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Abstract Intensive turbulence exists in the wakes of high
speed trains, and the aerodynamic performance of the trail-
ing car could deteriorate rapidly due to complicated features
of the vortices in the wake zone. As a result, the safety
and amenity of high speed trains would face a great chal-
lenge. This paper considers mainly the mechanism of vor-
tex formation and evolution in the train flow field. A real
CRH2 model is studied, with a leading car, a middle car and
a trailing car included. Different running speeds and cross
wind conditions are considered, and the approaches of un-
steady Reynold-averaged Navier–Stokes (URANS) and de-
tached eddy simulation (DES) are utilized, respectively. Re-
sults reveal that DES has better capability of capturing small
eddies compared to URANS. However, for large eddies, the
effects of two approaches are almost the same. In conditions
without cross winds, two large vortex streets stretch from the
train nose and interact strongly with each other in the wake
zone. With the reinforcement of the ground, a complicated
wake vortex system generates and becomes strengthened as
the running speed increases. However, the locations of flow
separations on the train surface and the separation mecha-
nism keep unchanged. In conditions with cross winds, three
large vortices develop along the leeward side of the train,
among which the weakest one has no obvious influence on
the wake flow while the other two stretch to the tail of the
train and combine with the helical vortices in the train wake.
Thus, optimization of the aerodynamic performance of the
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trailing car should be aiming at reducing the intensity of the
wake vortex system.

Keywords Wake flow structures· URANS · DES · High
speed trains

1 Introduction

In recent decades, a trend towards higher running speeds has
evolved in railway transportation. Sometimes, the speed may
exceed 300 km/h, nearly comparable with the past airplane
speeds. Due to its high length-to-diameter ratio, the aerody-
namic performance of high speed trains is much more com-
plicated compared to other ground vehicles. In high speed
conditions, strong interaction between the trailing car and
the ground exists and a large wake zone with intensive turbu-
lence will generate. Eddies with different intensity generate
and shed in the wake zone, which increases the inviscid drag
on the trailing car and also seriously worsen the lift and side
force there. Consequently, the trailing car will swing aggra-
vatingly. As a result, the safety and amenity of passengers
will also deteriorate.

With the development of high speed trains, a great deal
of attention has been focussed on their aerodynamic per-
formance. Along with the development of computer tech-
nique and new algorithms for engineering application of
computational fluid dynamics (CFD), numerical simulation
has been an inevitable approach to investigate aerodynamic
performances of high speed trains. The flow around high
speed trains is an intensive turbulent flow with a remarkable
characteristic of unsteadiness [1–5]. From the viewpoint of
limitation factors to the speed-up of train system, Raghu-
nathan et al. [1] has made a thorough review on aerodynamic
drag, aerodynamic noise, vibration of trains, aerodynamics
of train/tunnel systems and impulse wave at the exit of tun-
nel. Hemmida et al. [2] has performed a detailed study on
the flow field around the train with a large eddy simulation
(LES) approach, analyzing the influence of the nose shape
and yaw angles. Baker [3] considered the aerodynamic be-
havior of high speed trains with a simplified shape and de-
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scribed the nature of the flow field. Wang et al. [6] used
the lattice Boltzmann method (LBM) approach to carry out a
numerical investigation of the CRH2 high speed train at dif-
ferent running conditions, and typical flow structures were
captured. Yang et al. [7] adopted the LES method to inves-
tigate the unsteady characteristics of high speed trains. With
spectral analysis, the feature of unsteady aerodynamic forces
in time domain and frequency domain has been analyzed.

In the real world, the shape of the high speed train is
very complicated, with a lot of attachments, such as several
bogies, pantographs and the connection parts between car-
riages. Sometimes, the railroad bed and tracks should also be
taken into consideration. As a result, it is quite difficult to nu-
merically simulate the flow field of high speed trains in real
conditions, though the numerical approaches used in indus-
try are rather mature. Till now, unsteady Reynold-averaged
Navier–Stokes (URANS) is still the most popular approach
for unsteady simulation in engineering. Due to the stringent
requirement on mesh resolution, the LES approach has a lot
of limitations, which is the reason for the usage of simpli-
fied model in literatures [2, 3, 5, 7]. LBM is a brand new ap-
proach rapidly developed in recent years, based on a totally
different theoretical frame. It utilizes a mesoscopic model to
simulate the flow. However, compared to macroscopic mod-
els, the LBM approach has no obvious advantage. Moreover,
further researches need to be carried out to verify its reliabil-
ity and computational efficiency. The detached eddy simula-
tion (DES) [8] approach originates from solving large sepa-
ration problems with high Reynolds numbers. The basic idea
of DES is to use the RANS approach to simulate the flow in
near-wall regions and to use the LES approach to simulate
the large detached eddies in regions away from the walls.
This approach benefits from advantages of both URANS and
LES approaches and the required amount of mesh is just be-
tween those of LES and URANS. In the present work, both
URANS and DES are utilized to study the nature of wake
flow around a prototype of the CRH2 high speed train at dif-
ferent running speeds and cross wind conditions. A com-
parative study has been performed between the results from
URANS and those from DES. Computational results could
shed lights on the aerodynamic optimization with an aim to
increase the safety and amenity of trailing cars.

