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ABSTRACT
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Thesis for the degree of Doctor of Philosophy
AERODYNAMIC NOISE OF HIGH-SPEED TRAIN BOGIES
Jianyue Zhu

For high-speed trains, aerodynamic noise becomes significant when their speeds exceed
300 km/h and can become predominant at higher speeds. Since the environmental
requirements for railway operations will become tighter in the future, it is necessary to
understand the aerodynamic noise generation and radiation mechanism from high-
speed trains by studying the flow-induced noise characteristics to reduce such
environmental impacts. The aim of this thesis is to investigate the flow behaviour and
the corresponding aeroacoustic mechanisms from high-speed trains, especially around
the bogie regions. Since the prediction of the flow-induced noise in an industrial context
is difficult to achieve, this study focuses on scale models with increasing complexity.
The aerodynamic and aeroacoustic behaviour of the flow past an isolated wheelset, two
tandem wheelsets, a simplified bogie and the bogie inside the cavity with and without
the fairing as well as considering the influence of the ground are investigated at a scale
1:10. A two-stage hybrid method is used consisting of computational fluid dynamics and
acoustic analogy. The near-field unsteady flow is obtained by solving the Navier-Stokes
equations numerically through the delayed detached-eddy simulation and the source
data are applied to predict the far-field noise signals using the Ffowcs Williams-Hawkings
acoustic analogy. All simulations were run with fully structured meshes generated
according to the guidelines based on a grid independence study on a circular cylinder
case. Far-field noise radiated from the scale models was measured in an open-jet
anechoic wind tunnel. Good agreement is achieved between numerical simulations and
experimental measurements for the dominant frequency of tonal noise and the shape of
the spectra. Numerical results show that turbulent flow past the isolated wheelset is
dominated by three-dimensional vortices. Vortex shedding around the axle is the main
reason for the tonal noise generation with the dominant peak related to the vortex
shedding frequency. The noise directivity shows a typical dipole pattern. Moreover, for
both the tandem-wheelset and the simplified bogie cases, the unsteady flow developed
around them is characterized by the turbulent eddies with various scales and
orientations including the coherently alternating shedding vortices generated from the
upstream axles. The vortices formed from the upstream geometries are convected

downstream and impinge on the downstream bodies, generating a turbulent wake



behind the objects. Vortex shedding and flow separation as well as interaction around
the bodies are the key factors for the aerodynamic noise generation. The radiated tonal
noise corresponds to the dominant frequencies of the oscillating lift and drag forces
from the geometries. The directivity exhibits a distinct dipole shape for the noise
radiated from the upstream wheelset whereas the noise directivity pattern from the
downstream wheelset is multi-directional. Compared to the wheelsets, the noise
contribution from the bogie frame is relatively small. Furthermore, when the bogie is
located inside the bogie cavity, the shear layer developed from the cavity leading edge
has a strong interaction with the flow separated from the upstream bogie and cavity
walls. Thus a highly irregular and unsteady flow is generated inside the bogie cavity due
to the considerably strong flow impingement and interaction occurring there. Unlike the
isolated bogie case, noise spectra from the bogie inside the cavity are broadband and a
lateral dipole pattern of noise radiation is generated. The noise prediction based on the
permeable surface source is formulated and programmed using the convective Ffowcs
Williams-Hawkings method. Results show that the bogie fairing is effective in reducing
the noise levels in most of the frequency range by mounting a fairing in the bogie area;
and for the bogie inside the bogie cavity with the ground underneath, the far-field noise
level is increased due to more flow interactions around the geometries and the ground

reflection effect.
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Chapter 1
Introduction

1.1 Background

High-speed railways are being developed rapidly around the world. Normally the
peak running speed of a high-speed train is capable of reaching over 300 km/h.
As the running speed of a high-speed train increases, the aerodynamic noise

generation increases and becomes the dominant noise source [1].

Since early in the last century, theoretical studies of aerodynamic noise have
been focused extensively on the problems of noise from aircraft, especially jet
engines, which led to the development of aeroacoustics as a subarea of
aerodynamics to study flow-induced noise. Recently, with the significant
reductions of the aerodynamic noise from modern high-bypass ratio aero-engines,
the efforts are directed toward the airframe noise reduction, particularly during
approach and landing conditions. Using computational tools, including
computational fluid dynamics (CFD) and computational aeroacoustics (CAA)
methods, and experimental measurement techniques, many studies have been
carried out over the last few decades regarding the development of source
mechanism descriptions, noise prediction capabilities and noise reduction
technologies of flow-induced noise, particularly in aerospace engineering for

landing gear and airframes [2-8].

The flow speeds applying to landing gear during take-off and approach-to-landing
are between 250 km/h and 400 km/h, making the aeroacoustic problem quite
similar to that of high-speed trains [9]. However, by comparison with a jet engine

and airframe structure, a train has a relatively low flow velocity but quite large
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dimensions (particularly in length) and it is necessary to consider the ground
effect on the aerodynamic behaviour. For high-speed trains, many studies have
shown that aerodynamic noise becomes significant when their speeds exceed
300 km/h and can become predominant at higher speeds or with the reduction of
the rolling noise [1,9-12]. No further global reduction of high-speed train noise
can be achieved if the aerodynamic noise is not reduced. A transition speed
represents the change from the dominance of rolling noise to that of aerodynamic
noise. This speed is not well defined but is currently thought to lie between 300
and 400 km/h as shown in Figure 1.1 [9].

110 . . .

100

90

Aeqtp

800

70

100 200 300 400 500
Speed, km/h

Figure 1.1: Laeqp measured at 25 m from TGV-A (V, O, <), TGV-Duplex (O, A) and
Thalys (+) [9]. — - — - Straight line with slope of 30 logioV to represent rolling noise; — — —
straight line with slope of 80 logioV to represent aerodynamic noise; — total noise.

Due to more stringent certification rules and increased sensitivity of the
community, environmental requirements for railway operations are expected to
become tighter in the future. In particular, annoyance due to railway noise has to
be taken into account in the expansion of new high-speed line projects. Much
work has been done on railway rolling noise. The reduction of rolling noise has
reached a stage where theoretical models are quite mature and a number of
research and demonstration projects have been carried out to show that low-
noise vehicles and tracks can be designed [9,13]. However by comparison, the

2
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generation of aerodynamic noise from high-speed trains is less well understood,
especially in terms of theoretical analyses of source generation and noise
prediction. Significant progress has been made in the understanding of the
aerodynamic phenomena associated with high-speed trains [14-20]. By contrast,
the aerodynamic noise from high-speed train requires further attention. It is
evident that a good understanding of the sound sources and their physical

characteristics is essential to find good solutions to control the aerodynamic noise.

1.2 Research Objectives

This research aims to investigate the aerodynamic noise generating mechanism
from the scale models with increasing complexity around high-speed train bogie
region and to see the differences between the various cases. The emphases are
put on the flow separation and vortex interaction between each component of the
configurations and the corresponding mechanisms of aerodynamic noise
generation. Numerical simulations are compared with experimental
measurements. The influences of the bogie fairing and the ground effect on the

noise generation and radiation are analysed numerically.

1.3 Structure of Thesis

The rest of the thesis is organized as follows:

Chapter 2 presents an overview of previous studies on aerodynamic noise in
high-speed trains followed by a review of the fundamental principles of
aeroacoustics theory based on acoustic analogy and a general description of
aerodynamic noise prediction methods including numerical and experimental

techniques.

According to the literature survey, the research methodology used for this study
is addressed in Chapter 3, giving an overall description of the research outline
and describing the computational approaches and the experimental methods
applied here.
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Chapter 4 focuses on the flow and flow-induced noise behaviour of a circular
cylinder case in which the grid independence study is performed, and then the
benchmark for simulation setup and mesh resolution requirement are discussed.
The numerical simulations on the different scale models with increasing
complexity from a high-speed train bogie area are investigated in Chapters 5 to
7, which include the cases of an isolated wheelset (Chapter 5), the tandem
wheelsets as well as a simplified bogie (Chapter 6), and the simplified bogie
inside the bogie cavity with and without the fairing as well as considering the
ground underneath (Chapter 7). The aerodynamic noise generated from the solid
integration surfaces using acoustic analogy method is computed for these
geometries. Noise predictions of some cases are verified by comparison with

experimental measurements in an anechoic open-jet wind tunnel.

Based on the convective Ffowcs Williams-Hawkings formulation, an aerodynamic
noise prediction code is implemented in Chapter 8. Using the unsteady flow data
obtained from CFD calculations, the aerodynamic noise generated from the
cases of bogie inside the bogie cavity is calculated from a permeable integration
surface using the acoustic analogy method to investigate the influence of the

bogie fairing and the ground on the noise generation and sound radiation.

Finally, the conclusions are summarized and future work is proposed in Chapter
9 based on the findings from this research.



Chapter 2
Literature Review

This chapter presents an introduction on the previous studies of aerodynamic
noise in high-speed trains, followed by the fundamental principles of aerodynamic
noise prediction techniques based on the acoustic analogy method. Different
approaches using numerical simulation and experimental measurement for

aeroacoustics are reviewed thereafter.

2.1 Aeroacoustic Research on High-speed Trains

The main aeroacoustic sources on conventional high-speed trains identified by
different studies are the bogie, the pantograph, the recess of the pantograph, the
inter-coach spacing, the nose of the power car, the coach wall surfaces, the rear
power car, the louvres and the cooling fans [9,10,11,21,22], as sketched in Figure
2.1. They will be discussed individually below. In general, it is found that for these
various sources, the aerodynamic noises are generated by flow passing over the
structural elements and by turbulent flow itself. As an example, the Korean high-
speed train (Korean Train eXpress, KTX) pass-by noise was measured at a
speed of 300 km/h using the microphone array. Based on the noise map, the
bogies, pantograph and inter-coach gaps were found to be the main noise

sources as shown in Table 2.1 [23].

< Pantograph recess Louvre and Fan

Nose car Pantograph —» ‘ ‘ ’ Inter-coach spacing , ,
N >

H }
,/‘/ Bogie Coach wall —= : i
—o—1 T i ;;

Figure 2.1: Sketch of main aeroacoustic sources from high-speed trains

Rear power car
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500 Hz 1000 Hz 1500 Hz 2000 Hz 2500 Hz 3000 Hz

Leading bogie 77 75 72 68 64 62
Rear bogie 76 77 73 67 66 63
Pantograph 70 73 71 66 68 65
Pantograph recess 67 70 68 65 63 62
Inter-coach spacing 68 63 68 62 66 62

Table 2.1: Noise characteristics of aerodynamic noise sources of KTX-Sancheon at a
speed of 300 km/h (dB(A), center frequency of 500 Hz bandwidth) [23]

2.1.1 Bogie

High-speed train bogies are complex structures containing many components
exposed to flow with little or no streamlining. The aerodynamic noise produced
from the bogie area has been estimated to be around 15 dB larger than that from
the pantograph regarding the noise contribution to the overall noise of the whole
train [9].

Identification of bogie aerodynamic sources was investigated with on-board
measurements using the COP (coherent output power) technique in [21]. It was
shown that the coherent source mechanisms from the bogie area were more
complex than the acoustic radiation behaviour of the inter-coach spacing and
hard to recognize. Thus, the bogie could not be modelled by a single noise source
and should be considered as several uncorrelated acoustic sources. Other
sources located near the upstream and downstream wheels radiated efficiently

in the frequency range 500-1000 Hz.

Figure 2.2: Noise source maps of front power car from TGV Duplex at 350 km/h in 4
kHz 1/3 octave band [24]
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Using a star-shaped microphone array, the noise source maps from a TGV (train
a grande vitesse, French high-speed train) Duplex at 300 km/h were presented
in [9]. It was found that the leading bogie was the main noise source from the
front power car over the frequency range 250-1250 Hz; the lower part of the cab
door contributed to the noise in the 500 and 630 Hz bands; and the wheels
appeared to be the main source at higher frequencies above 2 kHz. Further
characterization of these sources at 350 km/h was carried out by SNCF (société
nationale des chemins de fer francais, French national railway corporation) [24].
It can be seen clearly from Figure 2.2 that a strong noise source is located at the
leading bogie area, particularly around the front wheelset region. Since the rolling
noise from each wheel is very similar, more aerodynamic noise is generated
around the leading bogie due to the unsteady airflow passing through the large
surface shape variations and discontinuities around the leading bogie area.
Therefore, significant aerodynamic noise is generated in the leading bogie region
due to a large number of flow separations and interactions with high-level

turbulence developed there.

(a) 20 kHz 1/3 octave band of the wind (b) 0.8 kHz 1/3 octave band of the field
tunnel measurement at 40 m/s measurement at 92 m/s

Figure 2.3: Comparison of noise source maps of the leading car from ICE3 between
wind-tunnel and full-scale tests [25]

To locate the main sources of noise in the bogie area and to characterize the
unsteady sources, an experiment was carried out using a 1:25 scale model of an
ICE3 (inter city express, German high-speed train) in the aeroacoustic wind
tunnel Brunswick (AWB) of DLR (Deutsches Zentrum fir Luft- und Raumfahrt,
German aerospace centre) [25]. Figure 2.3 compares the noise source maps of
a leading car from the ICE3 between wind-tunnel and full-scale tests. The bogie

section in the model was less detailed and the train surface was smooth. A

7
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microphone array consisting of 143 microphones was positioned outside the flow
in the open-jet wind tunnel. The interest was focused on the cavities of the bogies
and the gaps between the vehicles. Based on these measurements,
modifications for noise reduction were applied and the noise maps from the bogie
area were obtained. It should be noted that in the case of the wind-tunnel
measurement, the geometry of the bogie was simplified and there was no wheel-
rail interaction, thus no rolling noise took place. Moreover, there was no moving
ground beneath the train. Nevertheless, the results matched qualitatively, making

sense to conduct aeroacoustic measurement of trains in wind tunnels.

Another way to understand the flow behaviour is to carry out numerical
simulations through modelling the turbulent viscous flow. A global relation
between turbulence reduction and subsequent aerodynamic noise reduction has
been found in [26]. Six shape modifications around the bogie area between the
trailer vehicles, which is also the inter-car region in a TGV RESEAU train using
articulated Jakobs bogies, have been simulated by CFD using the RANS
(Reynolds-averaged Navier-Stokes) approach to identify the main turbulence
production source. The configurations with the most successful turbulence
reduction were tested in an anechoic wind tunnel to validate the flow calculation

and investigate the expected aerodynamic noise reduction.

Figure 2.4: Iso-surfaces of the instantaneous 1 criterion [27]

Numerical simulations with the lattice-Boltzmann method have been performed

recently to study the aeroacoustic behaviour of the power car of the TGV POS
8
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(Paris-Ostfrankreich-Suddeutschland, Paris, Eastern France, Southern
Germany) high-speed train at full scale but no experimental validation was given
in [27]. Figure 2.4 displays the iso-surfaces of the instantaneous A2 coefficient to
visualize the vortices developed around the whole powercar, which confirms that
the first bogie region is one of the most unsteady turbulent zones around the high-
speed train. The calculations confirmed the main sources of aerodynamic noise,
and the influence of several geometrical optimizations on both drag and

aerodynamic noise were evaluated.

Also using the lattice-Boltzmann method along with a turbulence wall-function
approach, the flow-induced noise from the main sources of a full-scale simplified
high-speed train was studied to assess the far-field noise levels and to develop
noise reduction methods in the train design phase [28]. Figure 2.5(a) shows that
coherent vortices are developed from the leading edge of the first bogie, which
are convected and impinge on the components inside the bogie cavity. Figure
2.5(b) displays the time derivative of the surface pressure field around the leading
bogie, indicating that the unsteady flow developed in the front and rear parts of
the bogie cavity might be strong aeroacoustic sources. Near-field noise levels at
the locations within the simulation domain based on the acoustic analogy solver
were compared to the results obtained directly from the simulation and good
agreements were reported. The far-field noise predictions need to be verified by

experimental measurements to improve confidence.

Flow direction Flow direction
—_—

(a) Velocity field contours (b) Time derivative of pressure field
Figure 2.5: Instantaneous velocity and pressure fields around leading bogie [28]

Aeroacoustic sources in the bogie area of a real case are extremely hard to
identify due to the complex configurations inside the bogie cavity, leading to the

9
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difficulties to find effective solutions for noise reduction in this region. It has been
found that by modifying the flow in the bogie areas and adding shaped fairings
around the leading bogie, aerodynamic noise reductions are obtained, however,

practical difficulties often prevent their implementations [9].

2.1.2 Pantograph

The pantograph is the current collector mounted on the train roof and exposed to
the unsteady air flows. The mechanism of aerodynamic noise from the
pantograph is characterized by periodic vortex shedding around the various
structural components of which it consists. Although some broad-band noise is
generated by several components, the noise produced by the pantograph is
generally Aeolian tones identified evidently by their frequency peaks [11]. During
the vortex shedding process, the vortices breaking away from the surface of a
slender body will impact on the surrounding fluid and generate a fluctuating force
which creates the typical dipole sound. Accordingly, the physical phenomena and
generating mechanism are now well understood and some practical techniques

are developed to control and reduce such aerodynamic noise.

Pantograph noise has become a major issue and it is necessary to make
considerable efforts to reduce it as the noise barriers along the track do not shield
such aerodynamic sources, i.e. ones that are located at the top of the train. This
is particularly true where much of the new high-speed lines run on elevated

structures fitted with noise barriers along some track areas.

In Japan, there are sound barriers 2m in height along most of the Shinkansen
track, which will shield noise generated from lower parts of the train [29].
Therefore, noise from pantographs is a large contributor to the overall noise. A
low-noise pantograph [30] designed by RTRI (Railway Technical Research
Institute) is shown in Figure 2.6. It consists mainly of a panhead, an articulated
frame and a base frame and has a relatively simple configuration to reduce
aerodynamic noise. The panhead is mounted on the top of the articulated frame
by a panhead support. It is found that with a smoothed-shape panhead, the shape

modification on the panhead support is very important to pantograph
10
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aerodynamic noise reduction. Furthermore, some techniques, such as shape
modification on the panhead support and surface covering with porous material
on the fairings, have been utilized and about 4 dB aerodynamic noise reduction
was obtained [30]. In another single arm pantograph with components arranged
to one side as displayed in Figure 2.7, the aerodynamic noise can be reduced
further [29].

Figure 2.6: A low-noise pantograph [30] Figure 2.7: Single arm pantograph [29]

A standard pantograph fitted to German ICE1 and ICE2 trains was modified to
optimize cylinder shapes, as well as to test the principle of using ribs to break up
coherent vortex shedding [10]. In wind-tunnel tests, the total noise reduction for
this pantograph was nearly 5 dB in A-weighted sound level.

2.1.3 Pantograph recess

For high-speed trains such as the TGV, the pantograph protrudes from a cavity
instead of being located on the roof of the coach, making it less exposed to the
flow when retracted [11]. However, the pantograph recess itself may generate

aerodynamic noise induced by the cavity.

The flow passing over a simple cavity was simulated to study the characteristics
of the aerodynamic noise generated from a pantograph cavity through the
acoustic analogy method [31]. Using the linearized Euler’s equations for acoustic
propagation based on the source term obtained from large-eddy simulation, the

aeroacoustic calculations were performed on a forward-backward facing step pair

11
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to simulate the pantograph cavity on the roof of a high-speed train [10]. It is found
that the recess of the pantograph can be generally described as a closed cavity,
in which the shear layer separates at the leading edge, reattaches on the cavity
floor, impinges upon the cavity rear wall and separates again at the trailing edge.
Correspondingly, aerodynamic noise can be produced due to these cavity flow

separations and flow-structure interactions.

Wind-tunnel experiments on a 1:7 scale cavity representing a pantograph recess
with and without pantographs have been performed in [32], which confirmed that
the rear wall region of the pantograph recess was the main noise source area
due to the strong turbulent flow interactions generated there. Moreover, it was
demonstrated that no aerodynamic or acoustic self-sustained oscillations were
observed within the flow developed around the pantograph recess due to the
characteristics of the closed type of the shallow cavity. An effective way to reduce
the noise from the recess of the pantograph was shown to be to prevent the flow
from going into the recess by modifying the cavity geometry or by the use of

spoilers.

2.1.4 Inter-coach spacing

The pantograph recess concerns only some types of trains while the case of inter-
coach spacing concerns every train. Compared with the closed cavity from the
recess of the pantograph, the inter-coach spacing has a smaller streamwise
length-to-depth ratio and can be described as an open cavity. Experiments have
shown that at low Mach numbers, deep rectangular cavities may lead to
oscillations with discrete frequency peaks [33]. In most open cavity flows, the
turbulent boundary layer separation is followed by a roll-up leading to coherent
structures in the cavity shear layer, and the strength of these shear layer vortical
structures depends on the turbulent boundary layer thickness and the cavity
length. Acoustic disturbances can be generated when the coherent structures of
the shear layer impinge on the leading corner along the downstream edge of the
cavity. Thus, when the turbulent flows come over the discontinuities from inter-
coach gaps of the train, an intense aeroacoustic coupling is generated between

the cavity shear layer oscillations and the acoustic modes of the installation.
12
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A good way to identify the unsteady flow phenomena, which occur in the inter-
coach region and generate sound radiation, is on-board experiments. The
characterization of the influence of these cavities can be obtained by comparing
the spectra and coherence from the various probes. The use of anti-turbulence
probes and the identification of acoustic waves from the experimental data can
determine whether the phenomena radiate sound [21]. It was found that the inter-
coach spacing showed particular radiating phenomena at well-defined
frequencies; the noise radiation was concentrated in the low-frequency range

below 500 Hz and dominated by various pure tones.

Some solutions have been proposed to reduce the aerodynamic noise from the
inter-coach region, e.g., adding baffles to the ends of vehicles to eliminate the
aerodynamic noise generated from the inter-coach regions [9]. In Series 300 and
700 Shinkansen [34], it was shown to be important to ensure that any
misalignments of adjacent vehicles do not lead to the edges of baffles mounted
on vehicle ends protruding into the flow. Additionally, at the lower part of the inter-
coach area, a cover was mounted to prevent the sound from being transmitted
upwards. Wind-tunnel tests on a scale model showed that rounding the corners
of the vehicle ends could be more effective in reducing noise from the inter-coach

gap than adding baffles to the coach ends [35].

2.1.5 Nose of power car

The power-car nose design is mainly concerned with improving aerodynamic
performance, reducing pressure waves generated in tunnels and aeroacoustic
optimization. At the nose of the leading car of the train where flow separation
occurs, the turbulent boundary layer generated by the unsteady air flow can
produce dipole sources rather than quadrupole noise which is comparatively less

effective, particularly around the surface shape variation regions.

Many developments on the nose shape have been made to improve aerodynamic
and aeroacoustic performance of high-speed trains. For Series 700 Shinkansen

trains in Japan, a long streamlined nose has been used to reduce the severity of

13
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‘micro-pressure waves’ [34]. These are shock waves generated in long tunnels
with ballastless track which can result in a loud impulsive sound at the opposite
end of the tunnel. Therefore, aerodynamic optimization of the power-car nose is
also important in reducing pressure waves generated in tunnels and the
corresponding aerodynamic noise. The design of the nose car in the ICE3 is
another good example for the noise reduction where flow separation has been
eliminated on the leading car by streamlining the noses [11]. Other improvements
are also important for noise reduction from nose car. The body-shells are smooth
with flush-mounted windows. The front skirt and an underfloor cover are
introduced under the nose. The gap between the front skirt and the leading bogie
are reduced and the leading bogie is shielded by fairings. The roughness of the
surfaces should also be reduced particularly for the side doors where improved
sealing and retractable covers for the handrails were implemented in Series 700
Shinkansen [34].

2.1.6 Rear power car

The flow features that can exist in the wakes are the shear layer separations,
longitudinal helical flows, vortex streets, recirculation regions and others [36]. The
helical vortices behind the train would extend a considerable distance into the
vehicle wake and close to the ground. Such helical vortices generate some sort
of regular oscillation in the train wake. Generally, the near wake is characterized
by large scale recirculation and longitudinal vortex structures with unsteady
fluctuations primarily caused by the separated shear layer and wake pumping
[20]. As a large scale unsteady flow structure, the train wake generates increased
instability from the flow and produces an additional source of aerodynamic noise
of low frequency. Similar to the front power car nose, the rear power car should
be streamlined to optimize the aerodynamic behaviour of the wake flow to further

reduce the aerodynamic noise.

2.1.7 Coach wall surfaces
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Aerodynamic noise is caused by the flow of air over the train as it travels at high
speed. This flow is complex and includes a turbulent boundary layer around the
train. Near the leading edge, this boundary layer is laminar while it rapidly forms
into a turbulent boundary layer because of the influence of friction between the
coach wall surface and the flow over the train due to the viscosity. The turbulent
flow induced noise has a quadrupole-like radiation pattern. They are much less
efficient radiators than monopoles or dipoles. Therefore, the sound produced by
a turbulent flow is only a very small fraction of the flow energy, and this free
turbulence is not the main source of aerodynamic noise for exterior railway noise.
Compared with other sources for a high-speed train running at 300 km/h, this

source is not predominant, but it can be significant for much higher speeds [11].

The turbulent boundary layer is distributed on the train surface with a low source
level but a large area. It is also a correlated source over a noticeably large length
at low frequency. Therefore, it is difficult to measure this low level source reliably
using a microphone array due to contamination by side lobes from other sources
or by background noise. Based on numerical simulations and measurements
carried out on a scale model in a wind tunnel, it has been confirmed that the
boundary layer does not grow markedly in width along the length of the train [9].
Nevertheless, a turbulent boundary layer over curved or rough surfaces can
introduce oscillation in wall pressure and shear stress which are dipole sources,
particularly where flow separation occurs, for example at the front and rear of the

train.

An effective way for reducing the aerodynamic noise from the turbulent boundary
layer is to keep the coach wall surface smooth to reduce dipole-type source
generation which is an appreciably more efficient radiator in comparison with the

guadrupole noise.

2.1.8 Ventilators, louvres and cooling fans

Noise sources due to ventilators could appear around power cars. Such sources
are not always easily suppressed. However, they can be characterized by some

specific frequencies and solutions can be obtained directly by optimizing the
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ventilators themselves. Louvres can be considered as a series of cavities and
can be studied by experiments in anechoic wind tunnels. Cooling fans tend to
dominate the noise emissions from a power car under stationary and low-speed
conditions, especially during hot-running conditions. As the power cars have a
nearly continuous need for cooling, the fans tend to run at a steady speed, with
a low speed setting for cool conditions and a high speed setting for hot conditions.
Detailed studies of cooling fans could result in significant benefits for power car
noise emission. It has been concluded that the acoustic emission of an axial fan
could be reduced by 10 dB while improving the airflow performance used on an
SNCEF railcar [37].

2.1.9 Concluding remarks

For high-speed trains, there are several sources which contribute to the overall
aerodynamic noise, each of which may have different physical characteristics and
generation mechanisms. Significant progress has been made in the
understanding of the physical mechanisms of some sources, such as those from
the inter-coach spacing, the coach wall surfaces, the nose and rear of the power
car, etc. Various solutions have been found to reduce the aerodynamic noise

from these regions.

As the noise generating mechanism from pantographs is progressively
understood, much development has been completed in reducing aerodynamic
noise around such areas. By comparison, the aeroacoustic sources which can
occur in the bogie area are complex and up to now, most aerodynamic noise
behaviour from the bogie region has been characterized experimentally. The
modelling of aerodynamic noise from the bogie area is still in its infancy. It can be
expected that both numerical approaches and experimental methods could offer
the opportunity to make parametric studies, characterize approximately the
phenomenon and obtain potential solutions for noise reduction regarding the

bogie region.

2.2 Theory on Aerodynamic Noise Prediction using Acoustic
Analogy
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The fundamental principles of aerodynamic noise prediction in an unbounded
flow using acoustic analogy were initially derived by Lighthill [38]. Curle [39]
extended it to consider the presence of solid boundaries in the flow region. Then,
for predicting aerodynamic noise from moving bodies, Ffowcs Williams and
Hawkings [40] developed a method to include the effect of a moving surface in
the fluid on the generation of sound.

2.2.1 General sound sources

Aerodynamic noise generally includes the unsteady flow noise caused by the
turbulent fluid motions and the flow interaction noise associated with the
aerodynamic forces interacting with the body surfaces. Thus, based on their
mathematical manipulations, the sound source distributions can be categorized
to monopole, dipole and quadruple sources, respectively [40]. A monopole
source corresponds to the noise produced by the unsteady fluid mass passing
through the control surface. The sound field generated from the monopole source
radiates omni-directionally. The dipole source is obtained by placing a
neighbouring pair of point monopoles with equal strength out of phase, and thus
its directivity pattern shows a maximum magnitude on the dipole axis since some
cancellations occur in the acoustic field. The oscillating pressure forces acting on
the wall surfaces can generate dipole noises. The quadruple source consists of
two identical dipoles with opposite phase placed close together. There are two
combinations of quadrupoles. One is termed a lateral quadruple with two dipole
not lying on the same line and the other one is termed a longitudinal quadruple
having two dipole axles lying along the same line. The lateral quadruple shows a
directivity pattern with four lobes (directions) and the longitudinal quadruple has
a directivity pattern similar to dipoles. The fluctuating stress exerted on the flow

can produce quadruple noise.

2.2.2 Lighthill’s theory: acoustic analogy

The origins of the theory of aerodynamically generated sound can be traced to
Lighthill’s influential work in 1952 [38]. Starting from the Navier-Stokes (N-S)

equations for a compressible viscous fluid, the equations of fluid motion were
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reformulated to have a wave operator on the left-hand side and all other terms
were put on the right-hand side as equivalent source functions driving the sound
field. Thus, the convection effects and turbulence are incorporated within the
source function and the radiated sound is calculated as if it were in a uniform
medium with zero mean flow. Lighthill's theory shows that there is an exact
mathematical analogy between the sound radiated by a turbulent flow and that
radiated by equivalent quadrupole sources in a non-moving medium for
unbounded flow. For such analysis, a noise generation area governing the
fluctuations in the fluid is decoupled from the wave propagation region of a
uniform acoustic medium at rest. It is postulated that sound is a small component
of the fluid motion and the flow behaviour in the source region can be determined
without considering the effects of sound generation and propagation on the fluid.
The unsteady flow generates sound and modifies its propagation while the sound
waves do not affect the flow in any significant way. Thus, the acoustic source
functions can be extracted from the flow field computed by time-accurate

turbulence simulation tools.

Consider an unbounded region of space in which there is an unsteady fluid flow.
Based on the conservation of mass and momentum, the exact equations of

motion in an arbitrary continuous medium at rest are given by

%+ 2 (up =0 @)
ot " ox, P =T '
d d
&(Pui) +a_xj(puiuj +pby; — 1) =0, (2.2)

where the summation convention is used for repeated index; x; and x; represent

the Cartesian coordinates (i = 1,2,3), p is the density, p the pressure, u; the flow

velocity. 7;; is the viscous stress tensor and for Newtonian fluid it is given by

B 6ui+6uj 2<6uk>6 2.3)
ty =R Ox;  0x; 3 \0xy gl '

in which p is the dynamic viscosity and &;; is the Kronecker delta, §;; = 1 fori =

jand 0 fori #j.

Now the wave equation can be deduced by taking the time derivative d/dt of

Equation (2.1) and the divergence d/dx; of Equation (2.2). This yields
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Subtracting Equation (2.5) from (2.4) gives
a%p’ 02(pugw; + pby; — 7y5) , (2.6)
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where p' =p —py; po is the non-perturbed density in the uniform medium.

Introducing a term c3V2p’ and subtracting it from both sides yields

— gV = (2.7)

in which ¢, is the sound speed in the undisturbed free-stream medium; V is the

2

gradient operator and V2=

. This is Lighthil’s acoustic analogy, with the
axj'an

Lighthill stress tensor T;; defined as

Tyj = pusu; — 75 + (p — c§p") 85, (2.8)
which represents a distribution of quadrupole sources where pu;u; is the
momentum flux tensor and corresponds to the fluctuating Reynolds stresses;
(p — c5p") is associated with non-isentropic effects and t;; is the viscous stress

tensor and describes the effects of viscosity.

Representing sound propagation with a standard wave equation, Lighthill's
analogy moves everything else to the right-hand side and treats them as
equivalent sources. This is an acoustic analogy so these quadrupole sources are
eqguivalent sources that generate exactly the same sound field as if the full Navier-
Stokes equations had been solved. In aerodynamic sound predictions, the main
problem now is to identify the components within the Lighthill stress tensor T;;.
The solution to Lighthill’s equation for the radiated sound pressure can be readily
obtained using the free space Green’s function as the problem of predicting
sound in a moving medium has been reduced to that of the equivalent classical
acoustical problem in a uniform fluid at rest. The Green’s function for three-

dimensional wave equation satisfies
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aZ
(atz — C0V2> Gx, t;y, 1) =—-0x—-y)o(t—1). (2.9)
Then, in free space the Green’s function can be shown to be
1 Ix —yl
G(X,t,y,‘[) —mS(f-T— Co > , (210)

which is the causal solution of the wave equation generated by the impulsive

point source 6(x —y)d(t — 1), located at the pointx =y attime t = .

