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Abstract: The streamlined nose length (SNL) plays a crucial role in determining the aerodynamic performance of high-speed
trains. An appropriate SNL can not only effectively reduce the magnitude of aerodynamic drag and lift forces, but also improve
the performance of the high-speed train in tunnel passing and crosswind circumstances. In this study, a numerical simulation of
the aerodynamic performance of high-speed trains at a speed of 400 km/h, with varying SNLs, is conducted using the k-@ shear
stress transport (SST) turbulence model. The different SNLs include 6.0, 7.0, 8.0, 9.0, 9.8, 12.0, 15.0, and 18.0 m. In order to
validate the accuracy of the numerical simulation, its results are compared with wind tunnel test data obtained from the
literature. Numerical simulation is carried out using compressible and incompressible gases to determine the effect of gas
compressibility on results. The impact of SNL on the aerodynamic performance of the trains is analyzed in terms of aerodynamic
forces, velocity, and pressure distributions. In comparison to the original train, the train with a 6.0 m SNL experienced a 10.8%
increase in overall aerodynamic resistance. Additionally, the lift forces on the head and tail cars increased by 35.7% and 75.5%,
respectively. On the other hand, the train with an 18.0 m SNL exhibited a 16.5% decrease in aerodynamic drag. Furthermore,
the lift forces on the head and tail cars decreased by 21.9% and 49.7%, respectively. The acrodynamic drag force of the entire
train varies linearly with the SNL, while the aecrodynamic lift of the tail car follows a quadratic function in relation to the SNL.
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1 Introduction

As the speed of a train increases and the operat-
ing environment becomes harsher (Shao et al., 2011;
Xiong et al., 2011; Miao et al., 2023), several aerody-
namic challenges become increasingly significant.
These challenges include aerodynamic resistance,
acoustic considerations, and crosswind stability (Rag-
hunathan et al., 2002; Li et al., 2013). In the context
of developing the CR450 high-speed electric multiple
unit (EMU) capable of reaching a speed of 400 km/h,
it is important to optimize its aecrodynamic shape.

The aerodynamic performance of high-speed
trains is greatly influenced by the design of the head
car (Dai et al., 2023; Li et al., 2023). Consequently,
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researchers worldwide have been studying the effects
of head car shapes on aerodynamic performance. Yu
et al. (2013) developed a 3D parameter model for trains,
considering aerodynamic resistance and load reduc-
tion coefficient as the primary optimization objectives,
conducted a correlation analysis between optimization
variables and optimization objectives, and obtained the
most important optimization variables. Zhang et al.
(2017) focused on optimizing the aerodynamic lift of
the tail car and total drag, and extracted seven head
shape design variables, using the non-dominated sort-
ing genetic algorithm II (NSGA-II) and the Kriging
model, creating a multi-objective aerodynamic optimi-
zation design. With the development of new types of
rail transit, there is increasing research on maglev
trains and some new types of ultra-high-speed trains
(Britcher et al., 2012; Huang et al., 2019). Sun et al.
(2021) used an improved Kriging model to optimize
the aerodynamic force of the urban maglev train. The
aerodynamic noise of trains is also greatly affected by
the head shape (Iglesias et al., 2017; Li et al., 2022).
Based on the parametric modeling of the longitudinal
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line shape of the train head constructed by non-uniform
rational B-splines (NURBS) and using genetic algo-
rithms to seek the optimal solution, Xiao et al. (2014)
found that the resulting total pulsating pressure level
is 8.7 dB lower than that for the original longitudinal
line shape. In order to suppress the micro pressure
wave generated when the train exits a tunnel, Kikuchi
et al. (2011) used the rapid computational scheme
and a genetic algorithm to determine the optimal lon-
gitudinal distribution of the cross-sectional area of
the train nose shape and confirmed the effect of nose
shape optimization through experiments using a scale
model.

