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Abstract

Crosswind stability of high-speed trains has been a prominent research topic for several decades,
primarily motivated by the frequent rail-related accidents under strong crosswinds. In this study, the
influence of different windbreak walls on train aerodynamic properties whilst subjected to crosswinds
was assessed. The experimental campaign measured surface pressures on a stationary 1:25 model-scale
of Class 390 Pendolino train under varying wind incidence angles with different windbreak walls inside
a wind tunnel. For the first time, the work considers transition regions in windbreak walls, where
transition regions refer to random geometrical changes in the distance between the train and the
windbreak wall. Differences in pressure distribution on the train surface with and without different
windbreak walls are evident. Forces on the train are calculated using the mean pressure coefficients.
Overall, at a yaw angle of 90°, the tallest windbreak wall usually provided lowest mean pressure
distribution on the surface of the model train due to the shielding effects; while the windbreak wall with
a transition region of 90° usually produced the highest mean pressure distribution, comparatively. At a
yaw angle of 30°, the results from windbreak walls with transition regions were relatively uniform
indicating a smooth pressure distribution.

Keywords:

Train aerodynamics; Crosswinds; Model-scale tests; Pressure coefficients; Side and lift force
coefficients; rolling moment coefficients; Windbreak walls, Wind tunnel tests

1. Introduction

The high-speed rail industry is a growing sector in terms of train speeds and the number of railway lines
in the United Kingdom (RSSB, 2016; Department for Transport, 2017), and other countries including
China, Japan, United States and many European countries (Fujii et al., 1999; Deeg et al., 2008). With
clear indication that rail passenger numbers are likely to double in the upcoming years (RSSB, 2016),
it is crucial to develop high-speed and highly efficient trains, as well as the infrastructure to be able to
run such services. In addition to this, the current aim of optimising commercial rail vehicles involves
designing high-speed trains to be light-weight and longer (Diedrichs et al., 2003). This can be
problematic as the stability of these commercial rail vehicles to crosswind forces has been a well-known
problem for more than three decades now (Copley, 1987; Baker et al., 2004; Dorigatti et al., 2015). This
is because the effects of external aerodynamics on high-speed trains are usually pronounced under
strong crosswinds. As Copley (1987) pointed out, the weight of the train is the only factor which
counteracts the aerodynamic overturning forces. Therefore, an obvious deterioration in the running
performance of a train can be anticipated under high aerodynamic loads, caused mainly by high wind
speeds. It is known that under crosswinds the resultant wind speed, calculated from the wind and train
speeds, and yaw angle are the important factors on vehicle dynamics. Consequently, Hemida and
Krajnovic (2010) suggested that high-speed trains are potentially at a risk of derailing or overturning
due to the impact of strong crosswinds, which hit the train surfaces. This was also supported by Browand
et al. (2009) who suggested that design factors on the new generation of trains may lead to a huge impact
on train stability. Although the occurrence of rail-related accidents is rare, passenger safety cannot be
compromised on. Therefore, it is important to first understand the flow fields which develop around
trains under crosswinds and thereafter, several measures need to be realised to improve the safety and
the stability of high-speed trains.
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For a number of years, considerable attention has been paid to the issue of crosswinds affecting high-
speed trains by several researchers (Cooper, 1979; Schulte-Werning and Matschke, 1997; Fujii et al.,
1999; Cheli et al., 2010; Hemida and Baker, 2010; Baker et al., 2011). These researchers have
investigated the different factors which trigger vehicle instability in strong crosswinds. Tomasini et al.
(2015) put forward the view that two approaches can be adopted to overcome the risks caused by
crosswinds. One method is to restrict the speed of the vehicles to strict regulations while the other deals
with installing wind barriers. Often referred to as wind fences or windbreak walls, these are usually
built along the railway line, besides the track, where strong crosswinds are expected (Schulte-Werning
et al., 2002; Bocciolone et al., 2008; Zhang et al., 2013; He et al. 2014) in order to reduce the effect of
crosswinds on the stability of trains while ensuring passenger comfort. Overall, such windbreaks can
be customised according to the wind speed, wind pressure and the surrounding topological conditions.

Generally, wind barriers have been examined through the use of four techniques; full-scale field tests
(Richardson and Richards, 1995); wind tunnel tests (Chu et al., 2013; Tomasini et al., 2015); numerical
modelling (Mohebbi and Rezvani, 2017) and analytical methods (Avila-Sanchez et al., 2016). Schulte-
Werning et al. (2002) draws on research conducted within the TRANSAERO project that involved
carrying out experimental studies to report an initial analysis of the influence of windbreaks. The study
considered the influence of strong crosswinds with different types of wind barriers for both static and
moving models and further attempted to address the reduction of the aerodynamic forces on rail vehicles
through wind barriers. Similar experimental analyses have been performed in the Politecnico di Milano
wind tunnel to evaluate the characteristics of solid and porous types of wind barriers (Bocciolone et al.,
2008). To be more precise, Zhang et al. (2013) states that a wind barrier reduces the magnitude of the
aerodynamic rolling moment coefficient acting on the train under crosswind conditions. On the basis of
the current evidence, Tomasini et al. (2015) stated that creating long barriers in length and achieving
high Reynolds number is quite problematic in wind tunnel testing. Thus, Tomaisini et al. performed a
series of tests in a wind tunnel to analyse the characteristics of different windbreaks and the
corresponding effects on train wind loads. The tests were performed at high Reynolds number to avoid
scaling effects and employed long wind barriers to reduce boundary layer effects, which are pronounced
with short length barriers (Tomasini et al., 2015). Analysis of the results revealed that the existence of
a wind barrier significantly decreases the dependency of all aerodynamic coefficients to the Reynolds
number. Specifically, the sensitivity of the side force and rolling moment coefficients was observed to
disappear while the lift force coefficient reduced considerably. While the study can be considered as a
notable one, it concludes that the distance between the wind barrier and the track is an important
parameter. However, an important problem which has not been addressed yet is the random geometrical
change in the structure of windbreak walls. The abovementioned technique of installing windbreak
walls is deemed effective if the wind barrier is built entirely parallel to the track. Whereas, in reality it
is not possible to develop an entirely uniform and continuous windbreak structure due to possible
complexities in the surrounding terrain such as cuttings, which cannot be avoided. The windbreak wall
would therefore consist of a discontinuous structure with a series of transition regions. Transition
regions refer to the random changes in the shape of the windbreak wall which as mentioned earlier
occur due to the different terrains and topographies which exist around the railway track. Therefore, the
random change in the distance between the windbreak wall and the railway track, known as the
transition region, can result in the formation of vortices around the train body, which may hit the train
surfaces potentially leading to stability issues for the train. Moreover, despite the several benefits of
wind protections, a few researches have stated the drawbacks associated with the use of wind barriers.
As mentioned by Zhao et al. (2015), wind barriers can create a large number of vortices when interacting
with train aerodynamic flows and crosswind creating potential issues for the stability of the train. Wind
barriers can ‘agitate’ the wind flow thus causing increased turbulence effects, which lead to
complexities in the flow fields around the trains (Zhang et al., 2013; Guo et al., 2015; Zhao et al., 2015).
Due to these complexities, there has been a relatively little research carried out on the effect of wind
protections on the aerodynamic behaviour of trains. Also, despite being in considerable attention, few
publications discuss in precise detail the effects of wind barriers in particular. Most studies, such as
Avila-Sanchez et al. (2016), considered only the effects of windbreaks on a bridge system while some
other CFD related studies lacked proper experimental validation (Bi et al., 2011; Li et al., 2012; Guo et
al., 2015).
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It is therefore important to explore both, experimentally and numerically the aerodynamic performance
of trains subjected to crosswinds with different types of windbreak walls in order to propose the best
possible design of a windbreak wall. This paper presents and analyses the results of a series of
experiments performed at the University of Birmingham’s Wind Tunnel facility. The main aim of this
research is to provide an understanding of the aerodynamic flow on a passenger train subjected to
crosswinds, both with and without windbreak walls, and investigate how transition regions in windbreak
walls affect the magnitude of the surface pressure experienced by the train. This paper deals with only
one transition zone in a track. Thus, the distance between multiple transition regions is irrelevant to this

paper.

Several researchers in the past have attempted to simulate aerodynamic characteristics of moving trains
using either experimental or numerical simulations (Krajnovic et al., 2012; Dorigatti et al., 2015;
Premoli et al., 2016; Niu et al., 2018; Liu et al., 2018; Deng et al., 2019; Yang et al., 2019). However,
most CFD studies present in the literature on the use of windbreak wall lack accurate validation data
from wind tunnel tests or similar. The novelty of this paper lies in providing a first step towards
understanding an aerodynamic issue that is not well understood. It is acknowledged that the train model
in the experiments is stationary, but the achieved data is still valuable for a complicated engineering
problem that is yet to be understood. Moreover, there are several publications available in the literature
such as the works of Zhang et al. (2013; 2017), which have studied the aerodynamic properties of wind
barriers on a train bridge model to calculate dynamic response. These studies, which are considered
notable, were also performed on stationary models to obtain the three-component coefficients for the
vehicle. Furthermore, Avila-Sanchez et al. (2014; 2016) also present an interesting research where the
shelter effectiveness of a set of windbreaks placed over a railway twin-track embankment is
experimentally analysed. A set of wind tunnel tests were undertaken and results corresponding to
pressure tap measurements over a section of a typical high-speed train were presented. All of these
studies along with the studies of Cheli et al. (2010), Tomasini et al. (2015) and He et al. (2014) did not
take into account the relative movement of the train unit compared to the walls, but the results presented
were considered remarkable and ones which would benefit the readers. In terms of Dorigatti et al. (2015)
research, the authors have confirmed that differences between the static and moving model experiments
were observed only on the nose region of the train. Over the rest of the train body, it was proved that
any difference in the pressure distribution between the static and moving experiments were within the
experimental uncertainty. The study further stated that in terms of the overall mean aerodynamic side
and lift forces and rolling moment coefficients, the static experiments are sufficient.

