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Abstract

An approach is presented for modelling the noise propagation beneath the train floor and this
is applied to rolling noise sources. It is assumed that the sound incident on the train floor is
made up of a direct and a reverberant component. A combination of two numerical modelling
approaches is considered to deal with these: an equivalent source model, to represent the direct
component, and statistical energy analysis (SEA) for the reverberant part. In the equivalent
source model, the wheel is replaced by monopole and dipole sources, which represent its
radial and axial radiation. The rail vertical vibration and the sleepers are replaced by arrays of
monopole sources while the rail lateral vibration is replaced by an array of lateral dipoles. The
sound power of the rolling noise is obtained by using the TWINS model. In the SEA model,
the region beneath the train floor is divided into several volumes and the power input to these
subsystems is assumed to be due to the first reflections from the train floor and the ground.
The reverberant and direct sound have very similar contributions to the total sound power
incident on the train floor although this depends on how the equipment is arranged beneath the
train. The modelling approach is verified by comparing the predicted sound pressure levels
with laboratory measurements and with field tests.

Key words: SEA, equivalent source model, train noise, under-floor noise.

1. Introduction

The noise inside railway vehicles is an important aspect of passenger comfort. Noise from
various sources is transmitted into the vehicle by both airborne and structure-borne paths [1, 2].
For the airborne paths, the sound field beneath the vehicle is important in determining the

sound incident on the floor. One of the most important noise sources in this region is the
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rolling noise radiated by the wheels and track. Some of this noise is absorbed by the ballast,
some propagates away from the vehicle through gaps at the sides, and the rest is incident on
the floor. The sound reaching the floor is mostly reflected back beneath the train. The
equipment under the train adds additional reflections and scattering and a reverberant sound
field can develop beneath the vehicle [3]. This can also be enhanced by the presence of
fairings along the sides, which cause further reflections into the region beneath the train.
Understanding and improving the acoustic environment beneath the vehicle can help in
controlling the airborne component of interior noise that is transmitted through the train floor

as well as the exterior noise.

To achieve this goal, this paper builds upon existing knowledge of rolling noise modelling and
proposes a method to predict the sound field under the train floor. The approach is based on
the TWINS model [4], in which, the wheel/rail system is excited by the combined roughness
of the wheel and rail through a contact spring [2]. The rail vibration is represented using a
Timoshenko beam whereas the wheel vibration is calculated using a modal summation based
on a finite element model. The sound radiation of the wheel and rail is calculated from their
vibration using engineering models [2]. Zhang et al. [5] have recently extended the sound

radiation models used for the railway track to take account of the proximity of the ground.

In an alternative approach, Nilsson et al. [6] developed a coupled waveguide finite element
and boundary element approach (also called a 2.5D approach) to predict the noise radiated by
the rail. The vibration of the rail and the sound radiated were determined using a 2D domain as
a function of wavenumber in the third dimension. Ryue et al. [7] used the 2.5D model to
investigate the sound radiation efficiency and directivity of the rail in the presence of a
reflective ground. Kitagawa and Thompson [8] modelled the rail vibration as a Timoshenko
beam and used an equivalent source model, based on [9], to study the sound propagation from

it, but the vehicle was not considered in any of the studies mentioned here.

Research on the acoustic environment beneath a vehicle is limited. Some researchers have
studied the airborne noise transmission of rolling noise to the vehicle interior, but they did not
specifically study the acoustic environment below the vehicle. For instance, Dai et al. [10] and
Zheng et al. [11] proposed a statistical energy flow method to predict the full spectrum sound

inside a railway vehicle but the acoustic behaviour beneath the train floor was not explained
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and the sound power incident on the train floor was calculated by using commercial software.
Zheng et al. [12] also used an energy finite element analysis method to study the noise inside a
railway vehicle considering rolling noise as one of its main sources. However, again, in their
approach, the noise below the vehicle was not fully explained. Moreover, the complex
interaction between source and equipment beneath the vehicle, including absorption and
reflection, was not considered in their work. Numerical modelling methods to study the
acoustical behaviour beneath a railway vehicle with acoustic shields mounted on the train and
the track were developed by Jones et al. [3] using a combination of Statistical Energy Analysis
(SEA) and the Boundary Element Method (BEM). As the focus of their work was mainly on
the performance of the shields in reducing exterior noise, the distribution of sound incident on

the train floor was not studied.

In the context of railway noise, SEA has been used by Forssén et al. [13] to model the interior
sound field of a 1:5 scale railway vehicle by subdividing it into five coupled subsystems. As
the usual SEA solution only gives the average energy of each system, in their work the spatial
decay within a subsystem is adjusted using formulas from literature on sound decay in
corridors. They analysed the sound in the vehicle in the one-third octave bands between 125
and 4000 Hz (at full scale). The predicted sound pressure levels in the train cabin along its axis

were in reasonable agreement with the measured results at most frequencies.

There are some problems in using SEA to model acoustic environments that are extended in
one or more dimension, such as a train cabin or the region below the floor. Fahy [14] noted
that the SEA assumption of ‘weak coupling’ would not be valid for two coupled cavity
subsystems without any impedance mismatch at the open boundary between them. However,
he suggested that if the sound field within an automotive vehicle compartment approximates to
a diffuse field in the ‘mid-frequency’ range, it could nevertheless be acceptable to divide the

enclosed air volume into arbitrarily small subsystems.

Jang and Hopkins [15] compared an SEA model and a ray tracing model for the prediction of
sound transmission in long spaces with a point source at one end. They showed that predictive
SEA that includes only direct coupling between subsystems tends to over-predict the decrease
in sound pressure level compared with the results of ray tracing at low frequency while under-

predicting it at high frequency. However, if SEA is used with modified coupling loss factors
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that include indirect coupling it can give good agreement with ray tracing.

