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EXECUTIVE SUMMARY

OBJECTIVE OF THE DBIERABLE

The main objedte of this deliverable is the development of a procedure for calculating the low frequency
noise emission below 250 Hz.

DESCRIPTION OF THE WRKX PERFORMED SINCEE BEGINNING OF THEROJECT

A procedure for calculating the low frequency noise emissionwel60 Hz and propagation is proposed. In
the proposed methodology, the track and the wheel vibration level is computed using the \V-afrad
Interaction (VTI) formulation as implemented in the WRNOISE software. In this part, input parameters for

the vibration level predictiorarethe OOAAE AT A OEA xEAAIT AAI EOOAT AA £EO]

wheelroughness thatare measured in the field.

The noise emission due to a radiating structure (the track or the wheel), however, is computed by means of
boundary element method (BEM). For this acoustic simulation, the Modal Acoustic Transfer Vector
(MATV) approach is employed. In this approach, first,ttlaek structure is modelled by FEM and then, the
eigenmodes of the track are obtaindry the modal aalysis In the second step hie modal sound pressure
at a field point is computed for each individual vibrating mdmeacoustic BEMFinally, the sound pressure
level at a field point is computed by superposing the modal acoustic responses.

This numerichcombined FEBE procedure is integrated as a specific module within the WRNOISE
software to predict the rolling noise emission at low frequencies (belowt250

Furthermore, for a proper validation of the presented procedure and in order to enhance the
understanding of the track contribution in the overall pag rolling noise levieat low frequencies2 sites

are selected in the network of De Lijn, in Ghent; one site with embedded rails in a concrete track and one
site with embedded rails in a floatirglab track. A measurement campaign was performed to fully
characterize these sitesinceno significaniow frequencycontribution was observedt the floating slab
trackin Gent,therefore, a third site was selected in Brussels, on the network of &E&yith a floating

slab tracksystem This site was used for validation of the proposed procedure.

MAIN RESULTS ACHIEVESO FAR

The proposed numerical combined fBE procedure is integrated as a specific module within the
WRNOISE software to predict threlling noise emission abiv frequencies (below 258z).

A measurement campaign was performed to validate the proposed methodology. Results nbibe
emissionlevels at low frequency predicted with the proposed procedure shows a reasonable agreement
with those measured in the field in Brussels.

EXPECTED FINAL RESUBT

The lowfrequency module of the WRNOISE software is validated. The results show a reasonable
agreement between the predicted noigmission andhat obtained by the measurement in the field

D0202_AKRON_M18.docx
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0.5 POTENTIAL IMPACT ANIJSE

Although numerical tools like WRNOISE exist for the prediction of rolling noise, they are limited to
frequencies above approximately 25 for several reasons:

- In prediction of the low frequency noise, the main challenge wdogdin the computation of the
radiation ratio. Although at high frequency, the radiation ratio tends to unity and has no significant
effect on the noise level, at low frequency, it is frequency dependent and becomes more pronounced.

- In addition, at low fequencies, when the structure vibrates in bending modes with a wavelength
shorter than the air wavelength, the acoustic shaitcuiting effects may occur. In this case, only a
near field radiation occurs and the sound radiation remains parallel to tHasiof the structure.

- At high frequencies (higher than the con frequency of the propagating waves in the traeR50Hz),
the track vibration is decayed along the track length because of the damping in the traeng the
vibration level can be appximated byan exponential form ofb Q . The spatial averaging of the
track vibration level in the WRNOISE is based on this approximation. At low frequencies where the
track vibration consists only the nedield waves (a combination of thevanescent and propagative
waves), the above approximation for computing the spatial average of the track vibration &kng
length is no longer valid

- At frequencies higher than 298z, the soundvave iscoming directly from the structure (the track or
the wheel) and the reflected sound off the ground acts as an incoherent source. However, the ground
effect can be more pronounced at low frequencies and depending on the type of the ground
pavement, the sound pressure level can be increasedd.6

Theproposed combined-EBE rrethodology enables to overcome the above issues and to reasonably
model the rolling noise emission at low frequencies.

0.6 PARTNERS INVOLVED ANDHEIR CONTRIBUTION

AKRON developed all the software.
Measurements obtained by D2S in theufne of WP3.1 were used in the validation.