Therefore, if a quadrupole element of strength T;; at source position y generates

sound, the acoustic density perturbation at far-field observer position x can be

written as
1 0? Ix—yl> dy
"(x,t) = —|T;i |y, t — . 2.11
P (%, 0) ng]jv ayiy,-l U(y ) == 2.11)
Note that
|x —yl |x —yl
i (S(t—T——CO ) __i 6(t—T——C0 ) (212)
dy; Ix —yl 0x; Ix —yl ' '

Then, Equation (2.11) can be expressed as

, 1 —yl\ dy
prx0) = 4mct 0x;x; ﬂf < Co ) x—vy|’ (2.13)

in which the integration is performed over the turbulent domain V where the

sound sources are evaluated. Sound takes a certain amount of time to travel
through space, i.e. sound emitted at source position y is heard by the observer
at receiver position x at a time (|x —y|/c, ) after emission. Since the sound
travels at speed c, over a distance (|x —y|) from source to observer, sound
arriving at x at time t must have been launched from the source at a previous
time, t — |x —y|/c,, the retarded time (in other words, turning the clock back to

when the sound was emitted).

When differentiating the integrand in Equation (2.13) in association with the points
far enough from the flow to be in the radiation field of each quadrupole which is
treated as a compact source, the spatial differentiation with respect to x; can be

replaced by a temporal differentiation represented as
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— o ————, :
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In most flows, compared with momentum flux tensor pu;u; the viscous shear
stress t;; is generally very small. And for low Mach number flows, the heat
conduction constitutes a second-order effect and can be neglected as well.
Hence, it is the fluctuating Reynolds stresses, pu;u; which are dominant source
terms. Then, for low Mach number flows, the Lighthill stress tensor can be
approximated to

T;; = puu; . (2.15)
Considering a typical velocity scale U and a typical length scale [, the
characteristic frequencies of the flow are proportional to U/l . Thus, the
fluctuations in 8%T;;/dt* are proportional to pU*(U/1)?> and an estimate for the

squared density variations corresponding to the sound intensity is given as [38]

(072 (= (2 Z(U)4( u*)? By . Z(U)S(l>2 (2.16)
Pr\e) \@) \T) ) TP\ ) '
which shows that the quadrupole sound intensity of low Mach number flow scales

with the eighth power of the flow velocity.

2.2.3 Curle’s theory: effect of solid boundaries

Since solid boundaries have a significant effect on the aerodynamic noise
generation, the interaction of solid bodies with turbulent flows will produce

increased sound compared with free space turbulence.

Taking into account the presence of solid boundaries, Curle extended Lighthill's
theory. This modification is referred to as the Lighthill-Curle theory [39]. The
guadrupole sound will be reflected and diffracted throughout the regions external
to the solid boundaries. Due to the fluctuating forces on the solid body resulting
from the unsteady flow, a dipole source distribution corresponding to the

externally applied forces leads to

, 1 9? UJT  _Ix—yl)_dy
p Anctoxix; ))), Y Y c JIx—yl

21




Jianyue Zhu Literature Review

1 9 Ix —yl\ dS(y)
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41t O0x; ,ﬂs oy <y Co ) Ix —y| (217)

where S represents the surface of the solid boundary, [; is the unit outward

normal (towards the fluid) on surface S and P;; is the compressive stress tensor
given by

Py = pé;j — 145 . (2.18)
Similar to the estimation of the quadrupole source in (2.13) by Lighthill through
simplifying the volume integral at large distances from the flow, a dimensional

analysis [39] of the density fluctuations due to the dipole term in (2.14) yields
U\ /1y
N2 o 2(—) (—) , 2.19
(,0 ) Po Co |X| ( )
which indicates that for flows with low Mach number, compared with the results
from Equation (2.16), the dipoles are more efficient sound radiators than the

quadrupoles.

2.2.4 Ffowcs Williams-Hawkings method: effect of source motion

Most problems in aerodynamic noise generation are related to moving sources
which influence the sound radiation pattern. Considering the effects of source
motion, Ffowcs Williams and Hawkings [40] extended the Lighthill-Curle theory.
To take into account the effects of surfaces in arbitrary motion, a Heaviside
function H(f) is introduced as

(1 forf>0
H(f)‘{o for f <0’

where f = 0 denotes a mathematical surface used to embed the exterior flow

(2.20)

problem, f > 0 inan unbounded space. Then H(f) is equal to unity in the region
exterior to the control surface and vanishes within the surface. By multiplying the
equations of mass conservation (Equation 2.1) and momentum conservation
(Equation 2.2) by H(f), a wave equation for a moving source problem can be

rearranged as

02[H '

TR cgveincpp
_0 5 0 F;é6 o T;;H 2.21
= 3¢ (08D = 5 (RS (N] + 5 [Ty H P, (2.21)
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where §(f) isthe Dirac delta function; Q and F; are monopole and dipole source
terms related to surface-flow interaction noise, i.e. Q = p,v, Where v, is surface
normal velocity and F; = pn; in which p is the surface gauge pressure and n; is

the component of unit normal vector pointing outward to the surface; Tj; is

Lighthil’s quadrupole source. This resulting equation is the Ffowcs Williams-
Hawkings (FW-H) equation to cope with the motion of a surface. It is necessary
to state two original ideas in the FW-H acoustic analogy [40,41]. First, the
available simple Green’s function is imposed on a larger domain into which the
original problem is embedded. Another one is that conservation laws in
differential form can be utilized to dispose of the jump conditions across flow
discontinuities when all the fluid quantities are regarded as generalized functions.

The classical Ffowcs Williams—Hawkings equation is the most general form of the
Lighthill acoustic analogy method and is appropriate for computing the acoustic
field when provided with input of unsteady-flow conditions. A generic discontinuity
surface S is introduced and the fluid extends inside the control surface with the
conditions of the undisturbed medium at rest. Then, after embedding the original
problem into an unbounded space, the wave equation is valid in the entire three-
dimensional space and the simple Green’s function can be utilized. Hence, the
flow parameters have discontinuities across the data surface. Assuming the fluid
parameters are generalized functions and utilizing conservation laws with
generalized derivatives, the formal solution of the FW-H equation may be written

as

anl f Lljnj
co=0f [Qm ] @
Pt = 6tff o L4T|x — y|  Ox; roo LAT|X =yl

i
dav, 2.22
t o5, iXj Jf>0 [4n|x yl] (222)

where the control surface is typically described by f(x,t) = 0 such that the unit
outward normal vector i = Vf. [ ] denotes the evaluation at the emission time.

p'(x,t) on the left-hand side of the equation represents the acoustic pressure
fluctuation perceived by the observer located at position x and at observer time

t. Note that the acoustic pressure can be interpreted as p’ = c2p’ = c2(p — po)
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when p'/p, «1. The source terms under the integral sign on the right-hand side

of the equation are defined as

Qi = p(u; —vy) + povy, (2.23)
Lij = (p — po)bi; + pus(w — vy), (2.24)
Tij = pwy — 755 + [(p — po) — c§p'163; (2.25)

where Q; and L;; are terms corresponding to thickness and loading noise [41,42] ;
T;; is the Lighthill stress tensor. u; and v; are the flow and surface velocity
components in the ith direction. 7;; is the viscous stress tensor. The thickness

and loading sources are surface sources and act only on the integration surface
f(x,t) =0 as indicated by the presence of the Dirac delta function 6(f) in
Equation (2.21). On the other hand, the quadrupole source is a volume
distribution source as indicated by the Heaviside function H(f) in Equation (2.21).
The quadrupole source term accounts for all the flow non-linearity in the domain
exterior to the control surface and acts throughout the volume beyond the data
surface. It should be noted that when the source data surface is in motion, the
thickness and loading sources behave differently from stationary monopole and
dipole sources since the radiation patterns calculated from the above equations

are changed for sources on a moving surface.

It is shown from Equation (2.22) that the pressure fluctuation at a far-field
observer position is obtained through the superposition of contributions from
spatially distributed source terms. The thickness source term models the noise
generated by the displacement of fluid as the body passes. The dipole source
term represents the noise resulting from the unsteady motion of the force
distribution on the body surface. The thickness and loading source terms have
been used extensively in aerodynamic noise prediction because they account for
the predominant acoustic signals in many cases and they do not require
knowledge of the flow field away from the data surface. In a low Mach number
flow, the quadrupole source term contribution is negligible when compared with

the contributions from the other sources.

For the cases of the high-speed train studied here, the strong flow interaction

around the moving geometries will produce the surface pressure fluctuations
24



Jianyue Zhu Literature Review

which generate the noise at a much higher efficiency, and therefore the surface
dipole noise can be potentially the dominant aerodynamic noise source [9, 11,
28].

2.2.5 Theory of vortex sound

In an unbounded flow the velocity u can be decomposed into an irrotational part,
with its potential given by ¢ and a rotational part v and expressed as
u=Vep+v. (2.26)

The irrotational velocity field corresponds to the dilatation and compression of the
fluid elements. Then the vorticity vector is given by
w=VXxu=VxXv, (2.27)
and based on Equation (2.15), the source term in Lighthill's equation can be
reformulated as [43]
02Ty 0%(puuy)
0x;0x; 0x;0x;

= pV- (w X V) + V? (%pv2> . (2.28)

It is concluded that at low Mach numbers, the component V2 Gpvz) may be

neglected. Representing a dipole distribution, the term pV:(w X v) is the
principal volume sound source from Lighthill's quadrupole contributions
0%(puu;)/0x;0x;.

Thus, the acoustic pressure in the far-field is represented as [43,44]

L _—PoX 0 |x|
p(x,t) 4ncolx|26tﬂj (wxv)(y,t—— OIXI)dy. (2.29)

This result indicates that when the Lamb vector (w X v) changes, the

corresponding parts of the fluid will radiate sound.

2.3 Numerical Methods for Aeroacoustics

Flow unsteadiness is crucial to the flow-generated sound and the discipline of
acoustics is intimately related to fluid dynamics. Therefore, the phenomena
associated with sound generated by and propagated in fluid can be understood
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and analysed in the general framework of fluid dynamics. However, the main
challenge in numerically predicting sound waves stems from the fact that sound
waves have much lower energy than fluid flow, typically by several orders of
magnitude. This poses a great challenge to resolve sound waves numerically,
especially in predicting sound propagation to the far-field which is required to
perform the computation over long distances. The other difficulty comes from
calculating the turbulence flow in the near field that are responsible for the sound

generation, where fine resolutions are needed to solve the unsteady viscous flow.

Since the late 1990s, computational aeroacoustics has been developed as a
separate area of study for numerical methods predicting the noise radiation from
an aeroacoustic source or the propagation of sound waves in an inhomogeneous
flow field [45-47]. This section provides an overview of approaches to compute
aerodynamic noise. Considering the challenges and the discipline breadth
encountered in aerodynamic noise generation, it is not surprising that various
computational approaches with different degrees of sophistication and
applicability have been developed. All these techniques require careful validation
to ensure that the simulation results are in good agreement with full-scale and

experimental data.

2.3.1 Direct computation methods

The nature of aeroacoustics problems is substantially different from those of
traditional fluid dynamics and aerodynamics problems [48]. Aeroacoustics
problems are time dependent, typically involving a frequency range over a wide
bandwidth, with greatly different length scales in different parts of the
computational domain. The classic CFD techniques designed for fluid mechanics
problems are generally not adequate to simulate aeroacoustic problems
accurately. To obtain a better understanding of the physics of the problem, the
direct methods have been developed for determining the noise generation

mechanisms and sound propagation processes.

In the direct method, both generation and propagation of sound waves are directly

computed by solving the compressible Navier-Stokes equation which describes
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both the flow field and the aerodynamically generated sound field. This requires
considerably high numerical resolution due to the noticeable differences in the
length scale present between the acoustic variables and the flow variables. Thus,
It is computationally difficult and costly since very fine computational meshes are
needed all the way to receivers to capture the finest scales of motion. Such
computational cost becomes prohibitive for sound prediction in the far-field.
Therefore, the direct methods become feasible only when receivers are in the
near field where the flow unsteadiness is predominantly due to local
hydrodynamic pressure which can be predicted with a reasonable cost and
accuracy. Furthermore, since the acoustic radiation efficiency is markedly low,
numerical errors can lead to serious overestimates of sound generation. One
solution is the use of high-order and optimized finite difference schemes.
However, even with high-order methods, direct numerical simulation (DNS) and
large-eddy simulation (LES) require large numbers of computational nodes. Also,
it is difficult to maintain high accuracy and computational efficiency for complex
flows. Thus, the computational cost of the direct calculations is appreciable and
only relatively simple flow configurations at low to moderate Reynolds numbers
have been studied using this method [45]. In [49], sound radiation from a plane
turbulent boundary layer was investigated using databases from direct numerical
simulation, and therefore, the spectrum of turbulent boundary layer noise was
predicted by the DNS data.

2.3.2 Integral methods based on acoustic analogy

Compared to the direct method for noise calculation, the integral techniques are
computationally more efficient since only the near-field sources are calculated
and fed to predict the far-field acoustic signals. As stated in Section 2.2.3, the
FW-H formulation adopts Lighthill's acoustic analogy and can predict radiated
sound by equivalent acoustic sources such as monopoles, dipoles and
quadrupoles based on the time-accurate flow solution data obtained from CFD
simulations. The time histories of sound pressure or acoustic signals at
prescribed receiver locations are directly computed by evaluating surface

integrals. Solid data surfaces are applied to concentrate predominantly the dipole
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and monopole sources while permeable integration surfaces may be utilized to
also account for the contributions from the quadrupoles enclosed by the source
surfaces. To solve the near-field unsteady flow, the CFD methods of DNS, LES,
RANS, DES (detached-eddy simulation) and LBM are applied in existing works
and introduced as follows. DES is reviewed in more detail since it is utilized in
this study.

Without any turbulence models, DNS solves the time-dependent Navier-Stokes
equations and resolves all the relevant scales of turbulence. Since very fine
meshes are needed to capture the finest scales of motion, DNS is
computationally costly and becomes prohibitive for the complex flow, especially

with three-dimensional configurations.

In LES, large energy-containing eddies are captured and resolved directly, while
small eddies are modelled using a subgrid scale model [8]. Therefore,
transporting mostly the momentum, mass, energy, and other passive scalars, the
large eddies are dictated by the geometries and boundary conditions, while the
small eddies are less dependent on the geometry, tend to be more isotropic and
universal. LES should be run for a sufficiently long time to obtain stable statistics
of the flow being modelled. However, with a high computational cost due to the
resolution required, LES is still remarkably expensive for most geometries if
turbulent flow eddies are developed within the boundary layer regions [50].

In RANS simulation of turbulence, the equations governing the transport of the
time-averaged flow quantities are solved. Since the Reynolds-averaged
approach substantially reduces the required computational efforts and resources,
it is widely adopted for practical engineering applications. Time-varying solutions
can be obtained from unsteady Reynolds-averaged Navier-Stokes (URANS)
equations which model the turbulence and resolve only unsteady mean-flow

structures [51].

As a hybrid technique, DES combines LES with RANS method to make use of

the most favourable aspects of the two techniques [52]. In DES, a single
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turbulence model used in RANS regions (e.g., attached boundary layers) is also
employed as a sub-grid-scale model in LES regions (e.g., separated flows). DES
models have been specifically designed to resolve massively separated wall-
bounded flows at high Reynolds numbers, where the entire boundary layer is
treated by URANS models and the LES treatment is applied to the separated

regions.

The simulations around a sphere using different models from RANS, DES and
LES were performed and compared with experiments at very high Reynolds
numbers in [53,54]. It was found that both DES and LES resolve eddies down to
the grid scales in the wake and DES is better able to capture unsteady
phenomena than URANS. The numerical simulation of a simplified landing gear
by DES and URANS was compared in [8,55] using structured grids. Compared
with RANS, DES captured better the flow features. It was concluded that
resolving a wide range of unsteady scales of motion successfully, DES is
promising for sound prediction. Also, the accuracy of DES with unstructured grids
has been evaluated [56]. Similar wake structures and close pressure distributions
were obtained through simulations by structured and unstructured meshes. In
close agreement with data from the experiments, the turbulent kinetic energy
(TKE) in the vortex core was predicted accurately by the fine unstructured grid,
which showed that unstructured meshes are capable of meeting the requirements
for DES.

Unlike the traditional CFD methods solving the Navier-Stokes equations which
describe fluid flow in macroscopic scales, the lattice-Boltzmann method (LBM)
uses a distribution function to act as a representative for a collection of particles
in the mesoscopic fluid flows between microscopic and macroscopic scales. The
dynamics on tracking the streaming (advection) and collision (momentum
transfer) of the fluid particles are described with a simple, advection-like, linear
partial differential equation which requires less computational resources than
solving the nonlinear Navier-Stokes equations for unsteady flows; thereby LBM

is suitable to handle complex arbitrary geometries [57,58].
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For numerical simulations, computations on a full-scale simplified train using the
lattice-Boltzmann method along with the turbulence wall function approach can
provide global information on the aerodynamic and aeroacoustic behaviour, while
calculations on some simplified scaled geometries can reveal more details of the
flow behaviour and the corresponding aeroacoustic mechanisms for some main
noise-generating components of high-speed trains such as the bogie areas.
Moreover, these numerical simulations can be performed with affordable
computer resources and verified by experimental measurements in an anechoic

wind tunnel [3,5].

2.3.3 Empirical methods

Empirical methods for airframe noise analysis started from similar geometrical
configurations. Consisting of the wheels and main struts, the early aerodynamic
noise prediction model didn’t take into account the small details responsible for
high frequency noise and thereby led to an under-prediction of the overall sound
level of about 8 dB [59].

Applying various empirical constants to fit standard source characteristics to
landing gear components such as struts, wheels and small features, a prediction
model was developed to determine the overall level of the landing gear noise
during fly-over [60]. Using the basic scaling law based on Curle’s equation, this
prediction method was found to agree well with experimental measurements from

wind-tunnel tests with different landing gear configurations [61].

An empirical model has been developed by decomposing the landing gear noise
spectrum into three components corresponding to low (wheels), mid (main struts)
and high frequency components (small features) [62]. The sound pressure level
for each frequency component is defined and the overall sound pressure level
and frequency distribution are represented in terms of distance, length scale, flow
velocity, complexity factor and the number of struts and wheels. Related to the
measurable parameters in the aircraft design, a complexity factor is used to make

the noise prediction in high frequencies feasible.
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Based on the empirical model for landing gear noise prediction [62], a
component-based model has been built and developed to predict the
aerodynamic noise from high-speed trains [63,64]. Compared with
measurements of the overall noise spectra levels at different speeds, such a
method appears promising to determine the relative importance of various
sources of aerodynamic noise from high-speed trains considering that the results
can be obtained in a relatively short computation time. However, it relies on
source terms that can be provided either empirically or from computation on

simplified geometries.

2.4 Experimental Techniques for Aerodynamics and
Aeroacoustics

Although numerical simulation becomes increasingly important to investigate the
flow behaviour and acoustic properties, experimental methods still play an
essential role to obtain global flow and noise quantities, particularly for turbulent
flows over complex geometries such as the leading bogie area of a train. The
wind-tunnel and on-board measurements are the main methods to test
experimentally the aerodynamic noise from high-speed trains; moreover, the
experimental measurements can be used to validate the numerical results. The
general techniques are briefly summarized below, while such experimental

measurements used particularly on trains were introduced mainly in Section 2.1.

2.4.1 Wind-tunnel measurements

Generally, a scale model of a high-speed train is tested in a wind tunnel whose
dimensions restrict the model size. This often results in the scale models being
simplified by removing the geometrical details and consequently their
contributions to the noise generated at high frequencies are ignored. A number
of wind-tunnel experiments carried out on different scale models from high-speed
trains have been presented in [25,30,33,35,65].
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2.4.1.1 Aerodynamic testing

Aerodynamic measurements can help to understand the flow features
responsible for noise generation, for instance, vortex shedding has a close
relation with the aeroacoustic tonal noise generation and the root-mean-square
(RMS) values of the fluctuating forces produced around the geometries

correspond to the noise source strength.

Hot-wire anemometry can be used to detect the flow unsteadiness for
investigating flow properties such as velocity and turbulence levels. The principle
of hot-wire anemometers is that the convective heat transferred from a heated
element in a flow depends on the flow velocity. With extremely high frequency-
response and fine spatial resolution, they are employed for the detailed study of
turbulent flows, or any flow in which rapid velocity fluctuations are of interest. Note
that hot-wire is not suitable for the flow measurements of the high turbulence
intensity, such as cylinder wake with large vortex shedding, due to the wire
vibration and filament motions. The pitot-static system of instruments uses the
principle of air pressure gradient and works by measuring pressures or pressure

differences to assess the speed and altitude.

Particle image velocimetry (P1V) is a non-intrusive measurement technique used
to determine simultaneously the velocities at many points in a fluid flow. The
technique involves seeding the upstream airflow with seeding material composed
of water-based smoke particles, illuminating the region under investigation by
laser and capturing two images of that region in rapid succession. Expanded
through a cylindrical lens, two powerful laser pulses generate the laser sheets to
capture the particles in each image pair. A series of sets of images allows an
averaged velocity vector map to be created, reducing experimental uncertainty.
Unsteady flow features can be determined by PIV. As an example, it was used to
capture the mean velocity and vorticity fields in the vertical mid-plane surrounding
the inline wheels of a landing-gear to determine the noise sources [66]. It was
found that the vortex scrubbed turbulent eddies against the wheel surface and

shifted locations between the wheels. Thus, it was concluded that the
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aerodynamic noise is generated from the fluctuating flow and its interaction with

surface components.

2.4.1.2 Aeroacoustic testing

In the early aeroacoustical measurements using stationary open facilities, the
tests were carried out in open wind-tunnel sections, with microphones placed
around the model and outside the core flow [67]. It was found that a tonal noise
independent of flow velocity was associated with the cavity resonance of the wind
tunnel and can be defined as background noise. To reduce the effect of sound
reflection, anechoic test sections with a low background noise have been

developed to measure and localize the sound sources [68].

An elliptical acoustic mirror microphone system consisting of a parabolic reflector
and microphones located at its focus was used to measure the noise sources of
a transport aircraft [69]. The elliptical mirror focuses the sound from a particular
direction onto the microphone in front of it and amplifies the source signal. An
image of the noise sources can be surveyed and obtained by traversing the mirror
microphone unit over the object being tested. It is particularly useful in a wind
tunnel but has also been used in field tests. Results showed that the strong
aerodynamic noise sources located at the bogies, especially the leading bogie,
and the snowplough region produce considerable noise at higher frequencies, as
do the pantographs [69]. Nevertheless, the drawbacks of traversing the mirror
and the large size needed for capturing lower frequency signals make such an

instrument less popular.

An alternative to the acoustic mirror is the phased microphone array, consisting
of a number of microphones at different planar (spiral, cross or star-shaped)
locations [9]. By combining the outputs from the microphones with a suitable time
delay, the sound from a particular direction can be obtained either during the
measurement or by post-processing. Such a process is called beam-forming [70].
An image of the relative importance of noise sources in a plane can be obtained

through adjusting the propagation delay and steering the microphone array to
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different positions. Meanwhile, various different shaped microphone arrays with
improved phased-array signal processing methods designed for sparse arrays
have been developed to achieve accurate acoustic source localization through

using many fewer microphones to scan an area [71].

Another method developed recently is the application of phased microphone
arrays in hard-walled wind tunnels. Covered by a porous surface material, the
microphone array is recessed in a sidewall of the wind tunnel. Isolating the
microphones from direct contact with the turbulent boundary layer, the porous
surface allows acoustic signals to pass through it and reduces the background
noise noticeably [72]. Employing a phased microphone array in a hard-walled
tunnel makes it possible for pressurized wind tunnels to be used to increase the
Reynolds number of the flow with no changes in velocity and model size [73].
However, due to the space limitation, the measurements conducted in hard-
walled wind tunnels are often taken in the near field where background noise
levels are relatively high, leading to an overestimation of the acoustical signals.
Furthermore, the interaction between direct and reflected acoustic waves from
the walls of the test section may result in the corruption of the sound field and is
responsible for some discrepancies in the aeroacoustic tests. Therefore, the
facilities in hard-walled wind tunnels should be acoustically treated before being
used for noise measurements [74]. The objective of such experiments carried out
in a wind tunnel is to locate the main noise sources and to characterize the
unsteady flow around them. One of the main advantages of a wind-tunnel
experiment is the ability to carry out parametric studies and to identify the
contribution of each part to the global noise level. Nevertheless, due to limitations
of the measurement technique and complexity of different parts, the results from
wind-tunnel experiments cannot be extrapolated to a full-scale case directly. For
instance, the background noise of the wind tunnel, the boundary layer on
microphone array, the different Reynolds numbers and the general differences of
details from the original train and the scale model, etc., have an influence on the

measurements.
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To absorb the sound in the walls and avoid its reflection, an anechoic chamber
can be used for aeroacoustic tests. The chamber walls are covered with sound
absorbing materials, such as glass-fiber cored wedges, which extend from the
walls. The empty chamber can provide free field conditions over certain
frequencies. When the nozzle of an open-jet wind tunnel is located in the chamber,
some sources of background noise corresponding to the open-jet facilities will be
generated and mainly are concentrated at low frequencies. The aeroacoustic
measurements of the model tests on the scaled train and its components have
been performed in an anechoic open-jet wind tunnel to obtain the far-field noise
signals and study the aerodynamic noise generation and radiation mechanism
from these geometries [25,32,64].

2.4.2 Field and on-board measurements

Microphone array techniques can be used in the field to identify the main source
locations and measure the sound pressure level when a vehicle is passing. With
appropriate treatments, such measurements can be used to investigate a better
characterization of the physical phenomena of aerodynamic sources and derive
source models [24]. However, the acoustic signals obtained have a short duration;
this makes it difficult to identify correctly the different sources, to describe them

statistically, and further to determine their spectrum or directivity.

Another approach is to attach a number of microphones near the sources making
use of anti-turbulence sensors which are intended to filter turbulence and to
record acoustic waves located downstream of the source region [21]. The long-
time stationary signals can be recorded and thus the statistical averages can be
obtained. It should be noted that the measured series are not purely acoustic as
they involve the aerodynamic components due to the fluctuating part from the
turbulence and moreover, the acoustic components might come from different
noise sources. With this approach, the acoustic field was measured on a TGV to
characterize aerodynamic sources in the bogie and inter-coach spacing areas
[21]. The efficiency and the reliability of the methods were demonstrated by the

experimental measurements.
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2.5 Summary

It is shown that the flow around the train bogie is extremely dynamic and the
aeroacoustic sources which can occur in this region are complex. Due to this
complexity, it seems necessary to carry out various studies through numerical
approaches and experimental methods to characterize the aerodynamic and
aeroacoustic behaviour in the bogie area. Considering the effects of source
motion, the Ffowcs Williams-Hawkings method can be applied to predict the
propagation of acoustic signals from near-field sources to far-field observers with
solid and permeable integration surfaces being utilized. Based on the theory of
vortex sound, the main acoustic volume source contributions can be visualized
by the spatial distribution of the divergence of the Lamb vector. Different
experimental methods of wind-tunnel tests, field and on-board measurements
can be used to investigate the flow behaviour, locate the main sound sources and

identify the noise contribution from each part of a high-speed train.
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Chapter 3
Research Description

In general, the procedure for aerodynamic noise calculation using a hybrid
method consists of two stages. Firstly, a time-accurate flow simulation is
performed to obtain the time-histories of the relevant variables (e.g., pressure,
velocity, density, etc.) on the selected source surfaces. Then, the sound pressure
signals at the user-specified receiver locations are computed using the source
data collected, for example, by integrating the FW-H equation.

The research methodology to be used in the current study is presented in this
chapter. An overview of the research outline is given firstly and followed by
numerical simulation procedures: the grids around the models are generated
primarily to discretize the domain; then, the computational mesh is imported into
some CFD solvers to obtain flow solution which is fed to far-field noise prediction;
subsequently, all the simulation data will be exported for post-processing.

Thereatfter, the arrangements for wind-tunnel experiments are briefly introduced.

3.1 Research Outline

Existing research has shown that, for high-speed trains, the bogie area,
particularly the leading bogie, is one of the main aerodynamic sound generation
sources, and the aeroacoustic behaviour around the bogie region still needs
further study, especially numerical investigations which can reveal more
information on the flow physics. For a complex structure like high-speed train
bogie, it is necessary to focus on some isolated components as an initial step

before analyzing the flow and noise behaviour around the whole structure.
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First of all, as a benchmark case, the flow behaviour and far-field noise radiation
from a circular cylinder, representative of the axle, is presented. A detailed mesh
resolution study is performed and the numerical simulations are verified by

experimental measurements from the literature.

Thereatfter, the aerodynamic and aeroacoustic behaviour of an isolated wheelset,
two tandem wheelsets, a simplified bogie and the bogie inside the bogie cavity
with and without the fairing as well as considering the ground effect for the case
without the fairing are investigated. The solid surfaces of these geometries are
applied as integration surfaces for noise prediction using the FW—-H method. The
numerical simulations on the isolated wheelset, tandem-wheelset and simplified
bogie cases are verified by comparison with experimental measurements from

an anechoic open-jet wind tunnel.

Finally, an aerodynamic noise prediction code is implemented based on the
convective FW—-H formulation. The validity of the code is demonstrated by the
test cases of a point monopole as well as point dipole radiating sound in a moving
medium and the idealized wheel case. Thereafter, for the bogie-inside-cavity
cases, the noise contributions from the permeable integration surfaces close to
the bogie and parallel to the carbody side wall are calculated and compared to
determine the noise shielding effect from the fairing mounted around the bogie
cavity regions and the noise radiation effect from the ground.

3.2 Numerical Approach

The CFD code used here is OpenFOAMP®. As a free, open source software,
OpenFOAM contains the broad physical modelling capabilities to model flow and
turbulence based on the finite volume method and can resolve the flow-field
features with more complex geometries [75]. The wall pressure is saved in each
timestep and then imported to the aeroacoustics module in ANSYS Fluent® to
compute aerodynamically generated sound using the solid data surfaces of the
geometries based on Farassat’s Formulation 1A [41]. Furthermore, an in-house

code has been made to predict the aerodynamic noise generated from the
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permeable data surface based on the convective FW-H equation, which will be

described later in Chapter 8.

3.2.1 Computational mesh generation

With an equal number of adjacent elements, a structured mesh has regular
interconnection patterns between elements and can be recognized by all interior
nodes. Quadrilateral or hexahedral meshing are the most common forms of
structured mesh generation. Compared with unstructured meshing, the
structured grid strategy is flexible in grid refinement and has the advantages of
numerical efficiency and accuracy [76]. However, structured grids generating is
a time-consuming task. Generating structured meshes on complicated
geometries is extremely difficult, making such an approach more challenging and

somewhat impractical.

Unstructured mesh generation allows any number of elements to meet at a single
node. Triangle or tetrahedral meshes are most commonly employed in
unstructured meshing. With the convenience of grid generation, unstructured grid
methodology has been gaining popularity in recent years for solving unsteady
flow over complex configurations [77]. However, compared with structured grid
counterparts, unstructured mesh solvers require significantly higher

computational resources and their solution accuracy needs further improvement.

In this research, multi-block fully structured meshes with hexahedral cells are
created for all geometries to keep higher orders of accuracy. The software
Gridgen VV15.15 [78] is used for mesh generation. The main configuration studied,
the bogie geometry, is symmetrical along the axle mid-span where the flow
influence of the wheel and frame is small. Neglecting unsteady flow features
across the mid-span would be a reasonable simplification to reduce
computational cost. Therefore it is reasonable to include only half of the geometry
and make use of the symmetry to reduce the simulation size and time.
Nevertheless, the extensive structured grid generation with a good cell quality
throughout the domain is arduous and much care should be taken to prevent
highly skewed and high aspect ratio cells.
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It is suggested that a meaningful grid refinements should be conducted to
establish a suitable grid quality for CFD simulation [79]. However, a rigorous grid
convergence study for a complex geometry case is difficult to achieve because
of the large calculations required for the unsteady flow. As a main part of the
wheelset, the axle is a typical circular cylinder, from which numerical and
experimental data are available for comparison. Therefore, a mesh refinement
study has been performed on a circular cylinder case and is used to provide

guidelines for the mesh generations on the other geometries here.

Depending on the resolution of the mesh and the Reynolds number (Re = U,L /v,
where L is characteristic length and v kinetic viscosity) of the flow, the value of
normalized wall-normal distance y™* is based on the viscosity and wall shear

stress of a flow and is defined as

+_yu‘l'
v

: (3.1)

in which y is the distance from the wall, u, is the friction velocity and v is kinetic
viscosity. For RANS simulation or DES, the y™ in the first near-wall cell should be
very small (on the order of y*=1) for all current cases which ensures that the
boundary layer is resolved properly and the turbulence model employed can

account for the low-Reynolds number effects inside the viscous sublayer.

3.2.2 CFD solution process

The fundamental principles and main settings for the flow field simulations are
described in this section, which include the incompressible Navier-Stokes
equations, the one-equation Spalart-Allmaras turbulence model, the delayed
detached-eddy simulation model and the numerical schemes utilized in the

present CFD code.

3.2.2.1 Governing equations

Aerodynamically, high-speed trains are operating within the low Mach number
(M < 0.3) flow regime, for example at 300 km/h the Mach number is about 0.25.

