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ABSTRACT
Two high-speed train tracks are planned to be realized in the Netherlands. These tracks will be supply links
to France and Germany, at speeds up to 300 kmh.The connection Amsterdam-Paris should be realised in
2005, while travelling to Cologne at high speed will be possible in 2007. However, after the year 2000, the
Netherlands law on railway noise becomes more than stringent: limits on railway noise levels (immision)
will be reduced.
Therefore different ways of reducing railway noise are investigated. At high train speed, above 200 km/h,
rolling noise due to wheeVrai1 interacting no longer dominates the radiated noise. Aerodynamic sources
becomc important at high-speed, since this noise is proportional to velocity with an exponent of about 6 to
7 (Ref. 1). For rolling noise the velocity exponent is about 3.
Like for rolling noise, inmission of aerodynamic noise can be reduced by taking measures at the source or
by limiting the propagation of noise. Acoustic fencing by using noise barriers will require substantial parts
of the high-speed tracks to be covered with barriers. Unlike rolling noise sources, aerodynamic sources are
distributed over the total height of the train, with the pantograph representing a major source at 6 m above
the track. Therefore it is expected that the noise radiated from the pantograph will determine the height of
the barriers.
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NOMENCLATURE
Roman
c
chord length
co
speed of sound
Ci
constants (see Eq. 9-12)
d
typical length scale
Af
frequency bandwidth
f
frequency
I<
wave number
L
length
PWL Sound Power Level
(re. 1.10-l2 Watt)
r
distance to observer
s
span
SPL Sound Pressure Level
(re. 2.10-~pa)
u
flow speed
U
tunnel flow speed
W
acoustic source strength
x
horizontal, streamwise
co-ordinate
z
vertical co-ordinate
Greek
6
boundary-layer thickness
y
turbulence correlation length
A
turbulence correlation length
u
kinematic viscosity
p
ambient density
spectrum function
co
angular frequency

Indices
ll3
113-octave band
f
of frequency
hf
high-frequency
If
low-frequency
max maximum
p of pressure
x horizontal, streamwise component
non-dimensional
A

Non-dimensional
M
Mach number (ulc)
Re
Reynolds number ( ~ 6 1 ~ )
Str
Strouhal number (fxd/U)
dB
d s
m/s
Watt

1. Introduction

Two high-speed train tracks are planned to be
realised in the Netherlands. These tracks will supply
links to France and Germany, at speeds up to 300
kmh. The connection Amsterdam-Paris should be
realised in 2005,
while travelling to Cologne at high-speed will be
possible in 2007. However, after the year 2000, the
Netherlands law on railway noise becomes more
stringent: limits on railway noise levels (immission)
will be reduced.
Therefore different ways of reducing railway noise
are investigated. At high train speed, above 200
kmlh, rolling noise due to wheellrail interaction, no
longer dominates the radiated noise. Aerodynamic

sources become more important at high-speed, since
this noise is proportional to velocity with an
exponent of about 6 to 7 (Ref. 1).For rolling noise
the velocity exponent is about 3.
Like for rolling noise, immission of aerodynamic
noise can be reduced by taking
measures at the source or by limiting the
propagation of noise. Acoustic fencing by using
noise baniers will require substantial parts of the
high-speed track to be covered with barriers. Unlike
rolling noise sources, aerodynamic sources are
distributed over the total height of the train, with
the pantograph representing a major source at 6 m
above the track. Therefore it is expected that the
noise radiated from the pantograph will determine
the height of the barriers.
The area of pantograph noise prediction and
reduction is rather 'unexplored'. Especially in the
Netherlands, almost no research had been carried
out till 1996. This is mainly due to the lack of
Dutch pantograph and high-speed train
manufacturers and due to the uncertain introduction
of high-speed trains. In 1996 Technical Research of
the Netherlands Railways initiated a research
programme aimed at a better understanding of
aeroacoustic noise sources at high-speed trains and
the development and validation of prediction
models. For this, the TNO Institute of Applied
Physics TNO-TPD and the National Aerospace
Laboratory NLR were contacted. These institutes
already had experience on the modelling and
reduction of flow-induced noise, from joint research
on aerodynamic noise of wind turbines (Ref. [2,3]).
Validated models for the aeroacoustic sources will
supply useful tools for the prediction of the
environmental impact of high-speed trains, but will
also be very useful in designing low noise highspeed trains. Due to the importance of the
pantograph noise, this component has been selected
for the research described in this paper.
2. Programme outline
Mainly as a result of the limited amount of detailed
information available in international literature, it
was decided to 'explore' the radiation of
aerodynamic noise
from a pantograph, by
performing a series of wind tunnel measurements
on a full-scale pantograph. Wind tunnel testing is
preferred as it allows for measuring a large number
of configurations and conditions within a relatively
short period of time.
As a testing facility, the German-Dutch Wind