The streamlined nose length (SNL) is one of the
significant parameters of the shape of the train nose.
Choi and Kim (2014) found that, when the speed of
the train doubled, changing the train’s head shape from
a blunt head to a streamlined head shape, could reduce
the resistance of the train by 50%. In the research of
Niu et al. (2018), the aerodynamic performance of high-
speed trains was investigated by varying the SNLs.
The study revealed that increasing the SNL of the head
car from 8.0 to 12.0 m resulted in a decrease in both
the drag experienced by the tail car and the lift expe-
rienced by the head car. Chen et al. (2019) employed the
improved delayed detached-eddy simulation (IDDES)
method to analyze the trackside and platform slip-
stream speeds of trains considering various SNLs.
Chen et al. (2018) studied the aerodynamic performance
of trains with different nose lengths in a strong cross-
wind environment. When the nose length increased
from 4.0 to 12.0 m, the total resistance decreased by
19% and the side force decreased by 10.2%. Ezoji
and Talaee (2022) modified the basic geometric struc-
ture of the train according to the overturning condi-
tions of the train and generated seven new head-shaped
structures, showing that increasing the length of the
train nose can reduce the risk of the train overturning.
Zhang et al. (2020) and Hu et al. (2022) studied the
effect of train nose length on the aerodynamic perfor-
mance of evacuated-tube trains and proved that under
evacuated-tube operating conditions, an increase in
train nose length can reduce the aerodynamic force on
the train and improve its aerodynamic performance.
Meng et al. (2022) studied the impact of the train
nose length on the surrounding airflow disturbance
when the train passes through the noise barrier. The
results showed that a longer nose length can reduce

the airflow disturbance between the train and the noise
barrier and ensure operational safety.

The above studies were mainly aimed at optimiz-
ing the SNL of high-speed trains operating within the
speed range of 200-350 km/h. There are few studies
on the aerodynamic optimization for a train at a speed
of 400 km/h. Currently, the design of 400 km/h high-
speed trains is being conducted in China. This study
takes the high-speed EMU with a running speed of
400 km/h as the research object, the influence of dif-
ferent air characteristics on the numerical aerodynamic
results of trains running at speeds above 400 km/h is
analyzed, and the formula for the change of aerody-
namic force with SNL is fitted. The results can guide
the optimization and development of high-speed train
head shapes.

2 Numerical simulations
2.1 Train models and calculation conditions

The three-car high-speed train model is used to
conduct numerical simulations. The train, track, and
subgrade are shown in Fig. 1a. The length of the whole
train is 80.000 m, the lengths of the head car and the
middle car are 26.850 and 25.000 m, respectively, the
length of the tail car is the same as that of the head
car, the gauge is 1.435 m, and the height and width of
the track are 0.176 and 0.050 m, respectively. While
maintaining the length of the head car and with the
entire vehicle unchanged, the original head car with an
SNL of 9.8 m is stretched and compressed to change
its SNL to obtain seven different models.

Fig. 1b illustrates the numerical domain and bound-
ary conditions used in the study. Four refinement zones
(refine box 0, refine box 1, refine box 2, and refine
box 3) are established around the train to improve the
mesh quality. The pressure-far-field is selected as the
inlet boundary condition, with a Mach number of 0.3268
corresponding to an operating speed of 400 km/h. The
turbulence intensity and hydraulic diameter are selected,
which are 3.0% and 3.8 m, respectively. The pressure
outlet is defined as the outlet boundary condition and
is set to a value of zero. In the computational domain,
the top and sides are considered symmetry boundary
conditions. The ground and the track subgrade are
set as sliding walls, and the sliding speed is consistent
with the running speed of the train, set to 111.11 m/s.
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Fig. 1 Train models and the calculation conditions: (a) train models; (b) computational domain and boundary conditions

