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ABSTRACT
Double unit trains running at high speeds may create additional aerodynamic challenges due to
two streamlined structures with close proximity, exploring the aerodynamic performance of dou-
ble unit trains is now critical. In this study, detached eddy simulation (DES) approach was employed
to study the aerodynamic performance and the nearby flow patterns of a double unit train, whose
results were compared and analyzed with that of a single-unit train with a same length. The results
showed that the coupling method could change the aerodynamic drag on each car and tended to
increase the overall drag of the double unit train. The lift force of the front car near the coupler was
significantly increased. Similar slipstream distributions were found around the front half single and
double-unit train except in a region close to the coupler. Due to the coupling structure, the slip-
stream of the rear half of double unit train was much stronger compared to single unit train. The
vortex region behind the double-unit train was much wider than that of the single-unit train and
was accompanied by greater vortex-shedding.
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1. Introduction

Because of their high efficiencies and protection, high-
speed railways have developed as an significant way of
transport and are receiving growing attention in the
world. However, as the train speeds continue to increase
due to new technology, the aerodynamic performances of
the trains have changed more significantly than the train
speeds. Aerodynamic drag constitutes 85% of the over-
all resistance for a train running faster than 300 km/h,
and this percentage is more than 80% for a container
train operating at 115 km/h (Li et al., 2017). Excessive
resistance not only leads to higher-energy consumption,
but also increases the requirements on the train traction
system, both of which limit the further development of
high-speed trains. Reduction of a train’s aerodynamic
drag would lead to fuel consumption savings, which can
help save energy and reduce emissions (Akbarian et al.,
2018).

Like other bodies with high length-to-width ratios
(Ghalandari et al., 2019; Mou et al., 2017), high-speed
trains have more complex aerodynamic characteristics
than other vehicles (Chen et al., 2016; Deng et al., 2019,
2020; Hemida & Krajnović, 2010; Li et al., 2019; Niu
et al., 2020). To reduce the aerodynamic drag on a
train, numerous tests and simulations were carried out
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to investigate aerodynamic performances of various types
of trains. It was found that the geometric shape and the
different components of the train have significant effects
on the aerodynamic drag. Shape optimization is an active
field for reducing drag, and recently many researchers
have conducted studies in this field (Li et al., 2016). In
addition, the train formations have great impact on its
aerodynamic performance.Mao et al. (2012) investigated
the impact of the train length and found that it played an
important role on the aerodynamic drag of the tail car,
wherever it was not a monotonous relationship.

To increase the carrying capacity of railway trans-
ports, double-unit trains are often used, especially at rush
hour. The proximity of these trains creates a special mar-
shalling form inwhich the first tail car is coupled with the
second head car, and thus, a gap appears in the middle of
the train, as shown in Figure 1. Although this arrange-
ment is commonly used, its effect on train aerodynamics
has been rarely considered. Liu et al. (2019) investigated
the influence of the train length and pressure propagation
as well as the effects of the coupling structure on the train
surface pressure and tunnel wall when a train operates in
a tunnel. Niu et al. (2017) conducted simulations involv-
ing a running double-unit train and passing one another
in a tunnel. However, the effect of this arrangement on

© 2020 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group
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Figure 1. Double unit train in different countries: (a) Germany, (b) China, and (c) Japan.

Figure 2. Train models employed in the numerical simulations.

the aerodynamic performance in the open air has been
rarely studied in depth. Few experiments and simula-
tions have been carried out to study the aerodynamic
performance and slipstreams generated by double-unit
trains (Baker et al., 2013a, 2013b; Guo et al., 2018). The
focus of these studies was the effect of the coupling on
the slipstream, but no attempt was made to study the
aerodynamic forces. Therefore, the aim of this work is
to investigate the effect double-unit trains on the aerody-
namic forces with special emphasis on the drag force. A
1/20th scaled model of the Chinese high-speed train was
employed in this study. Using the detached eddy simula-
tion (DES) approach, flows were obtained around single-
and double-unit trains, and the results were validated
using wind tunnel tests.