2 Computational models

A real model of CRH2 high speed trains is adopted in this
paper, with a locomotive, a middle car and a trailing car
included. Considering that the attached parts (pantographs,
cab roof vanes) have nearly no effect on the wake flow, these
attachments are excluded from the simulation. However, the
connection parts between the carriages and the bogies are in-
cluded due to the intensive turbulence in these regions, which
could exert a great impact on the evolution of vortices in the
wake zone. Figure 1 shows the computational model used in
the present work. The length of leading car is 25.7 m, the ge-
ometry of trailing car is the same as the leading car, and the

length of middle car is 25m, so the total length of the model
is 76.4 m.

Fig. 1 The CRH2 model

3 Computational algorithms

Nowadays, the most widely used numerical approaches to
deal with complicated engineering problems are still RANS
and URANS methods. Meanwhile, the hybrid approaches
based on RANS/LES have also been adopted to solve some
engineering problems [9]. Due to the characteristics of flow
field around high speed trains, tens of millions of grids
should be ensured for actual models of high speed trains.
Considering the limitation in computational time and the
amount of grids, the URANS approach has been adopted to
simulate the wake flow under different running speeds condi-
tions. Meanwhile, the DES approach is utilized to deal with
one of the above cases for a comparative study. In conditions
with cross winds, the wake flow and the flow field in the lee-
ward side of the train become more intensive in turbulence,
and a large scale separation flow generates. Consequently,
the DES approach is chosen to precisely capture typical vor-
tex structures in these zones.

3.1 URANS

The concept of URANS is based on the triple decomposition
of time-dependent variables, where each instantaneous vari-
able, such as velocity and pressure, is decomposed into long-
time averaged, periodic, and turbulent components [10, 11].
Typical RANS equations are solved in an unsteady way, even
if the boundary conditions are steady [9]. The fluctuating
component results in the Reynolds stress terms in the RANS
equations, which need to be enclosed by turbulence models.
However, there is no universal model to solve all turbulence
flow problems. In the present work, the flow Mach number
ranges from 0.245 to 0.327, indicating that the flow can be
treated as either compressible or incompressible flows. Con-
sidering the unsteadiness in specific locations of the flow
field, thek–ω SST model is adopted for turbulence enclo-
sure. It is a kind of hybrid model which turns to the Wilcox
k–ω model in near-wall zones while turns to thek-ε model
outside the boundary layers. A hybrid function is utilized
for the transition of models. Essentially, it belongs to a
two-equation eddy viscosity model with its transport vari-
ables integrated to the walls for incompressible/compressible
flows [12].
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3.2 DES

The DES approach is a hybrid method which combines
RANS and LES together, and benefits a lot in solv-
ing large separation problems with high Reynolds num-
bers [8, 9, 13, 14]. DES usually keeps high accuracy in pre-
dicting aerodynamic drag and separation locations for large
separation flows around ground transport vehicles [15, 16].
With the help of DES, the complicated trailing vortices in
the wake zone could be precisely captured. The most pop-
ular DES approaches could be divided into two kinds: one
is based on the SA model and the other is based on the
SST turbulence model, which is used in the present paper.
For the latter one, it is realized by replacing the turbulence
length scale factor with the function min[n,0.65∆max], in
which: ∆max = max[∆x,∆y,∆z], where∆x, ∆y, ∆z are the
length of the side of the controlling volume respectively. As
a result, the transition between URANS and LES could be
achieved [10].

3.3 Discritization methods and boundary conditions

In this paper, all the computation results presented are ob-
tained with CD-Adapco’s codes Star CCM+ 4.04. The finite
volume method based on cells is adopted for the discritiza-
tion of the controlling equations. A second order upwind
scheme is used for convection terms, while for viscous terms
the second order central differentiation scheme is adopted. A
completely implicit scheme lower-upper symmetric Gauss-
Seidel (LU-SGS) methods is adopted for time discritization.
In Ref. [3], Baker pointed out that the helical vortices in the
train wake underwent some sort of regular oscillation for a
Strouhal number of around 0.11– 0.14, so the physics time
step used in the simulation is set to be 0.5 ms to exactly cap-
ture the formation and evolution of vortices in every period.
Besides, the inner steps are chosen as 10 and the Courant–
Friedrichs–Lewy (CFL) number is 5. Meanwhile, the stan-
dard wall function [17] is used for near wall treatment. Con-
sidering that the high speed train runs at a subsonic speed,
the Riemann invariant is adopted to solve the variables at far
field boundaries. As a result, the inlet, outlet and far field of
the computational domain are all set to have non-reflective
boundary conditions. A no-slip wall condition is used on the
train surface. In order to simulate the ground effect caused
by the relative motion between the train and the ground, a
moving wall boundary with the same speed as the inlet flow
is adopted for the ground.

