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Abstract

Continuous exposure to noise has been found not only to cause discomfort to individu-
als but also to increase health risks such as cardiovascular diseases, cognitive impairment
in children, sleep disturbances, tinnitus, and other adverse effects on the human body. To
understand the actual state of noise pollution in urban areas, noise prediction models or
frameworks based on a database of noise sources and acoustic propagation calculations
have been developed. In the case of transportation noise, the movement of the vehi-
cle causes frequency modulation (Doppler effect) and amplitude modulation (change of
the directivity) of the radiated sound while the effects of changes in the radiated sound
characteristics are often neglected.

This dissertation aims to clarify the extent to which noise metrics of current noise
prediction models or frameworks are underestimated by neglecting the frequency and
amplitude modulation induced by source movement, and under what conditions such
underestimations are more significant. Then it also aims to clarify what factors other
than source speed affect the degree of this underestimation, which need to be taken into
account for improved noise prediction models considering source movement. Note that
Mach numbers of source moment below 0.3 are defined as low Mach numbers.

Firstly, Doppler factor is defined as the ratio of frequency of radiated sound at a
receiver to the pulsation frequency of the source. Radiated sound pressure of a moving
point source is analytically derived and expressed as a power of the Doppler factor while
the exponent of the pressure depends on their physical mechanisms.

Secondly, a scaled train model experiment was conducted to measure the directivities
of simplified vibrational and aerodynamic sound sources. As the vibrational source, an
ultrasonic transducer was attached to the train model. As the aerodynamic source, a
cylinder was also attached to the model and then directivities of an aeolian tone sound
generated using the cylinder were measured for a simplified dipole component of aerody-

namic sound, which is generated from pressure fluctuation. The experimental results show



v Abstract

that the acoustic intensity of sound radiated from a vibrational source increase roughly
in proportion to the fourth power of the Doppler factor, whereas that of the dipole com-
ponent of aerodynamic sound increases roughly in proportion to the eighth power of the
factor. Sound radiated from an aerodynamic source moving at low Mach numbers leads
to a larger amplitude modulation due to source movement compared with sound radiated
from a vibrational source, indicating the necessity of applying corrections for the sound
source movement for each type of sound source in noise prediction models.

Thirdly, the directivities of an aeolian tone sound radiated from the cylinder fixed in
a wind tunnel were measured with microphones outside the flow. Then amplitude modu-
lation of the sound by convection was compared with the modulation of the same sound
by source movement. The result revealed that an aerodynamic sound leads to a larger
amplitude modulation by source movement compared with the modulation measured in
a wind tunnel experiment, although the apparent wavelength of sound radiated from the
same source in the atmosphere changes by the same proportion. It thus suggests that
the radiated sound pressure level of an aerodynamic sound estimated in wind tunnel ex-
periments may be underestimated compared to the level of the same aerodynamic source
which is actually moving in the air.

Fourthly, transportation noise sources are simplified as a series of point sources at a
constant velocity along a straight track. Then it is investigated how frequency and ampli-
tude modulation due to source movement affect the noise metrics used in transportation
noise prediction models. When frequency and amplitude modulation are considered, the
computed metrics become larger than the levels without their consideration. The level
difference between the cases increases with respect to the source velocity while it is in-
dependent of distance between the track and the observer. The level difference decreases
monotonically with respect to the source frequency. Therefore, these findings suggest
that neglecting source movement may lead to underestimation in transportation noise
prediction at higher source velocities and lower source frequencies.

Finally, this dissertation can be concluded that ignoring frequency and amplitude mod-
ulation due to source movement, as the existing transportation noise prediction models,
may underestimate the noise metrics and the underestimation becomes more significant for
sources moving at higher velocity. Improving the models more accurately by considering
source movement requires considering its physical mechanism, the method for measuring

or estimating directivity, and its frequency characteristic as well as source velocity.
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Distance which the train model moved from ?,cax A O £ source
Directivity of the sound radiated from a moving source
Air absorption coefficient

Source term that depends on the directivity characteristics of the
source

Motion term that depends on the source’s movement
Convection term that depends on convection

Wave number of radiated sound

Radius of the panel

First-order Bessel function of the first kind

Equivalent radius of the surface of the vibrational source
Position vector of an image sound source

Vector from the image source to the microphone

Slope of the nose of the train model



O [rad]

0. [rad]
0’ [rad]
T mic,c

rsource,r

/

Tsource T

6, [rad]

Pcop [Pa]

Peoop [Pa]

Acronyms and symbols

Distance from the center of the cylinder of the source to the surface
on which the source is attached

Angle between the direction from the image source to the real source
and to the microphone

Angle between the direction in which the SPL of radiated sound
takes the maximum value and the direction perpendicular to the
plate to which the aerodynamic source is attached

Angle between source movement and the direction in which the
SPL of radiated sound takes the maximum value

Order of the multipole (P =0, 1, or 2 for a monopole, dipole, or
quadrupole)

SPL when the wind tunnel works and the aerodynamic source was
fixed in the flow

SPL when the wind tunnel works but the aerodynamic source was
removed in the flow

Distance from the source to the microphone (propagation path)

Angle between the direction in which the radiated sound propagates
and the flow (propagation angle) when no flow is present

Propagation angle before the refraction

Propagation angle after the refraction

Corrected position of the microphone on refraction of a shear layer
Retarded position of the cylinder of the aerodynamic source
Retarded position of an image source of the cylinder ryurce r
Angle between rmicc — Tsource,r and the flow

Corrected sound pressure assuming that a shear layer is planar and
that the thickness is sufficiently small compared with the wave-
length of the radiated sound

Corrected sound pressure assuming that a shear layer is planar and
that the thickness is sufficiently large compared with the wavelength

Variable related to corrected sound pressure

Variable related to corrected sound pressure



Ldir,dipole [dB]

XXV

Variable related to corrected sound pressure

Distance from the cylinder to the boundary between the potential
core and the shear layer in height direction

Directivity of a dipole on a reflective plate which there is no air flow
and the SPL of radiated sound is maximum in the vertical direction
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Chapter 5

Symbol Meaning

m Infinite straight track

R Receiver

Stop Top of the source group

Send End of the source group

Sn nth source of the source group

xo [m] x-coordinate of R

Yo [m] y-coordinate of R

r [m] Distance from the track to R

N Number of point sources that compose the sound source group

L [m] Length of the source group

2gn [m] z-coordinate of S,

Zn [m] z-coordinate of S,, at t =0

a [m3/s] Sound signal (volume velocity) from each source

a [m3/s] amplitude of a

pn [Pa] Sound pressure radiated from S,

pan [Pa] A-weighted sound pressure from S,

pa [Pa] A-weighted instantaneous sound pressure from the entire source

group

Pn [Pal RMS value of p,

Dan [Pa RMS value of pa ,

p [Pa] RMS value of the sound pressure from the entire source group

Pa [Pa] RMS value of the A-weighted pressure from the entire source group

b [m? /5] Velocity potential of S,,

d(z) Dirac delta function of x

d, Fourier-transform of ¢,, with respect to ¢t and z



Avyn
Duyn
kzy [rad/m]
A

HY

k.

Uu

v

k.

K

K

o

Wy,

Wn,

fn [He]
fi [Hz]
f> [Hz]
5 [Hz]
fa [He]
L, [dB]
Ly [dB]
ALy [dB]
Po

XXVil

Fourier-transform of a(t) exp(—ik,zs,) with respect to ¢
®,, where Ay, =1

Wavenumber in perpendicular direction to z-axis
Fourier transform of a with respect to ¢
Oth-order Hankel function of the first kind
Variable related to integral transform

Variable related to integral transform

Variable related to integral transform

Variable related to integral transform

Certain real number

Integral variable

= L= M) 4 (=2, — VD)

Phase of ¢,

Frequency of radiated sound from S,

Frequency of the radiated sound from S,, if the change of azimuth
angle of R as seen from S,, is ignored during the time that it takes
from the sound propagation from S, to R

Wl /2w
20.60 Hz
107.7 Hz
737.9 Hz
12,194 Hz

A-weighted SPL radiated from the entire source group considering
source movement

A-weighted SPL radiated from the entire source group ignoring
source movement

Level difference between Ly and La

20 pPa
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Las [dB]
pas [Pal
7s [s]

3

At [s]
Lacqr [dB]
T [s]

tl [S]

Acronyms and symbols

A-weighted SPL with time weighting S (slow)

A-weighted instantaneous sound pressure related to Lag
Time constant for time weighting S (slow)

Dummy variable of time integration

Time step

Time-averaged sound level, or equivalent continuous sound level
Measurement time interval

Beginning time of T’

Ending time of T’

A-weighted instantaneous SPL of S,

Distance between S,, and R

A-weighted PWL of a single sound source of the source group
PWL of the single source

SPL of S,

SPL of the entire source group

Maximum SPL

Maximum SPL with time weighting S (slow)

Time-averaged SPL on the pass-by time

Maximum A-weighted SPL

Maximum A-weighted SPL with time weighting S (slow)

A-weighted equivalent continuous sound pressure level on the pass-
by time

Pass-by time

Noise speed exponent



Chapter 1

Introduction

1.1 Background

1.1.1 Transportation noise prediction

Since the Industrial Revolution, numerous machines have been invented and widely
disseminated worldwide, leading to an overflow of various types of noise in human living
environments. Under such circumstances, continuous exposure to noise has been found
not only to cause discomfort to individuals but also to increase health risks such as
cardiovascular diseases, cognitive impairment in children, sleep disturbances, tinnitus, and
other adverse effects on the human body. For example, in 2011, the WHO Regional Office
for Europe estimated that the total loss of life years (disability-adjusted life years, DALY
due to environmental noise in Western European countries amounted to approximately
1.6 million years [1]. Consequently, environmental noise has increasingly been recognized
as a health risk factor in many countries around the world in recent years. In 2018, the
WHO Regional Office for Europe published the Environmental Noise Guidelines for the
European Region [2|, which provide recommended exposure levels for various types of
noise (Table . Here, Lgen, Lnight; and Laeq24n [dB] represent the day-evening-night
equivalent sound level, night equivalent sound level, and 24-hour equivalent sound level,
respectively.

In line with this trend, noise distribution estimates over extensive areas are being
conducted worldwide, similar to the establishment of environmental standards for noise.
In the EU, the Environmental Noise Directive (END) [3] was issued in 2002, mandating
member states to create and publish strategic noise maps (large-scale noise exposure

contour maps) every five years for



2 Chapter 1. Introduction

Table 1.1: Disability-Adjusted Life Year (DALY) by environmental noise in Western

Europe [1].
Health effects | DALY [years]
Ischaemic heart disease 61,000
Cognitive impairment of children 45,000
Sleep disturbance 903,000
Tinnitus 22,000
Annoyance 654,000
Total About 1,600,000

Table 1.2: Recommended noise levels by Environmental noise guidelines for the
European region [2].

Noise source H Lgen [dB] ‘ Lyigns [dB]
Road traffic noise 53 45
Railway noise 54 44
Aircraft noise 45 40
Wind turbine noise 45 n.a.
Leisure Noise 70 (Laeq24n)

e agglomerations with more than 100 000 inhabitants
e major roads (more than 3 million vehicles a year)
e major railways (more than 30 000 trains a year)

e major airports (more than 50 000 take-offs or landings a year, including small air-

crafts and helicopters)

based on sound source data and propagation calculations. As a result, noise maps for
various sources have been produced across Europe four times to date: in 2007, 2012, 2017,
and 2022. As an example of the public noise map for noise sources such as automobiles,
railways, aircraft in Europe, The NOISE Observation & Information Service for Europe
by European Environment Agency [4] is shown in Fig. This figure shows Lge, and
Lyignt [dB] of the railway noise in the Europe.

Similarly, in the United States, the U.S. Department of Transportation’s Bureau of
Transportation Statistics released National Transportation Noise Map [5] in 2017 [6],
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Figure 1.1: The NOISE Observation & Information Service for Europe by European
Environment Agency [4].

which is a nationwide transportation noise map showing noise sources such as automobiles,
railways, and aircraft. Figure represents Lpeqoan [AB] for railway noise in Chicago,
the United States from the map.

An example of such a noise map in Japan, showing road traffic noise in Osaka City,
Japan [7], is presented in Fig. representing Laeq24n [dB].

In urban areas, major sources of noise include transportation noise generated by au-
tomobiles, railways, and aircraft. For example, in Europe, buildings are often densely
clustered in towns or cities while structures are sparse in other areas. Conventional
railways are constructed to connect stations in these towns and cities, where existing
conventional railway lines are being upgraded for high-speed travel, allowing both high-
speed and conventional trains to share the same tracks. High-speed trains that stop only
at major cities pass through small settlements at high speeds, potentially causing noise
problems similar to those in Japan. Since local governments in Europe have significant
authority over urban planning, it is necessary to avoid constructing residential buildings
in areas predicted to experience high noise levels through analysis, thereby reducing the
population exposed to noise. For high-speed trains like the Shinkansen and the Chuo
Shinkansen in Japan, efforts are being made to improve running speeds to enhance con-

venience as environmentally friendly public transportation systems. As running speeds
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increase, noise exposure for nearby residents also rises, prompting railway operators and
vehicle manufacturers to strive for quieter railway vehicles. Under such circumstances,
it is necessary to investigate the changes in noise propagation characteristics caused by
the high-speed movement of railway vehicles and noise maps play an extremely important
role.

Therefore, noise prediction methods or frameworks for transportation noise (e.g., Har-
monoise [§] and CNOSSOS-EU [9] in Europe, ASJ RTN-Model [10], a noise prediction
method for conventional railways [11], and the method for the Shinkansen [12] in Japan)
have been developed and released for several decades. However, they assume that the
speeds of vehicles are negligibly low compared with the sound speed on evaluating the
transportation noise levels, neglecting the effect of frequency modulation (Doppler ef-
fect) and amplitude modulation of radiated sound from vehicles, which occur when sound
sources move. They lack any correction term considering the modulations induced by
source movement even for high-speed vehicles such as the Shinkansen, which pass through
residential areas at approximately 0.1 to 0.3 times the speed of sound.

Especially in the case of railway noise in Japan, more than 20 years have passed since
railway noise prediction models were proposed |11}/12], and it is no longer compatible with
the latest high-speed rolling stock. Furthermore, due to past lawsuits filed by residents
living along railway lines regarding railway noise in the mid-1970s, measured data of
operating trains has not been made publicly available. As a result, the sound source
models used in existing noise prediction methods have not been sufficiently verified for

railway noise.

1.1.2 Beamforming

In order to localize noise sources that require to be reduced or to verify the effectiveness
of noise reduction, beamforming has been frequently conducted by phased microphone
array measurements. Especially, Delay and Sum beamforming (DAS) [13] has been widely
used for sound source localization and quantification of radiated sound power for the past
several decades. Figure |1.4]illustrates the schematic of DAS [14]. A scanning plane which
is moving along a sound source (an aircraft in the figure) is assumed. A grid is depicted
on the scanning plane and a point source is assumed on each grid point /. Then each
point is focused and equivalent amplitude (beamforming output) of the source on the

point is determined using measured sound pressures by each microphone M. Thus a
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contour map representing the source distribution is depicted on the scanning plane using
the determined amplitudes of all the point sources as shown in the figure. However, the
conventional DAS cannot locate and quantify the moving sound sources because there
is frequency modulation by Doppler effect on the sound pressure wave measured at each

microphone.

o
—— .
=
\\
S0 CMA -
F o - scanning plane
Ny~ - -
- o
’X SRS \6\
~ N
o
~
\ o
%
\ ~
\\
=
N
~
~
-~
-
~
. \‘h.
trajectory ~
ray path
\

microphone array

Figure 1.4: The schematic of Delay and Sum beamforming (DAS) [14].

Thus, the sound pressure measured by microphones are traced back to the signals
of a target moving source by removing the Doppler effect (de-Dopplerization), which is
removed by resampling the original time series by linear interpolation [15] for instance.
The conventional beamforming is then applied on the de-Dopplerized signals. Beam-
forming with de-Dopplerization has been applied to the location of transportation noise
in straight-line motion, such as the train pass-by noise [16}|17], the aero plane fly-over
noise [15,[1820], and pass-by tests on railway high speed trains [21}23]24].

The deconvolution algorithms (e.g., CLEAN [25], DAMAS [26], and the extensions [27}-
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32] of them to fulfill the tasks of fast computing, separation of coherent sources and
other adaptive capabilities are also developed for the conventional beamforming which
suffers from the low spatial resolution and inaccurate interpretation of source location.
The algorithms are conventionally operated in the frequency domain, whereas the de-
Dopplerization is generally processed in the time domain. On the other hand, Guerin et
al. |33] proposed an approximate Point Spread Function (PSF) in the frequency domain
for a moving source, assuming that the acoustic energy of a broadband source is equally
exchanged between neighboring frequency bands. This approach worked well for the
broadband noise but failed to identify the tonal sources. Thus they [14] also proposed
the modification of the PSFs due to source movement, which was validated by real tests
of Airbus A340 flyovers [34]. This method is a hybrid time-frequency approach because
beamforming is applied in the time domain while the PSF's used in DAMAS are computed
in the frequency domain. Haldet al. [35] proposed a different method from their method to
formulate a Doppler corrected PSF but yielded similar results. The approach was applied
to fly-over measurements taken on an MU300 business jet. Fleury et al. extended several
deconvolution approaches to locate the moving sources at low-Mach speed by using the
conventional Doppler frequency shift approximation [36]. The approaches were used to
assess the slat noise from Airbus A340 [37].

