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Abstract

The sound field in train compartments, treated as a series of connected air cavities, is
modelled using statistical energy analysis, SEA. For the case under study, with five
cavities in series and the source in the second cavity, a closed-form solution is obtained.
An adjusted SEA model is used to predict the rate of spatial decay within a cavity. The
SEA model is validated using results from a ray tracing method and from scale model
measurements. For the octave bands 500-4000 Hz, good agreement is shown between
the results from measurements, the ray tracing and the SEA model, for the two saloons
closest to the source cavity (a vestibule). The SEA model was shown to slightly
underestimate the rate of spatial decay within a cavity. It is concluded that a reasonable
cause is the additional diffusion due to the seating.

Keywords: Statistical Energy Analysis, Air Cavity, Train Compartment, Spatial Decay,
Ray Tracing, Scale Model.

1. Introduction

The sound field in train compartments has become an important part of the design
process over the past years. Knowledge about the sound perceived by the passenger is
not only interesting in terms of avoiding annoyance from high noise levels, it also helps
to build a quality image of the product. Therefore it is desirable for the train industry to
predict the interior sound field as early as possible in the design process. At an early
stage, sound design measures can be relatively simple and cheap whereas changes to an
already built train are mostly very hard to implement and can be very cost-intensive.

This research was initiated to investigate the sound distribution in train interiors, in
order to provide a solid basis for the implementation of the acquired knowledge in
future prediction tools. The part of the work that is the main focus of the current paper
deals with the sound field modelling using statistical energy analysis, SEA. For typical
cases of rail vehicle interiors, the problem formulation consists of air cavities in series.
In the present case, five air cavities, consisting of three saloons and two vestibules, are



connected by openings. The source is located in one of the vestibules, at a relatively low
height and near to the outer wall, in order to simulate the traction and rolling noise
transmitted to the interior through the entrance doors. At cruising speed this
transmitted noise has a broadband character typically spanning a wide frequency range
of 500-2000 Hz. The elongated shape of the saloons together with the sound absorptive
surface materials lead to a sound decay along the length of the saloon. This uneven
distribution of energy within a room constitutes a departure from the usual
assumptions of diffuse field underlying SEA modelling. Therefore an adjustment of the
usual SEA modelling has been applied. To validate the SEA modelling, results from a
scale model measurement as well as from a ray-tracing method are used. A more
detailed description of the scale model measurements than what is presented below is
available in [1].

2. Method
2.1 Scale model measurements

A scale model was manufactured of a complete car of a Regina train, a regional train
built by Bombardier Transportation. Using a model scale of 1:5 and a maximum
frequency of the measurement system of 20 kHz, the corresponding maximum
frequency in full scale is 4000 Hz. (The sound frequency and the geometrical dimensions
are in the following presented in full scale unless otherwise explicitly stated.) The
analysis is made for the third-octave bands 125-4000 Hz. The measurement system
consisted of an Agilent VXI station (VXI EB408A Mainframe) analyzing the signals from a
set of calibrated microphones and a noise source using an in-house developed Matlab
script at Applied Acoustics, Chalmers. Electret condenser microphones from Panasonic
(Type WM60) were used, with an outer diameter of 6 mm. A cubical sound source was
specially manufactured using six 20 mm dome tweeters. The resulting sound source had
an edge length of 55 mm and showed good directivity characteristics. The excitation
signal was random noise produced by the VXI station, amplified by a NAD 310 series.
The output noise signal was looped back to the analyzer as reference.

The scale model was built from medium-density fiberboard (MDF) and acrylic glass
(Makrolon®). The final scale model is 4.6 m long and shown in Figs. 1 and 2. The five
cavities, from left to right in the drawing, are: Saloon 1, Vestibule 1, Saloon 2, Vestibule 2
and Saloon 3. The corresponding lengths are 5.8, 1.7, 7.6, 1.7 and 5.8 m. The height is

2.2 m and the width is 2.9 m for all five cavities. Between each cavity the opening is

0.75 m wide and 2.2 m high.
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Figure 1. Top: Drawing of scale model. Below: block diagram of the SEA model with Pi,
the input power to subsystem 2 (Vestibule 1), P, ; the power transfer between

subsystems and P, the losses.

