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ABSTRACT

The rapid development of train industry has allowed for the
train to travel at much higher speeds. However, at high
speed, issues regarding the resulting aerodynamic loads are
a major concern especially when trains travelling under the
influence of crosswind conditions. In this study, numerical
techniques were adopted to assess the aerodynamic effects
on the generic train as it is moving on different platform
conditions (i.e. flat ground, embankment and bridge). The
embankment case is varied based on the slope angle while
the bridge case is differed based on the shape of girder
wing. The influence of crosswind on the moving train is
also conducted in which the incident flow angle (%) is var-
ied from 0° to 90° Results shows that the aerodynamic
loads are magnified as the train travels on higher altitude
platforms. Analysis of the results can also be categorised
into two flow regimes based on the incident flow angle ().
The maximum value for lift were found at small range of
incident flow angle (¥ < 45°) or also known as the slender
body-flow regime. Otherwise, at larger incident flow angle
(¥ >60°) or also known as the bluff body-flow regime, the
side force and the rolling moment reached its critical val-
ues. Lastly, the results from the aerodynamic loads attained
in this study is utilized for the assessment on the safety
guidelines for train operation based on the “critical wind
speed for vehicle overturning’. The study concludes that the
‘critical wind speed for vehicle overturning’ (Ugrgriticar) 1S
the worst condition for a train moving on an embankment
under the influence of crosswind which also led to the
slowest ‘train critical speed” (U critical). At @ certain cross-
wind condition (%), for any kind of rail vehicles travelling
on any kind of infrastructures, the result of Ug giticar Was
found to be on the same linear line relationship with respect
to Ut,critical-

Key words: Aerodynamic Loads, Crosswind, Flow Re-
gime, Generic Train, Safety Guideline

1. INTRODUCTION

In the past few years, making the railway vehicles lighter
has been the highlight to increase their speed, conserve
energy, and reduce noise and vibration. Even though these
approaches entail to improve the wvehicle performances,
they also leave the trains susceptible to overturning under a
strong crosswind. Crosswind for an instant is a problematic
factor for the stability of a ground vehicle. Today, most
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as buses, trucks, and cars, are also subjected to crosswind
disturbances. In the scope of rail transport, alertness on
safety factors especially the vehicle’s crosswind stability
has grown significantly in the community [1], [2].It has
turn into an important gauge in the authorization process of
railway [2]. Additionally, it has also become an alarming
sign, especially in countries with the high-speed train
(HST) networks [3]. Hence, it is hugely important to evalu-
ate the safety of a railway vehicle operating under the in-
fluence of crosswinds.

Aerodynamic loads play a major role in determining the
safety factors of train operation. With the additional infra-
structure scenarios, the condition is expected to become
much more critical as it will worsen the aerodynamic prop-
erties of the train. The combination of all these factors will
lead to the accumulated risk of violating the mechanical
safety conditions. Generally, it is clear that with the infor-
mation of aerodynamic loads gathered from the experimen-
tal and numerical analyses, the condition for which the
critical aerodynamic loads happen can be identified. How-
ever, the main question is how to utilize this information
into something that can be easily correlated with the actual
train operation so that the guideline for the train’s safety
criteria can be introduced.

In the past, the methodology of evaluating safety guide-
lines for rail vehicle operation was explored [4]-[10]. From
most of these studies, the introduction of the “critical wind
speed for vehicle overturning’ parameter has been widely
used to assess the safety criteria for any train operation.By
definition, the critical wind speed for vehicle overturning is
the wind speed when there is zero load on the windward
wheels [8]. It can be determined by the static balance
analysis of external forces acting on the vehicle. In 1972,
Kunieda[4] from the Japanese National Railways recom-
mended a technique for the static analysis of a railway ve-
hicle overturning due to a crosswind, which is called ‘Ku-
nieda’s Formula’. In the feedback review, the critical wind
speed for vehicle overturning as calculated using Kunieda’s
formula showed good agreement with those estimated for
actual overturning accidents at that time [11]. Since then,
Kunieda’s formula has been extensively adopted to assess
the safety of newly designed vehicles (to avoid overturning
accidents) in Japan. Meanwhile, in 2003, Hibino et al. [6]
revised Kunieda’s Formula after thoroughly analysing in-
vestigations of various overturning accidents due to cross-
winds. The revised formula is called the ‘Detailed Equa-



tion’, which incorporates the external forces and the dis-
placement of the car body as suggested by Hibino et al.[7].
This new method has an advantage of more detailed as-
sessment of aerodynamic force that particularly affects
overturning [12].The criteria of both methods are summa-
rized in Table 1.

In 2015, Kikuchi and Suzuki [11] has systematically inves-
tigated the influence of aerodynamic force coefficients on
the critical wind speed for vehicle overturning for meter-
gauged line vehicles. It is done by calculating the critical
wind speed for vehicle overturning for a given amount of
change in the aerodynamic force coefficients. Their key
results can be summarized as follows (a) the influence of
the side force coefficients is highly significant on the criti-
cal wind speed for vehicle overturning (b) the influence of
the lift force coefficients and rolling moment coefficients
on the critical wind speed for vehicle overturning is less
than that of the side force coefficients. However, both of
these coefficients should not be disregarded since the re-
sults of the critical wind speed for vehicle overturning are
influenced by 6-11% when these coefficients are excluded
from the equations.

