Abstract
For the optimization of modern high-speed trains it is essential to fully understand
the physics of the instantaneous and time-averaged flow around the train body. Hence
for the study presented here large eddy simulations (LES) have been performed to
investigate the flow around a simplified train model. For subgrid-scale modelling the
Smagorinsky model in combination with van Driest damping were used. Simulations
were conducted for a Reynolds number of 2 × 105 , based on the free stream velocity
and the train width. It is shown that the LES technique is capable of providing details of the instantaneous flow field which can not be predicted in Reynolds-averaged
Navier-Stokes (RANS) simulations.
Keywords: large eddy simulation, train aerodynamics, wake structures, cross-wind,
subgrid-scale model, bluff body
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Introduction

Cross-wind stability is not only important for the certification of high-speed trains
but is also a field of interest in applied research. Due to the effort of engineers in
transportation industry and research institutions just a few accidents were caused by
cross-wind in the past. With increasing speed and decreasing weight of high-speed
trains the investigation of cross-wind stability is becoming a pressing issue. Other
crucial factors impacting the danger of a train derailment are the wind conditions and
the topology of the surrounding area. The magnitude of the wind component normal
to the train’s travelling direction in relation to the weight of the train determines the
cross-wind stability of the train. From wing aerodynamics it is well known that dynamic changes of the oncoming flow can lead to overshooting aerodynamic loads on
the train. In this respect, critical places with dynamically changing cross-winds and
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therefore high overturning risks are tunnel exits, bridges and embankments [1].
Today the cross-wind stability of a new high-speed train is already taken into account in the early design phase by means of computational fluid dynamics (CFD). The
used methods are commonly based on solutions of the Reynolds-averaged NavierStokes (RANS) equations. Such simulations were carried out by Khier et al. [2] for
the flow around a simplified German Railway (Deutsche Bahn, DB) InterRegio driving coach at yawing angles ranging from 0◦ to 90◦ . They used the k −  turbulence
model to solve the RANS equations with a finite volume method based on 2nd order
central (diffusion term) and 1st order upwind (convection term) differences. The grid
consisted of 1.2 million cells for a Reynolds number, based on the hydraulic diameter
D = 3m, of Re = 3.67 × 106 . The main goal of their study was to investigate the
potential of RANS simulations in vehicle aerodynamics and to analyse the large scale
flow around trains. Later Diedrichs et al. [3] also conducted RANS simulations and
compared their results with those of scaled wind tunnel experiments. A major aim
of their study was to validate the steady-state simulation of the flow around a simplified DB ICE2 model for Re = 4.6 × 106 based on the model height, a yawing
angle of 30◦ and the total number of mesh cells of 13.5 million. In order to predict
the instantaneous flow around a generic train configuration, i.e. a sharp-edged and
a round-edged box, Favre et al. [4] used the URANS method (solving the unsteady
Reynolds-averaged Navier-Stokes equations) together with the standard k −  and the
k − ω SST turbulence model. The Reynolds number based on the width of the model
was 1.83 × 105 , the yawing angle equalled 20◦ and the grid consisted of 5.5 million
cells.
It is well known, that the mainly unsteady flow physics and the cross-wind induced
aerodynamic loads are not reliably predicted in RANS or URANS simulations. A
more promising, but also computationally more expensive, technique for predicting
the complex unsteady flow fields is the large eddy simulation (LES) which solves
the filtered Navier-Stokes equations together with a subgrid-scale turbulence model.
Diedrichs et al. [5] performed LES of the flow around simplified train models, which
were derived from the German ICE2 and the Japanese Series 300 Shinkansen train’s.
They considered a train’s passage through a double track tunnel and used the standard Smagorinsky model for a rather low Reynolds number (Re = 1.01 × 105 ) based
on the height of the train model. The main focus of their study was to investigate
the flow structures which develops if a train like geometry drives through a tunnel.
Krajnović et al. [6] performed LES with a simplified model of the train derived by
Chiu and Squires [7] at a yawing angle of 90◦ for Re = 3 × 105 (based on the train
height) and on two different grids with 8 and 11.5 million cells, respectively. Again a
finite volume code based on 2nd order central differencing in space and a 2nd order
Crank-Nicolson time-stepping scheme was used together with the standard Smagorinsky subgrid-scale turbulence model to solve the incompressible filtered Navier-Stokes
equations. A comparison of the results obtained from their LES on the two grids and
the measured time-averaged local surface pressure showed good agreement. Further,
Hemida and Krajnović [8] simulated the flow around the Chiu and Squires [7] model
using the LES technique to investigate the influence of the shape of the train’s nose on
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the developing flow structures. Hemida and Krajnović used the same set-up as Krajnović et al. [6] except for the van Driest damping function they additionally applied
in the near wall region.
For the study presented here we conducted LES of the flow around a more realistic
concept high-speed train referred to as next generation train (NGT) at a low Reynolds
number of Re = 2.1 × 105 based on the model’s width. The final objective is to
perform a comprehensive LES study of side-wind effects on realistic train geometries
using various subgrid-scale turbulence models and different grid resolutions in a large
Reynolds number range. So far simulations with zero side-wind and with the standard and the dynamic Smagorinsky [9] were performed; the results of the former are
presented in section 4.
Theoretical details concerning the numerical method used for the LES are provided in section 2. Section 3 describes the computational domain of the simulations
and in section 4 the predicted instantaneous and statistically averaged flow fields are
presented and discussed. Finally concluding remarks are given in section 5.
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Numerical Method and Computational Parameters

