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Abstract 5 

Crosswind stability of high-speed trains has been a prominent research topic for several decades, 6 
primarily motivated by the frequent rail-related accidents under strong crosswinds. In this study, the 7 
influence of different windbreak walls on train aerodynamic properties whilst subjected to crosswinds 8 
was assessed. The experimental campaign measured surface pressures on a stationary 1:25 model-scale 9 
of Class 390 Pendolino train under varying wind incidence angles with different windbreak walls inside 10 
a wind tunnel. For the first time, the work considers transition regions in windbreak walls, where 11 
transition regions refer to random geometrical changes in the distance between the train and the 12 
windbreak wall. Differences in pressure distribution on the train surface with and without different 13 
windbreak walls are evident. Forces on the train are calculated using the mean pressure coefficients. 14 
Overall, at a yaw angle of 90°, the tallest windbreak wall usually provided lowest mean pressure 15 
distribution on the surface of the model train due to the shielding effects; while the windbreak wall with 16 
a transition region of 90° usually produced the highest mean pressure distribution, comparatively. At a 17 
yaw angle of 30°, the results from windbreak walls with transition regions were relatively uniform 18 
indicating a smooth pressure distribution. 19 

Keywords: 20 

Train aerodynamics; Crosswinds; Model-scale tests; Pressure coefficients; Side and lift force 21 
coefficients; rolling moment coefficients; Windbreak walls, Wind tunnel tests 22 

1. Introduction 23 

The high-speed rail industry is a growing sector in terms of train speeds and the number of railway lines 24 
in the United Kingdom (RSSB, 2016; Department for Transport, 2017), and other countries including 25 
China, Japan, United States and many European countries (Fujii et al., 1999; Deeg et al., 2008). With 26 
clear indication that rail passenger numbers are likely to double in the upcoming years (RSSB, 2016), 27 
it is crucial to develop high-speed and highly efficient trains, as well as the infrastructure to be able to 28 
run such services. In addition to this, the current aim of optimising commercial rail vehicles involves 29 
designing high-speed trains to be light-weight and longer (Diedrichs et al., 2003). This can be 30 
problematic as the stability of these commercial rail vehicles to crosswind forces has been a well-known 31 
problem for more than three decades now (Copley, 1987; Baker et al., 2004; Dorigatti et al., 2015). This 32 
is because the effects of external aerodynamics on high-speed trains are usually pronounced under 33 
strong crosswinds. As Copley (1987) pointed out, the weight of the train is the only factor which 34 
counteracts the aerodynamic overturning forces. Therefore, an obvious deterioration in the running 35 
performance of a train can be anticipated under high aerodynamic loads, caused mainly by high wind 36 
speeds. It is known that under crosswinds the resultant wind speed, calculated from the wind and train 37 
speeds, and yaw angle are the important factors on vehicle dynamics. Consequently, Hemida and 38 
Krajnovic (2010) suggested that high-speed trains are potentially at a risk of derailing or overturning 39 
due to the impact of strong crosswinds, which hit the train surfaces. This was also supported by Browand 40 
et al. (2009) who suggested that design factors on the new generation of trains may lead to a huge impact 41 
on train stability. Although the occurrence of rail-related accidents is rare, passenger safety cannot be 42 
compromised on. Therefore, it is important to first understand the flow fields which develop around 43 
trains under crosswinds and thereafter, several measures need to be realised to improve the safety and 44 
the stability of high-speed trains. 45 

 46 

 47 
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For a number of years, considerable attention has been paid to the issue of crosswinds affecting high-48 
speed trains by several researchers (Cooper, 1979; Schulte-Werning and Matschke, 1997; Fujii et al., 49 
1999; Cheli et al., 2010; Hemida and Baker, 2010; Baker et al., 2011). These researchers have 50 
investigated the different factors which trigger vehicle instability in strong crosswinds. Tomasini et al. 51 
(2015) put forward the view that two approaches can be adopted to overcome the risks caused by 52 
crosswinds. One method is to restrict the speed of the vehicles to strict regulations while the other deals 53 
with installing wind barriers. Often referred to as wind fences or windbreak walls, these are usually 54 
built along the railway line, besides the track, where strong crosswinds are expected (Schulte-Werning 55 
et al., 2002; Bocciolone et al., 2008; Zhang et al., 2013; He et al. 2014) in order to reduce the effect of 56 
crosswinds on the stability of trains while ensuring passenger comfort. Overall, such windbreaks can 57 
be customised according to the wind speed, wind pressure and the surrounding topological conditions. 58 

Generally, wind barriers have been examined through the use of four techniques; full-scale field tests 59 
(Richardson and Richards, 1995); wind tunnel tests (Chu et al., 2013; Tomasini et al., 2015); numerical 60 
modelling (Mohebbi and Rezvani, 2017) and analytical methods (Avila-Sanchez et al., 2016). Schulte-61 
Werning et al. (2002) draws on research conducted within the TRANSAERO project that involved 62 
carrying out experimental studies to report an initial analysis of the influence of windbreaks. The study 63 
considered the influence of strong crosswinds with different types of wind barriers for both static and 64 
moving models and further attempted to address the reduction of the aerodynamic forces on rail vehicles 65 
through wind barriers. Similar experimental analyses have been performed in the Politecnico di Milano 66 
wind tunnel to evaluate the characteristics of solid and porous types of wind barriers (Bocciolone et al., 67 
2008). To be more precise, Zhang et al. (2013) states that a wind barrier reduces the magnitude of the 68 
aerodynamic rolling moment coefficient acting on the train under crosswind conditions. On the basis of 69 
the current evidence, Tomasini et al. (2015) stated that creating long barriers in length and achieving 70 
high Reynolds number is quite problematic in wind tunnel testing. Thus, Tomaisini et al. performed a 71 
series of tests in a wind tunnel to analyse the characteristics of different windbreaks and the 72 
corresponding effects on train wind loads. The tests were performed at high Reynolds number to avoid 73 
scaling effects and employed long wind barriers to reduce boundary layer effects, which are pronounced 74 
with short length barriers (Tomasini et al., 2015). Analysis of the results revealed that the existence of 75 
a wind barrier significantly decreases the dependency of all aerodynamic coefficients to the Reynolds 76 
number. Specifically, the sensitivity of the side force and rolling moment coefficients was observed to 77 
disappear while the lift force coefficient reduced considerably. While the study can be considered as a 78 
notable one, it concludes that the distance between the wind barrier and the track is an important 79 
parameter. However, an important problem which has not been addressed yet is the random geometrical 80 
change in the structure of windbreak walls. The abovementioned technique of installing windbreak 81 
walls is deemed effective if the wind barrier is built entirely parallel to the track. Whereas, in reality it 82 
is not possible to develop an entirely uniform and continuous windbreak structure due to possible 83 
complexities in the surrounding terrain such as cuttings, which cannot be avoided. The windbreak wall 84 
would therefore consist of a discontinuous structure with a series of transition regions. Transition 85 
regions refer to the random changes in the shape of the windbreak wall which as mentioned earlier 86 
occur due to the different terrains and topographies which exist around the railway track. Therefore, the 87 
random change in the distance between the windbreak wall and the railway track, known as the 88 
transition region, can result in the formation of vortices around the train body, which may hit the train 89 
surfaces potentially leading to stability issues for the train. Moreover, despite the several benefits of 90 
wind protections, a few researches have stated the drawbacks associated with the use of wind barriers. 91 
As mentioned by Zhao et al. (2015), wind barriers can create a large number of vortices when interacting 92 
with train aerodynamic flows and crosswind creating potential issues for the stability of the train. Wind 93 
barriers can ‘agitate’ the wind flow thus causing increased turbulence effects, which lead to 94 
complexities in the flow fields around the trains (Zhang et al., 2013; Guo et al., 2015; Zhao et al., 2015). 95 
Due to these complexities, there has been a relatively little research carried out on the effect of wind 96 
protections on the aerodynamic behaviour of trains. Also, despite being in considerable attention, few 97 
publications discuss in precise detail the effects of wind barriers in particular. Most studies, such as 98 
Avila-Sanchez et al. (2016), considered only the effects of windbreaks on a bridge system while some 99 
other CFD related studies lacked proper experimental validation (Bi et al., 2011; Li et al., 2012; Guo et 100 
al., 2015). 101 
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It is therefore important to explore both, experimentally and numerically the aerodynamic performance 102 
of trains subjected to crosswinds with different types of windbreak walls in order to propose the best 103 
possible design of a windbreak wall. This paper presents and analyses the results of a series of 104 
experiments performed at the University of Birmingham’s Wind Tunnel facility. The main aim of this 105 
research is to provide an understanding of the aerodynamic flow on a passenger train subjected to 106 
crosswinds, both with and without windbreak walls, and investigate how transition regions in windbreak 107 
walls affect the magnitude of the surface pressure experienced by the train. This paper deals with only 108 
one transition zone in a track. Thus, the distance between multiple transition regions is irrelevant to this 109 
paper. 110 

Several researchers in the past have attempted to simulate aerodynamic characteristics of moving trains 111 
using either experimental or numerical simulations (Krajnovic et al., 2012; Dorigatti et al., 2015; 112 
Premoli et al., 2016; Niu et al., 2018; Liu et al., 2018; Deng et al., 2019; Yang et al., 2019). However, 113 
most CFD studies present in the literature on the use of windbreak wall lack accurate validation data 114 
from wind tunnel tests or similar. The novelty of this paper lies in providing a first step towards 115 
understanding an aerodynamic issue that is not well understood. It is acknowledged that the train model 116 
in the experiments is stationary, but the achieved data is still valuable for a complicated engineering 117 
problem that is yet to be understood. Moreover, there are several publications available in the literature 118 
such as the works of Zhang et al. (2013; 2017), which have studied the aerodynamic properties of wind 119 
barriers on a train bridge model to calculate dynamic response. These studies, which are considered 120 
notable, were also performed on stationary models to obtain the three-component coefficients for the 121 
vehicle. Furthermore, Avila-Sanchez et al. (2014; 2016) also present an interesting research where the 122 
shelter effectiveness of a set of windbreaks placed over a railway twin-track embankment is 123 
experimentally analysed. A set of wind tunnel tests were undertaken and results corresponding to 124 
pressure tap measurements over a section of a typical high-speed train were presented. All of these 125 
studies along with the studies of Cheli et al. (2010), Tomasini et al. (2015) and He et al. (2014) did not 126 
take into account the relative movement of the train unit compared to the walls, but the results presented 127 
were considered remarkable and ones which would benefit the readers. In terms of Dorigatti et al. (2015) 128 
research, the authors have confirmed that differences between the static and moving model experiments 129 
were observed only on the nose region of the train. Over the rest of the train body, it was proved that 130 
any difference in the pressure distribution between the static and moving experiments were within the 131 
experimental uncertainty. The study further stated that in terms of the overall mean aerodynamic side 132 
and lift forces and rolling moment coefficients, the static experiments are sufficient. 133 