The incoming flow simulated here is also at low Mach numbers (0.09 and 0.2
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corresponding to 30 and 70 m/s) and thereby the compressibility effects may be
neglected compared with the hydrodynamic flow field, i.e. the density fluctuations
are negligible and the flow field obtained is approximately the same from the
compressible and incompressible flow solvers. Moreover, at low Mach number
the dominant noise sources are the dipole sources from wall pressure fluctuations,
which can be predicted essentially through incompressible flow modelling.
Therefore, the unsteady, incompressible Navier-Stokes equations are solved for
the flow field and the corresponding continuity and momentum equations in

tensor notation are represented as follows
% =0, (3.2)
dx;
ou; ou; 10dp 0%u;

E-I_uja_acj:fi paxi+v6xj6xj'

(3.3)

where x; and x; denote the Cartesian coordinates (i = 1,2,3), p is the pressure,
p is the density, v the kinematic viscosity, f; are the body forces and u; the flow
velocity components in the x; direction. Here p and v are constants for
incompressible flow. There are various turbulence models developed to solve

these nonlinear equations.

3.2.2.2 Turbulence models

As mentioned in Section 2.3.2, DES is a hybrid RANS/LES with URANS
modelling in the near-wall region to resolve the boundary layer and LES in the
outer regions to capture the large eddy structures. In the DES model [8,80], the
one-equation Spalart-Allmaras (S-A) turbulence model with a modified length
scale is proposed for the URANS in the near-wall region. Accordingly, the Spalart-

Allmaras turbulence model is applied in this research.

It is very difficult to resolve all turbulence scales which require a very fine grid and
a fine resolution in time. Therefore, the instantaneous variables are decomposed
into a mean and a fluctuating part,

u=U;+u, p=P+p’, (3.4)
in which U; and u; are the mean and the fluctuating velocity components, P and

p' are the mean and the fluctuating pressure components.
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Taking the ensemble average of Equations (3.2) and (3.3), and thus the RANS
equations can be derived from the N-S equations as

U,

Fro 0, (3.5)
0V, U, 10P 9 ( oU — 36
ot J ox; L opax; 0x; v 0x; W) '

in which F; are the body forces. The RANS equations are similar to original N-S

equations, except for the additional term, the Reynolds stresses —u;u;, which

couple the mean flow to the turbulence and lead to the so-called closure problem,
i.e. the nonlinear Reynolds stress terms should be modelled to close the RANS

equations for solving.

As an eddy-viscosity based RANS model, the S-A model uses the Boussinesq

hypothesis to relate the Reynolds stresses to the mean velocity gradients:

- u{u]f = VtSij - §k61], (37)
o _1(9y; o (3.8)
Y 2 axi ax] ' .

in which S;; represents the mean strain rate tensor, v, is the turbulent kinematic

viscosity and k (= %u{ulf) is the turbulent kinetic energy.

The S-A model is a one-equation model which solves a convection-diffusion
equation for the modified turbulent kinematic viscosity, V. The transport equation

is given as [81]

6\7+U6\7_G+1 4 (+~)a\7 +C o Y, (3.9
ot Jax; U oy |0x; vy 0x; P2 g2 Ve '

where G, is the production term of turbulent viscosity and defined as

G, = Cp SV, (3.10)
in which
5‘=S+2L<1—L), (3.11)
K2d? 14+ xfin

where k is the Karman constant and d is the distance from the wall, f,, is a

viscous damping function and given by
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3

3 3.12
X3+ 631 ( )

for =

in which C,, is a constant and

< | <

r=—. (3.13)

The turbulent kinematic viscosity v, is obtained from
Ve = Vfp1 (3.14)
where f,,; acts as a damping coefficient in the near-wall region and v is equal to

v; elsewhere.

In Equation (3.11) S is a scalar measure of the deformation tensor, and based on

the magnitude of the vorticity, it is represented by

where Q;; is the mean rate-of-rotation tensor and defined by
1/0U; 0U;
o= — == 1
QU 2 <0x] axi> (3 6)
In the transport equation (3.9), Y, is the destruction term of turbulent viscosity in

the near-wall region and modelled as

N 2
Y, =Cuifu (2) ) (3.17)

where

_ Cé3+1 1/6
fw=4g [—CV6V3+ gé] : (3.18)
o 1+C
Cpr = 5 + U—“ ) (3.19)
g=1+Cu(®—1), (3.20)
v

In Equations (3.17)~(3.21), Cpy, Cp2, Cu2, Cu3, 0y are constants.
The model constants have the following default values [81]:

Cpy = 0.1355, Cp, = 0.622, 03 =05, Cpy =7.1, Cpy =03, Cps =2 and k =
0.4187.
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Taking into account the effect of the mean strain on the turbulence production, a
vorticity-strain relationship [82] has been proposed for justification of the default
expression for S and the modified production term is given by

S = || + Cproa min (0,]S5] = [24]) (3.22)
where |Q;|(= /29;;Q;;) is the magnitude of vorticity, |S;;| (= /25;;S;;) is the
magnitude of the strain tensor and C,,.,q = 2.

As referred to previously, the standard S-A model uses the distance to the closest
wall as the length scale d to determine the level of production and destruction of
turbulent viscosity. The DES model [8,80] replaces d everywhere with a new
length scale d defined as

d = min (d, Cges A) , (3.23)
where the grid spacing, A= max(Ax, Ay, Az), is based on the largest grid
spacing in the x, y, or z direction forming the computational cell and the empirical

constant Cy.s = 0.65 is calibrated for homogeneous turbulence.

Therefore, the turbulence model will use URANS mode to compute the ensemble-
averaged flow field when d < Cy4es A and the LES mode to resolve the filtered flow
field when d > Cg4es A. It should be noted that in such a method the grid must be
generated following guidelines in the transition region where the model switches
from URANS to LES to ensure the whole boundary layer is being solved with the
URANS mode.

For RANS meshes with high aspect ratios in the boundary layer, a new
formulation of DES has been developed to avoid grid-induced separation caused
by modelled stress depletion and preserve the RANS mode throughout the
boundary layer. This is known as delayed detached-eddy simulation (DDES) [83].
In this, the DES length scale d is redefined as
d=d— fymax (0,d — Cges A) , (3.24)
where d is the distance from the field point to the nearest wall and the delay
function f; is given by
fa =1 —tanh((8ry)3) , (3.25)
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in which the parameter r,; applied to any eddy-viscosity model becomes slightly

more robust in the irrotational regions and is represented as

Ve +v
\/ Ui’jUi’jKZdz '

where U;; = dU;/dx; are the velocity gradients and the molecular kinematic

ry (3.26)

viscosity v is employed to rectify the very-near-wall behaviour through keeping r,
away from zero. The function f; is designed to be 1 in the LES region and O
elsewhere, and then, the length scale d is equal to d through setting £, to 0 and
yields RANS mode.

Compared with Equation (3.23), there is a qualitative change in Equation (3.24):
the length scale d depends on both the geometrical parameters (such as the cell
wall distance and grid spacing) and the time-dependent eddy-viscosity field. If a
point is indicated to be inside a boundary layer by the value of r; and the function
fa, the RANS treatment is kept active in the turbulence model. However, when
massive flow separation occurs, f; increases quickly and the LES mode is

applied.

The applications of DES in the fully turbulent mode have been confirmed by the
Benchmark problem for Airframe Noise Computations (BANC-I) workshop results
with different codes [3]. The CFD simulation results using DDES with layered grid
show good agreement quantitatively with the experimental data, and further
computational results of far-field noise prediction using the acoustic analogy will
be presented in the BANC-II workshop [84]. Therefore, the DDES model is

employed for aerodynamic simulation in the current research.

3.2.2.3 Solution procedure

As mentioned in Section 3.2, the open source software OpenFOAM-2.2.1 is
employed to solve the governing equations for CFD simulations. A second-order
accurate scheme is utilized for the convection and diffusion terms of the spatial
derivatives and the temporal discretization follows a second-order fully implicit

scheme. The pressure-velocity algorithm PIMPLE, combining PISO (pressure
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implicit with splitting of operator) and SIMPLE (semi-implicit method for pressure-
linked equations) algorithms [75], is applied to solve iteratively the resulting
discretized linear-algebra equation system. Compared with the other solvers, the
PIMPLE algorithm is more robust and efficient to solve the transient

incompressible flow with a large timestep.

The solution needs to converge at each timestep through sub-iterations and the
Courant-Friedrichs-Lewy (CFL) condition is a necessary condition for
convergence to produce correct simulation results. Therefore, the timestep must
be less than a certain value for the solution to be stable. The physical timestep
size in the aerodynamic noise calculation is small as it is based on the local
advective and acoustic time scales of the flow. As the implicit time-marching
schemes used for numerical solutions, a CFL number of less than 1 within most
part of the computational domain and the maximum value of 2 within the whole
computational domain will be used for all current cases to ensure an adequate
temporal resolution for flow simulation in solving certain partial differential

equations.

Noise calculation using the hybrid method combines computational fluid
dynamics and acoustic analogy. Before extracting the flow source data for an
unsteady acoustic analysis, it is necessary to establish a quasi-stationary flow
state. This means that the unsteady flow field has become fully developed and
runs to a point where its statistics do not change with time. Monitoring the major
flow variables at selected points in the domain is helpful for determining whether

such a quasi-stationary state has been established.

The simulations are performed on the Iridis3 and Iridis4 clusters at the University
of Southampton. The solutions are computed in parallel on different compute
nodes (processors). Taking the isolated wheelset case as an example with a
physical timestep size of 1 x 1075 s run on the Iridis3 cluster, the calculations are
parallelized over 96 processors and approximately 3.8 x 10* timesteps are

required to reach a fully developed flow field. Thereafter, the collection of acoustic
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data needs to be run further for around 5.5 x 10* timesteps to obtain a

reasonable frequency resolution in data processing.
3.2.3 Far-field noise prediction

For the current study, owing to a low Mach number flow around the geometries,
the surface dipole is the dominant source while noise radiation of the quadrupole
sources resulting from the fluctuating stresses of the fluid outside the integration
surface is typically small, and thereby may be neglected. As solutions to the FW-
H equation (Equation 2.23) with surface sources moving at subsonic speed and
eliminating the quadrupole contribution, the equations known as Formulation 1
and Formulation 1A derived by Farassat have been successfully used for
helicopter rotor, propeller and other noise predictions for many years [41,42]. With
an observer time derivative taken numerically, Formulation 1 increases
computational time and reduces the accuracy of the calculation. Formulation 1A
is somewhat more complex than Formulation 1; however, any numerical
differentiation of an integral of quantities depending on the retarded time is not
required. Therefore, the speed and accuracy of the noise calculation is improved
in Formulation 1A by eliminating the time derivative of the integral in Formulation
1. This has the great advantage and is especially important for cases of a moving
observer. These formulations may be employed to predict the noise generated
from an acoustic source moving in a fluid at rest and have been among the
commonly used acoustic analogies for a wide range of fly-over and moving-
observer problems because of their robustness and relatively low computational
cost. With an integral solver based on the retarded time approach, Farassat’s
Formulation 1A may be written as

p'(xt) =pr(x,0) +p.(x,1), (3.27)
in which p7 and p; represent the thickness and loading noise contributions to the
far-field sound pressures and are obtained receptively from [42]

(Qn + Qn)

dpr(x,t) = J —l das
' f=0 r|1 _Mrlz ret

+f lQn(er + COMr - COMZ)
f=0

= TRTNE l ds, (3.28)
ret
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4mp! (%, t) 1f [ Ly l d5+f [Lr_LM] ds
mp, (X, t) = — —_— —_—
k o Jp—o|rI1 =M |2 reo |1 =M 2,
1 L.(rM, + coM,. — coM?
+— lr( T )| as. (3.29)
CO f=0 r |1_MT| ret

In Equations (3.28) and (3.29), the items among brackets ‘[ ],..; are determined
at retarded time 7=t —|x—y|/c,; the variables Q,(= Q;n; = [p(w; —v;) +
pov; Iny) and L;(= L;jn; = [(p — po)&ij + pui(wj — v;)In;) are introduced; the dot
over each variable indicates the derivative of that variable with respect to the
source time, and n, r and M correspond to the unit vectors in the surface normal
direction, in the sound radiation direction and in the surface velocity direction,
respectively; M is also called a local Mach number vector with the components
M; and correspondingly, M, = M;r; and Ly, = L;M;; the definitions of the other
guantities can be found in Chapter 2. The terms with 1/r dependence contribute
predominantly to the far-field and those with 1/r% dependence dominate the

near-field.

Based on Farassat’'s Formulation 1A, the far-field noise calculations using the
solid surface contributions in the FW-H method will be carried out for all the
present cases in this study. For the wind-tunnel cases considered here, both the
source and the observer are stationary in a uniform flow. This equates to the case
in which source and observer moving with speed —U, (inflow velocity U,) in a
quiescent medium to utilize Formulation 1A for noise predictions. When the
applied integration surface coincides with the solid surfaces in the wind-tunnel
cases, the thickness source does not contribute to the noise generation and only

the pressure fluctuations on the geometry wall surfaces are calculated.

3.2.4 Post-processing of simulation results

In order to understand the flow behaviour and the corresponding aerodynamic
noise mechanism of all current cases, the techniques for the post-processing of

the simulation results are briefly introduced here.

The main post-processing methods of aerodynamic results are listed as follows:

48



Jianyue Zhu Research Description

1. The instantaneous velocity and vorticity fields on several main cut surfaces
of the geometries are presented.

2. The instantaneous vortical structures are visualized using iso-surfaces of
the second invariant of the velocity gradient (see Chapter 4), coloured by
the velocity magnitude.

3. Monitors are set in specific locations within the computational domain to
investigate local flow features inside the wake region behind the
geometries.

4. The actual lift and drag coefficients are extracted at every timestep for the
whole assembly as well as its various components. The power spectral
densities (PSDs) of the lift and drag force histories are computed and

displayed.

The power spectral density (PSD) of the signal is determined based on Welch'’s
method [85]. The signal processing approach used by [86] is followed, in which
the signal is separated into several segments, each with 50% overlap. A Hanning
window is applied to each segment and the PSD of all sections is averaged and
compensated. Compared with analyzing the total signal wholly, the advantage of
this method is reducing the variance of spectral estimate of the short records in

time.
O Microphone Dimensions in metres
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Figure 3.1: Lateral microphone positions for measurements on vehicles with constant
speed [87]

The main post-processing steps of aeroacoustic results are presented below:
1. According to the lateral microphone positions arranged for measurements
on vehicles illustrated in Figure 3.1 from the international standard (ISO
3095) [87], the receiver positions to obtain acoustic pressure signals are

defined and adjusted according to the scale model used.
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2. Using Welch’s method with a Hanning window, a spectral analysis of the
receiver signals is performed based on the fast Fourier transform (FFT).

3. An overall sound pressure level (OASPL) is calculated from the PSD over
a certain frequency range for various receiver locations; and based on the

OASPL, the directivity of noise radiation to the far-field is depicted.

The overall sound pressure level can be obtained by integrating over all resolved

frequencies and given by
SPLi/
0ASPL = 10log (Z 10" *10), (3.30)

where the SPL (sound pressure level) is defined as
SPL = 20log(pe/Pref) » (3.31)

in which p, is the effective sound pressure and p,.r (= 20uPa) is the reference

acoustic pressure.

As mentioned in Section 3.2.1, a symmetry plane is used to reduce the simulation
cost and only the flow data of half the geometry are available and applied for the
far-field noise calculation using the acoustic analogy method. Thus, the sound
pressure level from the whole geometry consisting of two symmetrical

components is represented as

L L
L, = 10log(10 Y104 10 ' 710}, (3.32)
where Ly, and Ly, are the sound pressure levels of two receivers located

symmetrically along the symmetry plane with the same sound source generated

from the half geometry and are assumed uncorrelated.

3.3 Experimental Arrangement

Particle image velocimetry experiments for an isolated wheelset case have been
carried out to capture an image of the mean velocity field in the wheel mid-span
plane of the isolated wheelset to compare with the results from the CFD
calculations. The measurements have been arranged in the 7'x5’ wind tunnel at
the University of Southampton. The working section of the 7°x5’ wind tunnel is

2.1m wide, 1.5m high and 4.4m long.
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Additionally, the aerodynamic noise measurements for the isolated wheelset,
tandem wheelsets and simplified bogie have been arranged in the open-jet
anechoic wind tunnel at the Institute of Sound and Vibration Research (ISVR) of
the University of Southampton. The dimensions of the nozzle are 350mm wide
and 500mm high. The microphones are located in the far field to receive the
sound signals and the acoustic measurements will be utilized to verify against the

numerical simulations.

3.4 Summary

The brief research outline has been presented. The fully structured meshes with
hexahedral cells are created for all geometries to keep higher orders of accuracy.
Developed to preserve the RANS mode throughout the boundary layer and apply
the LES mode for the massive flow separation, the DDES model is employed for
the current flow calculations. Obtained from the CFD simulations, the near-field
unsteady flow results are used as the input data to predict the sound field away
from the acoustic source region. The PIV experiments are arranged in the 7°x5’
wind tunnel to investigate the mean velocity field and the aerodynamic noise
measurements are carried out in the open-jet anechoic wind tunnel to receive far-
field sound signals. The numerical calculations and wind-tunnel measurements

can be verified against each other.
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Chapter 4
Circular Cylinder

Many components within the bogie region are of cylindrical shape with various
sizes, such as the axles, shock absorbers, suspension springs, anti-roll torsion
bar, different types of damper, hydraulic lines and various cables. The interaction
of unsteady wakes with these elements creates additional sources of
aerodynamic noise. Being of fundamental interest as well as of crucial importance
in many engineering applications, the large-scale vortex shedding from cylindrical
bluff bodies has been widely studied both numerically and experimentally to
investigate the fluid-mechanical behaviour and predict the resulting aerodynamic
noise [88-93]. Recently, various configurations of cylinders have been put forward
for flow investigation and noise computation, and the numerical results are
compared with the experimental measurements [94]. However, even now there
are still more challenges to model and simulate with sufficient accuracy the
complex flow behavior of flow transition and separation developed from flow
passing over a circular cylinder at high Reynolds numbers, which will affect the
aerodynamic noise prediction. This chapter investigates this benchmark problem
using a CFD approach based on the DDES model and the FW-H acoustic
analogy method for calculating the radiated noise. The influence of mesh
refinement is presented in detail and the numerical simulations are verified by

comparison with the experimental results from the literature.
4.1 Experimental Study in Literature

An experimental study of sound generated by flows around cylinders of different
cross-section has been performed in an anechoic wind tunnel [93]. As illustrated
in Figure 4.1, the test section of the open-jet was surrounded by an anechoic

52



Jianyue Zhu Circular Cylinder

chamber. The exit nozzle had a rectangular cross-section and the turbulence
level in the jet core was below 0.5%. Positioned along the centreline of the nozzle,
the cylinder was fully immersed within the core flow and its lower parts were
wrapped with rough emery cloth to suppress the aerodynamic noise generated
by vortex shedding from such a portion. Also, the table and mounting fixture were
draped with a thick sheet of sponge rubber to prevent either reflections or flow

interactions with the shear layer generating unwanted noise.

\
= U, nozzle
nozzle
O=
Cylinder Microphone
“““““ emery cloth
sl
(a) Side view (b) Upstream view

Figure 4.1: Arrangement of cylinder in test section of wind tunnel [93]

The sound was measured by a microphone located at a distance of 1.4 m away
from the cylinder centreline and at the height of the mid-point of the cylinder, as
sketched in Figure 4.1(b). It was found that for circular cylinders with one free
end, the acoustical parameters such as the Strouhal number of the peak
frequency and sound pressure level are no longer influenced by the aspect ratio
(the length of the cylinder divided by its diameter) if it is greater than about 25.
Therefore, a shorter span cylinder with periodic boundary conditions in the
spanwise direction can be applied in the numerical simulation to consider most
of the turbulence correlation length over a range of frequencies, and thus improve
greatly the calculation efficiency. However, it should be noted that if the aspect
ratio of a cylinder with one free end is not high enough or the microphone is
placed at a positon near the vicinity of the free end, the end effects may play an

important role in the aerodynamic noise generation.
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4.2 Numerical Setup

The numerical calculation is presented for a cylinder diameter (D) of 20 mm and
freestream velocity (U, ) of 64 m/s (at a Mach number of 0.19), corresponding to
experimental data in [93]. This results in a Reynolds number of 87,600, which is
typical of the subcritical Reynolds number regime. In the subcritical flow regime
(Re < 1 x 10°), the boundary layer separates on the front of the cylinder and
vortex shedding occurs with a Strouhal number of about 0.2 [95]. As the Reynolds
number increases, the transition in the boundary layer moves forward over the
separation point and separates at the rear of the cylinder. Flow around the
cylinder could reach the critical flow state where a typical separation bubble
appears; subsequently, in the supercritical Reynolds number range, a separation
bubble followed by turbulent separation occurs and in the transcritical range the

separation is purely turbulent [95].

10D 21D

[

!

Figure 4.2: Two-dimensional sketch of computational domain with the cylinder

The computational domain is described in Figures 4.2 in which the top and bottom
boundaries are located at 10.5D from the cylinder axis and the velocity inlet and
pressure outlet are placed, respectively, at 10D and 21D from the cylinder axis
(as recommended by [92,96]). According to the turbulence condition inside the
jet core applied in the experiment [93], a steady uniform flow with low turbulence

level (corresponding to a turbulence intensity of 0.5%) is imposed at the upstream
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inlet boundary of the domain. The downstream exit boundary is defined as
pressure outlet with a gauge pressure of zero and the same low turbulent
viscosity ratio of the inlet is used for the backflow. The outlet boundary condition
has negligible influence on the near-wake flow region as it is kept sufficiently far
from the cylinder. Far away from the cylinder, the top and bottom boundaries are
given the conditions of zero-shear slip wall.

Figure 4.3: Structured mesh generated around the cylinder

In previous studies, based on the experimental fluctuating lift forces, a spanwise
correlation length of 3.16D was used on the computation domain for a cylinder
flow with a Reynolds number of 90,000 [97] and a LES simulation using a
spanwise length of 2D and 2.5D obtained the quite good results verified by the
experiments [92]. Although a spanwise length of 2D was also applied in DES
simulations and the corresponding results agreed fairly well with experimental
measurements [92,98], the spanwise length of the domain is set here at 3D with
periodic conditions employed on the two lateral boundaries. For the cylinder
surface, a standard no-slip boundary condition is applied.

For the two-dimensional (x-y plane) grids (displayed in Figure 4.3) in the ‘Baseline’
model which is mainly adopted in this simulation, 150 grid points are equidistantly
located on the cylinder surface around the perimeter (i.e. the finest cell size is
0.42 mm). The first cell spacing normal to the wall inside the boundary layer is
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set to 1.25 x 107*D (or 2.5 x 107® m), which ensures a sufficient spatial
resolution of y* <1 (around 0.55). The definition of this non-dimensional
distance in the wall boundary layer is based on the viscosity and wall shear stress
of a flow as discussed in Section 3.2.1. Figure 4.4(a) displays the y* distributions
around the cylinder surface where 6 is measured in the clockwise direction with
zero at the front stagnation point. The mid-span radial profile of y* presented in
Figure 4.4(b) shows that the maximum y* appears in the regime before flow
separation where the wall friction velocity or the wall shear stress on the cylinder
surface is the largest. Inside the recirculation region of the cylinder wake, the wall
friction velocity decreases, leading to a smaller y* value. Moreover, y* is

fluctuating, owing to the oscillating wake after the flow separation.
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(a) Cylinder surface distributions (b) Mid-span distributions

Figure 4.4: Instantaneous y™* distributions around the cylinder surface

In the direction normal to the cylinder surface, the stretching ratio of the
neighbouring cells is in the range of 1.1 to 1.2. Then, considering the thickness
of the boundary layer on the cylinder surface, the spanwise grid spacing Az =
0.05D (or 1 mm) is applied so there are 60 grid points equidistantly located in the
spanwise direction. As mentioned before, for the DES model the grid spacing (A)
is based on the largest grid space in three spatial directions (x, y, z). Here, Az
(1 mm) is the largest grid spacing around the cylinder and this affects the
switching between the URANS and LES modes in that region. The total number

of grid points reaches 1.2 million. The dimensionless timestep (AtU, /D) is set at
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0.0128 (the physical timestep size of 4 x 107° s), resulting in a sufficiently small
CFL number of less than 2 within the computational domain to ensure an
adequate temporal resolution for the CFD simulation to be converged at each

timestep.

4.3 Grid Sensitivity Study

The influence of spatial resolution has been quantified by using different grid
points in the x-y plane (cases named ‘Coarse’, ‘Baseline’ and ‘Fine’) and the
spanwise (z) direction; the effect of time resolution has also been examined
through reducing the timestep size to one-fifth of that used in the ‘Baseline’

model. Relative to the ‘Baseline’ grids, the ‘Coarse’ grids are reduced by a factor

of v/2 in the number of grid points in each (x and y) direction and the ‘Fine’ grids
are generated by increasing the refinement in each (x and y) direction by a factor
of 2. Note that the ‘Fine’ grids need to run with a smaller timestep, one-fourth of
that used in the ‘Baseline’ model. The influence of spatial resolution in the
spanwise direction (z) is determined by comparing three different grid sizes of 40,

60 and 120 cells with the same x-y plane grids from the ‘Baseline’ case.

Grid Grid points (x,y) Grid points (z)  Mesh size AtUo /D

Different resolutions in (x,y)

Coarse 8500 60 0.51 M 0.0128
Baseline 19125 60 1.15M 0.0128
Fine 76500 60 4.6 M 0.0032

Different resolutions in (2)

Z1 19125 40 0.77M 0.0128
Z2 (Baseline) 19125 60 1.15M 0.0128
Z3 19125 120 1.72M 0.0128

Different resolutions in time

T1 (Baseline) 19125 60 1.15M 0.0128
T2 19125 60 1.15M 0.00256

Table 4.1: Overview of the mesh size and timestep size for grid independence study
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Grid yt St ci Ch Cp Osep  Lr/D

Different resolutions in (X,y)

Coarse 0.47 0.198 0.775 0.089 1.218 89.8 1.05
Baseline 0.55 0.196 0.486 0.083 1.061 86.8 1.29
Fine 0.50 0.195 0.442 0.081 1.108 859 141

Different resolutions in (z)

Z1 0.51 0.198 0.637 0.091 1.112 88,5 1.18
Z2 (Baseline) 0.55 0.196 0.486 0.083 1.061 86.8 1.29
Z3 0.55 0.194 0.460 0.086 0.966 879 1.15

Different resolutions in time

T1 (Baseline) 0.55 0.196 0.486 0.083 1.061 86.8 1.29
T2 0.49 0.195 0.493 0.087 1.124 87.8 1.10

Different resolutions in y*

Y1 (Baseline) 0.55 0.196 0.486 0.083 1.061 86.8 1.29
Y2 1 0.191 0.475 0.086 0.986 846 1.18
Y3 2 0.186 0.499 0.095 0.906 793 111

Table 4.2: Summary of computations with different mesh and time resolutions

The mesh and timestep size for this grid independence study are described in
Table 4.1 where AtU, /D represents the non-dimensional timestep. In addition,
the influences of mesh and time resolution are summarized in Table 4.2, the
parameters of which are: y* is the dimensionless first-cell wall-normal spacing,
St is the Strouhal number corresponding to the primary vortex shedding around
the cylinder, ¢, and Cj, represent root-mean-square fluctuating lift and drag
coefficients, C,, is mean drag coefficient, 85¢p the separation angle and L,./D the
dimensionless recirculation length. It is noted that the lift and drag coefficients
exhibit larger modulations for the coarse grid which indicates its inadequate mesh
resolution. The fine mesh case has a slightly smaller separation angle, indicating
early flow separation and hence resulting in a longer recirculation region behind
the cylinder. Furthermore, increasing the grid or time resolution reduces the
dominant shedding frequency slightly (seen in terms of St). The results of
different resolutions in y* show that the difference in each term is smaller
between y* = 0.55 and y* = 1 than the corresponding difference between y* =

0.55 and y* = 2. In general, all the predicted results have been found to exhibit
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a certain degree of grid convergence. The differences between cases ‘Baseline’
and ‘Fine’ are smaller than those between cases ‘Coarse’ and ‘Baseline’. The
variation of each parameter is less than 10% between the ‘Baseline’ and ‘Fine’
case. There is a difference of less than 11% in the results between the ‘Baseline’
case and the case with fine resolution in the z direction. Using a fine timestep
also gave little difference in the results. Therefore, the ‘Baseline’ case is
demonstrated to have adequate resolution and is used to guide the generation of

grids in the simulations of all remaining cases here.

4.4 Aerodynamic Results

The near-field unsteady flow results are used as the input data to predict the far-
field acoustic signals using the FW-H method. Thus, the radiated noise
calculation depends on the accuracy of the aerodynamic simulation. According
to the grid convergence study achieved above, the flow calculations using the
‘Baseline’ model are performed. In order to understand the flow behaviour around
the cylinder, the simulation results based on the velocity and vorticity fields, the
iso-surfaces of Q criterion, the fluctuating lift and drag coefficients, the gauge
pressure at a position in the wake, the cylinder surface pressure spectra and the

divergence of Lamb vector field are presented and analyzed as follows.

4.4.1 Properties of the DDES model

In order to illustrate the functioning of the DDES scheme to check the RANS/LES
switching of the model, Figure 4.5 shows the radial profiles of the mean velocity,
the model length scale ratio (), DDES function (1 — f;) and the ratio of modified
length scale to wall distance (d/d) at two locations of 8 = 60° and 6 = 75° where
6 is the angle measured clockwise from the cylinder front stagnation point. The
definition of each quantity is described in Chapter 3. In terms of r/D (the
dimensionless distance to the wall surface) in the abscissa, the boundary layer
extends to (i.e. based on U/U,) about 0.008 and RANS/LES switching occurs
(the location where d/d becomes less than 1) at around 0.03. It is noted that for

both locations, the whole boundary layer is being solved using the RANS method
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and the interface from RANS to LES regions remains well outside the boundary
layer. When the massive flow separation occurs, the function (1 — f;) and r,
drop quickly to zero within the boundary layer, enabling the growth of instabilities
in the LES region. Therefore, it is demonstrated that the switch from RANS
treatment to the LES method occurs abruptly and the grey area corresponding to
the interface between the RANS and LES regions becomes narrow within the
DDES model used in the numerical simulation.
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Figure 4.5: Delayed detached-eddy simulation model properties

4.4.2 Instantaneous flow field and time-dependent forces

Figure 4.6 displays the instantaneous non-dimensional streamwise velocity fields
along the cylinder mid-span. It shows that with laminar inflow, the flow separates
just ahead of the cylinder maximum thickness region and breaks up into a

turbulent wake which is dominated by large-scale shedding vortices.

60



Jianyue Zhu Circular Cylinder

U,

1.4
1.2

0.8
0.6
0.4
0.2

Figure 4.6: Contours of instantaneous streamwise velocity fields

Figure 4.7 depicts the instantaneous non-dimensional spanwise vorticity fields
(w, = (@V/ox —aU/dy)D/U,, where D is the cylinder diameter) in the wake
behind the cylinder at the mid-span. It can be seen that a vortex is formed in the
region behind the separation point on the cylinder top side, and at the meantime,
a corresponding vortex on the bottom side breaks away from the cylinder. The
vortices are transported downstream and dissipated gradually in the wake.
Afterwards, the vortex on the cylinder top side breaks away and a new vortex
begins to develop on the bottom side alternately. Thus, a regular vortex street
persists in the cylinder wake and the vortices within the turbulent cores are shed

periodically.

Figure 4.7: Contours of instantaneous spanwise vorticity fields

In order to understand the instantaneous three-dimensional flow field developed

in the cylinder wake, the Q criterion named after the second invariant of the
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velocity gradient tensor (Vu) is applied [99,100]. For computation, the second
invariant Q is given by (Q = %(QUQU — SijSij)) in which S;; = (w;; +v;,)/2 and

Qi = (ui,j —uj,i)/z defined as before are respectively the symmetric and the
antisymmetric components of Vu. Therefore, Q represents the local balance

between the strain rate $? = ;;S;; and the rotation rate QO* = Q;;Q;;; a rotating

ji
structure can be viewed as an iso-surface of positive constant Q. The iso-
surfaces with positive Q isolate the regions where the rotation strength
overcomes the strain strength, making those surfaces eligible as vortex
envelopes. Herein Q is normalized as a = Q/[(U,/D)?] (where D is the cylinder
diameter) where a is a non-dimensional constant set to a certain value to obtain
a good view of the flow structures. Figure 4.8 visualizes the instantaneous
cylinder wake structures described by the iso-surfaces of normalized @ criterion
value of 0.5 (coloured by non-dimensional velocity magnitude). It is noted that a
large-scale vortex shedding is predicted in the cylinder wake. The formation of
the vortex sheet and the vortex strength are the dominant wake characteristics
that control the aerodynamic tonal noise generation, as will be discussed

subsequently.

(a) Isometric view (b) Side view

Figure 4.8: Iso-surfaces of the instantaneous normalized Q criterion

As the wake vortices are formed in the flow field around cylinder, time-dependent

forces are generated on the cylinder to balance the rate of change of fluid

momentum corresponding to the circulation of each vortex. The time histories of
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the lift and drag coefficients of the cylinder are shown in Figure 4.9. The forces
are non-dimensionalized by G pOUfoA) in which A is the projected frontal cross-

sectional area of the cylinder and equates to the cylinder length multiplied by its
diameter. In comparison with the drag force fluctuating randomly with a much
lower variation level, the lift force shows regular modulations of higher amplitude,
as a result of the occurrence of unsteady vortex break-up along the spanwise
cylinder producing the regular large-scale vortex shedding. Table 4.3
summarizes the RMS and mean results from the three 50% overlapping time
windows. It is shown that the variations of the RMS values between different
segments are small (less than 4%) and the discrepancies in mean drag coefficient
are less than 5%. The mean lift coefficient for each segment is close to zero (not
shown in the table). Therefore, it indicates that temporal convergence is achieved

and the transient flow field has become statistically steady.