3.4 Cases summation

The generation and evolution of trailing vortices in the wake
zone are seriously affected by the running speed and cross
wind conditions. In the present work, several running speeds
and cross wind conditions are considered, as listed in Table 1.

3.5 Computational domain and mesh

Taking H, the height of the high speed train, as the charac-
teristic length, the upstream length is set as 22H while the

downstream length of the domain is set as 44H. The width
and height of the domain are set as 8.73H and 11.57H, re-
spectively, the distance between the ground and the bottom
of the train body is 0.051 3H, just as Fig. 2 shows.

Table 1 Cases summation

Running speed/(km·h−1) Cross wind speed/(m·s−1)

Case 1 300 0

Case 2 350 0

Case 3 400 0

Case 4 300 20

Fig. 2 Computational domain

The trimmer mesh has been utilized in the present
work and the prism layers are also adopted in the near wall
zone. The boundary layer thickness of the train surface is
very large due to the real CRH2 model and high length-to-
diameter ratio. Baker [3] analyzed different distributions of
boundary layer around varieties of train models, the results
show that there is little growth of boundary layer thickness
along the full scale train model when the flow reaches trail-
ing car, and the value is about 1.2 m. Besides, there is little
influence of train model on the boundary layer thickness. For
such a boundary layer distribution, if the calculation is car-
ried out up to the wall, the amount of meshes is unbearable.
Thus, the standard wall function method [17] is adopted in
this paper, then a coarse mesh can be used to improve the
computational efficiency. They+ value is controlled in 30–
120 in order to meet the requirement of the wall function
method. The values ofx+ andz+ are controlled by the mini-
mum size of volume mesh. All the cells of the trimmer mesh
are hexahedrons. Therefore, thex+ value is equal to thez+

value, which is about 50 times larger than they+ value. The
size of the vortex structures around high-speed trains usually
varies greatly. Hemida et al. [2] investigated the flow struc-
ture of a simplified high speed train in a cross wind condition
and noted that the length of the most large vortex on the lee-
ward side is 6 times of the train height. The aerodynamic
forces of trailing car is controlled by the large-scale eddies
rather than the small-scale eddies far away from the trailing
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zone [3]. If the eddies of all scales is simulated, the amount
of required meshes is unbearable. Therefore, considering the
size of large-scale vortexes, the mesh in the wake flow is den-
sified and the minimum volume mesh size is 0.017H so as
to control the values ofx+ andz+. Since flow separation is
usually occurs in the dramatically changing zones, for these
areas, the mesh is densified adaptively during the mesh gen-
eration, so we do not consider the mesh resolution near the
separation zones. The total number of volume is about 28
millions, and the representative meshes at different locations
are shown in Fig. 3. Overall distribution of grids and local
grids are shown in Fig. 3. It is difficult to find suitable ex-
perimental results to validate the reasonableness of the mesh
layout methods adopted in this paper, so we will analyze the
CFD methods and mesh resolution through a simplified wind
tunnel experiment in the next section.

Fig. 3 Representative mesh at different locations

3.6 CFD validation

Schulte Werning et al. [18] investigated the vortex structure
in a simplified train wake through the use of URANS meth-
ods, explained the mechanism of formation, development
and evolution of helical vortex clearly, and got the shedding
frequency of wake vortex. Mikael et al. [19] investigated the
flow flied around a bogie under the high-speed train through
CFD methods with STAR-CD and STAR-CCM+. The re-
sults show that DES may get a better simulation result of
large separation than RANS, however, considering the com-
putational efficiency, RANS is still the first choice to solve

practical engineering problems. A ground transport model
experiment has been done by Storms et al. [20] in NASA
Ames (2 113.6×3 048)mm2 wind tunnel, and the numerical
methods and the reasonableness of meshes layout used in
this paper will be validated by this wind tunnel experiment.
The experiment model is shown in Fig. 4. The inlet velocity
is 90.26 m/s, and the Reynolds number that based on inlet
velocity and width of the model is 2×106. The mesh dis-
cretization is the same as the method introduced in Sect. 3.5.
Considering the smaller size of the model, the mesh size of
the densified zone is smaller, of which the minimum mesh
size is 1 cm, and the total number of volume meshes is about
8.5 millions.

