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h i g h l i g h t s

• Large eddy simulation (LES) results of two typical yaw angles of side flow around a high speed train model are provided.
• Mean and root-mean-square (RMS) values of the lift and side forces increase as the yaw angle increases.
• The dominating frequency range increases as the yaw angle increases.
• Three-dimensional vortical structures are distinct for the two cases.
• The side force is mainly determined by the lee-side wake vortices, and the lift force is related with the roof-side flow separation.
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a b s t r a c t

The yaw effect of the side flow around a high-speed train is studied by means of large eddy simulation at
two typical yaw angles of ϕ = 30° and 60°, respectively. Both themean and fluctuating values of lift force
and side force coefficients increase obviously as the yaw angle increases. The spectral analysis indicates
that the time-dependent aerodynamic forces are dominated by several energetic frequencies and the
frequency range is broadened to a higher extent for the large yaw angle. To have a better understanding
of the train aerodynamic behaviors, the dedicate three-dimensional vortical structures are analyzed for
the flow at the two yaw angles. Moreover, the time-averaged flow patterns, turbulent statistics and the
surface forces are also studied on sectional planes along the train.

© 2015 The Authors. Published by Elsevier Ltd on behalf of The Chinese Society of Theoretical and
Applied Mechanics. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
c

When the high-speed train cruises under a strong crosswind,
there is high risk of overturning or derailment due to large side
force and lift force exerted on the train. With a high incidence
of various crosswind related to high-speed train accidents, the
crosswind instability is recognized to be a critical safety issue,
which has attracted more interests of researchers [1]. Nowadays
the realistic high-speed train cruises at a speed of several hundred
kilometers per hour and the flow around the vehicle is highly
turbulent. The aerodynamic behaviors of turbulent cross flow
around a high-speed train is an attractive research topic worthy
of extensive study.

Diedrichs [2] explored the applicability of Reynolds average
Navier–Stokes (RANS) to resolve the overturning loads under low
turbulence conditions for various high-speed train models. Taking
account into the cost of computation, it is assumed that RANSmod-
elingwill continue to be an important technology to assess the flow
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fields and crucial vehicle load distributions. However, numerical
and experimental studies of the flow around a high speed train
show that such flows are highly unsteady and with a wide range
of separation [1]. The technique of large eddy simulation (LES) has
provided the capability of accurate prediction of the mean and in-
stantaneous flow around the train [3,4]. Moreover, LES is also su-
perior to the unsteady RANS in providing delicate flow structures,
which is crucial in the understanding of the flow around the vehi-
cle [5–7].

The experimental [8] and numerical [9] studies indicate that
train aerodynamic forces show strong dependence on the yaw an-
gle, both the lift force and side force increase significantly as the
yaw angle increases and exhibit asymptotic behaviors when the
yaw angle exceeds ϕ = 50°. In the present study, two typical cases
of ϕ = 30° and ϕ = 60°, corresponding to less and larger than the
asymptotic angle, are studied by using LESmethod. The purpose of
this study to achieve improved understanding of the yaw effect on
the aerodynamic performances of the high-speed train, including
the delicate flow structures, aerodynamic forces, turbulence statis-
tics and surface force distributions.
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Fig. 1. (Color online) Schematic view of the simplified train model and its
computational domain.

As shown in Fig. 1, the cross flow around a simplified 1/25
scale CRH3 high-speed train model without bogies and plow is
investigated. Here, the height of train model is 0.1556 m, and the
freestream velocity U∞ is 20 m/s. The yaw angle ϕ is defined as
the angle between the effective crosswind direction and the train
cruising direction. In our computation, the Reynolds number based
on the height of the train and freestream velocity is 2× 105, and it
is within the range of the critical Reynolds number, for which the
flow separation and reattachment occur over the roof-side face of
the train [10].

In the present study, a LES solver [11,12] which solves the
compressible Favre-filtered Navier–Stokes equations is used. The
freestream Mach number is set to be 0.06. As we know that the
flowwithMach number less than 0.3 is regarded as incompressible
flow, and its calculation using a compressible flow solver is easy
to diverge due to large stiffness of the governing equations.
However, the present calculation can still obtain a converged
solution without any modification. In the LES method, the large-
scale flow structures are resolved and the effect of small eddies
is taken into account by using a wall-adapting local viscosity
subgrid scale model. As employed in our previous work [13], the
convective terms by a second-order centered scheme with an
artificial viscosity, the viscous terms are discretized by a fourth-
order centered scheme, and the time-derivative term is discretized
by the second-order implicit scheme.