2.2 Numerical method

In the research, the Mach number of the train
running speed is 0.3268, which is greater than 0.3 times
the speed of sound. It is necessary to consider the com-
pressibility of air (Kim et al., 2011; Li et al., 2011),
so the compressible ideal gas is used to conduct the
numerical simulation. According to the research of
Zampieri et al. (2020), the use of the k-@ shear stress
transport (SST) turbulence model in numerical simu-
lation can better capture the turbulent structure in the
boundary layer. The algorithm of semi-implicit method
for pressure linked equations (SIMPLE) is used to solve
the flow field and pressure. According to the research of
Liu et al. (2013), there is little difference in pantograph-
catenary dynamic contact force between steady-state
and unsteady-state aecrodynamic loadings when the pan-
tograph three-mass model is used for simulation. The
flow around the train is unsteady when it is running.
With the simplification of the train model and operat-
ing environment in this study, the use of steady-state

simulation has little impact on the aerodynamic perfor-
mance of the train. Therefore, the steady-state simula-
tion is used in this study.

3 Numerical validation
3.1 Validation of mesh independence

To exclude the impact of grid resolution on the
accuracy of the calculation, the grids are divided into
coarse, medium, and fine grids, with base sizes of
1400, 1200, and 1100 mm, respectively. The numbers of
the three sets of grids are 26.75 million, 36.72 million,
and 43.12 million, respectively. Fig. 2a displays the
grids around the train and the boundary layer grids
used in the simulation. Four mesh refinement zones
are set to improve the mesh quality around the train.
The boundary layers of the three sets of grids are the
same. The thickness of the first layer is 0.01 mm,
and the growth rate is 1.2, a total of 12 layers. Fig. 2b
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Fig. 2 Computational mesh and wall y* distribution: (a) grids of computational domain and boundary layers; (b) wall y*
distribution of the train. References to color refer to the online version of this figure

shows the distribution of y" (a non-dimensional wall
distance for a wall-bounded flow) on the train surface
of the medium grid. It can be seen that the y" values
on the train surface are almost all less than 2. Except
for part of the bogie region and the streamlined region
of the head car and tail car, the y"values of the cells
on the other train surfaces are basically around 1.

The aerodynamic performance of trains is de-
scribed using the dimensionless parameters C,, C,, and
C, representing pressure coefficient, drag coefficient,
and lift coefficient, respectively. The calculation for-
mulas are as follows:

P

o= 0.5pu?’ M
F

= O.SpZZA’ @
F

" O.SletzA’ )

where P is the surface pressure; F, is the aerodynamic
drag; F, is the aerodynamic lift; p is the air density
(1.225 kg/m’); u, is the running speed of the train; 4 is
the windward area of the train (11.18 m’).

Fig. 3 shows the y=0 cross-sectional pressure co-
efficient distribution obtained from the three sets of
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Fig. 3 Pressure coefficient distribution of y=0 section



grid numerical simulations. In Fig. 3, X represents the
distance from the front end of the head car, and L rep-
resents the length of the entire vehicle. As shown in
Fig. 3, C, exhibits little difference in both its value
and distribution. The data comparison of the grid inde-
pendence validation calculation results is shown in
Table 1. The relative error between the two sets of grids
gradually decreases with the increment in the number
of grids. The relative etror of C, for the head car has
been reduced from 1.23% to 0.85%, while that for the
tail car has been reduced from 1.36% to 0.40%; the
relative error of C, for the head car has been reduced
from 11.39% to 5.24%, while that for the tail car has
been reduced from 3.72% to 0.86%. As the number of
grids increases, the impact on the aerodynamic forces
gradually diminishes. In summary, continuing to re-
fine the grid after the number of grids reaches about
26.75 million has basically no effect on the results of
numerical simulation. Considering both the calculation
accuracy and calculation speed, the medium grid size
is selected for follow-up research.

3.2 Validation of wind tunnel tests

To ensure the reliability and accuracy of the numer-
ical simulation, a comparison is made between the
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simulation results and the findings from wind tunnel
tests that have been conducted. This validation pro-
cess helps confirm the fidelity of the numerical simu-
lation. The test adopts a scale model of 1:8, and 11
pressure measuring points are arranged in the y=0 sec-
tion. The data come from the literature (Huo et al.,
2021).