Similarly, the current study is an initial step towards understanding the impact of windbreak walls with 134 
different designs on a typical passenger train. Based on the data presented in this study, a number of 135 
other motivational studies can be carried out, which can consider the relative movement of the train. To 136 
accomplish the aim of this study, a stationary 1:25 scale model of a Class 390 Pendolino train with an 137 
appropriate Single Track with Ballast and Rail (STBR) was setup in the wind tunnel to perform 138 
experiments at crosswind angles of 30° and 90°. These experiments measured the surface pressure on 139 
the model train with and without different windbreak walls of different heights and with different 140 
transition regions in order to investigate the effect of these parameters on the aerodynamic flow around 141 
a stationary train.  142 

Section 2 explains the experimental setup and the methodology that was adopted in this investigative 143 
research on understanding the difference in the aerodynamic performance of a model-scale passenger 144 
train under crosswinds with and without different types of windbreak walls. Section 3 provides a 145 
detailed discussion of the results of the mean non-dimensional surface pressure distribution and the 146 
aerodynamic load coefficients on the train for the different test cases. Section 4 discusses the main 147 
outcomes of the research, while providing recommendations for further developments to this study. 148 

2. Experimental methodology 149 
2.1. The UoB wind tunnel facility 150 

The University of Birmingham’s (UoB) wind tunnel is an open-circuit wind tunnel facility which was 151 
constructed in 2012 with the purpose of simulating velocity and turbulence profiles. The wind tunnel 152 
consists of a 10 m long working test section and has a 2 m by 2 m square cross-section. 153 
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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 154 
fan is expected to provide a maximum wind speed of about 10 m/s. Figure 1 shows the front and rear 155 
view of the current wind tunnel. To provide a uniform wind speed with minimal turbulence, wind from 156 
the fans flows through a honeycomb screen, which acts as a flow straightener, before entering the wind 157 
tunnel test section.  158 

 159 
Figure 1: (a) Rear view and (b) Front view of the UoB wind tunnel. 160 

2.1.1. Instrumentation 161 

The wind tunnel facility makes use of 2 kHz Series 100 Cobra probes (TFI, 2011), which can measure 162 
3D velocities of the flow and the static pressure. These multi-hole (4-hole) cobra probes are mounted 163 
to clamp stands, positioned at the designated measuring points, and are capable of providing the three 164 
components of time-varying (fluctuating) and time-averaged (mean) velocity in real-time. A 500 Hz 165 
multi-channel, Digital Pressure Measurement System (DPMS) is available for measuring ground-plane 166 
pressures and pressure fields on model scale buildings and vehicles. 167 

The 64-channel DPMS was used to measure the pressure on the surface of the model train as the system 168 
is capable of measuring both, time-varying and time-averaged pressures thus making it suitable for the 169 
measurement of rapidly fluctuating pressure distributions as well.  170 

2.1.2. Crosswind characterisation of the wind tunnel 171 

Characterising flows inside a wind tunnel is very important as it helps gain a better understanding of 172 
the crosswind simulations by providing an in-depth flow history in terms of the mean wind speeds and 173 
turbulence intensities of the flow. Therefore, this study first investigated the flow in the wind tunnel by 174 
taking measurements at horizontal and vertical points. Horizontal Wind Profiles (HWP) were measured 175 
at different heights from the ground and comprised of a total of 150 spanwise measuring positions. 176 
Vertical Wind Profiles (VWP) were measured from the floor of the wind tunnel to a height of 1.5 m 177 
and comprised of a total of 100 measuring positions. These measurements were made at a distance of 6 178 
m from the fans, which was the position of experimental setup. As expected, it was observed that there 179 
are more differences in the mean velocities at lower heights as compared to higher heights. This is due 180 
to boundary layer effects and the turbulence intensity being higher near the ground. Thus, the most 181 
feasible section for carrying out the experimental tests was chosen, which is at a height of 350 mm from 182 
the floor of the wind tunnel. Figure 2a shows the VWP of the streamwise mean wind velocity and the 183 
streamwise turbulence intensity in correspondence to the height of the model train while Figure 2b 184 
shows the HWP of the mean streamwise velocity at a height of 350 mm from the floor of the wind 185 
tunnel. The wind profile measurements conform to the CEN (2018) standards. 186 
 187 
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 188 

 189 
Figure 2: (a) Vertical mean Wind Profile: Velocity and streamwise turbulence intensity profiles of the 190 
wind tunnel measured with and without the placement of splitter plate (b) Horizontal mean Wind 191 
Profile: Streamwise velocity at a height of 350 mm from the wind tunnel floor. 192 

As evident, there is a boundary layer growth near the floor of the wind tunnel with an increase in the 193 
streamwise mean wind velocity with height. Thus, it is deemed appropriate to perform experiments at 194 
a splitter plate at height of 300 mm from the floor of the wind tunnel. The measurement of the vertical 195 
velocity profile over the splitter plate allows for determining the impact of the presence of a wooden 196 
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splitter plate, its upwind edge and the blockage under the plate. However, upon measurement of both 197 
profiles, it was clearly visible that the presence of a splitter plate does not modify the wind speed profile, 198 
especially in the section where the train model was placed. 199 

An irregular trend is observed in the upper area of the wind tunnel. This signifies that the roof of the 200 
wind tunnel effectively acts as another boundary layer and thus might be possibly introducing larger 201 
irregularities and a resulting higher level of turbulence in the corresponding flow, circulating through 202 
the top part. However, this is not a cause of concern as the model used in this study is located below the 203 
section where irregularities begin. Furthermore, Table 1 provides the spanwise averages of the mean 204 
velocities (streamwise [u], vertical [v] and lateral [w]) and the associated turbulence intensities at a 205 
height of 350 mm from the floor of the wind tunnel, essentially where the train model was placed. 206 

Mean wind velocity (m/s) Turbulence intensity (%) 

u v w Iu Iv Iw Iuvw 
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 207 
height of 350 mm from the floor of the wind tunnel. 208 

2.2. Scale model 209 

A 1:25 model of the Class 390 Pendolino train is adopted as the test vehicle in this study, as there is 210 
additional validation data available from the work conducted by Dorigatti et al. (2015). Dorigatti 211 
examined the simplest case possible by adopting a conventional flat ground scenario with no ballast 212 
shoulder or windbreaks. This was considered as a fundamental reference for further investigations 213 
concerned with more realistic and critical scenarios such as a STBR (Single Track and Ballast Rail). 214 
Thus, a STBR was chosen as a ground scenario in this study. This was also based on the study by Baker 215 
et al. (2009) which stated that in the process of standardising wind tunnel tests, a reference scenario 216 
known as STBR has been proposed as the only ground scenario which should be considered (CEN, 217 
2013). However, it is worth mentioning that even though a STBR is a reference scenario, in the presence 218 
of barriers, the DTBR (Double Track Ballast and Rail) might modify the distance between the train and 219 
any downwind barriers. This scenario can be tested in a further study. 220 

 Furthermore, wind tunnel experiments on a stationary model are carried out as these are the types of 221 
experiments which are currently prescribed in the railway standards (EC, 2008; RSSB, 2009; CEN, 222 
2016) and have also been performed in a variety of investigations (Baker and Brockie, 1991; Cheli et 223 
al., 2010; Dorigatti et al., 2015; Avila-Sanchez et al., 2016). In terms of the choice of the wind incidence 224 
angle, a wind incidence angle of 30° is chosen because this value is considered at the top of the realistic 225 
range for high-speed trains (Cheli et al., 2011) while 90° represents the highest transversal wind case 226 
(Cheli et al., 2010), is recommended in CEN (2018) standards, and as Baker (2014) states higher yaw 227 
angles (above 60 degrees) are relevant for stationary trains. These wind incidence angles of 30° and 90° 228 
were used for the first set of experiments. For the second set of experiments, four specific experimental 229 
cases were chosen and were investigated under a varying wind incidence angle from 20° to 90° with an 230 
increment of 10°. This was done to comprehend the sensitivity of the results to varying wind incidence 231 
angles and for understanding the worst wind incidence angle to the track and the train for the Class 390 232 
train model, specifically at a particular case. 233 

Figure 3a shows an image of the scale model which was used in this study and Figure 3b shows the 234 
full-scale Class 390 train. The scale model used in this study is a full reproduction of the leading car 235 
and partial trailing car of the full-scale train. This research entailed measurements only on the leading 236 
car of the train for investigation, primarily because of the limitations of the wind tunnel size and also 237 
several researchers (Barcala and Meseguer, 2007; Bocciolone et al., 2008; Cheli et al., 2010; Dorigatti 238 
et al., 2015) in the past have focused their studies on the leading coach of the train only based on the 239 
assumption that significant aerodynamic forces are present around this region.  The partial trailing car 240 
which was a half-car is only included in this study to provide a realistic flow around the train, based on 241 
the CEN (2018) standards. 242 
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 243 
Figure 3: Image of the (a) 1:25 scale model of Class 390 Pendolino train used in this study (b) full-244 

scale of the Class 390 Pendolino train. 245 

2.2.1. Pressure taps 246 

Pressure taps are created by drilling a small hole in the model surface. Each pressure tap is fashioned 247 
by the insertion of cylindrical stainless-steel tubes with an inner diameter of 1.5 mm and an outer 248 
diameter of 2 mm. Each tube is 12 mm long and is connected to the holes on the internal walls of the 249 
model by gluing them in place using an epoxy structural adhesive. 250 
PVC tubings were used to connect the pressure taps to channels of the DPMS. A total number of 162 251 
pressure taps are used in the experiments. All of these pressure taps are fitted on the model’s leading 252 
car and are arranged in a series of 14 loops (A-N), as shown in Figure 4. Table 2 provides the distance 253 
of each loop (X) from the nose of the train, normalised to the total length of the first car (L), which was 254 
1000 mm. In order to ensure consistency of the data received from different experimental runs, one 255 
pressure tap was considered as the reference pressure tap. This tap was constantly monitored in each 256 
experiment by keeping it connected to one of the channels of the DPMS. Since the DPMS consists of 257 
only 64 channels, each experiment was carried out three times. 258 

 259 

Figure 4: (a) Position of the loops consisting of pressure taps along the vehicle and (b) Coordinate 260 
system with reference to onset wind. 261 

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). 262 

2.3. Experimental setup 263 

The train model was placed on top of the STBR, which was mounted centrally on a splitter plate. Figure 264 
5 shows the overall dimensions of the train, STBR and the splitter plate. The overall length of the model 265 
train is 1500 mm while the width is 110 mm and the height is 156 mm. The splitter plate is a wooden 266 
plate with a 20 mm thickness, positioned at a 300 mm height from the floor of the wind tunnel. The 267 
distance between any windbreak wall and the track center was maintained as 240 mm.  268 
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 269 
Figure 5: Overall dimensions in mm of (a and b) the Class 390 Pendolino scale model (c) the STBR 270 

used in this study and (d) the splitter plate. 271 

2.3.1. Test cases 272 

A number of experiments were carried out for different cases at two different wind incidence angles: 273 
30° and 90°. These cases are illustrated in Figure 6 and are listed below:  274 