Despite this limitation, it has been suggested that the SEA method can be used to study the
noise in regions of space characterised by a diffuse field [14, 16]. Following Jones et al. [3],
SEA is adopted in this paper as a possible modelling approach and the final results are
compared with experiments. Jones et al. [3] divided the sound field beneath the train into a
direct and a reverberant part. The same approach is used in this paper. The direct sound due to

the wheel, the rail and the sleepers will be determined using equivalent sources [8].

The paper is organised as follows. The modelling of the direct sound is explained in Section 2
and the reverberant sound in Section 3. Section 4 investigates the relative contributions of the
direct and reverberant parts to the overall sound. Experimental validation is given in Section 5
by comparing predicted results with laboratory measurements and in Section 6 using field

measurements on a static and a running train.

2 Direct sound
2.1 Noise sources

Rolling noise is generated by vibration of the wheels, the rails and the sleepers. The TWINS
model [4] has become an established method for predicting the noise from these various
sources. To illustrate the proposed method, predictions are presented in this section for a wheel
with a straight web and radius 0.435 m running on a typical ballasted track fitted with UIC 60
rails. The rail pads have a vertical dynamic stiffness of 100 MN/m, and lateral dynamic
stiffness of 13 MN/m, corresponding to a relatively soft support. A typical measured rail
roughness spectrum is used in the TWINS model to predict the sound power. The main
parameters of the wheelset are listed below in Table 1 and those for the track in Table 2.

Table 1. Parameters used to represent the wheel.

Wheel radius 0.435m
Width of tyre 0.135m
Width of web 0.032m
Tyre inner radius 0.36 m
Hub radius 0.135m
Wheelset gauge 15m
Wheelset mass 1100 kg




©CO~NOOOTA~AWNPE

Table 2. Parameters used to represent a railway track (UIC60).

Vertical Lateral
Rail bending stiffness (N m?) 6.42 x 10° 1.07 x 108
Rail shear coefficient 0.4 0.4
Rail damping loss factor 0.02 0.02
Mass per length (kg/m) 60
Cross receptance level (dB) -7
Pad stiffness (N/m) 100 x 10° 13 x 10°
Pad damping loss factor 0.2 0.2
Sleeper mass (half, kg) 140
Distance between sleepers (m) 0.6
Ballast damping stiffness (N/m) 200 x 10° 35 x 10°
Ballast loss factor 1.0 2.0
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Based on these parameters, the sound power predicted using the TWINS model is shown in
Figure 1. These results are for a single wheel and the corresponding track vibration (one rail).
Due to the soft rail pads, the rail is the largest source of sound power and dominates the
spectrum from the 315 Hz band to the 2 kHz band. Below this frequency range the sleeper is
the most important source while the wheel becomes significant at high frequency [2, 4].

---------- Rail, 111.3 dB(A)
- — —Wheel, 101.8 dB(A)

1 === Sleeper, 96.6 dB(A)

Total, 112.0 dB(A)

Figure 1. Sound power of rolling noise obtained from TWINS model.
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In the modelling approach outlined in next sections, the procedure is based on the sound
power from a single wheel and the corresponding track vibration as shown in Figure 1. The
total contribution from all the wheels in a vehicle can be obtained by combining the results for
different wheels assuming they are incoherent sources.

2.2 Wheel noise

The sound power from the wheel can be divided into components associated with its radial and
axial vibration. Generally, for the radial direction, the sound pressure field around the wheel
can be adequately approximated by an omni-directional source, whereas, for the axial motion
of the wheel, a dipole approximation is more reasonable [2]. Therefore, a monopole and a
lateral dipole are used to model the directivity of the sound radiated by the radial and axial

components of the wheel motion, respectively.

The methodology used to calculate the direct sound incident on the train floor due to the wheel
is illustrated in Figure 2(a). A point source (S in Figure 2(a)) is located at the geometrical
centre of the wheel, which is assumed to be 0.63 m above the sleepers and ballast (the height
of the rail plus the wheel radius). For a harmonic monopole source, the amplitude of the sound
pressure incident on the train floor, at a position defined by vector ry, is expressed as [17]

a—iKRsm

1
41R sy, @

p(ry) = iwpyQ

where Q is the volume velocity of the monopole, R, = |r;,,, — 15| is the distance from the
source location (s) to the receiver location (m) on the train floor, k = w/c, is the acoustic
wavenumber, p, is the air density, c, is the speed of sound and w is the angular frequency. In
the numerical model the volume velocity is initially set to be unity and the mean square
pressure is later adjusted by using the sound power calculated in TWINS as described below.
By differentiating Equation (1), the particle velocity of the sound incident on the train floor is

given by

Q(rm - rs) e~ ikRsm

u(r,,) = (1 +ikR
(rm) = ( sm) 4mR.3

(2)

For the sound incident on the ground surface due to this source, the sound pressure and
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particle velocity can be calculated in a similar manner. The sound power from the source
(representing the wheel) incident on the ground will be discussed later in relation to the
reverberant sound. The sound pressure and particle velocity due to a dipole are calculated in a
similar way but including the dipole directivity factor [17].

2.3 Rail noise

The rail noise radiation is also treated separately for the vertical and lateral vibration directions
[2]. For vibration in the vertical direction, the rail is replaced by a line array of N correlated
monopoles located with equal spacing D along its axis. Based on [8], the source separation D
is set to be smaller than a quarter of the acoustic wavelength at the frequency of interest, as
well as less than a quarter of the structural wavelength. A different source spacing is chosen
for each frequency according to this criterion. For the lateral direction a similar approach is

used but the rail is represented by an array of lateral dipoles.