Fig. 4 illustrates the comparison of the aerody-
namic coefficients for the head car as well as the dis-
tribution of C, along the y=0 section. It can be seen
from Fig. 4a that the disparity in C, between the simu-
lation results in the literature and the wind tunnel test
findings is 1.71%. The above discrepancy between the
numerical simulation results presented in this study
and the wind tunnel test results is less than 5%. Mean-
while, the numerical simulation results of C, in the liter-
ature and this study are very close to the experimental
data. The pressure comparison of the y=0 section is
shown in Fig. 4b. L, , represents the length of the
whole head car. The pressure coefficients on the y=0
section obtained from both the test and the numerical
simulation exhibit excellent agreement with only slight
deviations in a few points. It can be concluded that
the numerical simulation method used in this study
yields reliable and accurate results.

Table 1 Comparison of grid independence validation

C, (relative error)

C, (relative error)

Grid size : ;
Head car C,,, Tail car C, Head car C,,_, Tail car C,;
Coarse 0.1305 (-) 0.1026 (-) -0.0237 (-) 0.0968 (-)
Medium 0.1289 (1.23%) 0.1012 (1.36%) -0.0210 (11.39%) 0.0932 (3.72%)
Fine 0.1300 (0.85%) 0.1016 (0.40%) —-0.0221 (5.24%) 0.0940 (0.86%)
0.20
% Wind tunnel test
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Fig. 4 Comparison of wind tunnel test and numerical simulation results: (a) comparison of aerodynamic force coefficients;

(b) pressure comparison of y=0 section of the head car
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3.3 Validation of the effect of gas compressibility on
results

The speed of the train is 400 km/h and exceeds
the Mach number of 0.3, so the compressibility of the
gas cannot be ignored. In previous studies, incom-
pressible gas was used for numerical simulation. To
validate that the compressibility of gas will affect the
numerical results, we use compressible and incom-
pressible gases as simulation fluids to carry out the
numerical simulation on a train with an original SNL
of 9.8 m.

As shown in Table 2, the compressibility of the
gas has a significant impact on the drag and lift forces
of the head car, as well as the lift force of the tail car.
The numerical simulation of two different gases resulted

in relative errors of 4.50% for C,,.., 5.24% for C,,...,
and 1.39% for C,_,.

Figs. 5a and 5b show the gas velocity u and C,
distributions near the train surface on the z=1.5 m sec-
tion. As shown in Fig. 5a, the speed obtained by using
the incompressible gas is smaller, and the maximum
absolute error in speed value around the train obtained
by the two kinds of gas simulations reached 3.22 m/s.
Fig. 5b illustrates that the difference in the distribu-
tion of C, is mainly reflected in the transition area of
the train from streamlined to non-streamlined. In this
area, the simulation results using the incompressible
gas exhibit a smaller peak value of negative pressure,
and the maximum absolute error in C, value reached
0.0083, which is converted into an aerodynamic force
of about 702 N. When using the compressible gas for

Table 2 Comparison of aerodynamic coefficients

Fluid characteristic C, .. (relative error)

C\q (relative error)

C,..y (relative error) C, ., (relative error)

Compressible air 0.1289 (-)

Incompressible air 0.1347 (4.50%)

-0.0210 (-)
-0.0221 (5.24%)

0.1012 ()
0.1009 (0.30%)

0.0932 (-)
0.0919 (1.39%)
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Fig. 5 Comparison of compressible and incompressible gases: (a) velocity distribution on z=1.5 m section; (b) C, distribution
on z=1.5 m section; (c) velocity boundary layer. References to color refer to the online version of this figure



simulation, the airflow velocity around the train is over-
all greater, and the airflow velocity reaches an extreme
value due to the influence of the train geometry in the
area where the train changes from streamlined to non-
streamlined. According to the Bernoulli principle, the
greater the airflow velocity, the smaller the negative
pressure generated, so the C, of this part of the area
obtained by using compressible gas for simulation is
smaller.

