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Abstract: Modern high-speed trains' increasing velocity and 

decreased mass raise the topic of how severe cross winds may affect 

their aerodynamics. High-speed trains' running stability may be 

impacted by strong crosswinds due to the magnified aerodynamic 

forces and moments. The study of train aerodynamics under the 

effect of crosswind is growing with the help of various types of 

numerical simulation and wind tunnel.  This study involved 

performing simulations of turbulent cross wind flows over the four 

cars of two simplified different models of high-speed trains at 

different angles of attack and different yaw angles accordingly. The 

train aerodynamic issues are closely associated with the flows 

occurring around train. The flow around the train has been 

considered as incompressible and was obtained by solving the 

incompressible form of the unsteady Reynolds-Averaged Navier-

Stokes (RANS) equations combined with the SST K-ω turbulence 

model. Important aerodynamic coefficients such as the drag force, 

side force, and rolling moment coefficients have been calculated for 

angles of attack (0°,30°,45°,60°,90°). The results illustrated the 

formation of a large vortex upon the leeward side at yaw angle of 10° 

and above, this caused a region of low pressure which increased the 

overturning forces acting upon the train. Generally, crosswinds 

increased pressures upon the windward side of the train and 

decreased them upon the leeward side. Slipstream velocities on the 

windward side were seen to decrease whilst leeward side velocities 

increased. The Effect of the train shape and velocity on aerodynamic 

characteristics has been illustrated by comparing the results of the 

different cases of this study. The dependence of the flow structure on 

yaw angle has also been presented.  

 

Keywords: Cross-wind, High speed Trains, Aerodynamics, 

Computational fluid dynamics, K-ω turbulence model, 3D printed 

model. 

 

I. INTRODUCTION  

A new train trend toward faster running speeds and lighter 

weights has emerged in recent years in rail transportation. In 

regular operation, trains can travel at speeds of more than 300 

km/h, which is almost as fast as light airplanes. Aerodynamic 

forces and moments become more significant for the train's 

running performance at these speeds. The running stability and 

riding comfort of the vehicle may be affected by strong 

crosswinds. The increase of the aerodynamic forces and 

moments because of crosswind may influence the train 

operating safety and the worst case may lead train to overturn 

[1]. The risk of crosswind that may cause train to overturn 

depends on the track infrastructure and vehicle aerodynamics. 

The number of accidents involving trains overturning has 

increased due to the track infrastructure's exposure to strong 

crosswinds and unexpected wind gusts, which includes tall 

viaducts and high embankments. On the other hand, 

aerodynamics, particularly on the leading car, plays a 

significant role in train stability when subjected to strong 

crosswinds. The leading car is the most sensitive because it is 

exposed to the greatest aerodynamic loads [1].  

A. History 

The first crosswind-related train overturning occurred in St. 

Louis, United States of America, in April 1882 when a 

passenger train was blown off a narrow gauge track during a 

severe storm. Since then, there have been a total of 29 

crosswind-related accidents, the majority of which have 

occurred in Japan as a result of the country’s narrow gauge 

lines. The BART line (Bay Area Rapid Transit, San Francisco, 

USA) chose broad gauges, which are 17% wider than standard 

ones, to improve train stability for crosswinds and earthquakes. 

Accidents caused by wind have been recorded involving both 

passenger and freight trains on standard gauge tracks in high-

risk locations, such as bridges and embankments. The Lanzhou-

Xinjiang High Speed Railway, for instance, travels through a 

plain desert region in China that is constantly blown by strong 

winds. During a sandstorm in 2007, wind gusts caused an 11-

car train to flip over. Figure (1) shows other recent examples of 

train overturning due to strong crosswinds: two light trains in 
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Fig. 4: Schematic of our study two models. 
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Fig. 2: Components of natural wind velocity relative to the train. 

 

Europe (Austria, 2002 and Switzerland, 2007) and a locomotive 

in Japan (2006) [2]. 