(a) Track without any windbreak wall 275 
(b) Track with windbreak wall 1 (Height of 160 mm) 276 
(c) Track with windbreak wall 2 (Height of 190 mm. Same as the train height) 277 
(d) Track with windbreak wall 3 (Height of 260 mm) 278 
(e) Track with windbreak wall 4 (Height of 210 mm with a 45° transition angle) 279 
(f) Track with windbreak wall 5 (Height of 210 mm with a 90° transition angle) 280 
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 281 

Figure 6: An illustration of the juxtapositions of different cases, which were examined in this study. 282 

Following on, another set of experiments were carried out with the purpose of investigating the effect 283 
of changing the wind incidence angle on the cases examined. To elaborate, in these experiments, 284 
windbreak walls 4 and 5 (i.e. the walls with transition regions) were mainly examined and explored in 285 
depth in addition to two more cases. The terms WWS and LWS denote Windward Side and Leeward 286 
Side, respectively. 287 

It must also be noted that each case was performed at varying wind incident angles, ranging from 20° 288 
to 90°, with an increment of 10°. These cases are listed below:  289 

(g) Track without any windbreak wall 290 
(h) Track with windbreak wall 4 (Height of 210 mm with a 45° transition angle) in the WWS 291 
(i) Track with windbreak wall 5 (Height of 210 mm with a 90° transition angle) in the WWS 292 
(j) Track with windbreak wall 2 (Height of 190 mm) in the LWS only 293 

 294 
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A further test was performed at two different wind incidence angles, 30° and 90° for: 295 

(k) Track with windbreak wall 4 (Height of 210 mm with a 45° transition angle) in the WWS and 296 
windbreak wall 2 (Height of 190 mm) in the LWS 297 

The main reason for choosing three different heights for the continuous windbreak wall was to express 298 
these heights with regards to the train height along with the track. Hence, windbreak wall 1 was meant 299 
to be shorter than the train height, windbreak wall 2 was same as the train height and windbreak wall 3 300 
was designed to be much taller than train height. All these heights were chosen to assess the sheltering 301 
effects of the windbreak walls on the train. In terms of the windbreak walls 4 and 5, the transition 302 
regions were chosen in accordance to the appropriateness of the physical angle. Apparently, a transition 303 
region of 90° appears to be the “normal” shape as it is the most appropriate physical angle and is also 304 
the maximum possible angle. Since 45° transition angle would account for a mid-way between the no 305 
transition region (0° transition angle) and maximum transition region (90° transition region), it was also 306 
considered in this study. Obviously, due to resource constraints, not every transitional angle can be 307 
examined.  308 

Figure 7 shows the model set-up at yaw angles of 90°. The figure shows the case with windbreak wall 309 
2. In light of the flow characterisation, for a yaw angle of 90°, the model was placed slightly on the left 310 
hand side in order to prevent any constraining effects of the wind tunnel side walls on the nose of the 311 
train along with an enhanced spanwise uniformity to the onset wind. Also, according to railway 312 
standards (CEN, 2018), a minimum distance of 8000 mm with respect to full-scale geometry is required 313 
from the nose of the train to the start of the track. Thus, in this study at 1:25 scale, a distance of 300 314 
mm was maintained.  315 

According to CEN (2018) standards, the blockage ratio is defined at a yaw angle of 30°. In this study, 316 
the blockage represented by the train model, STBR and the splitter plate is approximately 6%, based on 317 
a length averaged cross-sectional area of the splitter plate at a 30° yawed configuration. It is worth 318 
mentioning that the lower bound for the blockage ratio was 6% while the upper bound for the tallest 319 
windbreak wall case was 10%. The UoB’s wind tunnel used in this study requires no blockage 320 
correction, based on EN 14067-6, Section 5.3.4.7 of CEN (2018). As CEN (2018) states, in closed test 321 
sections, the coefficients are overestimated, thus it is conservative not to apply any blockage 322 
corrections. Nevertheless, the blockage ratio, defined at a yaw angle of 30°, is recommended to be less 323 
than 15%, which was also the case in this study, where the blockage ratio was much lower than 15%. 324 

The Mach number is calculated as 0.03 while the ratio of the total length of the train model to the width 325 
of the tunnel is 0.75. These factors in addition to the design of the STBR agree well with the CEN 326 
(2018) standards. The Reynolds number based on the reference velocity of the wind relative to the train 327 
of 7.2 m/s and train height, was ~1×105. It is acknowledged that the Reynolds number of the flow was 328 
lower than that specified by CEN (2018), and the turbulence intensity of the flow was 5.5%, which was 329 
higher than that specified by CEN (2018). However, the results of this work will be used in the future 330 
to validate numerical simulations which will then be further performed to take into consideration flows 331 
with higher Reynolds number for same cases. 332 

 333 
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Figure 7: The experimental set-up of the models inside the wind tunnel at a yaw angle of (a) 90°. 334 

 335 

3. Results and Discussion 336 
3.1. Mean pressure coefficients 337 

This section provides and discusses the pressure distribution results obtained over the train surface for 338 
experimental cases (a – f) at wind incidence angles of 30° and 90° in terms of a non-dimensional 339 
pressure coefficient, 𝐶𝐶𝑃𝑃: 340 

𝐶𝐶𝑃𝑃 =
𝑃𝑃 − 𝑃𝑃𝑜𝑜

0.5𝜌𝜌𝑉𝑉𝑟𝑟𝑟𝑟𝑟𝑟2
  

(1) 
where 𝑃𝑃 is the actual surface pressure at a particular pressure tap, 𝑃𝑃𝑜𝑜 is the reference pressure, 𝜌𝜌 is the 341 
air density and 𝑉𝑉𝑟𝑟𝑟𝑟𝑟𝑟 is the reference velocity of the wind relative to the train. In terms of normalising the 342 
data for achieving an accurate 𝐶𝐶𝑃𝑃 value for each pressure tap, the reference pressure of a known location, 343 
outside the wind tunnel section, was considered. This was done to ensure the location is not affected by 344 
the onset wind conditions. For the reference velocity, this was measured at the position of the test 345 
models without the presence of the models, prior to the any experimental work. In addition, the mean 346 
non-dimensional pressure coefficient, 𝐶𝐶𝑃𝑃���, provided for each tap was calculated based on the time-347 
average values of the actual surface pressure at a particular pressure tap. 348 

As discussed, loops A-N were arranged in a progressive manner from the nose to the tail of the leading 349 
car of the model with a total of 162 pressure taps positioned on the first car only. Figure 8 shows that 350 
on rotation of the model about its axis, the pressure distribution at each segment was measured in four 351 
circumferential sections. It must be noted that the location of pressure taps for each loop differed in 352 
sectional placements due to the changing cross section of the train shape. Therefore, the best method of 353 
representing data was in a polar coordinate form. The results can be divided into four different sections; 354 
where WWS and LWS refer to the windward and leeward side of the model train respectively, ROOF 355 
denotes the roof and UB denotes the underbody region of the model. Due to the design of the model, 356 
which shows continuous changes in its symmetry, the range of the polar angle varied for each region at 357 
different longitudinal positions of the loops i.e. at different distances from the nose of the train, as 358 
evident in Figure 4. 359 

 360 

Figure 8: The orientation of angle 𝜃𝜃 with respect to onset wind. 361 

In terms of the results obtained, different patterns of pressure distribution are evident over the surface 362 
of the train. Firstly, it is worth mentioning that the leading car of the Class 390 train has a streamlined 363 
design. Therefore, the cross-section of the frontal region of the train, characterised as the nose of the 364 
train, presents a significant increase in the cross-sectional area down the train length (from Loops A-365 
C). Therefore, it can be anticipated that this significant change in the frontal part of the train (nose) 366 
would impact the results obtained. For simplicity, results on loops B, G and N are illustrated even 367 
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though measurements were made at 14 loops located at different distances from the nose of the train. 368 
Nevertheless, this results section discusses the trend over the entire length of the train. 369 

 370 

3.1.1. Results at a yaw angle of 90°  371 

This section aims to discuss the test results obtained at a yaw angle of 90° for the experimental cases (a 372 
– f), mentioned in Section 2.3.1. 373 

3.1.1.1. Case (a): Track without any windbreak wall 374 

Although the main aim of this research was to investigate the effect of different types of windbreak 375 
walls on the flow which forms around the train, it was important to first obtain data for a case without 376 
any walls and just the model train. This will be used as a benchmark case and will show the intensity 377 
of the change in the results. 378 

Figure 9 shows the mean surface pressure distribution on loops B, G and N for the case without any 379 
windbreak wall at a yaw angle of 90°. In this case, at and near the nose of the train (loops A-B), the 380 
highest pressure values (which can also be referred to as the lowest suction values) are observed on the 381 
WWS of the model, compared to other regions. This is as expected due to the wind directly impinging 382 
on the surface of the vehicle at the WWS thus indicating a region of stagnation at the windward face of 383 
the train. As expected, this is the case for all the loops which show positive 𝐶𝐶𝑃𝑃��� values at the WWS.  384 

Based on the results presented in Figure 9, upon transition from the WWS to the ROOF of the model, 385 
a sharp decrease in the positive pressure values can be observed signifying a large suction at this point. 386 
This suggests that the windward edge on the roof of the train has a significant impact on the flow 387 
resulting in a negative gradient of pressure, thus indicating flow separation at this point. For similar 388 
flows, based on the train height and free-stream velocity, the flow is expected to separate from the 389 
windward corners of the roof (Copley, 1987; Baker and Sterling, 2009), which was also the case in this 390 
study. Consequently, the flow tends to show weak suctions over the roof of the model while the wake 391 
downstream of the model on the LWS seems to show a little effect on the overall pressure distribution. 392 
This analysis is based on the magnitude of the 𝐶𝐶𝑃𝑃���, which appears to be uniform on the leeward face, as 393 
the flow progresses. 394 

At further distances from the nose of the train, similar trends in the pressure distribution can be seen as 395 
compared to loops A and B. Positive pressure peaks are evident on the WWS of the model. Regions of 396 
negative pressure are observed on the ROOF and LWS of the model with a strong suction peak obtained 397 
in all cases on the windward edge of the roof, as mentioned before. Also, it seems that the flow stabilises 398 
from the middle of the roof to the leeward side of the train, as shown by constant pressure values, 399 
possibly indicating the reattachment of flow after separation. In terms of the underbody region of the 400 
model, slight differences can be seen in the overall results obtained for the flow in this region. These 401 
are perhaps not surprising based on the practical limitations and difficulties noted in the experimental 402 
set-up. Since the pressure measurement system in this work was not on board and was based externally, 403 
the pressure tubes were sourced from the bottom of the model. This might have provided a blockage 404 
effect on the flow thus creating the variations in the flow in this small region. The 𝐶𝐶𝑃𝑃��� in this region 405 
tends to vary with showing both positive and negative 𝐶𝐶𝑃𝑃��� values. Reasons for positive 𝐶𝐶𝑃𝑃��� in this region 406 
could be based on the induction of stagnation area occurring at the upstream WWS, which might 407 
influence this region. 408 