Segmentl Segment2 Segment3 Total length
(0.1-0.2s) (0.15-0.25s) (0.2-0.3s) (0.1-0.3s)

RMS Fluctuating lift 0.5472 0.5401 0.5603 0.5553
value Fluctuating drag 0.1028 0.1011 0.105 0.1039
Mean value | Drag coefficient 1.0255 1.0262 1.0675 1.0461

Table 4.3: Root-mean-square and mean values of lift and drag coefficients
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Figure 4.9: Time-history of lift and drag Figure 4.10: Power spectral density of
coefficients (part) lift and drag coefficients
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After removing the initial transient variations, the PSDs of the fluctuating lift and
drag coefficients are computed based on Welch’s method using a Hanning
window with a 50% overlap. To obtain the reliable statistics, a total length of 0.4
s (from the time of 0.3 s to 0.7 s) using 7 segments is employed for PSD
calculation and presented in Figure 4.10. The spectrum of lift coefficient shows
that a clear peak appears at the Strouhal Number (St = fD/U,,) of about 0.196
associated with the primary shedding frequency of 626 Hz. This result is in good
agreement with the well-known St value between 0.19 and 0.20 for a circular
cylinder with an essentially infinite aspect ratio at subcritical Reynolds numbers,
as stated in Section 4.2. Moreover, compared to the lift coefficient of the cylinder,
the spectrum of drag coefficient is broadband and its level is much lower in most

of the frequency range.

Wake point

PSD of Pressure (P&2/Hz)

Frequency (Hz)

Figure 4.11: Power spectral density of pressure at the wake position of cylinder

The vortex shedding frequency can also be obtained from the gauge pressure at
cylinder wake positions by calculating the frequency of the pressure disturbances
which are associated with the individual vortices. As the vortices of alternating
sign pass by this wake point, the direction of the velocity disturbance will alternate.
Thus, if the vortices move with a velocity U, and the vortices with the same
circulation direction have a streamwise separation distance [, an undulating
velocity of frequency (f; = U./l) can be measured. The wake monitor point is set

on the top side of the cylinder in the mid-span plane, with a distance of one
64



Jianyue Zhu Circular Cylinder

cylinder radius from the cylinder surface as illustrated in Figure 4.11. Based on
the time-history of the gauge pressure on this wake point, the dominant vortex

shedding frequency of 626 Hz can also be obtained as shown in Figure 4.11.
4.4.3 Mean flow characteristics

Figures 4.12 and 4.13 show the time-averaged streamlines and streamwise mean
velocity contours in the flow field around the cylinder based on the CFD simulation
and PIV experiment from the literature [101] respectively. It can be seen from
Figure 4.12(a) that a pair of narrow recirculation bubbles generate a strong and
wide backflow towards the cylinder, and the wake is split into two entirely
independent elongated recirculation areas separated by a large backflow region
along the symmetry axis. This agrees well with the result from the PIV
measurements on a circular cylinder (displayed in Figure 4.13 as an example)
performed in the same subcritical Reynolds number range [101,102]. The reason
for the formation of the two symmetric eddies obtained in the cylinder wake is that
the averaging of the passage of the alternating vortices results in a symmetric
pattern for the streamwise mean velocity. Furthermore, the averaged wall shear
stress (t,,) illustrated in Figure 4.14 indicates that the separation points (at the
value of 7,, = 0) on the upper side of the cylinder are at the angle of 8, = 86.8°
(or on the lower side at the angle of 6., = —86.8°). The transition to turbulence

in the flow field occurs immediately following the flow separation from the cylinder.
The recirculation length (L,., the size of the flow separation bubble) is defined as
the distance from the flow separation point to the end point of the recirculation
region (saddle point). The dimensionless recirculation length (L,./D) of 1.29 is
measured in the mean velocity iso-contours presented in Figure 4.12. It is
mentioned in [101] that the dimensionless recirculation length is measured to be
1.28+0.03 for a mean flow at Re=140,000 described in Figure 4.13 and values
between 1.1 and 1.4 are found by the other researchers for the same Reynolds
number range. Therefore, both the shape and the length of the cylinder wake are

comparatively well predicted by the simulations for the mean flow structures.
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Figure 4.12: Streamwise mean velocity field (CFD simulation)
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(a) Mean streamline (b) Non-dimensional mean velocity
Figure 4.13: Streamwise mean velocity field (PIV experiment) [101]

The distribution of the mean pressure coefficient C,, = (P—Py)/ GpOUEO) on the

cylinder surface around the circumferential direction is depicted in Figure 4.15,
as a function of the circumferential angle 8 measured clockwise from the cylinder

front stagnation point. The various distributions of C, at the different cut-surfaces

located along the cylinder span with equal intervals are averaged to extract the
span-averaged data. Its shape is in overall agreement with the experimental
measurements within the same subcritical Reynolds number range [97,103]. The
location of the minimum pressure coefficient, the cylinder aft region of pressure
recovery and subsequently the extent of cylinder rear region where the pressure

coefficient is practically constant are well predicted.
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Figure 4.14: Mean wall shear stress Figure 4.15: Mean pressure coefficient
around the cylinder on the cylinder surface

4.4.4 Surface pressure spectra

To obtain some insight into the noise contribution from the near-field source, the
sound pressure level of the surface pressure on the top of the cylinder is
presented in Figure 4.16. A high tonal peak appears at f = 626 Hz which is
related to the primary frequency of the vortices shed from the cylinder top surface.
The overall sound pressure level of the surface pressure signals attains 153 dB
considering the frequency range below 5 kHz. Due to grid resolutions, some
numerical artefacts appear above 5 kHz and are neglected as they are not within
the main energy-containing frequency range. It should be noted that in such an
analysis, the surface regions of high pressure fluctuations are identified, not the
acoustic perturbations only, since the near-field pressure fluctuations are very
large and contain a substantial amount of hydrodynamic oscillations. In essence,
not all pressure fluctuations around the cylinder translate into radiated noise. The
fluctuations in the far-field are only associated with the acoustic waves since only
the acoustic disturbances can propagate far away from the source region.
Although the hydrodynamic fluctuations dominate and have comparatively larger
magnitudes than those typical acoustic signals, all pressure perturbations
including both hydrodynamic and acoustic disturbances in the near-field should
be recovered by applying the FW-H method. Therefore, the accurate simulation
results for the near-field surface pressure are critical for the far-field noise

prediction.
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Figure 4.16: Spectrum of pressure on the cylinder top surface

4.4.5 Divergence of Lamb vector

In the numerical implementations described above, the noise contribution from
the quadrupole source term can be neglected for flows with low Mach number. In
order to display the spatial distributions of the aeroacoustic volume sources and
to see the wake behavior influence the wall surface pressure fluctuations
(Lighthil’'s quadrupole source term for incompressible flows), the divergence of
the Lamb vector (i.e. V- (w X v) in which w is the vorticity vector and v the fluid
velocity vector) based on the theory of vortex sound [43,44] is presented in Figure
4.17. This shows that the cylinder wake containing both periodic and broadband
vortical fluctuations corresponds to the main volume source contributions,
especially the vortex shedding in the near wake region close to the cylinder body
which plays the dominant role of volume noise generation. It also indicates that
the turbulent wake activities have an influence on the cylinder wall surface

pressure fluctuations.
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Figure 4.17: Visualization of the divergence of the Lamb vector

45 Aeroacoustic Results

It can be judged whether the transient flow field has become statistically steady
by monitoring the lift and drag forces. As discussed in Section 4.4.2, in the
‘Baseline’ model, the transient flow field becomes statistically steady after the
simulation has been run for 0.3 s and the near-field flow data can be collected to
predict the far-field noise using the FW-H method.

4.5.1 Acoustic spectra computation and verification

For the ‘Baseline’ mesh case, the length of the time signal used as input for the
noise calculation is related to the last 0.4 s of the simulation, as discussed in
Section 4.4.2. The physical timestep size (At) for simulation is 4 x 107° s, leading
to a maximum frequency of 125 kHz which is much higher than the audible range
of interest. The same sampling rate of the maximum frequency is applied for the
noise calculation. The 8,732 panels (surface elements) around the cylinder
accounting for the acoustic sources are utilized as the solid data surface for the
FW-H method. The PSD is computed based on Welch’s method with a Hanning
window. There are 5 segments with segment length of 0.13 s, giving a frequency
resolution of 7.7 Hz bandwidth.

In the ‘Fine’ mesh model, the physical timestep for simulation is 1 x 107° s and

17,464 panels on the cylinder surface correspond to the acoustic sources in the
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FW-H method. There are 3 segments with segment length of 0.065 s used in
Welch’s method, giving a frequency resolution of 15.3 Hz bandwidth.

Figure 4.18 depicts the spectral comparisons of the radiated noise at the observer
between the noise predictions from the ‘Baseline’ mesh case and the experiment
measurement [93] as well as the ‘Fine’ mesh case. It shows that the frequency of
the tonal peaks generated by the periodic vortex shedding is accurately predicted.
The receiver point (0, 1.4m, 0) in the simulations coincides with the microphone
position from the experiment. A limited range of frequencies from 100 Hz to 1 kHz
is available in the experiment. It is found from Figure 4.18 (a) that good agreement
is obtained between the far-field noise predictions and the experimental
measurements, for both the shape of the spectra and the overall levels.
Compared with the experimental values, the tonal peak level from the numerical
simulation is about 1.5 dB higher. This trend is possibly connected to the periodic
boundary conditions (corresponding to increased coherent shedding and
enhanced spanwise uniformity) applied in the numerical calculation and the finite
length as well as the free end used in the experiments result in the slight
difference of radiated noise between them. Additionally, Figure 4.18 (b) shows
that as the grid resolution increased and the timestep decreased, the noise
spectrum becomes a little higher in most of the frequency range above 200 Hz
and the dominant shedding frequency shifts slightly lower. This is because
compared to the lower resolution case, more vortex amalgamations and
interactions are developed within the wake region close to the cylinder surface in
the ‘Fine’ mesh case. However, on the whole, the noise predictions based on the
‘Baseline’ and ‘Fine’ grids match very well despite the fact that in the ‘Fine’ mesh
model, the time signal used for noise calculation starts att = 0.14 s when the
initial transient variation might not be removed fully and the frequency resolution

utilized is twice that applied in the ‘Baseline’ mesh case.
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(a) Simulation and experiment [93] (b) ‘Baseline’ and ‘Fine’ grids
Figure 4.18: Spectra comparisons of the radiated noises

4.5.2 Acoustic directivity

The OASPL is calculated for the frequency range (from 100 Hz to 1 kHz) as a
function of the angle a which is 0° in the downstream direction and positive in the
counter-clockwise direction. Using the receivers located along a circular frame
vertical to the cylinder through its mid-point, the noise directivity in the mid-span
section at a constant distance 1.4 m from cylinder centreline is presented in
Figure 4.19 which shows the typical dipole pattern of directivity for the sound
radiation from a circular cylinder using ‘Baseline’ mesh. It is due to the fact that
aerodynamic noise generated from the vortex shedding is a dipole source. Note
that the OASPL values are not equal to zero on the dipole axis with respect to
a = 0° — 180° because the sound generation in this direction comes from those

represented by the oscillating drag forces exerted on the fluid around the cylinder.
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Figure 4.19: Noise directivity for the cylinder (calculation)

4.6 Summary

The aerodynamic and aeroacoustic behaviour of the flow past a circular cylinder
has been investigated using the DDES model and the FW-H acoustic analogy
method. The mesh resolution study has shown that a certain degree of grid
convergence is achieved and the ‘Baseline’ grids may be applied for the CFD
simulation. It is found that a large-scale vortex shedding is formed behind the
cylinder, leading to the dominant behaviour of a fully periodic wake. The far-field
aerodynamic noise generated by the flow around the cylinder is primarily
associated with the vortex shedding, which can be seen clearly from the dominant
frequencies in the SPL spectrum of the radiated noise. The typical dipole pattern
of OASPL directivity is predicted due to the dipole characteristics of the noise
source generation from the vortex shedding around the cylinder. Additionally, the
numerical simulations based on the ‘Baseline’ grids compare fairly well with the
experimental data for the typical flow characteristics and the radiated noise in
general. Moreover, there is a good agreement between the noise predictions
based on the ‘Baseline’ and ‘Fine’ mesh cases. Therefore, the ‘Baseline’ grids

are fine enough and may be utilized for noise predictions.
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Chapter 5
Isolated Wheelset

The aerodynamic and aeroacoustic behaviour of an isolated wheelset is
investigated numerically and experimentally in this chapter. The flow behaviour
of the isolated axle and wheel and the noise radiation from the isolated wheel are
calculated for comparison. Experiments consist of flow velocity measurements in
a wind tunnel and aeroacoustic measurements in an open-jet anechoic wind
tunnel. The isolated wheelset is the assembly of two wheels attached to a central
axle. Since the camera used in the PIV system is fixed on the base with a certain
height to capture the images, the test objects cannot be too small if they are put
close to the ground. On the other hand, considering the blockage allowed in the
open-jet anechoic wind tunnel, the configuration geometry of the measured
objects is limited corresponding to the nozzle dimensions. Taking into account the
dimensions of the anechoic wind tunnel (for aerodynamic noise tests) and 7’'x5’
wind tunnel (for PIV tests) at the University of Southampton, a 1:10 scale
wheelset is for the aeroacoutic experiments while a 1:5 scale wheelset is used
for the PIV tests. Numerical simulations are performed based on these two scaled
wheelsets placed inside the corresponding wind tunnels and the results are
compared with the experimental measurements. Moreover, the flow structure and
noise directivity from an idealized wheel and detailed wheel are discussed to see

the influence from the simplification of the generic wheel.
5.1 Wheelset Geometry

Generally, axle-mounted disc brake systems are used on high-speed trains.

However, since there is no sufficient space to accommodate these axle-mounted

braking discs, wheel-mounted braking systems are often implemented on the
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power bogies [104,105]. Figures 5.1(a) and 5.1(b) show that the braking discs
are attached to the wheel on two sides with bolts. To keep the heat convection
for cooling the discs which are heated during braking, a gap is left between the
wheel tyre rim and disc edge. As an initial step for numerical simulation, a
wheelset with a simplified geometry illustrated in Figure 5.1(c) is considered in
which the details like the flange on the inner edge of the running surface, the bolts
and the gap between the wheel and braking discs are removed. Fully structured

meshes with hexahedral cells are created to improve accuracy in simulation.

P ———
\

(a) Wheel-mounted disc (b) Disc-mounted wheelset (c) Wheelset model

Figure 5.1: Simplifying of wheelset model

5.2 Numerical Setup

The configuration of the 1:10 scale isolated wheelset is displayed in Figure 5.2.
The coordinate system (shown in Figure 5.2a) adopted is that x is the flow
direction, y the vertical direction and z the spanwise direction. In this 1:10 scale
model, the axle has a diameter (d) of 17.5 mm and the wheels have a diameter
(D) of 92 mm. The axle is a typical cylinder and the wheel may be called a ‘coin-
like’ or ‘disc-shaped’ cylinder on account of its small aspect ratio (L/D, where L

is the spanwise length of the wheel and D is the wheel diameter) [106].
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Figure 5.2: Isolated wheelset model (1:10 scale, dimensions in millimetre)
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(a) Isometric view (b) Front view

The wheelset geometry is symmetrical along the axle mid-span where the flow
influence from the wheel is small. Therefore, it is reasonable to make use of
symmetry to limit the computational domain to half the axle and a single wheel.
Figure 5.3 illustrates the computational domain which has dimensions of 15D X
10D x 6D (length, height and width, where D is the wheel diameter). Thus, the
blockage ratio (defined as the ratio of the projected wheelset area to the domain
cross-sectional area) is 0.5%, which is well within the prescribed range for
cylinder flow (less than 3%) [106]; and the outlet boundary is far enough
downstream to have negligible influence on the near-wake flow around the
wheelset. The following boundary conditions are applied: the upstream inlet flow
is represented as a steady uniform flow (U,) with a low turbulence intensity
corresponding to the experimental measurements from an anechoic open-jet
wind tunnel (the potential core of the free jet has a typical turbulence intensity of
about 0.1% [107]). Thus, in the S-A turbulence model used here, the production
term of the transport equation is activated and the eddy viscosity comes into
equilibrium with the velocity field rapidly as soon as the fluid enters the boundary
layer. Additionally, the top, bottom, symmetrical plane along the axle mid-span
and side boundaries are specified as symmetry boundaries which are equivalent
to zero-shear slip walls and assume no flux of any quantity across them; a
pressure outlet with zero gauge pressure is imposed at the downstream exit
boundary and all wheelset surfaces are defined as either stationary or moving
(for rotating case) no-slip walls. The wheel rotation effect is implemented by
imposing the corresponding rotation velocity on the solid surface. Numerical

calculations are performed mostly at freestream velocity of 30 m/s with some
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additional results presented for 70 m/s. The resulting Reynolds numbers (based
on the axle diameter and the freestream properties) are 36,000 and 83,900, which
are within the subcritical Reynolds number regime. As is well known, and as
shown in Chapter 4 for a uniform stream passing over the axle of cylindrical shape,
the boundary layer separation is laminar and vortex shedding occurs in the wake
area with a Strouhal number (St) of about 0.2 in the subcritical flow regime below

Reynolds numbers of 1 x 10°.

Y

Lz

-+ | | ®

10D

6D 5D 10D

(a) Front view (b) Side view
Figure 5.3: Sketch of the computational domain with the isolated wheelset (not to scale)

Based on the results of the grid convergence study on the isolated circular
cylinder case presented in Chapter 4, a fully block-structured mesh (displayed in
Figure 5.4) is generated around the wheelset. The cell sizes on the wheel and
axle surfaces are implemented corresponding to the cylinder ‘Baseline’ case
around the circumference and in the spanwise direction. The mesh in the corner
area between the wheel and axle is refined with double grid points in the wheel
radial direction and the axial direction of the axle. Therefore, the cell size of the
axle area is implemented as 0.42 mm around the perimeter and 0.88 mm in the
spanwise direction (corresponding to a grid spacing of Az = 0.05d, where d is the
axle diameter); and the maximum cell size on the wheel surface is 0.98 mm. The
average value of Ax*(= Ax - u,/v) and Az* (= Az - u,/v) of the meshes around
the wheelset is about 42 and 40. For the case with inlet velocity of 30 m/s, the
distance from the wheelset to the nearest grid point is set as 10~> m and
stretched with a growth ratio of 1.1 in the wall-normal direction inside the
boundary layer. This yields a maximum value of y* less than 1. For RANS

simulations or DES, the y* in the first near-wall cell should be very small (on the
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order of y* = 1) to ensure the turbulence models employed inside the viscous
sublayer account for the low-Reynolds number effects. The total number of grid
points in the entire domain is 5.5 million. The physical timestep sizeis 5 x 107° s
followed by 10~> s which gives an adequate temporal resolution for the simulation
with respect to the CFL number of less than 2 within the computational domain
considering the implicit time marching scheme used here.

»3

(a) Surface mesh (b) Mesh topology
Figure 5.4: Structured mesh generated around the wheelset

5.3 Aerodynamic Results from Simulation

Based on the aerodynamic simulation, the unsteady surface pressure on the solid
surface is used as input for the far-field noise prediction. Compared to the isolated
cylinder case as discussed in Chapter 4, much emphasis will be put on the flow
interactions developed around the wheel and the axle for the isolated wheelset
case. In order to understand the flow behaviour around the isolated wheelset, the
calculation results of the velocity as well as vorticity fields, the iso-surfaces of Q
criterion and the divergence of Lamb vector field are presented. The fluctuating
lift and drag coefficients from the isolated wheelset and the gauge pressure at

wake positions are displayed and compared.

5.3.1 Properties of the DDES model

Similar to the cylinder case for checking the RANS/LES switching of the DDES
scheme, Figure 5.5 shows the radial profiles of the mean velocity, the model

length scale ratio (r;), DDES function (1 — f;) and the ratio of the modified length
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scale to wall distance (d/d) at 8 = 60° (measured clockwise from the front
stagnation point) in the mid-span locations of wheel and axle. For the half
wheelset configuration used for numerical simulation here, the wheel mid-span
represents the cut surface from the mid-point along the axial direction, whereas
the axle mid-span is defined as midway between the wheel and the axle
centreline. In terms of /D, the boundary layer (i.e. based on U/U,,) extends to
0.003 and RANS/LES switching occurs (the location where d/d becomes less
than 1) around 0.008 at the wheel mid-plane. At the axle mid-plane the boundary
layer extends to 0.007 and RANS/LES switching occurs at 0.033. It is shown that
the RANS-LES interface remains well outside the boundary layer and the DDES
delay function f,; reaches 1 within the LES region. Therefore, it is confirmed that
the RANS method is imposed over the entire boundary layer and the LES
treatment is applied elsewhere when using the DDES model in the simulation.
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Figure 5.5: Delayed detached-eddy simulation model properties (8 = 60°)

5.3.2 Instantaneous flow field and time-dependent forces

Figure 5.6 displays the instantaneous non-dimensional velocity field of the
wheelset at the horizontal x-z mid-plane. The massive separations from the front
sharp edges at the wheel side surfaces are displayed and flow separation near
the axle free end can be seen clearly. In the wake around the wheelset, eddies
of different sizes develop rapidly following the boundary layer detachment,
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leading to a complicated flow structure as a consequence of the interaction from

the various vortices.

Figure 5.6: Contours of instantaneous velocity magnitude in horizontal plane through
centre of wheelset (bottom view)

(a) Axle mid-span (b) Wheel mid-span

Figure 5.7: Contours of instantaneous spanwise vorticity fields in vertical planes
through centre of wheel and axle (side views)

The instantaneous non-dimensional spanwise vorticity fields (w, = (aV/dx —
aUu/dy)D /U, where D is the wheel diameter) in the wake area behind the axle
and wheel are displayed in Figure 5.7. This reveals that the flow behaviour around
the axle is different from that around the wheel: the organized vortex structures
in the axle wake are clearly formed and dominated by a large alternating shedding
while the wheel wake is highly turbulent with eddies of various scales. This is
understandable as the axle is two-dimensional and provides the appropriate
spanwise correlation length to generate vortex shedding whereas the wheel is
three-dimensional with small aspect ratio, as mentioned in Section 5.2. The flow
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separation from the side surface influences the vortices shed behind the wheel,
causing the flow structure behind the wheel to be fully three-dimensional and less

organized, with different scales.

Figure 5.8 shows the instantaneous non-dimensional spanwise vorticity fields
(w,) in the axle wake at different distances to the wheel inner surface. It can be
seen from Figure 5.8(a) that in the axle wake at 5mm away from the wheel inner
surface, the vortices shed from the axle interact with the vortices generated from
the wheel circumferential edge; they deform largely and are merged into the
eddies formed behind the wheelset, leading to the synchronized behaviour of the
wheelset wake. Close to the wheel (shown in Figure 5.8b), the interaction of the
vortices generated from the axle and wheel becomes weaker and the wake is

dominated by flow separations occurring on the wheel top and bottom rim edges.

(&) 5mm from wheel (b) Close to wheel

Figure 5.8: Contours of instantaneous spanwise vorticity fields in vertical planes
through corner of wheel and axle (side views)

Figure 5.9 depicts the time-averaged streamlines on an x-z horizontal plane cut at
y = 0.25D through the wheel (Figure 5.9a) and close to the wheel outer side
surface with a distance of 0.1 mm (Figure 5.9b). It can be noted that around the
wheel, the flow is dominated by a primary separation from the front rim edges along
the circumference on both sides. The flow disturbance may grow more rapidly and,
consequently, the separated boundary layer undergoes transition to turbulence
with rapid thickening which causes the lower edge of this separated turbulent shear
layer to come back to reattach as a turbulent boundary layer onto the wheel side

surfaces. Thereby, a primary separation bubble is formed within the separated
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shear layer between the flow separation point and reattachment point in the
upstream region of the wheel side surfaces. Underneath the primary separation
bubble, a stagnant fluid pocket with a small separation bubble generated inside
forms between the primary and secondary separation points and behind this, a
circulatory motion develops, as illustrated in Figure 5.9(a). Compared to the flow
developed on the inner wheel side surface, the flow separation is stronger on the
wheel outer side surface as a consequence of the reduced flow interaction with the
shorter axle there. Thus, a relatively larger separation bubble is generated on the
wheel outer surface. Figure 5.9b shows that the arc-shaped secondary separation
line and the crescent-shaped secondary reattachment line appear on the cut
surface very close to the wheel outer side wall and their positions are located
around the estimated positions of x/D = 0.15 and 0.05 respectively at the wheel

eguatorial axis.
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(@) On the wheel horizontal cut-surface (b) Near the wheel outer side surface
Figure 5.9: Mean streamlines around the wheel of the wheelset

Figure 5.10 visualizes the wheelset’s wake structures represented by the iso-
surfaces of the normalized Q criterion at the value of 50 (based on Q/[(U,/D)?],
where D is the wheel diameter). They are coloured by the velocity magnitude.
The flow past the isolated wheelset shows a complicated wake structure which is
characterized by considerable coherent alternating vortex shedding with different
sizes and orientations, originating from the top, bottom, end and corner regions
of the wheel and axle. It can be seen that flow separates at the wheel front edges,

and reattaches within a very short distance on the wheel flat side surface, forming
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a crescent-shaped separation bubble; the subsequent horseshoe-shaped eddies
are generated and carried downstream. In the axle wake, two-dimensional
spanwise vortices are formed first straight behind the axle, followed by
streamwise ‘rib’ vortices developed further downstream, suggesting a three-
dimensional character of the flow in the wheelset wake area. Additionally, due to
the adverse pressure gradient, flow separations are formed on the wheel tread,
coinciding with the detachment of the horseshoe-shaped eddies in the wake area.
Likewise, the similar flow behaviour occurs at the free end of the axle: the scaled

horseshoe-shaped eddies are visualized in Figure 5.10(a).

(a) Side view (b) Top view

Figure 5.10: Iso-surfaces of the instantaneous normalized Q criterion

Figure 5.11 shows the power spectral density of the gauge pressure at different
positions in the wheelset wake: behind the axle, wheel and at the inside wheel-
axle corner. A tonal peak at 311 Hz is clearly seen in Figure 5.11(a) showing the
PSD at a point with a distance of one axle radius from the top side of the axle at
mid-span. This frequency is associated with the vortex shedding from the axle,
and the corresponding Strouhal number (non-dimensionalized by the freestream
velocity and the axle diameter) is 0.182. Figure 5.11(b) illustrates that the PSD of
the pressure at a point with a distance of one wheel radius away from the top of
the wheel at mid-span is broadband and its amplitude is much lower than that in
the axle wake. This indicates that flow behind the wheel is fully three-dimensional
and the wake contains turbulent structures with various scales. Figure 5.11(c)
shows the results for points located at 3 mm and 13 mm away from the wheel
inner rim in line with the top of the axle. Two peaks appear at the frequencies of

311 Hz and 622 Hz, and these correspond respectively to the axle vortex
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shedding and the interaction between the vortex shedding from the axle and the

unsteady flow around the wheel in the drag direction. It is noted that closer to the

wheel, the tonal peak amplitude of the pressure signal becomes lower;

particularly, the second peak at 622 Hz drops by more than the first one at 311

Hz. This is because the vortex shedding from the axle is less strong there and

much weaker impact is generated by the axle shedding vortices on the unsteady

flow around wheel, resulting in the less drag fluctuation produced in the wheel-

axle corner region.
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Figure 5.11: Power spectral density of pressure at wheelset wake positions
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5.3.3 Lift and drag coefficients

Time histories of the lift and drag coefficients are represented in Figure 5.12. The
lift and drag forces show periodic modulations as a consequence of the regular
large-scale vortex shedding produced along the wheelset after the flow initial
transient stage. Table 5.1 summarizes the results for the RMS fluctuating lift and
drag coefficients and the mean drag coefficient calculated from three overlapping
time windows. It is shown that the variations in the RMS values between different
segments are less than 4% and the discrepancies in mean drag are less than
0.5% and in side force coefficient less than 5%. The mean lift coefficient is very
close to zero (less than 0.004, not shown in the table) for each segment.
Therefore, it is suggested that the transient flow field has reached a statistically

steady state and the source data can be collected for far-field noise prediction.
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Figure 5.12: Time-history of lift and drag coefficients (part)
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Segmentl Segment2 Segment3 Total length

(0.05-0.2s) (0.125-0.275s) (0.2-0.35s)  (0.05-0.35s)
Fluctuating lift 0.261 0.266 0.263 0.262
RMS | Fluctuating drag 0.0376 0.0391 0.0381 0.0379
value F'“Ctﬂgﬁ'cnf side 00411 0.0415 0.0415 0.0413
Mean | Drag coefficient 0.935 0.936 0.933 0.934

value Side force

coefficient 0.0573 0.0567 0.0548 0.0551

Table 5.1: Root-mean-square and mean values of aerodynamic force coefficients
(isolated wheelset)

The PSDs of the lift and drag coefficients of the wheelset are presented in Figure
5.13. In addition, in order to provide insight, results are shown for the separate
components for the wheel and axle when they form part of the wheelset. A clear
peak appears in all lift coefficient PSDs at 311 Hz, corresponding to a Strouhal
number (non-dimensionalized by the freestream velocity and the axle diameter)
of 0.182. This peak is associated with the axle primary shedding frequency. By
comparison, another lower peak is observed in the drag coefficient curves at
twice the shedding frequency. As is well known, the aerodynamic lift force acting
in the transverse direction normal to the flow fluctuates with a larger amplitude at
half the frequency of the drag force which acts in the streamwise direction parallel
to the flow [92]. It can be seen that the flow around the wheelset and that around
its components have the same shedding frequencies. This is because the
periodic, alternating vortex shedding produced from the axle dominates the wake
unsteadiness and interacts with the wall boundary layer and unsteady flow
separated from the wheel (consistent with Figures 5.8 and 5.11c), thereby the
resulting wake induces the regular fluctuating forces on the whole wheelset.
Compared to the axle where the massive vortex shedding occurs, the wheel has
the same dominant frequencies in the lift and drag forces, but with much lower
amplitude. Figure 5.14 shows the PSDs of the lift and drag coefficients of the axle
and wheel in isolation from each other. It is noted that the main peak of the lift or
drag force cannot be identified for the isolated axle case while the flow around
the isolated wheel is fully irregular, resulting in the broadband force coefficient

distributions.
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Figure 5.13: Power spectral density of lift and drag coefficients (isolated wheelset)
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Figure 5.14: Power spectral density of lift and drag coefficients (isolated axle and
isolated wheel)

5.3.4 Divergence of Lamb vector

Figure 5.15 visualizes the divergence of the Lamb vector as stated in Section
2.2.4 to depict the spatial distributions of the aeroacoustic volume sources. This
indicates that the flow separations generated from the wheel front sharp edges
and the various shedding vortices developed in the near wake area around the
wheelset are associated with the main volume source contributions and play a

dominant role in the corresponding volume noise generation.
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Divergence of

Figure 5.15: Visualization of the divergence of the Lamb vector in horizontal plane
through centre of wheelset (bottom view)

5.4 PIV Experiment versus Numerical Simulation

A PIV experiment for the isolated wheelset has been performed in the 7'x5’ wind
tunnel at the University of Southampton. A 1:5 scale wheelset model made of
aluminum was attached on the mounting struts fixed on the wind-tunnel roof and
a gap of 40 mm between the wheelset and the ground was considered to
represent the distance of the wheels above the ground when running on the rails.

Afterward, the PIV measurement was compared with the numerical simulations.

5.4.1 PIV experiment

Figure 5.16 gives a schematic diagram of the 7'x5’ wind tunnel layout and the
PIV experimental setup in the test section of this wind tunnel. This system
consists of a Gemini PIV 15 laser with two Tempest Ng:YAG lasers of 125
mJ/pulse at a wavelength of 532 nm, and a TSI PowerView CCD camera
(2048x2048 pixels resolution) to capture the images. The seeding material is
composed of water-based smoke particles of approximately 1 micron in diameter
and is produced from a smoke generator which is located downstream of the test
section to avoid the flow disturbation generated in the inflow by the smoke
generator itself. Therefore, the seeding material can be circulated and produced
within the inlet flow in this closed circuit wind tunnel (shown in Figure 5.16a). The

displacement of seeding particles over a short duration is measured to obtain the
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velocity field; thus, the time delay between the successive laser pulses should be
determined properly for the camera to capture a better illumination. Some strict
procedures have been followed when setting up the PIV experiments to obtain
accurate results. For instance, the laser sheet should be aligned properly in the
desired plane with an accuracy of +0.5 mm and *0.1° the camera should be
positioned perpendicularly to the investigated plane within £0.1° at a distance to
the PIV measurement domain determined by the available focal length and the
desired image size. For the freestream velocity of 30 m/s used in this test, the
1mm thickness of the laser sheet is chosen with a time interval of 15 pus. The size
of the captured image is kept below 200mmx200mm to keep a good resolution
quality of the camera. During the data acquisition, the smoke needs to be added
continuously and it is determined, by adjusting the correlation of particles

between two images, to be mostly successful.
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(b) PIV experimental setup in the test section

Figure 5.16: Schematic diagram of the 7’x5’ wind tunnel layout and the PIV
experimental setup

Figure 5.17 shows the front view of the experimental setup of the isolated
wheelset case in the 7'x5” wind tunnel with the PIV system installed. The mid-

span of one wheel along the streamwise direction from the PIV experiment is
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investigated and Figure 5.18 displays the streamwise mean velocity field in the
wake region of the wheel. Asymmetric flow conditions are readily apparent
around the wheel wake region in Figure 5.18(b) since an angle of 9.7° between
the central mean streamline and the wheel equatorial axis is observed downward
to the ground. This is believed to result from the ground effect: when the ground
is fixed, the boundary layer develops on the ground surface and interferes with
the separated shear layer from the bottom side of the wheelset. Such influence
of the ground effect is also confirmed by the CFD simulation presented below. It
may be pointed out that the reflection from the wheel surface makes the images
captured for the axle wake area in the PIV experiment hard to be identified and

they cannot be used for analysis.