Tunnel DNW was chosen. This tunnel, with its 8x6
m2 open test section, allows for the full-scale
testing of constructions like a pantograph.
In parallel, the development of prediction models
using information presented in international
literature, was taken in hand. After the
measurements, results can then be used to validate
these prediction models.
In this paper the results of the measurements and
the development and validation of the models will
be presented.

3. Experimental set-up and test programme

3.1 The Adtranz DSA 350 SEK pantograph
All measurements were performed on the DSA 350
SEK pantograph of Adtranz, made available to the
project by the manufacturer Adtranz GmbH. Top
and side views of this pantograph are presented in
figure 1. In this figure, the most prominent parts
and dimensions are indicated.
3.2 Experimental set-up
The pantograph measurements were performed in
the open jet of DNW. In this configuration, an 8x6
m2 exhaust nozzle is mounted a proximately 19 m
upstream of the 9.5x9.5 m' collector. The
interjacent 19 m is called the open-jet test section.
This section is surrounded by the DNW test hall
which, in case of acoustic tests, is completely
covered with sound absorbing material. The cut-off
frequency (z 99% acoustic energy absorbtion) of
this ball is approximately 200 Hz.
For practical reasons as well as to approach the real
situation as much as possible, the pantograph was
positioned on top of a 5x55 mZ platform which
was mounted to the lower lip of the exhaust nozzle.
An acoustic antenna (see next section) was placed
aside, just outside the flow at approximately 1 m
from the centre of the shear layer. The distance
between the centre of the pantograph and the
antenna was approximately 4.5 m. Two 'single'
microphones were mounted to the ceiling of the test
hall, 9.6 m above the top of the (extracted)
pantograph.
Side, top and front views of the experimental set-up
are given in figure 2a-c. The relevant dimensions
are shown in these figures. The complete set-up is
presented in figure a (sketch) and figure 3b
(photographicpicture also showing 'cones', see next
section).

3.3 Test configurations
The measurements were started with the cylindrical
parts of the head components wrapped in wires to
eliminate the coherent shedding of vortices. With
these wires present, measurements were done in the
'knee-backward position', with the pantograph
down (parked) and up (head at 1.95 m). With the
head up, measurements were performed on the
complete pantograph and after the first (most
upstream) contact strip or the last (downstream)
contact strip, or both contact strips had been
removed. In the last test both contact strips and the
horns had been removed.
After all components had been mounted again
measurements were also performed with disturbed
flow. The disturbances were obtained by mounting
0.6 m high cones at the lower nozzle lip, 4 m
upstream of the pantograph. The velocity and
turbulence profiles and spectra downstream of these
cones were known from previous measurements.
The cones are shown in the photographic picture of
figure 3b.
Measurements with the knee in backward position
were also performed after the wires had been
removed. During part of these measurements a load
cell was mounted between head and base frame to
measure the aerodynamic forces exerted on the
pantograph head. Without wires and without load
cell, measurements were only performed with the
head of the pantograph at a somewhat lower
position (1.60 m).
In the 'knee-forward position' no geometrical
adjustments were made (complete pantograph with
wires only) and measurements were performed only
with clean (undisturbed) flow. In this configuration
the pantograph was also rotated at an angle of 10"
with respect to the flow direction.
Finally, measurements were performed after the
complete pautograph had been removed, to measure
the noise of the empty platform.
3.4 Test conditions
All configurations were tested at wind speeds of
approximately 41, 54, 71, and 78 m/s ( 148, 194,
256 and 281 kmlh or M=0.12,0.16.0.21, and 0.23).
With the wires removed (and the head at 1.6 m)
measurements were additionally done at
approximately 31, 48, and 65 m/s (M=0.09, 0.14,
and 0.19).