2. Methodology

2.1. Models

The shape of a popular high-speed train in China CRH2
is employed for this study. Two train models are con-
structed according to the research needs. Their total
length is kept consistent to ensure that their aerodynamic
differences are only resulted from the connecting way of
the train. In this case, the whole train consists of six cars,
as shown in Figure 2, the single-unit train consists of a

head car, a tail car and four identical intermediate cars
between them. The double-unit train can be regarded as
a combination of two trains. Key parts that affect aerody-
namics such as bogies and inter-car gaps are restored in
the calculationmodel. For convenience of representation,
the single- and double-unit trains are hereinafter denoted
as “SUT” and “DUT,” respectively.

To have a dimensionless unit, the height of train mod-
els H was denoted as the characteristic dimension. Other
important length parameters are shown in Figure 2.

2.2. Numerical methodology

As an efficient way to model the surrounding flow of a
train (Hemida et al., 2012; Krajnović et al., 2012; Niu et
al., 2020a), Large eddy simulation (LES) used in train
aerodynamics are computationally costly. ReynoldsAver-
age Navier-Stokes (RANS) approach is not good to repre-
sent the real-flow characteristics around trains but much
cheaper and faster. DES is the combination of LES and
RANS. The time-dependent flow away from the wall
boundaries is captured by LES and the mean boundary
layer behavior in the area close to wall is approximated
by RANS (Guo et al., 2020a). DES was commonly used
in the existing previous research to simulate the turbu-
lent flow around the trains. (Flynn et al., 2014; Guo et al.,
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Figure 3. Computational domain, coordinate system, and
boundary conditions.

2019; Guo et al., 2020b; Li et al., 2018, 2020; Muld et al.,
2013; Niu et al., 2020b; Zhang et al., 2016).

The DES equations are based on a realizable k-ε dou-
ble equation model and this work is solved in the FLU-
ENT based on the finite volume method and a pressure-
based solver. The near-wall flow is treated by the stan-
dard wall function. The time step was �t = 5× 10−5 s.
The residual of each equation reached 10−6 in each time
step. In simulations, the Reynolds number of this simu-
lations was about 7.56× 105 according to the height of
the train (H) and the train speed (60m/s), meeting the
requirement for Reynolds number in CEN (2011) stan-
dard, 2.5× 105. The value of the time-averaged results
was sampled within 0.8 s.

2.3. Computational domain and boundary
conditions

As shown in Figure 3, the upstream distance before the
train nose was 20 H, the downstream distance from the

outlet surface to the nose of tail car was 60H. The domain
had a width of 40 H and the train model was mounted
centrally of width direction. The height of the domain
was 15 H and a gap at 0.05 H was set between the wheels
and the ground. A steady and uniform velocity inlet was
adopted at the inlet boundary, where a speed numeri-
cally equal but opposite to the direction of the train was
imposed. A zero-pressure conditionwas used for the out-
let of the computational domain to represent the open-air
condition. Slip wall conditions were used at the sides and
roof to avoid the impact on the train model brought by
these surfaces, who do not exist in the reality. A moving
no-slip wall with a velocity equal to that of the train speed
was used at the lower face of the computational domain
to consider the relative motion of train to ground.

2.4. Computational mesh

In this study, the meshing module included in Open-
FOAM named SnappyHexMesh, was used to create
unstructured hexahedral grids. To judge whether solu-
tions were a function of the grid density or not, a grid-
dependency study was conducted, in which three differ-
ent meshes were used; coarse, medium, and fine meshes,
consisting of 16, 25, and 37 million cells, respectively.
Table 1 shows their details. Figure 4 shows the fine mesh
around the train model, where an averaged y+ value of
42 was obtained.

The pressure coefficient, cp was employed to com-
pare the results obtained by different meshes. Here, cp is
defined as:

cp = P − P0
0.5ρuin2

(1)

Figure 4. Fine mesh employed in the simulations: (a) mesh density in the computational domain, (b) cell layers around head car, (c)
mesh distribution around the head car, and (d) mesh distribution in the coupling region.
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Table 1. Parameters of the threemesh configurations for theDUT
model.

