 (c) Receiver-11.

5 Results and discussion
The initial condition of the transient computation corresponds to two grooves in a position fairly away from the contact
patch in the upstream side of the tire, and the simulation is carried out until the grooves reach a position equidistant from the
contact patch on the downstream side. Therefore, all pressure signals obtained at the receiver locations is due to the motion
and deformation of the grooves at the contact patch, and the rotational turbulence generated, without any influence from the
initial transients. Figure 5 shows an instant, where one of the grooves is in the contact patch (at stage IV), while the other is
just moving out of the contact patch (at stage V), releasing acoustic pressure waves. The pressure iso-contours and the color
map on the ground illustrate the 3D nature of the acoustic wave propagation.
5.1

Near-field acoustics
The acoustic pressure signal at the near-field receivers 9,10 and 11 are used to study the near-field acoustic characteristics. The PSD spectrum is used to analyze the frequencies in which the acoustic energy is mostly concentrated and the
spectra for the three receivers are shown in Figure 6.
While the grooves are moving along the contact patch, they can be considered as open pipes, since the only openings

(a)

(b)

(c)

Fig. 7: Time variation of acoustic energy (spectrograms) for (a) Receiver-9 (b) Receiver-10 (c) Receiver-11.

are on the lateral sides. For an open pipe system, the resonance frequency is given by the relation,
fR =

c
2l

(13)

where, c = 340 m/s is the velocity of sound and l is the length of the open pipe. For the groove dimensions in Table 1, the
pipe resonance frequency for the grooves resulted in fR = 1.1 kHz.
A concentration of acoustic energy in specific frequency bands can be seen from the spectra in Figure 6. These figures
mainly illustrate the various frequencies of sound around the tire. At receiver-9 (Figure 6a), which is the downstream nearfield location, it can be seen that there are comparable energy peaks for a number of frequency bands. The spectrum is able to
capture the pipe resonance frequency (1.1 kHz) from the grooves as well as acoustics in higher frequencies. The spectrum at
receiver-10 (Figure 6b), which is located close to the lateral horn geometry of the tire, shows the presence of acoustic energy
corresponding to pipe resonance frequency, while there is an absence of higher frequency noise. It should be noted that there
are no deformations taking place as the grooves move along the contact patch and thus, only pipe resonance frequency is
captured at the receiver. The resonance frequency sound is low for receiver-11 (Figure 6c), and most of the acoustic energy
is concentrated in the range of 1.6 to 2 kHz.
From the frequency spectra, it can be seen that the pipe resonance is captured in all three receivers, while there is
a presence of higher frequency noise as well. In order to further study the nature of the acoustics at these receivers and
understand further the high-frequency sound, spectrograms are generated, as shown in Figure 7. The colored bands are
plotted along with the corresponding normalized pressure signals to illustrate the time-dependent nature of the sound at the
receivers and isolate the source of the noise generated. Darker red colors in these spectrograms indicate higher acoustic
energies for the corresponding frequencies on the Y-axis, at the corresponding time on the X-axis.
From Figure 7a, it can be seen that the acoustic energy captured is predominantly due to the motion of the grooves on
the downstream side, since the pressure signals captured when the grooves are on the upstream side, are negligible. The
spectrograms indicate that the acoustic energy is concentrated in frequency ranges similar to the ones seen in Figure 6a. For
receiver-10, it can be seen from Figure 7b, that the pipe resonance frequencies are captured almost throughout the duration of
motion of the grooves near and along the contact patch and there is minimal noise in other frequency ranges. The spectrogram
for receiver-11 in Figure 7c shows that the acoustic energy generated is due to the motion and deformation of grooves in
the upstream side as the pressure signal when the grooves are on the downstream side are negligible. By studying both the

Fig. 8: dBA spectra for various far-field receivers

(a)

(b)

(c)

(d)

(e)

Fig. 9: Time variation of acoustic energy (spectrograms) for (a) Receiver-1 (b) Receiver-3 (c) Receiver-4 (d) Receiver-7 (e)
Receiver-8.

frequency spectra in Figure 6 and the spectrograms in Figure 7, it can be concluded that the higher frequency acoustics are
results of groove deformations.
5.2