Recently, beamforming has been conducted for the mapping and estimating sound
power levels or directivities of each component of vehicles to acquire sound source models
for noise prediction models. For example, noise prediction framework named J-FRAIN
was developed and published for the precise prediction of aircraft noise around airports
without referencing undisclosed technical information of each component of aircrafts |38~
40]. In the framework, only the Doppler effect due to the movement of the source (piling-
up process of flux between a moving source and observer [41]) is considered in both sound
source and sound propagation models. Then the differences of amplitude modulation of
each component of the moving aircrafts are included as a part of the directivities in the
source models [39]. However, the change of the directivities of the source models remains

unclear.
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1.2 Purpose

It is well known that frequency modulation (Doppler effect) and amplitude modulation
occur in the radiated sound due to sound source movement. However, lots of aspects
of the acoustic propagation characteristics associated with moving sound sources remain
unclear. Especially, there are few studies that have clarified the effects of these phenomena

on radiated sound characteristics or on noise evaluation.

As a result, the effect of these changes on the characteristics of radiated sound is often
neglected. In transportation noise estimation or prediction methods generally assume
that the sound propagation is much faster than the source velocity. This is especially
true in cases where multiple sound sources, such as vehicles in high-speed railways like
the Shinkansen trains, travel at speeds of several hundred kilometers per hour, and pass
through residential areas at speeds equivalent to approximately 0.1 to 0.3 times the speed
of sound. Despite that the assumption does not strictly hold in such cases, prediction
methods neglecting the speed of moving source are widely used for transportation noise

estimation.

This dissertation aims to clarify the extent to which noise metrics of current noise
prediction models or frameworks are underestimated by neglecting the frequency and
amplitude modulation induced by source movement, and under what conditions such
underestimations are more significant. Then it also aims to clarify what factors other
than source speed affect the degree of this underestimation, which need to be taken into

account for improved noise prediction models considering source movement.

At first, amplitude modulation of radiated sound caused by source movement are
exemplified for different types of point sound sources and the relationships among the
sources. Then the differences of amplitude modulation due to the movement of different
types of sound sources are clarified experimentally. After that, the differences between
amplitude modulations induced by source movement and convection which occurs in a
wind tunnel is clarified with a wind tunnel experiment. Additionally, transportation noise
source is simplified as a point source group, and the effects of frequency and amplitude
modulation caused by the source movement along a straight track are examined in terms
of their impact on evaluation of noise metrics (the peak or mean value in energy of A-

weighted sound pressure levels) used in transportation noise prediction.

In this dissertation, change of amplitude of radiated sound induced by source move-
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ment and convection is expressed as ”amplitude modulation”. It is true that the term is
commonly understood as a mechanism in which the amplitude of a carrier wave is varied
according to the signal waveform when transmitting a signal in the fields of engineering
and science and is exemplified by the operating principle of ultrasonic speakers in the field
of acoustics. However, since changes of frequency of radiated sound due to the Doppler
effect are often referred to as the term ”frequency modulation” (e.g., [42-48]), changes of
amplitude of radiated sound are expressed as ”amplitude modulation” accordingly. Then
Mach numbers below 0.3 are defined as low Mach numbers, where change in fluid density
is less than 5% [49]. The studies in this dissertation focused on sound sources moving

within the low Mach number range.

1.3 Structure of the dissertation

Figure shows the outline of the dissertation. The rest of this dissertation is orga-
nized as follows.

Chapter [2| introduces frequency modulation due to Doppler effect and the dimension-
less quantity Doppler factor. Then it describes the relationship of the factor due to source
movement and change of apparent wavelength of radiated sound induced by convection.
After that it explains the reason why amplitude modulation of the radiated sound by
source movement and that by convection can be compared using Doppler factor or the
ratio of apparent wavelength to the wavelength at the pulsation frequency of the source.

Chapter [3| reveals how the sound source types affect the amplitude modulation of
radiated sound from the vibrational and aerodynamic sound source because of source
movement with the scaled train model experiment.

Chapter {4] reveals the influence of source movement or convection on the amplitude
of radiated aerodynamic sound by explaining the wind tunnel experiment and comparing
the result with the results in Chapter [3]

Chapter [5| explains the investigation of the effects of frequency and amplitude mod-
ulation caused by sound source movement on radiated sound characteristics of a sound
source group moving at constant velocity by calculating A-weighted sound pressure level.
The level is calculated as the energy sum of the radiated sound from each moving source
of the group. Sound pressure from each source is calculated based on the analytical solu-

tion in Chapter [2] and verified experimentally as a vibrational sound source in Chapter [3]
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Chapter 1. Introduction

Chapter 1
Introduction

-

Chapter 2

Amplitude modulation of a single source

-

Chapter 3

Measured amplitude modulation of moving sources

-

Chapter 4

Source movement and convection
of aeolian tone sound
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Influence of source movement
on noise metrics

-

-

Chapter 6
Conclusion

Figure 1.5: Outline of this dissertation.
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Especially the chapter clarifies the effect of the modulations on three kinds of A-weighted
sound pressure levels appeared in transportation noise prediction.
Finally, Chapter [0 provide conclusions of this entire dissertation and exemplifies several

future issues.
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Chapter 2

Amplitude modulation of a single
source

2.1 Introduction

In this chapter, frequency modulation (Doppler effect) and amplitude modulation is
introduced. At first, Doppler factor is defined as dimensionless quantity related to the
frequency modulation. Then analytical solutions of radiated sound pressure from a mov-
ing point source are exemplified for the sources with various physical mechanisms. For
example, Morse and Ingard [50| derived the analytical solution of amplitude modulation
of radiated sound from a monopole sound source moving at constant velocity. Howe [51]
described analytical solutions for sound radiated from a moving monopole, dipole, and
quadrupole of an aerodynamic source. Representing the analytical solutions, the relation-
ship between frequency and amplitude modulation of the analytical solutions is discussed.

On the other hand, wind tunnel experiments have been conducted to measure or to
evaluate an aerodynamic sound caused by a vehicle instead of a measurement of the
sound in a field test or a train model launching experiment from vehicles actually moving
in the stationary air. From the reason, the frequency and amplitude modulation due to

convection is explained and compared with the modulations due to source movement.

2.2 Frequency of radiated sound from a moving source

As shown in Fig. , a single source moving at velocity vector V(t) on a straight track
is assumed; ¢ [s], Tsource(t), and ;. denote time, the position of the center of the source,

and the position of a stationary microphone, respectively.



14 Chapter 2. Amplitude modulation of a single source

T mic

Figure 2.1: A moving source rsouree (t) at velocity vector V' (¢) and a microphone .

An angle () [rad] between V' (t) and the vector which represents the propagation

path R(t) of sound radiated at time ¢ from the source to the microphone is expressed as

— arccos M
o) = (|R<t>| |v<t>|) ’ 21)

where

R<t) = Tmic — rsource(t)- (22)

The radiated frequency from the source f [Hz| can be derived as

f = fsourceDf; (23)

where fiource [Hz] is the pulsation frequency of the sound source and Dy is the Doppler
factor [51] representing the ratio of f to fiource, Which is expressed using the velocity

V(= |V]) [m/s] and the speed of sound ¢ [m/s] as

1

D= —————
I = 1 - Mcosé

(2.4)

where M (= V/c) is the Mach number.

Note that sound wave emitted at the time ¢ from the moving source reaches the
microphone at the time t + R/c where R(= |R|) [m] is propagation path from the source

to the microphone or an any other observer.
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2.3 Amplitude modulation of moving sources with
various physical mechanisms

In the absence of mean flow and dissipation, inhomogeneous wave equation describing

the production of sound waves can be expressed as [51]
S Vip = p% — divF (2.5)
where p [Pa] is sound pressure; p [kg/m?] is air density; ¢ [/s] and F are the rate of
increase of fluid volume and the localized body force applied to the fluid per unit volume
of the fluid. It will often be convenient to replace the right side of the equation by a
generalized pressure source F [Pa/m?] and to write
2
6—12% —-Vp="F. (2.6)

Here, the analytical solutions of radiated sound pressure from a moving point source
at a constant velocity V' is exemplified.

At first, a monopole point source (pulsating sphere) is introduced as shown in Fig. .
Radiated sound from the source is generated either by injecting or withdrawing fluid from
the propagating medium, or by expanding or contracting a closed impermeable boundary
surface [41]. This source can be regarded as a simplified vibrational sound source such as
a speaker or a car body because sound waves are emitted by vibrating the surface of the

source in the normal direction.

The surface

Figure 2.2: A monopole point source (pulsating sphere).

When the source is moving, F' = 0 and § is expressed as

= q<t)5<r - Tsource(t)) (27)

Q)
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where ¢(t) [m3/s] is the volume velocity of the point source and 7 is the position vector of
an observer. Substituting Eq. and F = 0 into Eq. and integrating both sides
of Eq. with respect to ¢, the wave equation of velocity potential ¢ [m?/s] is written
as L 9%

EW - VQ(b = q(t)(S('f‘ - rsource(t)>7 (28>

which is derived using the relationship as

0o
= _—. 2.
P=r, (2.9)
Then ¢ of the moving source is derived as [50]

(-

" ArR(1— Mcos6)

(1) (2.10)

Note that for the various analytical solutions of radiated sound from a moving point
source, the variables R, #, and M in this section is not evaluated at the reception time
t but the emission time 7 [s], which means the time when the sound is emitted from the
source and satisfies that

— =1t (2.11)

Sound pressure p [Pa] from the moving source is derived as [50]

R R
pq (t—z> pq (t—z>v<COSQ—M)

P = + . 2.12
plt) AR (1 — M cosh)? 4 R? (1 — M cos 6)° (2.12)

The second term of the right side is near-field term and can be neglected in the far-
field. The amplitude difference with and without the term is less than 0.1 dB when the

observer is at 7.5 m from the line of motion of the source [52]. Then p can be approximated

as [50,[1]
R
pq (t - z)
p(t) =

- AR (1 — M cos§)*
where ¢’ (t) (= 0q/0t) is the time derivative of ¢(t), suggesting that the pressure is ap-

(2.13)

proximately proportional to the second power of the Doppler factor assuming that the
numerator of the right side of Eq. (2.13)) is constant.
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Secondly, a dipole component of an aerodynamic sound is introduced which is gener-
ated by pressure fluctuation. As the simplified sound source of that, Figure illustrates
the cross section of a cylinder in air flow perpendicular to the cross section. A free-stream
aeolian tone is generated from pressure fluctuation on the surface of the cylinder induced
by turbulence around the cylinder. Then the aeolian tone has the dipole directivity. The

cylinder also generates periodic Karman vortex shedding in the wake from the cylinder.

RN Karman vortex
~~ N\

Flow ,l
o CQ U U’)
vlinder

S——
N

N~

Figure 2.3: Cross section of a cylinder in air flow generating an aeolian tone as a
simplified dipole component of an aerodynamic sound.

Provided that changes in air density and pressure are sufficiently small compared with
mean air density and atmospheric air pressure. When an external force is acting on a

moving point source, F' can be represented as
F = Fo(r — Tsource(t)) (2.14)

where F' is the external force acting on the point source. Substituting Eq. (2.14) and
g = 0 into Eq. (2.5)), p(t) [Pa] of fluid-generated sound from the source in the far field is

expressed as [51]
Fi (t - E) cos 0;
J c J
~ (2.15)

" 4ncR (1 — M cosf)®

where Fj(t) [N] is the external force on the point source and subscript j denotes the

p(t)

component in the direction of each axis in the three-dimensional Cartesian coordinates
(ie., j = 1,2,3 correspond to the z,y, z axes, respectively); Fj (t) (= OF}/0t) is the time

derivative of Fj; 0; [rad] is an angle between the propagation direction of the radiated
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sound and each axis. This is sum of the pressure of the three dipole sources which
correspond to different axes. Assuming that the numerator of the right side of Eq.
is constant, p is approximately proportional to the second power of Dy.

Thirdly, a quadrupole component of aerodynamic sound is explained, which is gener-

ated from the turbulence or flow distortion of fluid such as jet from a nozzle as shown in

Fig. 2.4

nozzle | Zenenup Jet

N

Figure 2.4: Jet from a nozzle radiating a quadrupole component of an aerodynamic
sound.

Although it is generally not permissible to assume that the turbulent flow is com-
pact [51], when a simplified moving sound source radiating the quadrupole component is
defined, F in Eq. (2.6]) is represented as

0? (tij5(’l" — Tsource (t) ))

F = 2.16
where ¢;; [N - m] is the element of turbulence stress tensor. p(t) [Pa] is approximated
as [51]

R
ti; | t —— | cosf;cos
c
t) ~ 2.17
p(t) Anc2R (1 — M cos6)? (2.17)
where tj; = 9°t;/0t>. 0; [rad] is an angle between the propagation direction of the

radiated sound and each axis as well as 6; (i.e., i = 1,2,3 correspond to the z,y, z axes,
respectively). Assuming that the numerator of the right side of Eq. (2.17)) is constant, p
is approximately proportional to the third power of Dy.
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Additionally, the analytical solution of radiated pressure of a moving point source is
also derived for a pressure point source [51] as an ideal sound source, which is expressed
as

F = 5()6(r — Tsource(t)) (2.18)

where S(t) [kg/s?] is the source strength. Substituting this into Eq. (2.5)), p is derived as

()

- 4R (1 — M cos6)’

p(t) (2.19)

suggesting that it is proportional to Dy assuming that the numerator of the right side is
constant.

From the sound pressure of all of the moving point sources mentioned above, amplitude
modulation of radiated sound from a moving point source can be expressed as powers of
Dy by source movement. Therefore, amplitude modulation of the radiated sound by
source movement can be compared using the Doppler factor Dy.

Especially, note that the exponent of the sound pressure of the pulsating sphere is 1

larger than that of the pressure point source because of a time derivative process as in

Eq. (2.9) while solving sound pressure p in Egs. (2.6) and (2.18)) is equivalent to solving
velocity potential ¢ in Eq. (2.8).

2.4 Modulated wavelength and amplitude modula-
tion due to convection

The wavelength of radiated sound from a moving source is inversely proportional to the
radiated frequency or the Doppler factor when c¢ is constant. The ratio of the wavelength
of radiated sound A [m] to the wavelength of the sound Asource(= ¢/ fsource) [m] when V=0
can be written as

A 1
= — =1— M cosb. 2.20
)\source Df ( )

On the other hand, in a wind tunnel experiment, sound sources are usually fixed in

the air flow inside a wind tunnel when radiated sound is measured as the stationary
sound. Here, a stationary sound source and a stationary microphone are assumed in a
steady flow with the velocity Viey. In the flow, the frequency modulation (Doppler effect)

does not occur because the sources and microphones are stationary. However, because of
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convection, the apparent sound speed from the viewpoint of a stationary observer differs
by propagation direction from the source. Thus, the apparent wavelength also differs by
the direction. This is a phenomenon common to the case in which the sound source is
physically moving and the air is stationary, and the case in which the source is stationary
and the air. As shown in Fig. 2.5 from the viewpoint of an observer moving with the
air flow, a sound source is moving in the opposite direction and at the same velocity as
the flow (= —Viow). The ratio of the apparent wavelength A of the radiated sound to the

wavelength Agource When flow velocity Viow (= |Viow|)= 0 [m/s] is expressed as

A

)\source

=1 — Mjgow cos b, (2.21)

where Moy (= Viow/c) is the Mach number of the flow and 6 is an angle between R and
_‘/ﬂow-

_Vﬂow

_Vﬂow Tsource

Figure 2.5: A sound source Tsource (t) and a microphone 7. in a flow at velocity Vi
from the viewpoint of an observer moving with the air flow.

Therefore, the spatial expansion or contraction of the apparent wavelength of the ra-
diated sound due to the Mach number of the sound source or the air flow is a phenomenon
common to both source movement and convection. A/Agource represents the expansion and
contraction of the apparent wavelength as seen by an observer moving with the air flow.