Finally, according to the results obtained, it can be observed that close to the nose of the train, the 409 
pressure varies significantly from one tap to another and also from one loop to the other. This is as 410 
anticipated and thus shows the importance and influence of the shape of the nose in any crosswind 411 
stability case. However, at distances further down the train, the results tend to become more uniform. 412 

However, near the roof of the train, the results show significant changes. Nevertheless, each loop and 413 
in fact each measuring point has its own characteristic due to its position and the surrounding influence 414 
on the entire train body. Over the middle of the roof, the flow showed uniform results at the tail of the 415 
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train while the results at the leeward side showed that near the nose of the train, there was a lower 𝐶𝐶𝑃𝑃��� 416 
distribution as compared to a farther distance (near the tail), where the 𝐶𝐶𝑃𝑃��� magnitude decreased and the 417 
results provided higher values, comparatively. This indicates the strong characteristics of suction near 418 
the nose of the train in the leeward side of the model while a fully developed wake dominated by large 419 
vortices forms at the leeward side at much farther distances from the nose. The results and trends 420 
presented for this case are very similar to the results obtained by several researchers in the past (Copley, 421 
1987; Chiu and Squire, 1992; Baker and Sterling, 2009; Baker, 2010).  422 
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 423 

Figure 9: Surface mean pressure coefficient distribution at (a) loop B, (b) loop G and (c) loop N for 424 
the configuration without any windbreak walls at a yaw angle of 90°. 425 

3.1.1.2. All windbreak wall cases (b-f) 426 
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This section presents and discusses the results obtained for cases examining different windbreak walls 427 
at a yaw angle of 90°. In order to provide a closer look at the results obtained with different types of 428 
windbreak walls, Figure 10 shows a comparison of the different types of windbreak walls examined at 429 
three loops, B, G and N. Firstly, it is clearly apparent that the addition of any type of windbreak wall 430 
results in a significant difference in the surface pressure as compared to a case with no walls. It can be 431 
stated that the addition of any windbreak wall provides more uniform pressure results between adjacent 432 
taps with almost constant values as compared to a no wall case where the mean surface pressure varies 433 
rapidly when transiting from one region to another. A windbreak wall significantly reduces the intensity 434 
of pressures on the windward side of the train while providing some uniformity to the results on the 435 
leeward side of the train.  These findings clearly make sense as the train is somewhat shielded from the 436 
on-coming crosswind flows by the windbreak structures. 437 

Precisely, for loops located near the nose such as loop B, the results showed that as the height of the 438 
windbreak wall increased (from 160 mm to 260 mm), the 𝐶𝐶𝑃𝑃��� decreased, possibly due to the increased 439 
shielding effect, while the trend depicted over the entire circumference of the loop was similar for all 440 
three continuous wall types. Fairly uniform values for 𝐶𝐶𝑃𝑃��� are present over the windward side and roof 441 
of the model. However, for walls consisting of transition regions, it is apparent that wall 5 with a 90° 442 
transition region resulted in a higher pressure as compared to wall 4 with a 45° transition region. A 443 
significant pressure peak is observed in all cases at the transition from the middle of the roof to the 444 
leeward side with wall 5 presenting the weakest suction peak. Moreover, the pressure results were 445 
similar for walls 2 and 3; uniform values were obtained for the pressure taps on the WWS of the model. 446 
It is likely that these results are due to the fact that these pressure taps were all protected by the oncoming 447 
crosswind due to the wall and thus a shielding effect of the windbreak wall. Whereas for wall 1, it can 448 
be seen that slight variations in the pressure distribution were apparent on the WWS because of the 449 
shorter height of the wall and the crosswind flow separating from the top edge of this wall and directly 450 
impacting on the train surface. 451 

In terms of the leeward side, the results showed slightly different trends. As shown in Figure 10a, for 452 
loop B, Wall 1, which was much shorter in height exhibited the largest change in the results in 453 
comparison to the other walls examined. At the leeward edge of the roof, Wall 1 resulted in low pressure 454 
results, which then escalated to a higher pressure results as compared to the results obtained with most 455 
of the other walls, as the flow progressed on the leeside. These results may also be affected by the nose 456 
region of the train. Similarly, for loop B, the results at the windward side of the model showed uniform 457 
values of pressure from one tap to another. Again, wall 3 resulted in the lowest pressure along with wall 458 
2 for the WWS and most of the ROOF region. Also, Figure 10a clearly indicates that wall 5 provided 459 
the highest pressure results on all the pressure taps located at the windward and roof side and for most 460 
of the leeward side while showing clear difference as compared to the results obtained with other walls 461 
near the nose of the train. 462 

Along the longitudinal length of the train, at positions slightly farther from the nose of the train, it was 463 
observed that wall 3, which was the tallest, provided quite uniform results over the windward side of 464 
the model. At further distances from the nose of the train, such as at loops G and N, as shown in Figure 465 
10b and Figure 10c, it can be observed that wall 4 with a transition region of 45° showed the highest 466 
pressure values over most of the circumference of the train. Also, wall 4 usually presented the highest 467 
pressure values as compared to wall 5 in some of the regions, as shown in Figure 10b and Figure 10c. 468 
One reason for this could also be due to the design of the transition which meant that the distance 469 
between the model and wall decreased comparatively. It was also noticed that wall 3 shows the lowest 470 
pressure results comparatively. This can be based on the increased height of this wall.  471 

In terms of the effect of wall 1 on the pressure distribution results, the shorter height of the wall meant 472 
that some of the pressure taps close at the ROOF were exposed to the onset wind and were not provided 473 
with any shielding effect of the wall. Thus, the results linked with this wall were noticed to show a 474 
sudden increase in pressure values as the flow progressed from the WWS to the ROOF, specifically 475 
near the rear end of the train, as shown by Figure 10c. A suction peak can also be found at the windward 476 
edge of the roof at loop N. However, along the surface of the roof and all the way to the LWS of the 477 
model, the 𝐶𝐶𝑃𝑃��� values went from a low value to a much higher value. One of the key findings from the 478 
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results revealed that the frontal loops, which were situated near the nose of the train showed higher 𝐶𝐶𝑃𝑃��� 479 
results on the WWS compared to the leeward side, which was masked by either similar values or a little 480 
lower 𝐶𝐶𝑃𝑃��� values. Whereas, at much further distances from the nose of the train, it was observed that the 481 
LWS showed much higher 𝐶𝐶𝑃𝑃��� values when compared to the WWS for all different wall cases. Another 482 
interesting finding from the results is based on loop N. Compared to other loops, the circumferential 483 
pressure distribution on this loop showed a significant drop in the 𝐶𝐶𝑃𝑃��� value at the windward edge of the 484 
roof, as mentioned earlier. Another suction peak was noticed near the bottom edge of the LWS. These 485 
could be based on the fact that loop N was located right at the end of the first car and thus the results 486 
could have been influenced by the inter-carriage gap which was next to this loop. The random change 487 
in the geometry of the model might have led to the flow vortex being separated at this point thus the 488 
strong suction. Close to the rear end of the train, wall 3 was again observed to show the lowest pressure 489 
results, mainly due to the abovementioned reason that this wall was the tallest thus was able to provide 490 
the greatest shielding effect. Overall, one interesting trend which was observed again was that near the 491 
nose of the train, the 𝐶𝐶𝑃𝑃��� values had a lower value compared to near the tail of the train, where the 𝐶𝐶𝑃𝑃��� 492 
showed higher values. It is also worth mentioning that the results for the wall 2 (which was 190 mm 493 
tall) were very similar to the results of a continuous wall with a height of 210 mm. Therefore, the results 494 
of the latter were not shown in this study as there seemed no point in expressing them. 495 

To further elaborate the effect of the sharp transition regions in walls 4 and 5 on the flow around the 496 
train, loops near the transition region such as loop G were examined carefully as these were mainly the 497 
loops which were under the influence of these regions. As compared to all other loops, the usual trend 498 
involved wall 5 showing the highest 𝐶𝐶𝑃𝑃��� values at the entire circumference of the loops A-D, in 499 
comparison to wall 4. Whereas, at loop G, where a sharp transition was present in both the walls, a 500 
slight difference in the trend can be observed. At this point, wall 4 with a 45° transition region showed 501 
the highest 𝐶𝐶𝑃𝑃��� results on the roof while wall 5 showed slightly lower 𝐶𝐶𝑃𝑃��� values over the roof. At loop 502 
E (X/L =0.250), the influence of wall 5 on the flow resulted in a weak suction peak at the middle of the 503 
roof of a considerable different magnitude as compared to the results obtained on other pressure taps. 504 
This might be an indication of the surface pressure approaching the reference pressure at this particular 505 
point, which was clearly under the influence of the sharp transitions in the walls.  506 
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 507 

Figure 10: Comparison of the mean surface pressure coefficient distribution at (a) loop B, (b) loop G 508 
and (c) loop N for different windbreak wall cases at a yaw angle of 90°. 509 
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3.1.2. Results at a yaw angle of 30° 510 
3.1.2.1. Case (a): Track without any windbreak wall 511 

Firstly, it is worth mentioning that in contrast to the results obtained for a yaw angle of 90°, the 512 
magnitudes of the results for a no wall case were somewhere near the magnitudes of different wall 513 
cases. This was not the case for the former investigation involving a yaw angle of 90°, where the wind 514 
was hitting the surface of the train perpendicularly and thus the addition of walls implied that all or at 515 
least most of the train surface was covered by the direct impingement of the wind. Nevertheless, a 516 
significant difference is still apparent further down the train length and is discussed in this section. 517 

For a no wall case, different flow patterns for the mean surface pressure distribution were identified 518 
along the longitudinal length of the train, as shown in Figure 11. The nose of the train, which embraced 519 
loops A, B and C was characterised by positive values of 𝐶𝐶𝑃𝑃��� for the WWS and the windward portion of 520 
the ROOF. This was the case at each different loop of the train, thus indicating a stagnation region 521 
created due to the wind being directly impinged on the surface of the model. As the circumferential 522 
pressure distribution results show, on each loop, the positive magnitude of 𝐶𝐶𝑃𝑃��� appeared to increase 523 
initially at the WWS and then this positive magnitude continued to decrease continuously. Around the 524 
ROOF, the results for the 𝐶𝐶𝑃𝑃��� provide a negative gradient as the flow transits from the WWS to the LWS. 525 
The transition from a stagnation region to a suction region is obvious from the results. 526 