Items Coarse Medium Fine

Total number of cells 15,945,364 25,368,422 36,845,448
The smallest cell size on train
surface (mm)

4.6 2.3–4.6 2.3

Number of extra refined regions 2 2 3
Number of prism layers 6 8 10
Thickness of the first cell near the
surface (mm)

0.77 0.29–0.58 0.23

Averaged dimensionless wall
distance value (y+)

140 73 42

Figure 5. Pressure distributions obtainedusingdifferentmeshes.

where P0 denotes the reference pressure, P is the abso-
lute pressure, ρ is air density at 20°C, and uin is the inlet
velocity. Figure 5 shows the pressure coefficient obtained
from the three meshes along curve 1, which denotes the
surface curve of the head car nose along the symmetrical
plane and is colored red in Figure 5.

As illustrated in Figure 5, the mediummesh produced
results similar with those of the fine mesh. Because only
two simulations were calculated and compared in this
study, which had been involved in the grid independence
verification, the fine mesh configuration was used for the
SUT and DUT.

3. Results

3.1. Verification

Wind tunnel test was carried out at the 8m × 6m wind
tunnel belonging to the China Aerodynamic Research
and Development Center (Figure 6(a)). Based on the size
of the cross section of wind tunnel, the three-car train
model was set as a 1/8 scaling with a cross-sectional area
of 0.175 m2, the blockage ratio was far less than 5%. The
same-scaled ballast with a rail model was installed on a
rotatable disk. The force balance, piezometer, and pres-
sure scan valve were placed in the hollow train model.

Three force balances were used to capture the forces
of each car. The measurement data were captured and
stored by aVXImulti-channel recording system. A three-
car train model was simulated to assess the reliability of
numerical results (Figure 6(b)). The Reynolds numbers
in the experiments and simulations were approximately
1.89× 106.

Figure 7 shows the value of cp obtained by fine mesh
with DES and experiment on the symmetric plane of the
train noses. These curves are colored red and the points
are colored black corresponding to the red curve, which is
the train profile. These points were also studied in Zhang
et al. (2018). As shown in Figure 7, there was a good
agreement between the simulations and experimental
data. However, there were some discrepancies at points
H9 and T3. These discrepancies could be related to the
incomplete consistency in this transition area between
the CFD models and the physical model.

The values of the drag coefficient, cd, obtained by fine
mesh with DES and experiment are listed in Table 2. cd
was defined as:

cd = D
0.5ρuin2A

(2)

where D denotes the aerodynamic drag of the individual
cars and A is the cross-sectional area of the train model
(11.29m2). The discrepancy between theDES and exper-
imental values of cd of each car was not more than 5%.
This discrepancy occurred because of the irregularity of
the physical model surface and some machining errors
which lead to some inevitable small differences. These
geometrical differences can modify the flow around the
individual cars and thereby the surface pressure, as stated
by Sicot et al. (2018). In addition, the turbulence of the
inlet was difficult to control to achieve a similar turbu-
lence to that in the wind tunnel, which could lead to
some discrepancies in the drag coefficient. However, the
difference between experimental data and the numerical
results was less than 5% and this was deemed to be ade-
quate to believe that numerical results can capture the
flow features analyzed below.

3.2. Aerodynamic drag

A train’s aerodynamic drag is contributed by the viscous
resistance and pressure resistance. These two forces are
likely to be generated quite differently on each section of
the train, which results in various aerodynamic perfor-
mances of the aerodynamic drag on each car.

Figure 8 shows the aerodynamic drag coefficient act-
ing on each car of single- and double-unit train with the
contributions of the pressure and viscous resistances in
the total drag. The drag coefficients of the first and the last
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Figure 6. Wind tunnel tests and validation of simulation: (a) The train model used in the wind tunnel and (b) the simulation model with
the same domain.

Figure 7. Pressure coefficient obtainedby thewind tunnel tests and simulations at: (a) symmetric lineof theheadnose and (b) symmetric
line of the tail nose.