4. The acoustic antenna

4.1 Some backgrounds
In principle, acoustic focusing (also called
'beamforming') is based on 'comparing' the phases
and amplitudes of the signals of a 'large' (typically
some tens) number of microphones. Here, the
positioning of the microphones with respect to each
other and with respect to the model is of crucial
importance. The gain (difference between peak level
and highest side-lobe level), resolution and
frequency range at which the antenna can be
operated, depends on this positioning,. It has to be
noted that the gain can be improved, to a certain
extent, after the measurements, by 'weighting' of
the signals. This 'weighting' affects the level of
side-lobes which appear as virtual sources in the
acoustic image. The application of 'weighting' will
reduce the side-lobe level, thus yielding an
improvement of the gain, but will always lead to a
worsening of the resolution.
The antenna used is a so-called nested
configuration; a high concentration of microphones
near the centre and a lower away from it. The
positioning of the microphones further seems to be
rather unstructured. This way of positioning offers
the possibility to obtain a high resolution for a large
range of frequencies. The reader interested in more
details is referred to one of the textbooks about this
topic (f.i. Ref. [4,5]).
The resolution resulting, expressed in -3 dB peak
width, is less than 0.2 m (no 'weighting'), meaning
that two equally strong sources can be distinguished
if they are spaced by at least 0.3 m. Sources with
strengths differing 3 or 6 dB can be distinguished
only if they are spaced by at least 0.4 m and 0.6 m
respectively. These values are valid for a frequency
of 4 kHz. At 1kHz and 2 kHz these values have to
be multiplied by 4 and 2, respectively.
The gain, defined here as the difference between the
level of the main lobe and the nearest side-lobe is
approximately 8 dB (no 'weighting').
4.2 Data-processing
The antenna data-processing basically consists of
the following steps:
1. The calculation of all autopower spectra and all
mutual crosspower spectra.
2. A 'principal component analysis'. This analysis
is used to filter out part of the noise (Ref. [6,7]).
3. The application of 'weighting' to suppress sidelobes (optional).

4. The scanning of a source plane using an
'adaptive beamforming' technique.
'Adaptive beamforming' offers a higher noise
suppression than the conventional 'sum-and-delay
beamforming' (Ref. [8,9]). The result of the
scanning of a source plane is further indicated with
'acoustic image'. High levels in the acoustic image
beaks) may indicate the presence of a sound
source. The highest value of the acoustic image at
the source position can be used as a measure for the
acoustic power radiated by that source. In the
computations, a correction for the convection of the
sound by the wind tunnel flow is included.
5. The calculation of Sound Power Levels under the
assumption that the sound sources are monopoles.
6. The determination of narrowband spectra of the
dominant noise sources from the level of the local
maxima in the acoustic images. In the case of the
pantograph, the spectra of the noise radiated from
the region of the head, the knee and the base parts
are determined using the acoustic images which can
be obtained for all frequencies in the range of 520
Hz up to 6 kHz (AHO HZ). Here, it has to be
noted that maxima appearing in the regions around
these parts can not always be reliably ascribed to
the presence of a noise source. The procedure used
to determine whether these maxima can be used to
determine the Sound Power Level will not be
explained in this paper.

5. Experimental results

5.1 Acoustic images and noise spectra
In figure 4a and 4b, typical acoustic images
resulting from the scanning of a 2 . 5 ~ 3m2 plane
around the centre of the pantograph, are given. In
the images the position of the pantograph is
indicated. Every individual image represents the
integrated result of the scanning of all frequencies
within one octave band.
Furthermore, the spectra of the noise radiated from
the head, knee and base part were obtained. Some
of these spectra are shown and compared to
predictions (see section 6) in the figures 5 through
9. In many cases, spectra could not be determined
completely for every part, due to the fact that the
procedure, referred to in the previous paragraph,
indicated that the spectral value could not be
determined reliably.
Based on former experiences, acoustic images
andlor spectra can be used reliably for comparing
different configurations and conditions. Repeat

measurements have shown that the spreading in
these results is less than 1 dB. However, the use of
individual results in an absolute sense, is much
more complicated. The reasons for this are various:
-The assumption of a distribution of monopole
sources in the beamforming algorithm.
-The influence of the tunnel (shear-layer diffraction,
reflections which occur at the platform andlor the
antenna support). The regular pattern appearing at
frequencies above 3 kHz in almost all spectra is
expected to result from reflections.
-The frequency-dependent resolution and 'gain' of
an antenna. From a previous experience using a
well-known source for antenna calibration, it is
estimated that this frequency dependency introduces
uncertainties up to + 2 dB at M=0.12 and -c 4 dB at
M=0.23.
As a major consequence, it may be expected that
the level will deviate from the correct values as
well as that the shape of the spectra will be
distorted. From former experiences it is known that
the level of the spectra may be in error by up to c
4 dB over the whole range of frequencies (750 Hz
up to 6 kHz). As a rough estimate it is expected
that the shape distortion may also be -c 4 dB
maximally.
5.2 'Single' microphones spectra
After completion of the test it was found that
several tonal peaks appear in the low-frequencypart
(100-500 Hz) of the spectra in case some
components are not wrapped in wires. As the
antenna was not designed for this frequency range,
the signals of some 'single' microphones were
processed as well.
The spectra of these microphones were corrected to
compensate for the difference in distance to the
model. Shear-layer and damping corrections,known
to be limited to 1 dB typically, were not applied.