Table 1: Differences between the Kunieda’s formula and the De-
tailed Equation[12]

Detailed
Equation

Kunieda’s

Formula
Simple analytical
formula that se-
cures margin of
safety by assuming
larger height of
centre of gravity

Items
compared

Analytical equa-
tion using detailed
dynamic models

Characteristics
of the formula

Diagonal wind
resultant of natu-
ral wind and wind
acting on front of
running train

Wind Crosswind only

Considering side
force only, assum-
ing the side force
coefficient is 1.0
Not taken into
account (assuming
flat ground)

Aerodynamic
force acting on
vehicle

Considering the
side force, lift
force and moment

Considering the
aerodynamic
force coefficient

Effect of way-
side structures

Issues associated with crosswinds in the operation of mod-
ern high-speed trains can be major problems in certain
countries. However, the assessment of crosswind safety in
most countries is quite different from that of Japan [9],
[13]-[17]. In Japan, static analyses are mainly used, but in
Europe, dynamic analyses such as multi-body simulations
are mostly used. For instance, based on the quasi-static
analysis of Baker [9], in investigating the lateral stability of
the train in crosswinds, several effects including the desta-
bilizing influence of aerodynamic loads, track curvature,
vehicle suspension, aerodynamic admittance, and track
roughness have to be considered [9]. Therefore, an equation
was formulated, which leads to the introduction of ‘generic

139

Izuan Amin Ishak et al., International Journal of Advanced Trends in Computer Science and Engineering, 9(1.4), 2020, 138- 150

accident wind speed curves’ to representthe value of di-
mensionless overturning wind speed in terms of wind direc-
tion (yaw angle) and normalized vehicle speed. The infor-
mation on this so-called accident wind speed curves are
important as it gives a guideline in regard of train operation
safety. This new introduction parameter is almost similar
with the critical wind speed for vehicle overturning and
could be a useful tool as it indicates the condition when the
magnitude of the critical wind speed will occur.

Alternatively, referring to Rezvaniet al.[10], the prediction
of train stability under the crosswind effect can be inferred
in mechanical interpretation. Distribution of aerodynamic
loads based on the lateral and lifting forces as well as the
particular position of the vehicle’s center of gravity is im-
portant to be considered for analysis. This allows for the
conversion of all loads into the overturning momentum
about the lee-rail. Thus, the identification of the most plaus-
ible condition in the vehicle overturning can be justified.
Based on the techniques, a method to predict the wind
speed that is capable of overturning a rail vehicle along a
straight ideal track is proposed. This is measured based on
the concept of momentum conservation about the lee-rail.
To sum up, there are various ways that can be considered
for the evaluation of safety criteria of a rail vehicle opera-
tion. There are differences in the methodology of each idea,
but the end result shows crucial information with regards to
the guideline of train safety operation. In this study, the
objective lies in the assessment of safety criteria utilizes the
method revised by Hibino et al.[6] which called the ‘De-
tailed Equation’. This methodology is chosen due to the
fact that it is an improvement from the previous technique
developed by Kunieda[4] and a simplification of static ana-
lyses over the more complicated method in dynamic ana-
lyses by most of European countries. Based on the study by
Kikuchi and Suzuki[11],critical wind speed for vehicle
overturning varies with respect to the different incident
flow angle (). Since the result for the critical wind speed
is highly depended on the external forces that act on the
vehicle, the value will be critical at high incident flow angle
values in which most of the aerodynamic loads were at its
optimum values.

This paper has been organized in the following way. Sec-
tion 2 discusses the computational set-up inclusive the de-
tailed model (train and its infrastructures), domain descrip-
tion, boundary condition and solution methodology. Sec-
tion 3prevails the validated computational results based on
the grid convergence study. This is done by a systematic
method using the Grid Convergence Index (GCI) and the
Richardson Extrapolation. Next, Section 4 providesthe
aerodynamic loads value attained from the simulation. Re-
sults of aerodynamic forces and moment from the train
travelling on various infrastructure conditions are compared
directly with the baseline study (flat ground case). In Sec-
tion 5,the theoretical background of the safety guideline
assessment is explained and method for calculating the
critical wind speed for vehicle overturning used in the ex-
amination is presented. Section 6entailed the safety guide-
lines for a train’s operation based on the critical wind speed
for vehicle overturning in respect to the crosswind yaw
angle and the critical train speed. Finally, the conclusion is
stated in the last section of the article.



2. COMPUTATIONAL SET-UP
2.1Train model description

The train model used in this study is a generic train model
that acquired a blunt nose shape as shown in Figure 1. This
specific model geometry is chosen so that validation and
comparison study with previous investigators (experimen-
tally by Sakuma et al.[18] and numerically by Osthet
al.[19]) can be made.

The leading side and top edges on the front are rounded
using an elliptical profile with major axis in the ellipse
length of 0.07H and the minor axis length of 0.04H as can
be seen in Figure 1(b). The side and top edges of the rear
end of the vehicle are rounded with a circular radius
0.107H as can be seen in Figure 1(c). Both front and rear
bottom edges are not rounded and thus sharp. The length of
the train is 7H while the width and height are both equal to
H. (W=H = 0.56m).

Additionally, a train model with an ellipse nose shape was
also analysed as shown in Figure 2. The front nose shape
follows an elliptical profile with a major axis in the ellipse
length of 2H and the minor axis length of H as can be seen
in Figure 2(a)-(b). All the other parameter follows the di-
mension as in the model withblunt nose shape.