Applying a top-hat filter to the incompressible Navier-Stokes equations leads to the
incompressible filtered Navier-Stokes equations
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where Einstein notation is used to sum over the three coordinates x, y and z. In
Equations (1) and (2) u and p are the filtered velocity and pressure fields, respectively,
ρ and ν are the density and the kinematic viscosity of the fluid, respectively, t is time,
xi are the directional coordinates, and τij is the unknown subgrid-scale stress tensor
that has to be modeled.
(3)
τij = ui uj − ui uj
A commonly used approach to model the subgrid-scale stress tensor τij in LES is
based on the eddy-viscosity ansatz. Assuming that τij is proportional to the eddy
viscosity νt and the strain rate tensor S ij :
1
τij − τkk δij ≈ −2νt S ij
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The strain rate tensor can be determined with the filtered velocity values.
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The first and widely used subgrid-scale turbulence model was derived by Smagorinsky [10] assuming the energy production to be in balance with the energy dissipation.
It reads:
q
2
2
(6)
νt = (CS ∆) |S| = (CS ∆) 2S ij S ij
where |S| is the√magnitude of the strain rate tensor S ij , CS = 0.2 is the Smagorinsky
constant, ∆ = 3 Vcell is the filter width and Vcell the local volume of the grid cell.
Usually for wall-bounded flows an additional damping function is used to gradually
decrease the eddy-viscosity in the near-wall region. We use the van Driest damping
function [11] which decreases the value of the filter width ∆ down to zero at the wall
according to
∆ = Ky(1 − exp(−y + /A+ ))
(7)
where K = 0.41 and A+ = 26 are constants, y is the distance to the wall in normal
direction and
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is the non-dimensional distance from the wall in wall units.
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Computational Details

The geometry of an idealized concept high-speed train is used for the simulations.
This model is a simplification of the next generation train (NGT) (see Figure 1) developed at the German Aerospace Center (”Deutsches Zentrum für Luft- und Raumfahrt”,
DLR). Only the leading rail car without wheels and a closed bottom are considered
in the simulations discussed below in order to keep the size of the computational grid
reasonably small. The model represents a down scaled version (1 : 25) with 400mm
in length, 124mm in width and 176mm in height.

Figure 1: Side view of the Next Generation Train (NGT)

The computational domain resembles an open wind tunnel with a wall at the bottom. In order to ensure the development of turbulent structures the overall dimensions
of the domain are chosen to be 9L × 7W × 3H (see Figure 3). Since the wheels of the
NGT have been removed, the idealized model is hovering at 0.11H above the floor.
The flow enters the domain at a distance of 3L in front of the train model’s nose with
a fixed velocity of uinlet = 30m/s in streamwise direction. At the bottom and the
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Figure 2: Idealized train model
train surface the impermeability and no slip conditions are prescribed meaning that all
velocity components vanish there. For the remaining boundaries (outlet, sides, top)
Neumann condition (∇u = 0) is applied. At the outlet boundary the pressure is fixed
to the value poutlet = 0bar (Dirichlet condition) and at the other boundaries (inlet, top,
bottom, train, sides) the Neumann condition (∇p = 0) is prescribed for the pressure.
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Figure 3: Side view (a) and top view (b) of the computational domain