Fig. 4 The model of wind tunnel

Figure 5 shows the pressure distribution on different
sections of the model. The horizontal axis coordinates are
nondimensionalized by the width of the model. The formula
of Cp is the same as adopted in Ref. [20]. The results show
that the mesh is fine enough to simulate small-scale vortex
structures, and for theCp distribution on the front and mid-
dle surface of the model, both methods are in good agree-
ment with the experimental values, they give almost the same
results. However, DES can better simulate the flow separa-
tion occurring in the wake of the model, and obtain more
accurateCp distribution on the corners of the trailing sur-
face, which works better than URANS. Although URANS
does not do as well as DES for large separation flow simula-
tion, considering mesh resolution for complex geometry and
computation time, URANS is still a favorable CFD method
to solve practical engineering problems with a large amount
of mesh.

Fig. 5 a The Cp distribution on longitudinal section;b The Cp distribution on side section;c The Cp distribution on upper section
(w = 323.8 mm)

4 Results and discussions

4.1 Comparison of URANS and DES results

In order to perform a comparative study between the results

of URANS and DES, the mesh independency should be en-
sured. In this paper, the same mesh is adopted for both ap-
proaches. In the simulation, the train is assumed to run at a
speed of 300 km/h and no cross wind is considered.
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The aerodynamic performance of the trailing car is
severely affected by the generation, evolution and collapse
of the vortices in the wake zone. In conditions without cross
wind, the lift and side force are the key aerodynamic forces
that influence the safety and amenity of the trailing car. As
Fig. 6 shows, the oscillation period and amplitude of the lift
coefficientCl are obviously larger than those of the side force
coefficientCs. A positive value of lift can be observed which
would decrease the contact between the wheels and the track.
As the lift grows bigger, train derailment may take place.
The side force is oscillating around 0, which are mainly a re-

sult of spatial asymmetry of the three-dimensional flow field
in the wake. Reasonable agreement of the two approaches
could be observed. As time grows, the wake flow turns to
fully developed turbulent flow. Due to the different capacities
of capturing small eddies, the instantaneous aerodynamic re-
sults vary a lot but the mean values remain the same. Results
indicate that the two methods can both capture the large ed-
dies which have bigger effects on the aerodynamic forces of
the trailing car. However, big difference exists in the cap-
tured pictures of small eddies.

Fig. 6 Time histories of theCl andCsof the trail car

Figure 7 shows the instantaneous iso-surface of the sec-
ond invariant of the velocity gradientQ in the wake flow. It
can be obviously observed that strong interaction exists be-
tween the large vortices and small vortices, which makes the
wake flow much more complicated. Both DES and URANS
can precisely capture the large vortices 1, 2, and 3, as shown
in Fig. 7. The locations where eddies sheds from are al-
most the same for the two approaches. However, small ed-
dies could be better captured by DES than URANS. For the
wake flow with large separations, results from DES are much
closer to the reality than those from URANS.

Fig. 7 An iso-surface of the second invariant of the velocity gradi-
ent,Q = 100,t = 1.5 s

Figure 8 shows the vorticity contour on different sec-
tions in thez-direction. It can be observed that the vortic-
ity distribution around the bottom of the train and the wake
zone is almost the same for the two methods. In regions
away from the nose of the trailing car, only two strong vortex

structures could be detected from URANS while more small
eddies could be observed from DES. AtH = 2 m, URANS
could capture vortex structures with large cores yet low in-
tensity while DES could obtain vortex structures with small
cores yet high intensity.

Fig. 8 Vortices contour on different sections in thez-direction

As Fig. 9 shows, the vorticity and velocity contour at
y = 0 m vary a lot for the two approaches. URANS has
a poor ability to capture the vortex structures since some
small eddies which interact strongly with the ground could
not been obtained. However, the two approaches still have
something in common. For example, the initial vortices gen-
erated from the interaction between viscosity and velocity
shears are in good agreement. Besides, the disturbed height
of the trailing wake zone predicted by DES and URANS is
also the same.

Although results from URANS are not as good as those
from DES, the basic vortex structures in the wake zone could
be obtained and the locations where large eddies sheds from
could be captured too. Considering that DES is much stricter
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in mesh resolution and computational time than URANS, the
following analyses on evolution of trailing vortices at dif-
ferent running speeds are based on the URANS approach.
However, DES will be used for cross wind study since more
complicated flow field exists in this condition.

Fig. 9 Vortices and velocity contour on they = 0 section

4.2 Evolution of trailing vortices at different running speeds

When a high speed train is running, the air around the train
also moves due to the viscosity effect, resulting in a highly
turbulent wake flow. In order to better exhibit the trailing
vortex structures and the evolution process of the trailing vor-
tices, the pressure and vortices contour are mainly discussed
in this section.