Figure 2. Photo of the interior of the scale model.

The scale model was used for both measuring the sound decay throughout the train
compartments and for measuring reverberation times. The aim of the reverberation
time measurements was twofold: first, by trial-and-error, finding and applying absorber
materials on the surfaces to reach a good agreement with available reverberation time
data for a real Regina train compartment; and second, estimating the different
absorption coefficients of the applied absorber materials, which is needed for the ray-
tracing modelling.



The reverberation time measurements were made in Saloon 1, with the opening to
Vestibule 1 sealed off with an MDF board, thereby creating a small reverberation
chamber. Analogous to the standardized setup for sound absorption measurement in a
reverberation room (ISO 354-1985), different placements of loudspeaker and
microphones were used. With an array of five microphones, 45 different combinations
of source and microphone positions were measured and averaged to give one
reverberation time curve. To get the reverberation time, the -10 dB drop in energy
decay was found and extrapolated to get the standardized reverberation time, Tso. For
that, a Matlab script was made, using Schroeder's backward integration of the impulse
response (see e.g. [2]), where the impulse responses were estimated from the measured
frequency responses. (It can be noted that the decay curves did not show double slopes,
but clear single slope behaviour.) The final best fit to the real Regina data was obtained
with 100 mm thick mineral wool in the ceiling with a surface area of 5.7 x 1.95 m?,
covered by a thin foil to reduce the high-frequency absorption (effective from about

1 kHz), in combination with a 75 mm thick foam on the seats. The results are displayed
in Fig. 3 as average absorption coefficient, ¢, , calculated using the Sabine formula:
A=0.16V /T, where A=S__ o, ,with S the total surface area of the room, and

room ~~av’ room

where V is the room volume. The two upper curves in Fig. 3 are for the chosen
absorption in the scale model and for the absorption calculated from reverberation data
obtained for a real Regina train (see figure legend). The lowest curve shows the results
without any absorption materials attached, which is later used in the modelling of the
vestibules.
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Figure 3. Measured average absorption coefficients as function of frequency.

When measuring the sound field throughout the five cavities, microphones were
positioned along a single line at a height of 1.2 m and at a distance of 1.2 m from the
outer wall. The source was located in Vestibule 1, at height 0.3 m, at a distance of 0.75 m
from the wall of Saloon 2, and at a distance of 0.6 m from the outer wall, on the same
side as the microphone line. The spatial resolution of the measurement positions was
about 1 m for all cavities except for Saloon 2 where 0.5 m was used. This resulted in six



points for Saloons 1 and 3, twelve points for Saloon 2, and two points in each vestibule.
Results were measured in the third-octave bands 125-4000 Hz, from which the octave
band results were obtained, i.e. at 125, 250, 500 1000, 2000 and 4000 Hz. However, due
to a fault in the planning of the measurement setup, the complete frequency range was
not fully covered; the results for the octave band 4 kHz could only be based on the result
from the single third-octave band 4 kHz and the results for the octave band 125 Hz could
only be based on the results from the two third-octave bands 125 and 160 Hz.

2.2 Ray-tracing method

For the ray-tracing modelling the software Odeon® version 9.1 was used. The full-scale
geometry was imported to Odeon, after drawings being created in commercial 3-D
software. The interior detail geometries were adjusted to give a resulting sound field
that approximated the sound field of the scale model measurements as well as possible.
A point source was defined at the same position as where the source was placed during
the scale model measurements. To achieve acceptable accuracy, two thirds of the
longest reverberation time was used as impulse response length together with

33204 rays. The resulting sound field and reverberation times were calculated for the
octave bands 125-4000 Hz. Concerning numerical cost, in addition to the efforts needed
to set up the ray-tracing model, the calculation time was about 30 minutes.