Far-field acoustics
In this paper, the far-field characteristics are first analyzed using dBA vs. 1/3 octave frequency plots and also spectrograms for the far-field locations indicated in Figure 4. In addition, SPL polar plots are used to study the directive nature
of the air pumping sound. The acoustic pressure signals at all the far-field receivers are obtained using the FW-H acoustic
model.
5.2.1 Far-field receivers
Figure 8 shows the SPL spectrum of the far-field receivers, obtained via spectral analysis of the far-field acoustic pressure signals. Different SPL peaks for the different receivers indicate that the nature of sound is different around the tire.

Fig. 10: Horizontal circular plane of radius 7.5 m for collection of wayside noise measurement data.

Furthermore, it can be seen that the receivers 1 (upstream) and 3 (downstream) are the loudest in the frequency range of 2-8
kHz while other receiver locations show peaks around the resonance frequency of 1.1 kHz. This is a similar trend to the
near-field receiver locations, discussed in the section 5.1. Further information about the nature of the sound around the tire
is obtained using the spectrograms in Figure 9. It can be seen that the nature of the spectrograms for the far-field receivers
are similar to the near-field receivers on the corresponding sides of the tire. Therefore, a similar conclusion for the near-field
and far-field receivers can be drawn that the higher frequency noise that is observed by analyzing the frequency spectra and
spectrograms together is a result of groove deformations.

5.2.2 Far-field directivity
Additional information can be obtained about the nature of acoustics around the tire by analyzing the directive nature
of sound on the far-field. A wayside noise measurement technique is commonly used experimentally to analyze far-field
acoustics, where receiver locations are at a fixed distance of either 7.5 m or 15 m. In this paper, receivers are placed in a
horizontal circle of radius 7.5 m and 75 mm above the ground surface and polar plots are generated to study the far-field
directivity of the sound generated in the numerical model. The use of a computational technique in such predictions is
advantageous due to the enhanced control of the environmental conditions resulting from the absence of any background
noise in the simulations.
The resulting plots for 1/3 Octave frequencies between 0.8 kHz to 10 kHz are shown in Figure 11. The concentric
circles in the plots represent A-weighted SPL values while the radial lines represent the polar locations. Since a symmetry
boundary condition is used in the analysis, it is sufficient to place receivers between 0-180 deg, and the plot maybe mirrored
to generate a 360 deg variation. The varying nature of the sound at different locations can be seen for each frequency from
these polar plots. It can be seen that the variation of sound is pretty uniform up to 1.25 kHz, after which, the variation is more
directive in nature as higher SPL values are observed on the upstream and downstream sides of the tire. Similar to the trend
seen in Figure 8, the SPL values are low after 8 kHz. Furthermore, it can be seen that while the upstream and downstream
sides have higher SPL values, the downstream side is the louder between two sides. This trend originates from the near-field
spectra seen in Figure 6a, where it can be seen that there are various frequency bands of comparable energy levels, producing
a larger overall sound level when compared to other near-field receivers.

5.3

Validation
A comprehensive experimental validation of the air-related noise generation mechanisms poses various challenges.
Firstly, the background noise in an experimental setup does pollute the data to an extent. Also, it is very difficult to isolate the
mechanical sources of noise from the aerodynamic sources in an experiment. Therefore, one mechanism is almost always
present in the measurement of the other mechanism, and they cannot be easily isolated and studied. Hence, qualitative
comparisons and mesh independence studies are used as a method of validation of the results presented here.

Fig. 11: Polar plots of SPL (dBA) for different 1/3 Octave frequency bands, at a location 7.5m from tire, concentric circles
represent dBA.