Similarly, the current study is an initial step towards understanding the impact of windbreak walls with
different designs on a typical passenger train. Based on the data presented in this study, a number of
other motivational studies can be carried out, which can consider the relative movement of the train. To
accomplish the aim of this study, a stationary 1:25 scale model of a Class 390 Pendolino train with an
appropriate Single Track with Ballast and Rail (STBR) was setup in the wind tunnel to perform
experiments at crosswind angles of 30° and 90°. These experiments measured the surface pressure on
the model train with and without different windbreak walls of different heights and with different
transition regions in order to investigate the effect of these parameters on the aerodynamic flow around
a stationary train.

Section 2 explains the experimental setup and the methodology that was adopted in this investigative
research on understanding the difference in the aerodynamic performance of a model-scale passenger
train under crosswinds with and without different types of windbreak walls. Section 3 provides a
detailed discussion of the results of the mean non-dimensional surface pressure distribution and the
aerodynamic load coefficients on the train for the different test cases. Section 4 discusses the main
outcomes of the research, while providing recommendations for further developments to this study.

2. Experimental methodology
2.1.The UoB wind tunnel facility

The University of Birmingham’s (UoB) wind tunnel is an open-circuit wind tunnel facility which was
constructed in 2012 with the purpose of simulating velocity and turbulence profiles. The wind tunnel
consists of a 10 m long working test section and has a 2 m by 2 m square cross-section.
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The facility is powered by a total of 49 axial fans which are arranged in 7 rows of 7 units each. Each
fan is expected to provide a maximum wind speed of about 10 m/s. Figure 1 shows the front and rear
view of the current wind tunnel. To provide a uniform wind speed with minimal turbulence, wind from
the fans flows through a honeycomb screen, which acts as a flow straightener, before entering the wind
tunnel test section.

(a)

Figure 1: (a) Rear view and (b) Front view of the UoB wind tunnel.

2.1.1. Instrumentation

The wind tunnel facility makes use of 2 kHz Series 100 Cobra probes (TFI, 2011), which can measure
3D velocities of the flow and the static pressure. These multi-hole (4-hole) cobra probes are mounted
to clamp stands, positioned at the designated measuring points, and are capable of providing the three
components of time-varying (fluctuating) and time-averaged (mean) velocity in real-time. A 500 Hz
multi-channel, Digital Pressure Measurement System (DPMS) is available for measuring ground-plane
pressures and pressure fields on model scale buildings and vehicles.

The 64-channel DPMS was used to measure the pressure on the surface of the model train as the system
is capable of measuring both, time-varying and time-averaged pressures thus making it suitable for the
measurement of rapidly fluctuating pressure distributions as well.

2.1.2. Crosswind characterisation of the wind tunnel

Characterising flows inside a wind tunnel is very important as it helps gain a better understanding of
the crosswind simulations by providing an in-depth flow history in terms of the mean wind speeds and
turbulence intensities of the flow. Therefore, this study first investigated the flow in the wind tunnel by
taking measurements at horizontal and vertical points. Horizontal Wind Profiles (HWP) were measured
at different heights from the ground and comprised of a total of 150 spanwise measuring positions.
Vertical Wind Profiles (VWP) were measured from the floor of the wind tunnel to a height of 1.5 m
and comprised of a total of 100 measuring positions. These measurements were made at a distance of 6
m from the fans, which was the position of experimental setup. As expected, it was observed that there
are more differences in the mean velocities at lower heights as compared to higher heights. This is due
to boundary layer effects and the turbulence intensity being higher near the ground. Thus, the most
feasible section for carrying out the experimental tests was chosen, which is at a height of 350 mm from
the floor of the wind tunnel. Figure 2a shows the VWP of the streamwise mean wind velocity and the
streamwise turbulence intensity in correspondence to the height of the model train while Figure 2b
shows the HWP of the mean streamwise velocity at a height of 350 mm from the floor of the wind
tunnel. The wind profile measurements conform to the CEN (2018) standards.
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Figure 2: (a) Vertical mean Wind Profile: Velocity and streamwise turbulence intensity profiles of the
wind tunnel measured with and without the placement of splitter plate (b) Horizontal mean Wind
Profile: Streamwise velocity at a height of 350 mm from the wind tunnel floor.

As evident, there is a boundary layer growth near the floor of the wind tunnel with an increase in the
streamwise mean wind velocity with height. Thus, it is deemed appropriate to perform experiments at
a splitter plate at height of 300 mm from the floor of the wind tunnel. The measurement of the vertical
velocity profile over the splitter plate allows for determining the impact of the presence of a wooden
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splitter plate, its upwind edge and the blockage under the plate. However, upon measurement of both
profiles, it was clearly visible that the presence of a splitter plate does not modify the wind speed profile,
especially in the section where the train model was placed.

An irregular trend is observed in the upper area of the wind tunnel. This signifies that the roof of the
wind tunnel effectively acts as another boundary layer and thus might be possibly introducing larger
irregularities and a resulting higher level of turbulence in the corresponding flow, circulating through
the top part. However, this is not a cause of concern as the model used in this study is located below the
section where irregularities begin. Furthermore, Table 1 provides the spanwise averages of the mean
velocities (streamwise [u], vertical [v] and lateral [w]) and the associated turbulence intensities at a
height of 350 mm from the floor of the wind tunnel, essentially where the train model was placed.

Mean wind velocity (m/s) Turbulence intensity (%)
u v W I, Iy lw lovw
7.2 0.4 -0.5 6.2 5.2 4.9 5.5

Table 1: Spanwise averages of mean wind velocity and turbulence intensities along the horizontal at a
height of 350 mm from the floor of the wind tunnel.

2.2.Scale model

A 1:25 model of the Class 390 Pendolino train is adopted as the test vehicle in this study, as there is
additional validation data available from the work conducted by Dorigatti et al. (2015). Dorigatti
examined the simplest case possible by adopting a conventional flat ground scenario with no ballast
shoulder or windbreaks. This was considered as a fundamental reference for further investigations
concerned with more realistic and critical scenarios such as a STBR (Single Track and Ballast Rail).
Thus, a STBR was chosen as a ground scenario in this study. This was also based on the study by Baker
et al. (2009) which stated that in the process of standardising wind tunnel tests, a reference scenario
known as STBR has been proposed as the only ground scenario which should be considered (CEN,
2013). However, it is worth mentioning that even though a STBR is a reference scenario, in the presence
of barriers, the DTBR (Double Track Ballast and Rail) might modify the distance between the train and
any downwind barriers. This scenario can be tested in a further study.

Furthermore, wind tunnel experiments on a stationary model are carried out as these are the types of
experiments which are currently prescribed in the railway standards (EC, 2008; RSSB, 2009; CEN,
2016) and have also been performed in a variety of investigations (Baker and Brockie, 1991; Cheli et
al., 2010; Dorigatti et al., 2015; Avila-Sanchez et al., 2016). In terms of the choice of the wind incidence
angle, awind incidence angle of 30° is chosen because this value is considered at the top of the realistic
range for high-speed trains (Cheli et al., 2011) while 90° represents the highest transversal wind case
(Cheli et al., 2010), is recommended in CEN (2018) standards, and as Baker (2014) states higher yaw
angles (above 60 degrees) are relevant for stationary trains. These wind incidence angles of 30° and 90°
were used for the first set of experiments. For the second set of experiments, four specific experimental
cases were chosen and were investigated under a varying wind incidence angle from 20° to 90° with an
increment of 10°. This was done to comprehend the sensitivity of the results to varying wind incidence
angles and for understanding the worst wind incidence angle to the track and the train for the Class 390
train model, specifically at a particular case.

Figure 3a shows an image of the scale model which was used in this study and Figure 3b shows the
full-scale Class 390 train. The scale model used in this study is a full reproduction of the leading car
and partial trailing car of the full-scale train. This research entailed measurements only on the leading
car of the train for investigation, primarily because of the limitations of the wind tunnel size and also
several researchers (Barcala and Meseguer, 2007; Bocciolone et al., 2008; Cheli et al., 2010; Dorigatti
et al., 2015) in the past have focused their studies on the leading coach of the train only based on the
assumption that significant aerodynamic forces are present around this region. The partial trailing car
which was a half-car is only included in this study to provide a realistic flow around the train, based on
the CEN (2018) standards.
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Figure 3: Image of the (a) 1:25 scale model of Class 390 Pendolino train used in this study (b) full-
scale of the Class 390 Pendolino train.

2.2.1. Pressure taps

Pressure taps are created by drilling a small hole in the model surface. Each pressure tap is fashioned
by the insertion of cylindrical stainless-steel tubes with an inner diameter of 1.5 mm and an outer
diameter of 2 mm. Each tube is 12 mm long and is connected to the holes on the internal walls of the
model by gluing them in place using an epoxy structural adhesive.

