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Abstract. The effect of the wheel rotation on its sound radiation in rolling noise
predictions is investigated. The wheel response is modelled using a finite element
model that can account for the different effects introduced by rotation and to-
gether with TWINS the radiated sound power is determined. Noise and vibration
data are compared over a range of typical train speeds, between a stationary
wheel, a rotating wheel where rotation is replaced by a moving load, and a rotat-
ing wheel that also includes the inertial forces. Compared with the most complete
model, differences in the wheel sound power level of up to 6 dB in one-third
octave bands are found if the stationary wheel is used instead. The differences
remain below 2 dB for speeds up to 500 km/h if the rotation is approximated with
a moving load. In terms of the total A-weighted sound power level of the wheel,
the stationary wheel underestimates the noise by up to 3 dB, while the differences
are less than 1 dB for a moving load. Generally, the differences introduced by the
approximate representations of the wheel rotation are smaller than the uncertain-
ties that are inevitable in rolling noise predictions. The results show that in rolling
noise predictions for usual train speeds the wheel rotation is sufficiently well ap-
proximated by a moving load, which is the method implemented in TWINS.
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1 Introduction

Rolling noise is one of the most important sources of noise in railways and is caused
by the excitation of the wheel and the track from their combined surface roughness [1].
One of the most commonly used rolling noise prediction models is TWINS [2,3], which
requires models of the wheel and track vibration, their noise radiation and the roughness
as an input.

For modelling the wheel vibration, finite element models are commonly used that
treat it as a stationary structure, which is an incomplete representation in case of a mov-
ing train. The classic approach to account for the wheel rotation that is used in TWINS
is to replace the rotation with a moving load, that rotates around the wheel circumfer-
ence at the same angular velocity [4]. This causes the wheel modes to be split into two
co- and counter-rotating waves that, when viewed from the excitation point, are shifted
in frequency by +nQ/2m, where n is the number of nodal diameters and (2 the angular
velocity. However, this approach neglects the gyroscopic and centrifugal effects.



In recent years, finite element models that include the inertial forces in the equation
of motion of a rotating structure have been developed [5,6,7]. The kinematics can be
defined in a non-rotating (Eulerian) or rotating (Lagrangian) frame of reference. For
the interaction of the rolling wheel with the track, the non-rotating frame is preferred.

Baeza et al. [5,6] used Eulerian coordinates to establish an equation of motion of the
rotating wheelset directly in a non-rotating reference frame that can be solved with the
finite element method. Sheng et al. [7] developed a model in which the kinematics of
the rotating wheelset were defined in a rotating frame and converted the response to the
non-rotating frame by applying a transformation. This was implemented using axisym-
metric finite elements. The moving load is an attractive simplification of the effect of
wheel rotation, but according to [7,8], a fully rotating model should be implemented
for correct modelling of rolling noise at high train speeds.

In this work, the effect of the wheel rotation on the prediction of the radiated sound
power of rolling noise is investigated to quantify the differences caused by the various
modelling approximations for a wide range of train speeds.

2 Methodology

2.1  Model of the rotating railway wheel

In this study, an axisymmetric finite element model that adopts the Eulerian approach
of Baeza et al. [5,6] has been implemented for modelling the rotating railway wheelset.
Additionally, a geometric stiffness matrix can be included, as proposed in [9]. For more
information, the reader is referred to the references. The model has been validated
against a 3D model of a rotating wheel in the commercial software COMSOL Mul-
tiphysics. The equation of motion (EOM) of the rotating structure can be written as

Mii + (206G + D)u + (K+ Q*(K, — C))u = Q*f, + f €))

where M is the mass, D the damping, and K the stiffness matrix of the stationary wheel,
u is the displacement vector and f is the force vector. The additional terms are due to
the rotation at angular velocity Q and can be described as follows. The matrix G ac-
counts for the gyroscopic effects due to the inertial Coriolis forces. Matrix C contains
terms that alter the stiffness of the structure, such as spin softening due to the inertial
centrifugal force. In the non-rotating frame, a frequency shift of +n/2m is added to
the rotating waves by the definition of G and C. The geometric stiffness matrix K, adds
stress-stiffening in the presence of the constant centrifugal force f.. Although £, is in-
cluded on the right-hand side, it does not contribute to harmonic vibration at an angular
frequency w and is only non-zero for n = 0 nodal diameters.