6. Model development and validation
6.1 Modelling the aerodynamic noise of
pantographs
Aerodynamic noise of high-speed trains is produced
by several parts which produce noise by different
mechanisms. Examples of aerodynamic noise
production by parts of the train are: broadband
noise and tonal noise due to flow over cavities in
the train wall (e.g., the gap between two coaches),
broadband noise due to flow across protruding
streamlined bodies (inflow-turbulence noise,

trailing-edge noise), and broadband noise and tonal
noise due to vortex shedding at protruding
streamlined and bluff bodies. In all cases interaction
of vorticity in the flow with train parts are the basic
mechanisms of noise production.
The pantograph is expected to be an important
source of aerodynamic noise. It consists of a large
number of streamlined and bluff bodies of different
size and shape that protrude about 2 m above the
train roof into the flow.
Noise generating mechanisms that are expected to
be of importance for aerodynamic pantograph noise
are listed in the next paragraphs.
Inflow-turbulence noise
Turbulence in the flow imposes a time-varying lift
force on streamlined bodies. As a result, these
bodies radiate broadband noise. Amiet (Ref.10)
formulates a model that predicts noise production of
non-compact objects due to inflow turbulence on
the basis of an aerodynamic response function:

SPL hf,13

=

where s is the span of the object, c is the
chord length, and r the distance to the observer.
The factor

represents the power spectrum of velocity
fluctuations, with K the wave number. In most
cases relevant for train noise, the chord of the
object can not be considered large compared to the
wavelength of the noise. Therefore, for low
frequencies the model of Amiet must be adapted.
For compact bodies Amiet (Ref. 10) suggests a
correction factor based upon the Sears function

SPL If,,

=

SPL hfl,3

in which O, is a non-dimensional angular frequency:
0,=7Cfc/U.
Applying this correction in the low frequency limit
yields the classical
dependence for the radiated
sound power of a dipole source.
Turbulent boundary layer trailing-edge noise
Another source of aerodynamic broadband noise is
the turbulent boundary layer trailing-edge noise.
Pressure fluctuations caused by turbulence in the
boundary layer of objects with sharp edges are
scattered at the sharp edges as noise. An expression
for the source strength of boundary layer trailingedge noise can be formulated on the basis of an
analysis by Dowling and Ffowcs Williams (Ref. 11)
of the sound power produced by a single turbulent
eddy passing a trailing edge. The analysis yields for
boundary layer trailing-edge noise:

Brooks, Pope and Marcolini (Ref. 12) combined the
expression of the source strength with empirical
data to formulate a prediction model for boundary
layer trailing-edge noise of wind turbine blades.
They propose a universal spectrum shape which
depends on the Strouhal number:

where Str,,,,
represents the Stroubal number at
which the noise spectrum exhibits its maximum.
This Strouhal number is related to the boundary
layer thickness according to:

Vortex-shedding noise
At most parts of the pantograph flow separation
will occur. The vorticity shed in the wake of an
object imposes a fluctuating force on the object that
generates sound. Depending on the Reynolds
number of the flow the wake is more or less
turbulent. Below a critical Reynolds number which
depends on the shape of the object, the vortex
shedding is coherent and tonal noise can occur.
For larger Reynolds numbers the turbulence in the
wake will generate broadband noise. Blake (Ref.
13) gives an expression for the broadband sound
pressure level caused by turbulence in the wake of
a cylinder:
SPL

with

=

hpa non-dimensional spectrum function

where t$ff represents a scaled force spectrum. L is
the length of the object, and A and y are two
correlation lengths with respect to the turbulence in
the wake. The shape of the spectrum function
depends on the Reynolds number.
For a Reynolds number smaller than 400, the
spectrum function is sharply peaked around its
maximum near a Strouhal number of 0.2. For larger
Reynolds number the spectrum function broadens.
@ff