According to the previous section, amplitude modulation of radiated sound from a
moving point source can be expressed as powers of Dy by source movement. This indicates
that amplitude modulation of radiated sound can be expressed as powers of A/Asource by
convection as well as source movement. For example, assuming that the numerator of the

right side of Eqgs. (2.15))(2.17) is constant, p is inversely proportional to the second and
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third power of A\/Asource from Eq. (2.20]). Therefore, amplitude modulation of the radiated

sound by source movement and that by convection can be compared using A/Asource-

2.5 Summary

Frequency and amplitude modulation of a moving point source or a point source fixed
in the air flow is introduced. For a moving point source, Doppler factor is defined as the
ratio of frequency of radiated sound at a receiver to the pulsation frequency of the source.
All of the analytical solutions are expressed as a power of the Doppler factor while the
exponent of the sound pressure depends on the physical mechanism of the source. When a
sound source is fixed in air flow, the ratio of apparent wavelength of radiated sound to the
wavelength of the sound at the pulsation frequency of the source represents the expansion
and contraction of the apparent wavelength as seen by an observer moving with the air
flow and is reciprocal of Doppler factor when the source is moving in the stationary air.
Therefore, the spatial expansion or contraction of the apparent wavelength of the radiated
sound due to the Mach number of the sound source or the air flow is a phenomenon
common to both source movement and convection. Because sound pressure or intensity
of radiated sound in the farfield from moving point sources or sources fixed in the air
flow are expressed as powers of the Doppler factor or the ratio, amplitude modulation of
the radiated sound by source movement and that by convection can be compared using

Doppler factor or the ratio.
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Chapter 3

Measured amplitude modulation of
moving sources

3.1 Introduction

In the previous chapter, the variation in directivity of a single sound source due to
amplitude modulation caused by its movement was presented.

Based on the analytical solutions in the chapter, radiated sound pressures of moving
sources have been modeled on many studies. For instance, convective amplification of ra-
diated sound pressure due to source movement is frequently corrected in de-Dopplerization
during beamforming introduced in Section as well as distance attenuation and time
distortion (Doppler effect) of the radiated sound. The convective amplification of each

point source on a scanning plane (see Section [1.1.2]) have been assumed to be
1. the second power of Dy, which corresponds to Eq. (2.13]) [30,52-58]

2. the first power of the Doppler factor Dy, which corresponds to Eq. (2.19) [18,35,36,
59,60]

3. neglected, where the radiated sound pressure is not proportional to Dy [14,21, 22,
33,61,62]

in computing beamforming output at the point sources. For another sound source local-
ization method than beamforming, there are studies which the sound pressure of each
point source is assumed to be proportional to the second power of the Doppler factor

and the near-field term is not neglected, which corresponds to Eq. (2.12]) [63,/64]. For the

different convective amplifications, Camier et al. [65] compared three kinds of Delay and
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Sum beamforming algorithms considering different convective amplifications which are
exemplified above. They revealed that the misleading de-Dopplerization method results
in errors in term of absolute quantification, evolution of the instantaneous amplitude of
the recovered source signal, and estimation of the directivity pattern and show significant
cumulative errors for the high-speed motion on the beamforming maps.

Besides the studies on sound source localization, the sound pressure of a moving point

source has been assumed to be
e proportional to the second power of Dy, which corresponds to Eq. (2.13)) [66]

e proportional to the second power of the Doppler factor and the near-field term is

not neglected [67]

in the studies on sound source modeling for simulations of sound propagation.

There are some analytical studies related to amplitude modulation of moving sources
as well as the studies mentioned in the previous chapter. Dowling [68] investigated a sound
radiated from a pulsating compact body moving at constant velocity and showed that am-
plitude modulation of the source is larger than that predicted by Morse and Ingard [50]
because of unsteady drag on the surface of the source. Lighthill [69] and Wright [41]
analytically investigated the amplitude modulation of a radiated aerodynamic sound. In
addition, Makino and Takano [70-72] investigated the influence of amplitude modulation
due to source movement on various high-speed railway noise evaluations by calculating
the sound-pressure level of radiated sound from moving discrete monopole point sources
in a straight track. Gaunaurd and Nguyen [73] calculated acoustic power radiated from a
source of finite size moving uniformly. Makino and Takano [74] also investigated the influ-
ence of sound source movement on the directivities and sound power level of a monopole
volume source, a monopole pressure point source, and a dipole pressure point source.

There are several experimental studies about the frequency and amplitude modulations
of moving source. For the measurement of frequency modulation, Hoshika et al. measured
the Doppler effect from an electronic buzzer in a moving train model which is launched
in the experimental facility [76]. Akutsu et al. [43-47] visualized instantaneous sound
fields around a moving sound source using parallel phase-shifting interferometry (PPSI)
and the measured Doppler-shifted frequency of the radiated sound agreed well with the
theoretical values. For the measurement of amplitude modulation, Norum et al. [77]

measured the amplitude modulation of shock noise and mixing noise generated from the
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jet of a supersonic jet aircraft. However, in the case of high-speed railways such as the
Shinkansen, a dipole component of aerodynamic noise caused by pressure fluctuation on
a surface, rather than radiated rolling noise from vibration rails and wheels, is dominant
at speeds of 300 km/h or higher. Makino et al. measured the sound radiated from a
moving ultrasonic transducer as a simplified vibrational sound source |78] and an aeolian
tone sound radiated from a moving aerodynamic sound source [79}80].

However, how the source type affects the amplitude modulation of radiated sound due
to source movement at low Mach numbers has not yet been clarified experimentally. In
other words, no experimental studies have been conducted to validate the accuracy of the
analytical solutions of radiated sound pressure field from moving sources introduced in
Chapter [2| which are solely analytical formulation based on wave equations.

In this chapter, a lunching experiment was conducted using a moving scaled train
model. The train model had an ultrasonic transducer on its surface to simulate a simplified
vibrational sound source and an aerodynamic sound source radiating an aeolian tone noise
for typical sound of a dipole component of aerodynamic sound. Then the directivities of
the two moving sources were measured at different velocities because the amplitudes of
radiated sound pressure and, hence, the directivities are modulated because of source
movement. On the basis of the experimental results, how the sound source type affects
amplitude modulation of radiated sound induced by source movement is discussed at low
Mach numbers for these two sources, which are typical for high-speed railway noise. Note
that most of this chapter is based on Ref. [81].
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3.2 A train model experiment

3.2.1 A scaled train model

Figure shows the 1/20-scale train model with an ultrasonic transducer as a vibra-
tional sound source and an aerodynamic sound source. The length, the width and the
height of the model is 2,625, 150, and 172.5 mm, respectively.

As a vibrational sound source, an ultrasonic transducer (PT40-17N, Nippon Ceramic)
with a radius of 0.005 m was attached to the top of the model and the center of the guide
rail. The distance Azyig [m] in rail direction between the tip of the nose of the train
model and the center of the vibrational sound source is 1,225 mm. The vibrational source
radiated a sinusoidal ultrasound ( fsource = 40,290 Hz, which corresponds to 2,014.5 Hz in
a real environment). Under the assumption that the similarity law holds, a sound wave

in the audible frequency range behaves the same as an ultrasonic wave.

An aerodynamic
sound source

A vibrational
sound source

£ T —

Figure 3.1: A scaled train model with two sound sources.

In this experiment, a cylinder in Fig. [3.2] is used as an aerodynamic sound source.
When the source moves in the static air, an aeolian tone is generated from the cylinder
with a diameter D of 0.004 m. The distance d from the center of the cylinder to the
surface on which the source is attached is 0.011 m. Then the cylinder was attached to the
nose of the train model. The distance in the rail direction Azag [m] between the tip of
the nose of the train model and the center of the cylinder is 378 mm. It is assumed that
relative flow velocity at the cylinder is equal to the model velocity V', and that the cylinder

generates a Karman vortex at the same frequency of an aeolian tone in free stream. Then
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the radiated tone frequency fsource [Hz] was obtained as

v
fsource - StE (31)

where St is the Strouhal number, which is determined using the relationship between the
Reynolds number Re and St described by Fey et al. [82] as

Stcoef.

VvV Re
where Stg is 0.1776 and Steet. is 2.2023 in the interval 5000 < Re < 2x 10°. The Reynolds

number Re can be obtained as

St = Sty + (3.2)

Re = — (3.3)

v

where v [m?/s] is the kinematic viscosity determined using U.S. standard atmosphere [83].
D =4 mm

! | A cylinder

t Id =11 mm

90 mm

Figure 3.2: An aerodynamic sound source used in a scaled train model experiment.

3.2.2 Low-noise moving model test facility

The experiment was performed using a low-noise moving model test facility at the
Railway Technical Research Institute (RTRI) [84]. The total length of the facility is
125 m, comprising three sections: the launch section, the measurement section, and the
braking section. The train model was launched in the launch section and then entered the
measurement section. The measurement section, where sound radiated from the launched
train model was measured, is a semi-anechoic chamber with a length of 40 m. After
passing through the measurement section, the train model entered the braking section to
decelerate and stop.

Figure[3.3|illustrates the setup of the scaled train model and the semi-anechoic chamber
in the low-noise moving model test facility. In this measurement, plates were placed above
the guide rails in the measurement section to imitate the ground. The sound radiated

from the source was recorded using a 1/4-inch microphone (RION UC-29) and a noise
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level meter (RION UN-14), and the sampling frequency was 192 kHz. Figure shows
the position of the vibrational source, the aerodynamic source, and the microphone. The
microphone was located zyi.(=360 mm) above the surface of the plates at the center
of the guide rails. The surface of the vibrational source was zyip(=180 mm) above the
plate. Hence, the height difference Azyig(= zmic — zvig) [m] between the source and the
microphone was 0.18 m. The center of the aerodynamic sound source was zag(=143 mm)
above the plate and the height difference Azpg(= zmic — 2ar) [m] between the center of
the source and the microphone was 0.217 m. Four infrared sensors in total—two each at
the entrance and exit of the semi-anechoic chamber—were used to detect the time when
the train model passed each sensor. The distance [ between the sensors was 2.0 m at both

the entrance and the exit.

A
z 1Y
235615801'8 2 *
|‘| ( A scaled trainimodel i ﬁenf.orﬂs x
|—| t TS Guide rails |—| '
> -
Xi | Xp xo X
Xin Xmic Xout

Figure 3.3: Setup of a scaled train model in a semi-anechoic chamber at a low-noise
moving model test facility.

3.2.3 Measurement of sound source position and velocity

The z-axis is defined in rail direction and the origin is set as the microphone (Fig.|3.3]).
Estimated velocity V' and the position of the vibrational sound source Tsourcevip are

defined as

V(t)
v=_ 0 |, (3.4)
0
and
x(t)
rsource,VIB(t) - 0 s (35)
<ZVIB

respectively, where x(t) [m] is the position of the vibrational source on the z-axis.
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Figure 3.4: Position of a vibrational sound source, an aerodynamic sound source, and
1/4-inch microphone.

Let x;, x,, o, and zy [m] be the positions of the sensers on the z-axis from the entrance
to the exit of the chamber. In the same manner, let ¢;, ¢, t,, and ¢; [s] be the times when
the top of the train model passed in front of each sensor. The velocities of the model at
the entrance of the chamber Vi, [m/s] and at the exit of the chamber V,,; [m/s| can be

written as

and

‘/out = (37)

tt - t07
respectively. The positions of the entrance and the exit of the chamber on the z-axis, ;,

and T,y [m], can be written as

Ty + Ty
Tin = — (3.8)
and
o = 2 (39)
respectively.

The times t;, and t.y [s] at which the vibrational source passed zj, and ., can be

estimated as

. ti + tn 4 AxVIB

tin = 1
) v (3.10)
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and A
lo + 1t TVIB
tout = + , 3.11
’ 2 ‘/out ( )
respectively.
The position of the microphone 7. is defined as
Lmic
Tmic = 0 1. (3.12)
Zmic

When the vibrational source radiated sound from directly under the microphone, the
sound propagated vertically relative to the source movement; thus, f = fiuce because
cosf = 0 and Dy = 1. Thus, the time ¢, [s] when the source passed directly under the

microphone can be obtained as

Azyip

tmic = tf,source - ) (313>
C

where tfource [S] is the time when a peak frequency of radiated sound from the source
is closest t0 fiource at the microphone. Consequently, the velocity V (¢) [m/s| and the

position z (t) [m] of the vibrational sound source can be estimated as

Lin — Lmic (t <t )
V (t) = tin — tmic o (314)
Lout — Lmic (t < t)
tout - 2frnic e

and

Lin — Tmic
-5, (t - tmic) + Lmic (t S tmic)
z(t) ={ fin = tmic : (3.15)

x — Lmi
u (t - tmic) + Lmic (tmic < t)
tout - tmic

respectively, where x,;. [m] is the position of the microphone on the z-axis.

Here, the position of the aerodynamic source rsource AR is defined as

Tsource,AE = Tsource,VIB + A(r'sourcea (316)

where Argouee 1S a position vector from the vibrational source to the aerodynamic source

and is written as
A$VIB — Azap

AIrsource = 0 . (317)
ZAE — <VIB
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3.2.4 Measured directivities of moving sources

Figure (3.5 shows examples of sound spectrogram recorded at the microphone which
the vibrational sound source passed directly under the microphone at velocities of (a)197,
(b)242, and (c)277 km/h. For the sound radiated from the vibrational sound source, a
short time Fourier transform (STFT) was applied to the recorded signal to each 256 sam-
ples with 50% overlap and Hanning window. For the sound radiated from the aerodynamic
sound source, the STFT was applied to each 1,024 samples with 87.5% overlap and Han-

ning window.

A A
=
40 dB 40 dB
r' =07
- T 5
=]
2 4
]
g2
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2.66 2.67 2.68 2.69
Time[s]
A
40 dB
v

5.29 5.30 5.31 532 5.33
Time[s]

Figure 3.5: Spectrograms of sound recorded by a 1/4-inch microphone, and estimated
frequencies of sound radiated from two sources at velocities of (a)197, (b)242, and
(¢)277 km/h when a vibrational sound source passed directly under the microphone.
(White dashed lines: a vibrational sound source; black dashed lines: the cylinder of an
aerodynamic sound source). Straight white dotted lines represent the times ¢ source [3]
when a peak frequency of radiated sound from the vibrational sound source is closest to
fsource at the microphone and straight black dotted lines represent the time t,eax ar [3]
when the SPL of the sound radiated from an aerodynamic sound source reaches the
peak at the microphone.

The white dashed lines indicate frequencies f [Hz| of sound radiated from the vi-
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brational source, as estimated using Eq. . The results confirm that the estimated
and measured frequencies of sound radiated from the vibrational source were in good
agreement with each other and that the signal-to-noise ratios of the sound at the mi-
crophone were more than 10 dB. The sound pressure level (SPL) L, mic(t) [dB] of the
radiated sound at the microphone was determined in the range 30-55 kHz, within which
the radiated frequency varies because of the Doppler effect.

For the sound radiated from the aerodynamic sound source, L, mi. (t) [dB] was deter-
mined in a range of £0.75 kHz from the frequencies f [Hz| estimated according to Eq.
and Egs. —. The estimated Re of the aerodynamic source at ¢, of the 3 trials in
Fig. [3.5 were (a)1.38 x 10%, (b)1.73 x 10%, and (c)1.98 x 10*. The estimation according to
Eqgs. — is valid because all the Re is within the range of 5000 < Re < 2 x 10°. On
the other hand, Karman vortex generated by the source cylinder may also generate sound
source on the train surface in its downstream. However, Nagakura [85] performed wind
tunnel tests and a field test using an acoustic mirror, which consists of an omni-directional
microphone and a reflector, to reveal that the noise source of the aerodynamic noise from
the wiper of Shinkansen trains concentrates at the wiper itself which is attached to the
nose of them. Similarly to that, the position of the aerodynamic sound source is set as
the position of the source’s cylinder in estimating the frequencies f. The black dashed
lines and the straight black dotted lines in Fig. |3.5| indicate the estimated frequencies f
and the times ¢,cax ar [s] when the SPL of the sound radiated from an acrodynamic sound
source reaches the peak at the microphone.

Figure shows sound spectra of the measured sound at the microphone of these
trials at the time tpeax ap. The peak frequency of each spectrum is close to the estimated
frequency of the sound radiated from the source (straight dashed lines in the figure)
and the peak level of the sound is more than 10 dB from the level of the background
noise. Therefore the spectra confirmed that tonal acoustic radiation occurred as well as
the cylinder in a freestream due to periodic vortex shedding and that the signal-to-noise
ratios of the sound at the microphone were more than 10 dB within the range.