PVC tubings were used to connect the pressure taps to channels of the DPMS. A total number of 162
pressure taps are used in the experiments. All of these pressure taps are fitted on the model’s leading
car and are arranged in a series of 14 loops (A-N), as shown in Figure 4. Table 2 provides the distance
of each loop (X) from the nose of the train, normalised to the total length of the first car (L), which was
1000 mm. In order to ensure consistency of the data received from different experimental runs, one
pressure tap was considered as the reference pressure tap. This tap was constantly monitored in each
experiment by keeping it connected to one of the channels of the DPMS. Since the DPMS consists of
only 64 channels, each experiment was carried out three times.

A BC D E F G H I J K L M N
‘Wind
-
-
-—
!
(a) L Y (b)

Figure 4: (a) Position of the loops consisting of pressure taps along the vehicle and (b) Coordinate
system with reference to onset wind.

Loop A B C D E F G
X/L 0.018 0.055 0.085 0.185 0.250 0.325 0.390
Loop H I J K L M N
X/L 0.480 0.560 0.665 0.750 0.810 0.890 0.970

Table 2: Longitudinal position of each loop (X) with respect to the overall length of the model (L).
2.3. Experimental setup

The train model was placed on top of the STBR, which was mounted centrally on a splitter plate. Figure
5 shows the overall dimensions of the train, STBR and the splitter plate. The overall length of the model
train is 1500 mm while the width is 110 mm and the height is 156 mm. The splitter plate is a wooden
plate with a 20 mm thickness, positioned at a 300 mm height from the floor of the wind tunnel. The
distance between any windbreak wall and the track center was maintained as 240 mm.
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Figure 5: Overall dimensions in mm of (a and b) the Class 390 Pendolino scale model (c) the STBR
used in this study and (d) the splitter plate.

2.3.1. Test cases

A number of experiments were carried out for different cases at two different wind incidence angles:
30° and 90°. These cases are illustrated in Figure 6 and are listed below:

(a) Track without any windbreak wall

(b) Track with windbreak wall 1 (Height of 160 mm)

(c) Track with windbreak wall 2 (Height of 190 mm. Same as the train height)
(d) Track with windbreak wall 3 (Height of 260 mm)

(e) Track with windbreak wall 4 (Height of 210 mm with a 45° transition angle)
(f) Track with windbreak wall 5 (Height of 210 mm with a 90° transition angle)
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Figure 6: An illustration of the juxtapositions of different cases, which were examined in this study.

Following on, another set of experiments were carried out with the purpose of investigating the effect
of changing the wind incidence angle on the cases examined. To elaborate, in these experiments,
windbreak walls 4 and 5 (i.e. the walls with transition regions) were mainly examined and explored in
depth in addition to two more cases. The terms WWS and LWS denote Windward Side and Leeward
Side, respectively.

It must also be noted that each case was performed at varying wind incident angles, ranging from 20°
to 90°, with an increment of 10°. These cases are listed below:

(9) Track without any windbreak wall

(h) Track with windbreak wall 4 (Height of 210 mm with a 45° transition angle) in the WWS
(i) Track with windbreak wall 5 (Height of 210 mm with a 90° transition angle) in the WWS
() Track with windbreak wall 2 (Height of 190 mm) in the LWS only
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A further test was performed at two different wind incidence angles, 30° and 90° for:

(K) Track with windbreak wall 4 (Height of 210 mm with a 45° transition angle) in the WWS and
windbreak wall 2 (Height of 190 mm) in the LWS

The main reason for choosing three different heights for the continuous windbreak wall was to express
these heights with regards to the train height along with the track. Hence, windbreak wall 1 was meant
to be shorter than the train height, windbreak wall 2 was same as the train height and windbreak wall 3
was designed to be much taller than train height. All these heights were chosen to assess the sheltering
effects of the windbreak walls on the train. In terms of the windbreak walls 4 and 5, the transition
regions were chosen in accordance to the appropriateness of the physical angle. Apparently, a transition
region of 90° appears to be the “normal” shape as it is the most appropriate physical angle and is also
the maximum possible angle. Since 45° transition angle would account for a mid-way between the no
transition region (0° transition angle) and maximum transition region (90° transition region), it was also
considered in this study. Obviously, due to resource constraints, not every transitional angle can be
examined.

Figure 7 shows the model set-up at yaw angles of 90°. The figure shows the case with windbreak wall
2. In light of the flow characterisation, for a yaw angle of 90°, the model was placed slightly on the left
hand side in order to prevent any constraining effects of the wind tunnel side walls on the nose of the
train along with an enhanced spanwise uniformity to the onset wind. Also, according to railway
standards (CEN, 2018), a minimum distance of 8000 mm with respect to full-scale geometry is required
from the nose of the train to the start of the track. Thus, in this study at 1:25 scale, a distance of 300
mm was maintained.

According to CEN (2018) standards, the blockage ratio is defined at a yaw angle of 30°. In this study,
the blockage represented by the train model, STBR and the splitter plate is approximately 6%, based on
a length averaged cross-sectional area of the splitter plate at a 30° yawed configuration. It is worth
mentioning that the lower bound for the blockage ratio was 6% while the upper bound for the tallest
windbreak wall case was 10%. The UoB’s wind tunnel used in this study requires no blockage
correction, based on EN 14067-6, Section 5.3.4.7 of CEN (2018). As CEN (2018) states, in closed test
sections, the coefficients are overestimated, thus it is conservative not to apply any blockage
corrections. Nevertheless, the blockage ratio, defined at a yaw angle of 30°, is recommended to be less
than 15%, which was also the case in this study, where the blockage ratio was much lower than 15%.

The Mach number is calculated as 0.03 while the ratio of the total length of the train model to the width
of the tunnel is 0.75. These factors in addition to the design of the STBR agree well with the CEN
(2018) standards. The Reynolds number based on the reference velocity of the wind relative to the train
of 7.2 m/s and train height, was ~1x10°. It is acknowledged that the Reynolds number of the flow was
lower than that specified by CEN (2018), and the turbulence intensity of the flow was 5.5%, which was
higher than that specified by CEN (2018). However, the results of this work will be used in the future
to validate numerical simulations which will then be further performed to take into consideration flows
with higher Reynolds number for same cases.
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Figure 7: The experimental set-up of the models inside the wind tunnel at a yaw angle of (a) 90°.

3. Results and Discussion
3.1. Mean pressure coefficients

This section provides and discusses the pressure distribution results obtained over the train surface for
experimental cases (a — f) at wind incidence angles of 30° and 90° in terms of a non-dimensional
pressure coefficient, Cp:
o _ PP
P = 0502, €

where P is the actual surface pressure at a particular pressure tap, P, is the reference pressure, p is the
air density and V.. is the reference velocity of the wind relative to the train. In terms of normalising the
data for achieving an accurate Cp value for each pressure tap, the reference pressure of a known location,
outside the wind tunnel section, was considered. This was done to ensure the location is not affected by
the onset wind conditions. For the reference velocity, this was measured at the position of the test
models without the presence of the models, prior to the any experimental work. In addition, the mean

non-dimensional pressure coefficient, Cp, provided for each tap was calculated based on the time-
average values of the actual surface pressure at a particular pressure tap.

As discussed, loops A-N were arranged in a progressive manner from the nose to the tail of the leading
car of the model with a total of 162 pressure taps positioned on the first car only. Figure 8 shows that
on rotation of the model about its axis, the pressure distribution at each segment was measured in four
circumferential sections. It must be noted that the location of pressure taps for each loop differed in
sectional placements due to the changing cross section of the train shape. Therefore, the best method of
representing data was in a polar coordinate form. The results can be divided into four different sections;
where WWS and LWS refer to the windward and leeward side of the model train respectively, ROOF
denotes the roof and UB denotes the underbody region of the model. Due to the design of the model,
which shows continuous changes in its symmetry, the range of the polar angle varied for each region at
different longitudinal positions of the loops i.e. at different distances from the nose of the train, as
evident in Figure 4.

90°
|

180°

270°

Figure 8: The orientation of angle 6 with respect to onset wind.

In terms of the results obtained, different patterns of pressure distribution are evident over the surface
of the train. Firstly, it is worth mentioning that the leading car of the Class 390 train has a streamlined
design. Therefore, the cross-section of the frontal region of the train, characterised as the nose of the
train, presents a significant increase in the cross-sectional area down the train length (from Loops A-
C). Therefore, it can be anticipated that this significant change in the frontal part of the train (nose)
would impact the results obtained. For simplicity, results on loops B, G and N are illustrated even
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though measurements were made at 14 loops located at different distances from the nose of the train.
Nevertheless, this results section discusses the trend over the entire length of the train.

3.1.1. Results at a yaw angle of 90°

This section aims to discuss the test results obtained at a yaw angle of 90° for the experimental cases (a
—f), mentioned in Section 2.3.1.

3.1.1.1. Case (a): Track without any windbreak wall

Although the main aim of this research was to investigate the effect of different types of windbreak
walls on the flow which forms around the train, it was important to first obtain data for a case without
any walls and just the model train. This will be used as a benchmark case and will show the intensity
of the change in the results.

Figure 9 shows the mean surface pressure distribution on loops B, G and N for the case without any
windbreak wall at a yaw angle of 90°. In this case, at and near the nose of the train (loops A-B), the
highest pressure values (which can also be referred to as the lowest suction values) are observed on the
WWS of the model, compared to other regions. This is as expected due to the wind directly impinging
on the surface of the vehicle at the WWS thus indicating a region of stagnation at the windward face of
the train. As expected, this is the case for all the loops which show positive Cp values at the WWS.