Table 2. Comparison of the drag coefficient obtained from DES and the wind tunnel
tests.

cd of head car cd of intermediate car cd of tail car

Test Simulation Error Test Simulation Error Test Simulation Error

0.147 0.140 4.8% 0.081 0.084 4.9% 0.162 0.160 1.2%

intermediate car (i.e. the second and the fifth car for the
whole train) of the SUT were relatively higher than those
of the other intermediate cars. This was due to the flow
separation around the head and tail car that produced dif-
ferent flow fields around these two cars, which resulted in
different surface pressures and boundary layers. The low-
est cd for the SUT appeared to be on the second and third
intermediate cars (i.e. the third and the fourth car for
the whole train), which were attributed to the relatively
stable flow around these two cars, and the air friction
resistance dominated. Total drag of the head car of DUT
and SUT was the same. This was expected, as they were
exposed to the same flow conditions and were far from
the coupler position. Some of the differences in the sur-
rounding flow field, influenced by the downstream fake

tail car (the third car of DUT), were present on the sec-
ond car, causing a smaller differential pressure drag to be
distributed on this car, the drag of the second car of DUT
was lower. Like a tail car, the airflow converged under
the guidance of the streamlined structure, a large positive
pressure was supposed to form on the nose region, which
was removed and linked by a coupler. This car therefore
lost a huge contribution to the aerodynamic drag, and its
cd was even lower than the second intermediate car of the
SUT. The fourth car suffered from significant flow sepa-
ration again, and thus, it had the largest drag among the
cars. After a transition by the fourth car, the turbulence
intensity of the surrounding flow was weakened around
the fifth car, while it is plausible that its drag was still
larger.
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Figure 8. Drag coefficient and distribution of the drag composi-
tion of each car in the SUT and DUT.

To explore the mechanism of aerodynamic drag gen-
eration, the percentage of viscous drag and pressure drag
are also shown in Figure 8. As expected, the pressure
drag dominated on the head and tail cars in which its
contributions were about 60% and 70% of the total aero-
dynamic drag, respectively. This percentage for the DUT
was slightly higher than that for the head car of the SUT
andwas lower at tail car. For the second and third cars, the
air flows attaching the vehicle body again after separation,
and as a result, viscous drag dominated and the propor-
tion of the pressure drag decreased to about 48%, which
was still 10%more than that of the DUT. The biggest dif-
ference found for drag distribution appeared at the fourth
car, where pressure drag contributes 30% of overall drag
of the fourth car for the SUT and 70% of that for the
DUT. The fourth car was themost viscous-dominated car
of the SUT and the most pressure-dominated car for the
DUT. It has been investigated that this region has a signif-
icantly high turbulence intensity and this can be found in
Guo et al. (2018). As a result, the aerodynamic drag of the
fourth carwas the largest among theDUTcars. After that,

the pressure drag regained dominance and the fourth car
of the SUT showed a higher proportion of pressure drag
than that of the DUT. The tail car was found to have the
highest proportion of pressure drag whether for SUT or
DUT.

As to the overall train, cd value of DUT and SUT were
0.677 and 0.650, respectively. Thus, there was no obvi-
ous difference between the entire SUT and DUT, even
though the distribution of the aerodynamic drag on each
car was different. However, the use of DUT can increase
the aerodynamic drag. As to the DUT, cd values of first
and last three cars were 0.287 and 0.390, respectively. The
pie charts, shown in Figure 9, provide the detailed pro-
portions of the cd values of each car. The second, third,
and last cars in the SUThad larger proportions of aerody-
namic drag than those of the DUT, while the proportion
of the fourth and fifth DUT cars were greater, where the
most noticeable difference appeared at the fourth car.

Various fatigue damage may occur during operation
due to the different stress conditions. Affecting the air
flow at the bottom of the train, bogies are of great impor-
tance to the aerodynamic drag on trains. Figure 10 shows
the aerodynamic drag of 12 bogies in the SUT and DUT.
As illustrated in Figure 10, cd values of bogies in head
car was much larger than that of other bogies. Bogies
of the SUT suffered from higher aerodynamic drag than
those of the DUT, except for the fifth, sixth, and seventh
bogies. In addition, the drag coefficients of these three
bogies were larger than the adjacent two bogies (i.e. the
fourth and eighth bogie) for the DUT, while it was oppo-
site for the SUT. The difference in the drag coefficients of
the bogies can be explained by the pressure distributions
on their surfaces. Figure 11 shows the cp distribution on
the fourth and seventh bogies, which shows the change
in the cd values of the single- and double-unit train. As
illustrated by Figure 11(a,b), for the fourth bogie of the
SUT, there was an extensive positive pressure region on
the area facing opposite to the train’s running direction,