Furthermore, the leeward side of the train was characterised by a region of suction which included the 527 
roof of the model as well as the entire leeward side near the nose of the train. The only exception in the 528 
results was on loop A, where the magnitude of 𝐶𝐶𝑃𝑃��� remained positive over the roof as well. This could 529 
be due to the reduced cross-sectional area of this loop. Based on these results, a maximum suction peak 530 
is observed at the leeward edge of the roof for loops close to the nose of the train, such as loop B, as 531 
shown in Figure 11a. This indicates the presence of one or more vortices attached to the train surface 532 
which then progressively roll away from the train surface resulting in higher 𝐶𝐶𝑃𝑃��� values. This finding 533 
was also reported by Hemida and Karjnovic (2009) and Dorigatti et al. (2015). However, moving away 534 
from the nose of the train, at loops such as loops G and N, as shown by Figure 11b and Figure 11c, a 535 
suction peak is found to appear at the windward edge of the roof. This was also the case for a yaw angle 536 
of 90°, suggesting a flow separation point at the windward edge of the roof. This echoes previous studies 537 
such as Copley (1987) and Baker and Sterling (2009). The flow separates from the windward edge of 538 
the roof and does not reattach. Since all adjacent loops seem to show similar results at this point, it can 539 
be stated that this vortex is rolling up on the roof. It continues to drift progressively from the edge to 540 
the centreline of the roof in some cases (Loop M) before completely detaching away from the train. 541 
Moreover, near the rear end of the train, such as at loop N, a weaker suction peak is found at the bottom 542 
side of the leeward face. This suction peak might be related to a vortex which emanates from the leeward 543 
edge of the LWS. Overall the results and trends presented for this case are very similar to the results 544 
obtained by several researchers in the past (Copley, 1987; Hemida and Karjnovic, 2009; Dorigatti et 545 
al., 2015). 546 
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 547 

Figure 11: Comparison of the mean surface pressure coefficient distribution at (a) loop B, (b) loop G 548 
and (c) loop N for all cases examined at a yaw angle of 30°. 549 
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3.1.2.2. All windbreak wall cases (b-f) 550 

The different types of windbreak walls showed a significant difference in the trend of the results as 551 
compared to a no wall case, as evident in Figure 11. Firstly, for all walls, a similar trend was observed 552 
for the circumferential pressure distribution. On the WWS, near the nose of the train, such as at loop B, 553 
shown by Figure 11a, similar behaviour was observed as to the no wall case; however, the magnitude 554 
of the 𝐶𝐶𝑃𝑃��� values varied significantly. For a no wall case, the WWS showed a stagnation region 555 
characterised by positive 𝐶𝐶𝑃𝑃��� values; whereas, the addition of walls led to a region of suction on the 556 
WWS, as anticipated from the 90° results presented in section 3.1.2. Comparatively, the lowest 𝐶𝐶𝑃𝑃��� value 557 
was provided by the tallest wall, wall 3, and the highest 𝐶𝐶𝑃𝑃��� was shown by the shortest wall, wall 1 on 558 
the WWS. Following on, the circumferential pressure distribution showed that on the nose of the train, 559 
the walls led to a higher value of 𝐶𝐶𝑃𝑃��� for each case for the ROOF region. This indicates that the walls 560 
were able to provide a shielding effect to the WWS of the model but in case of the roof, the wind was 561 
able to directly impinge and create stagnation regions thus producing large positive pressure values. 562 
The 𝐶𝐶𝑃𝑃��� values then dropped significantly as the flow transits from the ROOF to the LWS, producing 563 
regions of suction in the LWS. For the shorter height wall, wall 1, a similar trend was seen near the nose 564 
of the train with a positive 𝐶𝐶𝑃𝑃��� peak occurring at the windward edge of the roof, while suction peaks 565 
were observed at the leeward edge of the roof and at the bottom of the leeward face (loop B). Away 566 
from the nose of the train, at loops G and N, as depicted by Figure 11b, a suction peak was observed at 567 
the windward edge of the roof; however this was not the case for other loops. A similar trend was also 568 
noticed at a yaw angle of 90°. Walls 2 and 3 showed somewhat similar results in comparison to each 569 
other with wall 3 showing the lowest 𝐶𝐶𝑃𝑃��� distribution. One interesting finding was that the LWS of the 570 
model depicted a smooth pressure distribution near the nose of the train with the use of wall 2, which 571 
was not the case for the tallest wall (wall 3). In terms of transition regions in walls 4 and 5, near the 572 
nose of the train, wall 5 presented higher 𝐶𝐶𝑃𝑃��� values as compared to wall 4 over the WWS. However, in 573 
the same region as the flow progressed around the surface of the train, wall 5 presented the lowest 𝐶𝐶𝑃𝑃��� 574 
values compared to wall 4. In order to determine the effect of the sharp transitions on the exact location 575 
where these were situated, the respective loops which were under the influence of the sharp transitions, 576 
such as loop G, were carefully examined; results on Loop G are presented in Figure 11b. At the WWS, 577 
wall 4 showed the lowest 𝐶𝐶𝑃𝑃��� distribution not only compared to wall 5 but to all other walls. An 578 
interesting phenomenon revealed at yaw angle of 30° was that walls 4 and 5, with transition regions, 579 
led to more uniform results where 𝐶𝐶𝑃𝑃��� was seen to approach zero. These uniform results with small 580 
variations indicate the smooth pressure distribution around the train signifying the complete detachment 581 
of any vortical structures from the train body, especially at the LWS of the model. 582 

3.2. Overall aerodynamic load coefficients 583 

Under the action of crosswinds, a vehicle experiences several flow patterns around its body. As a result, 584 
a pressure distribution forms around a body leading to a series of aerodynamic loads to develop. These 585 
aerodynamic loads, which act on a train, can be classified as aerodynamic forces and moments.  586 

Section 3.1 discussed the pressure results on the train surface for different cases by expressing the 587 
surface pressure distribution as a non-dimensional mean pressure coefficient, 𝐶𝐶𝑃𝑃���. This section aims to 588 
provide an analysis on the overall mean aerodynamic load coefficients for the side (lateral), 𝐶𝐶𝑌𝑌���, and lift 589 
(vertical), 𝐶𝐶𝑧𝑧���, forces along with the rolling moments about the X-axis and leeward rail, 𝐶𝐶𝑀𝑀𝑋𝑋

����� and 𝐶𝐶𝑀𝑀𝑋𝑋,𝑙𝑙𝑙𝑙𝑙𝑙
��������, 590 

respectively, for different test cases. Generally, these coefficients are considered as the main 591 
components of the aerodynamic loads and are usually examined for cases involving the investigation 592 
of train stability under crosswinds (Baker et al., 2004; Sanquer et al.,2004; Baker et al., 2009; RSSB, 593 
2009; Cheli et al., 2011; Dorigatti et al., 2015; Gallagher et al., 2018). 594 

In this study, the overall mean aerodynamic load coefficients were calculated using a methodology 595 
based on the measurement of surface pressure distribution over the train surface. This approach has 596 
been successfully used in several earlier studies as well (Sanquer et al.,2004; Dorigatti et al., 2015; 597 
Gallagher et al., 2018) and basically, involves the discrete integration of the mean pressure coefficient 598 
distribution over the train surface. This is achieved by converting the model surface into a simplified 599 
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geometry composed of discreet rectangular surfaces. While each discretised surface is centred on a 600 
pressure tap, the edges of the surfaces extend all the way to the midpoint between two neighbouring 601 
pressure taps or the model edges for outer end taps. This discretisation of the model surface area into a 602 
number of smaller areas around each pressure tap assumes that the pressure measured at each individual 603 
pressure tap is constant and uniformly distributed across the corresponding surface. This methodology, 604 
in fact, is an excellent approach when the surfaces associated to each pressure tap are small, especially 605 
where the pressure gradient is high. Similarly, the Class 390 model used in this study was discretised 606 
into longitudinal stripes consisting of one loops of taps each. Forces on each surface were then 607 
calculated using the mean pressure coefficients. 608 

The mean overall load coefficients for the entire vehicle can be defined as (Dorigatti et al., 2015): 609 

𝐶𝐶𝑌𝑌��� = �  
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 610 

Where, based on the model discretisation, 𝑖𝑖 is the index for an individual pressure tap on each loop, 𝑗𝑗 is 611 
the index for the loops consisting of pressure taps and corresponds to the stripes of the discretised train 612 
geometry, 𝐶𝐶𝑝𝑝𝚤𝚤,𝚥𝚥����� and 𝐴𝐴𝑖𝑖,𝑗𝑗 represent the mean pressure coefficient value and the discretised area of each 613 
rectangular surface, respectively, 𝐴𝐴𝑟𝑟𝑟𝑟𝑟𝑟 is the nominal side area of the Class 390 leading car (78.66 m2 614 
at full-scale), 𝐻𝐻𝑟𝑟𝑟𝑟𝑟𝑟is the nominal height of the Class 390 leading car (3.159 m at full-scale) and 𝐿𝐿𝑗𝑗 is 615 
the length of each longitudinal stripe on the discretised model. Furthermore, considering a 2D 616 
simplification for an individual loop (at a known X/L), 𝐧𝐧𝑖𝑖 is the normal unit vector relative to each 617 
surface, associated to each pressure tap, 𝑖𝑖, 𝐝𝐝𝑖𝑖 is the vector directed from the longitudinal axis (X) to the 618 
midpoint (pressure tap) of each surface and �̃�𝐝𝑖𝑖 is the corresponding of 𝐝𝐝𝑖𝑖 but beginning from the leeward 619 
rail. Finally, 𝐱𝐱, 𝐲𝐲 and 𝐳𝐳 are the unit vectors related to the X, Y and Z axes. 620 

Figure 12 and Table 3 show the calculated values for the overall mean aerodynamic load coefficients 621 
over the entire unit length of the vehicle for the different test cases at 90° and 30° yaw angles. 622 
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 623 

 624 

Figure 12: Overall mean aerodynamic load coefficients for different test cases at a yaw angle of (a) 625 
90° (b) 30°. 626 

 
Cases 

Yaw angle of 30° Yaw angle of 90° 
𝑪𝑪𝒀𝒀���� 𝑪𝑪𝒁𝒁���� 𝑪𝑪𝑴𝑴𝒙𝒙

����� 𝑪𝑪𝑴𝑴𝑿𝑿,𝒍𝒍𝒍𝒍𝒍𝒍
�������� 𝑪𝑪𝒀𝒀���� 𝑪𝑪𝒁𝒁���� 𝑪𝑪𝑴𝑴𝒙𝒙

����� 𝑪𝑪𝑴𝑴𝑿𝑿,𝒍𝒍𝒍𝒍𝒍𝒍
�������� 

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. 627 

 628 
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In terms of the results, side forces are a measure of the difference in pressure between the WWS and 629 
LWS. As noted earlier, WWS experiences positive pressures, contrary to LWS which experience 630 
negative pressure. These two effects conjoin together to form an overall side force. Therefore, positive 631 
values of 𝐶𝐶𝑌𝑌��� indicate that the side force is directed according to the crosswind flow while positive 𝐶𝐶𝑍𝑍��� 632 
values refer to the lift force being directed upwards. Likewise, for rolling moments, 𝐶𝐶𝑀𝑀𝑋𝑋

����� and 𝐶𝐶𝑀𝑀𝑋𝑋,𝑙𝑙𝑙𝑙𝑙𝑙
��������, 633 

based on the reference system about the centre of track and leeward rail, respectively, negative values 634 
refer to overall moments which tend to overturn the vehicle. 635 