Fig. 5c shows the boundary layers of the head car
and the tail car. The 0.99u,; (1, represents the velocity
of inflow) is employed as the value of the boundary
layer isoline. The velocity of airflow inside the isoline
is less than 0.99u, ., and that outside the isoline is
greater than 0.99u, . The simulation using the incom-
pressible gas yields a thicker velocity boundary layer,
so the average velocity near the train surface is smaller.
According to Newton’s law of viscosity, the viscous
shear stress acting on the wall is proportional to the
velocity gradient of the fluid near the wall (White,
2006), which causes the obtained viscous drag on the
train surface to be smaller than that obtained by simu-
lation with the compressible gas.

The train aerodynamics is investigated through
numerical simulation, employing two different gases
with distinct characteristics, and the results show that the
compressibility of the gas has a great influence on the
numerical results. This validates the feasibility and ratio-
nality of using compressible gas in the numerical simu-
lation of train aerodynamic performance in this study.

4 Numerical results and analysis

Fig. 6 illustrates the relationship between the SNL
and the aerodynamic force coefficients for each car of
the train. It is observed that the aerodynamic force coef-
ficients of the middle car (C,,, and C, ) are minimally
affected by change in the SNL, resulting in negligible
variations in the overall car’s aerodynamic force. As a
result, the aerodynamic performance of the head and
tail cars is the main object of analysis.

4.1 Influence of the SNL on the aerodynamics of the
head car

Fig. 7a shows the changes in the aerodynamic
force coefficients of the head car at the streamlined
and non-streamlined parts of different SNLs. If the
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Fig. 6 Changes of aerodynamic force coefficients of each
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sign of lift force is negative, it means a downward force
and, if it is positive, it means a lift force. In Fig. 7a,
C,,, represents the drag coefficient of the streamlined
part, and C,,, represents the drag coefficient of the
non-streamlined part. According to the data presented
in Fig. 7a, the total resistance exhibits an initial increase
followed by a subsequent decrease as the SNL increases.
The resistance of the streamlined part follows a similar
pattern as the overall resistance of the head car, increas-
ing initially and then decreasing as the SNL increases.
However, the resistance of the non-streamlined part
decreases as the SNL increases. Additionally, the over-
all lift force acting on the head car is oriented down-
ward and gradually decreases in magnitude as the SNL
increases.

The overall resistance is composed of pressure
resistance and viscous resistance. Fig. 7b shows the
changes in the two kinds of resistance of the stream-
lined part. As the SNL increases, the pressure resis-
tance of the streamlined part exhibits a gradual decrease,
while the viscous resistance exhibits a gradual increase
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and the total resistance first increases and then de-
creases. The two kinds of resistance changes in the non-
streamlined part are shown in Fig. 7c. The decrease in
the resistance of the non-streamlined part is mainly
due to the decrease in viscous resistance, while the
pressure resistance has almost no change. As shown
in Fig. 8a, the streamlined front end of the head train

(i.e. the nose tip) is basically covered by positive pres-
sure because it is located on the windward side. As
the SNL increases, the nose tip becomes sharper, the
frontal area decreases, and the positive pressure area
gradually decreases in both size and extent. There-
fore, the integral resistance of the nose tip positive
pressure along the running direction gradually de-
creases, resulting in a decrease of the pressure resis-
tance. As the SNL increases, the contact area between
the streamlined part and the air increases, so the vis-
cous resistance between the surface of the train and
the air in this part increases gradually. Since the non-
streamlined part has no windward slope, the surface
pressure resistance is very small, and the main source
of resistance is viscous resistance. The length of the
corresponding non-streamlined part reduces along with
the elongation of the SNL of the head car, and the
contact area between the air and the non-streamlined
part of the train surface decreases, so the viscous
resistance decreases.