In addition, the straight white dotted lines in Fig. represent the times ¢ ¢ source- The

distance lpeaxs [m] which the train model moved from f,eax AR 1O tfsource 1S Written as

lpeaks =T (tf,source> - (tpeak,AE) ) (318>
which of the 3 trials in Fig. are (a)905, (b)908, and (¢)950 mm. They are longer

than the distance in rail direction between the vibrational source and the aerodynamic
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source Azyip — Azag(= 847 mm) at all the trials. Therefore the figures can confirm that
aerodynamic sound is not radiated from the wake from the cylinder but from the surface
of the cylinder in this experiment. As well as that, the figures suggest that the radiation

angle can be leaning in the direction of source movement from the vertical where the SPL

of radiated sound takes the maximum value.
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Figure 3.6: Spectra of sound recorded by a 1/4-inch microphone at the time when the
SPL of the sound radiated from an aerodynamic sound source reaches the peak. The
velocities of the scaled train model are (a)197, (b)242, and (¢)277 km/h when a
vibrational sound source passed directly under the microphone. (Straight dashed lines:
the estimated frequencies of the aeolian tone from the cylinder of an aerodynamic sound
source at the time; straight dotted lines: the frequencies £0.75 kHz. )

The SPL Lg;;(6) [dB] of the radiated sound at a unit distance in the direction 6 from

the source can be written using R = |R(t)| [m] as

Ldir(é’) = anic (t -+ g) + 20 lg R + « (f) R, (319)

by correcting a distance attenuation. In the present work, Lq;,(€) [dB] is defined as the
directivity of sound radiated from a moving sound source. The last term in Eq. (3.19)
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represents air absorption, where a(f) [dB/m] is the air absorption coefficient calculated
according to ISO 9613-1:1993 [86]. Because «(f) is less than 1 dB/m at the frequencies

less than 10 kHz, the term can be neglected for aerodynamic sound in the experiment.

3.2.5 Results

For the vibrational sound source, the directivities of radiated sound were measured in
12 trials in which the vibrational source passed directly under the microphone at different
velocities between 100 and 300 km/h. Figure shows the measured directivities Lg;, of
sound radiated from the vibrational source.

For the aerodynamic sound source, the directivities of radiated sound were measured
in 3 trials in which the source passed directly under the microphone at velocities of
(a)197, (b)242, and (c)277 km/h. Figure shows the measured directivities Lg;, [dB].
The measured SPL was sufficiently high compared with background noise in the radiation
angle 6 range: (a)from 25° to 115°, (b)from 30° to 135°, and (c¢)from 30° to 120°. Thus, the
amplitude modulation of the radiated sound was derived using the measured directivities

within this range.

3.3 Discussion
The directivity of a moving source consists of two components:
™
Lair (9> = Lair <§) + ALsource + ALDoppler- (320)

Here, ALgource [dB] is a source term that depends on the directivity characteristics of the
sound source and ALpepper [dB] is a motion term that depends on the source’s move-
ment [87].

In this section, the motion terms ALpgppler Of the vibrational sound source and the
aerodynamic sound source are determined by estimating the source terms A Lgyuree Of the
measured directivities. How the type of sound source affects the amplitude modulation

of radiated sound induced by source movement for these sources is then discussed.

3.3.1 Source term

The vibrational sound source is regarded as a circular panel vibrating uniformly in an

infinite baffle. Sound pressure p (|R|, ) [Pa] radiated from the stationary panel at the
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Figure 3.7: Measured directivities Lq;, (f) [dB] of a vibrational sound source on a scaled
train model moving at different velocities: (a)108 km/h, (b)109 km/h, (¢)109 km/h,
(d)155 km/h, (e)197 km/h, (f)240 km/h, (g)241 km/h, (h)241 km/h, (i)241 km/h,
(j)242 km/h, (k)277 km/h, and (1)289 km/h.
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Figure 3.8: Measured directivities Lqi, (6) [dB] of an aerodynamic sound source measured
in a scaled train model experiment: (a)197 km/h, (b)242 km/h, and (c)277 km/h.
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observer can be represented as [88]

7T) Jy (krpanel ‘COSQD (321)

p(R|.0)=2p (IR 5

kT panel |cos 0|
where k(= 27 fiource/€) [rad/m] is the wave number of radiated sound, 7pane [m] is the
radius of the panel, and .J; is the first-order Bessel function of the first kind. Thus,

A Lgource can be represented as

ALSOurCe =20 1g |:2 Jl (k'f’source,eq ’COS 9|):|

KT source,eq |08 0] (3.22)
where Tsourceeq M) i an equivalent radius of the surface of the vibrational source. Thus
A Lpeppler Was obtained by using Eq. ((3.20]) and then by computing a linear regression line
for 101g Dy [dB] and ALpeppler- Subsequently, rsourceeq [11] Was determined as the radius
that leads to the smallest standard deviation of the regression and sufficient separation
of amplitude modulations because of the source itself and source movement.

On the other hand, the directivity of the aerodynamic sound source is modeled as a
dipole. To consider sound reflection at the surface of the train model, it is assumed that
the surface which the source is attached is infinite panel, and an image source of the aero-

dynamic source is also assumed. Figure [3.9]shows the geometry of the aerodynamic sound

!/

cource; and the microphone ;.. The combined

SOUrce Tsource, an image source of that r
sound pressure p (f) [Pa] from the source and the image source at the microphone can be
expressed as
exp (ik|R|) exp (ik|R'|)
0) = ———— 0 eak — 0) — ————
PO =—pmy e =) = =Ry

where R’ is a vector from the image source to the microphone. The terms |R| and |R/|

cos (e —7) (3.23)

can be respectively derived as

Azpg
R| = .24
B sin 0 (3:24)
and
/ AZAE . 2 2
|R'| = — +2dsin 3 ) + (Azag + 2dcos 5)°, (3.25)

where (= 0.165 rad) is the slope of the nose of the train model and approximately 8.9°.
Here, d(= 0.011 m) is the distance from the center of the cylinder of the source to the
surface on which the source is attached and ¢ [rad] is the angle between the direction from
the image source to the real source and to the microphone, written as

£ = arcsin HRE/” cos (6 + ﬂ)} . (3.26)
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In addition, v [rad] is the angle between the direction in which the SPL of radiated
sound takes the maximum value and the direction perpendicular to the plate to which

the aerodynamic source is attached, written as
T
= epeak - (E - 6) ) (327>

where Opcax [rad] is the angle between source movement and the direction in which the

SPL of radiated sound takes the maximum value. ALguee can be written as

p(0) +201g ( A@ ) (3.28)

p(m/2)
by correcting a distance attenuation in the last term.

ALsource =20 1g

However, 0peax can differ by trial because flow dirction at the position of the cylinder of
the source can differ by Mach number or Reynolds number due to the effects of the train
model surface on the mean flow and turbulence around the cylinder. Therefore ¢ or
A Lgouree Were determined on each trial as the angle that results in the smallest standard
deviation of a linear regression line for 101g Dy [dB]| and ALpoppier [dB] on the measured

data.

Figure 3.9: Geometry of an aerodynamic sound source rgy.ce, an image aerodynamic
sound source 7/ and a microphone ;..

source’
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3.3.2 Doppler factor and amplitude modulation due to source
movement

Figure demonstrates measured amplitude modulations ALpeppier [dB] of sound
radiated from the vibrational source because of source movement. The straight broken
line indicates their linear regression. The slope of the line is 4.34, and the standard
deviation of the regression is 1.08 dB. The value of the slope represents the exponent of
acoustic intensity to Dy. The results suggest that the acoustic intensity is proportional

to approximately the fourth power of the Doppler factor.
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Figure 3.10: Amplitude modulations due to source movement ALpoppier [AB] of a
vibrational sound source, as measured in a scaled train model experiment. (Straight
broken line: linear regression of plotted data.)

According to Eq. , sound pressure from a monopole point source (pulsating
sphere) moving at a constant velocity is approximately proportional to the second power
of the Doppler factor. By contrast, Dowling [68] showed that sound pressure from a
pulsating body moving at constant velocity is more amplified than the one proportional
to the third power of the Doppler factor because of unsteady drag on the pulsating surface.
However, the surface of the vibrational sound source is parallel to the source movement
direction in the present experiment. Thus, it is speculated that there is no drag but lift on
the source, thereby showing good agreement between the measured amplitude modulation
of the vibrational source and the results of the analytical study of Morse and Ingard [50].

Figure m shows the measured amplitude modulations ALpgppler [dB] of the aerody-
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namic source; the straight broken line in the figure represents their linear regression. The
slope of the line is 8.77, and the standard deviation of the regression is 2.46 dB. The re-
sults show that the sound pressure and the acoustic intensity is respectively proportional
to approximately the fourth power and the eighth power of the Doppler factor because
half the value of the slope represents the exponent of radiated sound pressure to Dy and is
4.39. The estimated f,ear value is (a)69.5°, (b)79.7°, and (c)79.4°. The figure also shows
that the plotted data are widely scattered within the range 0.6 < —101g (1 — M cos6)
because, for example, the wavelength of the radiated sound is longer than that of the
vibration source, which results in a large error in the measured ALpoppier because of the

assumption that the surface to which the source is attached is an infinite plate.
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Figure 3.11: Amplitude modulations due to source movement ALpoppier [dB] of an
aerodynamic sound source, as measured in a scaled train model experiment. (Straight
broken line: linear regression of plotted data.)

Wright [41] conducted a theoretical study on aerodynamic sound radiated in the far
field from a moving sound source, which was sufficiently small relative to the wavelength,
and Wright found that the sound pressure of aecrodynamic sound observed at a stationary
observer is proportional to the 34 Pth power of Dy, where P is the order of the multipole
(P =0, 1, or 2 for a monopole, dipole, or quadrupole sound source, respectively). The
sound source of an aeolian tone sound has a dipole directivity (i.e., P = 1). Thus, the
sound pressure and the acoustic intensity are proportional to the fourth and eighth powers

of Dy, respectively. Consequently, the amplitude modulation measured in the scaled train
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model experiment shows good agreement with that predicted in the theoretical study of
Wright [41].

Comparing the exponents of acoustic intensity to D; obtained from the measured di-
rectivities reveals that the exponent of the aerodynamic sound source is larger than that of
the vibrational sound source. Therefore, it is confirmed experimentally that the exponent
of the sound pressure depends on the physical mechanism of the source. Compared with
the sound radiated from a vibrational sound source, that radiated from an aerodynamic
sound source is more amplified by source movement when the source passes in front of a

receiver at a speed in the low Mach number range.

3.4 Summary

A launching experiment was performed using a scaled train model with an ultrasonic
transducer as a simplified vibrational sound source and with an aerodynamic sound source
radiating aeolian tone sound, which is a typical dipole component of aerodynamic sound.
The measurements of directivities of these moving sources were conducted at various
source velocities at low Mach numbers to derive motional amplitude modulations of ra-
diated sound. Then how the two sound source types affect the amplitude modulation of
radiated sound is investigated as a result of source movement. The experimental results
revealed that the acoustic intensity of sound radiated from the vibrational sound source
increases roughly in proportion to the fourth power of the Doppler factor, whereas that of
the dipole component of aerodynamic sound increases roughly in proportion to the eighth
power of the Doppler factor. These results confirmed that the exponent of the sound
pressure depends on the physical mechanism of the source. Then they suggest that sound
radiated from an aerodynamic sound source leads to a larger amplitude modulation than
that radiated from a vibrational sound source at a low Mach number, indicating the neces-
sity of applying corrections for the sound source movement for each physical mechanism

of sound source in noise prediction models.
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Chapter 4

Source movement and convection of
aeolian tone sound

4.1 Introduction

In the previous chapter, amplitude modulation caused by sound source movement
was experimentally investigated through the launching experiment. Aerodynamic sound
was measured from moving aerodynamic sources in the atmosphere at rest (or where the
speed of wind can be neglected) using stationary microphones, which is the same way as
a field test. Once the sound has been radiated by the sources, it propagates through the
atmosphere at rest and reaches the microphones. The Doppler effect then occurs in the
sound field, and the wavelength of the sound changes.

On the other hand, wind tunnel experiments have been conducted to measure the
sound instead of a field test or a launching experiment. Beamforming in the experiments
has also experienced major developments and has been validated in terms of functionality
and accuracy of results [89] as well as pass-by tests. As mentioned in Section , although
the frequency modulation (Doppler effect) does not occur because the sources and micro-
phones are stationary, the source appears to move in the opposite direction to the air flow
from the viewpoint of an observer moving with the flow. Therefore, the spatial expansion
or contraction of the apparent wavelength of the radiated sound due to the Mach number
of the sound source or the air flow is a phenomenon common to both source movement
and convection.

Lighthill [69], Dowling [68], and Wright |41] theoretically investigated the amplitude
modulation of radiated sound as a result of sound source movement. Morse and Ingard [50]

described analytical solutions for radiated sound from a moving monopole point source.
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Howe [51] also described analytical solutions for radiated sound from a moving point
monopole, dipole, and quadrupole of an aerodynamic source. Makino and Takano [74]
investigated the influence of sound source movement on directivities and sound power

level of a single volume monopole, volume dipole and pressure point source.

For experimental investigation, Tanigawa et al. [90] visualized the sound pressure field
of aerodynamic sound in near-field around a square cylinder and fat plates using PPSI,
which can avoid becoming new aerodynamic noise sources inside the air flow and affecting
the flow itself. Akutsu et al. [48] visualized sound wave affected by airflow distribution
around the scaled train model in a wind tunnel using PPSI as well as the launching exper-
iment. They observed the changes of the sound wave propagation characteristics such as
wavefront distortion, sound trapped in the boundary layer, shadow zone formation, and
sound wavelength modulation in the airflow. Makino et al. [81] conducted an experiment
using a moving scaled train model to measure the directivities of moving sources at differ-
ent velocities. The results in the experiment suggest that the radiation of sound from an
aerodynamic sound source leads to a larger amplitude modulation than the radiation of
sound from a vibrational sound source when the sound waves pass in front of a receiver at
low Mach number. Then they also measured sound radiated from a moving aerodynamic
sound source and an aeolian tone sound radiated from a sound source fixed in a wind
tunnel [79,80].

Amplitude modulations of the radiated sound due to both source movement and con-
vection influence the measured directivity of the radiated sound or the transportation
noise prediction based on the directivity. However, how source movement or convection
affects the amplitude modulation of radiated aerodynamic sound at low Mach number

has not been clarified experimentally.

In this chapter, a wind-tunnel experiment was conducted to emulate the movement
of a sound source in air without flow to compare the amplitude modulation caused by
source movement with that caused by convection. The source radiates aeolian tone noise
for typical sound of a dipole component of aerodynamic sound. The directivities of the
source fixed in the wind tunnel were measured using horizontally aligned microphones
outside the flow, and the amplitude modulations of the radiated sound by convection
were derived. Finally, the influence of source movement on amplitude modulation of the
radiated sound is discussed, especially compared with the influence of convection. This

chapter is mostly based on Ref. [91].
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4.2 Wind tunnel experiment

The directivity of sound radiated in a wind tunnel was measured for an aerodynamic
source fixed in air flow. The same aerodynamic sound source as the source in the scaled
train model experiment (Fig. is used in this experiment. Assuming that the cylinder
generates a Karman vortex at the same frequency as a free-stream aeolian tone, the

radiated tone frequency fsource [Hz] and Re can be derived as

Viow
source = Ot s 4.1
e = 512 (@)
and
owD
Re— Vo (4.2)
1%

as well as the scaled train model experiment in the previous chapter.

4.2.1 Wind tunnel

Figure [4.1 shows the wind tunnel used in the experiment. A ground plate was installed
at the same height as the bottom of the wind tunnel nozzle. The aerodynamic sound
source was fixed on the plate at the center of the outlet cross section so that the cylinder

of the source is perpendicular to the flow.

Nozzle T

IIIIII’

Aerodynamic
sound source
(Fig. 3.2)

Figure 4.1: A sound source in a wind tunnel and 14 microphones aligned horizontally.
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Figure illustrates the positions of the cylinder and the microphones, and the region
of the flow and the shear layer in the wind tunnel. The distance in the flow direction
between the edge of the nozzle and the source zag [m] is (a)0.2 m, (b)0.7 m, and (c)1.2 m.
Fourteen microphones (GRAS 40PH) were aligned at a height 2y of 0.55 m from the
ground plate and at the center of the outlet cross section. The microphones were placed
at equal intervals of 0.1 m. The distance z ;. [m] between the nozzle and each microphone
was 0.1 m for the closest microphone to the nozzle and 1.4 m for the farthest one.

The sound radiated from the source was recorded using a wide band data recorder
(TEAC WX-7000), and the sampling frequency was 96 kHz. A Fourier transform was ap-
plied to the recorded signals of each microphone, which were composed of 16,384 samples;
the Fourier transform was applied with 50% overlap and the Hanning window.

In addition, a thermometer was installed on the surface of the collector to measure
the air temperature in the wind tunnel for each measurement. The sound speed and the

kinematic viscosity in the wind tunnel were estimated using the measured temperature.

z [m]
rF 3 i ,
"0.lm | Collector
Nozzle 0.65 |
0.55} -
d ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
0
3 s

Figure 4.2: Positions of a cylinder of an aerodynamic sound source and 14 microphones,
and the region of the flow and the shear layer in the wind tunnel.