0.7 CONCLUSIONS

The proposed numerical combined fBE procedure is integrated as a specific module within the
WRNOISE software to predict the rolling noise emission at low frequencies (beloW250

In the acoustisimulation, the Modal Acoustic Transfer Vector (MATV) approach is employed that results
in an important reduction of the computation cost. In fact, the MATV approach enables to avoid the
repetition of the acoustic simulation when the track structure rengunchanged but the vibration level on
the track is changed due to different paby train speeds or due to different axtenfigurations.

A convergence study has been performed to determine the required number of slab modes for MATV
analysis. In this @, results show that a number of 2 rigid body and 18 bending modes of the slab gives a
reasonable accuracy.

The rolling noise levels at low frequency predicted with the proposed procedure shows a reasonable
agreement with those measured in the field inuBsels.

D0202_AKRON_M18.docx
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In addition, it can be seen that trsound pressure at low frequencies is mostly influenced by the floating
slab motion. However, by increasing the frequency, the slab contributigharotal sound pressure
becomes less pronounced.
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1 INTRODUCTION

The low frequency noise radiated from the tratdain interaction disturbs residents and is one of the
environmental problems especially in an urban area. The continuous low frequeaisgs with
frequencies belov200Hz have been classified as backgroustiesses J].

Although numerical tools like WRNOISE exist for the prediction of rolling noise, they are limited to
frequencies above approximately 25{ for several reasons:

- In prediction of the low frequency noise, the main challenge would be in the atatipn of the
radiation ratio. Although at high frequency, the radiation ratio tends to unity and has no significant
effect on the noise level, at low frequency, it is frequency dependent and becomes more pronounced.
On the contrary, the directivity indexs less important at low frequency where radiation is
omnidirectional, while it becomedirectionalat high frequenciesd, 4.

- In addition, at low frequencies, when the structure vibrates in bending modes with a wavelength
shorter than the air wavelengththe acoustic shoktircuiting effects may occur. This effect refers to a
case where the bending wavelength of teucture, whichis frequency dependent, and the acoustic
wavelengthbecomeequal. In this case, only a near field radiation occurs anddhed radiation
remains parallel to the surface of the structure. The frequency in which the wavelength of bending
waves in the structure and the wavelength of the acoustic wave becomes identical is called the critical
frequency[3].

- At high frequencieshigher than the cuton frequency of thesropagating waves in the track250 Hz),
the track vibration is decayed along the track length because of the damping in the traeind the
vibration level can be approximated lay exponential form ofb ‘Q . The spatial averaging of the
track vibration level in the WRNOISE is based on this approximaahow frequenciesvherethe
track vibration consists only the nedield waves (a combination dfie evanescent angropagative
waves), the abovapproximation for computing the spatial average of the track vibration along its
length is no longer valid?[ 3.

- Atfrequencies higher than 298z, the sound coming directly from the structure (the track or the
wheel) and the reflected sound off the grod acts as an incoherent source. Therefore, the ground
effect can be considered by an increase sound leveld&#[2]. However,the ground effect can be
more pronounced at low frequencies and depending on the type of the ground pavement, the sound
pressue level can be increased bydB[3].

Different approachegan be used to simulate the rolling noise emission at low frequencies such as the
Rayleigh integral technique, Boundary Element Method (BEM) or Finite Element Method (FEM) with
infinite elements.

Although the Rayleigh integral technique may give a reasonable result at high frequencies where the
radiation ratio is close to unity, it cannot give the correct raidia ratio at low frequenciesMoreaccurate
results can be obtained using BEB].[Unike the finite element method, in a BEM, the radiation condition
is automatically satisfied at infinity and there is no need to employ infinite elements on outer boundaries.

D0202_AKRON_M18.docx
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In the proposed methodology, the track and the wheel vibration level is compusétbuthe VehicleTrack
Interaction (VTI) formulation as implemented in the WRNOISE softiafen this part, input parameters

£l O OEA OEAOAOETT 1 AOGAI POAAEAOEIT AOAd OEA OOAAI
the wheel roughnes which are measuredly dynamic testsn the field.

