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Abstract
A numerical study using improved delayed detached eddy simulation (IDDES) was used to 
investigate the influence of the embankment height on the aerodynamic performance of a 
high-speed train travelling under the influence of a crosswind. The results of the flow pre-
dictions were used to explore both the instantaneous and the time-averaged flows and the 
resulting aerodynamic forces, moments and slipstreams. An increase of the aerodynamic 
drag and side forces as well as the lift force of the head and middle cars were observed 
with rising embankment height. While the lift force of the tail car decreased with the 
increasing embankment height. Furthermore, the height of the embankment was found to 
have a strong influence on the slipstream on the leeward side of the train. The correlation 
between the embankment height and the slipstream velocity on the windward side, was 
rather small. The flow structures in the near-wake of the leeward side of the train, responsi-
ble for the aerodynamic properties of the train were analyzed, showing strong dependency 
on the embankment height.
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1 �  Introduction

A train operating in the open air forms a slipstream as a result of the air displacement 
around the train. The turbulent flow in the region near the train sides is moving at the speed 
comparable to that of the train leading to safety risks for objects, people and animals close 
to the train. The problem with slipstream has increased with high-speed trains (HSTs) 
operating at speeds of 300 km/h and higher. A number of incidents caused by slipstream 
have been reported in UK, Switzerland, and Austria (Pope 2006; Flynn et al. 2016; Chen 
et al. 2019a), leading to a need for a research of the phenomena and how to prevent it.

Several studies of the slipstreams of trains have been performed in the absence of cross-
winds. For example, Wang et al. (2018a) compared the effects of the presence or absence 
of bogies on the slipstream around a train. Xia et al. (2017) compared the effects of station-
ary and moving ground on the slipstream and the wake flows around a train using numeri-
cal simulations. Flynn et al. (2014) used the detached eddy simulation (DES) method to 
study the time-averaged and instantaneous slipstream around a freight train. During their 
operation, HSTs are often exposed to crosswinds influencing their aerodynamic perfor-
mance. In particular, safety implications of the crosswinds on HSTs have led to several 
experimental and numerical studies. Cheli et al. (2010a) made wind tunnel tests to com-
pare the differences in the aerodynamics for original and optimized cars. Krajnović et al. 
(2012) used large eddy simulation (LES) method to study the differences in the aerody-
namic performances for static and moving trains during crosswind conditions. They found 
significant differences in the aerodynamic performances of static and moving trains. In par-
ticular, the difference in the yawing angle moment was reported to more than 30%. Munoz-
Paniagua et al. (2017) compared the accuracy of different turbulence models (Reynolds-
Averaged Navier–Stokes (RANS), scale-adaptive simulation (SAS), and improved delayed 
detached eddy simulation (IDDES) for predicting the aerodynamic performance of a train 
during crosswind conditions. However, these studies mainly focused on the aerodynamic 
forces, the aerodynamic moments, the pressures on the train surfaces, and the vortices on 
the windward sides with crosswinds. A small number of studies focusing on slipstream 
around trains in crosswinds have shown that a slipstream with a crosswind is significantly 
different from that without a crosswind (Flynn et al. 2016; Chen et al. 2019a), and even at 
a yaw angle of less than ± 1.5°, the slipstream velocity will increase significantly at low 
wind speeds (Baker et al. 2014a, b). As a result, the slipstream around a train cannot be 
neglected when crosswinds are present.

Although the above-mentioned studies examined the slipstreams of trains with and with-
out crosswinds, the influence of the embankment was neglected. Embankments are com-
mon structures along a railway line, as indicated in Fig. 1. A train on an embankment will 
be subjected to higher aerodynamics forces and moments during a crosswind compared to 
flat ground (Noguchi et al. 2019; Guo et al. 2020). Consequently, this poses greater safety 
risks (Tomasini et al. 2014). To ensure the safety of train operation on embankments dur-
ing crosswinds, several studies have focused on the effects of embankments on the aero-
dynamic performances of trains. The influence of an embankment height change on the 
aerodynamic performance of a train during crosswind conditions was studied by Suzuki 
et  al. (2003) and Cheli et  al. (2010b) used wind tunnel tests to study the lift force and 
overturning moment of a train on the windward and leeward sides of a 6-m high embank-
ment at different yaw angles. Tomasini et al. (2014) used wind tunnel tests to analyze the 
influences of embankments with different end layouts on train aerodynamic-force coeffi-
cients. Schober et  al. (2010) compared the effects of different ground configurations on 