6.2 Analysis of DNW experiments on the
aerodynamic noise of pantographs
The acoustic images of the pantograph (e.g., see
figure 4) have shown that the strongest noise
sources of the high speed train pantograph in the
DNW are located in the top and base (foot) region.
The knee region contributes significantly less to the
noise radiation. This has been observed for the
whole series of test configurations and conditions.
Therefore, the following analysis will concentrate
on noise production by the top and foot region of
the pantograph.
Top region
Figure 5 shows the sound power level of the noise
sources in the top region of the pantograph in the

standard geometry as a function of the Strouhal
number based on the tunnel speed and on a typical
length scale of
0.005 m which corresponds to the diameter of the
lift limiters. In this configuration the lift limiters
and other parts of the pantograph were not
equipped with tire wraps. At a Strouhal number of
0.19 a peak is observed for the whole Mach number
range from 0.09 up to 0.23. This indicates that
coherent vortex shedding at the lift limiters occurs
which produces a strong tonal sound. The noise
spectrum exhibits a second tone at a Strouhal
number of 0.05. This Strouhal number corresponds
to vortex-shedding noise at a cylinder of 0.02 m
which conesponds to the thickness of the horns.
Hence, in the standard geometry the horns and lift
limiters produce tonal noise.
To identify the parts of the pantograph that are the
strongest noise sources, a series of antenna
experiments were done with several parts of the
pantograph removed. The horn and the lift limiters
were equipped with tire wraps in these
measurements. The results of the experiments at a
tunnel Mach number of 0.23 are given in the 113'~
octave plot of figure 6.
The sound power levels of the measurements on a
complete pantograph, and on configurations in
which the contact strips and the horns were
removed, coincide within 1 dB over the whole
frequency range. This shows that neither the contact
strips nor the horns contribute significantly to the
wayside radiated broadband noise. Therefore, it is
expected that other parts such as the lift limiters are
the largest sources of broadband noise in the top
region. Reduction of noise radiation by the top of
the pantograph can be achieved by optimisation of
the pantograph top region.
In figure 7 the noise production of the top region is
compared to the prediction of inflow-turbulence
noise according to Amiet (eq. 3) and trailing-edge
noise according to the method described by Brooks,
Pope and Marcolini (Ref. 12) for a 1 m2 flat plate.
A turbulence intensity of 0.001 is an upper bound
for the turbulence intensity in the top region during
the experiment. A value of 0.05 is a representative
value for a high-speed train.
The noise measurements on the pantograph exceed
the prediction of inflow-turbulence noise for a
turbulence intensity of 0.05 by about 10 dB.
Therefore, it is expected that vortex-shedding noise
is an important noise source. The result further
suggests that by optirnising the shape of the
pantograph top region a reduction in the order of 10
dB can be obtained.

Foot (base part) region
The pantograph foot (base part) region is in the
boundary layer of the train. In the boundary layer
the inflow velocity is smaller than the velocity in
the pantograph top region, but the turbulence
intensity in the boundary layer will be much higher
than in the top region. Consequently, the foot
region is an important source of aerodynamic noise
too. To study the effect of an increased turbulence
level on sound production of the foot region an
obstruction was placed in the inflow of the
pantograph, consisting of an array of 'cones'. As a
result of the installation of the cones the inflow
velocity in the foot region reduces to 0.81 times the
tunnel speed, at a height of 25 cm above the
platform. The turbulence intensity increases by a
factor 70 to 80.
In figure 8 a measurement at a tunnel Mach number
of 0.16 without obstruction in the flow is compared
to a measurement at a tunnel Mach number of 0.21
with obstruction. Due to the presence of the
obstruction the flow velocities in the foot region are
of comparable magnitude. The turbulence intensity
will be a factor 90 larger for the flow with
obstruction. The figure shows that the increase of
turbulence intensity enhances the sound power
level of the foot region by about 9 dB.
According to Amiet the sound power increases
proportional to the square of the turbulence
intensity, predicting an increase in sound power
level by 39 dB. So, the measured increase of sound
power level appears to be considerably smaller than
the predicted increase, i.e. the noise radiation
appears not to be proportional to the energy content
of the turbulence. This suggests that inflowturbulence noise is not the only source mechanism.
I£ the turbulence level is decreased sufficiently,
vortex-shedding noise probably becomes a
significant source of noise in the foot region too.
Scaling and spectrum shape
By applying an appropriate scaling, all
measurements at different tunnel speeds will
collapse into one single curve, as is shown in figure
9. In this figure a scaled sound pressure level is
given versus the Strouhal number based on a
length of 0.05 m and on the tunnel speed. The
Strouhal number bandwidth, AStr, is 5.10". The
scaled sound pressure level is based on the
expression of broadband vortex-sheddingnoise (eq.
7), and is defined as:
The constant C1 depends on a typical length scale
L of the pantograph, the turbulence correlation
length scales A and y, and the distance to the