The structured multi-block hexahedron meshes are used to
discretize the computational domain, which is shown in Fig. 1.
The O-type grid is used around the train, and the H-type grid is
applied on the rest of the computational domain. The total number
of the meshes is 4.8 million. Local mesh refinement is employed
near the train surface and ground. Themaximum value of the non-
dimensional distance y+ between the first node and train surface in
the direction normal to the wall is no more than 1. The maximum
grid spacing △x+ in the streamwise direction is less than 70 and
the grid spacing △z+ in the spanwise direction is less than 140.
The non-dimensional time step based on the train height H and
the freestream speed U∞ is 0.0125.

For the inflow boundary condition, a uniform inlet velocity is
set on the left and upper surface of the computational domain,
respectively. Moreover, some small stochastic disturbances with
a maximum amplitude less than 5% is also superimposed to the
inlet velocity to excite turbulence. Thus, the inflow boundary layer
is developed on the ground. Based on the results of previous
study [7], the flow on the roof-side train surface is separated
except a small region near the nose under current flow condition.
Since the position of the flow separation is substantially fixed, the
influence of inflow boundary layer on the flow around the train
should not be very significant. The static pressure is specified on
the right and lower surface as the outflow boundary condition.
No-slip boundary condition is applied on the wall of the train and
ground, respectively. Symmetric boundary condition is used on the
top surface of the computational domain.

In order to validate the calculation, comparisons are made be-
tween the LES results and the experimental datum [4] of the time-
averaged surface pressure coefficient of a simplified high speed
train for 90° yaw angle at Reynolds number of 3 × 105. The def-
inition of pressure coefficient is given as

Cp =
p − p∞

1
2ρU

2
∞

, (1)

where, p∞ denotes the freestream pressure, ρ is the density of the
air. The LES results are consistent with the experiment except in
a small region close to the train nose. As shown in Fig. 2(a), LES
overpredicts the low pressure peak on the roof-side face of train
and a slight difference is also noticed between the LES results and
experiment datum on the lee- and bottom-side faces at x/H = 0.5.
However, the LES results at other positions show good agreements
with the experimental datum as shown in Fig. 2(b)–(d).

Figure 3(a) and (b) shows the time-histories of the lift force and
side force coefficients at ϕ = 30° and 60°, respectively. The lift
force and side force coefficients are defined as follows

CL =
Fy

1
2ρU

2
∞
Ay

, (2a)
a b

c d

Fig. 2. Comparisons of the LES results of the time-averaged surface pressure coefficients at positions along the train length with the experiment.
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a b

Fig. 3. Time-histories of the lift force and side force coefficients at (a) ϕ = 30° and (b) 60°.
a b

Fig. 4. Power spectra of the time-dependent lift force and side force coefficients at (a) ϕ = 30° and (b) 60°.
Table 1
Time-averaged values of the lift force and side force coefficients.

Case CL (CL)rms −CS (CS)rms

ϕ = 30° 0.136 0.021 0.424 0.011
ϕ = 60° 0.161 0.043 1.029 0.020

CS =
Fz

1
2ρU

2
∞
Az

, (2b)

where, Fy and Fz are the lift and side force, Ay and Az denote the
train projected area in y- and z-direction, respectively. Figure 3
shows that the cross flow around the high speed train at the two
yaw angles are highly unsteady. The time average statistics of
the lift force and side force coefficients are listed in Table 1. It is
found that the mean values of lift force and side force coefficients
increase obviously as the yaw angle increases. The mean side force
coefficient at ϕ = 60° is about 2.5 times the one at ϕ = 30°.
Moreover, the fluctuating magnitude of the side flow is enhanced
significantly as the yaw angle increases. The root-mean-square
(RMS) values of the lift force and side force coefficients at ϕ = 60°
are nearly doubled than those at ϕ = 30°.

The spectral analysis is conducted to determine the dominating
frequencies of the time-dependent aerodynamic forces. Figure 4
shows the power spectral density (PSD) profiles of the lift force and
side force coefficients. Both the lift and side forces are dominated
by several frequencies range from 0.01 to 1.0, which are consistent
with the previous results in Refs. [4,5]. For ϕ = 30°, several
dominating peaks asmarked in Fig. 4(a) are foundwith frequencies
in the range of St = 0.01–0.1. A number of frequency peaks are
also exhibited in the range of St = 0.1–1.0, which are obviously
less dominant than the low frequencies. For ϕ = 60°, a dominating
frequency of St = 0.025 is identified in the range of St = 0.01–0.1.
Many high frequency peaks are also found in Fig. 4(b). In contrast
to ϕ = 30°, the range of the energetic frequency at ϕ = 60° is
apparently broadened to a higher extent and the high frequency
peaks in the range of St = 0.1 − 1.0 become more dominant.