With the inlet flow velocity uinlet = 30m/s, the scaled train width d = 0.124m
and the kinematic viscosity of air ν = 1.7 × 10−5 m2 /s the Reynolds number of the
flow is Re = 2.1 × 105 . Although this is a rather low Reynolds number flow for
train aerodynamics, Re is high enough for the flow to be in the Reynolds number
independent regime. Thus the results will only change slightly in a proper scaling if
the Reynolds number is increased [12]. The time step was chosen to be ∆t = 5×10−6 s
∆t
leading to a maximum Courant number C = USf ∆
< 0.35, where USf is the velocity
c
at the face conecting two neighbouring cells and ∆c is the distance between the two
cell centres.
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(a)

(b)

Figure 4: Computational grid in the symmetry plane (y = 0m)

So far the unstructured grid used for the simulations consisted of tetrahedral regions
with varying spatial resolution farther away from the train and a hexahedral region in
the vicinity of the train’s surface as presented in Figure 4. Altogether the grid consists
of approximately 13 million cells and the minimal height δ of the hexahedral cells at
the train’s suface is δ = 0.0987mm. 15 layers of hexahedral cells are used around
the train surface as well as the bottom wall to resolve the large velocity gradient in
the boundary layers close to these walls. To resolve the turbulent structures, which
are known to develop in the train’s wake region, the mesh resolution is also increased
downstream the train model.
The filtered Navier-Stokes Equations (1) and (2) were solved using the finite volume method based on cell-centred velocities and a PISO corrector method to realise
the pressure velocity coupling provided by the open source library OpenFOAM. Discretisation is realised with 2nd order accurate central differences in space and a 2nd
order accurate backward scheme for the time-advancement.
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Predicted Instantaneous and Mean Flow Fields

In this section the flow fields computed in a first LES are visualized and discussed.
All results presented in this section are gained from simulations using the standard
Smagorinsky subgrid-scale turbulence model. As demonstrated in Figure 5 fully de6

veloped flow was established after t = 0.31s and statistical averaging was afterwards
conducted over a period of 1.117s by averaging the instantaneous flow field obtained
after each time step ∆t = 5 × 106−6s. Figure 5 shows the turbulent kinetic energy
k = 12 u02
i over the simulated time t taken at the position (x, y, z) = (0.45, 0, 0.11)
within the flow domain. The fluctuation u0i of the velocity component obtained by
subtracting the time-averaged value ui from the instantaneous velocity component ui .
After approximately ∆t = 0.18s the turbulent kinetic energy starts with values around
2
k = 5 ms2 . Shortly after t = 0.31s the turbulent kinetic energy drops to a nearly con2
stant value of k = 0.24 ms2 , since the high k-variations predicted in the initial phase of
the averaging process are no longer based on a not fully converged mean velocity.
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Figure 5: Turbulent kinetic energy k over time t in the train’s wake at the position
(x, y, z) = (0.45, 0, 0.11)

4.1

Wake flow

As the flow separates at the rear-end of the model a separation bubble develops behind
the train in which the time-averaged (mean) flow field reflects two large counter rotating vortices (see Figure 6). While in the horizontal plane (Figure 6(b)) the vortices
are almost equal in size due to symmetry, the upper vortex is stronger than the lower
vortex as shown in the vertical plane (Figure 6(c)). This is owing to the fact that only
a small amount of fluid passes through the ground clearance feeding the lower vortex.
Similar flow structures were found by Krajnović and Davidson[13] in the wake of a
generic bus-shaped model.
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Figure 6: Mean velocity field the symmetry plane (y = 0m) in (a) and close up side
and top view of the mean wake flow in (b) for z = 0.07m and (c) for y = 0m,
respectively

In Figure 7 the fluctuation u0 of the streamwise velocity component is presented
in a horizontal (Figure 7(a)) and a vertical (Figure 7(b)) plane. The highest velocity
fluctuations develop in the wake region downstream the rear of the train model demonstrating that the flow in the wake is turbulent. It must be noted that RANS simulations
would not be able to reliably predict such unsteady flow structures.
The Q criterion is used to investigate the coherent structures of the flow around the
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Figure 7: Predicted fluctuations of the streamwise velocity component u0x = ux − ux
in a horizontal (z = 0.07m) and the symmetry plane (y = 0m)
train model. Q stands for the second invariant of the velocity gradient