Based on the results presented in Figure 9, upon transition from the WWS to the ROOF of the model,
a sharp decrease in the positive pressure values can be observed signifying a large suction at this point.
This suggests that the windward edge on the roof of the train has a significant impact on the flow
resulting in a negative gradient of pressure, thus indicating flow separation at this point. For similar
flows, based on the train height and free-stream velocity, the flow is expected to separate from the
windward corners of the roof (Copley, 1987; Baker and Sterling, 2009), which was also the case in this
study. Consequently, the flow tends to show weak suctions over the roof of the model while the wake
downstream of the model on the LWS seems to show a little effect on the overall pressure distribution.
This analysis is based on the magnitude of the Cp, which appears to be uniform on the leeward face, as
the flow progresses.

At further distances from the nose of the train, similar trends in the pressure distribution can be seen as
compared to loops A and B. Positive pressure peaks are evident on the WWS of the model. Regions of
negative pressure are observed on the ROOF and LWS of the model with a strong suction peak obtained
in all cases on the windward edge of the roof, as mentioned before. Also, it seems that the flow stabilises
from the middle of the roof to the leeward side of the train, as shown by constant pressure values,
possibly indicating the reattachment of flow after separation. In terms of the underbody region of the
model, slight differences can be seen in the overall results obtained for the flow in this region. These
are perhaps not surprising based on the practical limitations and difficulties noted in the experimental
set-up. Since the pressure measurement system in this work was not on board and was based externally,
the pressure tubes were sourced from the bottom of the model. This might have provided a blockage
effect on the flow thus creating the variations in the flow in this small region. The Cp in this region
tends to vary with showing both positive and negative Cp values. Reasons for positive Cp in this region
could be based on the induction of stagnation area occurring at the upstream WWS, which might
influence this region.

Finally, according to the results obtained, it can be observed that close to the nose of the train, the
pressure varies significantly from one tap to another and also from one loop to the other. This is as
anticipated and thus shows the importance and influence of the shape of the nose in any crosswind
stability case. However, at distances further down the train, the results tend to become more uniform.

However, near the roof of the train, the results show significant changes. Nevertheless, each loop and
in fact each measuring point has its own characteristic due to its position and the surrounding influence
on the entire train body. Over the middle of the roof, the flow showed uniform results at the tail of the
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train while the results at the leeward side showed that near the nose of the train, there was a lower Cp
distribution as compared to a farther distance (near the tail), where the Cp, magnitude decreased and the
results provided higher values, comparatively. This indicates the strong characteristics of suction near
the nose of the train in the leeward side of the model while a fully developed wake dominated by large
vortices forms at the leeward side at much farther distances from the nose. The results and trends
presented for this case are very similar to the results obtained by several researchers in the past (Copley,
1987; Chiu and Squire, 1992; Baker and Sterling, 2009; Baker, 2010).
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Figure 9: Surface mean pressure coefficient distribution at (a) loop B, (b) loop G and (c) loop N for
the configuration without any windbreak walls at a yaw angle of 90°.

3.1.1.2. All windbreak wall cases (b-f)
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This section presents and discusses the results obtained for cases examining different windbreak walls
at a yaw angle of 90°. In order to provide a closer look at the results obtained with different types of
windbreak walls, Figure 10 shows a comparison of the different types of windbreak walls examined at
three loops, B, G and N. Firstly, it is clearly apparent that the addition of any type of windbreak wall
results in a significant difference in the surface pressure as compared to a case with no walls. It can be
stated that the addition of any windbreak wall provides more uniform pressure results between adjacent
taps with almost constant values as compared to a no wall case where the mean surface pressure varies
rapidly when transiting from one region to another. A windbreak wall significantly reduces the intensity
of pressures on the windward side of the train while providing some uniformity to the results on the
leeward side of the train. These findings clearly make sense as the train is somewhat shielded from the
on-coming crosswind flows by the windbreak structures.

Precisely, for loops located near the nose such as loop B, the results showed that as the height of the
windbreak wall increased (from 160 mm to 260 mm), the Cp decreased, possibly due to the increased
shielding effect, while the trend depicted over the entire circumference of the loop was similar for all
three continuous wall types. Fairly uniform values for Cp are present over the windward side and roof
of the model. However, for walls consisting of transition regions, it is apparent that wall 5 with a 90°
transition region resulted in a higher pressure as compared to wall 4 with a 45° transition region. A
significant pressure peak is observed in all cases at the transition from the middle of the roof to the
leeward side with wall 5 presenting the weakest suction peak. Moreover, the pressure results were
similar for walls 2 and 3; uniform values were obtained for the pressure taps on the WWS of the model.
Itis likely that these results are due to the fact that these pressure taps were all protected by the oncoming
crosswind due to the wall and thus a shielding effect of the windbreak wall. Whereas for wall 1, it can
be seen that slight variations in the pressure distribution were apparent on the WWS because of the
shorter height of the wall and the crosswind flow separating from the top edge of this wall and directly
impacting on the train surface.

In terms of the leeward side, the results showed slightly different trends. As shown in Figure 10a, for
loop B, Wall 1, which was much shorter in height exhibited the largest change in the results in
comparison to the other walls examined. At the leeward edge of the roof, Wall 1 resulted in low pressure
results, which then escalated to a higher pressure results as compared to the results obtained with most
of the other walls, as the flow progressed on the leeside. These results may also be affected by the nose
region of the train. Similarly, for loop B, the results at the windward side of the model showed uniform
values of pressure from one tap to another. Again, wall 3 resulted in the lowest pressure along with wall
2 for the WWS and most of the ROOF region. Also, Figure 10a clearly indicates that wall 5 provided
the highest pressure results on all the pressure taps located at the windward and roof side and for most
of the leeward side while showing clear difference as compared to the results obtained with other walls
near the nose of the train.

Along the longitudinal length of the train, at positions slightly farther from the nose of the train, it was
observed that wall 3, which was the tallest, provided quite uniform results over the windward side of
the model. At further distances from the nose of the train, such as at loops G and N, as shown in Figure
10b and Figure 10c, it can be observed that wall 4 with a transition region of 45° showed the highest
pressure values over most of the circumference of the train. Also, wall 4 usually presented the highest
pressure values as compared to wall 5 in some of the regions, as shown in Figure 10b and Figure 10c.
One reason for this could also be due to the design of the transition which meant that the distance
between the model and wall decreased comparatively. It was also noticed that wall 3 shows the lowest
pressure results comparatively. This can be based on the increased height of this wall.

In terms of the effect of wall 1 on the pressure distribution results, the shorter height of the wall meant
that some of the pressure taps close at the ROOF were exposed to the onset wind and were not provided
with any shielding effect of the wall. Thus, the results linked with this wall were noticed to show a
sudden increase in pressure values as the flow progressed from the WWS to the ROOF, specifically
near the rear end of the train, as shown by Figure 10c. A suction peak can also be found at the windward
edge of the roof at loop N. However, along the surface of the roof and all the way to the LWS of the
model, the Cp values went from a low value to a much higher value. One of the key findings from the
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results revealed that the frontal loops, which were situated near the nose of the train showed higher Cp
results on the WWS compared to the leeward side, which was masked by either similar values or a little
lower Cp values. Whereas, at much further distances from the nose of the train, it was observed that the
LWS showed much higher Cp values when compared to the WWS for all different wall cases. Another
interesting finding from the results is based on loop N. Compared to other loops, the circumferential
pressure distribution on this loop showed a significant drop in the C, value at the windward edge of the
roof, as mentioned earlier. Another suction peak was noticed near the bottom edge of the LWS. These
could be based on the fact that loop N was located right at the end of the first car and thus the results
could have been influenced by the inter-carriage gap which was next to this loop. The random change
in the geometry of the model might have led to the flow vortex being separated at this point thus the
strong suction. Close to the rear end of the train, wall 3 was again observed to show the lowest pressure
results, mainly due to the abovementioned reason that this wall was the tallest thus was able to provide
the greatest shielding effect. Overall, one interesting trend which was observed again was that near the
nose of the train, the Cp values had a lower value compared to near the tail of the train, where the Cp
showed higher values. It is also worth mentioning that the results for the wall 2 (which was 190 mm
tall) were very similar to the results of a continuous wall with a height of 210 mm. Therefore, the results
of the latter were not shown in this study as there seemed no point in expressing them.

To further elaborate the effect of the sharp transition regions in walls 4 and 5 on the flow around the
train, loops near the transition region such as loop G were examined carefully as these were mainly the
loops which were under the influence of these regions. As compared to all other loops, the usual trend
involved wall 5 showing the highest C, values at the entire circumference of the loops A-D, in
comparison to wall 4. Whereas, at loop G, where a sharp transition was present in both the walls, a
slight difference in the trend can be observed. At this point, wall 4 with a 45° transition region showed
the highest Cp results on the roof while wall 5 showed slightly lower Cp values over the roof. At loop
E (X/L =0.250), the influence of wall 5 on the flow resulted in a weak suction peak at the middle of the
roof of a considerable different magnitude as compared to the results obtained on other pressure taps.
This might be an indication of the surface pressure approaching the reference pressure at this particular
point, which was clearly under the influence of the sharp transitions in the walls.
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3.1.2. Results at a yaw angle of 30°
3.1.2.1. Case (a): Track without any windbreak wall

Firstly, it is worth mentioning that in contrast to the results obtained for a yaw angle of 90°, the
magnitudes of the results for a no wall case were somewhere near the magnitudes of different wall
cases. This was not the case for the former investigation involving a yaw angle of 90°, where the wind
was hitting the surface of the train perpendicularly and thus the addition of walls implied that all or at
least most of the train surface was covered by the direct impingement of the wind. Nevertheless, a
significant difference is still apparent further down the train length and is discussed in this section.