3.2.1. Results at a yaw angle of 90° 636 
3.2.1.1. Case (a): Track without any windbreak wall 637 

For the case with no wall, since the crosswinds were able to impact the train surface directly, high 638 
positive values for 𝐶𝐶𝑌𝑌��� and 𝐶𝐶𝑍𝑍��� were noticed, as illustrated in Figure 12a. This validates the point that the 639 
action of wind can clearly lead to the overturning or derailment of a vehicle. At a yaw angle of 90°, 640 
slightly higher magnitudes were observed for the force coefficients as compared to 30°. This is again 641 
as expected, signifying the increased overturning probability when the crosswind blows perpendicularly 642 
to the direction of travel of the vehicle. This is also in agreement with earlier studies, which show that 643 
the aerodynamic force coefficients tend to increase in magnitude with an increase in the yaw angle 644 
(Baker et al., 2009). Furthermore, at a yaw angle of 90°, the rolling moment about the leeward had a 645 
larger negative value compared to the rolling moment about the X-axis. This is an important finding as 646 
Baker et al. (2009) mentions that usually for rail vehicles, the rolling moment about the leeward rail is 647 
required for overturning risk calculations. This result is due to the fact that the vertical force, which is 648 
directed upwards contributes to the lee-rail rolling moment while it does not contribute to the rolling 649 
moment about the X-axis. 650 

Figure 13 presents the results for the mean load coefficients per unit length for different test cases at a 651 
yaw angle of 90°. The presented results show only eight of the loops along the length of the train body 652 
as other loops were equipped with only a few pressure taps.  653 

Firstly, based on Figure 13a, it can be observed that the entire train model is characterised by positive 654 
values of 𝐶𝐶𝑌𝑌��� per unit length except on loop A. This shows that a lateral net force exists in the direction 655 
of wind and thus indicates the stagnation and suction pressure regions which are present on the WWS 656 
and LWS of the train. The side force coefficients seem to increase on the nose of the train and then 657 
decrease along the length of the train body with the exception being on loops D and N. Considering the 658 
shape of the Class 390 model and based on the results, it seems that the central part of the model has 659 
slightly more stability. Also, a higher side force coefficient at loop N probably indicates the effects of 660 
space size behind the leading car and in front of the second car.  661 

Positive values of the lift force coefficients are observed on the entire train body, as shown by Figure 662 
13b. The lift force coefficients also follow the same trend as side force coefficients around the nose 663 
region of the train. However, at positions further from the nose, the lift force coefficients tend to 664 
decrease with the exception being at loop H. Since the lift force coefficient at each loop is evaluated 665 
based on the balance between the pressures on the ROOF and the UB region, it can be noticed that the 666 
UB region of loop H has a higher pressure as compared to the ROOF thus the high value. 667 

In terms of the rolling moments, as illustrated in Figure 13b and Figure 13c, it is worth mentioning that 668 
the side force contributes to an overall overturning moment, which then leads to negative 𝐶𝐶𝑀𝑀𝑋𝑋

����� values. 669 
Therefore, both 𝐶𝐶𝑀𝑀𝑋𝑋

����� and 𝐶𝐶𝑀𝑀𝑋𝑋,𝑙𝑙𝑙𝑙𝑙𝑙
�������� values follow a similar trend as the side force coefficient along the 670 

length of the train body. Overall, it can be stated that the side force contribution to the rolling moments 671 
is dominant as compared to the lift force on any loop of the train. Nevertheless, the positive lift force 672 
coefficients are also able to increase the negative magnitudes of both 𝐶𝐶𝑀𝑀𝑋𝑋

����� and 𝐶𝐶𝑀𝑀𝑋𝑋,𝑙𝑙𝑙𝑙𝑙𝑙
�������� per unit length at 673 

any loop thus increase the overturning moment of the vehicle. 674 
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 675 

Figure 13: (a) Mean side force coefficient per unit length (b) mean lift force coefficient per unit length 676 
(c) X-axis mean rolling moment coefficient per unit length (d) Leeward rail mean rolling moment 677 

coefficient per unit length at a yaw angle of 90° 678 

3.2.1.2. All windbreak wall cases (b-f) 679 

 A comparison between the no wall and with wall cases shows clearly that the overall 𝐶𝐶𝑌𝑌��� values for 680 
most loops of the train changed from positive to negative with the addition of any wall, as illustrated in 681 
Figure 12a. This was as expected and shows the huge impact of windbreak walls. The shielding effect 682 
of windbreak walls results in negative and in some cases negligible overall 𝐶𝐶𝑌𝑌��� values. An unusual trend 683 
seems to appear at loop D for all cases at a yaw angle of 90°. Positive values of the side force coefficients 684 
per unit length are observed in all cases. As Dorigatti et al. (2015) described, such a situation is an 685 
indication of the lateral net force which exists in the direction of wind. Based on the respective 686 
stagnation and suction regions of this loop, it is clearly evident that an intense low-pressure peak exists 687 
on the LWS of the loop, which might reflect the presence of vortices in this region and hence the positive 688 
𝐶𝐶𝑌𝑌��� results. Overall, the negative side force coefficient values for the different windbreak walls at other 689 
loops decrease in magnitude with an increase in wall height. The lift force coefficients at an individual 690 
loop can be noticed to decrease in magnitude with an increasing wall height. Also, it appears that the 691 
transitional walls show results similar to Wall 3, the tallest wall. 692 

A comparison on the results with and without transitional windbreak walls on loops E and H shows that 693 
there are not major differences in the results. However, Wall 5 with a transition region of 90° seems to 694 
have slightly lower magnitudes of rolling moments around the transition regions. 695 
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3.2.2. Results at a yaw angle of 30° 696 
3.2.2.1. Case (a): Track without any windbreak wall 697 

 For the case with no wall at both yaw angles, since the crosswinds were able to impact the train surface 698 
directly, high positive values for 𝐶𝐶𝑌𝑌��� and 𝐶𝐶𝑍𝑍��� were noticed, as shown in Figure 12. Furthermore, at a yaw 699 
angle of 30°, shown in Figure 12b, the rolling moment about the leeward had a larger negative value 700 
compared to the rolling moment about the X-axis. This trend was also observed for the yaw angle of 701 
90° and also in similar investigations carried out earlier (Dorigatti et al., 2015) As mentioned earlier, 702 
this result is due to the fact that also the vertical force, which is directed upwards, contributes to the lee-703 
rail rolling moment while it does not contribute to the rolling moment about the X-axis. 704 

Figure 14 presents the results for the mean load coefficients per unit length for different test cases at a 705 
yaw angle of 30°. The presented results show only eight of the loops along the length of the train body 706 
as other loops were equipped with only a few pressure taps. Based on the results, it can be observed that 707 
the entire train model is characterised by positive values of 𝐶𝐶𝑌𝑌��� per unit length. This shows that a lateral 708 
net force exists in the direction of wind and thus indicates the stagnation and suction pressure regions 709 
which are present on the WWS and LWS of the train.  710 

As shown by Figure 14a, the side force coefficients seem to increase on the nose of the train with 711 
maximum values being reached at loops B and C. This is expected as the results agree with the study 712 
presented by Dorigatti et al. (2015) and the reason for this is the existence of low-pressure, suction 713 
peaks which exist in the LWS sections. Slightly lower side force coefficients at some positions of the 714 
train sections indicate the absence of low-pressure peaks in the LWS of the train and the reduced 715 
intensities of pressure fields on the WWS and LWS. Also, a higher side force coefficient at loop N 716 
probably indicates the effects of space size behind the leading car and in front of the second car. Positive 717 
values of the lift force coefficients are observed on the entire train body as portrayed by Figure 14b.The 718 
lift force coefficients also follow the same trend as the side force coefficients around the nose region of 719 
the train. In addition, positive values of 𝐶𝐶𝑍𝑍��� are also characterised by the suction on the upper face of the 720 
train being more intense than the UB region. Lower 𝐶𝐶𝑍𝑍��� values along the length of the train refer to the 721 
low-pressure peaks found on the roof.  722 

In terms of the rolling moments shown in Figure 14c and Figure 14d, the side force contributes to an 723 
overall overturning moment and negative 𝐶𝐶𝑀𝑀𝑋𝑋

����� and 𝐶𝐶𝑀𝑀𝑋𝑋,𝑙𝑙𝑙𝑙𝑙𝑙
�������� values occur which follow a similar trend as 724 

the side force coefficient along the length of the train body. Once again, the side force contribution to 725 
the rolling moments can be seen to be dominant as compared to the lift force on any loop of the train. 726 
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 727 

Figure 14: (a) Mean side force coefficient per unit length (b) mean lift force coefficient per unit length 728 
(c) X-axis mean rolling moment coefficient per unit length (d) Leeward rail mean rolling moment 729 

coefficient per unit length at a yaw angle of 30° 730 

3.2.2.2. All windbreak wall cases (b-f) 731 

For all the wall cases, a comparison shows that the nose region and sections slightly father from the 732 
nose region are characterised by positive side force coefficient values. However, from the central part 733 
to the tail of the train, negative side force coefficients are evident. This is due to the practical limitations 734 
experienced at a yaw angle of 30° which meant that some onset wind was able to attack the train surface, 735 
potentially the nose region. The shielding effect of windbreak walls is apparent as the magnitude of the 736 
overall 𝐶𝐶𝑌𝑌��� values decreases with an increase in the height of the walls, as shown in Figure 14b. However, 737 
it is apparent that the results for the side force coefficient along with the resulting rolling moment 738 
coefficient tend to become sensitive to the overall increase in height of the windbreak wall. To elaborate, 739 
with windbreak wall 3, 𝐶𝐶𝑌𝑌��� becomes increasingly negative at this wind incidence angle. This would 740 
mean that this particular configuration would be worse in terms of safety than the case without any 741 
windbreak wall. This is because the train would be at a higher risk of overturning in the opposite 742 
direction with respect to wind. The main reason for such a result could be based on the practical 743 
limitations of the experimental work at the wind incidence angle of 30°, as discussed earlier. Also, 744 
opposite to higher wind incidence angles, it is clear that at lower wind incidence angles, while the 745 
windbreak wall height has a sheltering effect on the WWS of the train, a possible vortex is generated 746 
due to an increased windbreak wall height (i.e. wall 3). This then produces a strong suction in the LWS 747 
that can result in the overturning of the train in the windward direction. This result is confirmed by 748 
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Figure 11a, which shows the increased negative 𝐶𝐶𝑃𝑃��� at the nose of the train. Further from the nose of the 749 
train, this is not the case due to the setup of the geometry. The lift force coefficients for the different 750 
wall cases follow the same trend as the case without a wall, however with much lower magnitudes, 751 
comparatively. Negative lift force coefficients at the nose of the train indicate a force directed 752 
downwards. This is mainly due to the intense stagnation over the roof of the nose of the train and low 753 
pressures in the UB regions. Thereafter, positive lift force coefficients are visible over some loops 754 
indicating the reduced magnitude and extensions of the stagnation regions on the roof. Moving on 755 
towards the rear of the train, the 𝐶𝐶𝑌𝑌��� values per unit length tend to reduce due to the existence of low-756 
pressure peaks on the roof side of the train. Since the overturning moments are dependent mainly on 757 
the side force, the roll moments are mostly characterised by negative values for the nose region of the 758 
train. However, these roll moments then become positive near the rear of the train. In terms of the effects 759 
of the transition regions on loops E and H, the result show that wall 5 with a transition region of 90° 760 
leads to much lower overturning moments hence signifying the stability this wall provides to the overall 761 
train body. In fact, detailed analysis on the results show that the lowest roll moments at loop E were 762 
obtained from the use of Wall 5. This was also the case for the yaw angle of 90°. 763 