The volume velocity amplitude of source n is denoted by Q,, and its location by r,. A series of
receivers located on the train floor are again considered, defined by vectors ry. The distance
between source n and receiver location m is denoted by R,,,, = |r,, — r,,|. The methodology to

calculate the direct sound at the train floor due to the rail is illustrated in Figure 2(b).

(@)
Train fl
z Frttrfrrfearatrrt
L:y 12m ¢S
X __i_*_ij_*__*_*_ij_*_j_ij_i_L—*- Ground
(b) p(r,)
7 Ay r bty b r Y Y+t Trainfloor
1.2m
y
IL’,X Qn Rail
| | O O

Figure 2. Schematic view of the methodology used to determine the direct component of
sound incident on the floor. (a) Direct sound from wheel; (b) Equivalent noise source model
for the rail. ® point sources, —» incident on the train floor, ound from the wheel

incident on the ground.
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For a given direction and angular frequency o, the sources representing the rail are assumed to
be mutually coherent, so that their relative phase must be considered [8]. The sound pressure

amplitude at receiver location m due to rail vertical vibration is given by

N
prm) = . (ipocoh ot ®
4R n
n=1
When calculating the sound pressure at the floor location (the floor is omitted in calculating
the incident sound), the ground reflection and absorption should be considered. This is not
shown in the above Equation (3) but is incorporated in the source term that is obtained from
the TWINS model [4]. When using the sound power of the rolling noise to adjust the
equivalent source models, the ground reflection and absorption are thus included. Similarly,

the particle velocity can be written as

N

u(r,,) = 2(1 +ikR,)

n=1

Qn(rm - rn) e~ ikRmn
47R 3

(4)
The complex volume velocity amplitudes Q,, are chosen to correspond to the vibration
velocity of the rail at each position due to a unit force at x=0, calculated according to the

transfer mobility of the rail,

Qn = QoY (xy) ()

where x, is the distance from the excitation point and Q, is a ‘calibration factor’ which
depends on the separation between the sources, the size of the rail cross-section and frequency
[18]. The transfer mobility Y (x) of the rail is derived from a Timoshenko beam model based

on a continuous two-layer support [2], expressed as
Y(x) = uge kel — gy, el (6)

where k, is the wavenumber corresponding to the predominantly propagating wave and 8
corresponds to the evanescent wave; u, and u, are the corresponding wave amplitudes. The
imaginary part of k, corresponds to the decay with distance along the rail, which can be
expressed as a track decay rate (TDR) in dB/m [2] as A= —8.686Im(k, ). The vertical and

8
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lateral decay rates of the rail for the current parameters are plotted in Figure 3.

102

Vertical decay
= = =Lateral decay

Decay rate, dB/m
8_;

-

(=)
o
T

107"

Frequency (Hz)

Figure 3. Decay rate of the rail for the parameters in Table 2.

2.4 Sleeper noise

Sleepers are typically about 2.5 m long and 0.2 to 0.25 m wide. When the vibration is
transmitted from the rail to the sleepers, it causes the sleepers to vibrate mainly in the vertical
direction. The distribution of the sleeper vibration in the x-direction (i.e. along the track) can
be derived from the rail transfer mobility and the ratio of the sleeper displacement to that of
the rail, given by [2]

Sp

r= (7)

- — (2
Sp + Sp — wmg

where s, is the rail pad stiffness in the vertical direction, s, is the ballast stiffness and mg is
the sleeper mass. Damping is introduced by making the stiffnesses complex. From the rail
transfer mobility and this ratio, the vibration velocity of the sleeper can be obtained. In this
work, sleepers are treated as rigid bodies and are represented acoustically by sets of monopole
sources radiating noise into a half-space. Five equally-spaced monopole sources are used to

replace each half sleeper.

2.5 Direct sound pressure on train floor due to rolling noise

The direct sound pressure incident on the train floor is calculated due to each source, as
described above. The sound power obtained from the TWINS model is used to adjust these
results according to the ratio of the sound power obtained from the TWINS model to that from

9
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the point source models used to replace the wheel, the rail and the sleepers. In each case this

ratio is expressed as

”TWINS
qQ=—0 8
Weq ®)

where Wrwins is the sound power of rolling noise obtained from the TWINS model and Weq

Is the sound power obtained from the equivalent source model. These factors are determined
separately for each source (wheel axial and radial, rail vertical and lateral, and sleepers) and
each frequency band and applied to the corresponding squared pressure. The sound power
from the equivalent source models W,q is found by integrating the sound intensity over a
suitable far-field surface. For the rail, the radiating length is limited to 60 m on either side of
the excitation position and this part of the rail is enclosed in a virtual cylinder with radius 2.5
m and length 60 m on each side of the excitation. This length ensures that, even for the lowest
decay rate, the contribution from the parts of the rail not included in the calculation is
negligible. In fact, for the lowest decay rate, 0.3 dB/m at 500 Hz in the lateral direction (see
Figure 3), the vibration has decayed by 18 dB after 60 m. The sound power of the equivalent
sources representing the wheel is calculated by enclosing the point sources by a virtual sphere
of radius 5 m and integrating the sound intensity.