In the axisymmetric model, the displacements are written as a Fourier series of spa-
tial harmonics n in the circumferential direction 6 as

u(r,z,0) = Lo up(r,2)e™, )

which allows the EOM to be solved for each harmonic separately. The solutions consist
of co- and counter rotating waves (for n # 0).



2.2 Modelling the sound radiation of the wheel

The wheel model is coupled with TWINS to calculate its radiated sound power. An
analytical track model of a UIC60 rail with continuous support is adopted [1]. The ver-
tical pad stiffness is 250 MN/m per rail with a loss factor of 0.2 and the half sleeper is
modelled as a rigid mass of 140 kg supported by a ballast stiffness of 200 MN/m with
a loss factor of 1.0. These values are converted to equivalent continuous ones using a
sleeper spacing of 0.6 m. The wheel-track interaction and the wheel response are ob-
tained in a non-rotating frame. The roughness spectrum is based on the ISO 3095:2013
limit curve [10]. To determine the overall wheel sound power, the spatially averaged
wheel velocities for each nodal diameter (combination of the harmonics —n and +n)
are combined with the approximate wheel radiation efficiencies from [11]. Mobilities
from different wheel models are used to investigate the importance of including the
rotation. They correspond to a stationary wheel, and rotating wheels in which the rota-
tion is either replaced by a moving load or fully accounted for by the Eulerian approach.

3 Results

3.1  Effect of the rotation on the wheel modes and frequency response

To illustrate the effect of wheel rotation, the frequency response is considered first. For
this, a wheel with a straight web and radius of 0.43 m is adopted, see Fig. 1. It is con-
strained at the hub to replace the axle and the rigid body motion of the full wheelset is
added separately. Three different cases are shown: a stationary wheel, a rotating wheel,
in which the rotation is replaced by a moving load [4], and the rotating wheel based on
the Eulerian approach including the inertial forces. The driving point mobilities are
compared in Fig. 1 for a radial force and train speed of 300 km/h, i.e. Q = 194 rad/s or
31 Hz. When the wheel rotation is included, resonances with n # 0 split into two peaks
with a reduced height compared with the stationary case. With the moving load, the
frequency split is exactly +n€/2m for all modes. The split is different for some reso-
nances in the Eulerian model due to the gyroscopic and centrifugal effects, see for ex-
ample the peaks around 2.1 kHz. The phenomena are explained in more detail below.
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Fig. 1. Driving point mobility of the wheel for radial excitation and a velocity of 300 km/h; —,
stationary wheel; - - -, rotating wheel (moving load); — ——, rotating wheel (Eulerian model).