7H

H
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(@

(b) (©

Figure 1: Geometry of the train model with blunt nose shape. (a)

Side view (b) Close view of front corner with an elliptic rounding

(c) Close view of rear corner with a circular rounding (d) Isomet-
ric view

(b)

Figure 2:Geometry of the train model with ellipse nose shape(a)
Side view (b) Close view of a front elliptic nose shape (c) Isome-
tric view
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2.2 Infrastructure description

The cases can be divided into three major categories of
surfaces on which the generic train model is travelling: flat
ground (FGC), embankment and bridge as shown in Figure
3-5.

Figure 4 shows the vehicle on top of an embankment. The
crosswind U, affects the aerodynamic properties of the
train differently when the slope of the embankment, 6 is
varied [1], [20], [21]. Three slope angles are investigated in
this study, i.e. 8 =150°, 6 = 160° and 6 = 170°. The height
of the embankment, H is fixed at 6 meters which is based
on the Technical Specifications for Interoperability (TSI)
infrastructure scenario [1], and B is 9.15 meters.

Figure 5 shows the vehicle on top of a bridge girder. There
are three shapes of the bridge girder: (a) rectangular girder
shape, (b) triangular girder shape, and (c) wedge girder
shape. All models have the same B/D ratio which is equal
to 5:1 (D is the thickness of the girder shape). This parame-
ter is expected to give different aerodynamic characteristics
of the train [21], [22], [23].

Ve
—

Figure 3: Problemgeometry and annotations for the crosswind
over a generic train model travelling on a FGC (baseline case)
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Figure 4:Problem geometry and annotations for the crosswind
over a generic train model travelling on an embankment
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Us
— Iy 7H I,
<+“—r¢— PP
Inlet Outlet
(b)
Us
— Figure 6: Computational domain used in the numerical investiga-
tion for 0° yaw angle condition. (a) Side view (b) Front view (c)

Top view (Sketch only and not following the actual scale)

Table 2: Domain size parameter based on Figure 6(c) fordifferent
cases of crosswind yaw angles

© YawAngle () Iy I, [
0° 8H 21H 10H
Figure 5: Problem geometry and annotations for the crosswind o

over a generic trainmodel travelling on a bridge 15 8.4H 20.3H 10.5H

30° 8.8H 18.2H 12.8H

2.3 Computational domain 45° 9.2H 14.9H 16.1H
General guidelines on the distances between (i) the inlet 60° 9.6H 10.5H 20.5H
and the vehicle and (ii) the vehicle and the outlet for the 75° 10H 10H 21H
validation case are based on the previous investigations 90° 10H 10H 21H

[24]-[27] i.e. distance from the inlet to the train model is
8H and distance from the train model to the outlet is 21H. o
2.4 Boundary condition
The generic train model is placed 0.15H above the ground
in order to imitate the typical real train condition [10, 28].
The placement of the train’s model is also sufficiently far
from the top and side walls (i.e. 10H) in order to minimize
the near wall effects. Figure 6 visualized the domain for the

case at 0° yaw angle. A detailed summary of the domain Freestream
size change for different crosswind situations is presented
in Table 2.
Freestream Freestream
(Left
8H > 7H > 21H
Inlet Outlet Moving wall, U,= X
Inlet, U,(Front pl y
» Ux plane)
@ Figure 7: Boundary conditions used in the numerical investiga-
tion (not following the actual scale)
10H 34'1; 10H Visualizations of the boundary conditions are shown in
> Figure 7.The details of boundary conditions are explained
as follows:
P 10H e Inlet (Front plane): Uniform velocity, which
z represents the free stream velocity (U.,) is applied
] \ AN in the x-direction. For crosswind conditions (¥ >
y | — +¢H 0°), the resultant wind velocity will follow the
X 0 15H component velocity vector based on the effective
crosswind.
e  Ground plane: The boundary type of moving wall
(b) is applied with the velocity component in the x-
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direction equal to the inlet velocity (U.,) in order to
prevent the development of boundary layer on the
ground plane. This is also to replicate the relative
movement between the train and the ground.
Outlet (Back plane): The homogenous Neumann
boundary condition is applied at the outlet, mean-
ing that the pressure gradient is equal to zero. This
allows the flow pass through the outlet without af-
fecting the upstream flow, provided that the up-
stream distance to the wvehicle’s body is large
enough.

Lateral side and roof plane: The patch type
boundary condition with a freestream value similar
to the inlet is used. (Note: the right plane will be-
come an inlet whilst the left plane will transform
to outlet boundary condition for crosswind cases
e.g. wind with yaw angle = 15°, 30°, 45°, 60°, 75°,
90°).

Train model surface: The no-slip condition is
used.

2.5 Solution methodology

The flow around the train has been considered incompress-
ible and is obtained by solving the incompressible form of
the Reynolds Averaged Navier-Stokes (RANS) equations.
The two equations which are Continuity and Navier-Stokes
equations[30]for the incompressible flow are as follows:

U, _

o 0 ®
oy; ou;  1o0p, 0 ou;, T @
at J 0x; T pox; 0x; K 0x; P

in which indices i, j =1, 2, 3 refer to the streamwise —x,
cross-stream —y and —z direction in a Cartesian-coordinate
system respectively. U;and P; are the time averaged terms,

while u; is the fluctuation terms of velocity.

In this study, the OpenFOAM CFD software package is
used to solve these governing equations. In this study, SST
k — w is used as it is more appropriate for external aerody-
namics[31]. Detail numerical settings applied throughout
all case study is presented as in Table 3.