5.3.1 Qualitative validation
It can be seen that the pipe resonance frequency obtained from Eq.(13) has been correctly predicted by the computation
and it is visible in the frequency spectrum shown in Figures 6 and 8. Since only two transverse grooves are used in the
simulations here, the impact noise which is visible in the analysis by [12], is absent here. However, it can be seen that the
general range of frequency for air-pumping is consistent with [5, 12]. From the polar plots shown in Figure 11, it can be seen
that that sound has a directive nature starting from 1.6 kHz, with higher SPL values directly upstream and downstream of the
tire. The reason for this could be the presence of larger horn geometries, thereby being consistent with [6]. Quantitatively, it
can be seen that the SPL values vary between 60 dBA and 80 dBA, leading to a maximum variation of around 20 dBA around
the tire. Attributing the magnifications to horn effect, this observation is consistent with the predictions in [6,7]. Additionally,
the SPL values are higher on the downstream side, even though the rate and magnitude of volume change inside the grooves
are same during compression and expansion. This observation can be attributed to the presence of a higher acoustic energy
resulting from pipe resonance (See Figures 6a and 6c), and the Helmholtz resonance phenomenon [18,19]. It is caused when
high pressure air which is trapped inside the grooves interact with and interrupt the suction of outside air although there is
an increase in volume of the grooves. This phenomenon is also illustrated in a previous study [20].
5.3.2 Mesh independence
To further validate the results, a mesh independence study is also carried out. The mesh element size used in the
simulation is such that there are at least three elements per minimum acoustic wavelength. For a simulation without a mean
flow, it is assumed that this resolution is sufficient. To ensure the mesh independence of the results, a coarser mesh with
about 2.4 million elements after polyhedral conversion is used to carry out the calculation, with the same constraint that at
least three elements are still present per minimum acoustic wavelength. The temporal resolution of the simulations remain
unchanged assuming that it is fine enough to capture the frequency range of interest. Pressure signals are collected at the
near-field receiver locations 9, 10 and 11. The normalized pressure for both meshes, obtained from the mesh independence
study is shown in Figure 12. It can be seen that the pressure signals are similar in nature with very little deviation. Therefore,

(b)

(a)

(c)

Fig. 12: Comparison of pressure signals for fine (red) and coarse (blue) mesh at (a) Receiver-9 (b) Receiver-10 (c) Receiver11.

it is concluded that the mesh is fine enough to resolve all the frequencies considered in the simulation. Since the near-field
domain is used to predict the far-field acoustics as well, validation of the near-filed pressure data is considered to be sufficient
to validate the far-field acoustic data as well.

6 Conclusion
In this paper, a new methodology is proposed to predict the 3-dimensional nature of the air-pumping noise generation
mechanism in tires. Various near-field and far-field receivers are used to study the characteristics of the sound generated
during air-pumping, and the various noise generation mechanisms that can be seen in the frequency spectra are studied.
Furthermore, the directive nature of the sound is studied by generating polar plots from the computation.
It is found that the model is capable of incorporating various aerodynamic mechanisms that occur along with the airpumping noise generation in tires. It is shown that the frequency spectra, along with time-dependent spectrograms, can
be used to isolate the causes of acoustics in the various frequency bands at various receiver locations. The horn effect is
included in the model due to the horn geometry present in the 3D tire. The effect of the horn geometry can be illustrated
through the polar plots. These plots show the directive nature of sound as it is amplified on the upstream and downstream
sides and it can be observed that these amplifications vary in the range of 20 dBA around the tire. It can also be argued that
the Helmholtz resonance mechanism has also been included in the model, since the motions in the model closely represent
actual tire rotation and groove deformations using the sliding mesh technique. Also, it is observed that the sound is highest
on the downstream side, where the effect of Helmholtz resonance is likely to be highest, although the volume changes in
the grooves producing the sound is the same as for the upstream side. Furthermore, noise due to rotational turbulence is
considered by the use of the LES turbulence model. The pipe resonance frequency, calculated to be around 1.1 kHz for
the grooves considered, is also successfully captured by the computational model. Consequently, the results obtained show
good qualitative agreement with previous studies, and the mesh independence study shows that the results presented are
independent of the mesh.
As an extension to the model in future, a structural model can be coupled with the fluid model in order to more closely
represent the deformation of the grooves and also include the deformation of the tire in the computational model. In doing
so, a more complete computational model can potentially be used to incorporate not only aerodynamic, but also structural
noise generation mechanisms in tires, and understand the interaction between these complicated processes.
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