The impact of the gyroscopic and centrifugal effects on the split of the natural frequen-
cies, if observed in the non-rotating reference frame, is illustrated in Fig. 2 for the nodal
diameters n = 1 and n = 2. The gyroscopic effect splits the frequencies of the two
modes in proportion to Q. Thus, the rotating waves can no longer form a standing wave,
as in the stationary wheel. Axial modes are well approximated by the moving load with
+nQ/2m, as they barely generate Coriolis forces. The Coriolis acceleration, determined
by the cross product of the angular velocity vector with the velocity vector
2(0,0,)7 x (u, v, w)T = 2Q(—v,1, 0)7, is zero for the axial w, but non-zero for the
radial 7 and circumferential v velocity components. The frequency shift of a radial
mode can be reduced by up to +Q/2m when compared with the moving load if it gen-
erates considerable Coriolis forces. Since modes have coupled radial/axial motion, the
Coriolis shift is neither zero nor reaches +£ /2. Consequently, the overall frequency
shift is between +(n — 1)Q/2m and +nQ/2x for radial modes. Circumferential modes
are increased in frequency compared with the moving load, due to the different direc-
tion of the Coriolis force. Thus, the frequency shift of circumferential modes lies be-
tween +nQ /2w and +(n + 1)Q2/2x. For larger n, the same trends can be observed.
Additionally, the centrifugal effect shifts both modes equally towards higher (stress-
stiffening), or lower (spin softening) frequencies, in proportion to Q2. Stress-stiffening
is larger for axial modes, as it increases the bending stiffness of the web. The centrifugal
effects are small compared with the gyroscopic effects at usual train speeds [7].
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Fig. 2. Frequency shift of the wheel modes in the non-rotating frame of reference for the nodal
diameters (a) n = 1 (b) n = 2; —, stationary wheel; ==, rotating wheel (moving load); — — —,
rotating radial modes (Eulerian model); - - -, rotating axial modes (Eulerian model); — - —, rotat-
ing circumferential modes (Eulerian model).



3.2  Radiated sound power of the rotating wheel

The sound power radiated by the wheel has been calculated for train speeds from 10 to
500 km/h in steps of 10 km/h. The sound power level (SWL) of an example wheel with
a straight web is shown in Fig. 3 in one-third octave bands for a roughness input that is
based on the 1SO 3095 limit curve [10] with suitable contact filter. Spectra are shown
for speeds of 80, 160 and 250 km/h, together with 500 km/h (Q = 323 rad/s) to see the
continuing trend at higher speeds. Results are shown for the stationary wheel, the rotat-
ing wheel using the moving load approximation and the Eulerian model without the
stress-stiffening term. As expected, the sound power increases with increasing speed.

Below 400 Hz, the three models agree well. Above this frequency, there are differ-
ences of up to 6 dB between the stationary wheel and the rotating models, especially in
the region below 2 kHz, where the wheel has fewer resonances. The differences in-
crease as the train speed increases. Above 2 kHz, the difference reduces to about 3 dB.
In most frequency bands the stationary wheel underestimates the noise compared with
the two rotating wheel models. The differences between the Eulerian model and the
moving load approximation remain much smaller than 1 dB at the lower speeds, but at
500 km/h they can be as high as 2 dB in some bands.

The stationary wheel response consists of standing waves, as the rotating waves with
harmonics +n coincide in frequency and combine coherently. Consequently, the wheel
response, calculated as the spatially averaged velocity over the wheel circumference, is
smaller than the rotating case. In the rotating case the responses of the harmonics +n
and —n are calculated separately and added incoherently, as the two waves have their
resonance at different frequencies.

110

100 |

©
o

SWL, dBre 1 pW
[0}
o

~
o

B0
63 125 250 500 1k 2k 4k 8k

Frequency, Hz
Fig. 3. Sound power level of the wheel for train speeds of 80, 160, 250 and 500 km/h with 1SO

3095 roughness; —, stationary wheel; - - -, rotating wheel (moving load); — ——, rotating wheel
(Eulerian model).

The total A-weighted SWL of the wheel can be calculated from these spectra and is
found to increase with the train speed V by approximately 30 log,, V between 50 and
500 km/h. The differences in these total A-weighted SWL of the wheel relative to those



for the Eulerian model are plotted against train speed in Fig. 4. As well as the wheel
with a straight web considered above, results are also shown for a wheel with a curved
web with a radius of 0.42 m. If the stationary wheel model is used, the total SWL is
underestimated by up to 3 dB, compared with the Eulerian model, which agrees with
[8]. At very low speeds (<40 km/h), the difference is around 1-2 dB. Above 100 km/h,
the stationary model gives slightly better agreement for the wheel with straight web.