3 The reverberant sound
3.1 SEA model

As indicated previously, the reverberant component of the sound is studied by using Statistical
Energy Analysis (SEA) [18]. This is an efficient method for obtaining the average response of
complicated systems. The space beneath the vehicle floor is subdivided into several segments
as indicated in Figure 4. The length of a train coach is normally in the range 17 to 26 m. In this
section, a 26 m long train coach without fairings is used as an example. The centre of the bogie
is assumed to be 3.2 m from its end. The width of the underfloor cavity is assumed to be 3.6 m
and the height of the train floor above the ballast and sleepers is taken as 1.2 m. The region
beneath the train floor is divided into seven segments, as shown in Figure 4. The length of
segments 1 and 7 is taken as 5 m to include the whole bogie region; the remaining five

segments are 3.2 m long. The geometry information of each subsystem is listed in Table 3.

10
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___________________________

PFRleio Rl

Figure 4. SEA model for investigating acoustic behaviour below the train.

Table 3. Geometry information of each subsystem for the SEA model beneath the train.

Subsystem 1 2 3 4 5 6 7
Length (m) 5 3.2 3.2 3.2 3.2 3.2 5
surface area (m?) 56.6 | 39.3 | 393 | 393 | 393 | 393 | 56.6
Volume (m°) 216 | 138 | 138 | 138 | 138 | 138 | 216
Interfaccarea(m?) | 43 | 43 | 43 | 43 | 43 | 43 |

The use of the SEA method to solve an acoustic problem generally requires more than that at
least five modes of each subsystem are present in each one-third octave band. The number of

modes in a volume below frequency f can be calculated by [20]

w50

Co Co

where V; is the volume, S; is the total surface area and L; the total edge length of each
subsystem. The number of modes in each frequency band is the difference between the value
of Nj at the upper and lower band limits of frequency band. This indicates that subsystems 1
and 7 have six modes in the 125 Hz band and subsystems 2-6 have eight modes in the 160 Hz
band. Thus, the SEA model with this subdivision meets the requirement at and above the 160
Hz band. Assuming there is no coupling between two unconnected subsystems, the power

balance for the SEA system is given by [18]

P E
p?n': N1 +npp+ - —M21 E1

Tl=w M2 M2+ M1+ 723+ —13 g (10)
Pin'7 . H e E7

where Py, ; is the power input to subsystem i, E; is the energy in the respective subsystem, 7;;
are coupling loss factors between subsystems i and j (i # j) and n; is dissipation loss factor in

subsystem i. If the input powers, coupling loss factors and dissipation loss factors are known,
11
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the energy in each subsystem can then be calculated. Expressions for the dissipation loss factor

n; in each subsystem and the coupling loss factors 7;; between two acoustic subsystems can be

found in [18]

CoS;i@;

. = 11

- _ CoSyTy (12)
T = 40y

where S; is the total surface area of subsystem i, &; is its average absorption coefficient, V; is
the volume for subsystem i, S;; = S;; is the interface area between cavities i and j, and 7;; is

transmission coefficient between them. As there is no partition between adjacent subsystems, it

can be assumed that 7;; can be set to 1 [13].

To calculate the dissipation loss factor, the absorption coefficient of the surfaces of each
volume is required. As the sides are open and the exterior domain is not included in the model,
the ‘absorption coefficients’ of the open areas are expected to be 1. If there are fairings on the
train sides, an appropriate absorption coefficient should be used for these surfaces. Based on
experience the absorption coefficient on the train floor is set to be 0.2. For the absorption
coefficient of the ballast, measured values from [19] are used, see Figure 5(a). These increase
from about 0.1 at 100 Hz to 0.6 above 1 kHz. The sleepers are made of concrete in most cases,
so their absorption coefficient is set to be 0. The average absorption coefficient of the ground
takes account of the respective areas of the ballast and the sleepers. The respective areas of the
ballast and sleepers depend on the particular design of the track. It is common that the sleeper
spacing is 0.6 m and the sleeper width is 0.2 m, in which case the ballast covers 2/3 of the
ground area and the sleepers cover the remaining 1/3. This is used as the assumption in this

section.
To ensure that the assumption of a diffuse field is valid, the mean absorption coefficient in

each subsystem should be small compared with unity [21]. In this SEA model, illustrated in

Figure 4, the mean absorption coefficient in each subsystem can be calculated by

12
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a= i onn (13)

where s, is the effective area of each surface and «a, is the corresponding absorption
coefficient. In each subsystem only four surfaces are considered: the section of the train floor
and the ground and surfaces at the two sides of the train. S is the total area of the four surfaces.
The interface between two adjacent subsystems is considered as a transmission path and not a
source of dissipation. All the subsystems in this SEA model have the same mean absorption
coefficients and the results are plotted against frequency in Figure 5(b). The mean absorption
coefficients are between 0.3 and 0.5. Therefore the assumption of a diffuse field can be
considered valid.

_ 0.8+ .E 0.8+
c 2
0 b=
K&} 5
%506 3 0.6
Q c
o Ke]
5 a8
B04r 204¢
2 ©
<

0.2+ =02

0 1 1 0 1 L
102 10° 10* 102 10° 10
Frequency (Hz) Frequency (Hz)

Figure 5. (a) Absorption of ballast, measured data from [19], (b) mean absorption coefficient

in each subsystem.