B. Crosswind 

As soon as a train moves through windy conditions, 

crosswind happens. The relative wind that loads the train is 

produced when the wind and train velocity combine. This 

aerodynamic load has the potential to be powerful enough to 

turn the train around. As the number of high-speed lines in 

Europe has drastically increased over the past few decades, 

crosswind stability of high-speed trains has gained more 

attention. Overturning a high-speed train at 300 km/h would 

have deadly consequences. As the relative velocity between the 

side wind and train increases, so does the strength of 

aerodynamic loads, increasing the risk of an accident. In figure 

(2), the definition of train traveling under a crosswind condition 

is presented. The relative wind velocity V is the velocity 

between the train traveling speed v and the wind velocity u. The 

yaw angle ψ is defined as the angle between the relative velocity 

and the train velocity and the wind angle of attack β between 

the train wind velocities [2]. 

 

 

  

 
 

 
 

 
 

 

 

C. The cases of the study 

In this study, we have three cases with two different models 

at five angles of attack. Table (I) illustrates the three cases 

which includes the train types, velocities, crosswind velocity 

and its classification. 
 

TABLE II                                                                                                             

THE DIFFERENT CASES OF THIS STUDY 

 

 As shown in the following figures, we have two models 

one of them is a simplified aerodynamic model of The Stadler 

EC250 (Giruno) and the other is a simplified ordinary one of 

(Henschel). The two models have the same dimensions, 

velocities and exposed to the same crosswind conditions. The 

aerodynamic model is considered to be as a modification of the 

ordinary one to improve the aerodynamic characteristics. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

D. Objectives 

The aim of this study is: 

 

(a) Improving safety in high-speed trains under the influence 

of cross winds. 

(b) Study the effect of train shape and velocity on aerodynamic 

characteristics. 

Cases Case (1) Case (2) Case (3) 

Train Type Aerodynamic Train 
Ordinary 

Train 
Aerodynamic 

Train 

Train 
Velocity 

100 Km/h 100 Km/h 200 Km/h 

Crosswind 
Velocity 

13 m/s = 46.8 
Km/h 

13 m/s 

 = 46.8 Km/h 

14 m/s = 50.4 
Km/h 

Crosswind 
Type 

Strong Breeze 

Range:  

(39-49) Km/h 

Strong 
Breeze 

Range: 

 (39-49) 
Km/h 

High Wind OR 
Near Gale 

Range:  

(50-61) Km/h 

(a) (Giruno) (b) (Henschel) 

Fig. 3: Aerodynamic shape (a), Ordinary shape(b). 

Fig. 1: Crosswind related accidents. 
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(c) Understanding the flow nature around the trains. 

 (d) Explaining the effects of velocity and pressure on and 

around the trains.  

(e) Illustrating the vortices in leeward side. 

(f) Comparing The resultant force of drag and side for the 

three cases. 

(g) Validating the numerical value of drag coefficient at angle 

zero for the aerodynamic train by comparing it to the 

experimental one. 

 

II. LITERATURE REVIEW 

If the parameters in the equations are known, numerical 

solutions to differential equations can be obtained using a 

variety of methods. Analytical solutions to mathematically 

defined problems are possible, but time consuming, and the 

approximation error obtained differs from the numerical 

solution. In the past, a variety of research on train aerodynamics 

was performed using numerical simulation and experiments. 

Although previous experimental analysis focused on the train's 

effect on the crosswind, flow physics has not been a priority 

concern [3]. 

An accurate way to produce absolute values of the 

measured aerodynamic loads is through experimental 

investigation, which is both reliable and acceptable. It is clear 

that over the past few decades, experimental research has risen 

to the top as a preferred method of gathering important 

information about train aerodynamic phenomena. On the other 

hand, the accuracy of numerical results has historically been 

contested. However, the computational simulation approach 

has gained a lot of popularity recently. Computational fluid 

dynamics (CFD) has potential in the field of vehicle 

aerodynamics as the capacity of contemporary computational 

resources, i.e., high-performance computers, grows [3]. 

A. Aerodynamics analysis on the train 

Due to the flow pressure and the local pressure changes, 

three forces and moments are generated on the train as shown 

in the following figure. 