If the rotation is approximated with a moving load, the differences remain much
smaller than 1 dB for all the train speeds considered. Above 400 km/h the moving load
shows an increase up to around 0.6 dB for the wheel with the curved web, which is not
seen for the wheel with a straight web. Results are also shown for variants of the Eu-
lerian model: one that includes the additional geometric stress-stiffening, which was
omitted in the previous results, another without the Coriolis force and a third without
the inertial centrifugal force. Adding stress-stiffening or suppressing the centrifugal
force changes the total SWL by less than 0.2 dB for the two tested wheels. Excluding
the Coriolis force has a similar effect to using the moving load, since the remaining
centrifugal terms in the equation of motion are negligible.

The results have also been calculated using a measured roughness spectrum, but are
not shown here. While the SWL spectra were different from those in Fig. 3, the relative
differences in total SWL were found to be very similar to the ones shown in Fig. 4.
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Fig. 4. Difference of total A-weighted wheel sound power level between the Eulerian model and
rotation approximations with increasing train speed of a wheel with (a) straight web and (b)
curved web; ==, stationary wheel; - - -, rotating wheel (moving load); —— —, Eulerian without
Coriolis force; —, Eulerian without centrifugal force; — - —, Eulerian with stress-stiffening.



3.3 Comparison of the response in a non-rotating and rotating frame

In TWINS the wheel response, and consequently its sound radiation, is calculated in a
rotating frame of reference. The rotating frame was preferred in TWINS to allow com-
parisons with measured data from accelerometers fixed to the rotating wheel [4]. In the
present work, a non-rotating frame is used, which seems more appropriate for noise
calculations.

Fig. 5(a) shows the mean square velocity averaged around the circumferential direc-
tion for the straight-webbed wheel at a speed of 300 km/h. Results are given for the
axial direction at the middle of the web and the radial direction at the contact point. In
Fig. 5(b) the differences in the total A-weighted SWL of the wheel are shown against
speed. When calculating the wheel response in a rotating frame with the moving load,
the resonance peaks in the response are no longer split [4]. Hence, the one-third octave
band results differ from those in the non-rotating frame. The spectral differences in the
velocity can be as high as 8 dB, but are generally lower, especially at frequencies above
2 kHz, which are most important for the wheel contribution to the noise. The trends are
similar for other speeds and similar relative differences occur in the SWL spectra. The
overall A-weighted SWL differs by less than 0.5 dB if the rotating rather than the non-
rotating frame is used to calculate the noise radiated from the wheel. The level differ-
ence is again smaller than the uncertainty in rolling noise predictions.
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Fig. 5. Comparison of results obtained in a different frame of reference (a) velocity at web
and contact position for a wheel at 300 km/h and (b) difference in total A-weighted SWL of
the wheel; —, non-rotating frame; — — —, rotating frame.

4 Conclusions

The effect of the rotation of a railway wheel on its sound radiation has been investigated
using numerical wheel models that represent the rotation with different levels of ap-
proximation combined with the TWINS model. Three wheel models were imple-
mented: (i) a stationary wheel, (ii) a rotating wheel in which the rotation is replaced by
a moving load, and (iii) a rotating wheel that also includes the inertial forces and geo-
metric stiffening effects.



Spectral differences of up to 6 dB are found in the SWL spectra when not fully ac-
counting for the rotation. The overall A-weighted SWL is underestimated by up to 3 dB
if the rotation is completely neglected. If the rotation is represented by a moving load
the differences in SWL are smaller than 1 dB. The impact of the inertial forces on the
overall SWL is marginal and in all cases much less than 1 dB. Hence, the moving load
model is a sufficient representation of the rotation at normal train speeds. The impact
of the inertial forces cannot be easily generalized, as the additional change of the reso-
nances depends on the speed of the wheel and its geometry. The differences found when
approximating the rotation with a moving load are smaller than the uncertainty of roll-
ing noise predictions [3], e.g. due to the variability of measured roughness [12]. If the
wheel response is calculated in a rotating, rather than a non-rotating frame of reference,
similar differences are found. Altogether, the study has shown that the approximations
made in the TWINS model [2-4] have only a marginal effect on the noise predicted
from the wheel even at very high speeds.
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