The rolling noise emission due to a radiating structure (the track or the wheel), however, is computed by
means of boundary element method (BEM). For this acoustic simulation, the Modal Acoustic Transfer

Vector (MATV) approach is employ@s 7] In this approach, first, the eigenmodes of the track are
computedusing FEM. Then, the modal sound pressure at a field point is computed for each individual
vibrating mode. Finally, the sound pressure level &ell point is computed by superposing the modal

acoustic responses.

This numerical combined FBE procedure is integrated as a specific module within the WRNOISE
software to predict the rolling noise emission at low frequencies (belowt250

Low frequency rolling noise is generally generated by the vibration of the track components and is less
influenced by the wheel vibration. Moreover, due to the significant effect of theedghting filter at low
frequencies, the low frequency contribution needstte significant for it to have an effect on the overall
sound pressure level.

Therefore, it is believed that a significant low frequency contributisight be expected for floating slab
tracks. Due to the increased vibration level of the concrete slab, éoatbwith the large radiating surface,
floating slab tracks are believed to be most prone to {frequency sound radiation.

For a proper validation of the pposedprocedure and in order to enhance the understanding of the track
contribution in the overdlpassby rollingnoise level at low frequencie3herefore, 2 sitethat are believed

to exhibit a significant lowfrequency contributiorare selected in the network of De Lijn, in Ghent; one site
with embedded rails in a concrete track and one site witbedded rails in a floating slab track. A
measurement campaign was performed to fully characterize these sites. It will be shown however that no
significant lowfrequency contribution was observed at the floating slab track section. Therefore, a third
site was selected in Brussels, on the network of STIB,wi$oa floating slab traclsystem This site was

used for validation of the proposed procedure.

This report deals with the validation of the proposed methodology for prediction of low frequency noise
emission. The validation of the high frequency prediction capabilities with the wheel rail noise modelling
tool has already been demonstrated at the test site in Athens (D4.1) and at the test site in Ghent (D1.6).

The report is structured as follows. Semis 2 and 3discusghe proposed procedure for the Iofvequency
noise prediction. Sectiod describes the measurement campaigns performed at the validation sites.
Finally, chapteb presents the validation of the procedure.

D0202_AKRON_M18.docx
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2 ROLLING NOISE PREDITON AT LON FREQUENCIES

In the proposed methodology, the whole domain including the fluid and the structure is decomposed into
two subdomains: the structure (the track and the wheel) and the fluid (the surrounding air). It is assumed
that the fluid (the air) and té structure are not coupled, so the flugdructure interaction is ignored.
Therefore, the vibration response of the structure (the wheel and the track) is not influenced by the fluid
conditions and can be separately computed by means of the VTI formuldtiee Appendix A).

The fluid response (e.g. the acoustic waves) howgigemodelled bythe boundary element methodBEM)
by imposingthe structural vibration as boundary conditison the fluidstructure interfaces.

In the acoustic simulationthe ModalAcoustic Transfer VectofiMATV)approach issmployedthat results
in an important reduction of the computation casin fact, the MATV approach enables to avoid the
repetition of the acoustic simulation wingthe track structure remains unchanged but thération level on
the track is changedue todifferent passby train speeds or due to different axle configuratioig.

Indeed, the MATVs represent the contribution of the mode shapes of a radiating structure into the sound
pressure at a éld point.

Inthe MATYV approach, firstthe track structure is modelled by FEM and then tegenmodes of thdrack
are computed bythe modal analysisin the second stepthe sound pressure levét the fieldis computed
based orthe vibrating modes of the track usingacousticBEM. Finallythe total noise level is obtained by
superposinghe contribution of each mode.

D0202_AKRON_M18.docx
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VIBRATION ANALYSIS OFHE TRACK AND THE WEEL

Thetrack and the wheel vibration levels due to passage of a train are computed. The dynamic interaction
between the running wheel and the rail results in the train (contact) force at the wheel/rail contact point

that depends on the track and the vehicle receptances, the irregularities on the rail and the wheel contact
surfaces, and the train speed, figure 2.1.

Rail/wheel contact as the source of the rolling noise

The track/wheel response at the contact point is predicted using the vehiatk interaction (VTI)
formulation, describedin Appendix A.