 

 

 

 

 

 

 

 

 
 
 

 

 
 

 

 
 

 

 

TABLE III                                                                                                   

AERODYNAMIC LOADS DEFINITION 

 

The non-dimensional aerodynamic forces and moments 

coefficients can be expressed as:  

❖ Drag force coefficient:  

𝐶𝑑 =
𝐹𝑑

0.5𝜌𝑉2𝐴𝑑

 

❖ Side force coefficient:  

𝐶𝑠 =
𝐹𝑠

0.5𝜌𝑉2𝐴𝑠

 

❖ Lift force coefficient:  

𝐶𝑙 =
𝐹𝑙

0.5𝜌𝑉2𝐴𝑙

 

❖ Rolling moment coefficient:  

𝐶𝑀𝑅 =
𝑀𝑥

0.5𝜌𝑉2𝑤2𝑙
 

❖ Pitching moment coefficient:  

𝐶𝑀𝑃 =
𝑀𝑧

0.5𝜌𝑉2𝑙2𝑤
 

❖ Yawing moment coefficient:  

𝐶𝑀𝑌 =
𝑀𝑦

0.5𝜌𝑉2𝑙2ℎ
 

 

Where: 𝐹𝑑 : drag force, 𝐹𝑠 : side force, 𝐹𝑙 : lift force, 𝐴𝑑 : the 

projected area in x direction, 𝐴𝑠 : the projected area in - z 

direction, 𝐴𝑙 : the projected area in y direction, 𝑀𝑥 : rolling 

moment, 𝑀𝑧: pitching moment, 𝑀𝑦: yawing moment, 𝑤: train 

width ℎ: train height 𝑙: train length 𝑉: relative wind velocity, 𝜌: 

flow density. 

B. Velocity analysis 

The magnitude of a train's aerodynamic loads is affected by 

the direction of the effective crosswind. In this case, the 

effective crosswind is defined as the vector summation between 

the train speed (v) and the wind velocity (u) as shown in Figure 

(6) [4]. 

We can calculate relative wind velocity (V) and Yaw angle 

(𝜓) as following: 

 

𝑉2 = [𝑣 + 𝑢 cos (𝛽)]2 + [𝑢 sin(𝛽)]2 

 

 

tan (𝜓) =
𝑢 sin (𝛽)

𝑣 + 𝑢 cos (β)
 

Drag Force 
The Force that the air flow exerts on the train in the flow 
direction (X direction). 

Side Force 
The generated force on the train side in (-ve) Z direction 
by air flow. 

Lift Force 
The Force that is perpendicular to the flow direction (Y 
direction). 

Rolling 
Moment 

The generated moment about the flow direction (Drag 
Direction). 

Pitching 
Moment 

The generated moment about the force side direction. 

Yawing 
Moment 

The generated moment about the lift direction. 

Fig. 5: Aerodynamic forces and moments. 

 

(1) 

(2) 

(3)         

(4) 

(5) 

(6) 

(7) 

(8) 
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Fig. 8: The design of the ordinary and aerodynamic train models in 

SOLIDWORKS. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

III. METHODOLOGY 

In this study, we have two methodologies to understand the 

flow nature around the trains, first of them is computational or 

numerical methodology and the second is experimental one.  

Computational Fluid Dynamics (CFD) was used to study the 

flow around the high-speed trains (HST) under crosswind 

effect. The flow was simulated with the commercial CFD 

software solver ANSYS FLUENT Version R19.2 on a full-

scale model (head car, tail car and two middle cars). The flow 

around the train has been considered as incompressible and is 

obtained by solving the incompressible form of the URANS 

equation combined with the help of turbulent model [K-ω 

(SST)]. Experimental measurements were performed in wind 

tunnel on only one 3D printed head car with scale of 1:87.5. 

A. Governing Equations 

The equations which govern the flow over the train are the 

continuity and Navier–Stokes equations. The flow around the 

train in our particular problem is assumed to be incompressible. 