Figure 5.17: Front view of the PIV experimental setup of isolated wheelset case
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Figure 5.18: Streamwise mean velocity field (PIV experiment)
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5.4.2 Numerical simulation corresponding to PIV experiment

Computations are carried out based on the dimensions and experimental
conditions from the 7'x5’ wind tunnel. The computational domain is illustrated in
Figure 5.19 in which ‘D’ (=184 mm) is the diameter of the 1.5 scale wheel and ‘h’
(=40 mm) is the gap between the bottom of the wheel and the ground to simplify
all components between them. The corners in the tunnel are simplified to be
rectangular. In the simulation, the wheelset and the ground are both defined as
stationary no-slip walls. The symmetry plane along the axle mid-span is set to a
symmetry boundary condition which assumes no flux of all qualities across it.
Equivalent to a zero-shear slip wall, the tunnel ceiling and the side wall of the
domain are also defined as symmetry boundary conditions to avoid a high grid
density required to resolve the wind-tunnel boundary layer. The upstream
boundary is set to a velocity inlet with a normal velocity of 30 m/s. As the wind
tunnel is of low turbulence intensity (= 0.3%), a low turbulent viscosity ratio of
unity is applied for the inlet flow. The downstream boundary is defined as a
pressure outlet with a gauge pressure of zero. The physical timestep size is
5x107¢ s followed by 107> s which gives the temporal resolution for the

simulation with respect to the CFL number of less than 2 within the computational

domain.
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Figure 5.19: Sketch of the computational domain with the wheelset (not to scale)

The grid topology of the CFD model of the 1:5 scale wheelset (a Reynolds number

of 72,000 based on the axle diameter and the freestream properties) basically
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follows that used for the 1:10 scale wheelset model as referred to previously. The

total number of grid points in the entire domain is 19.4 million.
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Figure 5.20: Streamwise mean velocity field (CFD simulation)
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Figure 5.21: Comparisons of streamwise and vertical mean velocity profiles at x/D=0.6

Corresponding to the PIV experiment, the equivalent data from the CFD analysis
are displayed in Figure 5.20. The computed flow patterns shown in this figure are
qualitatively similar to those from the PIV measurements (Figure 5.18). Likewise,
asymmetric flow conditions with an averaged angle of 9.9° between the central

mean streamline and the wheel equatorial axis downward to the ground is
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observed in Figure 5.19(b). Figure 5.21 compares the mean velocity profiles
behind the wheel of the isolated wheelset at x/D =0.6 in the wheel mid-span
between the calculation and experiment results. It can be seen that the CFD
simulation successfully captured the streamwise and vertical mean wake profiles
of the wheelset. Therefore, the above results give a reasonable indication that
the wheel wake pattern is properly identified by the numerical simulation by its

good agreement with the experimental measurements.
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(a) Isometric view (b) Side view
Figure 5.22: Iso-surfaces of the instantaneous normalized Q criterion

Figure 5.22 visualizes the instantaneous wake structures of the wheelset
represented by the iso-surfaces of normalized Q criterion value of 25 (based on
Q/[(Uy/D)?], where D is the wheel diameter). They are coloured by the velocity
magnitude. Similarly, it can be seen that the crescent-shaped separation bubble
and subsequent horseshoe-shaped eddies are generated along the front sharp
edges of the wheel as discussed in Section 5.3.2. As a consequence of the
interference with the boundary layer developed on the ground surface, a pressure
gradient is produced in the wheel wake region and the shear flow separated from
the upper part of the wheel declines in the downward direction due to this low
pressure. These differences are revealed to lead to the forming of an asymmetric
flow pattern in the wheelset wake structure as seen in Figures 5.18 and 5.20.
With no influence from the ground boundary layer, the turbulent vortices in the
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upper part of the wheel are developed more fully and have the potential to
penetrate further into the wake region downwards toward the ground direction.

5.5 Aeroacoustic Results

Based on the near-field unsteady flow data obtained from the CFD calculations,
the FW-H method can predict far-field noise signals by equivalent acoustic
sources as stated in Section 2.3.2. There are 22,016 panels (surface elements)
around the wheel and 15,232 panels on the axle which account for the acoustic
sources on the solid integration surfaces. The receivers are distributed uniformly
along a circumference with 2.5 m radius at an interval of 5° as sketched in Figure
5.23 to measure the noise directivity from the wheelset centreline in the vertical
z-y plane. Additionally, equivalent circular-shaped receiver positions are defined
in the horizontal x-z plane (the coordinates referred to Figure 5.2a). This distance
corresponds at full scale to 25 m as recommended for field measurements of
railway noise, e.g., in ISO 3095 [87]. For the three-dimensional directivity
calculation, the far-field observers are distributed on a spherical surface also with
a radius of 2.5 m, composed of 1,946 receivers with a resolution of 5° for the
azimuthal and polar angles. The directivity characteristics of the source are
obtained to represent the overall acoustic field through calculating the overall
sound pressure level from the time history of the acoustic pressure at each

specified receiver over the resolved frequency range.

Receivers
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Figure 5.23: Sketch of receiver locations
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5.5.1 Acoustic spectra computation

The CFD simulations were run for 0.93 s corresponding to 20 times the flow-
through time (L, /U, where L, is the computational domain length). The acoustic
sources are collected over the last 0.55 s of the computation. Predicted far-field
acoustic pressure is used to calculated the PSD by segmental average (50%
overlap) using a Hanning window applied to 5 segments, giving a frequency

resolution of 6 Hz.

Based on the numerical simulations on the symmetrical half wheelset and whole
isolated wheel (i.e. without the axle), Figure 5.24 shows the spectra of the noise
radiated from the non-rotating wheelset and the isolated wheel at three receivers
in the z-y plane as described in Figure 5.23. In addition, components of the noise
radiated by the wheelset (separate components of the wheel and axle) are shown
at one receiver. From the wheelset case in Figure 5.24(a), it is noted that the
tonal peaks appear at the frequencies of 311 Hz and 622 Hz at receiver 3 which
is located 0.434 m above the axle axis. The primary peak corresponds to the
oscillating lift forces exerted back on the fluid around the wheelset and the peak
at the second harmonic is associated with the oscillating drag forces. As referred
to in Section 5.3.3, the frequency of the fluctuating drag is twice that of the
fluctuating lift. The overall sound pressure level obtained from the acoustic
signals corresponding to the frequency range below 5 kHz is 60.2 dB. Of this, the
primary peak between 300 to 330 Hz corresponds to 56.6 dB and the second
harmonic in the range of 600 to 630 Hz contributes 50.8 dB; thus, the contribution
from the remaining broadband noise is about 56.7 dB. The largest drag dipole
component is found at receiver 1 while receiver 19 shows the highest lift dipole

component. At receiver 3 both the lift and drag dipole components are found.

Figure 5.24(b) compares the spectra of the noise radiated from the sources on
the axle and the wheel separately (as part of the wheelset) at receiver 3. Again,
two tonal noises are found with dominant frequencies corresponding to the lift
and drag forces respectively. Therefore, in the vertical z-y plane normal to the
flow direction the sound radiation produced from the separated wheel in the

presence of the axle is mainly associated with the drag forces, whereas the noise
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generated by the separated axle in the presence of the wheel mainly corresponds
to lift forces. Compared with the wheelset case, the noise radiated from the
isolated wheel in Figure 5.24(a,c,d) is more broadband with a lower spectral level,
resulting from the irregular flow with no periodic shedding generated around it as

indicated from Figure 5.14.
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Figure 5.24: Spectra of acoustic pressure at far-field receivers (U,=30 m/s)

Furthermore, to improve the completeness of current analyses, the spectra of the
noise generated from a rotating wheelset (U, =30 m/s) and a non-rotating
wheelset (U, =70 m/s) at receiver 3 are compared with the non-rotating wheelset

case (U,=30 m/s) and shown in Figure 5.25. The speed of U,=70 m/s is closer
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to the high-speed train case. It is found from Figure 5.25(a) that the frequencies
of the two dominant peaks in the rotating wheelset case are both about 6 Hz
higher but with similar amplitude compared to those from the non-rotating
wheelset. Thus, the rotation of the wheelset is expected to have a small influence
on the noise generation for the current isolated cases. Figure 5.25(b) shows that
as the inflow velocity increases to 70 m/s, the OASPL increases noticeably by
about 20 dB and the frequencies of the two spectral peaks (726 Hz and 1447 Hz)
increase in proportion to the flow speed, corresponding to an invariant Strouhal
number characterized by regular vortex shedding. Note that for the real case, the
inflow passing over the wheelset is turbulent, the fluctuating lift amplitudes will be
reduced, and thus the tonal noise levels will be decreased while the broadband

noise levels increased.

70— : : 70
— Rotating wheelset, 30m/s — Non-rotating wheelset, 70m/s

60F T Non-rotating wheelset, 30m/s 60F T Non-rotating wheelset, 30m/s
N N
I I
N N
& 50f § 50
DI D
& $
E S
é 40r é 40
o o
o0 Jus}
© 30 © 30
a) [a
] N
a a

20¢ 20

10— - - 10

10" 10° 10°
Frequency (Hz) Frequency (Hz)

(a) Rotating and non-rotating wheelset (30 m/s) (b) Non-rotating wheelset (30 and 70 m/s)
Figure 5.25: Spectra of acoustic pressure at receiver 3

5.5.2 Experimental verification

An experimental measurement of sound generated by flow past a non-rotating
wheelset was made in an open-jet anechoic wind tunnel. Figure 5.26 displays the
experimental setup in which the test model is mounted in the working section on
a rigid baffle (2.9m wide and 1.2m high), which is constructed by an aluminum
sheet and covered by acoustic foam on the flow-facing side. A 1:10 scale half-

wheelset is immersed within the core flow and the remaining parts are wrapped
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with sound-absorbing sponge to suppress the aerodynamic noise generated by
vortex shedding from such a portion. The wheelset model is made of aluminum
and has same geometry as calculations. The flow speed is 30 m/s with the
turbulence level in the jet core below 0.3%. In accordance with the numerical
predictions, two receivers identified as ‘top microphone’ and ‘side microphone’
are located at (-18, 1375, 31.3) and (0, 185, 2211.3), of which the dimensions in
millimetre and the coordinates (see Figure 5.26b) have their origin at the centre
of the axle outer end surface. The measurement was made with a sampling rate
of 48 kHz and contained a time signal of length 10 s. Corresponding to the
frequency resolution used in the simulation, the PSD of test data is computed by
Welch’s method with 6 Hz bandwidth.

(a) Test model of half-wheelset (b) Receivers and coordinates
Figure 5.26: Experimental setup in the anechoic chamber

Figure 5.27 displays the spectra of background noise in the anechoic chamber
for a mean stream flow speed of 30 m/s. It shows that for frequencies below 100
Hz a high background noise is caused by the fans, the duct and the nozzle flow

in the anechoic wind-tunnel [64]. These frequencies are therefore not considered.
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Figure 5.27: Background noise for a mean stream flow speed of 30 m/s (top receiver)
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Figure 5.28: Comparisons of spectra of far-field sound from simulations and experiments

Figure 5.28 depicts the spectra of the radiated noise at the two receivers. Figure
5.28(a) compares the predicted and measured PSD levels for the top microphone.
Good agreement can be found for the dominant frequency of tonal noise and the
shape of the spectrum; even a small peak around 960 Hz (third harmonic) is
accurately predicted in the computation. In the experiment a low amplitude peak
appears around 234 Hz, which is not observed in the simulation. This peak may
be associated with the noise contribution from the interaction between the axle
wake and the baffle plate, i.e. the vortex shedding in the axle wake region close

to the baffle is decreased by the unsteady flow developed on the rigid plate and
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thereby the corresponding shedding frequency is reduced. This is demonstrated
by the same phenomenon occurring in the experiments of the flow-induced noise
from wall-mounted cylinders [108]. Compared with the experimental data, the
main tonal peak is higher in the calculated spectrum. Again, this is likely to be
due to the solid wall (rigid baffle) used in the experiment which weakens the
coherent vortex shedding from the axle compared to the symmetric boundary

conditions with stronger spanwise uniformity applied in the simulation.

Figure 5.28(b) shows the spectra of the radiated noise from prediction and
experiment at the side microphone. Note that the experimental noise levels are
systematically higher than the predictions at the side microphone due to the
additional noise contributions caused by reflections from the baffle plate. The two
tonal peaks in the measurements correspond fairly well with the noise predictions:
both the dominant frequency values and the harmonic behaviour. This indicates
that the sound reflection from the baffle plate has little effect on the frequencies

of the main peak and harmonics caused by the vortex shedding from the wheelset.

5.5.3 Acoustic directivity

The directivity of radiated noise predicted in the far-field is obtained based on the
overall calculated SPL which is determined from the PSDs over the frequency
range below 5 kHz. Figure 5.29 shows the noise directivity radiated from a
rotating wheelset (30 m/s) and non-rotating wheelset (30 m/s and 70 m/s) in the
vertical z-y plane normal to the flow direction and in the horizontal x-z plane along
the streamwise direction. This reveals a vertical dipole pattern of directivity for the
sound radiation of the wheelset, which is due to the strong periodic vortex
shedding generated at the top and bottom surface of the axle. Note that in an
incompressible flow solver, the acoustic shielding and scattering of sound waves
by solid surfaces cannot be properly calculated. For the isolated wheelset case,
the noise generated from the axle would expected to be shielded by the wheel,
especially for the side receivers close to the axle central axis. Nevertheless, the
noise directivity pattern from the axle which can be treated as a cylinder is a
dipole, i.e. less acoustic waves are radiated to the side receivers. Moreover, the

vortex shedding from the axle close to the wheel is weakened (as discussed in
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Section 5.3.2) and accordingly the less noise will be generated around the inner
wheel-axle junction areas. Therefore, the influence of the noise shielding by the
wheel for the isolated wheelset case would be expected to be relatively small.
This can be seen from Figure 5.28(b). When the inflow speed increases from 30
m/s to 70 m/s, the noise levels are increased by 18.5 dB with a similar directivity
pattern. This corresponds to an increase in the radiated sound power in
proportion to about the sixth power of the flow speed as expected for an

aeroacoustic dipole source.
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Figure 5.29: Noise directivity from rotating and nonrotating wheelsets

Figure 5.30(a) shows the directivities in the x-y plane. Based on the noise
directivities shown in Figure 5.29 and Figure 5.30(a), it can be concluded that the
dipole patterns of the noise generated from the rotating and non-rotating wheelset
are very close, with noise levels that are about 2 dB higher for the rotating case.
Figure 5.30(b) shows the noise directivity from the separate components from the
wheel and axle of the rotating and non-rotating wheelset. It can be seen that the
vertical dipole pattern of the non-rotating wheel is inclined upwards towards the
inflow direction for the rotating wheel and the difference in the noise levels
between them is small. Compared to the separated wheel, the noise generated
from the axle part is much larger. This leads to the vertical dipole pattern of noise
radiation from the rotating wheelset presented in Figure 5.31, which clearly shows
that the lift dipole dominates the directivity shape. The non-rotating wheelset case

has the similar vertical dipole directivity pattern as seen from Figure 5.29.
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Additionally, compared with the non-rotating case, the noise generated from the
rotating axle is slightly greater as a consequence of the stronger flow-axle
interaction caused by the rotation effect, making the noise of the rotating wheelset

slightly higher as mentioned above.
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Figure 5.31: Three-dimensional noise directivity for a rotating wheelset
(centre of directivity pattern corresponds to 40 dB)

5.6 Likely Effect of Simplified Wheels

The details of the real case with complex geometry had to be neglected for
structured mesh generation considering the computer ability and computation
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efficiency. In order to know the possible influence from the simplification of the
geometries, the instantaneous wake structures and noise directivities are
compared for the idealized wheel and a more detailed wheel. The geometries of
these two isolated wheels are illustrated in Figure 5.32 which shows that their
configurations are different around the wheel web region. Both idealized and
detailed wheels are symmetrical along wheel mid-span and are assumed
stationary here. The structured mesh topology used for them is similar to the

isolated wheelset case.

(a) ldealized wheel (b) Detailed wheel
Figure 5.32: ldealized wheel and detailed wheel models (1:10 scale)

(a) Idealized wheel (b) Detailed wheel
Figure 5.33: Iso-surfaces of the instantaneous normalized Q criterion (isometric view)

Figure 5.33 presents the instantaneous wake structures of these two isolated

wheels represented by the iso-surfaces of the normalized Q criterion at the value
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of 50 (based on Q/[(U,/D)?], where D is the wheel diameter). They are coloured
by the velocity magnitude. It can be seen that for the idealized wheel case (shown
in Figure 5.33a), a separation bubble is formed along the wheel front sharp edges
and the horseshoe-shaped eddies are developed on the flat wheel side surfaces,
convected downstream, detached and dissipated into the wake region.
Compared to the flow passing the idealized wheel, the horseshoe-shaped eddies
generated around the detailed wheel side surfaces develop more irregularly and
a higher level of flow-field unsteadiness occurs in the flow there as shown in
Figure 5.33(b). The shear layer separates from the wheel tyre leading edge and
impinges on the wheel hub and the wheel tyre trailing edge, leading to a

noticeably turbulent flow generated near the wheel lateral side surfaces and a

comparatively unsteady wake developed behind the wheel.

(a) ldealized wheel (b) Detailed wheel
Figure 5.34: Mean streamlines around the isolated wheel

Figure 5.34 displays the time-averaged streamlines on the x-z horizontal central
plane through the two isolated wheels. Figure 5.34(a) shows that for the idealized
wheel case, a separation bubble is generated in the upstream region of the wheel
side surfaces and subsequently, the flow attaches on the most rear areas of the
wheel flat surfaces. Moreover, it can be found from Figure 5.34(b) that for the
detailed wheel case, the flow separation also occurs at the wheel front rim edges,
but then reattaches onto the wheel web region and separates again at the wheel
hub. Thus, a large fluid bubble is formed along the upstream half wheel surface.

Thereafter, the separated shear layer reattaches on the rear part of the wheel web
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and a recirculation region at the upstream corner of the web is generated. By
comparison, the flow developed around the detailed wheel is more irregular than

that around the idealized wheel.

The PSDs of the fluctuating lift and drag coefficients of the idealized wheel and
detailed wheel are presented in Figure 5.35. It is noted that the spectra of the
fluctuating force coefficients from the two isolated wheels are broadband as there
is no massive coherent vortex shedding generated around them. Compared with
the idealized wheel case, the spectrum level of the detailed wheel is relatively
larger in most of the frequency range, resulting from the more turbulent flow

developed around it.
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Figure 5.35: Power spectral density of lift and drag coefficients

Figure 5.36 depicts the noise directivity radiated from the non-rotating isolated
wheels and wheelset in the vertical z-y and horizontal x-z planes along the
wheelset centreline. For the noise directivity calculation here, two parallel
idealized wheels are in the same configuration as the isolated wheelset case but
with the axle removed. They are replaced by two detailed wheels thereafter for
the detailed wheels case. This shows that the noise level is generally around 5
dB larger from the detailed wheels than from the idealized wheels except in the
horizontal plane along the geometry centreline parallel to the flow direction (i.e.

08=0° and 180° shown in Figure 5.36b) where the difference of the noise level
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between them reaches about 10 dB. This is because a more irregular and
unsteady flow is developed around the detailed wheel which makes the noise
radiation much stronger and more multi-directional, resulting in the noise
directivity pattern being less disparate in magnitude with a higher level. However,
the mechanisms of the flow separation and interaction and the corresponding
noise generation are very similar between these two isolated wheel cases.
Moreover, the sound radiation from the idealized wheel or detailed wheel is much
lower than the wheelset case in which the significant tonal noise is generated

from the vortex shedding around the axle.
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(a) Vertical z-y plane (b) Horizontal x-z plane
Figure 5.36: Noise directivity from non-rotating isolated wheels and wheelset

5.7 Summary

The aerodynamic and aeroacoustic behaviour of the flow past an isolated
wheelset (1:10 scale) where the ground effect is neglected has been studied
using the DDES model and the FW-H acoustic analogy method. It is found that
the turbulent flow around the wheelset has a complicated three-dimensional wake
structure: both streamwise and spanwise vortices are generated due to the vortex
shedding and flow separation around it. In aeroacoustic prediction, the noise
calculation agrees fairly well with experimental measurements. Tonal noise is
generated with dominant frequencies corresponding to the lift and drag forces;
and a vertical dipole pattern of noise directivity is predicted. Including wheel
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rotation it is found that a slightly higher noise level is generated but the basic
mechanisms are unaffected. As the inflow velocity increases, the frequencies of
tonal peaks increase corresponding to an invariant Strouhal number of about 0.18
(based on the axle diameter) characterized by regular vortex shedding and the

noise levels increase significantly.

The flow behaviour of an isolated non-rotating wheelset with a ground underneath
has been investigated numerically and experimentally at 1:5 scale to see the
ground effect. It is revealed that when the wheelset is close to the ground, an
asymmetric flow pattern in the wheelset wake structure is formed. This is due to
the shear flow separated from the lower part of the wheel interferes with the
boundary layer developed from the ground surface, and thus the upper separated
flow is carried downwards since a pressure gradient is produced in the wheel
wake region. The wheel wake shape predicted by the CFD simulation is verified

by the PIV measurements.

Furthermore, comparisons of the flow behaviour and noise directivity between the
idealized wheel (separated from the wheelset) and a more detailed wheel show
that the noise radiated from the detailed wheel is larger and more broadband due
to a more highly turbulent flow developed around it; nevertheless, the noise
generation mechanism of the two isolated wheel cases is very similar. Compared
with the isolated wheelset case, the isolated wheel (idealized wheel or detailed
wheel) has a lateral dipole pattern of noise directivity and its sound radiation is

generally much weaker.
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Chapter 6
Tandem Wheelsets and Simplified Bogie

The flow field developed around the bogie area in the real case is complex and
remains challenging to simulate numerically. This chapter extends the wheelset
case to investigate the flow behaviour and far-field sound radiation characteristics
for two wheelsets arranged in tandem and a simplified bogie consisting of the
tandem wheelsets and a frame formed of a square cylinder. The numerical
predictions on noise radiation from the geometries (1:10 scale) will be compared
with experimental measurements in the anechoic wind tunnel at the University of
Southampton. For both cases, special attention is paid to the characteristic of the
vortices shed from the upstream wheelset, the impingement onto the downstream
wheelset and the interaction with the various vortical structures in the flow field.
The turbulent flow around the bogie without a carbody is different from that for
bogies running in reality. However, the aerodynamic characteristics of the
isolated bogie and the comparison with the tandem-wheelset case can help to

understand the flow behaviour produced by the bogie structure itself.
6.1 Flow Structure of Tandem Circular Cylinders

Normally, a certain level of simplification was applied to the real geometry to focus
on the dominant flow physics and the main noise mechanisms. Being
representative of a simplified geometry for many practical applications, two
cylinders in tandem formation have been widely used to investigate the flow
interaction and noise generation mechanisms of bluff bodies. Flow patterns
around tandem circular cylinders with different separation lengths (i.e. centre-to-
centre lengths) can be classified into three regimes [109,110]: (i) when the ratio
of the separation length, L, to the cylinder diameter, D, is small, L/D < 2, the two
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cylinders are sufficiently close to act as a single structure and the free shear
layers shed from the upstream cylinder pass over the downstream cylinder; (ii)
at intermediate separation length when 2 < L/D <5, the shear layers are
separated from the upstream cylinder and reattached on the downstream cylinder;
(iii) at large separation length when L/D > 5, vortex shedding occurs from each
cylinder and the vortices generated from the upstream cylinder impinge on the
downstream one, referred as co-shedding flow pattern. Recently, as a
Benchmark problem for Airframe Noise Computations (BANC-I [111] & BANC-II
[112]), flow behaviour and noise radiation from tandem cylinders have been
measured and the databases are used to assess the accuracy of different

numerical methods for aeroacoustic applications [113].

6.2 Numerical Setup

Figure 6.1 shows the simplified bogie model at 1:10 scale used in this study. The
tandem wheelsets have the same configurations as the simplified bogie but with
the frames removed. In the scale model, the axle has a diameter (d) of 17.5 mm
and the wheels have a diameter (D) of 92 mm. The wheelbase (centre-to-centre
length of two axles) is 252 mm which is about 14 times the axle diameter. This

compares to the large separation length (L/D > 5) discussed above.
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(a) Front view (b) Top view
Figure 6.1: Simplified bogie model (1:10 scale, dimensions in millimetre)

The bogie geometry is symmetrical along the axle mid-span where the flow

influence of the wheel and frame is small; thereby as in the previous chapter it is
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reasonable to include only half of the bogie and make use of the symmetry of the
geometry to reduce the computation cost, as shown in Figure 6.2. The
computational domain for the bogie case has dimensions of 17.7D, 10D and 6.3D
(where D is the wheel diameter) along the streamwise (x), vertical (y) and
spanwise (z) direction, respectively, yielding a blockage ratio (defined as the ratio
of the projected bogie area to the domain cross-section area) of 0.6%, which is
well within the prescribed range for cylinder flow (less than 3%) [106]. The outlet
boundary is far enough downstream to have negligible influence on the near-
wake flow around the bogie.
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(a) Front view (b) Side view
Figure 6.2: Sketch of the computational domain (not to scale)

(a) Bogie surface (b) Wheelset mid-plane
Figure 6.3: Structured mesh topology around the bogie

Based on the results of the grid convergence study for the cylinder case as
discussed in Section 4.3, a fully block-structured mesh is generated around the
tandem wheelsets and bogie with resolution similar to the cylinder ‘Baseline’ grids.
For both cases, the mesh topology used for the upstream and downstream

wheelsets is identical to the isolated wheelset case and the grids between two
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wheelsets (cell size of 0.92 mm in the streamwise direction) are kept fine enough
to allow the wake full development. Figure 6.3 illustrates the mesh topology
applied around the bogie geometry. Much effort has been taken to generate the
structured grids with low skewness and good quality between the circular-shaped
wheelset and the square-shaped frame. The cell size of the frame is implemented
as 0.92 mm in the streamwise direction and 0.9 mm along the spanwise direction.
The distance from the geometry wall surface to the nearest grid point is set as
10~> m and stretched with a growth ratio of 1.1 in the wall-normal direction inside
the boundary layer. The upstream inlet flow is set to 30 m/s with a low turbulence
intensity. Thus, the average values of Ax*, Az* and y* of the tandem wheelsets
and bogie cases are similar to the isolated wheelset case stated in Chapter 5.
The total number of grid points in the entire domain is 14.6 million for the bogie

case and 11.8 million for the tandem-wheelset case.

The boundary conditions applied are identical to the isolated wheelset case. A
physical timestep size of 5x 107° s followed by 1 x 107° s is utilized for the
numerical simulations. The Reynolds number (based on the freestream
properties and the axle diameter) of the tandem wheelsets or bogie case is the
same at around 36,000, which is within the subcritical Reynolds number regime.

6.3 Aerodynamic Results

In order to understand the flow behaviour around the tandem wheelsets and
bogie, the simulation results based on the instantaneous iso-surfaces of Q
criterion around the geometries and the velocity as well as vorticity fields on
several main cut surfaces are presented. The gauge pressure at different
positions in the wake area, the fluctuating force coefficients and the wall pressure
fluctuations from the geometries, and the divergence of Lamb vector field are

presented and analyzed.

6.3.1 Instantaneous flow field
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Figure 6.4 shows the instantaneous non-dimensional velocity field of the tandem
wheelsets and bogie on the horizontal plane through centre of wheelset. It can
be observed that for both cases, the main flow separations occur from the wheel
front sharp edges of the upstream wheelset. Thereafter, vortices are formed in
the gap between the two wheelsets and convected downstream, leading to
turbulence separation and greater irregularity of flow around the rear wheelset.
Additionally, for the bogie case displayed in Figure 6.4(b), a pronounced flow
separation is generated at the front edge of the frame outer side surface, resulting
in the unsteady flow developed further downstream on the frame and separated
again at the frame end.

(a) Tandem wheelsets

(b) Simplified bogie
Figure 6.4: Contours of instantaneous velocity magnitude in horizontal plane through
centre of wheelset (bottom views)

Figure 6.5 shows the corresponding velocity field at the axle vertical mid-plane.
For both tandem wheelsets and bogie cases, it is noted that the large scale
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shedding is generated in the upstream axle wake whereas the flow structure
behind the downstream axle is less organized and becomes highly turbulent.

(a) Tandem wheelsets

(b) Simplified bogie
Figure 6.5: Contours of instantaneous velocity magnitude in vertical plane through axle
mid-span (side views)

Figure 6.6 visualizes the wake structure of the tandem wheelsets represented by
the iso-surfaces of the normalized Q criterion at the value of 50 (based on
Q/[(Uy/D)?], where D is the wheel diameter). They are coloured by the velocity
magnitude. This shows that the vortices are shed from the upstream wheelset,
impinge on the downstream wheelset, deform largely and are merged into the
eddies formed behind the rear wheelset, making the wake of the downstream
wheelset highly turbulent. Moreover, on the flat side surface of the front wheel,
the crescent-shaped separation bubble and the subsequent horseshoe-shaped
eddies as described previously for the isolated wheelset case can be seen in
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Figure 6.6(b). However, the eddy structures on the rear wheel surface are not
well organized: the crescent-shaped separation bubble regions from the primary
separation along the wheel front rim edge are distorted severely by the incident

vortices, and the horseshoe-shaped eddies are dissipated rapidly downstream.
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(b) Side view
Figure 6.6: Iso-surfaces of the instantaneous normalized Q criterion (tandem wheelsets)

Figure 6.7 displays the bogie wake structure represented by the iso-surfaces of
the normalized Q criterion at the value of 50 (based on Q/[(U,/D)?], where D is
the wheel diameter). They are coloured by the velocity magnitude. Figure 6.7(a)
shows that the various scales of vortices are formed near the wheel-frame
junction regions as the geometry components are relatively more concentrated
there. Another characteristic worthwhile noting is that the streamwise ‘rib’ vortices
developed behind the upstream axle inside the wheels are evidently seen and
distributed obliquely along the streamwise direction since the turbulent flow
develops more rapidly close to the mid-span axle region due to much less
blockage far away from the wheel-frame junction area within the bogie.
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Based on Figure 6.7(b), it can be noticed that along the front sharp edges of the
upstream wheel, a crescent-like separation bubble is formed and has a much
narrower distribution compared with the tandem-wheelset case (shown in Figure
6.6b). The horseshoe-shaped eddies are located semi-circularly along the axle
on the upstream wheel front surface, dissipating and mixing with the eddies
generated from the wheel tread surface. The reason for the different vortex
distribution along the wheel surface of the bogie compared with the isolated and
tandem-wheelset cases is that the presence of the frame changes the flow
behaviour around the wheelset. Moreover, after the flow is separated at the front
edge of the frame, the vortices interfere with the upstream wheelset wake mainly

along the front half part of the frame and then dissipate rapidly downstream.
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(b) Side view
Figure 6.7: Iso-surfaces of the instantaneous normalized Q criterion (simplified bogie)

For the current case, the front and rear axles are separated by the distance of 14
times the axle diameter. Within this large separation length, the downstream axle

is well outside the recirculation region of the upstream axle wake and the
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turbulent flow convected from the upstream axle changes the shedding
characteristics of vortices generated from the downstream axle. This is shown in
Figure 6.8(a) where the wake structures behind the two axles are illustrated by
the contours of the instantaneous non-dimensional spanwise vorticity fields (w, =
(oV/ox —oU/dy)D /U, where D is the wheel diameter) in axle mid-span. As the
downstream axle is sufficiently far away from the upstream one, the vortex
shedding may be generated from both axles as a co-shedding flow pattern as
stated in Section 6.1. It is shown that the downstream axle experiences the
periodic impingement of vortices shed from the upstream axle; consequently, the
flow around the downstream axle becomes highly unsteady. The incident vortices
are greatly deformed as they are swept over the downstream axle; thereby, all
vortices are mixed up behind the rear axle, leading to the synchronized behaviour
of the downstream axle wake. Additionally, in this axle mid-span, the flow
separation around the rear axle (8 = 88.2°) occurs later than for the front axle
(6 =82.1°%) as the boundary layer developed around the downstream axle
becomes turbulent due to the incoming flow interactions. The separation angle 6
is defined here in the clockwise direction with zero at the axle front stagnation

point.