For a no wall case, different flow patterns for the mean surface pressure distribution were identified
along the longitudinal length of the train, as shown in Figure 11. The nose of the train, which embraced
loops A, B and C was characterised by positive values of Cp for the WWS and the windward portion of
the ROOF. This was the case at each different loop of the train, thus indicating a stagnation region
created due to the wind being directly impinged on the surface of the model. As the circumferential
pressure distribution results show, on each loop, the positive magnitude of Cp appeared to increase
initially at the WWS and then this positive magnitude continued to decrease continuously. Around the
ROOF, the results for the Cp provide a negative gradient as the flow transits from the WWS to the LWS.
The transition from a stagnation region to a suction region is obvious from the results.

Furthermore, the leeward side of the train was characterised by a region of suction which included the
roof of the model as well as the entire leeward side near the nose of the train. The only exception in the
results was on loop A, where the magnitude of C» remained positive over the roof as well. This could
be due to the reduced cross-sectional area of this loop. Based on these results, a maximum suction peak
is observed at the leeward edge of the roof for loops close to the nose of the train, such as loop B, as
shown in Figure 11a. This indicates the presence of one or more vortices attached to the train surface
which then progressively roll away from the train surface resulting in higher Cp values. This finding
was also reported by Hemida and Karjnovic (2009) and Dorigatti et al. (2015). However, moving away
from the nose of the train, at loops such as loops G and N, as shown by Figure 11b and Figure 11c, a
suction peak is found to appear at the windward edge of the roof. This was also the case for a yaw angle
of 90°, suggesting a flow separation point at the windward edge of the roof. This echoes previous studies
such as Copley (1987) and Baker and Sterling (2009). The flow separates from the windward edge of
the roof and does not reattach. Since all adjacent loops seem to show similar results at this point, it can
be stated that this vortex is rolling up on the roof. It continues to drift progressively from the edge to
the centreline of the roof in some cases (Loop M) before completely detaching away from the train.
Moreover, near the rear end of the train, such as at loop N, a weaker suction peak is found at the bottom
side of the leeward face. This suction peak might be related to a vortex which emanates from the leeward
edge of the LWS. Overall the results and trends presented for this case are very similar to the results
obtained by several researchers in the past (Copley, 1987; Hemida and Karjnovic, 2009; Dorigatti et
al., 2015).
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3.1.2.2. All windbreak wall cases (b-f)

The different types of windbreak walls showed a significant difference in the trend of the results as
compared to a no wall case, as evident in Figure 11. Firstly, for all walls, a similar trend was observed
for the circumferential pressure distribution. On the WWS, near the nose of the train, such as at loop B,
shown by Figure 11a, similar behaviour was observed as to the no wall case; however, the magnitude
of the Cp values varied significantly. For a no wall case, the WWS showed a stagnation region
characterised by positive Cp values; whereas, the addition of walls led to a region of suction on the
WWS, as anticipated from the 90° results presented in section 3.1.2. Comparatively, the lowest Cp value
was provided by the tallest wall, wall 3, and the highest C, was shown by the shortest wall, wall 1 on
the WWS. Following on, the circumferential pressure distribution showed that on the nose of the train,
the walls led to a higher value of C, for each case for the ROOF region. This indicates that the walls
were able to provide a shielding effect to the WWS of the model but in case of the roof, the wind was
able to directly impinge and create stagnation regions thus producing large positive pressure values.
The Cp values then dropped significantly as the flow transits from the ROOF to the LWS, producing
regions of suction in the LWS. For the shorter height wall, wall 1, a similar trend was seen near the nose
of the train with a positive Cp peak occurring at the windward edge of the roof, while suction peaks
were observed at the leeward edge of the roof and at the bottom of the leeward face (loop B). Away
from the nose of the train, at loops G and N, as depicted by Figure 11b, a suction peak was observed at
the windward edge of the roof; however this was not the case for other loops. A similar trend was also
noticed at a yaw angle of 90°. Walls 2 and 3 showed somewhat similar results in comparison to each
other with wall 3 showing the lowest Cp distribution. One interesting finding was that the LWS of the
model depicted a smooth pressure distribution near the nose of the train with the use of wall 2, which
was not the case for the tallest wall (wall 3). In terms of transition regions in walls 4 and 5, near the
nose of the train, wall 5 presented higher Cp values as compared to wall 4 over the WWS. However, in
the same region as the flow progressed around the surface of the train, wall 5 presented the lowest Cp
values compared to wall 4. In order to determine the effect of the sharp transitions on the exact location
where these were situated, the respective loops which were under the influence of the sharp transitions,
such as loop G, were carefully examined; results on Loop G are presented in Figure 11b. At the WWS,
wall 4 showed the lowest Cp distribution not only compared to wall 5 but to all other walls. An
interesting phenomenon revealed at yaw angle of 30° was that walls 4 and 5, with transition regions,
led to more uniform results where Cp was seen to approach zero. These uniform results with small
variations indicate the smooth pressure distribution around the train signifying the complete detachment
of any vortical structures from the train body, especially at the LWS of the model.

3.2. Overall aerodynamic load coefficients

Under the action of crosswinds, a vehicle experiences several flow patterns around its body. As a result,
a pressure distribution forms around a body leading to a series of aerodynamic loads to develop. These
aerodynamic loads, which act on a train, can be classified as aerodynamic forces and moments.

Section 3.1 discussed the pressure results on the train surface for different cases by expressing the
surface pressure distribution as a non-dimensional mean pressure coefficient, Cp. This section aims to
provide an analysis on the overall mean aerodynamic load coefficients for the side (lateral), Cy, and lift
(vertical), C,, forces along with the rolling moments about the X-axis and leeward rail, Cy;, and Cyy,, ...
respectively, for different test cases. Generally, these coefficients are considered as the main
components of the aerodynamic loads and are usually examined for cases involving the investigation
of train stability under crosswinds (Baker et al., 2004; Sanquer et al.,2004; Baker et al., 2009; RSSB,
2009; Cheli et al., 2011; Dorigatti et al., 2015; Gallagher et al., 2018).

In this study, the overall mean aerodynamic load coefficients were calculated using a methodology
based on the measurement of surface pressure distribution over the train surface. This approach has
been successfully used in several earlier studies as well (Sanquer et al.,2004; Dorigatti et al., 2015;
Gallagher et al., 2018) and basically, involves the discrete integration of the mean pressure coefficient
distribution over the train surface. This is achieved by converting the model surface into a simplified
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geometry composed of discreet rectangular surfaces. While each discretised surface is centred on a
pressure tap, the edges of the surfaces extend all the way to the midpoint between two neighbouring
pressure taps or the model edges for outer end taps. This discretisation of the model surface area into a
number of smaller areas around each pressure tap assumes that the pressure measured at each individual
pressure tap is constant and uniformly distributed across the corresponding surface. This methodology,
in fact, is an excellent approach when the surfaces associated to each pressure tap are small, especially
where the pressure gradient is high. Similarly, the Class 390 model used in this study was discretised
into longitudinal stripes consisting of one loops of taps each. Forces on each surface were then
calculated using the mean pressure coefficients.

The mean overall load coefficients for the entire vehicle can be defined as (Dorigatti et al., 2015):
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Where, based on the model discretisation, i is the index for an individual pressure tap on each loop, j is
the index for the loops consisting of pressure taps and corresponds to the stripes of the discretised train
geometry, q and 4; ; represent the mean pressure coefficient value and the discretised area of each
rectangular surface, respectively, A,..; is the nominal side area of the Class 390 leading car (78.66 m?
at full-scale), H,..is the nominal height of the Class 390 leading car (3.159 m at full-scale) and L; is
the length of each longitudinal stripe on the discretised model. Furthermore, considering a 2D
simplification for an individual loop (at a known X/L), n; is the normal unit vector relative to each
surface, associated to each pressure tap, i, d; is the vector directed from the longitudinal axis (X) to the
midpoint (pressure tap) of each surface and d; is the corresponding of d; but beginning from the leeward
rail. Finally, x, y and z are the unit vectors related to the X, Y and Z axes.

Figure 12 and Table 3 show the calculated values for the overall mean aerodynamic load coefficients
over the entire unit length of the vehicle for the different test cases at 90° and 30° yaw angles.
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Figure 12: Overall mean aerodynamic load coefficients for different test cases at a yaw angle of (a)
90° (b) 30°.
Yaw angle of 30° Yaw angle of 90°
Cases C_Y C_Z CMx CMX,lee C_Y C_Z CMx CMX lee
No Wall 0.620 0.487 -0.404 | -0.490 0.886 0.844 -0.573 | -0.730
Wall 1 -0.101 0.040 0.045 0.058 -0.158 0.106 0.094 0.090
Wall 2 -0.348 0.011 0.246 0.257 -0.057 0.156 0.006 0.006
Wall 3 -0.669 0.118 0.465 0.451 -0.024 0.085 0.014 0.004
Wall 4 -0.413 0.187 0.271 0.243 -0.026 0.122 0.003 -0.004
Wall 5 -0.335 0.188 0.206 0.183 -0.033 0.110 0.012 0.008

Table 3: Overall mean aerodynamic load coefficients for different test cases.
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In terms of the results, side forces are a measure of the difference in pressure between the WWS and
LWS. As noted earlier, WWS experiences positive pressures, contrary to LWS which experience
negative pressure. These two effects conjoin together to form an overall side force. Therefore, positive
values of Cy indicate that the side force is directed according to the crosswind flow while positive C,
values refer to the lift force being directed upwards. Likewise, for rolling moments, m and Twe

based on the reference system about the centre of track and leeward rail, respectively, negative values
refer to overall moments which tend to overturn the vehicle.