Hence, for turbulent flow, the incompressible unsteady RANS 

equations can be written as: 

 
𝜕(𝜌𝑢𝑖̅)

𝜕𝑥𝑖

= 0 

 

𝜕𝜌𝑢𝑖𝑢𝑗̅
̅̅ ̅̅ ̅

𝜕𝑥𝑖

= −
𝜕

𝜕𝑥𝑖

+
𝜕𝑝̅

𝜕𝑥𝑗

[𝜇 (
𝜕𝑢𝑖̅

𝜕𝑥𝑗

) − 𝜌𝑢𝑖́ 𝑢𝑗́
̅̅ ̅̅ ̅] 

Where 𝑢𝑖̅  are the averaged velocity components and 𝑢𝑖́  the 

fluctuation components, 𝜌  the flow density, 𝜇  the dynamic 

viscosity and 𝑝̅  the averaged pressure. Time-averaging 

introduces the tensor −𝑢𝑖́ 𝑢𝑗́
̅̅ ̅̅ ̅  known as the Reynolds-stress 

tensor.  

For three-dimensional flows the four equations involve ten 

unknowns, 𝑝̅ , 𝑢1̅̅ ̅ , 𝑢2̅̅ ̅ , 𝑢3̅̅ ̅  and the six Reynolds-stresses 

components. To close the system, the Reynolds-stress tensor is 

superseded by turbulence models [5].  

B. Computational solution steps 

In this aspect, the steps of performing the simulations in 

ANSYS FLUENT will be explained. The first step is by 

creating the model geometry in commercial CAD software 

SOLIDWORKS. Then, the model is exported to Design 

Modeler and the computational domain is created. Next, the 

meshing process is performed. 

The physical Properties is defined for the external domain.  

An unstructured tetrahedrons mesh was used for this domain. 

In the process of meshing, the position of inlet, outlet, 

symmetry and wall of the model is also defined.  

After the process of meshing completed, the solver Type, 

the time, the boundary conditions of the model, the turbulence 

model, the type of flow, the solution methods, and the report 

definition for aerodynamic forces and moments must be set in 

the setup process. Then, the simulation is run and data are  

collected and analyzed. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1. Geometry model 

The models were established in full-scale dimensions. In 

order to capture the real flow field around train and minimize 

the boundary effect in crosswinds.  

  
𝑢 

      

  
𝛽 

      

 

Direction            

of travel 

  
𝜓 

      

  
𝑣 

      

  
𝑉 

      

  
𝑢 cos (𝛽) 

      

  
𝑢 sin (𝛽) 

      

Fig. 6: Velocity analysis schematic. 

(11) 

(10) 

Model Creation 

Mesh Generation 

Boundary 

Conditions 

Physical   

Properties 

Discretisation    

and                 

solver settings 

Running 

the 

application 

 

Data Analysis 

 

Pre-Processing Solving Post-Processing 

Fig. 7: Steps in performing simulation in ANSYS. 
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We have designed the models in commercial CAD 

software SOLIDWORKS as shown in figure (8), then the 

models were exported to Design Modeler in ANSYS. 

The Configurations and Dimensions of the train models 

will be illustrated in the following figures and table. 

 

 

 

 

 

 

 
 

 

 
 

In figure (11), the modification of the ordinary train to be 

an aerodynamic one with more curved and streamlined edges, 

corners and nose. 

 

 

 

 

 

 

 

 

 

 

 

 

TABLE IV                                                                                                         

THE DIMENSIONS OF THE GEOMETRIC MODELS 

2. Computational domain 

CFD simulations are performed on a fluid computational 

domain. The computational domain dimensions for the two 

different models are (176.6 m×73 m×23.7m). After the domain 

was created, the train was extracted from it by Boolean. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3. Mesh Process 

The mesh of the computational domain was generated 

using a tetrahedron patch conforming method. Mesh refinement 

has been done on the train surfaces, bogies of the train and areas 

surrounding the train. The body sizing was performed with an 

element size of 1 m for the two trains, capture curvature and 

capture proximity are also activated. The inflation was 

generated around the train body to catch the flow details with 

ten layers, a transition ratio of 0.272 and a growth rate of 1.2. 

 

 

 

 

Dimension Value 

Length (L) 76.6 m 

Width (W) 3 m 

Height (H) 3.5 m 

Fig. 9: Side and top views of the two models. 

Fig 10: Front view of the two models. 

Fig. 11: The isometric view of the model before and after modification. 