Apart from the diffuse field assumption, the SEA method is based on ‘weak coupling’ between
two connected subsystems, although there is no universal, commonly accepted definition of
what the terms ‘weak coupling’ means as yet in an SEA sense. Fahy [14] pointed out that the
vibration/acoustic fields in any one subsystem are weakly coupled if each subsystem exhibits
‘local’ mode behaviour such that, when it is directly excited, minimal coherent modal motion
occurs in other subsystems. In other words, ‘weak coupling’ is associated with there being

predominantly local modes in each subsystem. Fahy [14] also indicated that in a long space,

13
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like the enclosure of a train cabin, the air volume exhibits well-separated (discrete) acoustic
resonance frequencies. The associated modes are undoubtedly global in character, exhibiting
strong interference patterns and highly non-uniform distributions of energy density. As a result,
‘weak coupling’ may not be satisfied in the low frequency range but it is reasonable to imagine
that it is valid at sufficiently high frequencies. An alternative statement of ‘weak coupling’ is
that two subsystems can be described as being weakly connected if energy cannot flow freely
across the interface between them [22]. Generally, this requires that dissipation is stronger than
coupling. This can be reflected by the dissipation and coupling loss factors in each subsystem
[23]. They are shown in Figure 6 for the subsystems in the middle region beneath the train
which indicates that the dissipation loss factor is greater than the coupling loss factor, which to
some extent verifies the ‘weak coupling’ assumption. The two subsystems at the ends have
larger absorptive surfaces, so they will satisfy this criterion from a lower frequency.
Considering the number of modes in each subsystem and the assumption of a diffuse field and
‘weak coupling’ between two adjacent subsystems, the SEA method is applicable in and above

the 160 Hz band.

107 F

Loss factor

108 . .
102 108 10*
Frequency (Hz)

Figure 6. Loss factors of the subsystems in the middle region beneath the train, the index i

referring to the subsystems 2-6.

3.2 Input power and reverberant sound

The power input to the SEA system is calculated from the direct sound after the first reflection,
allowing for the absorption coefficient of the surface. This is done for reflections from the
train floor, the fairings and the ground. The sound power incident on the train floor can be

calculated by

14
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W = f flzdydx (14)

where y is the coordinate in the width direction, extending from y; to y, relative to one rail,
and a, b are the limits of x for each segment in the train length direction. I, is the normal

component of the sound intensity incident on the train floor:

1
I; = 5 Re(puy) (15)

where p and u, are the sound pressure and normal velocity amplitudes of the sound incident
on the train floor. These are calculated for each source separately as described in Section 2.
The sound power reflected by the ground consists only of the contribution from the wheels.
This is because the direct sound radiated by the rails (and sleepers) is calculated allowing for
the ground reflection. The sound power incident on the ground surface due to the wheel can be
calculated in a manner similar to Equations (14) and (15). The power reflected from the
ground (allowing for its absorption) is added as an input for each segment. The same is done

for fairings if they are present. The total power input to the SEA model is expressed as
Pin = Wf(l - (Xf) + Wb(l - ab) (16)

where W is the sound power incident on the train floor, and the fairings if present, W, is the
sound power from the wheel incident on the ground, ar and a,, are the absorption coefficients
of the train floor and the ground. Figure 7(a) shows the input power for each subsystem for
several example one-third octave bands for the model in Figure 4. The relative levels of the
different bands correspond to the inputs determined from the TWINS results and the sound
power decays with distance at different rates in each band according to the TDR and the
acoustic transmission between subsystems. By solving the SEA problem as given in Equation
(10), the energy in each subsystem can then be calculated. This is shown in Figure 7(b) for the

same example frequency bands.
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Figure 7. (a) Power input to each segment in the SEA system due to one wheel and associated
track vibration, (b) stored energy in each subsystem of the SEA system (x=0 is the end of the

carriage).

The spatially-averaged mean-square sound pressure in each subsystem and frequency band is

calculated from the energy E; and the volume V;

2
2 _ PCo Ei
rev,i 7

(17

which forms the reverberant component of the sound.

4. Contributions of direct and reverberant sound

The direct sound incident on the train floor is determined by summing the mean-square sound
pressures from the wheels, rails and sleepers. The total direct sound pressure incident on the
train floor in three example frequency bands is shown in Figure 8, in which the wheel/rail

contact location is at (2.2 m, 0.0 m).
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(@) (dB)

x (m)

Figure 8. Direct sound pressure level on the train floor due to one wheel/rail contact, dB re
2.0 X 107> Pa. (a) 200 Hz; (b) 800 Hz; (c) 3150 Hz.

At 200 Hz (Figure 8(a)), the sleeper radiation is dominant (see Figure 1), and the direct sound
pressure at the train floor decays quickly with distance. At 800 Hz, the rail is dominant in
terms of sound power; the decay of sound pressure levels with distance along the train floor
corresponds to the low decay rate of the rail vibration at this frequency (illustrated in Figure 3).
At 3150 Hz, the wheel contribution becomes significant and the sound pressure decays quickly
away from the source (Figure 8(c)).

The sound pressure levels at the train floor along the train centreline at four example
frequency bands are plotted in Figure 9. The direct sound shown here is the incident sound
field, which represents the sound pressure at the floor position without allowing for the
reflection from the floor. Only the noise from one wheel and the noise from the track excited
by one wheel are considered here. The SEA model gives the average sound pressure for each
subsystem, so the reverberant sound pressure levels are assumed constant within a given

subsystem.
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Figure 9. Incident sound pressure levels along the centreline of the train floor in example one-
third octave bands, dB re 2.0 x 10> Pa. (a) 200 Hz, (b) 400 Hz, (c) 800 Hz, (d) 1600 Hz, ()
3150 Hz.

Figure 10 shows spectra of the contributions of the direct sound and reverberant sound to the

total sound pressure levels at the train floor for selected subsystems. The direct sound is

calculated at the centre of the floor for each subsystem and the reverberant sound is the
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average for that subsystem.
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Figure 10. Comparison of the direct and reverberant sound in each subsystem, dB re 2.0 X

107> Pa. (a) Subsystem 1, (b) subsystem 2, (c) subsystem 4, (d) subsystem 7.