Figure 5 shows the three-dimensional vortical structures of the
flow around the train educed by the λ2-criterion [14] at ϕ = 30°
and 60°, respectively. For ϕ = 30°, as shown in Fig. 5(a), a pair of
asymmetric line vortices originated from the leading edge of the
train nose extend downstream in the lee-side wake. Due to the
proximity effect of the ground, the lower leading edge vortex is
more inclined and unstable than the upper one, which is consistent
with the previous study [7]. Due to the Kelvin–Helmholtz instabil-
ity of the separated shear layer, some elongated vortices are clearly
identified on the roof-side face of the train. Vortex shedding from
the roof-side face mainly occurs in the rear half of the train. The
vortices shedding from the tails of the leading edges are emerged
with the shear layer vortices in the lee-side wake. For ϕ = 60°, the
leading-edge vortices break into small vortices in a small distance
from the tip of the train nose. The vortex shedding in the lee-side
wake mainly occurs in the first half of the train, since the flow is
more unstable at the large yaw angle. In the rear half of the train,
the wake flow is dominated by the shear layer vortices and nearly
unaffected by the leading edge vortices.

The flow is projected in the streamwise direction onto the four
typical sectional planes of x/H = 1.4, 3.0, 6.2, and 10.7 to study
the flow structures in the lee-side wake. The choices of the cross-
planes are not unique, but the principle is to elaborate on the
streamwise flow structures as much as possible. In the present
study, as shown in Fig. 5, x/H = 1.4 is chosen very close to the train
nose to demonstrate the origination of the leading edge vortices.
As vortex shedding in the lee-side wake mainly occurs in the first
half of the train at ϕ = 60°, x/H = 3.0 is selected. It is reasonable
to select the x/H = 6.2, because it is the central plane of the train
along the length direction. Since vortex shedding occurs in the side
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Fig. 5. (Color online) Three-dimensional vortical structures educed by the λ2-criterion: (a) ϕ = 30°, λ2 = −5; (b) ϕ = 60°, λ2 = −10.
a

b

Fig. 6. (Color online) Time-averaged streamlines on the sectional planes at (a) ϕ = 30° and (b) 60°. The color of the streamlines represents the magnitude of the time-
averaged streamwise vorticity. As marked in the figure, RC denotes the recirculation zone and SB denotes the separation bubble. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)
wake near the tail of the train at ϕ = 30°, x/H = 10.7 is thus
selected. The following statistics of the sectional flow start from
t = 150 to 300, with a sampling interval of 1t = 0.3.

Figure 6 shows the time-averaged streamlines on the sectional
planes. Two asymmetric recirculation zones are exhibited on the
lee-side wake of the train in x/H = 1.4–6.2 at ϕ = 30° and
x/H = 1.4–3.0 at ϕ = 60°. As seen in the figure, the size of the
circulation zone is increased along the length of the train, since
the upper and lower shear layers roll up at a increasing distance
from the train surface. The flow separation on the ground is caused
by the secondary vortex induced by the lower leading edge vortex
near thewall. Forϕ = 30°, the flow becomes fully separated on the
roof-side face of the train and a big separation bubble is formed
on the ground adjacent to the recirculation zone in x/H = 10.7.
While for the flow pattern in x/H = 6.2 at ϕ = 60°, two distinct
recirculation zones are exhibited and the separation bubble on the
ground is less robust than the former one. The flow pattern in the
rear half of the vehicle at ϕ = 60° are also different from that of
ϕ = 30°. As shown in x/H = 10.7 in Fig. 6(b), the shearing effect
of the flow is significantly enhanced and the shear layer vortices
are shed further downstream in the lee-side wake.

Figure 7 shows the contour lines of the turbulent kinetic energy
(TKE) on the sectional planes. The TKE distributions are related
with the unsteadiness of the turbulent flow. For ϕ = 30°, two
high TKE zones are focused on small region around the cores of
the leading edge vortices in x/H = 1.4 and 3.0. When the lower
leading edge vortex breaks down, the area of the high TKE region
is increased in x/H = 6.2. As the flow is fully separated in x/H =

10.7, the TKE in the wake flow is significantly increased, and the
peak of TKE occurs in central part of the upper shear layer. For
ϕ = 60°, the high TKE zones in the side wake in the front half
of the train are wider than that in ϕ = 30°, which is mainly caused
by the flow instability of the leading edge vortices at the large yaw
angle. In the rear half of the train, the high TKE zone is enlarged
downstream and its peak is shifted away from the train surface due
to the enhanced shearing effect of the upper and lower shear layers.