Table 3: Numerical methods used in OpenFOAM

Discretization Scheme Descrip-
tion
Time steadyState -
nd
Gradi- Central 2 orde_r
ent difs . central dif-
Iterencing ferencing
Spatial .
Diver- QUICKV 3" order
gence
Lapla- Gauss linear 2" order
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cian differencing unbounded
scheme
Pressure-velocit Used as
counlin y SIMPLE steady flow
piing algorithm
s
lence RANS k—w
models Transport
(SST)
Acts as a
Zero-
k kaRWall- gradient
Function ..
condition for
modelled k
Wall Automatic
omegaWall- = wall func-
func- w . . .
. Function tions condi-
tions .
tion for w
Generates
nutkwall- nefalr-wall
vy Function profile for v,
based on
modelled k

3. VALIDATION STUDY

3.1 Grid convergence study

Solutions to three different grid refinements which
represent fine, medium, and coarse grids are simulated with
the aim of investigating the effect of grid dependency.
These different grid resolutions are carefully chosen based
on grid refinement ratio (r) as shown in Table 4.

Table 4: Grid parameter for case A, B and C where subscripts 1, 2
and 3 represents case A, B and C respectively

A B C
CASE (Fine) (Medium) | (Coarse)
Total No. of
2,114,715 951,838 359,838
Cells, N B ' '
Average cell 0.0895 0.1168 0.1615
size, hgye (M)
Average y* 81.76 83.28 113.59
Refinement ra-
tio, 7 Ty = 1.31 T3, = 1.38

Based on Celiket al.[32], it is necessary that the ratio be at
least greater than 1.3. Since the meshes are not uniform, the
grid refinement ratio is calculated based on average grid
size(hg,.). The grid refinement ratio (r) and the average
cell size (h,,,.) can be calculated as follows;

h,
1= n
1

3



)

w

)

have

= %imm

where AV; is the volume of the i** cell, and N is the total
number of cells used for the computations.

The grid convergence study is accessed using the Richard-
son Extrapolation (frg) and Grid Convergence Index (GCI)
which can be calculated based on Equation (6)-(7). By de-
finition, the value estimated from the Richardson (frg) is
the value that would result if the cell grid size tended to
zero (h—0). Alternatively, the GCI value indicates that the
percentage of the computed value is away from the value of
the asymptotic numerical value. It shows an error band on
how far the solution is from the asymptotic value and how
much the solution would change with a further refinement
of the grid. This is accomplished by comparing GCI results
of various parameters between different levels of mesh res-
olutions. Bothof these indicators are essential in accessing a
grid convergence study [33]-[35].

(i—f2)

fee = fi ) (6)

where r is the refinement ratio as shown in Equations (3) —
(4) and p is the order of accuracy.

|€i+1,i|

GCIL‘+1,L‘ = st(rp _ l)
i

x 100% (7

To evaluate the extrapolated values of these solutions, it is
important to firstly examine the convergence criteria. There
are basically three possible convergence conditions:

a. (0 <R < 1) for monotonic convergence

b. (R <0) for oscillatory convergence

¢. (R>1) for divergence
where the convergence ratio (R) is defined as follows:

_ &

€32

R (®

Table 5 shows the results of different parameters obtained
from the simulations of different mesh resolutions and cor-
responding extrapolated values based on the Richardson
extrapolation. Monotonic convergence criteria are achieved
since 0 <R < 1 (refer to Table 6). This can be seen clearly
from Figure 8 whichindicates how the value of the chosen
parameter progressively moved in a converging pattern
towards the Richardson extrapolated value. This also ex-
plained that the error, due to grid convergence, gradually
decreased and the fine grid resolution (GCl,) had a value
of less than 1% for almost all the compared parameters. To
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put it briefly, as the GCI reduction from the coarser grid
(GClsp) to the finer grid (GClyy) is relatively high, it can be
said that the grid independent solution is nearly achieved,
which concludes that further refinement of the grid will not
greatly impact the results of flow simulation [33], [37].

Table 5: Comparison of different parameters from different mesh
resolutions and the extrapolated values calculated using the
Richardson extrapolation

CASE Af) B(f2) C(fs) fre
Cgmean 0.72 0.7222 0.7031 0.7254
48
Stagnation 0.49 0.4910 0.4884 0.4923
Pressure 18
P
(pu—mz)
Base Pres- - - - -
sure 1510'3) 40654 41272 43692  4.0308
(pu—mz)
Wake 0.57 0.5723 0.5482 0.5778
Length (m) 64
1.001
ST
ngesf -I“-'h“"-‘-.é
nosst \\ B
w 0.997 ‘,‘
EEE 0996 ".‘
ngest ‘,‘
ngeaf ‘,\
ngeat ‘," c
A

0932
0

(a) Comparison of mean C4normalized by the extrapolated value,
between three grid solutions and the Richardson extrapolation
estimation. fl/fRE: 0.9992, f2/fRE =0.9956 and fglfRE =0.9693

1.001

oy
LT
iy
T
- A
-

0.999 - -

Kd

0,99 -

0.997 -

fI'/TF\’ &

0.99 -

0.995 -

0.594 -

0993 -

0.592
o

(b)Comparison of stagnation pressure normalized by the extrapo-
lated value, between three grid solutions and the Richardson ex-
trapolation estimation. fi/fre= 0.9989, fi/fre= 0.9974 and fs/fre=
0.9921
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1.02F ‘jj
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(c)Comparison of base pressure normalized by the extrapolated
value between three grid solutions and the Richardson extrapola-
tion estimation. f,/fge=1.0164, f,/fze=1.0318 and f3/fre= 1.0923