4.2.2 Flow velocities at the source position

The aerodynamic sounds were recorded at three different flow velocity settings in
the wind tunnel: (i)54.2 m/s (195 km/h), (ii)66.7 m/s (240 km/h), and (iii)77.8 m/s

(280 km /h) at the edge of the nozzle in the flow direction and the center of the cross-section
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of the nozzle. The Mach numbers of the flow velocity settings are (i)0.159, (ii)0.196, and
(i11)0.229 where the sound speed ¢ is 340 m/s.

However, actual flow velocities Vi, at the source position were estimated from the
measured frequencies of the aeolian tone fyuce- At first, the frequencies fiource Were

obtained as the dominant frequencies in the spectrum of the measured aeolian tone.

Substituting Eqgs. (4.1))(4.2)) into Eq. (3.2)), Eq. (3.2]) can be written as

fsourceD Stcoef.
=Sty + —— 4.3
Vitow Ve D (43)

v

and actual flow velocity can be derived as
2
v 5 V
_Stcoef. -+ \/Stcoef =+ 4St0fsourceD
Viow = D D (4.4)
2S5ty

because 0 < Viow.

Figure [4.3shows sound spectra of the aerodynamic source ((b)zag = 0.7 m) measured
at the microphone at ;. = 0.7 m with different flow velocity settings of (1)54.2 m/s
(195 km/h), (ii)66.7 m/s (240 km/h), and (iii)77.8 m/s (280 km/h). Solid lines and
dotted lines represent the sound spectrum measured at the microphone with and without
the sound source. The spectra confirmed that tonal acoustic radiation occurred as well
as the cylinder effect in a freestream because of periodic vortex shedding and that the
signal-to-noise ratios of the sound at the microphone were more than 10 dB because the
peak levels of the sound with the source at the peak frequencies were more than 10 dB
from the levels of the sound without the source.

Table shows the estimated flow velocities Vi, and Reynolds numbers Re in the
experiment. The table confirmed that the estimate using Eq. is valid because Re at
all the case is within the range of 5000 < Re < 2.0 x 10°.

4.2.3 SPL of an aeolian tone

The SPL L, mic [dB] of the aerodynamic sound radiated from the source was obtained
as the difference of the acoustic energy of the measured sound with or without the source.
At first, the SPL at the each microphone L, [dB] was measured when the wind tunnel

works and the source was fixed in the flow. Then the SPL at the each microphone
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Figure 4.3: Measured sound spectra of the aeolian tone from the aerodynamic source
((b)xag = 0.7 m) at the microphone located at &y = 0.7 m, where the flow velocity
setting was (1)54.2 m/s (195 km/h), (ii)66.7 m/s (240 km/h), and (iii)77.8 m/s
(280 km/h). (Solid lines and dotted lines represent the sound spectrum measured at the
microphone with and without the sound source. )

Table 4.1: Estimated flow velocities Viow [m/s], Mach numbers of air flow Mgy, and
Reynolds numbers Re at the sound source position.

Flow velocity setting | xag [m] | Viow [m/s| | Maow Re
. (2)0.2 50.2 | 0.145 | 1.31 x 10°
E11)95§13 m{f (b)0.7 463 | 0.134 | 1.19 x 104
m/h) (c)1.2 439 | 0.127 | 1.18 x 10*
(a)0.2 61.6 | 0.178 | 1.59 x 107
(b)0.7 575 | 0.166 | 1.45 x 10*
(c)1.2
(a)0.2
(b)0.7
(€)1.2

(i1)66.7 m /s

(240 km/h) c 544 | 0.157 | 1.35 x 10*

71.9 0.208 | 1.83 x 104
66.9 0.193 | 1.72 x 10*
63.0 0.181 | 1.63 x 10*

a
b
c

(iii)77.8 m/s
(280 km/h)
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Ly w/o [dB] was also measured when the wind tunnel works but the source was removed

in the flow. L, mic [dB] at the each microphone is obtained as

Lpw/o

Lymic = 101g (10Lfbw — 107 ) (4.5)

in the frequency range in which the level difference of the measured sound spectra with

and without the source was within —10 dB of the difference at the peak frequency f.ource-

4.2.4 Correcting the refraction of a shear layer

A shear layer is formed at the boundary between flow and stationary air. When a
radiated sound propagates from inside the flow to the outside, the sound wave is refracted
on the shear layer [92]. The influence of the refraction on sound pressures measured at
each microphone was corrected to determine the measured directivities of the cylinder.
The corrected sound pressure refers to the pressure when there is the same flow as at the
source position at the extent of the height of the microphone.

Figure [4.4] shows a schematic of the refraction of propagating sound by a shear layer.
Here, 1y, [m] and 6, [rad] are the distance from the source to the microphone (propagation
path) and the angle between the direction in which the radiated sound propagates and

the flow (propagation angle) when no flow is present, respectively:

T = \/(.rmic — ZL’AE)2 + Az3g, (4.6)

and
0 = arccos <M) ) (4.7)
T'm

where Azpap(= zZmic — d) [m] is the distance from the source to the microphone in the
height direction. Parameters 6. and 0’ [rad] are the angles before and after the refraction.
The corrected position of the microphone .. indicates the position where the sound
radiated from the source reaches at the height of the microphones if there is no shear layer
or refraction.

From the viewpoint of an observer moving with the air flow, the radiated sound can
be regarded as the sound emitted at a retarded position of the cylinder rsyree, and that
propagates in the direction from rsourcer t0 Tmicc. Parameter 6, [rad] is the angle between
the direction from 7goyrcer 10 Tmicc and the flow. These angles have relationships as

costy + Maow 1
sin 6, ~ tané,

(4.8)
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and

(4.9)

Tmic rmic,c

Tsource Tsource,r Mﬂow

Figure 4.4: Correction of refraction by a shear layer.

Assuming that the shear layer is planar and that the thickness of the shear layer
is sufficiently small compared with the wavelength of the radiated sound, the corrected
sound pressure peop [Pa] is obtained as (see Eq. (A.7))

(14 My cos Qr)2 +u

pcOp
—| = 2
Pmic S2H<1]-0+ Mﬂow COos (91‘) MQ (410)
m 1 -1 1 3 _ 1
. [L+o(p—1D][1+0o @ —1)],
where
\/(1 + Mgoy cOS Qr)2 — cos? 0,
H= sin 6 ! )
h

7 rmsingy 412)

Pmic [Pa] is the measured pressure at the microphone; h [m] is the distance from the
cylinder to the boundary between the potential core and the shear layer in height direction.

Figurel4.5[shows the normalized flow velocities (the ratios of the measured flow velocity
to the flow velocity setting) in the wind tunnel at flow velocity setting of (iii)77.8 m/s
(280 km/h) using a Pitot tube. The x marks represent the positions which the flow
velocity is so slow that it is supposed to be outside the flow. The * marks represent the

positions where it is estimated to be inside the potential core because the velocity is as
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fast as the flow velocity setting. Then the area between the two dashed lines represents
the estimated shear layer assuming that the boundaries between the shear layer and both
the potential core and the stationary air are planar. It is estimated that h can be in the
range of approximately 0.25 < h < 0.4 at the maximum flow velocity setting based on the
figure. In this study, the corrected sound pressures were determined where h = 0.35 m
for all the measured data because the pressures are within +1 dB from the level when A

is set as 0.35 m in calculation (see Fig. |A.1]).
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Figure 4.5: Normalized flow velocities (the ratios of the measured flow velocity to the
flow velocity setting) of (iii)77.8 m/s (280 km/h). The x marks represent the positions
which the flow velocity is so slow that it is supposed to be outside the flow. The area
between the two dashed lines represents the estimated shear layer.

4.2.5 Results

From the viewpoint of an observer moving with the air flow, the radiation angle of the
radiated sound shown in Fig. is = m — 0, [rad] and the directivity of the radiated
sound Lg;, [dB] is defined as the SPL of the source propagated in the air at a unit distance,
calculated as

pcOp

Ldir (0) = Lp,mic + 20 lg + 20 lg |R|, (413)

where L, i [dB] is the SPL of the source at the microphone and | R| [m] is the propagation
distance of the sound which is obtained as

|R| =

A
“AE (4.14)

sinf
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Figure[4.6]illustrates the measured directivities of sound radiated from the source fixed
in the wind tunnel at three different positions with three different flow velocity settings.
Measured data plotted with x marks were excluded from a following analysis of amplitude
modulations because the sound reflection from the nozzle and collector in the wind tunnel

and resulting sound wave interference degraded the measured data significantly.

(a)xpap=0.2m (b)xag=0.7m ()xpap=12m
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Figure 4.6: Measured directivities of a cylinder of an aerodynamic sound source
Lai; (0) [dB] at three different positions with three different flow velocity settings. (The
influence of the shear layer was corrected and the measured data plotted with x marks

were excluded from an analysis of amplitude modulation by convection. )

4.3 Amplitude modulation due to convection

Similar to moving sources [81,87], the measured directivities of the source in the wind
tunnel consists of two components;

™

Laie (0) = Las ( .

) + ALgurce + ALcon. (4.15)

where ALguree [dB] is the source term that depends on the directivity characteristics of

the sound source and AL,y [dB] is the convection term that depends on convection.
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The directivity of the cylinder is modeled as a dipole [51,81]. To consider sound
reflection at the surface of the ground plate, it is assumed that the surface to which the
source is attached is an infinite panel; an image source of the aerodynamic source is also
assumed. Figure shows the geometry of the cylinder rsourcer, an image source of that

r! and the microphone ryic.. The combined sound pressure p (0) [Pa] from the two

source,r’

sources at the microphone can be expressed as [81]

(0) = e ik R]) COS <Z — 0) — M

4.1
17| R] > mRr] %Y (4.16)

where R is a vector from the image source to the microphone and |R’| [m] can be derived

as

IR| = \/ (Az‘*g> + (Azap + 2d)°. (4.17)

tan

Here, ¢ [rad] is the angle between the direction from the image source to the real

source and the microphone, written as

R
¢ = arcsin (||R’|| cos 0) . (4.18)

By correcting the distance attenuation, ALgyuce can be written as

T
ALsource = Ldir,dipole (0) - Ldir,dipole (5) (419>

where Lgir gipole () [dB] is the directivity of a dipole on a reflective plate which there
is no air flow and the SPL of radiated sound is maximum in the vertical direction.
Lair gipole (7) [dB] is obtained as

Ldir,dipole (9) = 20 lg ’p (6)‘ + 20 lg ‘R| (42())

Therefore ALcony. was determined by substituting Eqs. (4.19) and (4.20)) into Eq. (4.15)).
Figure shows the increase in SPL by convection A Lcoyy,. [dB] of the cylinder mea-

sured from the source fixed in the wind tunnel ((b)zag = 0.7 m) and their regression line.
The slope of the line is —3.01 and the standard deviation of the regression is 1.45 dB.
Figure also depicts the increase in SPL by source movement ALpgppler [dB] of
the moving source measured in the scaled train model experiment in Chapter [3| and the
corresponding regression line. Measured data of ALpgppler are plotted using Eq. .
The slope of the line is —8.77 and the standard deviation of the regression is 2.46 dB.



52 Chapter 4. Source movement and convection of aeolian tone sound

e ———

!
rSOUI"CB,I"

Sammm————aa
= ——————

Figure 4.7: Retarded position of a cylinder of an aerodynamic sound source Tsource, and

an image sound source of that v/ ..., and the corrected position of a microphone 7y;c .

The value of the slope represents the exponent of acoustic intensity to A/Asource as well
as Chapter [3] The slope indicates that the intensity is inversely proportional to approxi-
mately the eighth power of A/ Asource- Comparing the exponents of the acoustic intensity of
the aerodynamic sound source obtained from the scaled train model experiment and that
obtained from the wind tunnel experiment reveals that the absolute value of the expo-
nent corresponding to source movement is larger than that corresponding to convection.
Therefore, the results suggest that an aerodynamic sound yields a larger amplitude mod-
ulation induced by source movement than by convection when the apparent wavelength

of sound radiated in the air changes by the same proportion.

Figure [£.9]shows the same A Lpgppler [dB] of the moving source as Fig. [£.8] ALcoyy. [dB]
measured at all the three sound source position, and their regression lines. The slope of the
regression line of AL, is —3.43 and the standard deviation of the regression is 1.71 dB.
As well as Fig. [4.8 the results suggest that source movement makes an amplitude of
an aerodynamic sound change larger than convection. They also suggest that the sound
pressure and the acoustic intensity is inversely proportional to approximately the second

power and the fourth power of A/Asource because the half of the slope is —1.71.
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Increase in sound pressure level

® by convection ALcony,
— Linear regression line of ALcopy.
---- Analytical solution of AL¢qpy.
Increase in sound pressure level
+ by source movement ALpoppler (Chapter 3)
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Figure 4.8: Ratios of the apparent wavelength A/Asource Of the sound radiated from a
cylinder of an aerodynamic sound source and increases in SPL of the source by
convection ALcoy. [dB] measured in a wind tunnel experiment ((b)xag = 0.7 m) and by
source movement ALpgppier [dB] measured in a scaled train model experiment in

Chapter
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Increase in sound pressure level

® by convection ALcony,
— Linear regression line of ALcopy.
---- Analytical solution of AL¢qpy.
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Figure 4.9: Ratios of the apparent wavelength A/Asource Of the sound radiated from a
cylinder of an aerodynamic sound source and increases in SPL of the source by
convection ALy, [dB] measured at all the three sound source position in a wind tunnel
experiment and by source movement ALpgppler [dB] measured in a scaled train model
experiment in Chapter .
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4.4 Discussion

According to Eq. (2.15)), the acoustic intensity of the sound is inversely proportional
to the fourth power of A/Ajuree because the sound pressure p is inversely proportional
to the second power of that from Eq. (2.20)), analytically. Figure and Figure also

depict the dashed lines which indicate the analytical solution and are expressed as

) . (4.21)

These two figures show that the deviation of the slope of the linear regression line of

ALcony. = —4 x 101g (

source

ALy, from the analytical slope can be within the range of data variability in the ex-
periment and that the slope of the regression line in Fig. [1.9) is closer to —4 than the
slope of the regression line in Fig. [£.8] Thus the intensity is supposed to be inversely
proportional to the fourth power of A\/Asurce and proportional to the fourth power of Dy
from Eq. .

However, the results of the scaled train model experiment in Chapter [3|showed that the
acoustic intensity of radiated sound is not proportional to the fourth power but approxi-
mately the eighth power of Dy. Their results show good agreement with those predicted
by Wright [41] in a theoretical study, which means that the sound pressure of aerodynamic
sound observed by a stationary observer is proportional to the 3+ Pth power of D¢, where
P is the order of the multipole (P =0, 1, or 2 for a monopole, dipole, or quadrupole sound
source, respectively).

These good agreements are likely attributable to the source strength F being the
partial derivative rather than the material derivative of Fj. FJ’ does not represent the
time derivative of the external force at the moving source position, but the instantaneous
value of the time derivative when the point source is at a fixed position in the trajectory
of the source. Even if the sound source moves at a constant speed, the source amplitude
is not constant with respect to time; as a result of time fluctuations, the amplitude of the
radiated sound also changes depending on the time or direction of the radiated sound.
However, in the wind tunnel experiment, the source position is fixed in the flow which
maintains a steady state. The time derivative of the external force at the source position
becomes the time derivative of that at the fixed position where the source exists. The ex-
ponent corresponding to the sound radiated from the source measured in the experiment
is then not substantially different from that predicted by Eq. . Therefore, the dif-

ference in the exponent of the sound radiated from the source predicted in the theoretical
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study of Wright [41] and that predicted by Eq. was confirmed experimentally as
the difference of amplitude modulation of the radiated sound caused by source movement
and convection.

Notably, the standard deviation between the measured ALpgppler O ALcony. and the
linear regression line of data acquired in both experiments was larger than 1.0 dB, which is
larger than the corresponding standard deviation in the experimental study by Norum et
al. [77). This larger standard deviation might be attributable to the height difference
between the source and the microphone Azag not being sufficiently larger than the wave-

length of aerodynamic sound.

4.5 Summary

The influence of source movement or convection on the amplitude of radiated aerody-
namic sound is investigated experimentally. The directivities of a simplified aerodynamic
sound source were measured at a fixed position out the flow in a wind tunnel at various
flow velocities at low Mach number. The source was radiating aeolian tone sound that
was a dipole component of aerodynamic sound and was caused by pressure fluctuations.

The results show that, because of convection, the acoustic intensity of radiated sound
increases approximately in inverse proportion to the fourth power of the ratio of the
apparent wavelength in the flow to the original wavelength.