ScaledSPL

=

observer r:

In the present analysis C1 was determined from the
measurements.
On the basis of this scaling, a model can be
formulated to predict the broadband aerodynamic
noise of a pantograph. To describe the shape of the
scaled sound pressure spectrum, a Strouhal number
dependent shape factor shnpe(Str) is introduced. An
expression for the Scaled SPL is then given by
ScaledSPL = shape(Str) +C2,

(1 1)

where C2 is a constant that was determined
empirically.
So, the following correlation for the narrowband
sound pressure level of the broadband noise is
obtained:
SPL

=

10logloM +
(12)

sbape(Str) +C1+C2,
where C1 is defined by eq. (10). In figure 9, eq.
(12) is given by the dashed curve. For low Strouhal
numbers, the Scaled SPL and the correlation as
expressed in eq. (12), deviate. As can be seen from
the dashed and dotted curves, which represent the
correlation and the measured noise level in an
empty tunnel respectively, the lower part of the
spectrum below a Strouhal number of 0.1 is
dominated by background noise.
7. Conclusions
Measurements of the aerodynamic noise of an
Adtranz DSA 350 SEK high-speed train pantograph
were performed in the German Dutch Wind Tunnel
DNW-LLF. Thirteen configurations, each at
minimally four different wind speeds were tested,
using an acoustic antenna and 'single' microphones.
The 'non-redundant' positioning of the antenna
microphones in a plane of approximately 4x4m2,
has proved to yield the gain and resolution expected

from simulations, i.e. the pantograph noise sources
could be located and their relative contributions
were determined.
For all configurations and conditions it is found that
the top region and the foot region of the pantograph
are the most dominant sources of aerodvnamic
noise. Comparison of different configurations give
strong indications for the lift limiters being the most
important source of broadband noise. Neither the
contact strips, nor the horns were found to
contribute significantly to the (wayside) total noise.
It is also found that the standard (untreated)' lift
limiters and the horns are sources of tonal noise.
The measurements further showed that increasing
the level of inflow turbulence increases the sound
power emitted by the foot region and that the
measured sound pressure levels scale with M6.
The results of both the antenna and the 'single'
microphones were analyzed and compared to
predictions. For this, models were considered which
describe the noise production resulting from i)
vortex shedding from streamlined and bluff bodies,
ii) interaction of boundary-layer turbulence with
sharp edges, and iii) interaction of turbulence in the
inflow with parts of the pantograph. These
mechanisms generate broadband noise only, except
for vortex shedding which can also he a source of
tonal noise, depending on the Reynolds number of
the flow. Depending on the 'compactness' of the
object, the source power scales with M~ (not
compact) or M6 (compact).
The spectnrm shape of vortex-shedding noise and
trailing-edge noise is a function of both Strouhal
number and Reynolds number; the spectrum shape
of inflow-turbulencenoise of Strouhal number only.
On the basis of the M~ scaling of the noise levels
and a model for vortex-shedding noise, a general
spectrum shape and a correlation formula for the
aerodynamic broadband noise of the pantograph is
formulated.
It is concluded that vortex shedding from various
sharp and bluff pa+ts of the pantograph is the most
important noise producing mechanism. Inflowturbulence noise as generated in the foot region,
may also be important depending on the level and
spectrum of the turbulence in the inflow (i.e. in the
boundary layer along the train roof).
The results finally suggest that by optimising the
shape of the pantograph top region, a reduction in
the order to 10 dB can be obtained.
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Antenna measurements of the top region in the standard geomety
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Comparison of antenna measurements of the top region with predicted sound
power level of an I m2 flat plate for inflow-turbulence noise and boundary-layer
trailing-edge noise

Fig. 8

Antenna measurements of the foot region with and without obstruction in the
flow upstream of the pantograph
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Scaled sound pressure level measured by a single microphone.Also shown are the
background noise level and a universal shape function for the broadband noise