When the train speed is relatively low compartxthe wave velocities along the track, the stationary
vibration level during the passage of the train can be estimated by assuming the positions of the moving
loads to be fixed. Therefore, the track (the rail or the slab) displacerferan be wiiten by superposing

of the individual responses obtained due tcanaxle force] atthe positionc :

O ofh B ¢ ohoh B g

@)

1
S

ABio A DA DEAODBED 8

@1

whereOEA OOBOARBEDH ®AD O OBB &D

The transfer functions; ® hio h  show the nature of the vibration attenuation along ttmack by
increasing the distance from thaxle load positiond§ ) and ca be determined by field measurementg(g.
the track decay rate test).

D0202_AKRON_M18.docx
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Therefore,the PSD function of thstationary trackdisplacement can be written as:

{ oh B B 5 ofh { oA 5 o oh 2

The vibration levedaregenerally presented as RMS values in hied octave band.When only the
excitation due toarandom rail roughness is considereadfor a sufficiently large frequency band
i h ,the contribution of the cros$SD functions|| in the above equation can be disregardeyl

averaging over the frequency bané,[9.
Therefore, it can be written:
0 . {eoh A B g oafh | of A (3)

In the following,the track responses computed by VTI formulation are imposetha®oundary conditiors
on the fluidstructure interfaces in the acoustmundary element model

D0202_AKRON_M18.docx
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2.2 ACOUSTIC EMISSION DUED A RADIATING STROTURE

The fluid response (e.g. the acoustic waves) is modellethbyoundary element methodBEM)and the
structure vibration is imposed as boundary condition o the fluid-structure interface In this model,it is
assumed that thestructureis surrounded by @omogeneous, inviscid, and compressible fluid mediopn
figure 2.2,

T5

Geometry of the exterior problem

Figure 2.2

In figure2.2, the boundarya 3 ° 3 ° 1 can bedecomposed intadhe boundary3 where the medium
is connected to a specific acoustic impedar{#® the boundaryt where the fluid hasan interface with a
vibrating structure and soyelocitiesor displacemets areimposed, and the outer boundary wherethe
radiation conditionat infinity (the Smmerfield radiation condition)s satisfied no reflection from infinity

In a homogeneousinviscid, compressibléuid, and in absence of gravitghe harmonicacousticZ/EE AT A6 O
pressurefy ¢fd fHeA 'Q  and acousticvelocity o efd o efh 'Q  can satisfy the linearized
Euler equatiores:

nH 'Q” o “4)

Considering thdinearized Euler equatioand byintroducing the velocity potentiab suchthat o  ne
the velocity potentiale satisfies the following Helmholtz equation and boundary conditions:

n e —e inm (5)
— 08 0 ont (6)
® NR ona (7)

where0 is the normal particle velocity with the outward norm@l) on the boundary.

D0202_AKRON_M18.docx
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AAT OOOEA ' OAIAThd OllowEQ thd ébfiWaide GASTBEM ACOUSTICH][is employed to
perform the BEM computationThe source of the acoustic waves would be the rail and the wheel vibration
imposed orthe boundaryt .

In the proposed numerical methodologyhé sound pressure a receiver (at a certain distance from the
track) is individually computed due to each source (e.g. the track or the wheel) and then, the total sound
level isobtained by superposig.

Different models for thetrack and the wheel are madelhe railtrack can bedefined as dong vibrating
beam with the dimensionsequal to the rail heightind width. The wheel howeveis modelledas a disc.
The vibrationlevel on the railwheelair interfacesis computed byVTI formulation ands applied in BE
modelasthe imposed velocity

D0202_AKRON_M18.docx
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NUMERICAL EXAMPLBF AN ACOUSTIC SIMWTION BYBEM

To show theefficiency of the BEM ian acoustic simulationthe sound radiation form a pulsating beam
computed using EEM. The pulsatingbeamis modelledas a long cylinder. The cylinders vibratingwith a
unit velocity of Im/s normal to each element surfac&he diameter of the cylinder is equal to the rail
width. The ground can be modelled either as a rigid bound@agflecting surface)or as @ absorbing
surface wih specific acoustic impedance.

Here, to show the rigid ground effectwo cases have been investigated:

1. a pulsatingcylinder in afull spaceacousticdomain;
2. apulsating cylinder in mhalf spaceacousticdomainwith a rigidgroundat z= 0 the xy-plane).

Figure 2.3hows the selected field pointssa half-circle in the xzplane perpendiculato the beam.