Pressure contour and iso-surface ofQ at different run-
ning speeds are shown in Fig. 10. It can be observed that two
big intensive cores detach from the nose of the trailing car
and develop into a helical mode in the wake zone. Strong in-
teractions occur between the helical vortices and the ground,
resulting in smaller eddies. These small eddies continue to
develop in helical mode with their cores growing bigger and
bigger. Meanwhile, interactions between the small eddies
and the ground still exist. As a result, the vertex structures in
the wake zone become much more complicated.

a

b

c

Fig. 10 Instantaneous pressure contour and iso-surface ofQ at dif-
ferent speeds (Q=100, t=1.5 s). a V=300 km/h; b V=350 km/h;
c V=400 km/h

As the running speed increases, the intensity of the
high pressure zone just beneath the trailing nose becomes
stronger, and the range of the high pressure zone becomes
larger too. The vortex structures in the wake zone vary ob-
viously at different running speeds. When the train runs at
the speed of 300 km/h, the cores of the two helical vortices
are very large and keep at a relatively long distance before
collapse. When the speed reaches 400 km/h, the helical vor-
tices detach from the trailing nose with high intensity, and
collapse quickly as soon as they interact with the ground.
Smaller eddies then generate due to the collapse and prop-
agate in a shorter period, resulting in stronger interaction
with the ground. Consequently, the wake flow at a speed
of 400 km/h is more intensive turbulent than that at a speed
of 300 km/h.

Surface streamlines on the trailing car at different run-
ning speeds are shown in Fig. 11. As seen in Fig. 11, the
separation lines locate symmetrically on the surface of the
trailing car. Two separation line can be observed on each
side of the streamlined surface. S1 and S2 on the one side
join together with the other two separation lines on the other
side at the tip of the trailing nose. The downstream airflow
could be divided into three kinds: the flow just on top of the
streamlined surface, the flow on the lateral surfaces and the
flow beneath the surface. The velocity decreases rapidly as
the flow on top of the streamlined surface goes downward,
while the velocity of the flow on the side surfaces remains
unchanged, resulting in a strong velocity shear layer. As the
velocity gradient grows bigger, shear layer separations could
take place. However, the locations of separation lines remain
the same no matter how high the running speed is, as shown
in Fig. 11, indicating that the locations where trailing vor-
tices detach from have no relation with the running speed.

Fig. 11 Surface streamlines on the trail car at different speeds

Figure 12 shows the instantaneous pressure contour on
the ground att = 1.5 s at different speeds. The largest pres-
sure gradient could be observed in the region around the
leading nose. Meanwhile, the region around the last bogie
and the trailing nose has also a relatively large pressure gra-
dient. In the place between the locomotive and the trailing
car, the pressure keeps more or less constant. In the wake
zone, due to the shedding of trailing vortices, intermittent
high pressure zone could be observed. As the velocity in-
creases, the pressure gradient grows larger accordingly, es-
pecially in the zone around the leading nose and the trailing
nose. The zone around the train is disturbed proportionally
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Fig. 12 Instantaneous pressure contour on the ground (t = 1.5 s)

in response to the changes of running speeds. The higher the
running speed, the wider the disturbed zone.

Figure 13 shows the instantaneous velocity and vortices
contour on different sections in thez-direction. In the section
near the ground, two flows with low velocity generate around
the first bogie and propagate downward until they join to-
gether. Vortices with different intensity then arise from the

interaction among the above flow and those from other bo-
gies and inter-spacing parts. When reaching the wake zone,
the low-speed flow interacts with the trailing vortices, and
vortex street structures could be observed. The intensity and
the distance between adjacent vortex cores change with the
running speed. The vortex streets become much more in-
tensive in turbulence as the speed grows higher. In the zone
away from the ground,z= 2 m for instance, the flow around
the train turns stable and the intensity of the vortex cores
turns weaker. Meanwhile, the wake zone becomes gradually
out of the influence of the ground. In the even higher zone,
z= 3 m, the disturbance due to the train vanishes, and hardly
any trailing vortices could be observed. In conclusion, the
generation of complicated wake flow is closely related to the
bottom accessories of the train and the ground effect. As the
speed increases, the ground effect on the wake flow is more
obvious and the cores of the trailing vortices become much
higher.

a

b

c

Fig. 13 Instantaneous velocity and vortictiy contour on different sections in thez-direction (t = 1.5 s).a V = 300 km/h; b V = 350 km/h;
c V = 400 km/h