(a), (b) are a close view of the nearly sharp corners and edges 

respectively, which are modified to be more curved and streamlined. 

(c), (d) are the shapes of nose before and after modification 

0
.2

 m
 

5
0
 m

 
2

0
 m

 
2

0
 m

 

70 m 30 m 

2
3
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 m
 

Fig. 12: Computational domain dimensions and the train position. 
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The generated mesh consists of 4541845 elements for 

aerodynamic train and 4852242 elements for ordinary train. In 

this process, the position of inlet, outlet, symmetry, and wall of 

the model is also defined. 

 

4. Boundary conditions and solver settings 

The flow enters the domain with a variable velocity based 

on each case and each angle. The Reynolds Number based on 

the various inlet flow velocity the width and the length of train 

model (Characteristic length) was ranging between minimum 

value of 5.1418×10^6 and maximum value of 2.9775×10^8. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
TABLE V                                                                                                 

SOLUTION SETUP STEPS 

 

C. Experimental solution 

The tests were carried in our Department of Power 

Mechanical Engineering Laboratory. The experimental model 

is a 3D printed model of the Cad model that was designed in 

SOLIDWORKS. We printed only one head car with a scale of 

1:87.5 from the full-scale numerical model because of the lack 

of possibilities.  

The model was attached to a calibrated spring and was 

installed on a moving slider then, the train with the slider was 

well installed on wind tunnel. We measured the length of the 

attached spring before the model being subjected to the air flow 

then, the centrifugal fan was turned on, the flow moved the 

slider back, and the spring stretched with a displacement. 

Solver 
Pressure based & Transient 

and Steady 

Turbulent Model K-ω (SST) 

Flow type External flow (Air) 

Inlet-velocity 
Components of the relative 
velocity in X & Z direction 

Outlet-pressure 0 Pa (Neumann boundary) 

Wall Stationery wall 

Pressure-velocity coupling (Scheme) Simple 

Momentum Second order upwind 

Report definitions 
Drag & Side & Lift Forces 

Rolling moment 

Initialization method Standard Initialization 

Time step 0.01 sec 

Number of time steps 5000-6000 

10 Layers 

Transition Ratio = 0.272 

Growth Rate = 1.2 

Fig. 13: A cross section illustrates mesh generation and inflation 

around the train. 

Velocity inlet 

Pressure outlet 

Symmetry 

Wall 

Train (Stationary Wall) 

Fig. 14: Boundary conditions used in numerical investigation. 
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Fig. 17: Velocity vortex core region for case (1) at different angles of attack 

and Yaw angles. 

The dimensions of the test section are: 27 cm * 27 cm * 90  

cm. The velocity of the air flow is 22 m/s. 

The dimensions of the model are 24 cm * 3.5 cm * 4 cm. 

The frontal area of the model is 11.7257 cm2. The new length 

of the spring was measured after stretching and the 

displacement was calculated by subtracting the original length 

from the new length. The drag force at angle zero was 

calculated by multiplying the stiffness of the spring by the 

displacement then the drag coefficient was calculated. 

 

𝐶𝑑 = 0.479 

 

IV. RESULTS AND DISCUSSION 

After the simulation was done, the data were collected to 

be analyzed and this is what is known as post-processing. We 

have so many results to explain in this section so we will show 

some of them in some cases and all of them in some other cases.  

A. Velocity contours 

The velocity contours are inverted as to represent a moving 

train rather than that of a stationary train in a moving flow. We 

will just show the velocity contours for case (1) in which the 

train is an aerodynamic one, v=100 Km/h, u=13 m/s, and the 

five angles are 0°, 30°, 45°, 60°, 90°. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

When the air flow attacks the train body, a stagnation point 

is generated. At stagnation point, the velocity is zero and the 

pressure is maximum. When the angle of attack increases the 

Yaw angle increases so that the separation of the flow structure 

increases far from the train body. 

B. Pressure contours 

The train body exerts different pressure on the approaching 

wind flow with the particular pressure range because of the 

differences in the direction of the wind flow. Normally, the 

mean pressure contour will involve the relationship between the 

pressure and the velocity. Based on Bernoulli’s Principle, as the 

velocity increases, the pressure will steadily decrease. 