107Flow, Turbulence and Combustion (2021) 107:105–123	

1 3

the aerodynamic performance of a train, including flat ground, flat ground with a ballast 
and rail, and a 6-m embankment. The results showed that different ground configurations 
had large influence on the aerodynamic performance of the train. Additional studies of the 
influence of embankments on the aerodynamic performances of trains is presented in Die-
drichs et al. (2007) and Bocciolone et al. (2018). The studies mentioned above found that 
the different embankment models had large influence on the aerodynamic performances of 
trains. However, the studies only included the effects of embankment changes on the train 
aerodynamic forces, moments, and pressures. Influence of embankments on slipstreams 
was not included.

An example of a study where the influence of embankments on slipstreams was con-
sidered was that by Morden (2016) who studied the effect of embankment height on a 
slipstream with no crosswind. The results showed that the slipstream velocities of differ-
ent embankment heights were significantly different around a train, especially in the near 
wake region. However, there are few studies of the influence of the embankment on the 
slipstream when the train is influenced by a crosswind. As a result of a crosswind on an 
embankment, the upstream flow is accelerated, resulting in a so called speed-up effect. This 
is closely related to the geometry model of an embankment (Zhang et  al. 2019). There-
fore, in this paper we studied the impact of the speed-up effect of different embankment 
heights on the slipstream around a train. Results of previous experimental and numeri-
cal studies Baker et  al. (2014a, b), Baker (2010), Muld et  al. (2012), Bell et  al. (2014, 
2016, 2017) showed the existence of two strong peaks in the slipstream velocity around the 
train. The present paper aims to explore the flow around the train that is responsible for the 
strength and the character of these.

2 � Methodology

2.1 � Geometry Model

In this study, a Deutsche Bahn Inter-City-Express 3 (ICE3) high-speed train model, previ-
ously used for aerodynamic studies of trains, was chosen as a train model. Its computer-
aided design (CAD) model is freely available from the DIN Standards Railway Committee 
(FSF) (2018), as indicated in Fig. 2. The height (H) and width (W) of the train were 3.89 
and 2.95 m, respectively, and the cross-sectional area was 10 m2, as shown in Fig. 2a. The 
train height was chosen as the characteristic length scale. The train model consists of three 

Fig. 1   The embankment along a railway line
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coaches, the head, middle, and tail cars, and the bogies were smoothed along the train’s 
surface, as shown in Fig. 2b. The lengths of the head, middle, and tail cars were 6.43 h, and 
the total length (L) of the train was 19.28H.

Figure 2c shows the flat ground (the FG was considered to be an embankment with a 
height of 0 m in this study) and the simplified model of different embankment heights. The 
embankment height was varied while keeping the angle of the beveled edge and the length 
of the top edge constant. The width of the top edge of the embankment was 3 m, and the 
angle between the beveled edge of the embankment and the horizontal plane was 32.9°. 
The length of the bottom edge was 5.55 m, 8.64 and 11.73 m for embankment heights of 
1 m, 2 and 3 m, respectively.

2.2 � Computational Domain and Boundary Conditions

Figure 3 shows the computational domain and its boundary conditions. The length, width, 
and height of the computational domain were 71.98H, 33.99H, and 12.85H, respectively. 
The coordinate system origin was located at the top of the rail (TOR) below the nose tip 
of the head car. The distance between the ABCD face and the nose tip of the head car was 
12.85H. The distance between the DCEF face and the plane y = 0 was 12.85H. To ensure 

Fig. 2   Geometry models: a front view of the train; b side view of the train and c simplified model of differ-
ent embankment heights and flat ground (FG)

Fig. 3   Computational domain 
and boundary conditions
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the full development of the flow field in the wake and on the leeward side of the train, the 
distance between the EFGH face and the nose tip of the tail car was 39.85H, and the dis-
tance between the ABGH face and the plane y = 0 was 21.14H.