3.3. Effect of varying wind incidence angles on the mean pressure coefficients 764 

Similar to section 3.1, this section provides and discusses the pressure distribution results obtained over 765 
the train surface for the experimental cases (g – j) in terms of a non-dimensional pressure coefficient, 766 
𝐶𝐶𝑃𝑃. For simplicity, results on only certain important loops are illustrated. Nevertheless, this section 767 
discusses the trend and results over the entire length of the train. 768 

3.3.1. Case (g): Track without any windbreak wall 769 

Figure 15 shows the 𝐶𝐶𝑃𝑃��� distribution at loop B and loop G of the train at varying wind incidence angles 770 
for the case without any windbreak wall, respectively. With reference to Loop B, it is apparent that at 771 
lower wind incidence angles (i.e. at 20° and 30°), the overall pressure results are much lower as 772 
compared to the other wind angles on the WWS. As wind incidence angles increase from 20° to 60°, 773 
the surface pressure also starts to increase with the highest surface pressure obtained at a wind incidence 774 
angle of 60°. These trends can be simply explained by the geometry set up, where at lower incidence 775 
angles, the train acts as a barrier and thus blocks the flow. An interesting trend appears after the wind 776 
incidence angle of 60°, where it is visible that the wind incidence angle of 70°, 80° and 90° results in 777 
quite similar results at the WWS of the train. Also, the resulting surface pressure at these wind angles 778 
is in the mid-range of the lowest and highest pressure results achieved at those particular tappings. At 779 
the windward edge of the roof, a drop in surface pressure is observed where lower surface pressure 780 
results are yielded at higher wind incidence angles as compared to the lower wind incidence angles. 781 
This phenomenon stays valid over the roof. As the flow progresses over the train surface, the flow tends 782 
to show weaker suctions over the roof of the model while the wake of the model on the LWS seems to 783 
have a little effect on the overall pressure distribution. These trends have been discussed earlier as well 784 
in section 3.1.1.1. Hence, to be more specific in terms of the different wind incidence angles in the 785 
LWS, the wind incidence angle of 50° seems to result in the lowest yet varying pressure distribution 786 
while higher wind incidence angles such as 60° to 90° lead to a uniform pressure distribution in the 787 
wake of the train. 788 

Further away from the nose of the train, over the WWS and the roof of the train, the trend in the surface 789 
pressure distribution is same, however, the magnitude of the pressure values is different. Particularly in 790 
the WWS of the train, similar to Loop B, the wind incidence angle of 20° results in lower pressure 791 
results as compared to other increasing wind incidence angles. However, over the roof and the LWS of 792 
the train, the wind incidence angle of 20° results in the highest pressure distribution comparatively. 793 
Dissimilar to Loop B, it appears that near the midpoint of the train and at distances farther from the 794 
nose of the train, the pressure distribution is similar in terms of the trends it adopts regardless of the 795 
wind incidence angles, with obvious differences in terms of the magnitude of the pressure values. This 796 
also shows the importance of the nose of the train as it confirms its influence on the flow fields around 797 
the train.  798 
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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, 799 
the pressure results follow a similar trend in the WWS with the lowest pressure results being yielded at 800 
the lowest wind incidence angle. As the wind incidence angle increases, the highest wind incidence 801 
angle results in the highest surface pressure distribution. This is as expected due to the increased 802 
possibility of the direct impingement of wind on the train surface at increased wind incidence angles, 803 
thus resulting in stagnation regions. Over the windward edge of the roof, a sharp decrease in pressure 804 
is observable where strong suctions represent the possible detachment of flow vortices. Compared to 805 
the other loops, which were at a lesser distance from the nose of the train, it appears that strong suctions 806 
are evident near the tail of the train. This aspect has already been discussed in section 3.1.1.1. As the 807 
flow progresses, uniform pressure distribution is obtained at the LWS with the lower wind incidence 808 
angles resulting in higher pressure results, comparatively.  809 

 810 

Figure 15: Surface mean pressure coefficient distribution at (a) loop B and (b) loop G for varying wind 811 
incidence angles without the presence of any windbreak walls. 812 

 813 

 814 
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3.3.2. Case (h): Track with windbreak wall 4 (Height of 210 mm with a 45° transition angle) in 815 
the WWS 816 

Figure 16 shows the 𝐶𝐶𝑃𝑃��� distribution at loop B and loop G of the train for varying wind incidence angles 817 
with the windbreak wall 4 (i.e. the windbreak wall with the transition region of 45°) in the WWS of the 818 
train, respectively. The results near the nose of the train show a fairly interesting trend where it is 819 
apparent that at higher wind incidence angles (i.e. at wind incidence angles from 50° to 90°), the 820 
shielding effect of windbreak walls was able to play a role, hence resulting in much uniform pressure 821 
distribution as compared to the lower wind incidence angles. In addition, even though the windbreak 822 
wall was designed in order to barricade the oncoming flow, it appears that at a wind incidence angle of 823 
20° and to some extend at wind incidence angles of 30° and 40° as well, a strong suction point existed 824 
at the windward edge of the roof. This was not the case for higher wind incidence angles. Also, over 825 
the roof of the train, lower wind incidence angles resulted in higher pressure results as compared to the 826 
uniform resulting effects of the windbreak wall at higher wind incidence angles. Nevertheless, in terms 827 
of the leeward side, it was observed that the wind incidence angles do not have a major effect on the 828 
pressure distribution with somewhat uniform results achieved at higher wind incidence angles. 829 
However, compared to other wind incidence angles, the wind incidence angle of 60° results in much 830 
lower surface pressure results mostly, specially over the roof and the LWS of the train. It could be 831 
interpreted from these results that apart from a wind incidence angle of 20°, which seems to be one of 832 
the most severe cases, the shielding effects of the windbreak wall 4 are apparent. 833 

Away from the nose of the train, near the midpoint, the results show that all wind incidence angles lead 834 
to a fairly uniform pressure distribution with the lowest pressure results observed at lower wind 835 
incidence angles. An interesting trend is evident at the windward edge of the roof where it can be 836 
observed that at higher wind incidence angles (i.e. from 50° to 90°), a uniform constant pressure 837 
distribution is obtained. However, for lower wind incidence angles at the same point, there is a sharp 838 
increase in the surface pressure. This signifies the possible reattachment of flow in this region at lower 839 
wind incidence angles (i.e. 20° to 40°) where it is also apparent that the windbreak wall was not able to 840 
provide a complete shielding effect. The effect of the wind incidence angles is also apparent in the LWS 841 
of the train. 842 

Towards the rear of the train, it appears that as the wind incidence angle is increased, the resulting 843 
pressure decreases with lower surface pressure distribution achieved at the highest wind incidence 844 
angle. This was the case over the entire circumference of the train for loops located at the end of the 845 
first car such as loop M. A strong suction peak exists in the middle of the roof and the leeward edge of 846 
the roof. This is also discussed in detail in section 3.1.1.2. 847 
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 848 

Figure 16: Surface mean pressure coefficient distribution at (a) loop B and (b) loop G for varying wind 849 
incidence angles with the windbreak wall 4 in the WWS. 850 

3.3.3. Case (i): Track with windbreak wall 5 (Height of 210 mm with a 90° transition angle) in 851 
the WWS 852 

Figure 17 shows the 𝐶𝐶𝑃𝑃��� distribution at loop B and loop G of the train for varying wind incidence angles 853 
with the windbreak wall 5 (i.e. the windbreak wall with the transition region of 90°) in the WWS of the 854 
train, respectively. 855 

Compared to the results obtained with the windbreak wall 4, slightly different results were obtained 856 
with the use of windbreak wall 5. At the nose of the train, while a suction point exists at the windward 857 
edge of the roof at lower wind incidence angles, similar to with the use of windbreak wall 4 along with 858 
an increase in pressure over the roof, a suction peak no longer exists in the LWS of the train. However, 859 
one interesting finding is apparent at a wind incidence angle of 60°. If the two windbreak walls with 860 
transition regions (i.e. walls 4 and 5) are compared, it is clearly visible that while a uniform surface 861 
pressure distribution is achieved with the use of windbreak wall with a transition region of 45°, this is 862 
not the case with the windbreak wall with a transition region of 90°. With the latter, a varying flow field 863 
is apparent indicating some disturbances in the flow, specifically at this wind incidence angle. At such 864 
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a wind incidence angle, it seems that a windbreak wall with a transition region of 45° is a better option. 865 
Also, any positive pressure values with the use of a windbreak wall indicate that the wind flow was able 866 
to directly impinge and create stagnation regions. A physical interpretation of this trend could be that 867 
while the oncoming flow was able to separate from the top edge of the windbreak fall, it possibly 868 
reattached at the leeward edge of the roof. It also appears that at certain wind angles, the wind flow was 869 
able to directly impinge and create stagnation regions thus producing large positive pressure values. For 870 
higher wind incidence angles, i.e. 70° to 90°, the surface pressure distribution is fairly similar and 871 
uniform over the entire circumference of the train. This is as expected due to the complete shielding 872 
effect of the windbreak wall. 873 

At the midpoint of the train, as seen in Figure 17b,  due to the difference in the geometry of the 874 
windbreak walls 4 and 5 (i.e. the difference in the shapes of the transition regions), the results seem to 875 
have a resulting effect. To elaborate, in terms of the WWS of the train, at lower wind incidence angles 876 
(i.e. 20° to 40°), it is visible that the windbreak wall 5 results in much higher surface pressure results as 877 
compared to the results obtained with the use of windbreak wall 4. Another interesting point is the 878 
windward edge of the roof where the use of windbreak wall results in a sharp increase in pressure but 879 
the use of windbreak wall 5 has no resulting significant impact on the surface pressure. Once again, at 880 
lower incidence angles the flow of the LWS of the train shows some differences when compared for 881 
cases with windbreak walls 4 and 5, respectively. Following on, at higher incidence angles, i.e. from 882 
50° to 90°, not only do the results show a uniform pressure distribution over the entire train surface, the 883 
results for windbreak walls 4 and 5 are quite similar in terms of the trends and to a certain extent in 884 
magnitude. It is worth mentioning that the results of these experimental cases (g – j) are similar to the 885 
ones mentioned in section 3.1.1.2 for cases (a – f). 886 