Figure 9. Proportions of drag coefficient of each car.
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Figure 10. Drag coefficient of the individual bogies of the SUT
and DUT.

which was not found for the DUT. Thus, the SUT had a
larger drag coefficient than that of the DUT. Correspond-
ingly, more positive pressure areas and fewer negative
pressure areas appeared on the same areas of the DUT,
as shown in Figure 11(c,d), and as its result, the seventh
bogie of SUT showed a smaller cd value.

3.3. Aerodynamic lift

The aerodynamic lift was mainly affected by the differ-
ent pressure distribution on the top and bottom surfaces
of a train. The dynamic axis weight of the train will
increase if the negative lift is too large, intensifying the
dynamic impact. However, a too large positive lift may
make the contact forces generated by the trainwheels and

Figure 12. Lift coefficient of the SUT and DUT cars.

rail decrease, resulting in the phenomenon of floating,
which can easily cause derailment. The lift force obtained
was normalized to lift coefficient cl:

cl = L
0.5ρuin2A

(3)

where L is the aerodynamic lift for the different cars. The
cl values of each car of single- and double-unit train are
shown in Figure 12. The lift coefficients obtained from
the SUT and DUT cars were almost the same except for
those of the third car. Large pressure difference of top and
bottom surfaces of head car resulted in large cl values.
However, the separated flow above the tail car resulted
in a large negative pressure on the top face, and this
was reflected by the large positive cl value on this car.
Figure 12 shows that the cl of the fourth car of single-

Figure 11. Distribution of the pressure on the surfaces of the bogies: (a) the fourth bogie of the SUT, (b) the fourth bogie of the DUT, (c)
the seventh bogie of the SUT, and (d) the seventh bogie of the DUT.
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Figure 13. Distribution of the pressure on the top and bottom surfaces of the third and fourth cars.

and double-unit train were almost equal. To gain further
understanding of the two lift forces, Figure 13 shows the
distribution of pressure on top and bottom surfaces of the
third and fourth car. Generally, a large negative lift was
generated at head car while tail car experienced a positive
lift. The third and fourth cars of DUT can be considered
to be “fake” tail and head cars, respectively. However, as
the fourth car was in a wake flow generated by the “fake”
tail, the stagnation area on the nose was small compared
to head car, thus a region of high surface pressure formed.
Also, the flow underneath the fourth car was slower than
that under the first car, resulting in a small region of neg-
ative pressure, which led to a similar value of cl of fourth
car.

Figure 14 shows the pressure coefficient, cp above and
below single- and double-unit trains at longitudinal cen-
ter plane (the x–z plane at y = 0), where the height of
the measurement points were 4.0 and 0.2m, respectively.
To focus on the features we concern and keep the axis
range consistent, the larger measuring values at a dis-
tance around 0 were hidden in Figure 14(b). Affected
by complex structures such as bogies, the bottom space
of the train showed more complex flow patterns. The
biggest difference appeared in the coupling region, which
is marked by blue circles. For the SUT, this position is
the gap downstream the third car, middle of train and
far away from the nose and tail, which are known as
flow-separation regions. While fort the DUT, before the
coupler, between the abscissa in the 50–70m range, the

pressure decreased and a similar phenomenon appeared
before the tail nose. However, this was not the real tail car,
and there was still a streamlined car instead of the open
air pushing the flow again and causing a sharp rise in the
pressure. The upper pressure was even higher than that
caused by the head nose, which was also found in Guo
et al. (2019). For the bottom of the train, the maximum
positive cp increased from 0.07 to 0.13 at the coupling
area, and the maximum negative pressure was almost
unchanged. For the top of the car, the maximum positive
cp suddenly increased from 0 to 0.15, and the negative
pressure also increased to a peak. The pressure change
at the top was symmetric before and after the central
region. However, before the central region, that is, at the
lower part of the third car, the bottompressurewas always
slightly positive. After the coupling region, at the lower
part of the fourth car, the pressure was always slightly
negative. This also created a completely different pres-
sure distribution on the top and bottom surfaces of these
two cars, which in turn formed different lift forces, as
illustrated in Figure 12.