A steady uniform velocity profile was applied to the ABCD and DCEF faces. The 
resulting inlet velocity U∞ of 60 m/s is shown in Fig. 4. The yaw angle β was 15°. The 
ABGF and EFGH faces were treated as pressure outlets, and the reference pressure P∞ was 
0 Pa. The ground, the rail, and the embankment had no-slip moving wall boundary condi-
tions. A symmetric boundary condition was applied on the top surface of the computa-
tional domain. The Reynolds number (Re) was 1.53 × 106 based on the train height, H, and 
the train speed, utrain.

2.3 � Numerical Method

The IDDES method (based on k–ω shear-stress transport) was used to study the flow field 
structure around the HST in this study. The IDDES method, which was proposed by Shur 
et al. (2008), combines the advantages of delayed detached-eddy simulation (DDES) with 
an improved RANS–LES hybrid model for wall modeling in the LES (WMLES) method. 
Similar to the classic DES blending technique, the IDDES method also uses a Reynolds-
Averaged Navier–Stokes (RANS) model in the attached boundary layer and the LES model 
away from the boundary layers. For the traditional DES method, there are two main issues: 
grid-induced separation and log layer mismatch (Luckhurst et al. 2019). The former issue 
occurs because high grid resolution near a wall may cause the RANS region to enter 
the LES region prematurely. The latter issue occurs because the intercept of the log law 
region at the interface of the RANS and LES regions do not match. The IDDES method is 
designed to avoid these two problems in the traditional DES. Further information on this 
topic has been presented by Shur et al. (2008).

First, the flow field was initialized using the steady RANS simulation based on the 
shear-stress transport RANS (SST–RANS) model, and the obtained results were used in 
time-dependent simulations with the IDDES method. For the latter, the implicit-unsteady 
segregated incompressible finite-volume solver was selected in this study. The convec-
tion term used a hybrid bounded-central differencing scheme (hybrid-BCDS) and a hybrid 
second-order upwind scheme. The temporal discretization was second-order. The physical 
time step was fixed at 0.031t* (t* = H/U∞), each time step was iterated 30 times, and the 
total number of time steps was 20,000, corresponding to 4 s of simulation. A residual of 
10− 4 was achieved for each turbulence equation in each time step. All of the cases were 
calculated using STAR-CCM + at the National Supercomputing Center (Wuxi, China).

Fig. 4   3D resultant velocity 
vector
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2.4 � Numerical Resolution

A mixed mesh was utilized in the computational domain, where a prism-layer mesh was 
used close to the train surface and a hexahedral mesh was used in the rest of the com-
putational domain. A trimming technique was used to connect these two mesh types. To 
verify the mesh independence, three computational meshes, a coarse, a medium, and a 
fine meshes, containing 15  million, 30  million, and 50  million cells, respectively, were 
used. Table 1 shows the maximum spatial resolutions of the train surface cells expressed 
in wall units for all the results, for which y+ is the dimensionless wall-normal distances 
between the trains’ surface and the fist computational node near the surface and z+ and x+ 
are dimensionless distances between the computational nodes in the streamwise and the 
spanwise directions, respectively. The Courant number was below 1 in 99% of the com-
putational cells during entire computational time. Figure 5 shows the distribution of the 
medium mesh around a train. There were three local refinement boxes around the train. A 
mesh box close to the train surface was constructed to allow the resolution of the small-
scale structures on the leeward side and in the wake of the train. The width of this box on 
the leeward side was 2.06H, and the distance from the end of the box to the nose tip of the 

Table 1    Maximum spatial 
resolutions for coarse, medium, 
and fine meshes

Mesh y+ z+ x+ Number of 
cells/×106

Coarse 3.5 960 960 15
Medium 0.95 480 480 30
Fine 0.95 240 240 50

Fig. 5   Computational mesh: a plane at z = 1.04H, b mesh at wake and prism-layer, and c mesh of train sur-
face
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tail car was 7.71H. There were 20 prism-layers near the train surface with a growth rate of 
1.15.