The amplitude modulations obtained by the wind tunnel measurements were com-
pared with the modulation due to sound source movement. The results suggest that an
aerodynamic sound yields a larger amplitude modulation because of source movement
rather than convection when the apparent wavelength of radiated sound in the atmo-
sphere changes by the same proportion. Therefore, the directivity of an aerodynamic
sound source observed in wind tunnel experiments, which includes the influence of ampli-
tude modulation due to convection, does not directly represent the one when the source
is actually moving, but rather shows an under-representation of amplitude modulation
compared to the moving source. Similarly, radiated SPL of the aerodynamic sound esti-
mated in wind tunnel experiments may be underestimated compared to the level of the

same source moving in the stationary air.



o7

Chapter 5

Influence of source movement on
noise metrics

5.1 Introduction

Up to the previous chapter, amplitude modulation of a single vibrational and aerody-
namic source has been discussed.

There have been studies of the influence of sound source movement on radiated sound
characteristics from moving sound sources based on the analytical solution of the sound
pressure field of a uniformly moving vibrational point source analytically derived by Morse
and Ingard [50]: the launching experiment in Chapter [3| showed good agreement between
the experimental result and the analytical result of amplitude modulation. For instance,
Doi et al. [93] clarified how high-speed source movement and the time constant of measure-
ment equipment affect the maximum SPL at the receiver and the source position at the
time when the maximum sound pressure is recorded. Tsuru et al. [94] performed numer-
ical simulations of sound waves generated by moving sources and auralized the resulting
sound waves. Buret [95] investigated the reflection characteristics of sound waves on the
ground while considering frequency and amplitude modulation due to source movement.

On the other hand, Duhamel [96] proposed a method to obtain the solution of a three-
dimensional sound field by performing an integral transform in the transverse direction on
a two-dimensional sound field numerically calculated using the boundary element method.
This approach is particularly effective in reducing computation time for acoustic simula-
tions in spaces where the cross-section of obstacles, such as noise barriers, remains uniform
in a specific direction. Other studies utilizing this method to analyze outdoor acoustic

propagation in the presence of noise barriers include Chandler-Wilde [97]. Jean [98] ap-
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plied this method to the analysis of three-dimensional sound fields generated by railway
noise. Sakamoto [99] applied this method to a two-dimensional sound field obtained using
the finite-difference time-domain (FDTD) method. Duhamel [96] also applied the inte-
gral transform to a sound source moving in the direction perpendicular to a cross-section
of a noise barrier, causing frequency and amplitude modulation. Using the transform,
Ogata et al. [100] estimated the insertion loss of noise barriers for moving sound sources.
Note that their method to calculate frequency shifts due to the Doppler effect is only
valid when the speed of sound propagation is significantly larger than the speed of the
moving source. Nakajima et al. [101] assessed numerical calculation errors in numerical
investigation using the transform. They also pointed out that there is confusion between
velocity potential and sound pressure in Ref. [96] by Duhamel and that the sound pressure
waveform and the velocity potential waveform of a moving source will give different re-
sults actually even if normalization is performed, which is reflected in the difference of the
exponent of Doppler factor in Eq. and Eq. . Kasess and Waubke [102] exam-
ined interpolation methods for discretely sampled data, such as audio files, and analyzed
the associated errors to improve computational efficiency when applying this method to
three-dimensional sound field calculations using discrete sound source signals.

However, all the previous studies which have been mentioned above in the section
consider only a single omnidirectional point source as the sound source model. In contrast,
actual transportation noise is generally modeled as a line source or an array of point
sources. For example, Harmonoise [8] and CNOSSOS-EU [9] employ a method where
traffic flow is modeled with stationary line sources positioned along roads or railways.
Transportation noise metrics are then estimated by summing the energy contributions
from discretized line source elements. For conventional railways and Shinkansen trains
which radiated noise originates from multiple cars moving in succession along the track

direction, sound source models have been proposed such as

e a finile line source with directivity [11}|103-107]
e a group of sound sources with directivity in line [108]
e a group of omnidirectional sound sources in line [12}/109]

for railway noise prediction. However, there are few studies that clarify the change of
radiated sound characteristics when frequency and amplitude modulation occur in the

radiated sound from such sources. L.A.M. van der Heijden and R.J.J.H. van Son [110]
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modeled traffic flow as a stationary array of point sources and examined the impact of
neglecting the Doppler effect. Their study concluded that for a moving speed of 100
km/h, the influence of the Doppler effect is negligible. However, they did not verify cases
where the moving speed reaches several hundred km /h, as seen in Shinkansen and Maglev
trains.

Furthermore, while previous chapters have focused on physical changes in sound pres-
sure, actual transportation noise is typically evaluated using the A-weighted SPL which
adjusts frequency components to reflect human auditory. Because the frequency of radi-
ated sound at the observer changes as the source approaches and passes by, the A-weighted
SPL also varies accordingly. As a result, in addition to the amplitude modulation de-
scribed in the previous chapters, frequency modulation of the radiated sound is also
expected to affect the transportation noise evaluation. However, the influence of these
phenomena, caused by source movement, on the noise evaluation has not been clarified.

This chapter aims to clarify the changes in noise propagation characteristics caused
by source movement by numerically calculating and comparing noise metrics (the peak or
mean value in energy of A-weighted sound pressure levels) of transportation noise with
and without considering frequency and amplitude modulation. Numerical investigations
are conducted using simplified transportation noise sources as a sound source group which
consists a series of point sources moving along a straight track.

In this chapter, computing noise metrics is mainly performed for railway noise. How-
ever, to investigate the effects of frequency and amplitude modulation in sound propaga-
tion, the velocity dependencies of the acoustic power of the sources are not considered;
the acoustic power of the sources are assumed to be constant regardless of source velocity.

Note that this chapter is mainly based on Ref. [71].

5.2 Radiated sound from a moving source

It is supposed that a sound source group is moving at velocity V' [m/s| along an infinite
straight track m parallel to z-axis (see Fig. [p.1]). The track is located at (z,y) = (20, yo)-
The distance from the track to a receiver R(z,y,0) is 7 = y/(z — 20)? + (y — 1)? [m]. The

source group consists of N incoherent point sources (monopole volume sources). The top
and the end of the sound source group are defined as Siop (%0, Yo, Vt) and Sena (2o, Yo, VE—L)

respectively, where ¢ [s] is time and L [m] is length of the group as shown in the figure.



60 Chapter 5. Influence of source movement on noise metrics

Interval from Siop, to Senq is divided into N sections and a source is located at the center
of each section. Thus, nth source S, is located at (xg, vo, zsn) = (Zo, Yo, V't + z,) where

zp [m] is z-coordinate of S,, and expressed as

_ L(2n-1)
o= (5.1)

As a sound signal from each source, volume velocity of each one is defined as a(t) =
@ exp(—iWsourcet) [M3/s], where @ [m?/s] is amplitude of volume velocity and wgouree is the

signal frequency of each source.
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(b) A moving source group and a receiver R.

Figure 5.1: Calculation model.
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5.2.1 Radiated sound pressure

Sound pressure p,, [Pa] radiated from S,, is represented as

_ Oy

where ¢, (x,y, z,t) [m?/s] is velocity potential, which is the solution of the wave equation

as (see Eq. (2.8))

- V2¢n = a(t)0(r — 20)d(y — 40)d(2 — 2sn). (5.3)

Here, ¢,, and a (t) are Fourier-transformed with respect to t and z as

D, (2,9, k,,w) = /00 /OO ¢n exp (—ik,z) exp (iwt) dzdt (5.4)
and
Ay (s 0) = / " 0 (1) exp (i zn) exp (iet) di. (5.5)
The Fourier transform of Eq. with respect to t and z is represented as
02 02
(@ + 8_y2> D, + kf:yq)n = —Auynd (z—20)d (y — o) (5.6)

where k = w/c [rad/m] is wavenumber and k,, = \/k% — k2. This equation corresponds
to the Helmholtz equation in a sound field with a wavenumber k,,, generated by a point
source A, , located at coordinates (z,y) = (x¢,¥o) in a two-dimensional space. The
solution of the equation is ®,, = A,y , Loy (2, Y, kyy) where @y, (2, y, kyy) is the solution
of Eq. where A, = 1. ¢, is the inverse Fourier transform of ®,, with respect to ¢

and z and obtained as

1 oo [oe)
2 )2 / / Apyn (kzyw) Puy s <x, Y, \/ k% — k:g) exp (ik,z) exp (—iwt) dk,dw.
™ —00 J —0
(5.7)

¢n:

Here, A (w) is the Fourier transform of a (t) with respect to ¢ as

A(w) :/ a (t) exp (iwt) dt. (5.8)
Using this, A, , can be written as

Apyn = /OO a(t)exp (—ik,z,)exp [i (w — k, V) t|dt = exp (—ik,z,) A(w—k, V) (5.9)

o0
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because zg, (t) = z, + V't, and substituting this into Eq. (5.7)),

k. V) ®yyn <x, Y,/ k% — k§> exp [ik, (2 — zn)] exp (—iwt) dk,dw.
(5.10)

Since ®,, ,, is the velocity potential in a two-dimensional space constructed in the
xy-plane, if the characteristics of the two-dimensional sound field ®,, ,, are calculated for
the case where the sound source moves at a constant velocity, ¢,, can be obtained solely
through frequency synthesis even when A (w) (the frequency characteristics of the sound

source) change. A (w) can be calculated as

Alw) = / " Gexp i (0 — waoumee) 1] dt = 276 (@ — Weommes) (5.11)

—00

and substituting this into Eq.(5.10)),

~ . o0 2
¢n _ a exp (_Zwsourcet) / q)xy,n T, v, \/(M) — kg exp [Z]{}Z (2 — Zn — Vt)] dkz

2m oo c

(5.12)
Q. n(x,y, k) is formed by a single point source in a two-dimensional free sound field in

the xy-plane and represented as

(I):vy;n (:L‘a ya k) = ;JLH(SI) (k??“) (513)

where Hél) is the Oth-order Hankel function of the first kind. Substituting this into

Bo. 512)

anp (_iwsourcet) * i (1) (wsource + kzv)2 2 .
— “H _ . '
On o /_OO e 2 k.” | exp ik, (z — z, — V)] dk,
(5.14)
Applying the integral transform as k, = uk! + v; u = ¢/ — V% v = Vwg/ (¢* — V?),

using the equations as [111]

K 2+ 2
exp(z VT z 2 / H r 7o
T

e 1k2)dK 5.15
T VE? =) exp (in) (5.15)

and

(O < arg <m> <m0< 7“) (5.16)
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where K is a certain real number and « is an integral variable, ¢, at z = 0 can be

described as

aexp (—1t

Pn = %; (5.17)
¥ = (1= M2)12 4 (=2 — VE) (5.18)

Wsourcet | [ Wsource \ Mzn — 1’
S0:1—M2+< c ) 1= M (519)

Using Eq. , pn can be determined as

- . ,

-t (2,100

and approximated as
_;Op paexp (i)

NS 5.21
p ot 47! ( )
based on the approximation as (see Appendix

Op 10or 0Oy

T NI 5.22

“or T Tl (5.22)

5.2.2 A-weighted SPL

The frequency w!, of radiated sound at R from S,, is the time derivative of the phase

of the radiated sound pressure and represented as

/ 8(10 wsource

] M zg,
W =— = — :
"ot 11— M? VI = M) 2 £ 25,2

The root mean square (RMS) value p,, [Pa] and pa ,, [Pa] of p, and A-weighted instanta-

(5.23)

neous sound pressure pa , [Pa] at R from S,, have the relationship as |112]

101g (;;*:)2 = 101g {%} 2 (5.24)

_ fir
S+ BYPFRG+ )
where f! = ! /27 [Hz]; fi = 20.60 Hz; f, = 107.7 Hz; f3 = 737.9 Hz; fy = 12194 Hz.

Since the radiated sound from each source of the source group are incoherence, the

and

Ay (f)

(5.25)

A-weighted SPL L, [dB] radiated from the entire sound source group considering sound
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source movement, is energy sum of all the A-weighted SPLs of the sources in the source

group, which is represented as

N2
Ly =10lg (’ﬁ) (5.26)
Po
and N N
) ) Al T
2 2 o W n
n=1 n=1

where py [Pal is the RMS value of the A-weighted pressure at R from the entire source

group and py = 20 pPa.

5.2.3 Time weighting S (slow)

A-weighted SPL Lag (t) [dB] with time weighting S (slow) can be obtained as |112]
11 [ t—
Las () = 101g [—2— | #©e (——f) df} (5.29)
PoTs J-—xo 7s
where 7 = 1 s is the time constant for the time weighting S (slow); pa [Pa] is A-weighted
instantaneous sound pressure from the entire source group; £ is a dummy variable of time
integration. This is rewritten as
P’
Las (t) = 101g (%) (5.29)
Do

and

s == [ Ri©eo (-=5) ae (5.30)

o 8
In computing at discrete times, provided that p3 (£) = p3 [t] =const. at t — At < £ S ¢
where At [s] is time step, pig [t] is determined as

ol =sisle— e (<) 1kl [1-ew (-2)]. G

7s

5.2.4 Equivalent continuous sound level

Equivalent continuous sound level (time-averaged sound level) Leqr [dB] is time
averaged A-weighted SPL during measurement time interval T'(= ¢ty — t;) [s] and can be
obtained as [10}/112]

Lieqr = 101g (i# JG dé) (5.32)

pita—t1 Jy,
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where t; [s] and ¢y [s] are the beginning and ending time of T". In calculating at discrete

times, this is computed using pa [t] at equal time steps from t; to ¢y as

11
Lacor = 101g | = — 21t 5.33
o =00 (2 Sk ) 539

where N, is the number of discrete times from ¢; to ¢s.

5.2.5 Doppler effect

Because of the Doppler effect, the frequency of the radiated sound from the sound
source at the receiver change from the original source frequency.

Let 6 be the azimuth angle of the receiver R as seen from the sound source S,, in the
direction of propagation. This angle # changes due to the movement of S, during the
time that it takes for the sound wave emitted from S,, to reach R.

If this change is ignored and € is assumed to be constant, the frequency w, of the

radiated sound from S,, at R can be obtained as

V4 22
Figure shows the changes of (a)the ratio of W/, and wy, t0 Wsource- When frequency
modulation calculated by Eq. (5.23)) which considers the variation of 6, the time when

sound frequency at the receiver shifts from high to low is delayed and the delay becomes

—1
¢ Z8n
n — Wsource = Wsource 1 M— . 5.34
“ “ c—V cosf v ( + > ( )

longer as the source velocity increases.

5.2.6 Amplitude modulation

A-weighted SPL from the sound source group moving at constant speed computed
considering and ignoring frequency and amplitude modulation due to source movement,

is compared.
The A-weighted SPLs Ly, (t) [dB] and Ly (¢) [dB] of S,, and the entire source group

computed ignoring source movement are obtained as
Ly (t) = Lya — 101g [47d (1)] (5.35)

and

N Lan(®)
La(t) = 101g (E 10~ 10 (5.36)
n=1
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Figure 5.2: Doppler effect due to a single source movement (M = 0.1,0.3). When
azimuth angle variation in time is considered, the time when calculated frequency of the
radiated sound drops delay.

where d,, () [m] is the distance from S,, and R derived as

Qo (8) = V77 2902 = \J12 + (Vi + 2,)? (5.37)

and L, [dB] is the A-weighted sound power level (PWL) of a single sound source of the

source group. Replacing L,,» with the PWL L, [dB] of the single sound source, the SPLs
L,, (t) [dB] and L, (t) [dB] of S,, and the entire source group computed ignoring source

movement are also obtained as

N
L,(t) =10lg (Z 10745 )> (5.38)
n=1

and
Ly (t) = Ly, — 101g [4nd? ()] (5.39)
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Substituting M = 0 and z, = 0 into Eq. (5.18])-(5.20)), p, can be derived as

,0?]: exp (_ZSO) 8g0 n 1 0r . PZi |: . ( " wsource)]
n — ———————— | 1=~ — 77 | = —Wsource €x —1 | Wsourcel — T
b Ay’ ot r' ot dmr P c
(5.40)

because ' = V2 = r and ¢ = Wsourcel — TWsource/C.  The RMS value p, [Pa] of p, is
obtained as Dn = fsourcepzi/2\/§r where fsource = Wsource/zﬂ— [HZ] USil’lg Eq ‘) "

fSOurcepa> 2
2V2por )

Therefore, the relationship between the volume velocity @ and the PWL L,, is derived as

[ﬂ- fsourcep’d 2]
L, =10lg |~ (—) : (5.42)

Ly (t) = L, — 101g (471%) = 101g ( (5.41)

2 Po

o~ 2 w
a= 20k (5.43)
fSOurCep s

In this chapter, all the calculation is performed at p = 1.293 kg/m?, and ¢ = 340 m/s.

The length of the sound source group L is set as 400 m, which is equivalent to the
train length of commonly used 16-car high-speed railway vehicles such as the 0 Series,
100 Series, 100N Series, 200 Series, 300 Series, 500 Series, 700 Series, and E4 Series of the
Shinkansen [85].