In comparison with the flow developed behind the axles, the flow around the
wheels shows different characteristics, as displayed in Figure 6.8(b) in terms of
contours of the instantaneous spanwise vorticity fields (w,) in the wheel mid-
span. This shows that the wakes behind both the upstream and downstream
wheels are highly unsteady with lower turbulence levels since no large-scale
coherent vortex shedding occurs there. Compared to the axle, the wheel has a
very small aspect ratio (the ratio of geometry spanwise length to its diameter) with
sharp rim edges. Thus, the wake behind the upstream wheel is different from that
near the upstream axle. The flow separates from the upstream wheel front edges
and interferes with the flow separations generated on the wheel tread. Therefore,
the coherent vortex shedding cannot be formed behind the front wheel and the
wake developed there becomes fully three-dimensional. The separation length
between the front and rear wheels is about three times the wheel diameter,

leading to the downstream wheel being under strong influence from the wake of
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the upstream wheel. The incident vortices convected from the upstream
geometries impinge on and interfere with the vortices separated from the

downstream wheel, making the flow structure around the downstream wheel less
organized but highly unsteady.

(@) Axle mid-span

(c) Frame mid-span
Figure 6.8: Contours of the instantaneous spanwise vorticity fields in a vertical plane
(side views)
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The contour of the instantaneous spanwise vorticity fields (w,) along the frame
mid-span is displayed in Figure 6.8(c). This shows that flow separation occurs at
the front edge of the frame, interfering with the boundary layer developed on the
frame top and bottom surfaces. The vortices generated and convected
downstream along the frame are separated again at the frame trailing edge,

resulting in a wake area with irregular shear flow.

The distinct characteristics of the wakes behind the axle and wheel can also be
revealed by the flow unsteadiness. Figure 6.9 shows the power spectral densities
of the gauge pressure at different positions in the wakes of the front and rear
wheelsets: behind the axle and the wheel and at the inner wheel-axle corner.
Considering a point with a distance of one axle radius from the top side of the
front axle at the mid-span between the wheel inner side surface and bogie
symmetry plane, a tonal peak appears in the spectrum at 324 Hz as seen in
Figure 6.9(a). This frequency is associated with the vortex shedding from the front
axle, and the corresponding Strouhal number (non-dimensionalized by the
freestream velocity and the axle diameter) is 0.19, typical of vortex shedding from
a cylinder. By contrast, the pressure signal at a similar position behind the rear
axle is more broadband with no tonal peak and lower amplitudes. Figure 6.9(b)
illustrates the spectra of the pressure at the point with a distance of one wheel
radius away from the top of the front and rear wheels at wheel mid-span. The
PSDs are broadband with no evident peak and their amplitudes are similar to
each other, indicating that the flow behind the front and rear wheels is fully
turbulent and the wake contains similar turbulence structures with various scales.
Figure 6.9(c) shows the results of points located at 13 mm (0.75d) away from the
wheel inner rim in line with the top of the axles. From the front wheelset inner
wheel-axle corner, two peaks appear at the frequencies of 324 Hz and 641 Hz:
the tonal peak (first harmonic) is related to the axle vortex shedding as mentioned
in Section 5.3.2; and the second harmonic with twice the shedding frequency
corresponds to the interaction between the periodic vortex shedding from the axle
and the wheel inner surface, resulting in the surface fluctuations developed on
the wheel surface downstream of the axle. The flow interactions mainly change

the fluctuating drag from the wheelset and introduce a tonal peak at double the
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shedding frequency. Itis also noted that due to the influence of the turbulent wake
interaction effects, the spectrum of the pressure signal at the point in the inner
wheel-axle corner of the rear wheelset is more broadband and with much lower

amplitude than that from the front wheelset.
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Figure 6.9: Power spectral densities of pressure at bogie wake positions

6.3.2 Lift and drag coefficients

All simulations were run for 0.1 s to allow the flow field to stabilize before

collecting the time histories. These are expressed as lift and drag coefficients in
which the forces are non-dimensionalized by (%pOUfoA), where A is the projected
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frontal cross-section area of the bogie. The data are divided into three 50%
overlapping segments. Mean and root-mean-square fluctuating lift and drag
coefficients are calculated for each segment, which can be used to check the
development of the flow and the convergence of the statistics collected. Table 6.1
summarizes the RMS and mean results from the three overlapping time windows.
It is shown that the variations of the RMS values between each segment are very
small (less than 4%) and the discrepancies in mean drag coefficient are less than
0.1% and in side force coefficient less than 4%. The mean lift coefficient is always
less than 0.005 for each segment (not shown in the table). Therefore, this
indicates that the transient flow field has become statistically steady and the
source data collected can be used for far-field noise prediction. Note that the RMS
lift coefficient is about six times larger than the RMS drag coefficient, suggesting
that the oscillation of unsteady force is much higher in the direction normal to the
axis than that along the flow direction.

Segmentl Segment2 Segment3  Total length
(0.1-0.35s) (0.225-0.475s) (0.35-0.6s) (0.1-0.6s)
Fluctuating lift 0.2289 0.2280 0.2243 0.2267
RMS | Fluctuating drag 0.0390 0.0398 0.0398 0.0394
value F'“CtL]fs:'Cnf side 50781 0.0811 0.0809 0.0791
Mean | Drag coefficient 1.4991 1.4978 1.4986 1.4989
value Side force
coefficient -0.2681 -0.2588 -0.2597 -0.2639

Table 6.1: Root-mean-square and mean values of aerodynamic force coefficients
(simplified bogie)

The PSDs of the fluctuating lift coefficients of the symmetrical half bogie
simulated and its components (frame, front and rear wheelsets) are presented in
Figure 6.10. A tonal peak (Figure 6.10a) appears in the lift coefficient of the bogie
at 324 Hz, giving a Strouhal number (non-dimensionalized by the freestream
velocity and the axle diameter) of 0.19. As mentioned in the previous section, this
peak is related to the vortex shedding around the axle of the upstream wheelset,

which appears in the spectrum of the front wheelset shown in Figure 6.10(b). A
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broad hump between 160 Hz and 390 Hz can be observed in the lift coefficient of
the rear wheelset (Figure 6.10b), which may correspond to the mixture of the
incident vortices convected inside the bogie with the eddies generated by the flow
passing the rear wheelset. Moreover, the contribution to the oscillating lift force

from the frame is much smaller (Figure 6.10a) compared with other components

of the bogie.
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Figure 6.11: Power spectral densities of drag coefficients

Figure 6.11 shows the PSDs of the fluctuating drag coefficients of the symmetrical
half bogie and its components. A peak appears in the drag coefficient of the bogie

and the front wheelset at 641 Hz, which is twice the frequency of the tonal peak
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in the lift coefficient while at a much lower amplitude. This peak corresponds to
the fluctuating drag induced by the vortex shedding from the upstream axle. As
for the isolated wheelset, the alternate periodic vortex shedding from the front
axle interacts with the boundary layer developed on the wheel side surface and
the unsteady flow separated from it; thus, the resulting wake induces a regular
fluctuating drag around the front wheelset. It is noted that the spectra of the drag
coefficient from the frame and the rear wheelset are broadband as there is no
significant coherent vortex shedding developed around them. Compared with the
front wheelset, the spectrum level of the rear wheelset is lower in most of the
frequency range and the contribution to the fluctuating drag force from the bogie

frame is comparatively small, about one order of magnitude smaller.
6.3.3 Wall pressure fluctuations

Figure 6.12 displays the wall fluctuating pressure level in decibels (L, =
10log(F/pfef), where p’2 is mean-square fluctuating pressure and Dref IS

reference acoustic pressure 20uPa) on the bogie surface, which can be used to
identify the potentially significant noise source regions. This shows that the
surface pressure fluctuations are generally high in the rear half of the upstream
axle due to vortex shedding and flow recirculation behind the front axle. As shown
in Figure 6.12(a), high pressure fluctuations appear on the upstream wheel inner
side surface behind the axle as the consequence of the flow interacting between
the axle wake and the flat wheel side surface. Moreover, a crescent-shaped large
pressure fluctuation region develops at the upstream half of the front wheel side
surfaces owing to the flow separation generated from the wheel front sharp edges.
All these high pressure fluctuations are the main contributors to the lift and drag
dipoles developed from the front wheelset, as will be discussed in the next section.
This also indicates that the massive vortex shedding generated from the front
axle may potentially be a major contributor to the noise radiated from the bogie.
Furthermore, the high pressure fluctuations can be seen around the downstream
wheelset due to the flow impingement by the incoming vortex convected from the
upstream geometry as well as the flow separation developed from the rear wheel
front edges and the vortex shedding formed behind the rear axle. However, the

distributions of the fluctuating pressure on the downstream wheelset are rather
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irregular and mainly concentrated in the upstream area. Compared to the
wheelsets, the pressure fluctuations on the frame surface are much sparser and
also distributed mainly on the upstream half. Additionally, the wall pressure
fluctuations on the outer surfaces (Figure 6.12b) of the wheel and frame have
similar distribution properties to those on the inner surfaces of them as described
above.

L,(dB): 100 105 110 115 120 125 130 135

(a) Bogie inner surfaces (b) Bogie outer surfaces
Figure 6.12: Wall pressure fluctuation level of the simplified bogie

6.3.4 Divergence of Lamb vector

Figure 6.13 visualizes the divergence of the Lamb vector (defined in Section 2.2.4)
to display the spatial distribution of the aeroacoustic volume sources produced
from the tandem wheelsets and isolated bogie. It shows that for both cases, the
predominant contributions of volume noise sources come from the massive flow
separations generated from the front edges of the upstream wheels and the
various shedding vortices developed within the front axle wake. Furthermore, the
volume noise sources located along the downstream wheelset of the tandem
wheelsets (shown in Figure 6.13a) develop more abundantly compared to those
situated around the downstream wheelset of the bogie (shown in Figure 6.13b).
This is due to the presence of the frame which makes the incoming flow to the
downstream wheelset less energetic for the bogie case. It also indicates that the
turbulent wake behavior has an effect on the wall surface pressure fluctuations.
Some noise sources can be seen at the axle end surfaces of the tandem
wheelsets and the frame front corners of the bogie owing to the flow separations

occurring there. However, such flow separations are relatively weak in
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comparison with the flow unsteadiness developed around the front and rear
wheelets.

Divergence of
Lamb vector: -6E+07

Divergence of
Lamb vector: -6E+07

(b) Simplified bogie
Figure 6.13: Visualization of the divergence of the Lamb vector in horizontal plane
through centre of wheelset (bottom views)

6.4 Aeroacoustic Results

The source data are collected for far-field noise prediction only when the transient
flow field has become statistically steady, as discussed in Section 4.5. Based on
the near-field unsteady flow data obtained from the CFD calculations, the far-field
noise signals can be predicted by the FW-H method using equivalent acoustic
sources. There are 104,928 panels (surface elements) around the bogie which
account for the acoustic sources on the solid surfaces and 74,496 noise source
panels for the tandem-wheelset case. As in Chapter 5, the receivers are

distributed uniformly along a circumference with 2.5 m radius at an interval of 5°
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as sketched in Figure 6.14 to measure the two-dimensional noise directivity
through the upstream and downstream wheelset centreline respectively along the
vertical z-y plane. A similar circular-shaped grid of receiver positions is defined
along the horizontal x-z plane (see Figure 6.1). Note that the sound waves
generated from the axles of the two cases here would be shielded by the wheel
or frame for the side receivers close to the tandem-wheelset or bogie horizontal
central plane, which cannot be accounted for by an incompressible flow solver.
Nevertheless, similar to the isolated wheelset case discussed in Section 5.5.3,
the influence of the noise shielding by the wheel or frame would be expected to
be rather small, especially for the current cases with low Mach numbers.

Receivers

Wheelset (front or rear)

Figure 6.14: Sketch of receiver locations in the z-y plane
6.4.1 Acoustic spectra computation

The CFD simulations were run for 1.2 s corresponding to 21 times the flow-
through time (L,./U., Where L, is the computational domain length). The length
of the time signal used as input to the FW-H method for noise calculation is
related to the last 0.56 s of the computation. As previously, the PSD is computed
from the predicted far-field noise time-history by Welch’s method and averaged
over 50% overlapping segments using a Hanning window applied to 5 segments,

giving a frequency resolution of 6 Hz.

Figure 6.15 shows the spectra of the noise radiated from the front and rear bogies
(i.e. the front and rear half parts of the half bogie symmetrical along the axle mid-
span) at three receivers in the z-y plane as described in Figure 6.14. The spectra

124



Jianyue Zhu Tandem Wheelsets and Simplified Bogie

at receiver 3, which is located 0.434 m above the axle axis, are plotted in Figure
6.15 (a). It can be seen that two tonal peaks appear at the frequencies of 324 Hz
and 652 Hz since both lift and drag dipole components influence the radiated
sound at this receiver, especially from the front bogie. The primary peak
corresponds to the dominant peak in the oscillating lift forces related to the vortex
shedding from the axle as seen in Figure 6.10. The peak at the second harmonic
is associated with the dominant peak in the oscillating drag forces (see Figure
6.11). As stated in Section 5.3.3, the frequency of the fluctuating drag is twice
that of the fluctuating lift. Additionally, the highest peak corresponding to the
oscillation lift dipole component appears at receiver 19 as it is located right above
the bogie, as shown in Figure 6.15(b), while the largest drag dipole component
occurs at receiver 1 (Figure 6.15c) which is in the lateral direction. Compared with
the front part of the bogie, the noise radiated from the rear part of the bogie is
more broadband, resulting from the irregular and unsteady flow passing over it.
In a turbulent inflow condition, the tonal peak related to the periodic vortex
shedding generated around the downstream axle still can be observed on
receivers 3 and 19; however, its amplitude is much lower compared to that of the
upstream axle since the turbulent flow convected from the front axle becomes
dissipated as indicated from Figure 6.7 and the incoming flow speed around the
rear axle is decreased to about 18 m/s of the mean velocity compared to the

inflow velocity of 30 m/s.
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Figure 6.15: Spectra of acoustic pressure on far-field receivers (U,=30 m/s)

6.4.2 Experimental verification

Experimental measurements of sound generated by flow past the tandem
wheelsets and simplified bogie were carried out in an open-jet anechoic wind
tunnel. Measurements were taken for the same geometries as used in the
numerical simulations. A model consisting of two half wheelsets connected by a
bogie frame was attached to a baffle plate. The bogie was immersed within the
core flow and the remaining parts in connection with the baffle plate were
wrapped with foam to suppress the aerodynamic noise generated due to flow
interaction with these regions. The experimental setup for the tandem-wheelset
case is displayed in Figure 6.16(a) and for the bogie case in Figure 6.16(b), where
the test model is mounted in the working section on the rigid baffle. The same
instruments of signal analyser and microphone array were used for both cases.
Identical to the isolated wheelset case (see Section 5.5.2), the flow speed was
30 m/s with the turbulence level in the jet core below 0.3%. The measurement
was made with a sampling rate of 48 kHz and contained a time signal of length
10 s. Corresponding to the frequency resolution used in the simulation, the PSD
of the experimental data was also computed by Welch’s method with 6 Hz
bandwidth. In accordance with the numerical predictions, the receiver identified
as ‘top microphone’ in Figure 6.16(b) was located at (-18, 1375, 31.3) of which
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the dimensions were in millimetres and the coordinates (see Figure 6.2) were

defined with the origin at the centre of upstream axle outer end surface.

Top Microphone|

(&) Tandem wheelsets (b) Simplified bogie
Figure 6.16: Experimental setup in the anechoic chamber
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Figure 6.17: Background noise for a mean stream flow speed of 30 m/s (top receiver)

Figure 6.17 displays the spectra of background noise in the anechoic chamber
for a mean stream flow speed of 30 m/s. Same as the wheelset case (see Section
5.5.2), the experimental results are only considered above 100 Hz due to the low-
frequency background noise generated in the anechoic wind-tunnel.

Figure 6.18 displays the spectra of the radiated noise at the top microphone

receiver (shown in Figure 6.16b) for the tandem wheelsets and bogie cases.
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Figure 6.18(a) compares the PSD level of the tandem-wheelset case between
the noise prediction and experimental measurement. Very good agreement is
achieved for the dominant frequency of the tonal noise and the shape of spectra.
Even a small peak around 940 Hz (third harmonic) is properly captured in the

computation (as also seen for the isolated wheelset).
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Figure 6.18: Comparisons of far-field noise spectra between simulation and experiment

Figure 6.18(b) shows that the PSD of the far-field noise radiation generated from
the bogie in the numerical simulation also compares well with the experimental
measurements for this case. The dominant frequency of the tonal noise from the
experiment (314 Hz) is slightly lower (around 3%) than the prediction (324 Hz).
This is likely due to that the bogie has a relatively long configuration longitudinally
and may not be situated completely inside the core region of the open-jet flow.
Compared with the bogie case, the blockage effect of the open-jet wind tunnel is
smaller for tandem wheelsets without frame. It is noted that a broadened hump
appears around 250 Hz for the tandem-wheelset case and 280 Hz for the bogie
case in the measurements; however, no such humps are observed in the
simulations of both cases. As discussed in Section 5.5.2, these broad peaks may
correspond to the noise contribution from the interaction between the (front or
rear) axle wake and the baffle plate, i.e. the vortex shedding generated from the
axle at the axle-baffle junction area is decayed by the unsteady flow developed

on the rigid plate and thereby the corresponding shedding frequency is decreased.
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This same phenomenon has been found in the experiments of flow-induced noise
from wall-mounted cylinders [108]. Note that compared to the spectrum from the
bogie, the low frequency broadened hump is larger from that of the tandem
wheelsets, which is due to the stronger interaction between the vortex shedding
and the baffle plate boundary layer produced around the axle-plate junction areas
of the tandem wheelsets. As this broad peak amplitude is about 8 dB lower than
the tonal peak level, accordingly, its contributions to the overall sound pressure
level are not significant. Moreover, compared with the experimental data, the
tonal peak has a higher amplitude from the calculations in both cases. This may
be influenced by the solid wall (rigid baffle) used in the experiment which weakens
the coherent vortex shedding from the axle while the symmetric boundary
conditions with stronger spanwise uniformity are applied in the simulation. The
OASPL in the frequency range between 100 Hz and 2 kHz is calculated for the
experimental measurements and it is slightly higher (0.7 dB) in the bogie case
than the tandem-wheelset case, indicating that the noise contribution from the

frame of the bogie is small.

6.4.3 Acoustic directivity

The directivity of the noise radiated to far-field is calculated based on the OASPL
determined from the PSD in the frequency range below 2 kHz. Some numerical
artefacts of the far-field noise simulation appear above 2.5 kHz due to grid
resolutions and are not included in calculating the OASPL as this is in excess of
the main energy-containing frequency range. This can be confirmed from the
experimental results (see Figure 6.18) in which the noise level is much lower and
drops remarkably for frequencies above 2 kHz. Figure 6.19 displays the noise
directivities from the front and rear wheelsets in the vertical z-y plane. It can be
seen that the noise level from the front or rear wheelset of the tandem wheelsets
and bogie are very similar except at the horizontal plane through the axle
centreline (a=0° or 180°) where the presence of the frame leads to the differences
between them (3 dB for front wheelset and 0.8 dB for rear wheelset). Compared
with the front wheelset, the noise radiated from the rear wheelset is reduced by
up to 9 dB except near a=0° or 180°. This is because the turbulent flow convected

from the front wheelset is dissipated while the trailing wheelset is subject to a
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smaller mean incident flow velocity of about 16 m/s. Moreover, the incident
vortices impinge upon and interact with the vortices separated from the
downstream wheelset, and thus the sound generated from periodic shedding at
the rear wheelset may be lost and replaced by a broadened spectrum with a lower
level. Nevertheless, at the axle centreline along the lateral side (a=0° or 180°),
the flow separation is stronger from the downstream wheelset than from the
upstream wheelset, leading to the noise level there being about 3 dB higher for

tandem-wheelset case and slightly larger for bogie case.
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Figure 6.19: Noise directivity of front and rear wheelsets in vertical z-y plane
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Figure 6.20: Noise directivity of front and rear wheelsets in horizontal x-z plane
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The directivities of noise radiated from the front and rear wheelsets in the
horizontal x-z plane along the flow direction are illustrated in Figure 6.20. Since
the frame of the bogie changes the flow behaviour around the wheelset, the noise
generated from the front wheelset of the bogie is up to 4 dB higher than that from
the tandem wheelsets while for the rear wheelset the corresponding difference is
about 1 dB.
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Figure 6.21: Three-dimensional noise directivity for front and rear wheelsets of
simplified bogie (centre of directivity pattern corresponds to 50 dB)

The three-dimensional directivities of noise calculated from the surface source on
the front and rear wheelsets of the whole bogie are shown in Figures 6.21(a) and
6.21(b) respectively. Again, it is noted that a distinct dipole pattern of directivity
perpendicular to both the freestream direction and the wheelset axis is predicted
for the sound radiation from the upstream wheelset (Figure 6.21a), indicating that
the lift dipole is a dominant noise source (see also Figure 5.30 for the isolated
wheelset). By comparison, the directivity pattern of the downstream wheelset
(Figure 6.21b) is omni-directional with more uniform magnitude in each direction,
resulting from the contributions from the lift and drag dipoles which are aligned
perpendicular to each other. This is because the flow separated from the axle of
the front wheelset is dominated by the periodic vortex shedding, whereas the rear
wheelset is submerged in the upstream wheelset wake and situated in a turbulent

condition as shown in Figure 6.7, and thus the irregular flow feature makes the
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noise radiation more broadband and multi-directional. Additionally, it also shows
that the amplitude of the noise radiated by the rear wheelset is much smaller

compared to that from the front wheelset, as discussed above.

Figure 6.22 displays the same results, the noise directivities from the front and
rear half parts (divided by the frame transverse mid-plane) of the whole bogie in
the vertical z-y plane. In addition, their components are shown. It can be seen
that the noise radiated from the rear half-bogie is smaller (up to 7.3 dB) than from
the front half-bogie. This is because the upstream geometries are in the
freestream conditions and the surrounding flow is characterized by large-scale
regular vortex shedding; however, the approaching flow around the downstream
geometries is highly turbulent but less energetic. Note that the noise is 0.7 dB
higher from the downstream half-bogie at a=0° or 180° along the bogie lateral
side, which is due to a slightly stronger flow separation generated from these
regions. Moreover, the noise levels for the front half-bogie and front wheelset are
very close and the difference in noise level between the rear half-bogie and rear
wheelset is around 1 dB. In contrast the noise from the frame is much smaller.
This again suggests that for the simplified bogie case, the main noise
contributions come from the wheelsets. The noise radiated from the rear frame is
2.5-4.5 dB larger than from the front frame because of the stronger vortex
shedding and flow separation occurring at the frame ends, but is still at least 5

dB lower than the noise from the corresponding wheelset.
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Figure 6.22: Noise directivity of front and rear half-bogies in vertical z-y plane
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Figure 6.23 depicts the three-dimensional directivity pattern (starting at 50 dB) of
noise radiated from the whole bogie. The noise directivity from the bogie in the
vertical x-y plane is compared with that from the tandem wheelsets in Figure 6.24.
It can be seen that for both cases, the directivity pattern exhibits a dipole with an
evident radiation bias upwards to the inflow direction and almost symmetrical fore
and aft along the horizontal x-z central plane. Note that the similar directivity
pattern of sound radiation occurs from the two cases with the slight difference of
noise levels between them, which also demonstrates that the wheelsets are the
dominant noise sources of the bogie and the noise contribution from the bogie

frame is relatively small.
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6.5 Summary

The flow behaviour and the aerodynamic noise characteristics developed from
tandem wheelsets and a simplified bogie have been studied using the DDES
model and the FW-H acoustic analogy method. It is found that both streamwise
and spanwise vortices are generated due to flow separation and vortex shedding
around the tandem wheelsets and the bogie. The primary behaviour of the flow

past the two geometies is that the vortices shed from the upstream geometries
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are convected downstream and impinge on the downstream ones, leading to a
highly turbulent wake behind the downstream bodies. For both bogie and tandem-
wheelset cases, good agreements are achieved between the numerical
predictions and experimental measurements in terms of the tonal peak
characteristics and spectra shapes. Tonal noise is generated with dominant
frequencies corresponding to the lift dipole due to the vortex shedding around the
axles. Furthermore, a vertical dipole pattern of noise radiation is predicted for the
upstream wheelset, whereas the downstream wheelset has a multi-directional
directivity pattern due to a combination of lift and drag dipoles and its sound
generation is relatively weaker. Expressed relative to the geometry centre, the
noise directivity has a biased dipole pattern towards the upstream direction as a
consequence of large-scale regular vortex shedding produced from the upstream
geometries whereas the downstream bodies are submerged in the decayed and
less energetic turbulent incoming flow. Compared to the wheelsets, the frame of
the bogie is a minor noise source. Note that for the real case, the bogie is situated
inside the bogie cavity and the inflow passing over it is turbulent, and thus the
fluctuating lift amplitudes and the corresponding tonal noise levels will be
changed. This will be discussed in the next chapter.
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Chapter 7
Simplified Bogie inside Bogie Cavity

The isolated bogie case studied in the previous chapter focuses on the behavior
of flow and noise produced from the bogie structure alone. In reality, the bogie is
situated in the bogie cavity. The flow underneath the vehicle carboby will interact
with the flow developed around the bogie areas. This chapter investigates the flow
behaviour and noise radiation characteristics for a simplified bogie situated inside
the bogie cavity beneath the train and the differences from using a fairing for the
bogie cavity are compared. For the bogie-inside-cavity case with the ground
underneath, the influence of a moving ground plane and the rotation of the
wheelsets is discussed. The emphasis will be put on the flow interactions between
the bogie and the bogie cavity, and then the corresponding characteristics of the
noise generated from the bogie structure alone and all the geometries when the
bogie is located inside the bogie cavity. The differences of the flow and noise
behavior between the isolated bogie case and bogie-inside-cavity case will be

compared.
7.1 Geometry of Bogie Cavity without and with the Fairing

The bogie-inside-cavity case is again symmetrical in the axle mid-span where the
flow influence of the wheel and frame is small; therefore it is reasonable to include
only half of the geometry and make use of the symmetry to reduce the simulation
size and time. Figure 7.1 shows the models of the simplified bogie inside the bogie
cavity without and with the fairing at 1:10 scale used in this study. The dimensions
of the half symmetrical cavity (see Figure 7.1a) are 4.5D x 1.5D X 0.8D (length,
width and depth, where D is the wheel diameter) and thereby the bogie cavity has
a length-to-depth ratio of about 6, which may be described as an open cavity. The
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carbody under-floor surfaces are 4 mm higher than the bogie horizontal central
plane. The fairing is shown in Figure 7.1(b). It has a thickness of 3.5 mm and an
identical length and depth to the bogie cavity. The top half of the bogie is situated

within the bogie cavity and covered by the fairing.

(a) Without fairing (b) With fairing
Figure 7.1: Models of simplified bogie inside the cavity

7.2 Numerical Setup

The computational domain for the case of the half bogie inside the cavity without
the fairing is illustrated in Figure 7.2. It has dimensions of 20.7D, 11D and 6.3D
(where D is the wheel diameter) along the streamwise (x), vertical (y) and
spanwise (z) directions, respectively. Thus, the outlet and side boundaries are far
enough away to have negligible influence on the flow developed around the bogie
and the cavity. For both cases of bogie inside the bogie cavity with and without the
fairing, the mesh topology and boundary conditions applied are identical to the
isolated bogie case as discussed in Chapter 6. Here the carbody and fairing
surfaces are also defined as stationary no-slip walls where the distance from the
geometry wall surface to the nearest grid point is set as 10~ m and stretched with
a growth ratio of 1.1 in the wall-normal direction inside the boundary layer to keep
y* on the order of 1 to account for the low-Reynolds number effects. The
upstream inlet flow is again set to 30 m/s with a low turbulence intensity and the
downstream boundary is defined as a pressure outlet with a gauge pressure of
zero. Note that a periodic boundary condition could be better for the multi-bogie
case of high-speed train in reality but for the sake of comparison, the similar
boundary conditions as the previous cases are applied. The total number of grid
points in the entire domain is 36.5 million for the bogie-inside-cavity case without
the fairing and 38.9 million for the case with the fairing. The same mesh models
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will be utilized subsequently in Chapter 8 for the noise predictions using permeable
data surfaces in the FW-H method.
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Figure 7.2: Sketch of the computational domain of bogie cavity case without fairing
(not to scale)

7.3 Aerodynamic Results

As in previous chapters, in order to investigate the flow-field characteristics
developed around the geometries, the velocity and vorticity fields, the
instantaneous iso-surfaces of Q criterion, the gauge pressure at wake positions,
the fluctuating force coefficients and the wall pressure fluctuations from the

geometries are presented and compared.

7.3.1 Instantaneous flow field

Figure 7.3 depicts the instantaneous non-dimensional velocity field of the bogie
inside the cavity without and with the fairing at the wheelset horizontal mid-plane,
displayed as a bottom view. It is shown that a massive flow separation occurs at
the front edge of the frame outer corner, interfering with the boundary layer
developed on the frame side surfaces. The vortices are convected downstream
along the frame surface and separated again at the frame ends. Also, the
noticeable flow separations are generated from the upstream wheel front edges at
the side surfaces. The vortices formed in the front wheelset wake are convected
downstream inside the bogie region and impinge on the rear wheelset, leading to

the unsteady flow developed around the rear wheelset. Thereafter, the flow
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impinges on the cavity rear wall and as a result, the flow interactions are decreased
significantly and a weak wake is generated downstream along the vehicle
underbody surface except at the cavity rear corner where the wake is relatively
stronger due to more turbulent flow impingements and interactions occurring there.
When the bogie cavity is mounted with the fairing, the flow separations occurring
at the front edge of the frame outer side surface and cavity rear corner are reduced
since the flow development around these areas is impeded considerably by the
existence of the fairing; however, the flow field becomes more energetic around
the outer surface of the downstream half frame as the flow interactions are

strengthened inside the gap region between the frame and the fairing.

(a) Bogie inside bogie cavity without fairing

(b) Bogie inside bogie cavity with fairing

Figure 7.3: Contours of instantaneous velocity magnitude in horizontal plane through
centre of wheelset (bottom views)

138



Jianyue Zhu Simplified Bogie inside Bogie Cavity

Figure 7.4 shows the corresponding velocity field at the half-axle vertical mid-plane.
For both cases with and without the fairing, it is noted that the direction of the
incoming flow to the upstream axle goes upwards toward the cavity upper wall. As
a consequence, the boundary layer on the axle surface cannot be fully developed
and separated earlier. Thus, no vortex is formed in the region behind the
separation point and the subsequent vortex shedding is lost. This is different with
the isolated bogie case (shown in Figure 6.5) where the organized vortex
structures are formed and dominated by a large alternating vortex shedding in the
upstream axle wake. Compared to the front axles, the rear axles are immersed in

the turbulent flow and also no regular vortex shedding is developed around them.

(b) Bogie inside bogie cavity with fairing

Figure 7.4: Contours of instantaneous velocity magnitude in vertical plane through axle
mid-span (side views)

Figure 7.5 visualizes the flow structure represented by the iso-surfaces of the
normalized Q criterion at the value of 50 (based on Q/[(U,/D)?], where D is the
wheel diameter) for the bogie located in the bogie cavity without the fairing. They
are coloured by the velocity magnitude. Figure 7.5(a) shows that the vortices shed
from the upstream geometries impinge on the downstream ones, generating a

highly turbulent wake behind the bogie; and subsequently, all vortices impinge on
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the cavity rear wall, deform largely and are merged into the eddies formed
downstream behind the cavity. It can be observed from Figure 7.5(b) that different
scales of vortices are generated between the upstream wheelset and cavity top
wall as the various flow interactions and impingements occur there. Moreover,
compared with the flow developed around the bogie, a higher level of flow-field
unsteadiness is generated in the wake close to the cavity rear wall; nevertheless,
it dissipates rapidly downstream as the flow development is impeded by the vehicle

carbody wall surface.
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(b) Side view
Figure 7.5: Iso-surfaces of the instantaneous normalized Q criterion (case without fairing)

Figure 7.6 displays the corresponding results for the bogie cavity case shielded by
the fairing. It can be seen that the flow structures are very similar for the two bogie
cavity cases without and with the fairing except around the regions of the
downstream half of the cavity and the cavity rear wall where the unsteady turbulent
flow is reduced markedly in the case with the fairing in comparison with the case
without the fairing since the flow development in these areas is impeded by the
fairing. Moreover, the velocity magnitude of the flow developed around the bogie
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inside the cavity with the fairing is distributed evenly with the similar contour levels,
indicating that an energetic turbulent flow with relatively uniformity is generated

within the bogie cavity.
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Figure 7.6: Iso-surfaces of the instantaneous normalized Q criterion (case with fairing)

Figure 7.7(a) depicts the instantaneous non-dimensional spanwise vorticity field
(w, = (@V/0x —0dU/dy)D /U, where D is the wheel diameter) in the axle mid-
span for the bogie-inside-cavity case without the fairing. It shows that a shear layer
is shed from the cavity leading edge and bent upwards quickly in the streamwise
direction. This shear layer travels downstream and has a strong interaction with
the flow separated from the upstream axle. Subsequently, all vortices are mixed
up and impinge on the upper wall of the cavity, leading to the unsteady flow with
complex structure formed there. Additionally, it can be observed that the wake
behind both the upstream and downstream axles is highly turbulent. The
downstream axle experiences the impingement of vortices shed from the upstream
axle and the vortices developed behind the downstream axle are greatly deformed

as they impinge on the cavity rear wall; thereby, all vortices are amalgamated
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behind the rear axle, leading to the downstream axle wake and the flow near the

cavity rear corners becoming highly irregular and unsteady.