1. Pressure contours on the front of the trains, windward side 

and leeward side 

In the following figures, for cases (1) and (2) at β = 0°, the 

pressure is steadily exerted on the frontal surface of the train 

model. The red color for the mean pressure indicates that the 

frontal surface has the highest pressure because the direction of 

inlet velocity flows directly to the frontal surface.  

At 𝛽 = 30°𝑎𝑛𝑑 𝛽 = 45° , it is obvious that the low-

pressure region on the windward surface begins to shrink and 

spread on the leeward surface because of the existence of wind 

resultant velocity. The critical condition of pressure remains the 

same at the frontal surface but slowly takes place to the 

windward side surface.  

At 𝛽 = 60°, the critical condition that indicates the higher 

pressure started to increase at the side view (windward) due to 

the existence of increasing crosswind’s angle.  

The pressure exerted on the frontal surface significantly 

decreases but it substantially increases for side 

surface(windward) for the crosswind at 𝛽 = 90°.  

For case (3), what occurs in cases (1) and (2) at angle 𝛽 =
45°, in this case occurs at 𝛽 = 90° as the maximum Yaw angle 

in cases (1) and (2) equals ψ = 25.0797°, but in case (3) equals 

ψ = 14.1441°. 

In cases (1), (2) at 𝛽 = 45°  Yaw angle equals ψ =
13.9631°. Pressure contours will be shown on the front of the 

trains for all cases and on windward side and leeward side for 

case (1), (2) only. 

 

 

Fig. 16: The 3D printed model in test section from different views. 

Fig. 15: Wind tunnel and the test section. 
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From the previous figures, it is obvious that the pressure 

generated on the ordinary train is higher than the one generated 

on the aerodynamic train and also the pressure losses in leeward 

side is higher for the ordinary train because of sharp corners, 

edges and the bluff shape of the nose which indicates that the 

forces that will be generated on the front and side of this train 

will be higher than the ones generated on the aerodynamic train. 

The vortices will be also large in size in case of the ordinary 

train.  

C. Streamlines 

The flow separation takes place on both the lower and 

upper leeward edges and the vortex distribution depends on the 

yaw angle. The recirculation region caused by the vortex flow 

starts being adjacent to the walls of the train, then it slowly 

Fig. 15: Wind tunnel and the test section. 

𝛽 = 0°  

𝜓 = 0°     
𝛽 = 30°  

𝜓 = 9.4537°     
𝛽 = 45° 

 𝜓 = 13.9631°     

𝛽 = 60°  

𝜓 = 18.1825°     

𝛽 = 90°  

𝜓 = 25.0797°     

Fig. 18: pressure distribution on the front of the trains and pressure coefficient 

for case (1). 

𝛽 = 0°  

𝜓 = 0°     
𝛽 = 30°  

𝜓 = 9.4537°     
𝛽 = 45° 

 𝜓 = 13.9631°     

𝛽 = 60°  

𝜓 = 18.1825°     
𝛽 = 90°  

𝜓 = 25.0797°     

Fig. 19: pressure distribution on the front of the trains and pressure coefficient 

for case (2). 

𝛽 = 0°  

𝜓 = 0°     
𝛽 = 30°  

𝜓 = 5.9049°     
𝛽 = 45° 

 𝜓 = 8.6003°     

𝛽 = 60°  

𝜓 = 10.9689°     
𝛽 = 90°  

𝜓 = 14.1441°     

Fig. 20: pressure distribution on the front of the trains and pressure coefficient 

for case (3). 

𝛽 = 0°, 𝜓 = 0° 

𝛽 = 30°, 𝜓 = 9.4537° 

𝛽 = 45°, 𝜓 = 13.9631° 

𝛽 = 60°, 𝜓 = 18.1825° 

𝛽 = 90°, 𝜓 = 25.0797° 

Fig 21: Pressure distribution on windward side and leeward side 

respectively for case (1) at all angles. 