2.3 Statistical energy analysis, SEA

The three saloons and the two vestibules constitute the five subsystems of the SEA
model (see Figure 1.). (For the fundamentals of SEA modelling the reader is referred to
e.g. [3].) For the SEA model to be valid, the number of modes should be large enough in a
frequency band of interest at the same time as the modal density in relation to the
damping not being too low, i.e. a sufficiently large modal overlap factor. For sound fields
in rooms, the latter requirement is analogous to being above the Schroeder frequency,
fs =20004/T,,/V , where Vis the volume of the room. For the saloons, the Schroeder

frequency is about 200 Hz, whereas for the vestibules, the Schroeder frequency is
increased due to the smaller volume and lower absorption, to about 1 kHz. Concerning
the number of modes in a frequency band of interest, a limiting condition of ten modes
per third-octave is satisfied above about 150 Hz for the saloons with a further increase
to about 250 Hz for the vestibules, due to the smaller volume. (Concerning the expected
first eigenfrequencies, they are at about 30 and 60 Hz for the saloon and the vestibule,
respectively.)

With E,,i=1...5, the energy of the respective subsystem and Pi, the power input to the
second subsystem, the power balance can be formulated as

- My O 0 0 || E, 0

771,2 -, 773,2 0 0 Ez _Pin /27757(
0 Ny —Ms Nys 0 E,|= 0 ) (1)
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where f is the frequency, 1, is the loss factor of subsystem i (fulfilling P, =27 fE n,,
where P, is the dissipated power from subsystem i) and 17, ; is the coupling loss factor



between subsystems i and j (fulfilling P, =27z f E, 1, ;, where P, is the power flow from

subsystem i to subsystem j). The loss factors are related to the average absorption
coefficients, o, ;, according to
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where c is the sound speed. The coupling loss factors can be written as
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where §, ; is the size of the opening between cavities i and j.

To calculate the acoustic energy relative to the source cavity, the equations could be
divided by E,. Then the equation corresponding to the source cavity does not need to be

included, i.e. the second row of Eq. (1). (The absolute energy of the source cavity can be
calculated at a later stage if it is of interest.) The resulting equation system can be
written as

mo0 0 0 WE/E,| N,
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(4)

In the reduced equation system (Eq. 4), the first subsystem is connected only to the
second subsystem and the corresponding equation (i.e. the first row of Eq. 4) can be
solved separately, giving E,/E, =1,,/n,. The remaining part of the equation system can

be solved analytically, resulting in:

E3 /Ez nsn, —775,4774,5

LR ey 772,3)—71 n n{ e B
ES/EZ 3 4715 54145 34714315 n3y4n4’5

The sound pressure level relative to the source cavity, L is found after normalizing

p.ire2?
with the volume:

EV
L17,i,re2 = IOIOg[EI_Zj (6)

270

The usual SEA solution, as presented above, describes the average energy of each
subsystem. To describe a spatially varying energy density within a subsystem, e.g. the
decay along the corridor shaped saloons of the current study, some kind of correction is
needed. In the work behind this paper, different approaches were tested. The note by
Fahy [4] discusses why it is possible to subdivide a single air cavity into multiple SEA
subsystems for some cases. However, the main emphasis there is on the compartment of



light road vehicles, and it is stated that application to extended volumes such as train
and aircraft compartments may be more problematic. It appears that, when using an
unaltered formulation of the coupling loss factors, a further subdivision of an elongated
room into smaller subsystems will lead to an overestimation of the rate of spatial decay
due to an underestimation of the input to the neighbouring subsystem. Therefore this
approach is not used here. Another approach, also using a subdivision of the cavity,
forces the values of the coupling loss factors to attain an a priori known spatial decay
[5]- This approach seems unnecessary, at least for the present problem, since, if the
spatial decay throughout the cavity is known, there is no need to subdivide the cavity.
Instead, we use here the result from the usual SEA modelling (as in Egs. 1-6) but within
each cavity, the spatial decay is adjusted using formulas known from literature on sound
decay in corridors. The spatial decay is normalized so that the total energy of each cavity
is unchanged. The decay used here can be written in terms of dB per meter, as from Ref.