Figure 11 shows the relative contributions of the direct and the reverberant components of the

overall sound power incident on the train floor. The direct sound power incident on the train

floor is calculated from Equation (14). The reverberant sound power incident on the train floor

is obtained by [17]

W = (prev2>

where S is the area of the train floor.

4poco

(18)

19



©CO~NOOOTA~AWNPE

110

105+

N
o
o

O
o

Direct sound
---------- Reverberant sound

Sound power level (dB re 10712 W)
oo ©
(@) (@)

(0]
o

125 250 500 1k 2k 4k
Frequency (Hz)
Figure 11. Relative contributions of direct and reverberant sound to the overall sound power

incident on the train floor.

Although the reverberant sound pressure levels are higher than the direct sound pressure levels,
as seen in Figure 9, the reverberant sound power is slightly lower than the direct sound power
in Figure 11. This is a consequence of the fact that the relation between the sound pressure and
the incident intensity is different for the direct field (approximately plane waves) and the

reverberant field (Equation (18)).

5 Comparison with laboratory measurements
5.1 Experimental set-up

Experiments were conducted to measure the sound distribution on the floor of a 1:5 scale train
model. For the measurements, a 1:5 scale ballasted track was installed in the anechoic
chamber at the ISVR, University of Southampton, and mounted on wooden panels to represent
an acoustically reflecting ground (see Figure 12). A 1:5 scale simplified car body, made of a
dense foam which was sealed with varnish, was set up above the track using wooden supports;
the track and the car body were not in contact. The track model is 2 m long and 0.8 m wide,
and the train is 2.5 m long, 0.56 m wide and 0.45 m tall. The distance from the top of the
sleepers to the train floor was about 0.23 m.
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In the measurements, a sound source is used that consists of a driver connected to a stiff tube
with a nozzle diameter of 1.5 cm. The sound emitted from the tube is approximately
omnidirectional. This arrangement allows the source to be placed at a precise location within
the model. The source was excited with white noise, although the sound emitted from the
nozzle is modified by the acoustic properties of the tube. The nozzle was located directly
above the rail at 0.32 m from one end of the track. A microphone was used to measure the
sound pressure along the centreline of the bottom surface of the train body with a spatial
resolution of 0.1 m.

Figure 12. Experimental set up in anechoic chamber. (a) Front view, (b) side view (note that
the microphone was located on the centreline of the train floor in the measurements, shown by
the dashed line).

5.2 Comparison of numerical and experimental results

In the measurements, the sound pressure spectrum at the train floor was measured and was
converted to 1/3 octave bands. For comparison, the sound field was predicted using the model
for a monopole source with a source strength determined from free-field measurements of the
source. The absorption coefficient of the reduced scale ballast has been measured [24]. The
absorption coefficient of the train floor has not been measured but it is set to 0.2 to be
consistent with the field measurements in the next session. The area beneath the train is
divided into five subsystems with equal lengths to calculate the reverberant sound. The criteria

for using the SEA method on the scale model are satisfied for the 800 Hz band and above.

The direct and reverberant sound at the train floor have been calculated and their mean square

pressures are added to obtain the total sound at the train floor. The results have been obtained
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in the frequency region between 1 and 5 kHz, corresponding to a range of 200-1000 Hz at full
scale. The lower frequency limit is set to 1 kHz as the signal-to-noise ratio in the
measurements was not sufficient below this frequency. Results in example one-third octave
bands are shown in Figure 13. The average differences in terms of the sound pressure levels
over all 21 receiver positions at each frequency band between the predictions and the

measurements are shown in Table 4.
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Figure 13. Comparison of sound pressure levels on the train floor obtained from the numerical
simulation and experiment (x = 0 is the source location): (a) 1250 Hz; (b) 2000 Hz; (c) 3150
Hz; (d) 5000 Hz.

Table 4. Average difference (over 21 receiver positions) in terms of the sound pressure level

between the predictions and measurements (dB).

1kHz 1.25kHz 16kHz 2kHz 25kHz 3.15kHz 4kHz 5kHz

Average
) -0.9 0.2 -0.2 -1.1 0.5 -1.3 -0.1 -0.3
difference
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From these results it can be concluded that the SEA model combined with the equivalent
source model is able to predict the sound beneath the train floor adequately for frequencies

above 200 Hz at full scale.

6 Comparison with field measurements

Field measurements have been performed on a metro train. The vehicle tested had a length of
17.92 m. In a first step an artificial source was introduced beneath the floor and the spatial
decay of the sound was measured. In a second step measurements were made during train

operation and the results were compared with predictions from the model.

6.1 Measurement on a stationary train

Field measurements have been performed to measure the sound decay below a stationary train
due to a source located below the train floor. A dodecahedron omnidirectional source was
located near the centreline of the train in the bogie region, resting on the ballast, see Figure
14(a). The diameter of the source is 0.45 m. This was excited by broadband noise and the
sound pressure results were expressed in one-third octave bands between 100 and 5000 Hz.
The microphones were placed 0.32 m above the sleepers at positions along the vehicle
centreline with a spatial interval of 1.0 m (Figure 14(b)). The first microphone position was 2

m from the source.

Figure 14. Field measurements on a stationary train. (a) Source location, (b) microphone

locations.

Various pieces of equipment are mounted under the train floor, which will tend to weaken the
direct sound and strengthen the reverberant one. The bottom of the equipment was 0.38 m
above the sleepers while the train floor was 1.2 m above the sleepers. The equipment was
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simplified in the model as shown by the darker coloured areas in Figure 15. For this case, the
area below the vehicle is divided into eight subsystems. Subsystems 1 and 8 are below the
gangways at the two ends, subsystems 2 and 7 are for the two bogie areas and subsystems 3-6
are for the middle region.