1 ""'"""'--'--'m-.»-..‘...\' . r .
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i 005 01 015 02 025 03 03
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(d)Comparison of wake length normalized by the extrapolated
value, between three grid solutions and the Richardson extrapola-
tion estimation f;/frg = 0.9976, f,/fze= 0.9905 and f4/fzz = 0.9488

Figure 8: Comparison of different integral parameters normalized
by the extrapolated, between three grid solutions and Richardson

extrapolation estimation

Table 6:Grid Convergence Index (GCI) for different parameters
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expressed in non-dimensional form by means of force and
moment coefficients. These non-dimensional parameters
are chosen so that comparison can be made regardless of
the train’s shapes, sizes or driving speed.

©)

where Fiis the side force, F; is the lift force, Ry is the roll-
ing moment, p is the density of air, u is the wind velocity
relative to the vehicle, A is the projected surface area in the
x-direction, and H is the height of the train body.

Figure 9 illustrates the comparison of aerodynamic loads
for a train travelling on different platform conditions with
respect to various crosswind condition. As can be seen, the
results are hugely depended on the crosswind conditions.
This has bring about in the characterization of two flow
regimes conditions as has been discussed by the past scho-
lars [37], [40]-[43]. Tables 7-9lists down the value for
aerodynamic load coefficients for all cases involved in the
present study.

= <= FGC: Blunt Nose
= <= FGC: Ellipse Nose

—e— Bridge: Rectangular Girder

3 —@— Bridge: Wedge Girder
5
e 5 "
5 b Transition  Bluff A= Bodpe: Trsiogubis Gader
Regime | Regime —A—-Embankment: 150degree
3 Slender '_P
Regime —s—-Embankment: 160 degree
1 Yaw Angle.  — A~ Embanlment: 170 degree
-1 0 15 30 45 a0 75 20
(a)
g G
= %= FGC: Blunt Nose
ey
/, 3}\ Tranzitiony Bluff = @ = FGC: Ellipse Nose
e \\‘\\\ Regime | Regime ) .
2 N S S —e— Bridge: Rectangular Girder
1 —&— Bridge: Wedge Girder
e —&— Brdge: Triangular Girder
0 g
—#—-Embankment: 150degree

—sh—-Embankment: 160 degree
b & Embankment: 170 degree

CASE |£32| |£21| R GC|32 GC|21
(10%)  (10%) %) | (%)

Cq4 mean 1910 @ 0.260 0.133 0.554 0.112
Stagnation 0.260 | 0.080 0.293 0.326 0.131
Pressure
Base Pres- 0.024 | 0.006 0.255 2.906 1.049
sure (10°%)
Wake 2.407 @ 0.410 0.170 1.195 0.297
Length (m)

Furthermore, the detail assessment on the turbulence model
and comparison study with the previous scholars can be
refer to the reference Ishak et al.[35], [37]-[39].

4. AERODYNAMIC LOADS OBTAINED
SIMULATION

IN THE

In this study, the mean aerodynamic forces and the rolling
moment are calculated. When integrated, these stresses give
rise to the resultant load components, which are usually
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Yaw Angle

()

fis] 20

-=#--FGC: Blunt Nose
==@=-FGC: Ellipze Nose

—8— Bridge: Rectangular Wing

¥ —®—Bridge: Wedge Wing

—=8— Bridge: Triangular Wing
— 4—-Embankment: 150degree
— A—-Embanlkment: 160 degree

—A—-Embankment: 170 degree

Figure 9: Comparison of the (a) side force (Cs), (b) lift force (C))
and (c) rolling moment (Cg,) with respect to different crosswind
conditions for the train moving on various platforms



Quantitatively, from the results obtained, two of the para-
meters i.e. the side force coefficient (Cs) and the rolling
moment coefficient (Cr.) showed much larger values for
the embankment cases compared to the bridge cases and the
FGC. In the slender body flow regime (¥ < 45°), the em-
bankment with a 170° slope recorded the highest C; value,
whilst in the bluff body flow regime (¥ > 60°), the em-
bankment with a 160° slope recorded the highest Cs value.
Meanwhile, for the bridge cases, in the slender body flow
regime (¥ < 45°), the bridge with the wedge girder shape
had the worst Cs condition, whilst in the bluff body flow
regime (¥ > 60°), the triangular girder case had the worst
C, value. The same case happened for the rolling moment
coefficient (Cgr.) whereby all cases showed a maximum
value at ¥ = 45° except for the embankment with a 170°
slope for which the value increased to a maximum value at
¥ = 90°. Among the infrastructure cases, the embankments
provide the highest aerodynamic loads for both C; and Cg.
values. Contrariwise, C; is considered much more critical at
a low range of yaw angles and its maximum value was rec-
orded at ¥ = 30° The values were slightly higher for the
embankment cases, followed by the bridge cases and the
FGC.

The result from aerodynamic loads attained are reflected
based on the flow regimes. As mentioned earlier, there are
two types of flow regimes occur when a train travels pass
through a crosswind condition. In slender body flow regime
(¥ < 45°), the change in the C; and Cg_ was almost linear
with the yaw angle. For the C,, the graph showed a fluctuat-
ing increase to a maximum value before decreasing. On the
other hand, in the bluff body flow regime (¥ > 60°), the
aerodynamic loads (i.e. C, C), and Cg,) are less affected by
the change in the crosswind yaw angles.

