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ABSTRACT 

The increasing railway velocities raise concerns regarding the aerodynamics of trains, not only 

due to energy savings but also because of its role in running stability, passenger comfort, and 

environmental impacts. Thereby, this study aims both to characterize and improve the 

aerodynamic performance of a lightweight, high-speed train. Numerical simulations of the flow 

around the train were performed with Star-CCM+, suggesting a drag coefficient lower than usual, 

which is a consequence of the vehicle’s highly streamlined shape. 

There are, however, three-dimensional boundary layer separations that originate longitudinal 

vortices along the train’s fuselage, leading to increases in drag, noise and instabilities. In order 

to delay or even remove three-dimensional separations, a complete redesign of the train’s rear 

section was performed, resulting in six different fuselages. By increasing the length of the 

fuselage and introducing a diffuser at its bottom as well as placing a cavity on the edge of the 

rear section, drag coefficient reductions around 26% were achieved, at a zero-yaw angle. 

Nevertheless, changing the geometry was not enough to reduce the three-dimensionality of the 

flow at non-zero yaw angles. Thus, active flow control mechanisms, combining suction and 

blowing, were placed at the top surface of the rear section. Besides reducing the three-

dimensionality of the flow, the modifications decreased the drag and lateral forces also lowering 

the energy consumption comparing to the original vehicle. 

Keywords: train aerodynamics, lightweight train, high-speed, three-dimensional boundary 

layer, flow separation, active-flow control, longitudinal vortices.
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1. Introduction 

This study aims to identify and improve the aerodynamic 

characteristics of a lightweight, high-speed train.  

 

Figure 1.1: Geometric characteristics of the train. 

 

Figure 1.2: Original geometry of the lightweight train. 

The prototype train proposed in [1] has a highly 

streamlined shape which determines that the flow around 

it is almost potential, except for the boundary layers at its 

walls and the wake. Previous numerical studies ([2], [3]) 

point out to a drag coefficient lower than 0,1, at a zero-

yaw angle, but the vehicle is expected to perform well 

even at non-zero yaw angles. 

However, the many curvatures of the fuselage distort the 

boundary layer, causing three-dimensional flow 

separations which lead to the formation of longitudinal 

vortices along the train fuselage. These flow structures 

are sources of both aerodynamic noise and instabilities 

that hinder the additional recovery of pressure at the end 

of the rear segment. 

Moreover, the inclination of this rear section is of about 

30º, which [4] considers being the most penalizing angle 

concerning drag. 

The fact that this train is short when compared to 

conventional rail vehicles, means that the boundary layer 

thickness on the rear section is low. This enables its 

control in order to improve the aerodynamics of the 

overall train. Both active flow control and geometry 

changes are possibilities to be taken into consideration. 

2. Numerical flow simulations 

2.1. Model generation 

The original train geometry existed only as a STL file, 

which raises problems when it comes to editing. 

Therefore, in order to modify the shape of the train to 

improve its performance, a CAD model had to be created. 

 

Figure 2.1: Process of creation of the CAD model. 

The front fuselage was constructed by intersecting the 

original STL mesh with planes parallel to the train’s 

bottom. Then, due to the symmetry of the train, the front 

section was mirrored, and the geometry closed.  

2.2. Assumptions 

The turbulent flow around the train was analysed both at 

zero and non-zero yaw angles by performing numerical 

simulations with Star-CCM+.  

The dimensions of the computational domain are 

presented below. The blockage coefficient based on the 
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train’s frontal area is 0,6%, which means that the 

boundaries have a minimal effect on the pressure and 

velocities around the vehicle [5]. 

 

Figure 2.2: Computational domain. 

The simulations were performed at a Reynolds number of 

8,63×107, based on the train’s length and velocity. The 

Reynolds-averaged Navier-Stokes were solved assuming 

incompressible flow and supplemented by the SST k-ω 

model. The analysis was conducted admitting transient 

regime in order to investigate the flow’s topology on the 

surface of the train, since identifying regions of three-

dimensional boundary layer separation is essential to get 

insights about which modifications to perform in the 

original geometry. 

2.3. Boundary conditions 

The boundary conditions applied to the computational 

domain surfaces are presented in the Table 2.1.  

Surface Boundary condition 
Inlet Velocity inlet 

Outlet Pressure outlet 

Train Wall (no-slip) 

Bottom Wall (slip) 

Top and sides  Symmetry plane 

Suction and blowing slots1 Mass flow inlet 

Table 2.1: Boundary conditions applied to the computational 
domain. 

 
1 Only applicable to active flow analysis. 

The inlet velocity is always perpendicular to the interior 

normal of the inlet surface. Its magnitude depends on the 

yaw-angle of the analysis, as shown in Figure 2.3. 

 

Figure 2.3: The higher the crosswind velocity magnitude, the 
higher the yaw angle and the free-stream velocity. 

The turbulence intensity at the inlet was assumed to be 

1% and the turbulent viscosity ratio 10. These values are 

compatible with low turbulence flows and were one order 

of magnitude larger at the outlet, as a first approximation. 

2.4. Mesh generation 

The computational domain was discretized through a 

non-structured polyhedral mesh, using the Star-CCM + 

mesh generator.  