Subsystems 1 and 8 have the smallest volumes and the number of modes in these subsystems
exceeds 5 in the 315 Hz band. In most subsystems the mean absorption coefficients are small
compared with 1. The presence of the equipment beneath the train floor increases the
dissipated power and reduces the transmitted power. The ‘weak coupling’ assumption is
satisfied in the SEA model apart from subsystems 1 and 8. However, this will not affect the

accuracy significantly.

Train floor
— —
oo -l o:
P i b1 L4 1 3 |
Ballast

Figure 15. Subdivision of the region below the vehicle (not to scale).

The source is located in subsystem 7. It is represented in the model by a monopole in a similar
manner to the wheel noise described in Section 2.2. Account is also taken of the end surfaces
of the equipment in subsystem 6 which can also reflect sound into the reverberant field in
subsystem 7. An equivalent sound absorption coefficient 0.2 is used for the train floor and the
equipment boxes. The predicted spatial decay beneath the train floor is compared with the
measurements. As the source strength of the loudspeaker in the measurement is unknown, the
predicted sound pressure levels have been shifted so that the predictions and measurements
correspond to each other at the first position, x=2 m, to allow direct comparison. The results
for example frequency bands are shown in Figure 16; other bands show similar results and the

measured trends are captured well by the model.
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Figure 16. Comparison of sound pressure levels between predictions and field measurements
on stationary train. (a) 160 Hz; (b) 315 Hz; (c) 630 Hz; (d) 1250 Hz; (e) 2500 Hz; (f) 5000 Hz.

6.2 Measurement on a running train

Field measurements were performed to measure the sound pressure below the same train
during operation at 50 km/h. The sound pressure was recorded at various positions, including
25
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six microphones located below the train floor which are used here. These are labelled as 1002,
1007 and 1008 which were in the bogie area, microphone 1003 below the gangway and
microphones 1012 and 1013 in the central part below the vehicle (see Figure 17).

| 17m | ‘0.92m
|4 =| «—
m = w = w]w -=
N\ A\ W’ 1038@007 . w AN
1013 1012 ¥ 1003 1602

Figure 17. Measurement set up for microphone locations below the train.

Because of the presence of the underfloor equipment, direct sound is assumed only to exist on
the train floor region belonging to subsystems 1, 2, 5, 7 and 8 (see Figure 15). The equipment
blocks the direct sound from one end of the carriage from reaching the other end; therefore
when calculating the direct sound on the train floor for these subsystems, only the sources
below these subsystems are considered. The sound pressure impinging on the bottom of the
equipment is assumed to be reflected into the corresponding subsystem and to contribute to the
reverberant sound. The sound pressure below the vehicle is predicted following the procedure
outlined in Sections 2 and 3. Although point 1002 was measured below the adjacent carriage,
it is compared with an equivalent location in segment 7 as the configuration of the equipment

below each coach is similar.
The sound power of the rolling noise obtained from the TWINS model is used as input to the
predictions. The input parameters describing the test track are listed in Table 5. The wheels

had a nominal diameter of 860 mm and were fitted with dampers.

Table 5. Parameters used to represent the railway track from the field measurements.

Vertical Lateral
Rail bending stiffness (Nm?) 4.86 x 10° 0.88 x 10°
Rail shear coefficient 0.5 0.5
Rail loss factor 0.02 0.02
Mass per length (kg/m) 54
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Cross receptance level (dB) -7

Pad stiffness (N/m) 800 x 10° 100 x 10°
Pad loss factor 0.2 0.2
Sleeper mass (half, kg) 150
Distance between sleepers (m) 1.0
Ballast stiffness (N/m) 100 x 10° 35 x 10°
Ballast loss factor 1.0 2.0

In this particular track the sleeper spacing (1 m) is larger than usual and the rail pads are
relatively stiff. It was therefore necessary to use a discretely supported beam model for the rail
vibration [2]; moreover, the measured vibration of the rail and of the sleeper were used to
adjust calculated results. The model was validated by comparing the results with field
measurements of sound pressure at three receivers beside the track during train passages [25].
It was found that predictions and measurements have good agreement. The averaged
difference in terms of the sound pressure levels obtained from the predictions and the
measurements (averaging over the three receivers and over all the frequencies) is about 0.7 dB.
The maximum difference among the three receivers is about 5.6 dB at receiver 3 in the 200 Hz
band. The differences in terms of overall sound pressure levels at the receivers are about 0.44,
0.44 and 1.12 dB(A) respectively. The sound powers obtained from TWINS for this

configuration are given in Figure 18.
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Figure 18. Rolling noise sound power representing the field test.
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The predictions of the sound pressure levels at the measurement positions below the floor are
compared with field measurements in Figure 19. Points 1002, 1007 and 1008 are located in the
same subsystem in the bogie region, so the predictions at the three points are similar, and they

are compared together in Figure 19(a).

100

10°

Frequency (Hz)

40

100 ,
_ (a) - (b)
z | |
< 90 5
) z
T 80 2 80r
< <
2 2 £ 70
2 ——P1002, Measured| ¥ 3
& | LS e P1007, Measured 4
S 60F ==4-=P1 M Q [
s P 008, Measured 8 60 —e—P1003, Measured
2 A redicted c 5 i
< /¥ = /, ----- Predicted
3 50§/ 3 50/
4 'l
V <
40 . \ 40 : :
102 10° 10 10°
Frequency (Hz) Frequency (Hz)
100 - 100 '
_© _ @
z I -~ < L
< 9 N o 9%
) ; z
S 80r S 80r
o <
o o
5 70t > 5 707
] ", [}
7 [%2]
o o
S 60r o 60r -
L) —6—P1012, Measured he] g P1013, Measured
% ----- Predicted § ) Predicted
5 50 ; @ Vo i
/ /
/7 7
40 4 £

10°
Frequency (Hz)

Figure 19. Comparison of sound pressure levels between predictions and field measurements.