According to Flynn et  al. (2016) and Bell et  al. (2014), the slipstream velocity was 
defined as follows:

where u and v are the longitudinal and lateral velocity components in the computational 
domain, respectively, and utrain is the train velocity. Figure 6 shows the time-averaged pres-
sure coefficients, defined in EN (2018), for the train surface and the slipstream velocity that 
were calculated using Eq. (1) at y = 0.77H and z = 0.36H. The differences in the pressure 
coefficients for the three sets of grids on the upper train surface were found to be small, 
as shown in Fig. 6a, and there was only a small difference in the local region, as shown 
in the local magnification figure. The difference in the pressure coefficient between the 
medium and fine mesh was found to be less than 5%. Figure 6b shows the time-averaged 
slipstream velocity of the three sets of grids at y = 0.77H and z = 0.36H. Also here, the dif-
ference in the velocity between the medium and fine meshes was found to be lower than 
5%. The coarse mesh results were significantly different from those of the other meshes, 
especially in the positions of 6.2 < X/H < 14.3 and X/H > 20. Thus, the mesh refinement 
study resulted in the choice of the medium mesh for the further investigation in the paper.

2.5 � Validation Against the Experimental Data

A direct validation of the slipstream results of the present study was not possible due to 
the absence of the experimental data. This is often the case for the experimental data at 
large yaw angles and the validation is normally performed using indirect methods. Flynn 
et al. (2016) used the train surface pressure data obtained by wind tunnel tests to validate 
the accuracy of their numerical simulation when studying a slipstream during a crosswind. 
Similar validation was made by Chen et al. (2019a) who investigated the effects of different 
nose lengths on a slipstream during crosswinds. In this study, to validate the reliability of 
the numerical simulation, the side and lift forces of the numerical simulation of the FG and 
the single-track ballast and rail (STBR) were compared with the wind tunnel test results 
based on EN (2018).

(1)U =

√
(u − utrain)

2
+ v2

utrain
,

(a) (b)

Fig. 6   Comparison of a  the time-averaged pressures coefficients for the train surface and b  the time-aver-
aged slipstream velocities at y = 0.77H and z = 0.36H for the three sets of computational meshes
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For the purpose of validation against the experimental data, an additional computa-
tion using stationary ground (including embankment and the rails) was performed. All 
other settings, such as the numerical method, boundary conditions, and mesh strategy, 
were unchanged. To facilitate the analysis, the aerodynamic force and moment were 
made dimensionless. Based on EN (2018), the drag, side force, lift force, and rolling 
moment coefficients were defined as follows:

where Cd, Cs, Cl, and Cmx represent the drag, side force, lift force, and rolling moment coef-
ficients, respectively. Fd, Fs, Fl, and Mx represent the drag, side force, lift force, and rolling 
moment, respectively. The air density, ρ, was equal to 1.225 kg/m3. The free-stream veloc-
ity, U∞, was set to 60 m/s. The reference area, S, was set to 0.1 m2 (a 1/10th scale ICE3 
HST model was used), and the reference length, d0, according to the EN, was equal to 0.3 
m.

The  comparison of the side and lift force coefficients for the numerical simulation 
and the experiment is shown in Fig. 7. Figure 7a shows the comparison of the side and 
lift force coefficients of the FG. Figure  7b shows the comparison of the side and lift 
force coefficients of the STBR. The comparison showed that the difference in the lift 
force coefficients for the numerical prediction and the experiments was larger than that 
for the side force coefficients. However, the differences between the values predicted 
using the IDDES and the experimental data for the FG and STBR were only 6.3% and 
5.7%, respectively. These differences could be explained with the differences in the geo-
metric representations of the underbody of the train (e.g., bogie representation). These 
geometric differences may have resulted in differences in the underbody flow, resulting 
in a large difference in the lift force. Furthermore, the deviations of the numerically pre-
dicted side force coefficients for the experimental data for the FG and STBR were found 
to be less than 5%.

(2)Cd =
Fd

0.5�U2
∞
S
; Cs =

Fs

0.5�U2
∞
S
; Cl =

Fl

0.5�U2
∞
S
; Cmx =

Mx

0.5�U2
∞
Sd0

,

(a) (b)

Fig. 7   Comparison of the side and lift force coefficients of the head car for the numerical simulation and 
experimental results: a FG and b STBR
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3 � Results and Analysis

As described in this section, the numerical simulation results for different embankment 
heights, including the time-averaged slipstream velocity, instantaneous slipstream velocity, 
flow structures, and time-averaged aerodynamic force and moment coefficients were ana-
lyzed and compared. The time-averaged flow was initiated after time 154t*, once the flow 
was fully developed and stabilized (Hemida and Krajnović 2010). The instantaneous flow 
was analyzed at time 617t*.