1
tr(Ωij Ωji )1/2 − tr(S ij S ji )1/2
Q=
2

(9)

where S ij and Ωij are the symmetric and antisymmetric components of the velocity
gradient
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In regions where the value of Q is high and positve the rotation tensor Ωij has a greater
effect than the strain-rate tensor S ij and therefore the flow vorticity is high. Figure 8
shows the isosurface of the second invariant of the velocity gradient for Q = 5 × 106
color-scaled with the magnitude of the instantaneous velocity |u|. At some distance
downstream of the model’s rear vortices develop again demonstrating the turbulent
nature of the flow in the wake.
The remaining flow over the model is influenced by the separation bubble in the
wake of the train which leads to small vortices in the far wake. In Figure 9 these
highly unsteady flow structures, which are similar to the van Kármán vortex street
downstream a cylinder, are displayed.
9

0
|u|

10

20

30

40

50

m
s

Figure 8: Isosurface of the second invariant of the velocity gradient for Q = 5 × 106
color-scaled with the magnitude of the instantaneous velocity |u|
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Figure 9: Vortex street in the wake of the train model visualized in the display of the
instantaneous streamwise velocity component in a horizontal plane (z = 0.07m)

4.2

Nose flow

The nose shape of the train model used in this study is similar to the geometry of a
realistic train. Figure 10 shows the computed flow pattern on the model’s surface with
streamlines. The stagnation point is located at the tip of the train’s nose, as highlighted
in Figure 10.
Figure 11 displays the velocity profile of the velocity component tangential to the
surface in the nose region. The displayed velocity profile reveal a boundary layer
with large wall normal velocity gradients close to the surface which develops in the
direction tangential to the train’s surface.
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Figure 10: Time-averaged streamlines on the surface of the train
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Figure 11: Time-averaged profiles of the velocity component tangential to the surface
at different positions in the nose region. Regions of the visualized profiles on the upper
surface of the train model in (a) and close up view in (b) in the region indicated in (a)

4.3

Mesh quality

A well-known important criteria which guarantees a proper resolution of the steep
gradients in the boundary layers implies that the increment of the first mesh cell at the
surface in wall normal direction obeys y + ≤ 1. As visualized in Figure 12 the max11

0
y

1

2

3

4

5

6

7

8

9

10

+

Figure 12: Dimensionless wall-normal mesh size in wall units y + at the train’s surface
imum mesh size close to the train’s surface equals y + = 10. Although this indicates
that the mesh is too coarse at some locations, most of the cells are characterized by
much lower y + values and many cells even come close to y + = 1. Though, especially
the nose region and other locations with sudden geometrical change of the train’s surface tend to produce higher y + values. This implies that the smallest cell height in
those regions should be decreased further to obtain more reliable results.
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5

Conclusion and Outlook

A LES of the flow around an idealized train model was performed. Although the
Reynolds number of the considered flow is rather low (Re = 2.1 × 105 ), the simulations predicted the transition of the laminar flow in the vicinity of the train’s nose to a
fully turbulent flow in the wake region. It is shown that the LES used in the study is
capable to predict the unsteady flow structures forming in the train model’s wake.
The near wall resolution of the grid was identified to be not entirely sufficient.
While in some regions the dimensionless wall distance y + was close to 1, in other areas
(e.g. the nose of the train) values as high as y + = 10 were obtained. Therefore the
spatial resolution in those regions will be increased in future simulations by decreasing
the height of the cells close to the train model’s surface.
Further LES on the improved grid will be carried out using more advanced turbulence models such as the dynamic Smagorinsky [9] and a dynamic scale similarity
model. The results of these simulations will be discussed at the conference as well.
Moreover the information gained from these simulations will be used to establish LES
with a model that reflects even more geometrical details of an actual train. Especially
the quite complex shape of the undercarriage will be taken into account since the
train’s underbody flow is usually highly turbulent. One of the objectives is also to
validate the predictions by comparing the results to those obtained in wind tunnel
experiments with a down-scaled train model.
In order to examine cross-wind effects additional simulations will be conducted at
various angles of attack. The wake of a train model under side wind conditions is expected to be shifted depending on the wind angle. Therefore the grid has to be adapted
so that the wake refinement region is located at the model’s leeward side.
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