5. METHOD FOR CALCULATING CRITICAL
WIND SPEED FOR VEHICLE OVERTURNING

5.1 Definition

The “critical wind speed for vehicle overturning’ can be
defined as the wind speed at which the vehicle that is sub-
jected to a crosswind begins to overturn. When the vehicle
is exposed to wind-induced external forces, the windward
wheel load is reduced. This is because the moment around
the leeward wheel/rail contact point acts on the vehicle, and
the lateral and roll displacements of the car body are gener-
ated due to the deformation of the vehicle suspension sys-
tems [6]. When the windward wheel load becomes zero, the
wind speed is defined as the critical wind speed for vehicle
overturning.

5.2 Outline of the Detailed Equation

The static balance of the moment around the wheel/rail
contact point is used to obtain the critical wind speed for
vehicle overturning. The vehicle model used for measuring
the critical wind speed by the Detailed Equation is shown
in Figure 10. The symbols in Figure 10 used throughout
this study are defined as follows:
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Fs,  : Side force due to crosswind [N]

F,  : Lift force due to crosswind [N]

mg : Half mass of car body [kg]

m;  : Mass of bogie [kg]

ay  : Lateral vibrational acceleration of the car body
[m/s?]

oy : Unbalanced centrifugal acceleration [m/s?]

g : Gravitational acceleration [m/s?]

Ca : Centre of wind force

Gg : Centre of gravity of the car body

Gt : Centre of gravity of the bogie

e : Distance between the centre of gravity of the car

body and the centre of the wind force [m]

hgc  : Height of the wind force from the rail top [m]

hes : Height of the centre of gravity of the car body
from the rail top [m]

her : Height of the centre of gravity of the bogie from
the rail top [m]

hg;  : Height of the centre of the car body from the rail
top [m]

hg, : Height of the car body [m]

Pr : Right side wheel load [N]

P. : Left side wheel load [N]

yg . Lateral displacement of the car body [m]

os : Roll displacement of the car body [rad]

2b  : Distance between wheel/rail contact points [m]

Figure 10 shows the condition of a vehicle travelling on a
canted curve and is blown by a crosswind from the inside
of the curve. Basically, there are three forces that have con-
siderable influence on vehicle overturning: wind force due
to crosswind, unbalanced centrifugal force on a curve, and
lateral vibrational inertia force. These three forces are con-
sidered in the Detailed Equation. In Figure 10, the lateral
and roll displacements of the vehicle subjected to external-
forces are yg and ¢g, respectively. These displacements can
be obtained by considering the static balance of potential
energy stored in suspension systems, such as axle spring
and air spring [7].

Figure 10: Model for calculating the critical wind speed [6]

Among the three forces mentioned earlier, the wind force
due to crosswind has the utmost influence on overturning a
vehicle. In the Detailed Equation, the side force F; in the y-



direction, the lift force F, in the z-direction (see Equation
(9)), and the height of the wind force hgc (see Equation
(20)) are considered, as shown in Figure 10.

C
hpe = hp, + _gL hg,
S

(10)

The rolling moment coefficient Cg_ is a non-dimensional
quotient of rolling moment divided by 0.5xpu?A(see Equa-
tion (9)). In Figure 10, the balance of the moment around
the leeward wheel/rail contact point can be expressed as
follows:

P, -2b =mpgb +mgg(b —yp) — F,(b -y + e@g)
— hermray, — hGB(mBO-’u + mBa’y)
- hBCFs

11

The wheel unloading ratio, D*, which is one of the indices
to evaluate the degree of danger against overturning, is de-
fined by Equation (12). It is the quotient of APi.e the de-
crease of the wheel load from the static wheel load divided
by P, i.e. the static wheel load. When D* = 1.0, the wind-
ward wheel load becomes zero.

D* = ap 12
=7 (12)
where
AP =P, —P, (13)
+
Py = (my + mr)g (14)

2

Substitutuing Equation (11) into Equation (12), we can
obtain the wheel unloading ratio D* as follows:

Unbalance
( Lateral vibrational ~ centrifugal
inertia force force

*

o i
b == 2

a a
+ (hgp + hgr) ?u + hgp ?y

Wind forces due to crosswind

+ 2 hye (b =y, + epy)
mgg mgg
(15)
where

=t (16)

e =hge —hgp 7)

yg = C,Fz + D, My (18)

¢p = CyFg + DyMg (19)
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and

Fp =F+FE, (20)

My = —eF, (21)
Here, Fy is he total side force whereby F; is the side force
due to crosswind and F, is the unbalanced centrifugal force
(in this calculation, we set F, = 0)[11]. Mg is the total roll-
ing moment. C,, C,, Dy, and D, are the coefficients that
express the effects of a suspension system [6]. The specifi-
cation of the vehicle can be referred to the appendix which
is also based on the reference from previous study [5], [11].
The numerical values of the aerodynamic load coefficients

used for the calculation are the same as those in Table 7-9.

Equation (15) is the Detailed Equation for rail vehicle over-
turning assessment. Supposing that the windward wheel
load is zero (D* = 1.0), and by solving the equation for u
that is included in Fs and F;, we can obtain the critical wind
speed for vehicle overturning as defined above.