The polyhedral mesh was complemented by zones of 

extruded elements, from the inlet and outlet faces, to 

increase the distance of the vehicle to the boundaries of 

the domain. To better capture the boundary layers that 

develop along the walls, a layer of prismatic cells was 

also created, parallel to the surface of the vehicle and 

involving it. A y2
+ near 1 was guaranteed to compute 

directly the shear stress at the wall. 

In order to save computational capacity and achieve 

better accuracy in the area of interest, that is, in the 
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vicinity of the vehicle and the wake region, three 

successively refined control volumes were created. 

 

Figure 2.4: Mesh side view.  

 

Figure 2.5: Mesh front view. 

3. Results and Analysis 

3.1. Preliminary study of the flow around 

the lightweight train 

At a zero-yaw angle, the flow behaves as expected, 

remaining attached almost until the rear end of the 

vehicle, where both two- and three-dimensional flow 

separations occur, as shown in Figure 3.1. 

 

Figure 3.1: Topology of the flow at the rear end of the original 
train. 

At a 5º yaw angle, the flow is almost entirely attached to 

the fuselage, except in the lower edge of the leeward side. 

Further separations occur at a 10º yaw-angle, on the upper 

edge of the rear section. This three-dimensional 

separation progresses along the train’s length up to the 

front section, and at a 16º yaw angle, large scale flow 

separations are already visible (Figure 3.2). This seems to 

be in accord with what observed by [2]. 

 

Figure 3.2: Topology of the flow at non-zero yaw angles. On 
the left-hand side, from a rear perspective, the wall shear stress 

lines distribution is shown; on the right-hand side, a front 
perspective of the flows structures is represented through 

vorticity contours. 

3.2. Redesign of the rear section 

Acknowledging the influence of the rear segment in the 

overall aerodynamic performance of the train, a complete 

redesign of this section was performed. These ensuing 

modifications aimed to reduce the resistance as well as 

delaying or even eliminating the three-dimensionality of 

the flow at the rear section. Six different geometries were 
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tested at both 0º and 10º yaw angles. The design that 

yielded the best results was the geometry 6 (Figure 3.3). 

 

       

Figure 3.3: Geometry 6. Right-hand side: top view; Left-hand 
side: side view. 

This design increased the length of the rear section to 7 m 

while also introducing a diffuser at its bottom and a cavity 

and the rear end of the vehicle. At a zero-yaw angle, the 

flow remains attached up to the edges of the rear cavity, 

which contains the separated flow region. The three-

dimensionality of the flow is also eliminated. At 10º 

though, while there are no two-dimensional separations 

outside the cavity, three-dimensional separations still 

occur on the train’s surface due to the effect of the 

crosswinds. 

 

Figure 3.4: Flow around the geometry 6 at a zero-yaw angle. 

The decrease in drag resistance was about 26% at a zero-

yaw angle and 6% at 10º yaw angle, with a small penalty 

in both lateral and lift force.  

3.3. Active flow control 

To improve the aerodynamic performance of geometry 6, 

several configurations of active flow control, involving 

steady suction and blowing, were evaluated.  

It was found that blowing fluid at the edges of the rear 

cavity (Figure 3.5), moves the separation zone away from 

the train’s surface while also decreasing its size (Figure 

3.6). This leads to an increase in the superficial pressure 

distribution that further decreases the drag resistance in 

8%, at a zero-yaw angle, and in 6%, at a 10º yaw-angle.  

 

Figure 3.5: Rear cavity blowing illustration. 

 

Figure 3.6: Effects of steady blowing in the separated flow 
region. 

Another iteration of active flow control used suction on 

the top fuselage of the rear section and injected the 

extracted fluid the same way as presented before.  

 

Figure 3.7: Left-hand side: configuration of the suction 
mechanism; Right-hand side: effect on the flow’s topology. 

This configuration of suction-blowing eliminated the 

three-dimensional flow separations on the middle surface 

of the rear section, at a 10º yaw-angle, and presented a CD  

13% lower than the non-controlled geometry 6, at the 

same angle. 

3.4. Energy consumption analysis 

Since active flow control consumes energy in order to 

power ventilators and auxiliary equipment, an energy 

consumption analysis was required to access the viability 

of the implemented control methods. 
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The conclusion was that the net power savings after the 

introduction of active flow control does not justify the 

implementation of blowing at a zero-yaw angle. On the 

other hand, the suction-blowing configuration led to 

reductions on the required power at a 10º yaw-angle. 

4. Conclusions and future work 

By decreasing the inclination of its fuselage and 

introducing a diffuser at its bottom, a higher-pressure 

recovery is attained at the train’s rear surface. This leads 

to a significant reduction in the drag coefficient at a zero-

yaw angle. The further addition of a sharp-edged cavity 

ensures that the flow separates at its edges and that the 

separated flow region is confined and relatively stable, 

leading to increases on stability and lower levels of 

aerodynamic noise.  

The introduction of suction-blowing active flow control 

mechanisms leads to extra reductions not only on the 

resistance but also on the three-dimensionality of the flow 

on the rear section’s fuselage. Despite the additional 

energy consumption it represents, this active flow control 

configuration appears to be a viable solution, especially 

at a 10º yaw-angle. 

Future studies should assess the possibility of using the 

differences in pressure along the fuselage to decrease the 

energy required to perform active flow control. For 

example, suction can be implemented near the nose of the 

front section where pressures are high, and a fraction of 

the extracted flow can be used for blowing at the rear 

edge.  
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