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Validation des prédictions de bruit intérieur et extérieur sur un train régional Validation of interior and exterior noise predictions for a regional

train.

Introduction

Today there is more and more attention to global comfort and environmental emergencies, where the noise exposure has a central role. Therefore, among other topics, there is an increasing interest on noise control for transports.

Different recent research projects have been involving railway industry to focus on the optimization of the methodology for acoustic performance predictions to be applicable during the development phase and on the introduction of virtual certification -ACOUTRAIN, SILENCE [1], Shift2Rail FINE-1 and FINE-2 [2].

Alstom, as an active player in these projects, is focusing the efforts on both exterior and interior noise performance of its products: to optimize the design of trains in early design phases, Alstom is building validated noise models that can be flexibly used for future products. To improve the modelling capabilities within acoustical prediction tools, the effort is also in having a complete characterization of sources and sound paths.

This work presents the results of a validation of interior and exterior noise models for regional trains.

Experimental data

This paragraph describes the measurement campaigns performed on Coradia Stream trains, which are the reference for the validation of exterior and interior noise predictions.

To better characterize these dynamic tests, the following measurements were performed:

wheel roughness (both motor bogies and trailer bogies) and rail roughness following ISO 15610:2019 [3] -track decay rate of the rail according to ISO 15461:2010 [4] -Detailed topography geometry

Interior noise

The global noise levels used as reference for the validation of the interior noise model were measured during the dynamic tests carried out in a ballasted track in free field conditions according to ISO 3381:2011 [START_REF]Railway applications -Acoustics -Measurement of noise inside railbound vehicles[END_REF], on Coradia Stream train.

The measurements were performed at maximum speed (160 km/h) in the first car, in both train directions. The microphone positions considered are indicated in Figure 1. In parallel to these dynamic tests, the bogie structure-borne contribution to the total interior noise in the train analysed area has been characterized by means of ALSTOM experimental Transmission Path Analysis methodology [START_REF] Magrans | Method of measuring transfer paths[END_REF].

Exterior noise

Concerning the exterior noise, the used train was Coradia Stream train (5-car version) with a maximum speed of 200 km/h. The noise tests were performed according to ISO 3095:2013 [START_REF]Acoustics -Railway applications -Measurement of noise emitted by railbound vehicles[END_REF]. Rail and wheel roughness and track decay rate were assessed contextually to the dynamic tests.

Standstill

The exterior noise emission at standstill of the 5 cars version of the train was characterized with 52 receiver positions in both sides of the train -see 3 Noise predictions

Interior noise Airborne

The interior noise model was built in OSCAR (Outil de Simulation du Confort Acoustique d'une Rame -Modelling tool of a trainset acoustic comfort), a tool developed by ALSTOM and Centre Scientifique et Technique du Batiment and based on ray-tracing methods [START_REF] Gabet | Prediction of Acoustic Comfort of a Trainset using Ray-Tracing Technology[END_REF]. Model of interior noise consist in two types of calculations: Geometrical and acoustical.

Geometrical calculation

The following input data were included in OSCAR:

geometrical model: Figure 3 shows the 3D model of the portion of the train considered (first car, gangway area and a portion of the second car) with different layers set in order to group all the panels with same acoustic insulation properties a set of acoustic wall pressures sources were set all over the surface of the model with a mesh step of 0.5 m in x, 0,4 in y, 0.3 in z the receivers were inserted in the model at the same positions of the measurement campaign on the real train

The room acoustics of the vehicle has been in order to obtain an equivalent absorption to be assigned to each panel through the measured RT on the real train. rolling noise at 160 km/h for the motor bogie and trailer bogie: it has been evaluated with the TWINS software [START_REF] Thompson | TWINS: a comprehensive theoretical model for railway rolling noise[END_REF], using as roughness inputs the measured track and wheel roughness and fitting the rail pad stiffness to obtain a similar TDR traction motor and gearbox placed inside the motor bogies traction inverter and auxiliary converter on the roof -HVAC cabin and compartment were not included because they were switched off during the tests.

Acoustic calculation

The second part of the modelling consists of the acoustic calculation. The following steps were followed:

for each train source considered, the external acoustic wall pressures around the train were computed thanks to an experimental database of transfer functions obtained in similar vehicle design. This database relates the sound power level of noise sources (equipment, rolling noise) and sound pressure level around carbody. -the equivalent absorption was assigned to each panel belonging to each area the transmission loss (TL) of each assembly was assigned to each group layer. TL values comes from in situ measurements or computations performed with AcouSTIFF ® tool [START_REF]AcouSTIFF Software | Logiciels Gamba Acoustique (gambalogicielacoustique[END_REF] validated with measurements in mock-ups

The acoustic calculation in OSCAR allows to have the airborne noise contribution at each receiver position.