6. RESULTS AND DISCUSSIONS ON THE SAFETY
GUIDELINE FOR TRAIN OPERATION

6.1Relation between critical wind speed for vehicle
overturning and crosswind yaw angle

In Figure 11,the result of the critical wind speed for vehicle
overturning (Ug_ritical) With respect to various yaw angles of
different platform scenarios is presented. As elaborated in
detail earlier, the result is highly dependent on the aerody-
namic force coefficients, thus, the profile of the critical
wind speed curves is expected to vary with different plat-
form scenarios.

It is also evident that the train vehicle operating on a FGC
receives the highest tolerance of Uggriticar €Specially with
the elliptical nose model. This means that in order for the
rail vehicle to get overturned, the wind speed should be
particularly high especially at a small range of yaw angles
(i.e. Urgriticars 37 m/s for ¥ < 30°). The second worst condi-
tion for the train to get overturned by the action of a cross-
wind is when it is travelling on a bridge (i.e. Uggritica= 30
m/s for ¥ < 30°). Lastly, the worst plausible scenario with
the lowest Ug giticaidllowed is the train running on top of an
embankment (i.e. Urgritica® 23 mV/s for ¥ < 30°). Since the
world average mean wind speed is only around 3.28 m/s
[44], the possibility of a rail vehicle facing problems due to
crosswinds is extremely low. However, it is also important
to consider the possibility of strong wind gust, but since it
is not in the scope of this study, such consideration is for
future research. Pertaining to the potential gust-related is-
sues, the fastest wind speed (not related to tornadoes) ever
recorded was during the passage of Tropical Cyclone
Olivia in Barrow Island, Australia, on 10 April 1996 which
registered a maximum wind gust of 408 km/h (113 m/s)
[45].



Additionally, by looking at the graph pattern in Figure 11, a
generalized scenario can also be concluded reflected on the
different flow regimes. It is apparent that in the slender
body flow regime, the highest magnitude of UgiticaiS re-
corded for most of the cases. Furthermore, in this regime,
the Ugriticar@lS0 shows the largest magnitude differences
between each case. It is also interesting to notice that at ¥ =
45°, the lowest Ugiticar 1S recorded for almost all cases.
This signifies the flow behaviour transformation from the
slender body flow regime to the bluff body flow regime at
this crosswind condition. Moreover, the magnitude of the
side force (C;) and the rolling moment (Cg.) reach their
optimal values (i.e. at ¥ = 45°). Both of these parameters
are considered as the important aerodynamic loads in re-
gard to train stability under the crosswind influence (see
Figure 9). However, in the transition and bluff body flow
regimes, the magnitude of UgcaStarts to converge to-
wards the lower end value of Ugiticar EVen though the
difference is quite small, the values of Ug .iticaiOf the differ-
ent case scenarios can still be distinguished.

@
vy

Bluff
Regime

Transition
Regime

Slender
Regime

Critical Wind Speed for Vehicle Overturning,
Up critical (m/s)

+--- Flat ground (Blunt Nose)
—e— Bridge (Rectangular Girder)

& Flat Ground (Ellipse Nose)
—a— Bridge (Triangular Girder)
—-4—-Embankment {130 degree slope)
—-4—-Embankment (170 degree slope)

—&— Bridge (Wedge Girder)
—-4—Embanlkment (160 degree slope)

Figure 11:Relationship between the critical wind speed for vehi-
cle overturning (Ug criticar) @nd the resultant wind yaw angle for the
train travelling on different platforms

6.2 Relation between critical train speed and crosswind
yaw angle

Using the information from critical wind speed for vehicle
overturning with respect to a certain crosswind yaw angle
condition, the critical train speed (U ¢itical)Can be obtained
based on the static balance of vector analysis. Figure
12shows the correlation between the Uy giica With respect to
different crosswind yaw angles. At a lower yaw angle, the
train can get a much higher speed especially for the train
that travelling on the FGC. Based on the bar chart, at ¥ =
15°, the train can travel up to a maximum speed of 500
km/h on the worst platforms condition (i.e. the embank-
ments), more than 550 km/h when the train is travelling on
the bridges, and up to 650 km/h when the train is travelling
on the FGC. Even greater speeds are acquired when the
train model with the aerodynamic shape nose is considered
(i.e. Uy riticar> 800 km/h). With the current technology, the
highest train speed that has ever been recorded is 603 km/h
which is achieved by SC Maglev in Japan [46]. With the
modern advancement of technology and expertise, together
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with high demand especially in developing countries, it has
become more important to achieve a much higher operating
speed for the rail vehicle. Figure 13lists the recently ac-
quired top speed of high-speed trains in the world. Never-
theless, there is always a limit to each train design. In fact,
this is in parallel with the objectives of the study which is
to provide guidelines for train operation with respect to the
possibility of accidents due to aerodynamic problems i.e.
the influence of crosswinds.
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EEmbankment (160 degree)
BEmbankment (130 degree)
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EBrdge (Triangular)
EBrdge (Rectangular)
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Figure 12:Relationship between the critical train speed (U criticar)
and the resultant wind yaw angles for the train travelling on dif-
ferent platforms
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Figure 13: Comparison of train’s top speed records with their
maximum operating speed [46]

Nevertheless, based on Figure 12, as the yaw angle in-
creases, the critical train speed (U riticar) ShOWS a consider-
able decrease in value. For example, U iticaOf the blunt
nose train travelling on the FGC at ¥ = 15° is 675 km/h,
but at ¥ = 30°, the speed reduces to 200 km/h which is
about 70% decrease and Ug giticar decreases even more at
larger yaw angle conditions. However, as discussed earlier,
it is also important to note that the direction of the cross-
wind relies on both the wind speed and the train speed.
Due to a much lower wind speed in general, together with
the considerably higher train’s operating speed even for a
regional train, the crosswind yaw angle typically lies at ¥ <
40° [47]. Therefore, it is much important to consider the
important guidelines on the range of crosswind yaw angles
(i.e. ¥ <40°) as it is more likely to happen in real life.
However, it is also possible for the higher yaw angle to
occur especially during an extremely low speed train opera-
tion or at the train’s stagnant position.