[6]:

10 n U
- 2¥7 7
P In10 8 S (7)

Here U is the perimeter length and S is the cross-sectional area, i.e. here U=2(2.2+2.9) m
and S=2.2-2.9 m?. An alternative formula is obtained when ©/8 in Eq. (7) is exchanged
for 1/ [7]; the difference for the present case being negligible. The above formula (Eq.
7) is used for the three saloons, whereas the sound fields are assumed to be spatially
invariant within each vestibule, since they do not have an elongated shape and
furthermore have lower absorption. In addition, to model the effect of the spatial decay
in Saloon 2 on the input power to Vestibule 2 and Saloon 3, the levels there have been
lowered by the difference between the spatially decayed level at the end of Saloon 2 and
the average level.

3. Results

The sound pressure level (SPL) is plotted as function of length along the train car
relative to the sound pressure level of Vestibule 1 where the source is located (i.e.
subsystem 2 of the SEA analysis). For the SPL, Eq. (6) is used, with a correction of the
spatial decay of the saloons according to Eq. (7). The results of the SEA modelling are
shown in Fig. 4 together with those of the ray-tracing method and the scale model
measurements. The spatial resolution of the SEA and ray tracing results were chosen to
match that of the scale model measurements. For the saloons, also the spatial energy
average is shown. In the six plots, for the different octave bandes, it can be seen that the
general agreement between measurements and modelling is good except for the lowest
frequencies of 125 Hz and 250 Hz. From 500 Hz and above, the ray-tracing results follow
well the spatial decay shown by the measured results throughout Saloons 1 and 2,
whereas the results predicted by the SEA model slightly underestimates the rate of
decay, while still giving a good prediction of the average energy. For Vestibule 2, which
starts at a length of about 15 m, a fairly good agreement is shown, from 500 Hz and
above, between the measurements and the modelling using both SEA and ray-tracing.
For Saloon 3, the modelling shows larger deviations, however probably of lesser
importance in practice since these relatively low levels are likely to be dominated by
other sources at closer distance.
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Figure 4. Measured and predicted sound pressure levels relative to Vestibule 1. The
markers show the energy-averaged results for the saloons (squares: measurements;
diamonds: ray-tracing; circles: SEA).

4. Conclusions

The sound propagation throughout a train car with five compartments (a Swedish
Regina train) has been modelled using statistical energy analysis (SEA) and validated by
a ray-tracing method and scale model measurements. The five compartments, or air
cavities, consist of three saloons with an elongated shape and two vestibules. Connected
by openings, the compartments form a series of coupled air cavities, denoted as:

Saloon 1, Vestibule 1, Saloon 2, Vestibule 2 and Saloon 3. The spatial decay of the sound
field has been investigated for an acoustic source located in Vestibule 2. A good
agreement is shown between the measurements, the ray tracing and the SEA modelling
for the octave bands 500-4000 Hz, for Saloons 1 and 2, which are adjacent to the source
cavity. Since SEA modelling in essence does not treat a varying sound field within a
subsystem, the model has been adjusted using theory from existing literature on the rate
of spatial decay in corridors. With this adjustment to the SEA model, the rate of decay
was still slightly underestimated compared with the measurements and the ray tracing.
[t is reasonable to assume that the larger diffusion due to the seating in the saloons calls
for this increase in rate of spatial decay. In any case, the average energy was still well
predicted by the SEA modelling.

The limiting conditions for the SEA modelling concerning modal density and modal
overlap factor are well fulfilled from the 500 Hz octave band for each of the saloons.
However, for the vestibules, the limiting conditions are satisfied only from above 1 kHz.
Therefore the main part of the SEA results should be treated with care for Vestibule 2, as
well as for Saloon 3, which is connected only to Vestibule 2.



Even though the ray-tracing method gave slightly better agreement with the data from
the scale model measurements, the SEA modelling might still be preferable thanks to the
simplicity of setting up the model and the insignificant computation time. The
underestimated rate of spatial decay of the adjusted SEA modelling used here could
hopefully be improved in further work, e.g. by investigating the sound field at multiple
points in the cross-section of the train car.
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