3.2.1. Results at a yaw angle of 90°
3.2.1.1. Case (a): Track without any windbreak wall

For the case with no wall, since the crosswinds were able to impact the train surface directly, high
positive values for C, and C, were noticed, as illustrated in Figure 12a. This validates the point that the
action of wind can clearly lead to the overturning or derailment of a vehicle. At a yaw angle of 90°,
slightly higher magnitudes were observed for the force coefficients as compared to 30°. This is again
as expected, signifying the increased overturning probability when the crosswind blows perpendicularly
to the direction of travel of the vehicle. This is also in agreement with earlier studies, which show that
the aerodynamic force coefficients tend to increase in magnitude with an increase in the yaw angle
(Baker et al., 2009). Furthermore, at a yaw angle of 90°, the rolling moment about the leeward had a
larger negative value compared to the rolling moment about the X-axis. This is an important finding as
Baker et al. (2009) mentions that usually for rail vehicles, the rolling moment about the leeward rail is
required for overturning risk calculations. This result is due to the fact that the vertical force, which is
directed upwards contributes to the lee-rail rolling moment while it does not contribute to the rolling
moment about the X-axis.

Figure 13 presents the results for the mean load coefficients per unit length for different test cases at a
yaw angle of 90°. The presented results show only eight of the loops along the length of the train body
as other loops were equipped with only a few pressure taps.

Firstly, based on Figure 13a, it can be observed that the entire train model is characterised by positive
values of Cy per unit length except on loop A. This shows that a lateral net force exists in the direction
of wind and thus indicates the stagnation and suction pressure regions which are present on the WWS
and LWS of the train. The side force coefficients seem to increase on the nose of the train and then
decrease along the length of the train body with the exception being on loops D and N. Considering the
shape of the Class 390 model and based on the results, it seems that the central part of the model has
slightly more stability. Also, a higher side force coefficient at loop N probably indicates the effects of
space size behind the leading car and in front of the second car.

Positive values of the lift force coefficients are observed on the entire train body, as shown by Figure
13b. The lift force coefficients also follow the same trend as side force coefficients around the nose
region of the train. However, at positions further from the nose, the lift force coefficients tend to
decrease with the exception being at loop H. Since the lift force coefficient at each loop is evaluated
based on the balance between the pressures on the ROOF and the UB region, it can be noticed that the
UB region of loop H has a higher pressure as compared to the ROOF thus the high value.

In terms of the rolling moments, as illustrated in Figure 13b and Figure 13c, it is worth mentioning that
the side force contributes to an overall overturning moment, which then leads to negative C,;, values.
Therefore, both Cy, and Cy, ,,, values follow a similar trend as the side force coefficient along the

length of the train body. Overall, it can be stated that the side force contribution to the rolling moments
is dominant as compared to the lift force on any loop of the train. Nevertheless, the positive lift force
coefficients are also able to increase the negative magnitudes of both €y, and Cy, ., per unit length at

any loop thus increase the overturning moment of the vehicle.
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Figure 13: (a) Mean side force coefficient per unit length (b) mean lift force coefficient per unit length
(c) X-axis mean rolling moment coefficient per unit length (d) Leeward rail mean rolling moment
coefficient per unit length at a yaw angle of 90°

3.2.1.2. All windbreak wall cases (b-f)

A comparison between the no wall and with wall cases shows clearly that the overall C, values for
most loops of the train changed from positive to negative with the addition of any wall, as illustrated in
Figure 12a. This was as expected and shows the huge impact of windbreak walls. The shielding effect
of windbreak walls results in negative and in some cases negligible overall Cy values. An unusual trend
seems to appear at loop D for all cases at a yaw angle of 90°. Positive values of the side force coefficients
per unit length are observed in all cases. As Dorigatti et al. (2015) described, such a situation is an
indication of the lateral net force which exists in the direction of wind. Based on the respective
stagnation and suction regions of this loop, it is clearly evident that an intense low-pressure peak exists
on the LWS of the loop, which might reflect the presence of vortices in this region and hence the positive
Cy results. Overall, the negative side force coefficient values for the different windbreak walls at other
loops decrease in magnitude with an increase in wall height. The lift force coefficients at an individual
loop can be noticed to decrease in magnitude with an increasing wall height. Also, it appears that the
transitional walls show results similar to Wall 3, the tallest wall.

A comparison on the results with and without transitional windbreak walls on loops E and H shows that
there are not major differences in the results. However, Wall 5 with a transition region of 90° seems to
have slightly lower magnitudes of rolling moments around the transition regions.
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3.2.2. Results at a yaw angle of 30°
3.2.2.1. Case (a): Track without any windbreak wall

For the case with no wall at both yaw angles, since the crosswinds were able to impact the train surface
directly, high positive values for Cy and C, were noticed, as shown in Figure 12. Furthermore, at a yaw
angle of 30°, shown in Figure 12b, the rolling moment about the leeward had a larger negative value
compared to the rolling moment about the X-axis. This trend was also observed for the yaw angle of
90° and also in similar investigations carried out earlier (Dorigatti et al., 2015) As mentioned earlier,
this result is due to the fact that also the vertical force, which is directed upwards, contributes to the lee-
rail rolling moment while it does not contribute to the rolling moment about the X-axis.

Figure 14 presents the results for the mean load coefficients per unit length for different test cases at a
yaw angle of 30°. The presented results show only eight of the loops along the length of the train body
as other loops were equipped with only a few pressure taps. Based on the results, it can be observed that
the entire train model is characterised by positive values of Cy per unit length. This shows that a lateral
net force exists in the direction of wind and thus indicates the stagnation and suction pressure regions
which are present on the WWS and LWS of the train.

As shown by Figure 14a, the side force coefficients seem to increase on the nose of the train with
maximum values being reached at loops B and C. This is expected as the results agree with the study
presented by Dorigatti et al. (2015) and the reason for this is the existence of low-pressure, suction
peaks which exist in the LWS sections. Slightly lower side force coefficients at some positions of the
train sections indicate the absence of low-pressure peaks in the LWS of the train and the reduced
intensities of pressure fields on the WWS and LWS. Also, a higher side force coefficient at loop N
probably indicates the effects of space size behind the leading car and in front of the second car. Positive
values of the lift force coefficients are observed on the entire train body as portrayed by Figure 14b.The
lift force coefficients also follow the same trend as the side force coefficients around the nose region of
the train. In addition, positive values of C; are also characterised by the suction on the upper face of the
train being more intense than the UB region. Lower C, values along the length of the train refer to the
low-pressure peaks found on the roof.

In terms of the rolling moments shown in Figure 14c and Figure 14d, the side force contributes to an
overall overturning moment and negative Cy;, and Cy, ,,, values occur which follow a similar trend as

the side force coefficient along the length of the train body. Once again, the side force contribution to
the rolling moments can be seen to be dominant as compared to the lift force on any loop of the train.
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Figure 14: (a) Mean side force coefficient per unit length (b) mean lift force coefficient per unit length
(c) X-axis mean rolling moment coefficient per unit length (d) Leeward rail mean rolling moment
coefficient per unit length at a yaw angle of 30°

3.2.2.2. All windbreak wall cases (b-f)

For all the wall cases, a comparison shows that the nose region and sections slightly father from the
nose region are characterised by positive side force coefficient values. However, from the central part
to the tail of the train, negative side force coefficients are evident. This is due to the practical limitations
experienced at a yaw angle of 30° which meant that some onset wind was able to attack the train surface,
potentially the nose region. The shielding effect of windbreak walls is apparent as the magnitude of the
overall Cy values decreases with an increase in the height of the walls, as shown in Figure 14b. However,
it is apparent that the results for the side force coefficient along with the resulting rolling moment
coefficient tend to become sensitive to the overall increase in height of the windbreak wall. To elaborate,
with windbreak wall 3, C, becomes increasingly negative at this wind incidence angle. This would
mean that this particular configuration would be worse in terms of safety than the case without any
windbreak wall. This is because the train would be at a higher risk of overturning in the opposite
direction with respect to wind. The main reason for such a result could be based on the practical
limitations of the experimental work at the wind incidence angle of 30°, as discussed earlier. Also,
opposite to higher wind incidence angles, it is clear that at lower wind incidence angles, while the
windbreak wall height has a sheltering effect on the WWS of the train, a possible vortex is generated
due to an increased windbreak wall height (i.e. wall 3). This then produces a strong suction in the LWS
that can result in the overturning of the train in the windward direction. This result is confirmed by
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Figure 11a, which shows the increased negative C, at the nose of the train. Further from the nose of the
train, this is not the case due to the setup of the geometry. The lift force coefficients for the different
wall cases follow the same trend as the case without a wall, however with much lower magnitudes,
comparatively. Negative lift force coefficients at the nose of the train indicate a force directed
downwards. This is mainly due to the intense stagnation over the roof of the nose of the train and low
pressures in the UB regions. Thereafter, positive lift force coefficients are visible over some loops
indicating the reduced magnitude and extensions of the stagnation regions on the roof. Moving on
towards the rear of the train, the C, values per unit length tend to reduce due to the existence of low-
pressure peaks on the roof side of the train. Since the overturning moments are dependent mainly on
the side force, the roll moments are mostly characterised by negative values for the nose region of the
train. However, these roll moments then become positive near the rear of the train. In terms of the effects
of the transition regions on loops E and H, the result show that wall 5 with a transition region of 90°
leads to much lower overturning moments hence signifying the stability this wall provides to the overall
train body. In fact, detailed analysis on the results show that the lowest roll moments at loop E were
obtained from the use of Wall 5. This was also the case for the yaw angle of 90°.