3.1 � Time‑Averaged Slipstream Velocity

Figure 8 shows a schematic diagram of the position of the measurement points around the 
train. There were only two measurement points on the windward side (WS). Their heights 
from the top of rail (TOR) were 0.05H, and 0.36H, and the distance from the center of 
track (COT) was 0.77H. There were six measurement points on the leeward side (LS). 
Their heights from the top of rail (TOR) were 0.05H, and 0.36H, and the distances from 
the center of track (COT) were 0.51H, 0.77H, and 1.03H.

The time-averaged slipstream velocities on the WS of the train at y = − 0.77H for 
z = 0.05H and z = 0.36H are shown in Fig. 9. The variations of U for the different embank-
ment heights at z = 0.05H and z = 0.36H were similar. The velocity U in the upstream region 

Fig. 8   Measurement points of the 
slipstream velocity

Fig. 9   Time-averaged slipstream velocity on the WS of the train at y  = − 0.77H for a  z = 0.05H, and 
b z = 0.36H 
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was found to depend on the embankment heights, and whether z = 0.05H or z = 0.36H. The 
highest U was found for the 3 m embankment. In the nose region of the train, U was found 
to decrease rapidly for both z = 0.05H and z = 0.36H. Further downstream, in the bound-
ary layer region, U had rather constant value with fluctuation in the regions of the bogies. 
In the near wake region, the value of U increased rapidly, resulting in a peak value at the 
tail of the train. In the far wake region, U was found to converge to a constant value. The 
underlying reasons for such a distribution of U are discussed in Sect. 3.3.1.

Figure 10 shows U at different measurement points on the LS. Compared with the WS, 
the U on the LS was found to be more turbulent, especially the U value at y = 0.51H and 
z = 0.36H, which was due to the acceleration effect of the bogie. The value of the U was 
found to increase in the region around the bogie. For the other measurement points, the 
peak value of U is in the nose region. This position of the peak value of U is different from 
the situation without crosswind, where the peak value of U  is normally observed in the 
near wake region (Wang et al. 2017; Chen et al. 2019b).

The U peak values of different measurement points in the nose region decreased con-
tinuously with the increasing distance from the COT. Moreover, at z = 0.36H, the position 
of the measurement point increased from y = 0.51H to y = 0.77H, and the peak value of 

Fig. 10   Time-averaged slipstream velocity on the leeward side (left: z = 0.05H, right: z = 0.36H) a, 
b y = 0.51H, c, d y = 0.77H, and e, f y = 1.03H 
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U caused by the impact of the bogie completely disappeared, indicating that the effect of 
the bogie on the U  peak value was relatively small. By comparing the U  values at the 
different measurement points, as shown in Fig.  8, it could be determined that the peak 
value of U  in the nose region for a 3 m high embankment was the largest, and the dif-
ference between the U  peak value of the 1 m high embankment and the FG was found 
to be relatively small. When the embankment height increased from 0 to 3 m, the peak 
value of U increased by 53.4% and 26.6% at y = 0.77H, z = 0.05H and y = 0.77H, z = 0.36H, 
respectively. In the boundary layer region, the peak value of U was similar to the relatively 
low U value in the flow without crosswinds. Furthermore, because of the different heights 
of the embankment, the U value was significantly different. In the near wake region, the 
U value for the 1 m embankment height at different measurement points was larger than the 
values for the other embankment heights.

3.2 � Gust Analysis

The variation in the embankment height was found to have small influence on the instanta-
neous U on the WS. Consequently, as described in this section, only the instantaneous U on 
the LS of the train at y = 0.77H, z = 0.05H, and y = 0.77H, z = 0.36H were considered. The 
locations of the measurement points are shown in Fig. 8. According to the TSI specifica-
tions (European Union Agency for Railways 2014), the position of each measuring point 
required at least 20 individual runs. Therefore, measurements for 20 individual runs were 
obtained at z = 0.05H and z = 0.36H for each case. The Moving Probe technique, previously 
applied by Wang et al. (2017, 2018b) was used in this study to study the gust slipstream 
velocity around a train. The time interval between the two adjacent probes was 5.3t* for the 
same measurement point position, and the movement speed was equal to the train speed, 
i.e., 57.96 m/s. Furthermore, the recording time with each probe had to be sufficiently long 
to capture the entire flow disturbance. To obtain the characteristic velocity, U2σ, specified 
by TSI, a 1 s moving average (MA) was used for the raw data. The characteristic velocity 
was the maximum value of the average of 1 s MA plus two times the maximum value of the 
standard deviation after the 1 s MA, calculated as follows:

where UP is the maximum value of the average of the 1 s MA and � is the maximum value 
of the standard deviation (SD) after 1 s MA.