3.4. Slipstream

When the train moves at high speed, the surrounding
air is dragged or squeezed and flows quickly to produce
a slipstream, which is a potential safety hazard to the
passengers on the platform. The value of the slipstream
caused by trains is expressed in terms of the air speeds in
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Figure 14. The pressure distribution at: (a) z = 4.0m and (b) z = 0.2m.

the surrounding space and can be described as

U =
√

(uin − u)2 + v2 + w2

uin
(4)

where u, v, and w are the components of the velocity on
the longitudinal, lateral, and vertical directions. There
are two specific locations (y = 3.0m for z values of 0.2
and 1.44m in full-scale) mentioned by the CEN standard
to assess the performance of the slipstream. The time-
averaged value of U at these two positions was shown in
Figure 15.

As shown in Figure 15(a), there is no difference shown
on the U value of slipstream when the distance was less
than 50m, that is, this region was beyond the influence of
the coupling structure. A slow increase of U value began
to appear on the second car and the growth of the SUT
was slightly larger than that of the DUT. When the tail
of the third car passed, the DUT’s fake tail car brought
a peak of U value, which is similar to the wake effect of
the train. Then, the fourth car which can be regarded
as a new head car pushed the air around and further
increased the value of U and reached a local maximum at
the end of the fourth car. Subsequently, when the last two

cars of the DUT passed, the airflow velocity at this point
slowly dropped until the streamline structure of the tail
car passed. It is noted that the U value of the DUT was
always greater than the SUT from the rear of the third
car to the end of the domain, and was particularly notice-
able when the latter half of the train passed. At the higher
measuring point with a height of 1.44m, except for the
slipstream generated when the head car nose passed, the
U value was not as large as 0.1. The main difference in
U value occurred when the coupling structure passed,
where theU value generated by theDUTwas nearly three
times that of the SUT.

3.5. Boundary layer

The boundary layer was obtained based on its definition,
that is, the iso-surface where the velocity of airflow
around the train body is 99% of the incoming flow veloc-
ity. The boundary layer distribution of the SUT andDUT
was shown in Figure 16 in a top view (0.2m in height)
and a side view (on longitudinal symmetry plane). Only
the contour of the DUT was given to mark the relative
position. The black curve represented obtained boundary
layer around SUT while the red represented DUT.
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Figure 15. The value ofU atmeasurement points required by the CEN standard: (a) y = 3.0m, z = 0.2mand (b) y = 3.0m, z = 1.44m.

Figure 16. Cross-sectional profiles of the boundary layer around the SUT and DUT: (a) top view and (b) side view.

From Figure 16(a), in the width direction, the bound-
ary layer of the SUT and DUTwere kept almost the same
around the first two cars. From the third car (marked
by line A in the figure), the width of the boundary layer
varied, the thickness of boundary layer of SUT contin-
ued to increase slowly and the width of boundary layer
around DUT remained almost constant in the latter half
car. As expected, the biggest difference was found around
the coupling region. After passing through the nose of
the third car, the width of boundary layer of DUT was
sharply increased to form a spherical shape. At the fourth
car right next to the coupler, the boundary layers over-
lapped once again, and then the thickness of the DUT
began to exceed that of the SUT, and the gap became
increasingly larger, except for the curved boundary layer
caused by the nose of tail car. As present in Figure 16(b),
the discrepancy in the height direction of the boundary
layer between the SUT and DUT is not as obvious as that
in width, and most of the positions are almost uniform
except for a spherical boundary layer produced by the
DUT in the coupling region.

3.6. Vortex structure

To understand the transient surrounding flow structure
around single- and double-unit train, the vortex field
must be analyzed, and the Q criterion was utilized for
the purpose of identifying the vortex region, as defined in

Guo et al. (2019). The iso-surfaces were established when
Q is 100,000 according to the definition of Q, as shown
in Figure 17. The iso-surface was rendered by the space
speed coefficient, U, is given as:

U = ulocal
u

(5)

whereulocal is the time-averaged velocity of train-induced
slipstream and u presents the speed of train.