Towards the rear of the train, it is clear that the trend is very similar for both cases (h) and (i). This is 887 
mainly because the results at this section are at a farther distance from the actual position of the 888 
transition region. Nevertheless, some differences exist in these two cases at the same loop at some wind 889 
incidence angles. This shows that the wind incidence angle along with the shape of the transition region 890 
may have an impact on the train even at positions much further away from the point, which was directly 891 
under the impact of the transition region. 892 

 893 
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 894 

Figure 17: Surface mean pressure coefficient distribution at (a) loop B and (b) loop G for varying wind 895 
incidence angles with the windbreak wall 5 in the WWS. 896 

3.3.4. Case (j): Track with windbreak wall 2 (Height of 190 mm) in the LWS 897 

Figure 18 shows the surface mean pressure coefficient distribution at loop B for varying wind incidence 898 
angles with the windbreak wall 2 (i.e. the continuous windbreak wall with the same height as the train 899 
height) in the LWS of the train. This experimental case allowed for modelling the windbreak wall 900 
behind the train (i.e. downwind). In order to understand the impact of a windbreak wall behind the train, 901 
the results of this case were compared with the case where no windbreak wall was used. Overall, as 902 
expected, no differences were observed in the WWS. Up till a wind incidence angle of 50°, the trend of 903 
the surface pressure distribution was similar for the two cases. Over the entire circumference of the train 904 
at loop B, from 20° to 50° of wind incidence angle, the case with no windbreak wall resulted in lower 905 
results as compared to the case with the windbreak wall behind the train. Also, not significant 906 
differences in the magnitude of the pressure distribution were observable at all wind incidence angles 907 
over the roof of the train. Moreover, in the wake of the flow, from 60° to 80° of wind incidence angle, 908 
while the case with no windbreak wall resulted in uniform pressure, the addition of a windbreak wall 909 
behind the train resulted in a lower but non-uniform surface pressure distribution.  910 
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At slightly further distances from the nose and at lower incidence angles, the results of the surface 911 
pressure distribution are similar to the case without the presence of any windbreak wall. However, 912 
although the trend is similar, the magnitude of the surface pressure distribution is different with the wall 913 
2 in the LWS always resulting in higher pressures, specifically in the LWS. Slight differences arise 914 
from a wind incidence angle of 60°, where the comparison between the two cases tend to show similar 915 
results over the circumference of the loops. Also, the wall in the LWS continues to yield higher pressure 916 
results, comparatively.  917 

Further on, towards the rear of the train for lower wind incidence angles, while the pattern of the surface 918 
pressure distribution is similar to the case without the presence of any windbreak wall, it is observed 919 
that the windbreak wall on the LWS of the train does lead to a reduction in the haphazard pressure 920 
distribution over the train’s circumference. Although the fluctuations exist in terms of the flow as it 921 
transits from one pressure to the other, these are less severe, comparatively. Moreover, at slightly higher 922 
wind incidence angles (i.e. 50° and 60°), an irregular trend is observed over the roof of the train. This 923 
can be based on the nature of the wind incidence angle, which allows for lower pressure values with the 924 
use of a windbreak wall in the LWS. However, as the wind incidence angle increases further (i.e. 70° 925 
to 90°), both the trend and the magnitude of the surface pressure results are very similar to the case 926 
without any windbreak wall in the LWS.  927 

 928 

 929 

Figure 18: Surface mean pressure coefficient distribution at loop B for varying wind incidence angles 930 
with the windbreak wall 2 in the LWS. 931 

3.3.5. Case (k): Track with windbreak wall 4 (Height of 210 mm with a 45° transition angle) in 932 
the WWS and windbreak wall 2 (Height of 190 mm) in the LWS 933 

Figure 19 shows the comparison of surface mean pressure coefficient distribution at loop B for wind 934 
incidence angles of 30° and 90° for cases (e), (f) and (k), where 2 walls represent case (k). The purpose 935 
of such a test was to test the effect of two barriers on the overall flow. Hence, this experimental case 936 
allowed for modelling windbreak walls both, upwind and downwind the train. The comparison showed 937 
that the results for case (k) follow the same trend as case (e).  938 

For the wind incidence angle of 30°, the results for case (k) agree with the results for case (e) in the 939 
WWS, as expected, with no major differences. Only differences observed were on the roof of the train 940 
where the use of two walls resulted in an increased 𝐶𝐶𝑃𝑃��� distribution. However, over the rest of the LWS 941 
of the train, the results for case (k) agree well with the results for case (e). 942 
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For the wind incidence angle of 90°, overall, slightly higher 𝐶𝐶𝑃𝑃��� results were obtained with the use of 943 
two windbreak walls, but the trend was same as mentioned above. Away from the nose of the train, 944 
further down the body, the results did not show any significant differences. 945 

 946 

Figure 19: Comparison of surface mean pressure coefficient distribution at loop B for wind incidence 947 
angles of (a) 30° and (b) 90° for cases (e), (f) and (k). 948 

 949 

4. Conclusions 950 

For the first time, this novel experimental study investigated the influence of windbreak walls with 951 
varying angles of transition regions on the flow around a model-scale passenger train. A series of wind 952 
tunnel tests were carried out for a number of windbreak walls at varying yaw angles. Windbreak walls 953 
were found to cause varying pressure distributions on the train surface. The results presented indicate a 954 
number of important findings:  955 
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• For the 90° yaw angle, in comparison to different windbreak walls, the windbreak wall with a 956 
90° transition angle usually led to the highest 𝐶𝐶𝑃𝑃��� distribution on the train surface near the nose, 957 
while the tallest wall resulted in the lowest 𝐶𝐶𝑃𝑃��� distribution, mostly. 958 

• At transition regions, at a yaw angle of 90°, a slight change in the results was observed where 959 
the wall with a 45° transition region showed the highest 𝐶𝐶𝑃𝑃��� distribution as compared to all other 960 
walls.  961 

• Most differences in the results were observed at the windward side as compared to the leeward 962 
side thus suggesting the detachment of the flow in the wake of the flow. 963 

• For the 30° yaw angle, up to the nose region of the train, the tallest wall was observed to result 964 
in the lowest 𝐶𝐶𝑃𝑃��� distribution over the circumference of the train; while the shortest wall showed 965 
the highest 𝐶𝐶𝑃𝑃��� distribution. 966 

• In terms of transition regions at a yaw angle of 30°, near the nose of the train, the wall with a 967 
transition angle of 90° provided the highest 𝐶𝐶𝑃𝑃��� results as compared to the wall with a transition 968 
angle of 45°. Beyond the nose region (loop D onwards), the wall with a transition angle of 45° 969 
was seen to result in the lowest 𝐶𝐶𝑃𝑃��� results as compared to all other walls along the longitudinal 970 
length of the body. From loop L onwards, the influence of the tallest wall on the flow resulted 971 
in the lowest 𝐶𝐶𝑃𝑃��� distribution. 972 

• Walls with transition regions led to more uniform results where 𝐶𝐶𝑃𝑃��� was seen to approach zero. 973 
These uniform results with lesser variations indicate the smooth pressure distribution around 974 
the train signifying the complete detachment of any vortical structures from the train body. 975 

• Generally, a strong vortex can lead to the sharp transition or drop in the 𝐶𝐶𝑃𝑃���. 976 
• Overall, the addition of windbreak walls led to uniform results in the LWS comparatively, 977 

possibly due to the detachment of the flow in the wake region; while the shielding effects of 978 
different windbreak walls were clearly evident over the entire train body. 979 

• In terms of the differences in the results obtained for the yaw angles of 30° and 90°, it was 980 
observed at 30° yaw angle that due to the orientation of the model, both positive and negative 981 
𝐶𝐶𝑃𝑃��� values were revealed, whereas at 90° yaw angle, the windbreak walls resulted in all lower 982 
𝐶𝐶𝑃𝑃��� values. 983 

• A comparison between the no wall and with wall cases shows clearly that the overall 𝐶𝐶𝑌𝑌��� values 984 
for most loops of the train changed from positive to negative with the addition of any wall at 985 
both yaw angles. This was as expected and shows the huge impact of windbreak walls. Also, 986 
the shielding effect of windbreak walls results in negative and in some cases negligible overall 987 
side force coefficient values. 988 

• Although lift force coefficients remained positive even after the addition of windbreak walls, 989 
the intensity of change between the results was clear reflecting on the significant impact of 990 
walls. 991 

• Almost negligible rolling moments were observed with the use of windbreak walls at a yaw 992 
angle of 90° and somewhat positive rolling moments were observed with the use of windbreak 993 
walls at a yaw angle of 30°. 994 

• The use of a windbreak wall in the LWS of the train seems unnecessary, as the flow does not 995 
seem to be significantly affected by the presence of this wall. However, the wall does lead to 996 
less fluctuations in the rapid transitions in the pressure over the circumference of the train.  997 

• The use of a splitter plate does not have a significant effect on the velocity profile. 998 
• Every wind incidence angle, each loop and in fact each measuring pressure tap has its own 999 

characteristics due to its position and the surrounding influence. Yet, the results of all 1000 
experimental cases are related to a certain extent. 1001 

• If the two windbreak walls with transition regions (i.e. walls 4 and 5) are compared, it is clearly 1002 
visible that both tend to provide a uniform surface pressure distribution but there are certainly 1003 
some differences between the two cases at different wind incidence angles. 1004 

• Overall, the windbreak walls used in this study have proved to be capable in reducing the loads 1005 
on a train surface significantly. 1006 
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The main motivation of this study was to obtain an understanding of the aerodynamic flow, which 1007 
exists around a train surface due to the presence of different kinds of windbreak walls. This paper 1008 
provides some interesting results, which can be used to provide an insight to future works where 1009 
the ultimate aim of this study would be to provide safety and stability of trains. While it is 1010 
acknowledged that in reality, there is a relative movement between the train and the windbreak 1011 
walls, the aim of the current paper was not to calculate the aerodynamic forces and moment for a 1012 
moving train in the transition region but to provide valuable experimental data for a stationary train 1013 
in the transition region (with the use of a wind tunnel assessment), instead. The experimental data 1014 
from the present work can help act as a benchmark for future work, which can involve performing 1015 
numerical simulations to better understand the flow structures in order to form an enhanced 1016 
understanding of the flow behaviour around trains with windbreak walls. Numerical simulations 1017 
will be able to exhibit numerous flow features, which may not be evident through experimental 1018 
results while the experimental results will be used to validate the initial numerical simulations. In 1019 
addition, the flow around a high-speed train consists of several small structures due to the 1020 
instabilities in the shear layers (Hemida and Krajnovic, 2010). The numerical simulations will help 1021 
in studying the time-dependent behaviour of the flow structures and the resulting impact on the 1022 
surface pressure of the train along with the aerodynamic coefficients. Numerical simulations will 1023 
be able to easily assess the relative movement of the train with different windbreak walls along with 1024 
providing further details of the flow around transition regions in windbreak walls. Also, different 1025 
scenarios such as the use of a DTBR with the presence of symmetrical barriers in both, WWS and 1026 
LWS are recommended for any follow up studies. 1027 
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