Figure 11 shows the instantaneous U and 1 s MA on the LS at z = 0.05H and z = 0.36H. 
The plots in the top row of Fig.  11a show the raw data (blue line), the ensemble aver-
age (black line), and the ensemble average plus two times the SD (red dashed line) at the 
measurement point at the track-side position. The plots in the lower row of Fig. 11a show 
1 s MA of 20 individual probes (blue line), the ensemble average of 1 s MA (black line), 
and the ensemble average of 1 s MA plus two times the standard deviation (red dashed 
line) at the measurement point at z = 0.05H. Figure 11b is similar to Fig. 11a and it shows 
the instantaneous U and 1 s MA at z = 0.36H. Unlike the instantaneous U of a high-speed 
train without a crosswind (Baker 2010; Bell et al. 2014), the peak value of the ensemble 
average appeared near the head car and not in the near wake region under crosswind condi-
tions. Furthermore, the difference in the ensemble average was significant for the differ-
ent embankment heights, including the raw data and 1 s MA. The maximum value of the 
ensemble average of the raw data and 1 s MA increased with the increasing embankment 
height. When the embankment height increased from 0 to 3 m, the maximum value of the 

(3)U2� = UP + 2�
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ensemble average of the raw data and 1 s MA increased by 31.2% and 64.6%, respectively, 
at z = 0.05H, and the values increased by 27% and 26.1%, respectively, at z = 0.36  h, as 
shown in Table 2. The standard deviation and the U2σ value with (TSI value) and without 

Fig. 11   Instantaneous U and 1 s MA for each probe: a  track-side position and b  platform position (top: 
raw data, bottom: 1 s MA). Blue line: measurement data for each probe. Black line: ensemble average. Red 
dashed line: ensemble average + 2 × SD. Black dotted line: maximum value. Black dashed line: the head of 
the train. Blue dashed line: the tail of the train

Table 2   Characteristic velocity 
on the leeward side at the track-
side and platform positions

Without 1 s MA With 1 s MA

UP
� UP + 2� UP

� UP + 2�

z = 0.05H
 FG 0.314 0.232 0.778 0.192 0.034 0.26
 1 m 0.335 0.182 0.699 0.255 0.026 0.307
 2 m 0.397 0.175 0.747 0.288 0.036 0.36
 3 m 0.412 0.191 0.794 0.316 0.042 0.4

z = 0.36H
 FG 0.367 0.199 0.765 0.284 0.041 0.366
 1 m 0.386 0.199 0.784 0.304 0.035 0.374
 2 m 0.415 0.206 0.827 0.326 0.031 0.388
 3 m 0.466 0.256 0.978 0.358 0.057 0.472
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1 s MA are also shown. The U2σ value with and without the 1 s MA increased with the 
increasing embankment height. The U2σ value without 1 s MA increased by 2.1% at 
z = 0.05H and by 27.8% at z = 0.36H. The U2σ value of the 1 s MA increased by 53.8% at 
z = 0.05H and by 29% at z = 0.36H. The increase of the embankment height had a signifi-
cant impact on the TSI value on the leeward side.

3.3 � Time‑Averaged Flow Structure

3.3.1 � Slipstream

Figure 12 shows the U in the horizontal planes for the different embankment heights. Fig-
ures 12a and b correspond to 0.05 and 0.36H from the TOR, respectively. At both distances 
from the TOR, the variations in the embankment height had a minor impact on the WS of 
the train. However, due to the impact of the train, the U values for different embankment 
heights were relatively small in the boundary layer region around the train on the WS. 
This is the reason for the rapid decrease of the U value after the boundary layer region and 
its’ rapid increase in the near wake region in Fig. 9. The main differences in the U values 
were around the train in the nose region A, tail region C, and LS region B, as illustrated in 
Fig. 12a. As shown in Fig. 12a and b, the strength of region A increased with the increas-
ing embankment height. In the tail region C, at both distances from the TOR, the effect of 
the 1 m high embankment was stronger than those at the other embankment heights. This 
was the reason why the 1 m embankment height of the U value in Fig. 10 was higher in the 
near wake region of the train. Variation in the distribution of the U in the boundary layer 
region between different cases, was found to originate in the upstream flow in region A. As 
shown in Fig. 12b, the differences between cases were large in regions where the U value 
was relatively small. Furthermore, there was a large U value around the bogie, and it was 
very close to the car body, as shown in Fig. 12b. This was also the reason why there were 
some peaks in the boundary layer region at the measurement point 0.36H from the TOR 
and 0.51H from the COT, as shown in Fig. 10. However, no velocity peaks were observed 
at the measurement points far from the car body.