Figure shows the computed L', and Lj where the source velocity is 300 km/h
(M = 0.245), r = 7.5 m, L, = 120 dB, and N = 16 (with each sound source spaced
25 m apart). Figure [5.3(a) represents the calculated Ly and La, while Figure [5.3|b)
shows the difference between the two levels ALy(= L'y — La [dB]. Each source of the
source group is assumed to be a high-speed railway vehicle sound source, with normalized
railway noise spectrum defined as Table [5.1] and Fig. by the EN standard 16272-
3-1:2012 [113]. L’y was obtained by applying a 5 ms time-weighting to the calculated
sound pressure waveform. Previous studies [93,/100] have shown that for a single moving
sound source, the maximum A-weighted SPL increases, and this peak occurs just before
the source passes directly in front of the receiver. Additionally, Tsuru et al. [94] has
demonstrated that when considering the source movement, the calculated level increases
just before each source passes directly in front of R and decreases after passing compared
to the level without considering the movement. They were also confirmed in the case of

multiple sound sources.
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Figure 5.3: Computed A-weighted SPL L/, [dB] and L, [dB], and the level difference

ALy [dB] (source velocity: 300 km/h (M = 0.245), r = 7.5 m, L,s = 120 dB, N = 16,

source interval: 25 m). When frequency and amplitude modulation is considered, the

maximum A-weighted SPL is observed just before the time when each source is at the
closest position from the receiver shown by vertical dotted lines.
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Table 5.1: Normalized railway noise spectrum [113].

centre frequency [Hz] | 1/3 octave bands level [dB]

100
125
160
200
250
315
400
500
630
800
1000
1250
1600
2000
2500
3150
4000
5000

=27
-25
-23
-21
-19
-17
-15
-13
-12
-11
-10
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Figure 5.4: Normalized railway noise spectrum |113].
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5.3 Change of noise metrics

The following noise metrics are computed with and without considering the frequency
and amplitude modulation induced by source movement, so that the effects on these

metrics are examined.

e Maximum A-weighted SPL Layax [dB] (wituout time weighting).
e Maximum A-weighted SPL Lgmayx [dB] with time weighting S (slow).

o A-weighted equivalent continuous SPL Laeq 7, [dB] on the pass-by time T}, [s] [114].

Lamax and Lasmax is determined as the maximum value of La(t) [dB] and Lag(t).
L ASmax 18 the noise metrics used in measuring and evaluating the Shinkansen trains ac-
cording to the “Environmental Quality Standards for Shinkansen Super-express Railway
Noise” in Japan [115], which is established by the Environmental Agency in 1975 [116]
in order to control the noise of the Shinkansen railway lines. In computing Laeq1p, the
beginning and ending time ¢; and ¢, of 7, are defined as the time when St., and Sgnq
reach in front of the receiver at (29, yo,0). Then T, = L/V according to Section [5.2]

The metrics without taking source movement into account are calculated using Eqgs. —
(5.37). The levels with considering that are computed according to Sectionsto nd
using Eq. and denoted with a prime symbol (i.e., Ly .., Lagmax> a0d Loy 1) The
level differences with or without considering source movement are defined as AL apax(=

Amax — Lamax) [dB], ALasmax(= Lismax — Lasmax) [dB], and ALxeqrp(= Liyeqry —
Lieqrp) [dB].

5.3.1 Source discretization

To evaluate the influence of source discretization, source division /N is increased while
keeping A-weighted PWL of the entire sound source group constant until the source group
can be approximated to a finite length line source (Fig. [5.5). The value of N that can
sufficiently approximate the source group to a finite line source was obtained where source
velocity is 100 km/h (M = 0.082) and r = 7.5 m. Frequency characteristics of the source
group are the Normalized railway noise spectrum [113]. The A-weighted PWL was set as
132 dB, which is equivalent to the calculated results in the previous section.

Figure [5.6 shows noise metrics for different source division N for a source group. All

the calculated levels decrease as NN increases. This is likely because an increase in N
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Figure 5.5: The model of finite line source and its calculation model.
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Figure 5.6: Noise metrics for different source division N (source velocity: 100 km/h
(M =0.082), r = 7.5 m). Calculated levels decrease as the number of source division

increases. The levels converge fast in order of Laeq1p, Lasmax and Lamax. All the levels
converge at about N = 10000 within 0.1 dB.
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results in a higher density of sound sources within the source group, leading to smaller
temporal fluctuations in sound pressure.

Speed of convergence is in order of Laeq7p, LaSmaxs a0d Lamax. While Lagmax, Lygmax
Lacq,rp, and Ly, 1, all converge within 0.1 dB for approximately N = 30, Lamax does
not converge within 0.1 dB until around N = 100, and L/, .. requires values of N on
the order of several thousand to achieve convergence within 0.1 dB. Then all the levels
converge at about N = 10000 within 0.1 dB.

This indicates that when sound sources are discrete, approximating the source as a
finite-length line source may lead to an underestimation of noise metrics. The degree of
underestimation follows the order: Laeq1p, LaSmax, a0d Lamax, With the underestimation
being most significant for Lama.x. Thus, in modeling moving sound sources using this
method to evaluate Lapax or Lasmax, it is important not to oversimplify the original

sound source distribution.
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5.3.2 Change of noise metrics at various velocity and distance
from the source track

The variation in noise metrics due to source velocity and the distance from the source
track is examined. To eliminate the effects of source discretization on the metrics, the
source group was approximated as a finite-length line source. Based on the results from
the previous section, numerical calculations were performed with N = 10000.

Figure depicts the relationship between source velocity and noise metrics under
three conditions:(a) r = 7.5 m, (b)r = 25 m, and (c)r = 100 m. Figure depicts the
relationship between the distance from the source track and noise metrics under three
conditions: source velocity of (a)100 km/h (M = 0.082), (b)300 km/h (M = 0.245),
and (¢)500 km/h (M = 0.409). Both figures indicate that considering frequency and
amplitude modulation results in higher levels of the noise metrics.

Figure[5.8/and Figure [5.10[shows the relative A-weight SPLs of the case with consider-
ing source movement compared with the one without considering that: ALamax, ALASmax,
and ALpeqrp. From Fig. as source velocity increases, the relative levels increase. At
a source velocity of 300 km/h, all the three relative levels reach approximately 1.2 dB
across Figs. p.§(a)-(c). At 500 km/h, they reach 3.0 dB in (a) and (b), while in (c),
ALpmax =3.3 dB, ALpsmax =3.2 dB, and ALpeq1p =3.0 dB. From Figure no signif-
icant dependency of the relative levels (fluctuation of 1.0 dB or more) on distance r was
observed. The largest variation in the levels among noise types occurred at » = 320 m in
condition (c¢), where ALpmax =3.7 dB, ALAsmax =3.6 dB, and ALpeqrp =2.9 dB.

When a point source moves, wavefronts become compressed in the direction of motion.
This results in strong directivity in the direction of movement, increasing the SPL as
source speed increases, leading to higher peak SPLs at the receiver [100]. Thus, the
level difference between cases with and without modulation is expected to grow with
increasing source speed. Although movement alters the directivity, the source remains a
point source, meaning that distance attenuation occurs similarly in both cases with and
without consideration. As a result, the differences of A-weighted SPLs do not depend
significantly on the distance from the source track. In conclusion, the level differences
between cases with and without the consideration increase with source velocity but show

little dependency on the distance from the source track to the receiver.
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Figure 5.7: Influence of finite line source velocity on noise metrics (N = 10000).

Calculated levels Lamax; Lasmax and Laeq,rp, When frequency and amplitude modulation
are considered, are larger than the levels without their consideration.
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Figure 5.8: Relative A-weighted SPLs ALamax [dB], ALAgmax [AB] and ALpeqp [dB]

from Fig.[5.7] The differences of the calculated levels increase monotonically with

respect to sound source speed with and without considering frequency and amplitude

modulation, and they reach ca. 1.2 dB at a speed of 300 km/h.
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Figure 5.9: Influence of finite line source velocity on noise metrics (N = 10000).

Calculated levels Lamax; Lasmax and Laeq,rp, When frequency and amplitude modulation
are considered, are larger than the levels without their consideration.
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amplitude modulation.
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5.3.3 Noise metrics of a sound source group and a finite source
line

The effect of source discretization on changes of noise metrics caused by frequency
and amplitude modulation is investigated by comparing the calculated noise metrics of a
railway vehicle modeled as a sound source group of discrete sources or a finite-length line
source. Based on the previous section, N = 16 (source spacing of 25 m) is applied for
the discrete source model, while N = 10000 (source spacing of 0.04 m) is applied for the
finite-length line source model.

Figure shows results for r = 7.5 m. In Fig. (a), Lamax and L' for N = 16

Amax
are approximately 1.5 dB and 3.0 dB higher, respectively, than those for N = 10000
(hereafter referred to as the finite-length line source model). In Fig. [p.11|(b), when the
source speed is below 100 km/h (M = 0.082), Lasmax and L'yg,.. for N = 16 are higher
than for the finite-length line source. This is likely due to the longer passage time of
the sound source, reducing the attenuation effect caused by the time constant processing
using 7. Beyond this, Figures [5.11|(b) and (c) show no significant changes in Lasmax,
ASmaxs LAeq,Tpy O Lyoq 7, Detween the two models.

Figure shows results for a source speed of 300 km/h (M = 0.245). Only L', ..

shows an increase of over 1.0 dB in the N = 16 model compared to the finite-length

line source model. These results indicate that even if A-weighted SPLs (Lygpna0> Lreqp)

remain unchanged, differences in source spacing can lead to overestimation or underesti-

/

\max- 11 such cases, the calculated A-weighted SPLs may not correspond to

mation of L

the actual perceptual characteristics of the noise.
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Figure 5.11: Influence of the source division N on noise metrics (r = 7.5 m). Calculated
levels Lamax and L'y . for N = 16 is larger than the results for N = 10000 (finite line
source) by ca. 1.5 and 3.0 dB, respectively.
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5.4 Influence of source frequency on relative SPLs

Noise from real vehicles have wideband frequency components. The influence of source
frequency on relative SPL or relative A-weighted SPL due to source movement is exam-
ined. It is assumed that a finite length line source is emitting a single frequency sound
moving at a constant velocity along the track. As well as the previous section, the source
is modeled with N = 10000 moving at a constant velocity. The A-weighted PWL of the
entire source group is maintained at 132 dB while varying the source frequency for the
center frequency of 1/3 octave band between 100 Hz and 5000 Hz. The following calcu-
lated differences in SPLs without A-weighting are also computed to be compared with

the A-weighted SPLs which were mentioned before.
e Maximum SPL L, [dB]

e Maximum SPL with time weighting S (slow) Lgmax [dB]
e Time-averaged SPL L, 1, [dB] on the pass-by time 7,

Relative SPLs are obtained and denoted with A in the same way as the relative A-weighted
SPLs.

Figure shows the calculated relative SPLs: ALy, ALgmax, and ALeq 7y, and
the relative A-weighted SPLs ALamax, ALASmax, and ALaeqrp Where M = 0.1,0.3 and
r = 25 m. Figure [5.13(a) revealed that the contribution of source movement results in
larger differences in SPLs as source velocity increases while the level differences appear to
be almost independent of source frequency. Figure m(b) demonstrates that lower source
frequencies lead to larger differences in the A-weighted levels because of the influence of
A-weighting. These results indicate that the low-frequency components contribute more
significantly to increase the A-weighted levels due to source movement for sources with

broadband frequency characteristics.
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frequencies due to its frequency weighting.



5.5. Exponent of relative SPLs 85
5.5 Exponent of relative SPLs

The relationships between the source frequency and the velocity dependence of the
amplitude modulation of radiated sound is also presented. It is assumed that a certain
relative SPL or A-weighted SPL AL [dB] mentioned before increases from AL(M —
AM) [dB] to AL(M + AM) [dB] when the Mach number of the moving source changes
from M — AM to M + AM. Then the increase in the relative A-weighted SPL can be
represented as

M+ AM) Nexp (M)

M+ AM (5.44)
= 10Nexp (M) 1g (m)
where Neyp, (M) is the exponent of the relative levels, which is derived as
AL(M +AM) - AL(M — AM
Nexp (M) = ( ) ( ) (5'45>

Lo, [ AM
S\ —AMm

Figure shows the computed exponents of relative SPLs and relative A-weighted
SPLs for the same cases as the previous section. AM was set as 0.003 in the computations.

Figure m(a) shows the exponents of the relative SPLs: ALpax, ALgmax and ALeq 7p-
In this figure, Neyp, is approximately 0.05 at M = 0.1 and 0.6 at M = 0.3 for all the
relative levels regardless of the source frequency. This reveals that the contribution of
source movement results in larger differences in SPLs as source velocity increases while
the level differences appear to be almost independent of source frequency.

On the other hand, Fig. [5.14|(b) shows the exponents of the relative A-weighted SPLs:
ALpmax; ALAsmax and ALpeqrp. This figure shows that Ney, at M = 0.3 is larger than
that at M = 0.1 for all the source frequencies as well as Fig. [5.14(a). However, Ney, of
all the A-weighted SPLs and both of the Mach numbers reach their maximum when the
source frequency is 100 Hz, and they all monotonically decrease as the source frequency
increases. When the source frequency is 100 Hz, Ny, is approximately 0.2 at M = 0.1
and 1.6 at M = 0.3 while it is approximately 0 at M = 0.1 and 0.3 at M = 0.3 when
source frequency is 5000 Hz. This indicates that lower source frequencies result in a more
rapid increase in A-weighted level differences as the source velocity increases. These results
suggest that as the source velocity increases and source frequency decreases, the exponent

also increases more significantly as well as the relative A-weighted SPLs themselves.
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5.6 Summary

Transportation noise source was simplified as a point source group moving along a
straight track. Then the effects of frequency and amplitude modulation caused by the
source movement were examined in terms of their impact on evaluation of noise metrics
used in transportation noise prediction. The three noise metrics considering the modu-
lation were calculated when the source group moves at a constant velocity on a straight
track: maximum A-weighted SPL L., Maximum A-weighted SPL Lagmax with time
weighting S (slow), and A-weighted equivalent continuous sound pressure level Laeq 1) 01
the pass-by time. The results were compared with calculated levels without considering
source movement. To examine the effects of them on propagation of radiated sound, the
sound power was considered constant with respect to the source velocity. The results are

summarized as the following.

1. When a sound source group moves, the frequency and amplitude increase when
sound sources are approaching and decrease when going away as well as a single

sound source.

2. Comparing the cases with and without considering frequency and amplitude modu-
lation, all the calculated levels of noise metrics became larger than the levels without

their consideration.

3. The difference of the calculated levels between the cases increased with respect
to the sound source velocity and the difference of all the noise metrics reached
approximately 1.2 dB at 300 km/h. However, this was independent of distance
between the track and the receiver. Noise metrics may be underestimated compared

to actual conditions without their consideration.

4. Approximating discrete sound sources in line by a finite line source would under-
estimate the noise metrics. The level of this underestimation would increase by

decreasing source division and was large in order of Laeq1p, LaSmax, and Lamax.

5. The level differences with or without considering the modulation decrease monoton-
ically with respect to source frequency due to A-weighting. When noise from the
source group contains wideband frequency components, the low frequency compo-
nent of this contribute more significantly to the increase in A-weighted SPL when

the modulation is considered. If the source frequency is constant, the calculated
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A-weighted SPLs increase as the source velocity increases.

They suggest that neglecting source movement may lead to underestimation of noise
metrics in transportation noise prediction at higher source velocities and lower source

frequencies.
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Chapter 6

Conclusion

6.1 Summary

I numerically and experimentally investigated the changes of the directivities of sound
sources due to source movement at low Mach number and clarified the differences in
amplitude modulation caused by source movement depending on the type of source. Then
I examined how frequency and amplitude modulation due to source movement affect the
evaluation of noise metrics used in transportation noise prediction when a series of point
sources moves along a straight trajectory.

In Chapter [2| frequency and amplitude modulation of a moving point source or a
point source fixed in the air flow is introduced. For a moving point source, Doppler
factor is defined as the ratio of frequency of radiated sound at a receiver to the pulsation
frequency of the source. When a sound source is fixed in air flow, the ratio of apparent
wavelength of radiated sound to the wavelength of the sound at the pulsation frequency of
the source represents the expansion and contraction of the apparent wavelength as seen
by an observer moving with the air flow and is reciprocal of Doppler factor when the
source is moving in the stationary air. Therefore, the spatial expansion or contraction
of the apparent wavelength of the radiated sound due to the Mach number of the sound
source or the air flow is a phenomenon common to both source movement and convection.
Because sound pressure or intensity of radiated sound in the farfield from moving point
sources or sources fixed in the air flow are expressed as powers of the Doppler factor or
the ratio, amplitude modulation of the radiated sound by source movement and that by

convection can be compared using Doppler factor or the ratio.