𝛽 = 0°, 𝜓 = 0° 

𝛽 = 30°, 𝜓 = 9.4537° 

𝛽 = 45°, 𝜓 = 13.9631° 

𝛽 = 60°, 𝜓 = 18.1825° 

𝛽 = 90°, 𝜓 = 25.0797° 

Fig. 22: Pressure distribution on windward side and leeward side 

respectively for case (2) at all angles. 
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Fig. 30: Streamlines on the cross section (f) for the three cases at 𝛽 = 90°. 

 

drifts away from the surface as the flow develops further 

towards the wake. These vortices develop into larger size as the 

yaw angle increase. The presence of vortex on the leeward side 

formed the region of low pressure at the leeward. As the vortex 

larger in size, the pressure is decreased and hence increase the 

side force on the windward side 

1. Surface streamlines (vortices illustration) 

The flow structure for different yaw angles is shown in 

detail by the two-dimensional streamlines at different cross 

sections along the train length. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

As we see in figure (24), at the same location on the train, 

when the angle of attack increases and accordingly Yaw angle, 

the flow separation increases and the vortices size increases. 

In the following figures streamlines will be illustrated on 

the six cross sections along the train length for case (1), (2) and 

(3) respectively at angle 𝛽 = 90°. 
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Fig. 23: The location of the cross sections on which, streamlines are 

illustrated. 

  

 
Fig. 24: Vortices variation for the same case (1), on the same cross section 

(C), at different Angles of attack: (0, 45, 90). 

  

 

Fig. 25: Streamlines on the cross section (a) for the three cases at 𝛽 = 90°. 

 

Case (1) 

         
Case (2) 

         

Case (3) 

         

  

 

  

 

  

 

  

 

Case (1) 

         
Case (2) 

         

Case (3) 

         Fig. 26: Streamlines on the cross section (b) for the three cases at 𝛽 = 90°. 

Case (1) 

         
Case (2) 

         

Case (3) 

         Fig. 27: Streamlines on the cross section (c) for the three cases at 𝛽 = 90°. 

 

Case (1) 

         
Case (2) 

         

Case (3) 

         Fig. 28: Streamlines on the cross section (d) for the three cases at 𝛽 = 90°. 

 

Case (1) 

         
Case (2) 

         

Case (3) 

         
Fig. 29: Streamlines on the cross section (e) for the three cases at 𝛽 = 90°. 
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Case (2) 

         

Case (3) 
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Fig. 32: Comparison of the drag force for the three cases at different 

angles of attack. 

Fig. 34: Comparison of the resultant force for the three cases at 

different angles of attack. 

2. 3D streamlines 

In figure (31), 3D streamlines are illustrated to show more 

details of flow structure. 

 

 

 

 

 

 

 

D. Aerodynamics loads 

The date of forces and moments were collected and 

scheduled in tables then, converted into graphs to be compared 

and analyzed. The validation is performed at zero angle for drag 

force for case (1) by comparing the numerical data by the 

experimental one. 

1. Drag force 

 

 

As shown in figure (32), the drag force values for case (3) 

are the highest ones because of the high velocities in this case 

compared to case (1) and (2) where, the drag force is 

proportional to wind relative velocity. The drag force values for 

case (2), is higher than case (1) which indicates that the 

aerodynamic train design decreases the drag force compared to 

the ordinary one at the same dimensions and the same angles of 

attack. It is obvious that the highest drag force for cases (1) and 

(3) is at 𝛽 = 30° and for case (3) at 𝛽 = 45°. 

2. Side force 

As shown in the previous figure, the values of side force, is 

the highest for case (3) at all angles except 𝛽 = 90°, the side 

force of case (2) is the highest at this angle. The side force 

values for case (2), is higher than ones of case (1) which 

indicates that the aerodynamic train design decreases the side 

force compared to the ordinary one at the same dimensions and 

the same angles of attack. The side force values of case (2), is 

very close to the ones of case (3), despite the large velocities 

difference between them. 

3. The resultant force of drag and side 

The following figure provides a comparison of the resultant 

force (Drag & Side) for the three cases at the same angles of 

attack which is the main objective of this study. This graph 

illustrates the effect of shape and velocity on the resultant force 

which case (3) has the highest values compared to the two other 

cases because of the increasing in velocity and case (2) is higher 

than case (1) which indicates that the generated forces on the 

ordinary train are higher than the aerodynamic one due to the 

bluff body shape. 