In comparison with the flow developed behind the axles, the flow around the
wheels shows different characteristics, as displayed in Figure 7.7(b) for the
instantaneous spanwise vorticity fields (w,) contours in the wheel mid-span. The
shear layer generated from the cavity leading edge is bent upwards and attached
on the wheel tread as the gap between the wheel and cavity leading edge is
relatively small. Subsequently, the vortices are separated from the wheel top
surfaces as a consequence of the interaction between the attached shear layer
and the boundary layer developed on the wheel tread. Note that the wake behind
the upstream wheel is less organized and more irregular compared to that behind
the upstream axle. The incident vortices convected from the upstream wheel
impinge on and interact with the vortices separated from the downstream wheel,
resulting in a highly turbulent flow generated around the area of the downstream

wheel and cavity rear wall as well as the corner.

The contour of the instantaneous spanwise vorticity field (w,) along the frame mid-
span is displayed in Figure 7.7(c). Once more, a shear layer developed from the
cavity leading edge is bent upwards and interacts with the vortices separated from
the frame top surfaces; thus, the vortical structure between the frame and the
cavity top wall becomes highly turbulent due to flow impingement and recirculation
occurring there. The vortices developed and convected along the frame surface
are separated at the frame ends, generating an unsteady wake region between

the frame and the cavity wall.
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Figure 7.7: Contours of the instantaneous spanwise vorticity fields in a vertical plane for
bogie without fairing

Figure 7.8 shows the power spectral densities of the gauge pressure at different
positions around the bogie wake for the case without the fairing: behind the axle
and wheel respectively, at the inside wheel-axle corner and on the top of the frame.
Compared with the corresponding results in Chapters 5 and 6 (Figures 5.11 and
6.8), it is striking that the tonal component has been suppressed. A broad hump
from 200 Hz to 1 kHz appears in the spectrum in Figure 7.8(a) at a point with a
distance of one axle radius from the top side of the front axle at mid-span, which
may correspond to the mixture of the vortex shed from the front axle under the
condition of turbulent inflow. By comparison, the pressure signal from the
downstream axle at mid-span is more broadband with a higher amplitude. This is
because the turbulent flow convected from the front wheelset interacts with the
bogie cavity flow and therefore the trailing axle is subject to a more energetic
incident flow, as indicated from Figure 7.5. The results in Figure 7.8(b) are shown
for points located at 13 mm away from the wheel rim in line with the top of the front
and rear axle. It is also noted that due to the influence of the turbulent wake
interaction effects, the spectra of the wheel-axle corner pressure signal behind
both the front and rear wheelsets are broadband. Moreover, due to more strongly
unsteady flow generated around the upstream axle, the spectrum from the front

wheelset has a higher level than that from the downstream wheelset in the
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frequency range over 200 Hz. Figure 7.8(c) shows that the spectra of the pressure
at the points with a distance of one wheel radius away from the top of the front and
rear wheel at mid-span are also broadband and the amplitude from the front wheel
is larger than that from the rear wheel within the frequency range above 100 Hz.
The reason is that both the upstream and downstream wheels are close to the
cavity top wall where the strong flow impingements and interactions are developed,
whereas the front wheel experiences additionally the impingement of shear layer
shed from the cavity leading edge, as mentioned earlier. Figure 7.8(d) illustrates
that the spectra of the pressure at the points near the front and rear edge of the
frame at mid-span are broadband with the amplitude from the rear frame slightly
higher in most of the frequency range. Note that all the spectra of the gauge
pressure at the described positions are broadband with no distinct peak, indicating
that the flow developed around the bogie inside the cavity is fully irregular and
highly turbulent.
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Figure 7.8: Power spectral densities of pressure at bogie wake positions for bogie
cavity case without fairing

7.3.2 Fluctuating force coefficients

All simulations were run for 0.2 s before collecting the time histories of

aerodynamic force coefficients in which the forces on the bogie surfaces are non-
dimensionalized by (% poUZA), where A is the projected frontal cross-section area

of the bogie. Table 7.1 summarizes the RMS and mean results from the three 50%
overlapping time windows for the bogie-inside-cavity case without the fairing. It is
shown that the variations of the RMS values between each segment are small (less
than 5%) and the discrepancies in mean drag and side force coefficients are less
than 3%. The mean lift coefficient for each segment is always around -0.056.
Therefore, it indicates that the transient flow field has become statistically steady
and the source data collected can be used for far-field noise prediction. Note that
the RMS side force coefficient is twice the RMS lift coefficient which is only slightly
larger than the RMS drag coefficient, suggesting that the oscillation of unsteady
force is much higher in the lateral direction normal to the flow for the bogie cavity
without the fairing. Compared with the former isolated bogie case presented in
Table 6.1, here the mean drag is about half what it was for the isolated bogie and
the fluctuating drag is similar to that for the bogie alone whereas the fluctuating lift
is greatly reduced by the presence of the cavity.
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Segmentl Segment2 Segment3 Total length
(0.2-0.41s) (0.305-0.515s) (0.41-0.62s)  (0.2-0.62s)
Fluctuating lift 0.0512 0.0493 0.0488 0.0497
RMS | Fluctuating drag 0.0398 0.0415 0.0396 0.0405
[ Fluctuati i
et Il side 0096 0.1032 0.1036 0.1013
Lift coefficient -0.0565 -0.0564 -0.0564 -0.0565
Mean | Drag coefficient 0.7292 0.7229 0.7082 0.7137
value Side force
coefficient 0.2297 0.2328 0.2363 0.2314

Table 7.1: Root-mean-square and mean values of aerodynamic force coefficients
(bogie-inside-cavity case without the fairing)

The PSDs of fluctuating lift, drag and side force coefficients of the bogie and its
components (frame, front and rear wheelsets) for the bogie-inside-cavity case
without the fairing are presented in Figures 7.9-7.11. Compared with the drag and
side force coefficients, the contribution of the frame to the oscillating lift force is
comparatively larger (shown in Figure 7.9a, Figure 7.10a and Figure 7.11a). This
is in contrast to the isolated bogie case (Figure 6.9) where the oscillating lift force
contributions from the frame are relatively small. The reason for such a striking
difference between these two cases is that the shear layer shed from the cavity
leading edge impinges on the frame leading edge (see Figure 7.7c), and hence,
the interaction of the formed upstream vortex with the frame surface induces more
effective fluctuating lift forces. Also different from the isolated bogie case, the
spectrum levels of the rear wheelset are generally higher in most of the frequency
range for all force coefficients than those of the front wheelset, as shown in Figure
7.9(b), Figure 7.10(b) and Figure 7.11(b). This is because the inflow changes the
direction due to the influence from the cavity for the leading wheelset and
subsequently no vortex shedding is formed in its wake area; additionally, more
energetic turbulent incoming flow is generated around the downstream geometries
due to the strong flow impingement and interaction occurring within the rear region

inside the bogie cavity.
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Figure 7.11: Power spectral densities of side force coefficients
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Figure 7.12: Power spectral densities of force coefficients of the bogie-inside-cavity cases

Figure 7.12 depicts the PSDs of fluctuating lift, drag and side force coefficients of
the bogies for the bogie cavity cases with and without the fairing. This shows that
the lift and side force coefficients are close to each other within the frequency range
of 200-2000 Hz and the drag coefficients are similar in most of the frequency range,
indicating that the flow developed around the bogie in the two cavity cases contains
the similar turbulence structure with various scales. In the frequency range below
200 Hz, the lift coefficient is higher for the case with the fairing (Figure 7.12a),
suggesting that the vortex impingement on the bogie is increased by the presence
of the fairing. Moreover, a broad hump between 40 Hz and 130 Hz with higher
spectrum level can be seen in the side force coefficient of the bogie cavity case

without the fairing (Figure 7.12c), which may correspond to the interaction between
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the shear layer shed from the cavity side leading edge and the flow developed
around the bogie. Note that at higher frequencies, above 2 kHz, the spectrum
amplitude is larger for the case with the fairing in the lift and side force coefficients
since more small-scale eddies are generated around the bogie in the cavity

covered by the fairing.

7.3.3 Wall pressure fluctuations

Figure 7.13 displays the wall fluctuating pressure level as defined in Section 6.3.3
on the bogie surfaces for the bogie-inside-cavity cases without and with the fairing.
This shows that for both cases, a high pressure fluctuation appears on the wheel
and frame inner side surface and the axle surface near the axle-wheel junction
region. The surface pressure fluctuations are considerably higher on these areas
for the case with the fairing. This is due to the stronger flow impingement and
interaction occurring around the bogie inside the cavity shielded by fairing,
suggesting that more flow-induced noise may potentially be generated from the
bogie structure itself. Moreover, similar distributions of the wall pressure
fluctuations are developed on the outer surfaces of the wheel and frame for both

bogie cavity cases, as shown in Figure 7.14.

L(dB). 90 95 100 105 110 115 120 X z

(a) Without fairing (b) With fairing
Figure 7.13: Wall pressure fluctuation level of inner bogie surfaces inside the cavity
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(a) Without fairing (b) With fairing
Figure 7.14: Wall pressure fluctuation level of outer bogie surfaces inside the cavity

7.4 Aeroacoustic Results

When the transient flow field has become statistically steady, the far-field noise
can be predicted by the FW-H method using the near-field unsteady flow data. For
both bogie-inside-cavity cases, noise assumed to be generated from the bogie
solid surfaces alone and radiated to a free space is calculated and compared here.
This will give an indication on the changes of the noise sources from the bogie
solid surfaces. The panels (surface elements) distributed on the bogie surfaces
which account for the acoustic sources and the far-field receiver positions defined

are same as the isolated bogie case, see Section 6.4.
7.4.1 Acoustic spectra computation

The CFD simulations were run for 1.1 s corresponding to 17 times the flow-through
time. The length of the time signal used as input to the FW-H method for noise
calculation is related to the last 0.52 s of the computation. The PSD of the far-field

noise signal is computed by Welch's method with a frequency resolution of 6 Hz.
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Figure 7.15: Spectra of acoustic pressure on far-field receivers (bogie inside bogie cavity
without fairing)
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Figure 7.16: Comparisons of spectra of acoustic pressure on far-field receivers

Figure 7.15 shows the spectra of the noise radiated from the front and rear bogies
alone (i.e. the front and rear half parts of the half bogie symmetrical along the axle
mid-span) of the bogie-inside-cavity cases at receiver 3 and receiver 19 in the
vertical z-y plane as described in Figure 6.13. It can be noted that the noise spectra
from both the front and rear bogies are broadband with no vortex shedding peaks
since the flow developed around the bogie inside the cavity is fully unsteady as
discussed in Section 7.3.1. Compared with the front bogie, the spectral level of

noise radiated from the rear bogie is much higher within the frequency range below
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400 Hz. This is due to the stronger flow impingement and interaction developed
around the downstream geometries inside the bogie cavity. Moreover, Figure 7.16
displays the spectra of the radiated noise from the half bogie symmetrical along
the axle mid-span. It is found that compared to the isolated bogie case, the noise
level from the bogie-inside-cavity case without the fairing is lower, particularly at
top receiver 19 where the noise is significantly reduced (the OASPL below 2 kHz
changes from 72.7 dB to 55.2 dB) as no massive vortex shedding is generated

around the bogie inside the cavity.

7.4.2 Acoustic directivity

In order to compare with the isolated bogie case as discussed in Chapter 6, the
noise directivities for whole bogie geometries of bogie cavity cases are obtained
based on OASPL which is calculated from the PSD in the frequency range below
2 kHz. Assuming that the near-field wall pressure fluctuations on the bogie
surfaces are radiated to the free space, Figure 7.17 displays the three-dimensional
directivity pattern of the noise radiated from the whole bogie surfaces relative to
the geometry centre of x=y=z=0 inside the bogie cavity without and with the fairing.
The noise directivities in the vertical z-y and x-y planes are depicted and compared
in Figure 7.18. This shows that the noise directivity of the bogie in the two cases
exhibits a similar lateral dipole pattern with dominant radiation towards the
trackside direction and by comparison, the noise levels between them are very
similar except in the bogie symmetry plane along the axle mid-span where the
noise level is about 1 dB higher for the case with the fairing as a consequence of
the stronger flow interactions generated around the bogie central region. It should
be noted that the sound shielding effect from the bogie fairing cannot be taken into
account here because only the pressure fluctuations on the bogie wall surfaces
are used when the integration surface coincides with a solid surface in the FW-H

method.
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Figure 7.18: Two-dimensional noise directivity radiated from bogie surfaces inside the
cavity

7.5 Bogie inside Bogie Cavity with Ground underneath

For the case of the bogie located inside the cavity with the ground underneath, the

influence of the moving ground and the rotation of the wheelsets is discussed here.

Figure 7.19 shows the model of the bogie inside the bogie cavity with a ground

plane underneath at 1:10 scale (case without the fairing). The dimensions of the

bogie, bogie cavity and carbody are same as the bogie-inside-cavity case as
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introduced in Section 7.1. The gap between the bottom of the wheel and the ground
IS 25 mm to represent the distance of the wheels above the ground when running
on the rails. As shown in Figure 7.20, the computational domain with half
symmetrical geometries has dimensions of 18.5D, 5.8D and 6.3D (D=92 mm is the
wheel diameter) along the streamwise, vertical and spanwise direction,
respectively. All wheelset surfaces are defined as moving no-slip walls and the
rotation effect is implemented by imposing the corresponding rotation velocity on
the solid surface. The ground is set as no-slip walls moving with the inflow velocity.
The other boundary conditions are same as the bogie-inside-cavity cases
described in Section 7.2. The total number of grid points of the entire domain is
39.5 million for the bogie-inside-cavity case with the ground underneath (having no
fairing). As the other cases, the DDES model is applied for flow simulation and the

FW-H acoustic analogy method is used for far-field noise prediction.

Figure 7.19: Model of simplified bogie inside the cavity with ground underneath
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Figure 7.20: Sketch of the computational domain of bogie inside the cavity with ground
underneath (not to scale)
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7.5.1 Instantaneous flow structure

In order to investigate the flow-field characteristics developed around the
geometries for the case of bogie located in the bogie cavity with the ground
underneath (without the fairing), Figure 7.21 visualizes the flow structure
represented by the iso-surfaces of the normalized Q criterion at the value of 50
(based on Q/[(Uy/D)?] in which D is the wheel diameter and coloured by the
velocity magnitude) and Figure 7.22 depicts the instantaneous non-dimensional
spanwise vorticity field (w, = (dV/dx —dU/dy)D/U, , where D is the wheel
diameter) in the axle mid-span. These show that compared with the flow field of
bogie-inside-cavity case without the ground as displayed in Figures 7.5(a) and
7.7(a), more eddies with various scales are developed inside the bogie region
(especially around the rear wheelset) since the rotating wheelsets and moving

ground generate more flow interactions there.

5
QL'.‘"":

(b) Side view
Figure 7.21: Iso-surfaces of the instantaneous normalized Q criterion for the case with
ground underneath
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Figure 7.22: Contours of the instantaneous spanwise vorticity fields in a vertical plane
for the case with ground underneath (axle mid-span, side view)

7.5.2 Acoustic spectra and directivity

As for the bogie-inside-cavity cases mentioned in Section 7.4, noise assumed to
be generated from the bogie solid surfaces alone and radiated to a free space is
calculated for the bogie-inside-cavity case with the ground underneath here to
investigate the changes of the noise sources on the bogie solid surfaces from the
various bogie-inside-cavity cases. The CFD simulations were run for 1 s
corresponding to 16 times the flow-through time. The length of the time signal used
as input to the FW-H method for noise calculation is related to the last 0.5 s of the
computation. Again, the PSD of the far-field noise signal is computed by Welch's

method with a frequency resolution of 6 Hz.
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Figure 7.23: Comparison of spectra of acoustic pressure on far-field receivers
(cases without fairing)
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Based on the numerical simulations on the symmetrical half bogie inside the cavity,
Figure 7.23 shows the spectra of the noise radiated from the wall surfaces of the
half bogie at side receiver 3 as described in Figure 6.14. It is found that compared
to bogie inside bogie cavity without the ground (case without the fairing), the noise
level from the bogie-inside-cavity case with the ground underneath is about 1 dB
higher (the OASPL below 2 kHz changes from 60.5 dB to 61.6 dB) as the stronger
flow is generated there around the bogie inside the cavity as mentioned in the

previous section.
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Figure 7.24: Three-dimensional noise directivity radiated from bogie surfaces inside the
cavity (centre of directivity pattern corresponds to 40 dB)

Again, assuming that the near-field wall pressure fluctuations on the bogie
surfaces are radiated to the free space and neglecting the ground reflections,
Figure 7.24 displays the three-dimensional directivity pattern of the noise radiated
from the whole bogie surfaces relative to the geometry centre of x=y=z=0 inside
the bogie cavity including the effects of rotating wheelsets and moving ground on
the flow. This shows that the noise directivity of the bogie exhibits a lateral dipole
pattern with dominant radiation towards the trackside direction. The noise
directivities in the vertical z-y and horizontal x-z planes are displayed and
compared in Figure 7.25 for the two bogie-inside-cavity cases with and without the
ground underneath. It is found that the noise directivity of the bogie in the two cases
shows a similar lateral dipole pattern, and by comparison, the noise level is up to
2 dB higher for the case including the ground since more flow interactions are

generated by the effects of rotating wheelsets and moving ground.
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Figure 7.25: Two-dimensional noise directivity radiated from bogie surfaces inside the
cavity (cases without fairing)

7.6 Summary

The flow behaviour and the aerodynamic noise characteristics developed from the
simplified bogie inside the bogie cavity with and without a fairing have been
investigated using the DDES model and the FW-H acoustic analogy method. It is
found that for the current bogie-inside-cavity cases, a shear layer developed from
the cavity leading edge has a strong interaction with the flow separated from the
upstream bogie and cavity wall. All vortices are mixed up and convected
downstream and impinge on the downstream geometries and the cavity trailing
edge as well as the rear wall regions. Thus, a highly irregular and unsteady flow is
generated inside the bogie cavity due to the considerably strong flow impingement
and recirculation occurring there. Compared with the bogie cavity case without the
fairing, the stronger flow interactions are developed around the bogie inside the
cavity shielded by the fairing. Additionally, for both bogie cavity cases, the noise
generated from the bogie solid surfaces alone is predicted assuming that it is
radiated to the free space. Different from the isolated bogie case, noise spectra
from both the front and the rear half-bogies are broadband with no distinct peak. A
lateral dipole pattern of noise radiation is predicted for the bogie inside the bogie
cavity with noise levels slightly higher in the bogie symmetry plane along the axle

mid-span for the bogie cavity case covered by the fairing, suggesting that more
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flow interactions are developed within the bogie cavity covered by fairing and thus

the surface noise sources increase.

Furthermore, the flow and flow-induced noise behaviour for the bogie inside the
bogie cavity with the ground underneath (case without the fairing) have been
performed using the same methods as the former two bogie-inside-cavity cases. It
is found that compared to the bogie-inside-cavity case having no ground
underneath, a similar flow field is generated with more turbulent eddies developed
inside the bogie area for the bogie-inside-cavity case with the ground underneath,
and therefore, assuming the noise radiated from the bogie wall surfaces to the free
space, the noise directivity of the bogie shows a lateral dipole pattern with the noise
levels increased by up to 2 dB for the current case neglecting the ground reflections
since the rotating wheelsets and moving ground produce more flow interactions

around the geometries.

In reality, the bogie fairing and ground will change the flow field around the
geometries and accordingly the noise generation and radiation. To account for
these influences, a permeable surface enclosing all components should be used
for noise prediction. Thus, the shielding effect by mounting a fairing around the
bogie cavity region due to the change of the flow field and the influence of the noise
reflection from the ground can be investigated. This will be discussed in the next
chapter.
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Chapter 8

Influence of Bogie Fairing and Ground on
Sound Generation Based on Convective
FW-H Formulation

The Ffowcs Williams—Hawkings equation has been the foundation for much of
the development in the modelling of aerodynamic sound prediction over the past
few decades. However, the classical FW—H equation assumes the propagation
of sound waves in a quiescent medium and does not take into account the
presence of a mean flow as occurs for wind-tunnel cases [114]. Thus, in the
application of these formulations, the wind-tunnel problem should be transformed
into a moving-observer problem where the observer is assumed to be moving at
a constant speed in an environment at rest, as discussed in Section 3.2.3. If the
observer remains stationary in the simulation of a wind-tunnel case, the moving
mean flow should be taken into account in the computation. The calculation using
the moving-medium formulation is more efficient than the solution from the

moving-observer equations, even though the results are equivalent [115].

Based on the convective wave equation considering a moving medium, a surface
integral formulation in the form of the FW-H equation is described in this chapter.
Then, based on the convective FW-H formulation, an aerodynamic noise
prediction code using the advanced time algorithm is implemented with the time-
accurate flow solution on the permeable integration surface obtained from a
distinct CFD simulation as input for the equivalent sources. Thereafter, the bogie
fairing and ground effects on far-filed noise radiated from the train bogie area are

investigated numerically.
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8.1 FW-H Acoustic Analogy and Kirchhoff Approach

It is essential to mention the analytical comparison between the FW-H equation
and the Kirchhoff formula for moving surfaces, as discussed by Brentner and
Farassat [42,116]. It is concluded that the FW-H and Kirchhoff formulation are
equivalent if the integration surface is placed in the linear source region where
the input data are compatible with the wave equation. Compared with the
Kirchhoff governing equation, the distinct advantage of the FW-H formula is that
the source terms can be easily identified with a physical interpretation [42]. Based
on the conservation laws of fluid mechanics, the FW-H equation is valid even if
the integration surface is located in the nonlinear source region. As the integration
surface is moved further away from the physical body, more quadrupole source
contributions are accounted for by the surface integrals in the FW-H acoustic
analogy. Therefore, once the volume quadrupole source is included in the noise
computation, the placement restrictions of the integration surface are relaxed.
However, if the integration surface is not in the linear source region, the Kirchhoff
approach can lead to substantial errors which are difficult to identify.

8.2 Permeable Data Surface for FW-H Method

The use of a permeable (porous or penetrable) data surface to account for
nonlinearities in the vicinity of a moving surface was proposed by Ffowcs Williams
and Hawkings [40]. Many noise computations have been implemented through
the application of the FW—H equation on a permeable or porous surface [117-
119]. The accuracy of the permeable surface application of the FW—-H equation
has been demonstrated through a comparison between the acoustic pressure

prediction and experimental results for a hovering rotor [116].

In noise predictions based on the classical FW-H equation, the data surface
f(x,t) = 0 has usually been assumed to coincide with a solid impenetrable
surface. Then the normal velocity of the fluid is the same as the normal velocity
of the surface. A relaxation of this assumption is useful as it enables noise

prediction considering either physical surfaces or conveniently placed fictitious
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data surfaces. As the development of an alternative but equivalent source
description, Equation (2.24) is the appropriate expression for the FW—H equation

with a permeable surface.

In the FW-H acoustic analogy, generally, the physical sound sources enclosed
by the integral surface f(x,t) = 0 are accounted for through the surface source
terms. Meanwhile, any noise generated by the flow outside the surface f(x,t) =
0 contributes through the quadrupole term, a volume distribution source. The
volume integration in the acoustic prediction is more challenging to compute and
the amount of flow-field data required for the volume integration is much larger
than that for an integration over the surface surrounding the volume. If a
permeable data surface enclosing most of the physical sources is used in
Equation (2.24), then the surface source terms in the equation also account for
the sound generated in the flow field outside the physical solid surface but inside
the control data surface. Therefore, sound radiated to the far-field can be
calculated from the sources on the permeable surfaces if the quadrupole volume
sources outside the data surface in Equation (2.24) have a negligible contribution
and can be neglected.

Once sufficiently accurate, unsteady flow-field data on the integration permeable
surface are obtained from CFD simulations, the hybrid method with the coupling
of the CFD dataset and the FW—-H equation provides a mutually beneficial method
for noise calculation: the CFD computation is only needed in the near-field sound
source region while the FW—-H equation provides an efficient approach to predict
the sound field away from the acoustic source region, as mentioned in Section
2.3.2. Therefore, the noise prediction may be computationally efficient for
complicated, nonlinear sound sources through the FW-H formulation with

permeable surfaces.

8.3 Convective FW-H Equation

The convective FW—-H equation for a moving source in a moving medium was

first introduced in [115]. Using the convective Green’s function, the convective
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form of the FW—-H equation considering quadrupole noise terms was developed
for the moving medium case [114]. As some typos found in the main formulations
in the reference [114], the convective FW—H equation for a wind-tunnel problem
is derived fully in the following to understand the meaning of all terms in the

formulations for developing an aerodynamic noise prediction code.

Considering the local fluid perturbation velocity u and a mean flow moving with
constant speed U, then, in the fluid field at each point the flow velocity is u + Uj,.
The mass continuity and conservation of momentum equations are

dp + dp(u; + Uy;)

= 1
ot axi 0 ’ (8 )

3}
[p(ul + UOL) [p(ul + UOL)(u] + UO]) + (p pO)Sl] Tij] =0, (8-2)

where (p — py) is the gauge pressure and p, is the constant pressure in the
undisturbed free-stream medium with speed U, and density p,. See Section 2.2

for the definition of the other quantities.

With p’ = p — Por —. ap" =0, % =0and % = 0, Equation (8.1) can be written
as
dp' a(pul) p’
o0 o iy Y ®3
. ani a(pouoi) . . .
Then using e 0, Frant 0 and Equation (8.3), Equation (8.2) yields
d
(pu )+ Ugjz— 7% (pu )+ [pu w + (p —po)dyy — 145] = 0. (8.4)

Based on the Heaviside step function H(f) , which is 1 outside the integral
surface (f (x,t) > 0) and 0 elsewhere (f(x,t) < 0). The continuity equation for the

entire space can be written using generalized function as following

9(pu;) l)
axi

Recasting the derivatives yields

[H(f)p] a[H(f)pu;] U O[H()p']
ot dx; o gx;

H(f) Uol a =0. (8.5)
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dp"  9(pu ap’ d[H a[H alH

,0LH(f)] oHN] ., OHI]

= at + pu; a—xl P Yoi ox; (8.6)
Utilizing the properties of generalized functions
AL s50) = —vmib () = —vao(p), 57)
and
oD sty = motp). (55)
Then, Equation (8.6) can be rearranged as
d[H(f)p'] N o[H(f)pu] Uy, d[H(f)p']
ot ox; boox;
= p'[-vini 6 (] + puin;6(f) + p'Uoini6(f)
= [pQu; — v + Up) + po(v; — Up)Ini6(f)
= Qini6(f), (8.9)
where
Qi = [pu; —vi + Ugp) + po(vi — Upi)]. (8.10)

Also, the conservation of momentum equations can be written in a similar way as

O[H(f)pui] ,(7[11(f)ﬂui]Jr L, 0H(f)p']

+U
at T oy oy,

=pui0[H(f)]+H(f) a(Pui)+U 0(puy) N

ot at o 9x;

o[H AH(f)p’'
Uojous [ag)] +e [ gi)p]'

(8.11)

Utilizing Equations (8.4), (8.7) and (8.8), Equation (8.11) is recast as

O[H(f)pui] ,G[H(f)pui]+ L, OH(f)p']

+ U c
ot 7 9x; " ax

9]
= p[-vin6(f)] — H(f) {E louay; + (0 = po)di; — TU]} +
j

o[H(f)p']
axi

Uojpuni6(f) +c§
d
= - %{H(f)[puiuj +{(p — po) — c§(p — Po))Si; — Tij]} +
j
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[pwi(w; + U — vj) + (p — Do) 8ij — Tij ;6 (F)

= —a%[H(f)Tij] + Lini6(f), (8.12)

in which
Ti; = puiw; + [(p — po) — 5 (p — po)18ij — Tij (8.13)
Lij = pu;(u; + Uy; — vj) + (p — po)8i; — Ty - (8.14)

The next step follows the derivation of Lighthill's equation except that the
generalized derivatives are taken here. Calculating the divergence (d/dx;) of

Equation (8.12), the resulting equation becomes
62 02 2 2

Kl 0
ﬁ-l_ Uoi atdx; % 0x;0x; (P = Uoi a5 0%; H(Ppui]

0
[an (N = g5 L8N +3 ax, [H(NHT;] (8.15)
]
Multiplying both sides of Equation (8.9) by U,;, gives
o0[H ! o0[H i o[H !
vy, D D]y HGIPT s (). (8.16)

Jat axi axi

Taking the divergence d/dx; of Equation (8.16), yields

2 62 62
Usj 57— m0m1+%m T P + oo 5= (H(p']

- UO] a [anla(f)] (8.17)

Combining Equations (8.15) and (8.17) to eliminate the term Up; —— ox0%, -[H(f) puy],

the inhomogeneous convective FW-H equation [114] is obtained as

92 92 92 92
— 4+ 2Un: —c? UniUy; ———
Iatz T 200Gt O axax, T O gxax;

l [H(f)p']

0 0 0 0?
( + Uoj 5 )[an 5N = 55 LLymd(N] +3 ax,[H(f)Ti,-], (8.18)
J

in which, the Dirac delta function 6 (f) is only non-zero on the control surface and

the convective wave operator is
2 62 62 62

2 2 N/ A—— 1
ae2 T 2V0i 552~ %0 5oy, + Yoiloj 9x,0%; (8.19)
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Similar to the classical FW-H equation, the three sources on the right-hand side
of Equation (8.18) are known as the convective monopole (thickness), dipole

(loading) and quadrupole terms, respectively.

8.4 Numerical Method for Solving the Convective FW-H

Equation

While propagating from the source surface to the observer in a moving medium,
the sound waves are convected by the mean flow velocity. Based on the Garrick
triangle [120], the geometric interpretation for a source in a uniform rectilinear
subsonic motion is represented in Figure 8.1. Without loss of generality, the
coordinate system is chosen such that the mean flow velocity is in the positive
x,-direction, i.e. uy = (U,, 0, 0). The source surface is described by (y, t.) with
y = (¥4, ¥2, y3) and the observer is described by (x,t) with x = (x;, x5, x3). The
moving medium is assumed to be homogeneous outside the source volume and
its Mach number is M,.

Uo MoRmeE1

=e Observer position at X

Source position at y

Figure 8.1: Geometric interpretation of emission

Therefore, the radiation distance from the surface point to the observer is
R=x-y=(x—yes+ (x; —y)ez + (x5 — ys3)es, (8.20)
and the emission vector is presented by the following form,
Ry =R —Atug = (x; —y1 — MoRp)ey + (xz — yz2)ez + (x3 — y3)es, (8.21)
in which

Atuy = (x; —y; — MgRp)e; . (8.22)
The norm of the emission vector is
IRm| =Ry = \/(x1 —y1 — MgRn)? + (xz — y2)2 + (x3 — y3)2. (8.23)
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Since the emission distance must be positive, the valid solution of Equation (8.23)

is
_ My(x; — y1)
Rp=———"3—
1—M,
M, (x —y1)?+ (x2 —y2)% + (x3 — ¥3)?
N 0 (X1 3’1) Y1) (x; 3’22 (x3 —y3) . (8.24)
1— M,? 1— M,
It can be reformulated as
R* — My(x; — y1)
R, = , 8.25
m —x (8.25)
in which
R = G — 70 + (1= M) (G = 7202 + G5 = )21, (826)
The spatial derivatives of the emission distance R* and R, are R} = ai* and R;
%, which are introduced as follows:
~ X - -
R=20 R=(1-M)22 R=(1-mMH)E2E, (827)
R R R
- 1 - X, — - X3 —
R, = (Mo + B}, By="2222 R =2 (8.28)
1— M, R R

It should be noted that the quantities R, and R* are no longer the actual
geometric distance between the source and the observer [115]. Taking into
account the time delay on signal reception from emission, R, represents the
effective acoustic distance between the source and the observer. Moreover, with
regard to the Doppler shift effect, R* denotes the equivalent distance of the

observer from the source including the amplitude decay of the acoustic signal.

Based on the definitions presented above, the three-dimensional free-space
Green’s function given for the convective wave equation [121] is
S(t—t+Ryn/co)

G, t;y, 1) = yPer (8.29)
Then, the solution to the convective FW-H equation (8.18) may be written as
(g)
b = (55 + o) [ | lomd (Pl e
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f f L11n15(f)]4(i2

(g)
f ng H(OT,] 3 5 diyr, (8.30)

axa

where the limits of the integral are represented as

t t o0 0o o0
.f J. ...... d?’yd‘[ = f f f f """ dyldyzdy3d7: ’ (831)
—o0 JR3 —o0 v—00 v —00 Y —00

and the retarded-time variable is

g=1t—t+Ry/c. (8.32)
Similar to the classical FW—H equation, the convective FW—H equation (8.30) has
the complexity of the concurrence of time and space derivatives on the source
terms, including the Dirac delta function §(f) and Heaviside function H(f). The
derivations of the thickness and loading source terms for numerical
implementations are described in the following while the noise contribution from

the quadrupole source term outside the integration surface is neglected.