Exterior noise

The used train to simulate the exterior train was Coradia Stream, with a maximum speed of 200 km/h. The simulation model was constructed by using reference Alstom tool for exterior noise SITARE tool [START_REF] Gambard | A methodology for exterior noise prediction of railways rolling stock[END_REF]. A description of the of the tool is included in [START_REF] Bistagnino | Acoustical source modelling for rolling stock vehicles: the modeller's point of view[END_REF]. SITARE tool has been also validated for exterior noise simulations with the right accuracy in ACOUTRAIN project [16].

Geometrical modelling

Figure 5 shows the geometrical models built in SITARE for a 5 cars train. The equipment included in the model are also indicated. 

Ground modelling

Noise reflection on the ground is evaluated on the basis of a Miki model [START_REF] Miki | Acoustical properties of porous materials -Modifications of Delany-Bazley models[END_REF]. Track geometry used corresponds to the closest approximation of the real track dimensions.

Simulations

Once the geometrical model with the source noise emission settings have been implemented, the different calculations were computed by including the receivers at the positions as during the measurement campaigns:

exterior noise emission at standstill exterior noise emission during pass-by (80 km/h and 200 km/h) -exterior noise emission during acceleration: a SITARE evolution speed model was constructed using an acceleration equal to 0.95 m/s 2 as measured during the noise tests.

Experimental and numerical comparison

In this section the results from noise measurement campaigns and noise simulations are presented. OSCAR tool allows to control which sources are contributing to the overall airborne noise: Figure 7 shows that the rolling noise and the noise from the motor are the main contributors. Moreover, OSCAR tool allows to account for the panel's contribution: in Figure 8 it can be seen that the floor (bogie floor and under seat boxes floor) are the main contributing assemblies for the noise level in M1. Simulating aero-acoustic interior noise contribution is a complex task not described in this paper. In order to take it into account to simulate interior noise when the first car is leading, an experimental approach is done to obtain the aero-acoustic contribution as the difference between the noise levels measured in leading and rear direction. By adding to the overall spectrum obtained from simulation in rear position (red curve in Figure 6) the aero-acoustic noise contribution, it is possible to obtain the overall spectrum in leading position in M1. Figure 9 shows the comparison between the measured spectrum (blue curve) and the spectrum obtained from the interior noise model (red curve), when considering the leading direction. In the other receiver position, M2, the same methodology has been repeated. The difference between global levels obtained by simulations and measured (in rear and leading directions) in the two receivers is less than 1 dB, as reported in Figure 10.

Interior noise

Exterior noise Standstill

Figure 11 shows the comparison between the measured values in the 52 different positions (blue curve) and the simulated ones (red curve).

The averaged LpAeq,unit level simulated with SITARE for is 1 dB above the measured value.

The main difference between simulation and measured values is found in front of one of the auxiliary converters with anomalous noise emission2 . 

11-15 Avril 2022, Marseille

Acceleration

The acceleration was simulated in the three microphone positions according to [START_REF]Acoustics -Railway applications -Measurement of noise emitted by railbound vehicles[END_REF] in terms of LpAF,max -see Figure 12.

The difference between maximum LpAF,max measured on M1 was lower than 1 dB where the maximum peak occurs. The differences in M2 and M3 were 1 and 2 dB respectively. 

Pass-by

Figure 13 shows the time history comparison between the simulated pass-by at 80 km/h (red line) and the measured one (blue and black lines). The different contributions for the wheel, track and equipment are represented in pink, yellow and green respectively. A good agreement is found for all the bogies pass-by levels. The difference between the simulated and the measured values is lower than 1 dB.

Figure 14 shows the third octave band comparison between the measured and simulated pass-by at 80 km/h. The main contribution is the rail according to SITARE model. The model is matching the measurement between 100 Hz and 5000 Hz: the averaged difference between the simulated and measured spectrum is 2.5 dB.

Figure 15 shows the time history comparison between the measured and simulated pass-by at 200 km/h, including the aero-acoustic contribution.

Finally, Figure 16 shows the third octave band comparison between the measured and simulated pass-by at 200 km/h. The main contributions are the rail, traction motor and the wheel according to SITARE model. The model is matching the measurement between 100 Hz and 5000 Hz with some missing energy at 400-500 Hz: the averaged difference between the simulated and measured spectrum is 2.3 dB. 

Conclusion

The results of this work show a concrete step towards the application of virtual validation for the acoustic performance of passenger's trains. The right input data allow to reach a good accuracy both in global noise levels and in spectrum contents estimation for TSI external noise and interior noise.

Regarding the interior noise: -a difference lower than 1 dB is assessed between measurements and simulations in terms of global noise levels, both in leading and rear direction. -in terms of spectrum content in case of rear positions, the average difference between measurements and simulations is 2 dB for medium frequency range (315-1250 Hz) and 3 dB for high frequencies (1600-5000 Hz).