The lift force is predominantly influenced by the
positive pressure area located at the nose tip, as well
as the negative pressure area that occurs during the
transition from the streamlined to the non-streamlined
area. As the SNL increases, the vertical downward
pressure is weakened, so the downward integral lift
force on the head car is reduced. From Region-1 in
Fig. 8a, it can be observed that a longer SNL results
in increased airflow being directed towards the rear
end of the driver’s window as it traverses the concave
section. Consequently, the vortex generated in this
region progressively grows in size. As a result, the
negative pressure area within the recessed part of the
driver’s window gradually expands, thereby diminish-
ing the downward force exerted. From Fig. 8b, the
pressure in the bottom of the streamlined nose and the
bogie cabin (Region-2) gradually increases. When the
streamline is short, the gas in the bottom of the head
car is accelerated when it passes through the nose tip,
resulting in a high flow velocity, and a large vortex is
generated inside the bogie cabin. As the SNL increases,
the diversion effect of the head becomes better, and
the gas flow velocity in the bottom decreases, leading to
a reduction in negative pressure within the bottom area
as well as the bogie cabin. Consequently, the upward
lift exerted on the train body and the bogie increases,
resulting in a decrease in the downforce experienced
by the head car.
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Fig. 8 Distributions of pressure and velocity around the head car: (a) pressure distribution of the head car surface;
(b) pressure distribution of the flow field; (c) velocity distribution of the flow field

4.2 Influence of the SNL on the aerodynamics of
the tail car

Fig. 9a shows the aerodynamic force coefficients of
each part of the tail car with different SNLs. In Fig. 9a,
C,,, represents the drag coefficient of the streamlined
part, and C,, represents the drag coefficient of the non-
streamlined part. As the SNL increases, the total resis-
tance and the total lift both decrease. The resistance
changes of the streamlined and non-streamlined parts
also show a downward trend.

Figs. 9b and 9c show the variation of viscous re-
sistance and pressure resistance in the streamlined and

non-streamlined parts, respectively. As the SNL in-
creases, the pressure resistance and total resistance in the
streamlined part decrease, while the viscous resistance
increases. The viscous resistance of the non-streamlined
part decreases but the change range of the pressure
resistance is small. The viscous resistance in the non-
streamlined part accounts for a large proportion and
gradually decreases. The reduction of the pressure value
in the negative pressure area results in a reduction in
the pressure resistance of the streamlined part, which
results in a decrease in the integral resistance of the
negative pressure. The increase of viscous resistance
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in the streamlined part is due to the increase in the
contact area between the surface of the streamlined
body and the air. The velocity boundary layer of the non-
streamlined part of each model is shown in Fig. 10a.
As the SNL increases, the thickness of the boundary
layer near the surface of the train gradually becomes
greater, the average velocity decreases gradually, and the

contact area between the surface of the non-streamlined
part and the air is reduced, so the viscous resistance
and the total resistance of the non-streamlined part of
the tail car are reduced.

The change in lift force is primarily influenced by
the negative pressure zone formed at the transitional
area between the streamlined and non-streamlined sec-
tions. Fig. 11 illustrates the variation of C, on the y=0
section. From Figs. 10b and 11, as the SNL becomes
longer, the negative pressure absolute value gradually
decreases and the vertically upward integral resistance
of the tail car decreases, resulting in a decrease in lift.
The positive pressure area exhibits relatively stable
pressure values, indicating that it has minimal impact
on the aerodynamic force variation.

4.3 Influence of the SNL on the surrounding flow
field

In order to investigate the impact of the SNL on
the flow around the train, a monitoring line is defined
encircling the train to monitor the pressure and velocity
distributions. As shown in Fig. 12a, the line is parallel
to the horizontal of the train, with a height of 1.5 m
above the rail surface and a width of 1.7 m referred to
the train center. The velocity and C, distributions along
the monitoring line are presented in Figs. 12b and 12c,
respectively. The velocity and pressure distributions of
the z=1.5 m cross-section are extracted for correlation
analysis, as shown in Fig. 13.