3.3. Effect of varying wind incidence angles on the mean pressure coefficients

Similar to section 3.1, this section provides and discusses the pressure distribution results obtained over
the train surface for the experimental cases (g — j) in terms of a non-dimensional pressure coefficient,
Cp. For simplicity, results on only certain important loops are illustrated. Nevertheless, this section
discusses the trend and results over the entire length of the train.

3.3.1. Case (0): Track without any windbreak wall

Figure 15 shows the C, distribution at loop B and loop G of the train at varying wind incidence angles
for the case without any windbreak wall, respectively. With reference to Loop B, it is apparent that at
lower wind incidence angles (i.e. at 20° and 30°), the overall pressure results are much lower as
compared to the other wind angles on the WWS. As wind incidence angles increase from 20° to 60°,
the surface pressure also starts to increase with the highest surface pressure obtained at a wind incidence
angle of 60°. These trends can be simply explained by the geometry set up, where at lower incidence
angles, the train acts as a barrier and thus blocks the flow. An interesting trend appears after the wind
incidence angle of 60°, where it is visible that the wind incidence angle of 70°, 80° and 90° results in
quite similar results at the WWS of the train. Also, the resulting surface pressure at these wind angles
is in the mid-range of the lowest and highest pressure results achieved at those particular tappings. At
the windward edge of the roof, a drop in surface pressure is observed where lower surface pressure
results are yielded at higher wind incidence angles as compared to the lower wind incidence angles.
This phenomenon stays valid over the roof. As the flow progresses over the train surface, the flow tends
to show weaker suctions over the roof of the model while the wake of the model on the LWS seems to
have a little effect on the overall pressure distribution. These trends have been discussed earlier as well
in section 3.1.1.1. Hence, to be more specific in terms of the different wind incidence angles in the
LWS, the wind incidence angle of 50° seems to result in the lowest yet varying pressure distribution
while higher wind incidence angles such as 60° to 90° lead to a uniform pressure distribution in the
wake of the train.

Further away from the nose of the train, over the WWS and the roof of the train, the trend in the surface
pressure distribution is same, however, the magnitude of the pressure values is different. Particularly in
the WWS of the train, similar to Loop B, the wind incidence angle of 20° results in lower pressure
results as compared to other increasing wind incidence angles. However, over the roof and the LWS of
the train, the wind incidence angle of 20° results in the highest pressure distribution comparatively.
Dissimilar to Loop B, it appears that near the midpoint of the train and at distances farther from the
nose of the train, the pressure distribution is similar in terms of the trends it adopts regardless of the
wind incidence angles, with obvious differences in terms of the magnitude of the pressure values. This
also shows the importance of the nose of the train as it confirms its influence on the flow fields around
the train.
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Towards the rear of the first car of the train, it is apparent that from 20° to 50° of wind incidence angle,
the pressure results follow a similar trend in the WWS with the lowest pressure results being yielded at
the lowest wind incidence angle. As the wind incidence angle increases, the highest wind incidence
angle results in the highest surface pressure distribution. This is as expected due to the increased
possibility of the direct impingement of wind on the train surface at increased wind incidence angles,
thus resulting in stagnation regions. Over the windward edge of the roof, a sharp decrease in pressure
is observable where strong suctions represent the possible detachment of flow vortices. Compared to
the other loops, which were at a lesser distance from the nose of the train, it appears that strong suctions
are evident near the tail of the train. This aspect has already been discussed in section 3.1.1.1. As the
flow progresses, uniform pressure distribution is obtained at the LWS with the lower wind incidence
angles resulting in higher pressure results, comparatively.
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Figure 15: Surface mean pressure coefficient distribution at (a) loop B and (b) loop G for varying wind
incidence angles without the presence of any windbreak walls.
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3.3.2. Case (h): Track with windbreak wall 4 (Height of 210 mm with a 45° transition angle) in
the WWS

Figure 16 shows the Cp distribution at loop B and loop G of the train for varying wind incidence angles
with the windbreak wall 4 (i.e. the windbreak wall with the transition region of 45°) in the WWS of the
train, respectively. The results near the nose of the train show a fairly interesting trend where it is
apparent that at higher wind incidence angles (i.e. at wind incidence angles from 50° to 90°), the
shielding effect of windbreak walls was able to play a role, hence resulting in much uniform pressure
distribution as compared to the lower wind incidence angles. In addition, even though the windbreak
wall was designed in order to barricade the oncoming flow, it appears that at a wind incidence angle of
20° and to some extend at wind incidence angles of 30° and 40° as well, a strong suction point existed
at the windward edge of the roof. This was not the case for higher wind incidence angles. Also, over
the roof of the train, lower wind incidence angles resulted in higher pressure results as compared to the
uniform resulting effects of the windbreak wall at higher wind incidence angles. Nevertheless, in terms
of the leeward side, it was observed that the wind incidence angles do not have a major effect on the
pressure distribution with somewhat uniform results achieved at higher wind incidence angles.
However, compared to other wind incidence angles, the wind incidence angle of 60° results in much
lower surface pressure results mostly, specially over the roof and the LWS of the train. It could be
interpreted from these results that apart from a wind incidence angle of 20°, which seems to be one of
the most severe cases, the shielding effects of the windbreak wall 4 are apparent.

Away from the nose of the train, near the midpoint, the results show that all wind incidence angles lead
to a fairly uniform pressure distribution with the lowest pressure results observed at lower wind
incidence angles. An interesting trend is evident at the windward edge of the roof where it can be
observed that at higher wind incidence angles (i.e. from 50° to 90°), a uniform constant pressure
distribution is obtained. However, for lower wind incidence angles at the same point, there is a sharp
increase in the surface pressure. This signifies the possible reattachment of flow in this region at lower
wind incidence angles (i.e. 20° to 40°) where it is also apparent that the windbreak wall was not able to
provide a complete shielding effect. The effect of the wind incidence angles is also apparent in the LWS
of the train.

Towards the rear of the train, it appears that as the wind incidence angle is increased, the resulting
pressure decreases with lower surface pressure distribution achieved at the highest wind incidence
angle. This was the case over the entire circumference of the train for loops located at the end of the
first car such as loop M. A strong suction peak exists in the middle of the roof and the leeward edge of
the roof. This is also discussed in detail in section 3.1.1.2.
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Figure 16: Surface mean pressure coefficient distribution at (a) loop B and (b) loop G for varying wind
incidence angles with the windbreak wall 4 in the WWS.

3.3.3.  Case (i): Track with windbreak wall 5 (Height of 210 mm with a 90° transition angle) in
the WWS

Figure 17 shows the Cp distribution at loop B and loop G of the train for varying wind incidence angles
with the windbreak wall 5 (i.e. the windbreak wall with the transition region of 90°) in the WWS of the
train, respectively.

Compared to the results obtained with the windbreak wall 4, slightly different results were obtained
with the use of windbreak wall 5. At the nose of the train, while a suction point exists at the windward
edge of the roof at lower wind incidence angles, similar to with the use of windbreak wall 4 along with
an increase in pressure over the roof, a suction peak no longer exists in the LWS of the train. However,
one interesting finding is apparent at a wind incidence angle of 60°. If the two windbreak walls with
transition regions (i.e. walls 4 and 5) are compared, it is clearly visible that while a uniform surface
pressure distribution is achieved with the use of windbreak wall with a transition region of 45°, this is
not the case with the windbreak wall with a transition region of 90°. With the latter, a varying flow field
is apparent indicating some disturbances in the flow, specifically at this wind incidence angle. At such
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a wind incidence angle, it seems that a windbreak wall with a transition region of 45° is a better option.
Also, any positive pressure values with the use of a windbreak wall indicate that the wind flow was able
to directly impinge and create stagnation regions. A physical interpretation of this trend could be that
while the oncoming flow was able to separate from the top edge of the windbreak fall, it possibly
reattached at the leeward edge of the roof. It also appears that at certain wind angles, the wind flow was
able to directly impinge and create stagnation regions thus producing large positive pressure values. For
higher wind incidence angles, i.e. 70° to 90°, the surface pressure distribution is fairly similar and
uniform over the entire circumference of the train. This is as expected due to the complete shielding
effect of the windbreak wall.

At the midpoint of the train, as seen in Figure 17b, due to the difference in the geometry of the
windbreak walls 4 and 5 (i.e. the difference in the shapes of the transition regions), the results seem to
have a resulting effect. To elaborate, in terms of the WWS of the train, at lower wind incidence angles
(i.e. 20° to 40°), it is visible that the windbreak wall 5 results in much higher surface pressure results as
compared to the results obtained with the use of windbreak wall 4. Another interesting point is the
windward edge of the roof where the use of windbreak wall results in a sharp increase in pressure but
the use of windbreak wall 5 has no resulting significant impact on the surface pressure. Once again, at
lower incidence angles the flow of the LWS of the train shows some differences when compared for
cases with windbreak walls 4 and 5, respectively. Following on, at higher incidence angles, i.e. from
50° to 90°, not only do the results show a uniform pressure distribution over the entire train surface, the
results for windbreak walls 4 and 5 are quite similar in terms of the trends and to a certain extent in
magnitude. It is worth mentioning that the results of these experimental cases (g — j) are similar to the
ones mentioned in section 3.1.1.2 for cases (a - f).