Regarding the exterior noise: -a difference of 1 dB is assessed between measurements and simulations in terms of LpAeq,unit according to [START_REF]Acoustics -Railway applications -Measurement of noise emitted by railbound vehicles[END_REF] at standstill; -a difference of 1 dB is assessed between measurements and simulations in terms of LpAFmax maximum according to ISO 3095 in acceleration. -a maximum difference of 1 dB is assessed between measurements and simulations for the pass-by LpAeq,tp at both 80 km/h and 200 km/h -the averaged differences of the measured and simulated third octave bands at 80/200 km/h are 2.5 and 2.

dB respectively

The results obtained are very promising to be able to apply it for future virtual validation/certification of noise performances of rolling stock, especially for exterior noise. Nevertheless, there are some interior noise contributions where it is still necessary to use experimental data to be fully predictive with analytical and/or numerical models: interior aero-acoustic, structure-borne contributions and low frequency airborne contributions. In some cases, these contributions are negligible (up to 120 kph) but for higher speeds specific interior noise models need to be developed and they should be compatible with an industrial development.
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 1 Figure 1 -Microphone positions considered validation (h=1.2 m from the floor). To better characterize the train, additional static tests have been performed: -the room acoustics characteristics of the vehicle was defined by measuring the reverberation time RT with the interrupted noise method, according to ISO 3382-2:2008 [6] -the in-situ sound insulation measurements of sidewalls, external doors and windows of the car, according to ISO 15186-2:2003 [7].

Figure 2 .

 2 During the tests, the 11-15 Avril 2022, Marseille train equipment was operating according to ISO 3095:2013 [9] conditions.

Figure 2 -

 2 Figure 2 -Coradia Stream train: microphone positions during the noise measurements at standstill. Pass-by Pass-by tests were performed in the Test Center VUZ Velim [10] (Czech Republic). As requested by TSI, the measurements analyzed here correspond to train speeds equal to 80 km/h and the train maximum speed of 200 km/h. Acceleration The total length of Coradia Stream train (5 cars version) is equal to 109 m, therefore 3 microphone positions along the train were needed for acceleration noise according to ISO 3095:2013 [9].

Figure 3 -

 3 Figure 3 -Geometrical model with different group layers.

Figure 4 -

 4 Figure 4 -Noise sources included in the model. The noise sources considered in the model are listed below (Figure 4):

Figure 5 -

 5 Figure 5 -5 cars model. The noise sources considered in the model are the same as for interior noise but including also HVAC and aero-acoustic source from first bogie.

Figure 6

 6 Figure 6 shows the comparison between the measured spectrum (blue curve) and the spectrum obtained from the interior noise model (red curve), when considering a reduced aero-acoustic contribution in the rear position of the train. The dotted lines show the different noise contributions considered to obtain the global spectrum simulated, hereafter listed 1 : -airborne contribution from OSCAR computation in the frequency range [250-5000] Hz (orange dotted curve). -structure-borne noise contribution measured (grey dotted curve) -airborne noise contribution at low frequency [100-200] is not included in the model as it is no contributing to the overall levels.
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 6 Figure 6 -Rear position: comparison between the spectrum measured in M1 at 160 km/h (blue curve) and the spectrum obtained from the model (red curve).

Figure 7 -

 7 Figure 7 -Airborne source contribution in M1.

Figure 8 -

 8 Figure 8 -Interior noise airborne paths contribution in M1.

Figure 9 -

 9 Figure 9 -Leading position: comparison between the spectrum measured in M1 at 160 km/h (blue curve) and the spectrum obtained from the model (red curve).

Figure 10 -

 10 Figure 10 -Differences between the global noise levels obtained in the simulation model and the global level measured at 160 km/h, in rear and leading direction, for each receiver.

Figure 11 -

 11 Figure 11 -Comparison between SITARE and measurement according to TSI Noise: measured value (blue line) and simulated (red line).

Figure 12 -

 12 Figure 12 -Microphone positions for TSI starting noise.

Figure 13 .

 13 Figure 13. Time history comparison between the measurement and the SITARE model at 7.5 m at 80 kph: Global simulated noise (red line), wheels (pink line), track (yellow line), equipment (green line), measurement on the left side (black line) and on the right (blue line).

Figure 14 .

 14 Figure 14. Third octave band comparison between the measurement and the SITARE model at 7.5 m at 80 kph: Global simulated noise (red line), wheels (pink line), track (yellow line), equipment (green dotted line), measurement on the left side (blue line) and on the right (black line).

Figure 15 .

 15 Figure 15. Time history comparison between the measurement and the SITARE model at 7.5 m at 200 kph: Global simulated noise (red line), wheels (pink line), track (yellow line), equipment (green line), aerodynamic (red dot line), measurement on the left side (blue line) and on the right (black line).

  

Noise values are not shown in this article to ensure confidentiality.

The values front of the auxiliary converter were not found on the right side; or in other trains.
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