Figure 14a shows the instantaneous vorticity contour on
different cross sections when the running speed is 300 km/h.
Two vortices with different intensity originate at the corners
between the lateral sides of the train and the ground. The vor-
tex intensity varies a lot as the two vortices go through the

disturbance of the last bogie. In the zone just downward of
the trailing nose, wherex = 39 m, these two vortices couple
together. However, they decouple atx = 42 m again, how-
ever, they still interact strongly with each other. The vortex
cores keep very large untilx = 65 m, even though the vor-
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tex intensity is very weak. During the propagation of the
two vortices, the stronger one is always on top of the weaker
one. Figure 14b shows the evolution of trailing vortices in
the wake zone at different speeds. As can be seen, different
running speeds lead to different propagation process of the
trailing vortices. Besides, the locations where the two vor-
tices appear alternatively and the locations where large vor-
tices collapse are different too. As the velocity grows higher,
lots of smaller and stronger eddies will generate around the
trailing nose, and stronger interaction among these eddies
could be observed in the downstream. Figure 14c shows the
vorticity contour of the longitudinal section at the speed of
300 km/h. It can be observed that the height of the disturbed
zone in the wake is a little lower than the height of the train

Fig. 14 a Vorticity contour on different cross sections atV =
300 km/h (t = 1.5 s);b Vorticity contour on specific cross sections
at different velocities (t = 1.5 s);c Vorticity contour in the longitu-
dinal section atV = 300 km/h (t = 1.5 s)

and keeps essentially unchanged during the propagation of
the trailing vortices. However the vortex intensity grows
weaker during the propagation.

Figure 15 shows the position of separation lines at dif-
ferent instants on the upper surface of the trailing car at
400 km/h. The separation lines S2 and S3 swing a lot when
time grows, and the position of S2 and S3 are not symmet-
rically distributed along the axis of the train running direc-
tion (x-axis). At t = 1.1 s, θ1 is greater thanθ2, while at
t = 1.15 s, S2 is closer to thex-axis, S3 is far away from the
x-axis. At t = 1.2 s, the position of S2 is close to the location
at t = 1.15 s, while S3 is starting to be close to thex-axis.
At t = 1.25 s, S2 gradually moves in a direction away from
the x-axis, and S3 is still closing to thex-axis. At t = 1.3 s,
S2 is still away from thex-axis, S3 begins to move in a di-
rection away from thex-axis too. Through position changes
of S2 and S3 when time changes, we can know that the two
large vortex shedding from the upper surface of the tailing
car shows obviously unsteady characteristics, which is the
main factor to excite oscillations of the trailing car around
the longitudinal axis.

Fig. 15 The position of separation lines at different times at the
speed of 400 km/h

Figure 16 shows the time histories ofCl andCsof the
trailing car at the speed of 400 km/h. As can be seen, the
values of the force change a lot at different times. Compared
to Cs, the fluctuation ofCl is more serious. Fromt = 1.1 s to
t = 1.3 s, there are three peaks and three valleys appearing in
Cl, while only one peak and two valleys appear inCs. From
Fig. 15 we can know that the position of S2 and S3 have two
big jumps during this period, one is att = 1.1 s tot = 1.15 s,
and the other one is att = 1.2 s to t = 1.25 s. These two
jumps are consistent with the fluctuations ofCs. At t = 1.1 s,
theCs is at the valley position, while att = 1.15 s, theCs is
at the peak position, then att = 1.25 s, theCs is at the valley
position again. Fluctuation ofCl is not apparently consistent
with the oscillations of S2 and S3. It can be speculated that
the side force of the trailing car is dominated by large eddies
detaching from the trailing cone, but the lift force of the trail-
ing car is caused by the interaction of large eddies and small
eddies near the trailing cone.
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Fig. 16 The time histories ofCl andCs of the trailing car at the
speed of 400 km/h

Figure 17 shows the power spectral density ofCl and
Csat the speed of 400 km/h. The dominant frequency ofCl
andCsare both 8 Hz. However, the number of secondary fre-
quency ofCl is obviously much more than that ofCs. Thus,
it can be learned that the fluctuation ofCl andCs is mainly
caused by alternately moving of two large vortices detaching
from the upper surface of the trailing car. The small eddies
in near wake flow field have little effect onCs, but have a
great influence onCl.

Fig. 17 The power spectral density ofa Cl andb Csat the speed
of 400 km/h

4.3 Evolution of trailing vortices in cross wind conditions

In order to capture the small vortices on the leeward side of
the train, the mesh is redistributed in this case. The zone on
the leeward side is densified, while the former upwind den-
sified zone turns a little smaller. The smallest size of the cell
is 0.017H and the total amount of the domain is around 30.7
millions.

In cross wind conditions, the vortices on the leeward
side and the complicated wake zone will result in worse
aerodynamic lift force, side force and overturning moment,
which would pose a severe challenge to the safety of the
train. Considering that the flow field calculated from sim-
plified model has a big difference with that around the real
model, the prototype of CRH2 train with three carriages has
been adopted and DES is utilized for the simulation.