Field points in the xplane and pulsating cylinder as BCs

Figures 2.4 and 2.8how the saind pressure computed at 1@hd 200Hzfor both cases. Results show an
expected symmetric radiatiofisuch as a monopole sourde)the case where the pulsating beam is
surrounded by a full spa@coustic domain. In the presence of a rigid ground (haltspdomain) since the
excitation frequency increasethe radiationwaveform is changed due to the ground reflection.

D0202_AKRON_M18.docx
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Sound pressure computeat (a) 10Hzand (b) 20Hzfor casel: in afull space domairfwithout the rigidground)
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Figure 25 (@ (b) oc0
Sound pressureomputedat (a) 100Hzand (b) 20Hzfor the case: in an falf spacedomain(with a rigid ground)

The directivity index is computed at field points at m3rom the beamcentrefor different frequencies of
100, 200 an®00Hz, figure 2.6 According to the acoustic wave speed of 3iGand the cylinder radius

& 0.10m, the selected frequencies result in the dimensionless acoustic waveler@ths0.03, 0.06and
0.15 respectively.In thefirst case, the sound radiain is omnidirectional and directivity index is equal to 1
at all frequencies. In theecond casghowever, the directivityndexdependson the field point position and
the excitation frequency.

%0 —— £=500 Hz, %0 —%— =500 Hz
—#— =200 Hz —#— =200 Hz

—*— =100 Hz % f=100 Hz

Figure 26 () I (b) T
Directivity index computed at diffeent frequencies form pulsating cylinder(a) in a full space and (bin a half space
(with arigid ground)
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3 MODAL ACOUSTIC TRANKER VECTORPPROACH

The Modal Acoustic Transfer Vector (MATV) approach is empldgethe acoustic simulatiomn which the
soundpressure is computed in terms of Modal Acoustic Transfer Vectors (MATVs). The MATVS represent
the contribution of the mode shapesr ) of a radiating structure into the sound pressure at a field point
Usingthe modal decompositiortechnique,the track response¢ can be presented in terms of the track
mode shapes as

o v ) (8)

where the vector denotes to the modal coordinates of the track response.

Therefore,the sound pressure at a field pointY) is approximated bya linear combination of the modal
sound pressurgtuch (m=1Wh , gdas:

- G) B AHu@h ©9)

where O 1 i$ the mode number andhe modal sound pressurgtuis definedby meansof the Modal
AcousticTransferVectors MATVs and the modal coordinatefsthe track response» as:

NHUGh E -16 1 | (10

TheMATVs are the result dhe BEMacoustic simulation by imposinipe eigenmodes of thestructurev
onthe air-trackinterface.

Therefore, he PSD function of the sound pressure can be written in termidATVsas:
11 1 EARH { ERAR T (19
whereq is the PSD of the maal coordinates) .

In thefollowing, a numerical procedure is introduced to compulte PSD of the modal coordinatHz from
the track response.

D0202_AKRON_M18.docx
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PSDFUNCTION OF THE MOOACOORDNATESOF THE TRACRESPONSE

Thetrack responsedue to the'Q axleload can bewritten in terms of the contact forc§ @h and the
transferfunction ¢ ® @h as:

0 R (12)

where] 1 F 1 471 06; 1 (seeVTlformulation)

Using the modal decomposition technique, thrack response can be defindd terms of the track
eigenmodesy as:

O ofwh B* I v o (13)

The transformation betweenhe modal coordinates and the track respons¢ is writtenas
»ooq o (14)

wherethe displacement transfer matrix| v v v relates the actual and modalisplacement.

Therefore the PSD of the modal coordinatdfs can be writtenin terms of the transfer matri§| and the
track responsd|  as:

17 444 (15)

By introducing thecomputedPSD of the modal coordinateH; into the equation (11), the sound pressure
level due to each axle Ioii wh is computed separately. Then, the total sound pressure level is
obtained by superposing the contribution @fach axle load.

D0202_AKRON_M18.docx
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COMPUTATION PROCEDURE

The proposed methodology for low frequency noise emission was implemented in a Maitkand
integrated in softwareVRNOISE as a low frequency noise emission option. Figure 3.1 shows the
computation flowchart that ssmmarizes the proposed methodology

As shown in figure 3.1, first, the track response is computed by means of VTI formulation based on the
track and the wheel characteristics and the wheel/rail roughness measured by field measurements.