3.3.2 � Streamlines

The slipstreams on the LS were correlated with the resulting flow structures. Figure  13 
shows the streamlines of the time-averaged velocity projected on different planes at the 
cross-sections x/L = 0.03, 0.11, 0.21, 0.29, 0.43, and 0.57 from the nose tip for the four 
cases considered in this study. At x/L = 0.03, the FG showed no vortex formation. The three 
cases with the embankment produced a vortex, Vc1, which detached from the LS of the 
embankment. The vortex for the 3 m embankment height was found to be strongest of the 
three cases. Another vortex Vc2, was found to detach from the lower A-pillars of the train 
nose on the upper part of the LS at x/L = 0.11. The size of the vortex Vc2 was found to 
increase with the increasing height of the embankment. For the FG, a vortex, Vc2, detached 
from the bottom of the train on the lower part of the LS, but the width was small. At loca-
tion x/L = 0.43, Vc1 and Vc2 disappeared, and the third vortex, Vc3. At the junction of the top 
and the leeward side of the train, a small vortex (dashed box) formed, due to the interac-
tion between the incoming flow of the WS and the vortex Vc3. Similar flow picture was 
observed at x/L = 0.57, where the most significant change was the width of the vortex Vc3 
and the distance from the center of the vortex Vc3 to the COT. The widths of the vortex Vc3 
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in the spanwise direction were about 1.32H, 1.65H, 1.93H, and 2.19H for the 0 m, 1 m, 2 m, 
and 3 m embankment heights, respectively. The center of the vortex Vc3 was approximately 
0.47H from the TOR and 1.1H from the COT for the FG, 0.41H from the TOR and 1.23H 
from the COT for the case with 1 m embankment height, 0.37H from the TOR and 1.25H 
from the COT for the case with 2 m embankment height, and 0.33H from the TOR and 
1.42H from the COT for the case with 3 m embankment height.

Fig. 12   Time-averaged U at different heights from the TOR: a 0.05H and b 0.36H (from top to bottom: FG, 
1 m, 2 m, and 3 m)
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3.4 � Instantaneous flow structure

The second invariant of the velocity gradient, Q, is defined as

where Ω is the rate-of-rotation tensor and S is the rate-of-strain tensor. This quantity, often 
used to characterize the instantaneous flows around high-speed trains (Munoz-Paniagua 
et al. 2017; Hemida and Krajnović 2010; Chen et al. 2019b; Li et al. 2019) is presented in 
Fig. 14.

The turbulent fluctuations on the LS and the wake of the train in Fig. 14 were found 
to be large, with a complex flow. To facilitate the analysis, the vortex structure around 

(4)Q =
1

2

�
‖�‖2 − ‖S‖2

�
,

Fig. 13   Streamlines for the time-averaged velocity projected on the different planes (from left to right: FG, 
1 m, 2 m, and 3 m; from top to bottom: x/L = 0.03, 0.11, 0.21, 0.29, 0.43, and 0.57)
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the train was divided into three parts based on the source: vortices V1, V2, and V3. The 
V1 originates from the lower part of the head car nose and moves backward continuously 
from the beginning until it merges with vortex V2. The pulsation intensity of vortex V1 
was found to be different for different embankment heights. Figure 14a–d show that the 
intensity of vortex V1 increases with the increasing embankment height. The vortex V1 
was found to have large influence on vortex V2. The boundary line of vortex V2, SL (red 
dashed line) was moved to the WS with the increase of the embankment height. Further-
more, the intensity of the vortex V3 was found to decrease in strength with the increas-
ing embankment height.