(a) Comparisons at the bogie area; (b) comparison at point 1003; (c) comparison at point 1012;

(d) comparison at point 1013.

The overall sound pressure levels and the average differences between the predictions and the
measurements are shown in Table 6. The predictions of sound pressure levels at the three
positions in the bogie area (1002, 1007 and 1008) agree well with the measurements; the
relative error of their overall sound pressure levels is less than 2 dB. For the two positions,
1012 and 1013 in the middle region of the vehicle, the predictions agree well with the

measurements apart from the region between 250 Hz and 500 Hz, where the predictions are
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higher. At point 1003, the one below the gangway, very good agreement is found but again in
the middle frequency region, in this case between 500 and 1000 Hz, some differences appear.
The differences in overall level at these three locations outside the bogie area are between 2
and 3 dB(A), see Table 6.

Table 6. Overall sound pressure levels on train floor (dB(A)).

Point Point Point Point Point Point
1002 1003 1007 1008 1012 1013
(bogie) (gangway) (bogie)  (bogie) (centre) (centre)
Prediction 96.7 93.2 97.2 96.8 94.8 91.6
Measurement 96.9 90.3 96.1 94.9 92.5 89.1
Difference -0.2 2.9 11 19 2.3 25

6. Conclusions

A methodology has been presented to predict the sound pressure beneath a train floor due to
rolling noise during train operation. It can also be used for other sources such as traction and
auxiliary equipment if the corresponding sound powers are known. The sound is separated into
the direct and reverberant components, with a set of equivalent sources being used to predict
the direct sound and SEA being considered for the reverberant field. The source strengths of
the wheel, the rail and the sleepers have been determined by using sound powers obtained
from the TWINS model. The sound pressure on the train floor is highest in the bogie region
and decays with increasing distance from the source, the decay rate being dependent on

frequency.

Comparisons have been made with both laboratory and field measurements of sound pressure
below a vehicle. In the laboratory measurements, performed on a 1:5 scale model, the sound
pressure distribution along the train floor centreline was found to agree well with the predicted
results above 200 Hz (full scale frequency). Field measurements on a static train using an
omindirectional source also show good agreement with the sound pressure decay under the
vehicle. For a train in running operation, the sound pressure spectrum measured at Six
locations below the vehicle was in reasonable agreement with the predictions, with overall

sound pressure levels differing by less than 3 dB.
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This approach can benefit the prediction of train interior noise as the incident sound on the

train floor is an essential component for interior noise calculations.
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Table

Table 1. Parameters used to represent the wheel.

Wheel radius
Width of tyre
Width of web
Tyre inner radius
Hub radius
Wheelset gauge

Wheelset mass

0.435m
0.135m
0.032 m
0.36 m
0.135m
15m
1100 kg




Table 2. Parameters used to represent a railway track (UIC60).

Vertical Lateral
Rail bending stiffness (N m?) 6.42 x 10° 1.07 x 108
Rail shear coefficient 0.4 0.4
Rail damping loss factor 0.02 0.02
Mass per length (kg/m) 60
Cross receptance level (dB) -7
Pad stiffness (N/m) 100 x 10° 13 x 10°
Pad damping loss factor 0.2 0.2
Sleeper mass (half, kg) 140
Distance between sleepers (m) 0.6
Ballast damping stiffness (N/m) 200 x 10° 35 x 10°
Ballast loss factor 1.0 2.0




Table 3. Geometry information of each subsystem for the SEA model beneath the train.

Subsystem 1 2 3 4 5 6 7
Length (m) 5 3.2 3.2 3.2 3.2 3.2 5
surface area (m°?) 56.6 | 39.3 | 393 | 393 | 393 | 393 | 56.6
\Volume (m3) 21.6 13.8 13.8 13.8 13.8 13.8 21.6
Interfacearea(m?) | 43 | 43 | 43 | 43 | 43 | 43 |




Table 4. Average difference (over 21 receiver positions) in terms of the sound pressure level

between the predictions and measurements (dB).

1kHz 125kHz 16kHz 2kHz 25kHz 3.15kHz 4kHz 5KkHz

Average
) -0.9 0.2 -0.2 -1.1 0.5 -1.3 -0.1 -0.3
difference




Table 5. Parameters used to represent the railway track from the field measurements.

Vertical Lateral
Rail bending stiffness (Nm?) 4.86 x 106 0.88 x 10°
Rail shear coefficient 0.5 0.5
Rail loss factor 0.02 0.02
Mass per length (kg/m) 54
Cross receptance level (dB) -7
Pad stiffness (N/m) 800 x 10° 100 x 10°
Pad loss factor 0.2 0.2
Sleeper mass (half, kg) 150
Distance between sleepers (m) 1.0
Ballast stiffness (N/m) 100 x 10° 35 x 10°
Ballast loss factor 1.0 2.0




Table 6. Overall sound pressure levels on train floor (dB(A)).

Point Point Point Point Point Point
1002 1003 1007 1008 1012 1013
(bogie) (gangway) (bogie)  (bogie) (centre) (centre)
Prediction 96.7 93.2 97.2 96.8 94.8 91.6
Measurement 96.9 90.3 96.1 94.9 92.5 89.1

Difference -0.2 2.9 1.1 1.9 2.3 25