In Chapter |3 a launching experiment was performed using a scaled train model with
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an ultrasonic transducer as a simplified vibrational sound source and with an aerody-
namic sound source radiating aeolian tone sound, which is a typical dipole component
of aerodynamic sound. The measurements of directivities of these moving sources were
conducted at various source velocities at low Mach numbers to derive motional amplitude
modulations of radiated sound. Then how the two sound source types affect the ampli-
tude modulation of radiated sound was discussed as a result of source movement. The
experimental results revealed that the acoustic intensity of sound radiated from the vi-
brational sound source increases roughly in proportion to the fourth power of the Doppler
factor, whereas that of the dipole component of aerodynamic sound increases roughly in
proportion to the eighth power of the Doppler factor. They suggest that sound radiated
from an aerodynamic source moving at low Mach numbers leads to a larger amplitude
modulation due to source movement compared with sound radiated from a vibrational
source, indicating the necessity of applying corrections for the sound source movement for

each type of sound source in noise prediction models.

In Chapter 4] the influence of source movement or convection on the amplitude of
radiated aerodynamic sound was investigated experimentally. The directivities of a sim-
plified aerodynamic sound source were measured at a fixed position out the flow in a wind
tunnel at various flow velocities at low Mach number. The source was radiating aeolian
tone sound that was a dipole component of aerodynamic sound and was caused by pres-
sure fluctuations. The results show that, because of convection, the acoustic intensity of
radiated sound increases approximately in inverse proportion to the fourth power of the
ratio of the apparent wavelength in the flow to the original wavelength. The amplitude
modulations obtained by the wind tunnel measurements were compared with the mod-
ulation due to sound source movement. The results suggest that an aerodynamic sound
yields a larger amplitude modulation because of source movement rather than convection
when the apparent wavelength of radiated sound in the atmosphere changes by the same
proportion. The finding suggests that the radiated sound pressure level of an aerody-
namic sound estimated in wind tunnel experiments may be underestimated compared to

the level of the same aerodynamic source which is actually moving in the air.

In Chapter [ transportation noise source was simplified as a point source group mov-
ing along a straight track and the effect of sound source movement on the radiated sound
characteristics were examined in terms of their impact on evaluation of noise metrics

used in transportation noise prediction. The three noise metrics considering the modu-
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lation were calculated when the source group moves at a constant velocity on a straight
track: maximum A-weighted SPL L., Maximum A-weighted SPL Lasmax With time
weighting S (slow), and A-weighted equivalent continuous sound pressure level Laeq 7, On
the pass-by time. The results were compared with calculated levels without considering
source movement. To examine the effects of them on propagation of radiated sound, the
sound power was considered constant with respect to the source velocity. The results are

summarized as the following.

1. When a sound source group moves, the frequency and amplitude increase when
sound sources are approaching and decrease when going away as well as a single

sound source.

2. Comparing the cases with and without considering frequency and amplitude modu-
lation, all the calculated levels of noise metrics became larger than the levels without

their consideration.

3. The difference of the calculated levels between the cases increased with respect
to the sound source velocity and the difference of all the noise metrics reached
approximately 1.2 dB at 300 km/h. However, this was independent of distance
between the track and the receiver. Noise metrics may be underestimated compared

to actual conditions without their consideration.

4. Approximating discrete sound sources in line by a finite line source would under-
estimate the noise metrics. The level of this underestimation would increase by

decreasing source division and was large in order of Laeq1p, LaSmax, and Lamax.

5. The level differences with or without considering the modulation decrease monoton-
ically with respect to source frequency due to A-weighting. When noise from the
source group contains wideband frequency components, the low frequency compo-
nent of this contribute more significantly to the increase in A-weighted SPL when
the modulation is considered. If the source frequency is constant, the calculated

A-weighted SPLs increase as the source velocity increases.

It is suggested from these results that neglecting source movement may lead to under-
estimation of noise metrics in transportation noise prediction at higher source velocities

and lower source frequencies.
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Finally, from the results of all the chapter in the entire dissertation, it can be con-
cluded that ignoring frequency and amplitude modulation associated with sound source
movement, as the existing noise prediction models, may underestimate the noise met-
rics used in the prediction models. The underestimation on noise metrics (the peak or
mean value in energy of A-weighted sound pressure levels) becomes more significant for
sources moving at higher velocity and especially it reaches approximately 1.2 dB at a
speed of 300 km/h. Improving transportation noise prediction models more accurately
by considering source movement requires considering its physical mechanism, the method
for measuring or estimating directivity, and its frequency characteristic as well as source

velocity.

6.2 Future prospects

This study in this dissertation is expected to revise existing transportation noise pre-
diction models or frameworks by adding the formulae in acoustic propagation calculations

to correct the effect of source movement. As a result, the following prospects are expected.

6.2.1 Compatibility with geographical features and surrounding
environments

In Japan, the assessment of compliance with environmental standards for railway
noise is still conducted solely through field measurements. Consequently, health risk
assessments require noise measurements at each location where the environment around
the vehicles and tracks changes, and a large number of measurements are required to
understand the noise distribution throughout the cities.

By incorporating the findings of these studies into the estimation methods for sound
source models and noise prediction models, it will be possible to model transportation
noise from actual measurement data of vehicles while ensuring compatibility with geo-
graphical features and surrounding track or road environments. Simultaneously, these
estimated models will enable highly accurate noise prediction under varying conditions,
such as different vehicle types, operating speeds, and infrastructure environments. As a
result, it will be feasible to compare noise distributions across different regions where the
same vehicles operate, as well as to estimate temporal changes in noise distributions due

to variations in vehicles, facilities, and geographical conditions.
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6.2.2 Improved operating speeds of railway vehicles and com-
pliance with environmental standards

Since railways emit less carbon dioxide than automobiles and aircraft, improving con-
venience through increased operating speeds will lead to reduced environmental impact.
However, as train speeds increase, noise emissions generally rise, and there is a risk of
violating environmental standards in various countries.

The more accurate noise modeling or estimation methods, as described in the previ-
ous section and based on the findings of these studies, will make it possible to predict
the changes in noise emissions from various parts of the train as speed increases, which
currently require measurements in field test. Such noise predictions can be used to es-
timate the required amount of noise reduction for each part of trains and the required
performance of noise barriers at the design phase of railway vehicles, thereby facilitating
the proactive implementation of effective noise reduction measures.

Furthermore, standardized methods for noise measurement emitted by railbound ve-
hicles have been adopted in the Technical Specifications for Interoperability (TSI) [117]
issued by the European Railway Agency (ERA) and ISO standards [114] for railway
manufacturers. This estimation method will enable railway manufacturers to accurately
predict railway noise under these standardized test conditions, facilitating verification of

compliance with environmental standards across different countries.

6.2.3 Development of research on health risks caused by noise

The World Health Organization Regional Office for Europe provides recommended
noise levels to various types of environmental noise to safeguard public health, while also
evaluating the quality of the epidemiological surveys that support these recommenda-
tions [2]. According to this, for example, the accuracy of the surveys on railway noise is
low, primarily due to the difficulty of accurately estimating the noise exposure of residents
living along railway lines. However, measuring noise exposure in wide-ranging railway area
would require enormous labor and costs.

The more accurate noise modeling or estimation described in Section[6.2.T]are expected
to contribute to precise estimation of noise exposure for residents over large areas with
significantly reduced labor requirements, not only for the present but also for the past
and future. Combining the estimations with epidemiological surveys (cohort studies) of

residents living along railway lines will enable a higher level of understanding of noise
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exposure and its health impacts of the residents. It may thus contribute to the revision
and implementation of environmental standards for transportation noise around the world

based on higher quality scientific evidence.

6.3 Future issues

Firstly, in the experimental investigations in Chapters [3| and 4] linear regression was
performed on the amplitude modulation due to the Doppler factor and source movement
or convection, referring to the method of the preceding study by Norumet al. [77]. The
standard deviation between the measured ALpgppler OF ALcony. and the linear regression
line of data acquired in both experiments were larger than 1.0 dB, which are larger than
the corresponding standard deviation in the experimental study by Norumet al. |[77]. This
larger standard deviation might be attributable to the height difference between the source
and the microphone Az not being sufficiently larger than the wavelength of aerodynamic
sound. It is necessary to improve the measurement accuracy of the amplitude modulation
of the radiated aerodynamic sound induced by sound source movement in a scaled train
model experiment and by convection in a wind tunnel experiment.

Secondly, transportation noise sources in urban areas include vehicles moving at not
only low Mach numbers but also higher Mach numbers such as aircraft. It is necessary
to investigate how source movement or convection affects the amplitude modulation of
radiated sound at higher Mach numbers by not only theoretical or numerical investigations
but also experimental ones.

Thirdly, in Chapter |5, assuming the movement of a group of sound sources, the effect
of frequency and amplitude modulation due to source movement on noise metrics was
clarified. In this study, each sound source constituting the source group was an omni-
directional point source, and a source group was defined as a set of vibrational sources
arranged at equal intervals. However, in modern high-speed railways, aerodynamic noise
is dominant and is considered to have a significant contribution. As shown in Chapter [3]
although the directivity and amplitude variations of aerodynamic sources due to source
movement differ from those of vibrational sources, the effect of source movement on noise
metrics for radiated aerodynamic sound has not yet been clarified. Therefore, in addition
to the study conducted in Chapter [5] it is necessary to investigate cases where the source

group consists of aerodynamic sources rather than vibrational sources.
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Furthermore, structures such as elevated bridges and noise barriers exist in actual
cities, causing diffraction and reflection of radiated sound during propagation. For in-
stance, if an absorptive surface is present around the sound source, the absorption effect
of the surface may change due to frequency modulation caused by the Doppler effect. In
the case of a noise barrier, frequency modulation due to source movement may lead to
changes in the sound insulation performance. If the noise barrier is equipped with an
absorptive surface, the combined effect of absorption changes and frequency modulation
may further alter the sound insulation performance. Investigating the impact of frequency
and amplitude modulation due to source movement on the sound insulation performance

of noise barriers under these conditions remains a future issue.
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Corrected sound pressure for the

refraction of a shear layer
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At first, assuming that a shear layer is planar and that the thickness of the shear

layer is sufficiently small compared with the wavelength of the sound radiated from a

sound source, the amplitude correction where the source is at the boundary between the

potential core and the shear layer (h = 0) is represented as [92]

Peop(h = 0) 1 — Mggw cos 6’
Pmic 2

X K ¢ )+(1—Mﬁowcose')2

sin 0’

(]- + Mﬁow COs 01“)2 + %
2 (1 + Mgy cos «9r)3 o

where peop [Pa] is the corrected sound pressure of the radiated sound;

¢ = \/(1 — Mpgow COS 9’)2 —cos2 0
sin 6, ‘
1 4+ Mgow cos0,’

sin ¢’ \/(1 + Moy cos 6,)° — cos? 6,

¢ sin 0,

(A.3)

Next, when the source is inside the mean flow (h # 0), the second correction is
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required, which is written as

Peop(h # 0) ‘ _ sinfy,

4o (u=DIL+o(@E—1)

Peop(h = 0) sin 6’
1+ Mgy cos b, (A.4)
1
sin 6
=V — D1 3-1
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= A5
o rm Sin 0, (A-5)

In addition, when the thickness of the shear layer is sufficiently large compared with

the wavelength of the radiated sound, the additional correction is required, which is
represented as

Pcoop . 2\/ C sin ¢/ (1 — Mﬂow COS 8/)
Deop ¢+ (1 — Moy cos 9’)2 sin 6’

2/ (1 + Mgy cos 0,) (4.6)

B (1 + Miow cos Hr)2 +

where peoop [Pal and peop [Pa] is the corrected sound pressures when the shear layer is
sufficiently thick and thin compared with the wavelength of the radiated sound. Note
that the correction is independent of the distance h.

Using Egs. (A.1)-(A.6), the corrected sound pressures peo, and peoop are obtained
"
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Figure shows the level difference of the corrected SPLs |pcop| [dB] between the cases
where h # 0 and h = 0 calculated at Maoy of (2)0.1, (b)0.2, and (c)0.3 using Eq. (A.4).
The figures indicate that the calculated level differences where A =0.25, 0.3, and 0.4 m
are within £1 dB from the difference with h of 0.35 m for all the Mach numbers. This
means that the corrected sound pressure |peop(h # 0)| where 0.25 < h < 0.4 is within
+1 dB from the level with A of 0.35 m.

Figure shows the level difference of the corrected SPLs between |peoop| and [peop|
calculated using Eq. in the wind tunnel experiment (h = 0.35 m). The thickness of
the shear layer can be ignored in correcting the sound pressure of the measured aerody-

namic sound because the level difference is less than 1 dB even in the case of M = 0.3.
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Appendix B

Validity of approximations in
deriving sound pressure

Dr, is defined as N
- .0y paexp (—ip)

y = —f—————— B.1
b ot 4mr! (B.1)
Using Eq. (5.20)),
100
Po_ g _r'0t; (14 - i (B2)
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ot
The errors of amplitude and phase of sound pressure E,n, and £, on the approximation
where
Pn/Pn 1 (B.3)
are defined as
Eomp = 201og Dn (B.4)
Pn
and
1 n
En = 5,318 (g—n) , (B.5)
respectively.

Figure shows E,mp and Epy, using Eqgs. (B.4)) and (B.5) when source frequency is
20 Hz and r = 7.5 m. As long as the evaluation of railway noise from high-speed railway,

Eamp =~ 0 and E,;, ~ 0 because the imaginary part of p, /p, approaches 0 as wg or r

increase, hence p,, /p, ~ 1.
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Eon (source frequency: 20 Hz, » = 7.5 m). From the figure, it can be approximated as
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Appendix C

Changes of noise metrics

The detailed calculation results regarding the relationship between the source fre-
quency and frequency modulation or amplitude modulation, as discussed in Chapter [5

are presented in this section.
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Figure C.1: Noise metrics for different source frequencies at r = 7.5 m.
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Figure C.2: Noise metrics for different source frequencies at r = 25 m.
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Figure C.3: Noise metrics for different source frequencies at r = 50 m.
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Figure C.4: Noise metrics for different source frequencies at » = 100 m.
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Figure C.5: Noise metrics for different source frequencies at r = 200 m.
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Figure C.6: Noise metrics for different source frequencies at r = 400 m.

129

74 .
I LAmax
'E‘ 724 ===~ Lamax
=l ,
: - LASmax
5 701 “=- Lasmax
=1 ,
ﬁ LAEq, Tp
[on) 68 1
g B LAeq, Tp
< 66
g = —
64 100 200 400 800 1600 3200 5000
Source frequency [Hz]
(b) source velocity: 100 km/h
74 ;
I LAmax
E‘ 72 ==== Lamax
=l ,
: — LASmax
(Q;J 70 o LASmax
=1 ,
g LAeq, Tp
o8 ===~ Lpeq,T,
eq,
$ q.7p
< 66
64 100 200 400 800 1600 3200 5000
Source frequency [Hz]
(d) source velocity: 300 km/h
74 .
I LAmax
o724 ===~ Lamax
=l ,
: - LASmax
LF;) 701 T LASmax
=1 ,
ﬁ LAeq, Tp
[h) 68 1
? T LAeq, Tp
< 66
64 100 200 400 800 1600 3200 5000

Source frequency [Hz]

(f) source velocity: 500 km/h



	Abstract
	Acknowledgment
	Acronyms and symbols
	Introduction
	Background
	Transportation noise prediction
	Beamforming

	Purpose
	Structure of the dissertation

	Amplitude modulation of a single source
	Introduction
	Frequency of radiated sound from a moving source
	Amplitude modulation of moving sources with various physical mechanisms
	Modulated wavelength and amplitude modulation due to convection
	Summary

	Measured amplitude modulation of moving sources
	Introduction
	A train model experiment
	A scaled train model
	Low-noise moving model test facility
	Measurement of sound source position and velocity
	Measured directivities of moving sources
	Results

	Discussion
	Source term
	Doppler factor and amplitude modulation due to source movement

	Summary

	Source movement and convection of aeolian tone sound
	Introduction
	Wind tunnel experiment
	Wind tunnel
	Flow velocities at the source position
	SPL of an aeolian tone
	Correcting the refraction of a shear layer
	Results

	Amplitude modulation due to convection
	Discussion
	Summary

	Influence of source movement on noise metrics
	Introduction
	Radiated sound from a moving source
	Radiated sound pressure
	A-weighted SPL
	Time weighting S (slow)
	Equivalent continuous sound level
	Doppler effect
	Amplitude modulation

	Change of noise metrics
	Source discretization
	Change of noise metrics at various velocity and distance from the source track
	Noise metrics of a sound source group and a finite source line

	Influence of source frequency on relative SPLs
	Exponent of relative SPLs
	Summary

	Conclusion
	Summary
	Future prospects
	Compatibility with geographical features and surrounding environments
	Improved operating speeds of railway vehicles and compliance with environmental standards
	Development of research on health risks caused by noise

	Future issues

	Bibliography
	Corrected sound pressure for the refraction of a shear layer
	Validity of approximations in deriving sound pressure
	Changes of noise metrics