Compared to the flow field in conditions without cross
wind, significant variation can be observed in cross wind
conditions. Figure 18 shows the streamlines on different
cross sections att = 1.5 s. It can be seen that two large vor-
tices V1 and V2 generate on the leeward side. As propagat-
ing to the trail wake, V1 keeps the same size while V2 grows
smaller and smaller. A new vortex V3 generates atx = 39 m,
which is just downward of the trail nose. In the meantime, a
smaller vortex V4 generates just beneath V3, which is a re-
sult of flow separations around the cowcatcher. V3 splits into
two smaller eddies atx = 40 m. As the flow propagates far-
ther, atx = 45 m, V1 gets obviously smaller, V2 disappears
and the three smaller eddies recombine together to form a
bigger vortex. Atx = 55 m, the above two vortices still exist
but the vortex intensity become rather weak.

Fig. 18 Streamlines on cross sections att = 1.5 s

Figure 19 shows the instantaneous streamlines at dif-
ferent time and different cross sections. As can be seen, the
intensity and size of V1 change little atx = 30 m as time
goes, but the vortex core of V2 develops slowly atx = 30 m.
Since V2 is closer to the train body, its development may
affect the aerodynamic force of trailing car more seriously.
The small eddies generated around the trailing nose turn to
be slightly away from the train. The unsteadiness of the
trailing vortices could be obviously observed atx = 50 m.
V2 could hardly be detected att = 0.5 s while reappears at
t = 1 s. Only one vortex core around the trailing nose could
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be found att = 0.2 s, while another vortex core V6 emerges
beneath V5 att = 0.5 s. At t = 1 s, a smaller vortex V7 could
be observed beneath V6. The vortex intensity and the size
of vortex cores vary with time, resulting in time-dependant
aerodynamic characteristics for the trailing car.

Fig. 19 Instantaneous streamlines at different time and different
cross sections

The change of the trailing vortex structure directly af-
fects the aerodynamic force of high speed trains. Figure 20
shows the time histories ofCl andCs of the trailing car in
cross wind conditions. It can be seen that the fluctuation
of aerodynamic forces of the trailing car change greatly as
time elapses. Compared with no cross wind conditions, the
lift force and side force of the trailing car increase a lot in
cross wind conditions. The lift force increases nearly an
order of magnitude, and the side force no longer fluctua-
tions around 0, but has a large average value, the direction
of which points to the leeward side. These arise mainly from
the large eddies’ influence around the leeward side. A strong
low pressure area appears on the leeward side of the train due
to V1 and V2. What is more, thanks to the air crash, there is
a strong high pressure area on the windward side of the train.
As a result, the average values of aerodynamic forces of the
trailing car increase a lot. In addition to the continuous gen-
eration, development and shedding of small eddies near the
trailing cone, the interaction between the small eddies and
the two large vortices, make the unsteadiness of the wake
flow field more prominent. As can be seen from Fig. 20, at
t = 0.2 s, 0.5 s, and 1 s, the values of transient aerodynamic
forces on the trailing car are quite different. Att = 0.2 s, the
small vortices near the trailing cone are not fully developed,
so the fluctuation ofCl is not serious and theCl is in a valley
position. Att = 0.5 s, the small vortices are fully developed,
which leads to significantly increase ofCl. At t = 1 s, thanks
to the decrease of intensity of the small vortices around the
trailing cone, the fluctuation ofCl tends to be gentle again.
Compared to the small eddies near the trailing car, V1 and
V2 have a more serious effect onCs. Besides, the devel-
opment of the two large eddies is very slow, which makes
small change in the instantaneous value ofCs, while the av-
erage value ofCs varies greatly. Att = 0.5 s, the average
value ofCs reaches a valley position. However, att = 1 s,
the average value reaches almost a peak position.

Fig. 20 The time histories ofa Cl andb Csof the trailing car in
cross wind conditions

Figure 21 shows the power spectral density ofCl and
Cs in cross wind conditions. As can be seen, the oscillation
frequency ofCl is 17 Hz, while the value ofCs changes to
only 1Hz. The side force of the trailing car is mainly caused
by the large eddies on the leeward side, and the development
of these large eddies is significantly slower than that of small
vortices near the trailing cone, which leads to a small oscilla-
tion frequency ofCs. The mean value ofCl is decided by V1
and V2. The aerodynamic lift on trailing train leeward side is
greatly affected by large eddy structures, however, the fluc-
tuation of the instantaneous value is controlled by the small
vortices around the trailing car, so the oscillation frequency
of Cl is obviously larger than that ofCs.