Towards the rear of the train, it is clear that the trend is very similar for both cases (h) and (i). This is
mainly because the results at this section are at a farther distance from the actual position of the
transition region. Nevertheless, some differences exist in these two cases at the same loop at some wind
incidence angles. This shows that the wind incidence angle along with the shape of the transition region
may have an impact on the train even at positions much further away from the point, which was directly
under the impact of the transition region.
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Figure 17: Surface mean pressure coefficient distribution at (a) loop B and (b) loop G for varying wind
incidence angles with the windbreak wall 5 in the WWS.

3.3.4. Case (j): Track with windbreak wall 2 (Height of 190 mm) in the LWS

Figure 18 shows the surface mean pressure coefficient distribution at loop B for varying wind incidence
angles with the windbreak wall 2 (i.e. the continuous windbreak wall with the same height as the train
height) in the LWS of the train. This experimental case allowed for modelling the windbreak wall
behind the train (i.e. downwind). In order to understand the impact of a windbreak wall behind the train,
the results of this case were compared with the case where no windbreak wall was used. Overall, as
expected, no differences were observed in the WWS. Up till a wind incidence angle of 50°, the trend of
the surface pressure distribution was similar for the two cases. Over the entire circumference of the train
at loop B, from 20° to 50° of wind incidence angle, the case with no windbreak wall resulted in lower
results as compared to the case with the windbreak wall behind the train. Also, not significant
differences in the magnitude of the pressure distribution were observable at all wind incidence angles
over the roof of the train. Moreover, in the wake of the flow, from 60° to 80° of wind incidence angle,
while the case with no windbreak wall resulted in uniform pressure, the addition of a windbreak wall
behind the train resulted in a lower but non-uniform surface pressure distribution.
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At slightly further distances from the nose and at lower incidence angles, the results of the surface
pressure distribution are similar to the case without the presence of any windbreak wall. However,
although the trend is similar, the magnitude of the surface pressure distribution is different with the wall
2 in the LWS always resulting in higher pressures, specifically in the LWS. Slight differences arise
from a wind incidence angle of 60°, where the comparison between the two cases tend to show similar
results over the circumference of the loops. Also, the wall in the LWS continues to yield higher pressure
results, comparatively.

Further on, towards the rear of the train for lower wind incidence angles, while the pattern of the surface
pressure distribution is similar to the case without the presence of any windbreak wall, it is observed
that the windbreak wall on the LWS of the train does lead to a reduction in the haphazard pressure
distribution over the train’s circumference. Although the fluctuations exist in terms of the flow as it
transits from one pressure to the other, these are less severe, comparatively. Moreover, at slightly higher
wind incidence angles (i.e. 50° and 60°), an irregular trend is observed over the roof of the train. This
can be based on the nature of the wind incidence angle, which allows for lower pressure values with the
use of a windbreak wall in the LWS. However, as the wind incidence angle increases further (i.e. 70°
to 90°), both the trend and the magnitude of the surface pressure results are very similar to the case
without any windbreak wall in the LWS.
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Figure 18: Surface mean pressure coefficient distribution at loop B for varying wind incidence angles
with the windbreak wall 2 in the LWS.

3.3.5. Case (K): Track with windbreak wall 4 (Height of 210 mm with a 45° transition angle) in
the WWS and windbreak wall 2 (Height of 190 mm) in the LWS

Figure 19 shows the comparison of surface mean pressure coefficient distribution at loop B for wind
incidence angles of 30° and 90° for cases (e), (f) and (k), where 2 walls represent case (k). The purpose
of such a test was to test the effect of two barriers on the overall flow. Hence, this experimental case
allowed for modelling windbreak walls both, upwind and downwind the train. The comparison showed
that the results for case (k) follow the same trend as case (e).

For the wind incidence angle of 30°, the results for case (k) agree with the results for case (e) in the
WWS, as expected, with no major differences. Only differences observed were on the roof of the train
where the use of two walls resulted in an increased Cp distribution. However, over the rest of the LWS
of the train, the results for case (k) agree well with the results for case (e).
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For the wind incidence angle of 90°, overall, slightly higher C, results were obtained with the use of
two windbreak walls, but the trend was same as mentioned above. Away from the nose of the train,
further down the body, the results did not show any significant differences.
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Figure 19: Comparison of surface mean pressure coefficient distribution at loop B for wind incidence
angles of (a) 30° and (b) 90° for cases (e), (f) and (k).

4. Conclusions

For the first time, this novel experimental study investigated the influence of windbreak walls with
varying angles of transition regions on the flow around a model-scale passenger train. A series of wind
tunnel tests were carried out for a number of windbreak walls at varying yaw angles. Windbreak walls
were found to cause varying pressure distributions on the train surface. The results presented indicate a
number of important findings:
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For the 90° yaw angle, in comparison to different windbreak walls, the windbreak wall with a
90° transition angle usually led to the highest Cp distribution on the train surface near the nose,
while the tallest wall resulted in the lowest Cp distribution, mostly.

At transition regions, at a yaw angle of 90°, a slight change in the results was observed where
the wall with a 45° transition region showed the highest C, distribution as compared to all other
walls.

Most differences in the results were observed at the windward side as compared to the leeward
side thus suggesting the detachment of the flow in the wake of the flow.

For the 30° yaw angle, up to the nose region of the train, the tallest wall was observed to result
in the lowest Cp distribution over the circumference of the train; while the shortest wall showed
the highest Cp distribution.

In terms of transition regions at a yaw angle of 30°, near the nose of the train, the wall with a
transition angle of 90° provided the highest Cp results as compared to the wall with a transition
angle of 45°. Beyond the nose region (loop D onwards), the wall with a transition angle of 45°
was seen to result in the lowest C, results as compared to all other walls along the longitudinal
length of the body. From loop L onwards, the influence of the tallest wall on the flow resulted
in the lowest Cp distribution.

Walls with transition regions led to more uniform results where Cp was seen to approach zero.
These uniform results with lesser variations indicate the smooth pressure distribution around
the train signifying the complete detachment of any vortical structures from the train body.
Generally, a strong vortex can lead to the sharp transition or drop in the Cp.

Overall, the addition of windbreak walls led to uniform results in the LWS comparatively,
possibly due to the detachment of the flow in the wake region; while the shielding effects of
different windbreak walls were clearly evident over the entire train body.

In terms of the differences in the results obtained for the yaw angles of 30° and 90°, it was
observed at 30° yaw angle that due to the orientation of the model, both positive and negative
Cp values were revealed, whereas at 90° yaw angle, the windbreak walls resulted in all lower
Cp values.

A comparison between the no wall and with wall cases shows clearly that the overall Cy values
for most loops of the train changed from positive to negative with the addition of any wall at
both yaw angles. This was as expected and shows the huge impact of windbreak walls. Also,
the shielding effect of windbreak walls results in negative and in some cases negligible overall
side force coefficient values.

Although lift force coefficients remained positive even after the addition of windbreak walls,
the intensity of change between the results was clear reflecting on the significant impact of
walls.

Almost negligible rolling moments were observed with the use of windbreak walls at a yaw
angle of 90° and somewhat positive rolling moments were observed with the use of windbreak
walls at a yaw angle of 30°.

The use of a windbreak wall in the LWS of the train seems unnecessary, as the flow does not
seem to be significantly affected by the presence of this wall. However, the wall does lead to
less fluctuations in the rapid transitions in the pressure over the circumference of the train.
The use of a splitter plate does not have a significant effect on the velocity profile.

Every wind incidence angle, each loop and in fact each measuring pressure tap has its own
characteristics due to its position and the surrounding influence. Yet, the results of all
experimental cases are related to a certain extent.

If the two windbreak walls with transition regions (i.e. walls 4 and 5) are compared, it is clearly
visible that both tend to provide a uniform surface pressure distribution but there are certainly
some differences between the two cases at different wind incidence angles.

Overall, the windbreak walls used in this study have proved to be capable in reducing the loads
on a train surface significantly.
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The main motivation of this study was to obtain an understanding of the aerodynamic flow, which
exists around a train surface due to the presence of different kinds of windbreak walls. This paper
provides some interesting results, which can be used to provide an insight to future works where
the ultimate aim of this study would be to provide safety and stability of trains. While it is
acknowledged that in reality, there is a relative movement between the train and the windbreak
walls, the aim of the current paper was not to calculate the aerodynamic forces and moment for a
moving train in the transition region but to provide valuable experimental data for a stationary train
in the transition region (with the use of a wind tunnel assessment), instead. The experimental data
from the present work can help act as a benchmark for future work, which can involve performing
numerical simulations to better understand the flow structures in order to form an enhanced
understanding of the flow behaviour around trains with windbreak walls. Numerical simulations
will be able to exhibit numerous flow features, which may not be evident through experimental
results while the experimental results will be used to validate the initial numerical simulations. In
addition, the flow around a high-speed train consists of several small structures due to the
instabilities in the shear layers (Hemida and Krajnovic, 2010). The numerical simulations will help
in studying the time-dependent behaviour of the flow structures and the resulting impact on the
surface pressure of the train along with the aerodynamic coefficients. Numerical simulations will
be able to easily assess the relative movement of the train with different windbreak walls along with
providing further details of the flow around transition regions in windbreak walls. Also, different
scenarios such as the use of a DTBR with the presence of symmetrical barriers in both, WWS and
LWS are recommended for any follow up studies.
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