Then,the track stricture is modelled byEM,and thenthe vibration modes of the track are determined by
means of a modal analysis:

o oh vERQ » (16)

The eigenmode® must be transferred from the FE nodes to the collocation p®in the BE model by
interpolation and projection along the boundary element normal direction, using a transfer m#trias:

vAR | gER (17)

In the next stepthe trackair interface is modelled by BEM and thesing threedimensional acoustic
" OAAT 80 &£O1 AGET 1T O6h AT AAT OOOEA " %- OEI O1 AGEIT EO
Vectors associated with the eigenmodes®»

Finally, using the equation (11), the sound pressure level at the selected fialdgpoomputed by
superposing the modal sound pressures.

Track Admittance wheel/rail roughness Wheel Admittance
and decay functions by by by
in-situ measurement in-situ measurement in-situ measurement

Track response

using VTI formulation
Mode shapes of track

l — by Modal analysis
using FEM
Modal coordinates
of the track structure + l
Acoustic simulation
To compute MATVs
using BEM
Sound pressure level
|

At field points

Flowchart of the wheel roughness prediction model in the {NNRNOISE software

D0202_AKRON_M18.docx



604891 pagel862
Q U | ET-T RAC E QUIEFTRACK date of issue: 3012014

*

4 EXPERIMENTAL CHARAERISATION OF VALIDAION SITES

Since it is believed that a significant low frequency tidoution can be expected for floating slab tracks, a
floating slab track section is compared to néinating slab track section (concrete embedded track). Two
sites are selected in the network of De Lijn, in Ghent. It will be shown however that no caghifow
frequency contribution was observed at the floating slab track section. Therefore, a third site was selected
in Brussels, on the network of STIB, also on a floating slab track section. This site was used for validation of

the proposed procedure.

Frst, the measurements at the sites in Ghent are presented. Afterwards, the measurements at the site in
Brussels are presented.
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4.1 VALIDATION SITES INGHENT

The measurement site with an embedded track is located in Papegaaistraat in Ghent, shown below. This
sEOA xEI 1 AA AAIT T AA OOEOA xo6 EI OEA A 111 xETCS8

Figure 4.1

Figure 4.2 /
Embedded track validation site in GhenPapegaaistraat

The measurement site with a floating slab track is located in Vodkeamsin Ghent, shown below. This site
xEl 1 AA AAT 1T AA OOCEOA wé ET OEA A 111 xETCS8
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Figure 4.3

Figure 4.4

Floating slab track validation site in Gher¥oskenslaan

The vehicles are the lofloor trams type Hermelijn with three bogies (series 6300) from the Flemish public

O0OAT OPI OO O$A , EET 68 -AET AEAOAAOAOEOOEAO 1 £ OEA

- total length of the vehicle: ~29m;

- distance between the first and the last axle: 11.15m;

- distance between the tw axles of a bogie: 1.80m;

- average axle load (without passengers): ~5 T/axle.
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First, the experimental characterisation of the wheel will be discussed (which is common for both sites, and
repeated here from deliverable D1.6 for the sake of clarity), afteiwards the experimental
characterisation of the track will be discussed. Finally, noise measurements are presented.

J ozmemz ‘it

Figure 4.5
Hermelijn tram vehicle
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Configuration of wagons in a Hermelijn tram vehicle
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Figure 4.7
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Experimental characterization of the wheel

Wheel roughness

The wheel roughness was measured in the workshop. The wheel roughness was measured on four wheels
with a special measurement equipment (WSA) developed by APT. The roughness is measured
simultaneously in three different parallel pitions on the tread using three displacement transducers,

figure 4.7 At least 8 revolutions of the wheel have been measured.

Wheel roughness measurement using three displacement transducers

Figure 4.8 shows the wheel roughness level tarrfwheels in onehird octave band wavelength measured
with three displacement transducers. To have a reliable averaging over the length of the measurement
(the circumference of the wheel), the wheel roughness with a wavelength higher than 1/3 of thé whee
circumference which is approximately equal to the wheel diameter (heren36 is disregarded.

An average roughness spectrum was calculated for each wheel by energy wise averaging the three
measured lines (three transducers). Figure 4.9 shows the avespgetrum of the wheel roughness
compared to the limit spectrum proposed by the standard 1SO 3095:2005.
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