Fig. 21 The power spectral density ofa Cl andb Cs in cross wind
conditions
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In strong cross wind conditions, a big vortex system
generates on the leeward side of the train. Besides, the whole
trailing vortex structures have been shifted to the leeward
side. As Fig. 22 shows, three big vortices Vc1, Vc2, and
Vc4 compose the main vortex system on the leeward side,
which all develop from the leeward side of the leading nose.
Vc4 propagates in a helical mode and disappears in the mid-
dle part of the train. An angle of 11.9◦ between the vortex
core and the train axis has been developed, which is slightly
smaller than the yaw angle (13.5◦). Vc1, Vc2, and Vc3 prop-
agate parallel to each other, keeping an angle of 7.4◦ with the
train axis, which is nearly half of the yaw angle. A smooth
vortex core of Vc1 can be observed and no tiny vortex struc-
tures exist around it. Correspondingly, Vc2 and Vc3 are both
large vortices composed of small vortices. The helical vor-
tices detached from the trailing nose interact with the cross
wind, resulting in a complicated oblique vortex Vc3. Mean-
while, small vortices keep generating and collapsing, which
would severely disturb the wake flow.

Fig. 22 Surface pressure contour and iso-surface ofQ in cross wind
conditions (t = 1.5 s,Q = 100)

Figure 23 shows instantaneous surface streamlines on
the trailing car. It can be observed that four separation lines
S1, S2, S3, and S4 exist on the streamlined nose. S4 locates
on the leeward side while the other three locate on the wind-
ward side. The vortices from S4 together with the upstream
vortices are the main sources of Vc2. S2 and S3 combine to-
gether, resulting in a strong separation line S1, which is the
main source of Vc3. Vortices from S2 and S3 are mostly a
result of velocity gradient, and stronger vortices can be ob-
served in S1. Strong vortices collapse into a series of small
eddies, which propagate downward and result in the vortex
of Vc3.

Fig. 23 Surface streamlines and iso-surface ofQ (t = 1.5 s)

As seen in Fig. 24, there is a big difference in vorticity
distribution on planes at different heights. The vortex inten-
sity of Vc4 is very strong around the leading nose atz= 0 m,
while Vc1 begins to develop from the zone around the first

bogie. In the zone near the ground, high intensity of Vc2
and Vc3 could be observed and combination of these two
vortices could also be seen in the wake zone. Vc4 turns to be
very weak atz = 1 m. Meanwhile, Vc1 gets a full develop-
ment and combines with Vc2 and Vc3, resulting in a big vor-
tex. Due to the above interaction, small eddies with strong
intensity in Vc3 could be clearly detected. On the section of
z = 2 m, Vc4 almost disappears, and clear boundaries could
be observed among Vc1, Vc2, and Vc3. Vc1 turns to be a
big vortex with weak intensity. Vc2 is composed of small
yet long eddies while Vc3 contains the tiniest and strongest
eddies. On the section ofz = 3 m, Vc3 turns to disappear
and the intensity of Vc1 and Vc2 becomes even weaker than
that atz = 2 m. Meanwhile, the wake zone gets less dis-
turbed than the zone beneath it. In conclusion, Vc1 devel-
ops from the first bogie and turns to be a constant yet weak
vortex system in the direction away from the ground. The
other three vortices, Vc2, Vc3, and Vc4, interact strongly
with the ground. Vc2 propagates close to the leeward side of
the train with strong intensity, which would severely affect
the aerodynamic performance. Vc4 disappears before enter-
ing the wake zone, indicating that this vortex has no effect on
the aerodynamic performance of the trailing car. Vc3 is the
main cause that reinforces the turbulence in the wake zone
and has strong intensity around the trailing nose, which will
heavily worsen the aerodynamic performance of the trailing
car. As a result, in cross wind conditions, optimization of
the aerodynamic performance of the trailing car should aim
at reducing the flow separation around the trailing nose and
lowering the intensity of Vc3.

Fig. 24 Instantaneous vorticity contour on different sections
(t = 1.5 s)

5 Conclusions

The wake flow of high speed trains is a typical three-
dimensional unsteady flow, marked by the generation and
collapse of numerous vortices, which would affect severely
the aerodynamic performance of the trailing car. Both
URANS and DES have been adopted to perform a study on
a prototype of CRH2 high speed trains with three carriages.
Several conclusions could be obtained:

(1) DES has a better capacity of capturing small eddies than
URANS, but they can both precisely capture the big
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vortex structures. Considering the limitation in mesh
amount and computational time, it is more practical to
use URANS to perform studies on the evolution of trail
vortices.

(2) In conditions without cross wind, two helical vortices
exist in the wake zone and interact strongly with the
ground. As the velocity increases, the wake zone gets
more and more intensive in turbulence. However, the lo-
cations where separations take place are not related to
the running speed and the height of the trailing vortices
is slightly lower than the height of the train.

(3) In cross wind conditions, several vortices exist on the lee-
ward side of the train. Three vortices could be observed
in the present cross wind condition. One of the vortices
has no effect on the trailing car, while the other two prop-
agate to the wake zone and interact strongly with the heli-
cal vortices, resulting in a much more intensive turbulent
flow than that in conditions without cross winds. Opti-
mization of the aerodynamic performance of the trailing
car should aim at reducing the flow separation around the
trailing nose and lowering the intensity of the trail vortex
systems.
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