3.5 � Aerodynamic force and moment

Figure  15 shows the time-averaged aerodynamic force and rolling moment coefficients, 
averaged over the time period between 154t* and 617t*, for the different embankment 
heights. The aerodynamic force and rolling moment coefficients are calculated based on 
Eq. (2). The drag coefficients of the head, middle, and tail cars for different embankment 
heights, is shown in Fig. 15a. It can be seen that all values of drag coefficients increased 
with the increasing embankment height. When the embankment height increased from 0 
to 3 m, the drag coefficients of the head, middle, and tail cars increased by 213.2%, 19.1%, 
and 15.3%, respectively. For the same embankment height, the drag coefficient of the tail 
car was the largest, and the drag coefficient of the head car was the smallest. Figure 15b 
shows the time-averaged side force coefficients of the head, middle, and tail cars for dif-
ferent embankment heights. Similarly as for the drag force, the side force coefficients 
increased continuously with the increasing embankment height. When the embankment 
height increased from 0 to 3 m, the side force coefficients of the head, middle, and tail 
cars increased by 27.4%, 22.5%, and 251%, respectively. Figure 15c shows the lift force 
coefficients of the head, middle, and tail cars for different embankment heights. With 
the increasing embankment height, the lift force coefficients of the head and middle cars 
increased continuously, and the lift force coefficient of the tail car decreased. When the 

Fig. 14   Iso-surface of the instantaneous second invariant of the velocity gradient Q = 20,000 colored by the 
time-averaged slipstream velocity: a FG, b 1 m, c 2 m, and d 3 m
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embankment height increased from 0 to 3 m, the lift force coefficient of the head and mid-
dle cars increased by 62.1% and 21.2%, respectively, and the lift force coefficient of the 
tail car decreased by 16.3%. Figure 15d shows the rolling moment coefficients of the head, 
middle, and tail cars for different embankment heights. The rolling moment center was 
in the leeward rail. When the train moved over the FG, the rolling moment rotated in the 
leeward side of the train. Due to the speed-up effect of the embankment, the upstream flow 
accelerated and it ended up on the leeward side of the train after its passage through the 
bottom of the train, thereby reducing the rolling moment of the train. With the increase of 
the embankment height, the speed-up effect was found to be more significant, causing the 
reversed rotation direction of the rolling moment. In summary, changing the embankment 
height had a significant influence on the aerodynamic forces and the moment of the train.

4 � Conclusions

The study presents a numerical investigation of the flow around a high-speed train at 
embankments of various heights. The simulation technique was and the quantities stud-
ied are the aerodynamic forces and the slipstream velocities. Both the time-averaged and 
the instantaneous aerodynamic properties as well as the underlying flow mechanisms were 
studied. The results of the study can be summarized as follows:

(a) (b)

(c) (d)

Fig. 15   Time-averaged aerodynamic force and moment coefficients: a drag coefficients, b side force coef-
ficients, c lift force coefficients, and d rolling moment coefficients
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1.	 The variation in the embankment height was found to have a small effect on the time-
averaged slipstream velocity on the windward side of the train. The opposite was the 
case on the leeward side of the train, with a peak value at the slipstream in the nose 
region of the train. With the increase in the embankment height, the TSI values increased 
continuously at the distances 0.77H from the COT, 0.05H from the TOR and 0.77H 
from the COT, 0.36H from the TOR. When the embankment height increased from 0 
to 3 m, the TSI value increased by 53.8% at the distances 0.77H from the COT, 0.05H 
from the TOR and 29% at the distances 0.77H from the COT, 0.36H from the TOR.

2.	 The variation in the embankment height was found to have a significant influence on the 
formation and development of the main vortices on the leeward side of the train. Fur-
thermore, the change in the embankment height, resulted in the change of the position of 
the separation line (SL) at the top of the train. For the embankment height of 1 m, the SL 
was found to be closest to the windward side of the train. In the instantaneous flow field, 
two main vortices were identified on the leeward side of the train. With the increase in 
the embankment height, the strength of the lower vortex was found to increase. The two 
vortices merged in a single in the middle region of the train.

3.	 The aerodynamic forces and the rolling moments of trains for different embankment 
heights were significantly different. The drag and side forces increased continuously with 
the increasing embankment height. The lift forces of the head and middle cars increased 
continuously with the increasing embankment height, while the lift force of the tail car 
decreased. Once the embankment height was exceeded 2 m, the rolling moment was 
found to change its direction.
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