8.4.1 Thickness noise

Obtained from Equation (8.30), the thickness noise contribution is [114]

20)

o d3ydr . (8.33)

v = (g + o) [ o)

Generally, for problems in aeroacoustics, the surface f(x,t) =0 can be
described in a coordinate frame (n-frame) that is fixed relative to the surface. The
variable n, regardless of the motion of the surface, is the Lagrangian variable of
a point on the moving surface. Once the surface motion is specified, the trajectory
of each point on the surface described by a fixed n may then be described in

space-time in the y-frame and given by the relation

y=ym1). (8.34)
The inverse transformation is
n=n(y,7). (8.35)
As these transformations are isometric Equation (8.33) can be expressed as
] (g)
v = (5 + Vo) [ [ a2 dvmar. (836)
at 6 R3
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Since the calculations on temporal derivatives are more efficient than those on
spatial derivatives, the spatial derivative d/dx, in Equation (8.36) should be
transformed into a temporal derivative which is more suitable for numerical

implementation.

As, in Equation (8.36), only the term 6(g)/R* is related to x and t, the spatial
derivative d/0dx; acting on it may be converted into temporal derivative d/dt as

follows: taking the divergence d/dx; of Equation (8.32) gives

6g 1 OR,,
ax;  co 0x; (8:37)
also, taking the divergence of §(g)/R" yields
9 [8(9)] _8'(9)ag 8(g)aR"
axi * R* axi R*Z axi
_10R,6'(g) OR"6(g)
"¢y O0x; R* 0x; R*?
1.8 (g) £,6(9)
_aRl R* _Ri R*Z 4 (838)
since
1 9 [Ri6(g) 1.6
v e —aRi It (8.39)
then, combining Equations (8.38) and (8.39), and ellmlnatlng ﬁ 5(9), yields
0 [6(]  5.6(9) 14[Ré(g)
P —Ri =5 o R (8.40)
and particularly,
0 [6(9)]  5.6(@) 10 [R(g)
vl —Ri—3 Ll & | (8.41)
Based on the above formulation, Equation (8.36) may be written as
, (g)
4} = f [om,
R3
R, (g)
[ [ om mo(F)
8(9) s
o [ [ toms 185 denar. (8.42)
R
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Next, the same approach is used as described in [41] to transform the variable

from 7 to g and the Jacobian determinant is

dg 1 ORy, 0y; 10y; ~
0t +co dy; 0t co 0T ( )
in which R; = —a;% and, M, = — ay‘R viﬁi is the component of the source

Mach number vector in the radiation direction of the observer at the emission time
T. The expression (1 — M,) is the Doppler factor which is associated with a
dilatation or contraction of the observer time scale with respect to the source time
scale, depending on whether the source is moving away from or towards the

observer.

Some particular formulations are needed to integrate the Dirac delta functions
analytically. A change of the integration variable in Equation (8.42) is carried out

by using the formula

[ zwstgcona Zm (T, (8.44)

in which the summation is taken over all the zeros t)%; of the retarded time

equationg =t —t+ i—m = 0. This relationship may be proved by changing the
0

integration variable in ffomﬁ(r)6[g(r)]dr from 7 to g(r) and the physical

explanation for this is that sound signals emitted at different times from different

positions can be received at the same time.

It is noted that all terms related to the derivatives of |Vf| = 1 are cancelled out in
the final results and then, the condition of |Vf| = 1 can always be satisfied on the
control surface [41]; thus, the following formulation may be deduced from the

integration of the Delta function [122].

f d(X)S(f) d3x = f ®(x) dS . (8.45)
R3 f=0

Finally, utilizing Equations (8.43), (8.44) and (8.45), Equation (8.42) can be

represented as
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4mpy = atffo[R (Q” )] ds(n) — Moatfm[%l ds(m)

Rlanl
_U, ff ) lR*Z(l l (8.46)

8.4.2 Loading noise

The loading noise contribution obtained from Equation (8.30) is [114]

(g)

4an=—— f f [Limi6(f) ydr, (8.47)

in which only the term §(g)/R* is associated with both x and t. To improve
computational efficiency, the spatial derivative d/dx; should be transformed into
a temporal derivative d/dt. Based on Equation (8.40), the above equation leads

to

,_ 9" R; (g)
4mp;, = af_oo flR3 o l] ]S(f)] ydT

t R;6
+ f f (L8 ()]~ *(zg ) Pyds. (8.48)
—o0 JR3 R
Similar to the thickness noise source, using Equations (8.43), (8.44) and (8.45),
the loading noise contribution can be reformulated as

/ LijniR; ij1
4mp;, = COOtffolR A—M r)l dS(n)+f lR*2(1— l as(m). (8.49)

8.4.3 Wind-tunnel case

Both the source and the observer are stationary for wind-tunnel cases. As a result,
the emission distances R*, R, and their spatial derivatives R; and R;,
respectively, are constants and independent of time. The local normal vector
components n; also do not vary with time. The components of the source Mach
number vector M, are zeros. Therefore, the thickness and loading noise source
terms given by Equations (8.46) and (8.49) can be simplified to

RiQim;
R*?

4mpl = [(1 — M,R 1) Qin ‘— U, as(m), (8.50)

Te
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1L;nR L--n-R?‘
4mp] = f [ L +—| A, (8.51)
=0

Te
in these equations, a dot over a variable implies temporal derivatives with respect
to the source time; integrands with 1/R* dependence are far-field terms and

those with 1/(R*?) dependence dominate the near field.

8.5 Numerical Algorithm for Noise Prediction

If the volume (quadrupole) noise sources outside the permeable integration
surface are neglected, the data input to the acoustic analogy solver are the time-
dependent flow field and the geometry information on a surface mesh element
(panel), provided directly from the CFD simulations. The panels can be
considered as compact sources in the noise calculation for low Mach number
cases since they are typically much smaller than any representative acoustic
wavelength. Moreover, the panel size should be kept sufficiently small to ensure
that, over the panel, the retarded time does not vary significantly and the source
strength variation is approximately linear [42]. As the flow properties loaded from
the CFD data are generally specified at the panel centres, a refinement of the
mesh element size is needed if such midpoint values are unlikely to represent the

mean value of source strength over the panel.
8.5.1 Comparison of retarded time method and advanced time approach

The distinction between the emission time and the observer time in Equation
(2.24) should be noted. The contributions from each source are evaluated at the
emission time. Different sources have different emission time values based on
their positions relative to the observers. Therefore, the sound is emitted at
different retarded times and covers different distances before reaching the
receiver positions depending on the location and velocity of both the source and
observer. Generally, both the retarded time method and advanced time approach
(also known as the source time-dominant algorithm) may be available for the

numerical implementation of Equation (2.24) and are described as follows.
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In the retarded time method, the solution is evaluated in the observer time frame.
The reception time is kept constant at each time step and the emission time is
calculated for each source location. This approach requires the associated flow
properties to be obtained using a temporal interpolation at the emission time and
the flow-field variables of multiple simulation snapshots to be uploaded for each
observer time step calculation. Therefore, this approach involves a large memory

usage and computational cost to interpolate the time-resolved CFD results.

Alternatively, the advanced time approach uses the same formulation as the
retarded time method but inverts the role of emission time and reception time:
here, from the view of the source, the emission time is chosen as the primary
variable to evaluate the solution [123]. Therefore, at each flow-field time step and
for each source element, the time (advanced time) at which the corresponding
disturbance will reach the observer is calculated. The receiver location is used to
calculate the relative position between the observer and the elemental source.
The source terms of Equation (2.24) are evaluated at each point in space along
with the arrival time value. Thus, the acoustic signals are finally built up in the
observer time frame through a summation over all the contributions computed
from the integration source domain. The sound pressure history at the observers

is then constructed based on the calculation evolved along the source time axis.

Compared with the retarded time method, the advanced time approach is better
suited to handle large input datasets provided by time-dependent CFD solution.
With no time interpolation of the input data required, the integrands are directly
evaluated once the CFD input is available. This source time-dominant algorithm
is intrinsically parallelizable and results in significant reduction in memory
requirement [123]. In the advanced time approach, matrices of the full transient
flow properties from the CFD solution data are loaded and manipulated at each
computational time. All resulting contributions from source panels are then
summed to give the time history of the pressure received by the observer at the
proper advanced time. It is noted that as the receiver time is unequally spaced,
the sound emitted at the same time by different panels on the control surface will

reach the observer at different times. Therefore, for each individual source panel,
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the time interpolation of the output time history of sound pressure is required to
ensure that the contributions from all the control surface points are accounted for
and added up at the same receiver time. Once the contributions from all points in
the control surface have been calculated, the flow properties at the next source

time step from the CFD data are loaded and processed.
8.5.2 Spatial interpolation

In general, a very fine surface mesh is discretized for aeroacoustic simulations
and a simple first-order method is reasonably applied to perform the spatial
integration over the surface elements (panels). As an example, the following
generic retarded-time formulation is considered.

Q(y, 1)
“o R*(l——r)lre as ) (852)

dmp'(x,t) = f
f

in which Q(y,7) is the source strength. The discrete computation method

corresponding to the above equation is given by
N

Q(YiﬂTi)
47Tp’(x,t)zz el | g (8.53)
LR — M), ™

where the control surface S is divided into N panels and the i refers to ith panel.

The integrand is calculated at each panel centre at the retarded time [42].

It should be mentioned that a Gaussian quadrature using two-point formulae may
be utilized to replace the integral evaluation at the single panel centre in Equation
(8.53), and thus the increased calculation accuracy of the integrand will be
achieved. Moreover, a larger number of quadrature points is needed to improve
further the computation accuracy for noise prediction if the source strength

variation over the panel requires it.
8.5.3 Numerical implementation

The aerodynamic noise prediction code is written in Fortran based on the
convective FW-H formulation introduced above. As mentioned before, the time-
dependent flow field and the geometry information on surface panels are loaded
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from the CFD simulation data. For the current work, the noise contributions from
source terms are computed over a fictitious, permeable data surface and thus the
quadrupole source contribution inside the surface can be accounted for by the
surface integrals. Since the mesh around the bodies is generated according to a
grid convergence study and is sufficiently fine based on the verification of the
noise predictions by the experimental measurements, the first-order method is
utilized initially to perform the spatial integration over the surface elements. The
advanced time approach is utilized and the source time derivative is performed
using fourth-order central differences given by

—Q(x + 2At) + 8Q(x + At) — 8Q(x — At) + Q(x — 2At)
12At ’

Q'(x) = (8.54)

where At is the time step of the flow field.

8.5.4 Numerical verification

The far-field noise radiated from a point monopole and a point dipole source is
used to validate the noise prediction code based on the convective FW-H
formulation. The harmonic velocity potentials for the point monopole and point
dipole sound field in a moving medium [114,124] are given respectively as

_ A ] R .
p(x,t) = ym—r exp[iw(t — a)] , (8.55)
and
a4 , R
p(x,t) = E{ALnR*eXp[lw(t_a)]}' (8.56)

where R is the emission distance defined as R,, in Equation (8.25) and R* is the
radiation distance calculated by Equation (8.26); the non-dimensional angular
frequency is wl/c, = 4m/46 and the normalized amplitude is A/(lc,) = 0.1. The
reference length is [ which is non-dimensionalized by L = 1m. The source
coordinate system is (x;, x,, x3) and the dipole axis is aligned with the positive

x3-direction.

Assuming a mean flow U, (30 m/s) along the positive x;-direction, the induced

pressure, particle velocity and density are
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9] 0
P00 ) = ~po (5 Vo) ¢ (8:57)
u(x,t) =Vo(x,t), (8.58)
p'(x,) = p'(x,8)/c} (8:59)

The real parts of pressure p’(x, t), velocity u(x,t) and density p’'(x,t) are used as
the variables and evaluated analytically on the integration permeable surface as
source terms. Then the far-field acoustic pressure is predicted by using the
convective FW-H equation and compared with analytical calculations. The
integration surface is defined as a cube that extends from —5[ to 57 in all three
coordinate directions and each cube surface consists of 501 x 501 evenly spaced

integration panels.

x10° x10°

6k —— Analytic solution | 151 Analytic solution |
© FW-H code ’ © FW-H code

2)

pl(pyC

0 20 40 60 80 100 120 >1'50 20 40 60 80 100 120
te /L te /L

(a) Monopole source Dipole source

Figure 8.2: Comparisons of time history of sound pressure between analytical and
predicted solutions

Figure 8.2 depicts the comparisons of the time history of sound pressure between
the analytical solution and the numerical prediction for the monopole and dipole
sources. The observer is located at (—501, 0, 0) for the monopole case and at
(0, 0, 501) for the dipole case. The sound pressure is non-dimensionalized by
pocé and the time is non-dimensionalized by [/c,. Furthermore, the directivity
patterns of the sound radiation for the two cases are depicted in Figure 8.3, where
the receivers are distributed uniformly along a circumference with a radius of 501

at an interval of 5° and the root-mean-square fluctuating pressure p,,s (=
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[p’ (x,£)/V2|, where p'(x, t) is taken from the averaged magnitude) is displayed.
Note that the directivity pattern is directional towards upstream of the sound
source due to convective amplification caused by the moving medium. Based on
the comparisons in Figures 8.2 and 8.3, it is found that the pressure fluctuation
induced by the monopole is about four times as large in magnitude as that
induced by the dipole as expected. Moreover, the time history and directivity
pattern of the far-field sound pressure are in excellent agreement between the
analytical solution and the numerical calculation for both monopole and dipole

test cases.

Analytic solution
. %0 ° FW-: code Yo %0

120 60
o) a(’)

Analytic solution
° FW-H code
60

150

180

180

210 330

270 270
(&) Monopole source with the observer (b) Dipole source with the observer
at (-504, 0, 0) at (0, 0, 500)

Figure 8.3: Comparisons of noise directivity between analytical and predicted solutions

Additionally, the idealized wheel case (see Section 5.6) is used to compare the
noise predictions between the solid and permeable data surfaces. Figure 8.4
sketches the wheel physical surfaces enclosed by the permeable surfaces and
shows the iso-surfaces of the second invariant of the velocity gradient Q of the
flow developed around the wheel. Figure 8.4(a) displays the closed permeable
surfaces constituting a porous box with dimensions of 1.5D x 1.5D x 0.5D (length,
height and width, where D is the wheel diameter). By removing the downstream
part of the closed permeable box and extending its top, bottom and side surfaces
to the end of the computational domain, an open porous box with five permeable

surfaces is established as shown in Figure 8.4(b). The trackside receiver is
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located 2.5 m away and 0.35 m above the wheel centre. The noise calculation
using the physical solid surfaces is based on Farassat’s Formulation 1A
(introduced in Section 3.2.3) and the current FW-H code is applied for the noise
prediction on the permeable integration surfaces for comparing the noise
predictions from different methods. Generally, the compressible flow field needs
to be solved and the data are applied for noise prediction in the FW-H acoustic
analogy method using permeable integration surface. Considering a low Mach
number flow simulated here as mentioned in Section 3.2.2 and for consistency
with the calculations from the solid data surfaces, the incompressible flow data
on the permeable integration surfaces are utilized for the noise predictions. Figure
8.5 displays the spectra of the noise radiated from the solid and two types of
permeable surfaces. Figure 8.5(a) shows that the noise predictions from the solid
and closed permeable surfaces have a good matching, especially in the
frequency range between 100 Hz and 900 Hz. Compared with the results from
the solid surfaces, the overall sound pressure level of noise predicted from the
closed permeable surfaces is 4 dB higher within the frequency range below 10
kHz. This is because pseudo-sound is generated by the turbulent eddies in the
wheel wake region passing through the porous surfaces, as indicated in Figure
8.4(a) for the downstream outflow surface. Keeping all the permeable surface
further away from the geometries can reduce the pseudo-sound produced from
the hydrodynamic perturbations; however, it will increase the computation cost
greatly as the grids from the geometries to the permeable surface should be kept
fine enough to get physically correct results. Moreover, it is found that the noise
predicted from the open permeable surfaces corresponds fairly well with those
from the solid and closed permeable surfaces in most of the frequency range
whereas the spectrum amplitude of noise is about 20 dB higher below 200 Hz
(shown in Figure 8.5b), leading to the unphysical results within this low-frequency
range. This is because in the open-surface noise predictions the acoustic signals
calculated do not decay properly and the computations are unbalanced,
especially at low frequencies. Similar influences of the open control surface ware
also observed in the noise predictions of a simplified landing gear using FW-H
method [3]. As the permeable data surfaces are applied, the quadrupole sources

between the solid surfaces and the porous surfaces are accounted for by the
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surface integrals although its contributions are rather small at low Mach numbers
[42]. Note that in an incompressible flow solver, the sound speed is effectively
infinite and the acoustic propagating waves cannot be properly captured by the
permeable surfaces. However, these noise signals are relatively small for the
current cases at low Mach numbers.

Based on the above validation test cases, it is demonstrated that the FW-H code

can be used for far-field noise prediction.

— Porous surface (open)

(a) Closed surfaces (b) Open surfaces
Figure 8.4: Sketches of permeable surfaces used for wheel test case
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Figure 8.5: Comparisons of spectra of far-field sound pressure

8.6 Influence of Bogie Fairing on Sound Generation

179



JianyueZhu  Bogie Fairing and Ground Effects on Sound Generation Based on Convective FW-H Formulation

The mesh models of the bogie-inside-cavity cases with and without the fairing
have been introduced in the previous chapter. These are now used for the noise
predictions using permeable data surfaces. As discussed in Section 7.4.2, the
noise generated from the bogie solid surfaces alone radiated to the free space in
the trackside direction is very similar in the cases without and with the fairing.
Additionally, however, the noise generated inside the bogie cavity will be shielded
by the cavity walls and the fairing. Moreover, additional noise will be produced by
the bogie cavity flow impinging on the cavity walls. Therefore, the radiated noise
is calculated using the acoustic analogy implemented on a permeable surface
located at a distance from the carbody sidewall, extending over the whole height

and length of the domain.

T T
i Bogie cavity i
=2 U, : :
| |
| |

0.3D
0.5D

S1
S2

Figure 8.6: Sketch of porous surfaces used for FW-H integration (top view, not to scale)

Figure 8.6 illustrates the porous surfaces (S1 and S2) used for the FW-H
integration. The gap between the porous surface (S1) and the carbody side wall
is 0.3D (where D is the bogie cavity depth of 70 mm) and that for the porous
surface S2 is 0.5D. The mesh between the two permeable surfaces is kept fine
to ensure that the flow calculations with high resolution are performed around
these data surfaces. These two gap distances are chosen based on noise
predictions in [125] on a two-dimensional rectangular cavity flow, where the cases
of three integration lines with different distances to the cavity top wall were
simulated and the numerical results from the FW-H method were in good
agreement with the direct numerical simulations. In the current calculations, there
are 129,666 panels on the permeable data surface for the bogie-inside-cavity
case without the fairing and 128,010 panels on the permeable surface for the
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case with the fairing. As the incompressible flow solver is utilized, the density
remains constant; thus, the variables of pressure and three velocities in the
coordinate directions on the permeable surfaces are recorded and utilized to
calculate the far-field acoustic signals based on the noise prediction code as
discussed in Section 8.5. Same as described in Section 7.4.1, the CFD
simulations were run for 1.1 s corresponding to 17 times the flow-through time for
both cases and the length of the time signal used as input for noise calculation
corresponds to the last 0.52 s of the computations. Also, the PSD of the far-field

noise signal is computed by Welch's method with a frequency resolution of 6 Hz.
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Figure 8.7: Comparisons of far-field noise spectra in bogie cavity case without fairing

Figure 8.7 displays the comparisons of the far-field noise spectra of the bogie-
inside-cavity case without the fairing based on the numerical simulations on the
half bogie shown in Figure 7.1 using the permeable data surfaces in the FW-H
method. The receiver is located 2.5 m away and 0.35 m above the bogie centre.
This lateral distance of 2.5 m also corresponds at full scale to 25 m as used in
field measurements of railway noise, e.g., in ISO 3095 [87]. Figure 8.7(a) shows
that the noise predictions of the FW-H integrations on the two permeable surfaces
(S1 and S2) are very similar, indicating that the influence of the placement of
these two surfaces on calculating the far-field acoustic signals is negligible. By
comparison, for the bogie-inside-cavity case covered by the fairing, there is no

surface shape discontinuity around the bogie area on the carbody side wall, thus
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the flow would be less unsteady on the side permeable surface (S1) and the
difference of the noise predictions on the two surfaces (S1 and S2) is expected
to be smaller. Figure 8.7(b) compares the noise predictions from permeable (S2)
and solid data surfaces for bogie cavity case without the fairing. It shows that due
to the noise produced from the carbody, especially the bogie cavity wall and
trailing edge, the noise generated from all solid surfaces is about 6 dB higher than
that from the bogie wall surfaces alone in the frequency range below 2 kHz.
Moreover, compared with the noise generated from all wall surfaces, the
spectrum amplitude of noise predicted by the permeable integration surfaces is
around 20 dB higher below 120 Hz due to the unphysical results generated since
the low-frequency acoustic signals cannot be cancelled properly in the noise
calculations using open permeable surfaces, as discussed in Section 8.5.4 for
the isolated wheel case. Therefore, the frequency range between 120 Hz and 2
kHz will be used for noise prediction, and within this frequency range, the noise
generated from the permeable integration surface (S2) is 2.6 dB (from the
permeable surface S1 is 3.1 dB) higher than that from all solid surfaces since the
pseudo-sound is generated by the turbulent eddies passing through the
permeable surface. The quadrupole noise generated by the turbulent flow around
the geometries is also captured by the surface integrals although the quadrupole
contribution is rather small for current cases at low Mach numbers. To reduce the
computation cost, the permeable surface (S1) is used for the noise predictions of
the subsequent bogie-inside-cavity cases.

Figure 8.8 shows the comparisons of the far-field noise predictions from the
permeable surface (S1) for the bogie-inside-cavity cases without and with the
fairing. Figure 8.8(a) depicts the far-field noise spectra of these two bogie-inside-
cavity cases. The receiver is again located 2.5 m away and 0.35 m above the
bogie centre. It is found that the spectrum level is lower for the bogie cavity case
with the fairing in the frequency range between 120 Hz and 2 kHz and the
corresponding OASPL is 62.9 dB, about 4 dB lower than the case without the
fairing, the level of which is 67.2 dB. Figure 8.8(b) displays the noise directivity
from the permeable surface for the two bogie cavity cases. The OASPL is also

calculated from the PSD over the frequency range from 120 Hz to 2 kHz and the
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receivers are distributed uniformly along a semicircle with 2.5 m radius from the
bogie centre in the bogie horizontal central plane. Again, a lateral dipole pattern
of noise radiation is predicted with noise amplitudes about 3.8-6.6 dB lower for
the case with the fairing compared with the case without the fairing. Note that this
noise reduction is obtained due to the change of the hydrodynamic flow field
around the permeable surfaces by considering the shielding effect through
mounting a fairing in the bogie cavity region and it would be different if the
compressible flow were solved for noise predictions to take into account the
acoustic propagation and the effects of the acoustic shielding and scattering of
sound waves by the solid surfaces. However, these influences are expected to
be small on noise predictions of these side receivers located in the bogie

horizontal central plane for the current cases at low Mach numbers.
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Figure 8.8: Comparisons of far-field noise prediction from permeable surface
(fairing effect)

8.7 Influence of Ground on Sound Generation

The porous surface (S1) in Figure 8.6 is used for the FW-H integration and there
are 140,988 panels on the permeable surface for the bogie-inside-cavity case
with the ground underneath. The image method is used to account for the sound
reflection of the ground [126]. Assuming no sound absorption from the ground,

an equivalent noise source is located symmetrically with respect to the ground
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surface and generates a sound field with the same symmetry. Corresponding to
the previous bogie-inside-cavity cases with and without the fairing, the frequency

range between 120 Hz and 2 kHz is used for noise prediction.
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Figure 8.9: Comparisons of far-field noise prediction from permeable surface
(ground effect, cases without fairing)

Figure 8.9 shows the comparisons of the far-field noise predictions from the
permeable surface (S1) for the cases of bogie inside the cavity with and without
the ground (having no fairing) based on the corresponding flow simulation on
each case. Figure 8.9(a) displays the far-field noise spectra of the two cases in
which the case of without the ground is same as the case of without the fairing
shown in Figure 8.8. The receiver is located 2.5 m away and 0.35 m above the
bogie centre. It is found that the spectrum level is generally larger for the bogie
cavity case with the ground underneath in most of the frequency range and the
OASPL within the frequency range from 120 Hz to 2 kHz is 74.2 dB, 7 dB higher
than the case without the ground (OASPL of 67.2 dB). Figure 8.9(b) displays the
noise directivity from the permeable surfaces for the two cases with and without
the ground. Again, the OASPL is calculated from the PSD over the frequency
range from 120 Hz to 2 kHz and the receivers are distributed uniformly along a
semicircle with 2.5 m radius from the bogie centre in the bogie horizontal central
plane. A lateral dipole pattern of noise radiation is predicted with noise levels

around 6-8 dB higher for the case with the ground underneath compared with the
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case with no ground. This is because the moving ground and the rotating
wheelsets increase the noise generation and the ground reflection effect

increases the sound radiation for the case with the ground.

8.8 Summary

Based on the convective FW—-H equation for the moving medium cases, an
aerodynamic noise prediction code is developed using the advanced time
algorithm. The validity of the code is demonstrated by the test cases. The noise
generated from the point monopole and point dipole sources situated in a moving
mean flow is predicted numerically and found to be in perfect agreement with the
corresponding analytical solutions. Using the idealized wheel case, the noise
predictions from the permeable and solid data surfaces correspond well below 1
kHz whereas at higher frequencies the noise calculated from the permeable
surfaces is 4 dB larger due to the wheel wake impinging on the porous surfaces
and resulting in the pseudo-sound produced from the hydrodynamic
perturbations. Moreover, for all the bogie-inside-cavity cases considering the
influence of the bogie fairing and ground, the noise radiated to the trackside is
predicted using a side permeable integration surface close to the region of bogie
cavity and parallel to the carbody side wall. Based on the cases with and without
the fairing, it is found that the noise directivities have a lateral dipole pattern, and
the bogie fairing is effective in reducing the noise levels in most of the frequency
range and a noise reduction up to 6.6 dB is achieved for the current model case
by mounting a fairing in the bogie area. Moreover, for the bogie-inside-cavity case
with the ground underneath, a lateral dipole pattern of noise radiation is also
predicted with noise levels around 6-8 dB higher compared with the case without
the ground. Note that the current noise predictions would be different if the
acoustic propagation and the effects of the acoustic shielding and scattering of
sound waves by solid surfaces were calculated using the compressible flow
solver. However, these influences are expected to be rather small for the current

cases at low Mach numbers.
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Chapter 9
Conclusions and Future Work

Aerodynamic noise becomes significant for high-speed trains and its prediction
in an industrial context is difficult to achieve due to large computational resources
required for unsteady numerical simulations. As one of the main aerodynamic
noise sources of high-speed trains, the bogie is a complex structure containing
many components with surface shape variations and discontinuities, and thus the
flow developed around it is highly turbulent. Most of the researches were based
on the experimental measurements to characterize the aerodynamic noise
generation from the bogie area. By comparison, this study investigated
numerically the aerodynamic and aeroacoustic characteristics of the flow past the
scale models with increasing complexity around high-speed train bogie region.
More details of the flow behaviour and the corresponding aeroacoustic
mechanisms have been revealed in the train bogie area and these findings are
helpful to understand the aerodynamic noise generating mechanisms of the full-
scale cases from the high-speed train. This final chapter summarizes the major

conclusions of this study followed by the recommendations on future work.
9.1 Conclusions

The flow behaviour and the corresponding aeroacoustic mechanisms of some
main components around a high-speed train bogie region have been investigated
using the DDES model and the FW-H acoustic analogy. In order to verify the
numerical simulations, PIV experiments were performed in the wind tunnel to
investigate the mean velocity field and the aerodynamic noise measurements
were carried out in an open-jet anechoic chamber to obtain the far-field acoustic
signals. The main conclusions are drawn as follows.
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9.1.1 Isolated wheelset

Due to the vortex shedding and flow separation around an isolated wheelset, a
complicated three-dimensional wake structure with both streamwise and
spanwise vortices is developed around the isolated wheelset. Tonal noises are
generated with dominant frequencies associated with the lift and drag forces and
the noise directivity of a vertical dipole pattern is predicted. A slightly higher noise
level is obtained considering the rotation of the wheelset. As the inflow velocity
increases, the noise levels increase corresponding to an increase in the radiated
sound power in proportion to the sixth power of the flow speed for a dipole sound
source and the frequencies of spectral peaks increase corresponding to an
invariant Strouhal number characterized by regular vortex shedding. CFD
simulations and PIV measurements show that an asymmetric flow pattern is
formed in the wheelset wake due to the influence from the ground effect.
Compared with the idealized wheel, the noise generated from a detailed wheel is
larger and more broadband due to stronger turbulent flow developed around it.
By comparison, the isolated wheel (idealized wheel or detailed wheel) has a
lateral dipole pattern of noise directivity and its sound radiation is generally much

weaker than the noise generated from the whole wheelset.

9.1.2 Tandem wheelsets and simplified bogie

For the tandem-wheelset and simplified bogie cases, the vortices shed from the
upstream geometries are convected downstream and impinge on the
downstream ones, resulting in a highly turbulent wake behind the downstream
geometries. For both cases, tonal noise is generated with dominant frequencies
corresponding to the lift dipole due to the vortex shedding formed around the
axles. A vertical dipole pattern of noise radiation is predicted for the upstream
wheelset, whereas the downstream wheelset has a multi-directional directivity
pattern and its sound generation is comparatively weaker. Expressed relative to
the geometry centre, the noise directivity has a dipole pattern biased towards the
upstream direction because the large-scale regular vortex shedding is produced

from the upstream axle while the downstream geometries are submerged in the
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decayed and less energetic turbulent incoming flow. Compared to the wheelsets,
the noise contribution from the bogie frame is relatively small.

9.1.3 Simplified bogie inside bogie cavity

For the bogie-inside-cavity cases with and without the fairing, a shear layer
developed from the cavity leading edge has a strong interaction with the flow
separated from the upstream bogie and cavity wall, and thus a highly irregular
and unsteady flow is generated inside the bogie cavity due to the strong flow
impingement and recirculation occurring there. Compared to the bogie cavity
case without the fairing, the stronger flow interactions are developed around the
bogie inside the cavity covered by the fairing. The noise radiated from the bogie
solid surfaces alone to the free space is assumed to compare the bogie-inside-
cavity cases with and without the fairing. Results show that different from the
isolated bogie case, the noise spectra are broadband with no distinct peak and a
lateral dipole pattern of noise radiation is predicted for these two cases.
Additionally, based on the noise predictions using the permeable integration
surfaces in the FW-H method, it is found that the bogie fairing is effective in

reducing noise generation and emission around the bogie area.

For the case of the bogie inside the bogie cavity with the ground underneath, a
similar flow field is generated with more flow interactions developed inside the
bogie region compared to the bogie-inside-cavity cases without the ground, and
therefore the noise level is increased in the noise directivity of a lateral dipole
pattern since the rotating wheelsets and the moving ground increase the noise

generation and the ground reflection effect increases the sound radiation.

9.2 Future Work

The flow behaviour and aeroacoustic characteristics of a simplified bogie inside
the bogie cavity and its isolated components have been studied. The influences
of the bogie fairing and ground were discussed. It should be noted that for a full-

scale bogie in reality, the Reynolds number is much higher. Moreover, the
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turbulent inflow and the complex geometry will lead to complex flow structures
and these will affect the noise radiated. In the industry context it is desirable to
be able to predict the flow-induced noise for a detailed high-speed train at full
scale with required accuracy, performing the noise assessment early in the
design phase and implementing the train optimisation to improve the environment
for those affected by the high-speed train noise. The future work to extend the
understanding of the aerodynamic and aeroacoustic behaviour of a high-speed

train is recommended as follows.

9.2.1 Aerodynamic noise predication for high-speed train in reality

The turbulent inflow conditions for high-speed train and a more detailed train
configuration with more components present in reality need to be considered in
the simulations to investigate the corresponding noise generating mechanisms.
Moreover, the ground effects, including the rail underneath the wheels and the
realistic trackbed geometry, i.e. the type of sleepers and the level of the ballast
bed surface, provide a certain degree of surface roughness and will have a strong
influence on the flow developed underneath a high-speed train, particularly
around the bogie areas. The relative movement between the train and sleepers
should be included if the detailed geometries of the sleepers are included as a
boundary condition.

9.2.2 Numerical simulation and computational modelling

For the aerodynamic noise prediction code performed in this study, the Gaussian
quadrature formulae with two or more integration points should be utilized to
replace the integral evaluation at the single panel centre, and thus increased
calculation accuracy of the integrand will be achieved. A compressible flow solver
needs to be utilized for flow calculation to consider the acoustic propagation and
the effects of the acoustic shielding and scattering of sound waves by the solid
surfaces, which are potentially important for complex geometries with much
higher inflow velocity than the current cases investigated. In reality, the high-
speed trains are running along the railway lines and generally different from the

wind-tunnel cases. Therefore, the by-pass noise generation from the moving train
189



Jianyue Zhu Conclusions and Future Work

should be calculated to include the Doppler effect. The Spalart-Allmaras
turbulence model and the delayed detached-eddy simulation model have been
applied throughout this research. The comparisons with the other turbulence
models and the further mesh refinement implemented on the grids generated
around the geometries may improve the accuracy of numerical simulations.
Moreover, some non-traditional CFD methods, which are suitable to handle
complex arbitrary geometries like a whole train at full scale, should be considered

and compared with the conventional numerical schemes.
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