Figure 17(a,b) show the top views of the vortex struc-
tures of single- and double-unit train.When the trainwas
moving at a constant speed, two counter-rotating vor-
tices were generated on both sides of the head owing to
the streamlined nose. No obvious differences were found
between the SUT and DUT upstream the coupling struc-
ture so figures begin from the fourth car to obtain a better
view. As illustrated in Figure 17(a), when the DUT was
moving, a relative low speed zone was formed around
the coupling region and is shown as green. The conver-
gence of this airflow led to a pressure increase at the
rear of the third car, which significantly changed its pres-
sure resistance, making it the dominant component of
the aerodynamic drag and offsetting some of the friction
resistance. Therefore, the third car of the DUT showed
a smaller drag, as shown in Figure 8. After the coupling
structure, the vortex around the train began to shed to
spanwise directions so the width of the vortex was much
greater than that it was at half of the train, and this width
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Figure 17. Vortex structure around: (a) DUT, top view; (b) SUT, top view; (c) near wake of DUT, side view; and (d) near wake of SUT, side
view.

reached 2.1 times of the train width (W) at the middle
of tail car. The width of near wake vortex was unchanged
at 2.0 W. As shown in Figure 17(b) for comparison, the
width of the vortex was much thinner than that of the
DUT, as well as the amplitude of the shedding. The vor-
tex shedding width at the middle of tail car was 1.8 W
and that of near wake was 2.0 W, which was the same
of Figure 17(a). Figure 17(c,d) show the side view of the
near wake vortex structure of the DUT and SUT. Higher-
space speed was found attaching to the surface of tail car
for the DUT, as shown in black circles. There was more
complex and higher-vortex shedding behind the tail car
of SUT.

4. Conclusions

DES models have been made to investigate the flow
and aerodynamic forces of scaled models of the Chinese
CRH2 trains for tow configurations. The single train con-
sisted of six cars and the double-unit train consisted of
two three-car trains connected by couplers. The conclu-
sions below can be made by numerical results.

1. The overall aerodynamic drag of double-unit train
was found to be slightly larger than that of the single-
unit trainwith the same lengths and numbers of cars.
Due to the discrepancies of local pressure distribu-
tion and boundary layers, the drag coefficients of the
individual cars of the DUTwere different from those
of the corresponding cars of the SUT. The bogies
of the SUT suffered higher-aerodynamic drag than
that of DUT, except for the fifth, sixth, and seventh
bogies.

2. Most of the cars of single- and double-unit trains
suffered from approximately the same aerodynamic
lift forces, while the lift of the front car closely
upstream the coupler was more than three times

that of single-unit train. This was result from large
pressure under the bottom of the front car closely
upstream the coupler.

3. The coupling structure can bring an obvious
increase in the time-averaged velocitymagnitudes of
the slipstream of the DUT. The value of U increased
in the following regions (around the last three cars
and the wake region).

4. Up to the coupler, boundary layer’s thickness on two
sides of double-unit train along its lengthwas similar
to that of the SUT. After the coupler, the DUT exhib-
ited a larger boundary layer thickness. The boundary
layer thicknesses above the two trains were almost
the same except for a small region above the coupler,
in which a large boundary layer thickness was found
above the DUT.

5. The development of the vortex structure around the
train was similar with the law of the development of
a boundary layer. The differences in thewidths in the
vortex region between the SUT and DUT were rela-
tively obvious compared to the height, and there was
greater vortex-shedding around the DUT.

6. There are some points not well thought out, such as
the sensitivity of the train configuration including
head car shape, gaps between cars, or train length,
and that they can indeed give a potential influence on
surrounding flow around trains, especially double-
unit trains. Although the length of trains we used
in this study meets the criteria for simulation. How-
ever, due to the presence of the boundary layers, the
longer the train, the more uncontrollable the vehi-
cle drag is. The influence of the train length for the
double unit trains will be studied next.
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