Figure 8 shows the distributions of time-averaged surface
pressure coefficient at positions along the train length. The
azimuth angle θ around the cross section of the vehicle is defined
as in Fig. 1. It is observed that the lateral pressure difference is
mainly exerted on the front part of the train for the two yaw angles,
both the high stagnation pressure on the windward face and the
low pressure on the leeward face are significantly attenuated at
the positions further downstream. As shown in Fig. 8(a), two low
pressure peaks are formed at the windward edge of the roof and
bottom edge around the corner. The low pressure zone is gradually
extended downstream from the windward to leeward edge along
the train due to the expansion of the separation bubble on the
roof-side face. However, the low pressure in the separation zone
is gradually elevated at the downstream positions as shown in
Fig. 8(b)–(d). The pressure distribution on the leeward of the
train remains nearly constant in x/H = 10.7 at ϕ = 60° as
demonstrated in Fig. 8(d).

Figure 9 shows the aerodynamic force coefficients obtained
by integrating surface pressure on the sectional planes. Since the
lateral pressure differences are mainly exerted on the train surface
near the nose as seen in Fig. 8, the peaks of the side force occur
in x/H = 1.4 for ϕ = 30° and 60°, respectively. The near wall
vortices in the lee-side wake are considered to be responsible for
the side force, as the side force coefficient remains constant in
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a

b

Fig. 7. (Color online) Contour lines of turbulent kinematic energy on the sectional planes at (a) ϕ = 30° and (b) 60°.
Fig. 8. (Color online) Surface pressure coefficients at (a) x/H = 1.4, (b) 3.0, (c) 6.2, and (d) 10.7. The black solid line denotes ϕ = 30° corresponding to the left vertical
coordinate and the red dash dot line denotes ϕ = 60° corresponding to the right vertical coordinate.
x/H = 3.0–10.7 at ϕ = 30°with the existence of the side vortices
and decrease in x/H = 10.7 at ϕ = 60° as the vortical structures
nearly disappear in the near wake. The lift force on the train is
generated due to the proximity effect of the ground. For the current
flow condition, the flow separation on the roof-side face of the
train under the present flow condition are also responsible for the
generation of a high lift force. For ϕ = 30°, the lift force coefficient
is negative in x/H = 1.4. As the flow separation on the roof-side
face extends from the windward edge to the leeward edge, the lift
force increases from x/H = 1.4 to x/H = 6.2 along the train.
For ϕ = 60°, the flow separation on the roof-side face develops
more quickly, and themaximum lift force coefficient is obtained in
x/H = 3.0. The lift force begins to decrease, when the flow is fully
separated from the roof-side face. The lift force approaches zero in
x/H = 10.7 at ϕ = 60°. It is also noticed that the flow structures
in the wake after the train tail are distinct at the two yaw angles as
seen in Fig. 5. However, the influence of the wake structures after
the vehicle tail on the aerodynamic behaviors is still a issue and
needs to be studied further.

In summary, LES of the cross flow around a high-speed train is
studied for two typical yaw angle of ϕ = 30° and 60°, respectively.
Both the mean and RMS values of the lift force and side force
coefficients increase as the yaw angle increases. The mean side
force coefficient at ϕ = 60° is 2.5 times the one at ϕ = 30°.
There are several dominating frequencies of the time-dependent
Fig. 9. Streamwise distributions of the integrated lift force and side force
coefficients at the two yaw angles.

aerodynamic forces in the range of St = 0.01 − 1.0 for the flow
at the two yaw angles. The dominating frequency at ϕ = 60°
is apparently broadened to a higher extent and the frequencies
in the range of St = 0.1 − 1.0 become more dominant. The
three-dimensional vortical structures for the flow round the train
are analyzed. For ϕ = 30°, the leading edge vortices remain
stable in the lee-side wake in the front half of the train, and the
complex vortex shedding occurs in the rear half, i.e. the vortices
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are shed from the tails of the leading edges vortices and then
emerged from the shear layer vortices from the roof- and bottom-
side faces. For ϕ = 60°, vortex shedding mainly occurs in the
front half of the vehicle, while the wake flow in the rear half is
dominated by the shear layer vortices and nearly unaffected by
the leading edge vortices. The flow patterns, distributions of the
TKE and surface forces on streamwise sectional planes are also
analyzed. The associations between the side force and the lee-side
wake vortices, and between the lift force and the flow separation
on the roof-side face of the train are discussed.
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