When comparison is made with the results of infrastructure
platforms under which the train is travelling, the embank-
ment cases allow the lowest Uy giticaCOmpared to the bridge
cases. The outcome is coherent with the Ug citicat @S Shown
in Figure 11which indicates much lower values for the in-
frastructure cases obtained as compared to the FGC. On top
of that, the results in this section also agree with the discus-
sions on all the important aerodynamic loads as shown in
Figures 9.Due to the higher critical aerodynamic loads for
the Csand Cg_at a higher range of yaw angles, the lower
values of Urriticat aNd Uy criticar are attained.

It is also interesting to notice that at a larger yaw angle (¥ >
60°), UycriticallS NOt hugely influenced by the different nose
shapes of the train as shown in Figure 12.As the flow di-
rection changes from parallel to perpendicular to the ve-
hicle surface, the effect of the train’s body is more signifi-
cant on the aerodynamics of the train which in this case is
not varied. Thus, at ¥> 60°, the Uy ¢iticallS almost compara-
ble for all cases regardless of the different platforms under
which the train is travelling.

6.3 Relation between critical wind speed for vehicle
overturning and critical train speed

Interestingly, there is a unique relationship that can be es-
tablished when comparison is made between Ug citical @nd
Ui critical- From Figures 14-15,a linear relationship is discov-
ered for each of the crosswind yaw angle conditions even
though the nose shapes of train model are altered, and the
ground condition are varied. This means that for a specific
wind direction, the value obtained for both Uggiticaand
Ui critical TOr different cases of trains creates a linear relation-
ship that can be assembled into the same group. When
compared with data from Kikuchi & Suzuki [48], the line
relationship is agree well. In conclusion, these guidelines
could be used as an important benchmark for further studies
regarding different configurations of trains and ground plat-
forms. From the results attained, it can be concluded that
both the critical wind speed of vehicle overturning
(Urritical) @nd the critical train speed (U, iica)) are largely
dependent on the yaw angles (i.e. varying crosswind condi-
tions).
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7. CONCLUSIONS

In this study, investigations on the aerodynamic loads of a
generic train model travelling under the crosswind
influence were conducted for different platform conditions.
As the research is fully based on the numerical approach, a
detailed validation study was conducted. A mesh
refinement study was explicitly performed to make sure the
number of cells used in the simulation achieved the grid
independence criteria. Fine grid mesh is in the excellent
range with the extrapolated value retrieved from the Rich-
ardson theory. All variables for the fine grid mesh have
shown a GCI value of less than 1% except for the base
pressure. Hence, series of numerical simulation are carried
out using the fine grid resolution. Results shows that the
aerodynamic loads are magnified as the train travels on
higher altitude platforms. The occurrence of two flow re-
gimes signify the graph patterns based on slender body
flow regime (¥ < 45°) and bluff body flow regime (¥ >
60°). The sensitivity of crosswind on aerodynamic loads are
much affected in the slender body flow regime whilst the
value is more or less constant in the bluff body flow regime.

The second half of this article presented the safety guide-
lines for a moving train under the crosswind influence. By
using the already established methodology by past scholar,
the method was fully utilized, and the results obtained were
then further extended. The outcome showcased that the
trains travelling on infrastructures had the lowest tolerance
for the critical wind speed for vehicle overturning (Ug critica)
compared to the FGC. The embankment configurations
showed the worst values among the infrastructure cases.
Due to this, the critical train speed (Ui iticar) Of the FGC
was the highest value followed by the bridge cases and the
embankment cases (the lowest value). Additionally, an in-
teresting discovery on the relationship between the Ugitical
and the Uy giicar Was found. At a specific crosswind condi-
tion, a linear relationship between the U itica @and the
Uk criticat Was established and can be applicable for the train
moving on different platforms. In the end, this finding
could be a very valuable tool as it can provide a benchmark
for the investigation of different vehicle shapes, geometries
and ground configurations in the near future.
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APPENDIX

Table A. Specifications of the vehicle

Notation Value
F; : Side force due to crosswind refer Figure 9
[N] (a)
F,  : Lift force due to crosswind refer Figure 9
[N] (b)
Mg Rolling moment due to refer Figure 9
crosswind [Nm) (c)
oy . Lateral vibrational accelera- 0.2
tion of the car body [m/s?]
oy : Unbalanced centrifugal accel- 0.5
eration [m/s?]
hes : Height of the centre of gravity 0.45
of the car body from the rail
top [m]
hg;  : Height of the centre of the car 0.364
body from the rail top [m]
hg,  : Height of the car body [m] 0.644
2b  : Distance between wheel/rail 0.56
contact points [m]
-6
G, . Coefficient representing the 6.42 x 10 5
Dy influence of spring system of a -1.66 x 10
Co  enicle -1.66 x 10°
Do 1.84x 10°
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