4. Rolling moment 

The rolling moment is the result of both the lift and side 

forces with the side force being the main contributor. The 

rolling moment is responsible for the overloading of wheel-

track on the leeward side and is found to be one of the most 

Fig. 31: 3D streamlines from some views to illustrate the flow structure 

details. 

Fig. 33: Comparison of the side force for the three cases at different 

angles of attack. 
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Fig. 35: Comparison of the rolling moment for the three cases at 

different angles of attack. 

important aerodynamic coefficients regarding cross-wind 

stability. 

 

E. Validation 

The drag force at angle zero was calculated by the spring 

stiffness and displacement and it was 0.1666 N. To perform 

validation the numerical drag coefficient at zero angle must be 

compared to the experimental drag coefficient at the same angle 

so we calculated the drag coefficient and it equals 0.4793. 
 

 TABLE VI                                                                                                       

THE VALIDATION OF DRAG COEFFICIENT 

 

The error is due to the scale of the model and the friction of the 

slider. 

V. CONCLUSION 

The aim of the research within this thesis was to provide an 

improved understanding of the aerodynamic characteristics of 

a high-speed passenger train and how these characteristics are 

affected by crosswinds at different yaw angles. 

The flow of turbulent crosswind over the two high-speed 

train models has been simulated numerically by solving the 

unsteady three-dimensional RANS equations. The simulation 

has been done in stationary ground case for three cases and at 

different yaw angles and angles of attack (0°,30°,45°,60°,90°). 

The computed aerodynamic coefficient outcomes using the SST 

K-ω turbulence model were in good agreement with the wind 

tunnel data for one case and one angle.  

The drag force values for case (3) are the highest ones 

because of the high velocities in this case compared to case (1) 

and (2) where, the drag force is proportional to wind relative 

velocity. The drag force values for case (2), is higher than case 

(1) which indicates that the aerodynamic train design decreases 

the drag force compared to the ordinary one at the same 

dimensions and the same angles of attack. It is obvious that the 

highest drag force for cases (1) and (3) is at β=30° and for case 

(2) at β= 45°. 

Both the side force coefficient and rolling moment 

coefficients increase steadily with yaw angle for the three cases. 

The side force values for case (2), is higher than ones of case 

(1) which indicates that the aerodynamic train design decreases 

the side force compared to the ordinary one at the same 

dimensions and the same angles of attack. 

 The side force values of case (2), is very close to the ones 

of case (3), despite the large velocities difference between 

them.es.  The nature of the flow field and its structure depict by 

contours of velocity magnitude and streamline patterns along 

the train’s cross-section has been also presented for different 

yaw angles. As can be seen from the stream line patterns along 

the train’s cross-section, on the lower and upper leeward edges 

of the train a vortex is generated and grows steadily in the axial 

direction. An increase in the yaw angle results in an advance of 

the formation and breakdown of vortex on the leeward edges.  

Contours of velocity magnitude were also computed for 

different yaw angles. The result showed that magnitude of 

rotating vortex in the leeward side pronounced with increasing 

yaw angle which leads to the creation of a low-pressure region 

in the lee ward side of the train causing high side force and roll 

moment. Obviously, the pressure distribution on the surface 

depends on the yaw angle. However, it does not change much 

along the train length except in a small region close to the nose. 

This shows that the pressure distribution around a high-speed 

train at higher yaw angles is almost independent on the axial 

position.  

Generally, this study shows that unsteady CFD-RANS 

methods combined with an appropriate turbulence model can 

present an important means of assessing the crucial 

aerodynamic forces and moments of a high-speed train under 

strong crosswind conditions. Since the observed variations 

between some of the CFD and wind tunnel results may be due 

to the turbulence parameters such as turbulence intensity and 

length scale. The aerodynamic data obtained from this study 

can be used for comparison with future studies such as the 

influence of turbulent crosswinds on the aerodynamic 

coefficients of high-speed train moving in dangerous scenarios 

such as high embankments. 
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