As depicted in Fig. 12b, the velocity distribution
along Line-1 exhibits significant variations between the
streamlined parts while the velocity differences in other
sections are relatively minor. As the SNL increases,
the peak velocity of the streamlined part decreases,
this change can be seen in Region-1 and Region-2
in Fig. 13a, and the velocity of the wake region of
Region-2 also decreases significantly. The difference
in C, distribution is also mainly reflected in the stream-
lined part. As the SNL increases, the negative pressure
in the streamlined part gradually decreases; this change
can be seen in Region-1 and Region-2 in Fig. 13b. The
streamlined nose shape has a strong influence on air-
flow separation and reattachment points. Compared
with the long streamlined nose, the airflow separation of
the short streamlined nose is earlier at the front of the
car and later at the rear. This results in drastic changes
in the airflow at the front and rear of the short stream-
lined car, with a higher airflow velocity, resulting in



----60m
++12.0m

T

—-— 80m
—..—18.0m

J Zhejiang Univ-Sci A (Appl Phys & Eng) 2024 25(7):525-540 | 535

—98m

Pressure (Pa) -1000  -500 0 500

6.0m
9.8 m

12.0m

(

IIH T

Pressure (Pa) -1000 -500

AR

1000 1500 2000 2500 3000

8.0m

b)

1000 1500 2000 2500 3000

ﬂa_mg—i
ﬁmq

18.0m

Fig. 10 Velocity boundary layer and pressure distribution of the tail car: (a) velocity boundary layer; (b) pressure distribution
of the tail car surface; (c) pressure distribution of the flow field. References to color refer to the online version of this figure

greater negative pressure. Increasing the SNL can slow
down this airflow change.

4.4 Aerodynamic results and predictions

Table 3 shows the aerodynamic coefficients of
the whole vehicle with various SNLs. As the SNL in-
creases, the overall resistance of the train decreases.

Compared with the primitive train model, the resis-
tance of the train with a 6.0 m SNL increases by 10.8%
and the resistance of the train with an 18.0 m SNL
decreases by 16.5%. The lift forces of the head and tail
cars with a 6.0 m SNL increase by 35.7% and 75.5%,
respectively, and the lift forces of the head and tail
cars with an SNL of 18.0 m decrease by 21.9% and
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49.7%, respectively. Therefore, by elongating the SNL
of a train, the aerodynamic performance can be opti-
mized, and the resistance and lift force suffered by the
train can be reduced.

0.4

0.2

-0.2

XIL

Fig. 11 Distribution of C, at y=0 section of the tail car with
different SNLs. References to color refer to the online version
of this figure
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According to Li et al. (2019), when the train is
operating at a speed of 200 km/h, as the SNL increases
from 4.0 to 7.0 m, the C, of the head car decreases by
17.6%, the C, of the tail car decreases by 29.3%, the
C, of the head car decreases by 15.8%, and the C, of
the tail car decreases by 75.7%. However, the change
in aerodynamic forces is not very obvious when the
SNL increases from 7.0 to 12.0 m. In this study, when
the running speed of the train reaches 400 km/h, the
aerodynamic forces change significantly as the SNL
increases from 6.0 to 18.0 m. Therefore, the SNL of
the train at that speed has a great impact on the aero-
dynamic performance of the train.

Analyzing the C, of the whole train and the C, of
the tail car, it can be observed that the drag of the
whole train and the lift of the tail car have respectively
linear and quadratic function relationships with the SNL.
Therefore, the following predictive formulas for train

0.1 = 6.0m
<«120m

22

¢ e e T

Fig. 12 Velocity and C, distributions around the train: (a) monitoring line around the train; (b) velocity distribution; (¢) C,
distribution. References to color refer to the online version of this figure
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Fig. 13 Distributions of velocity (a) and pressure (b) on the z=1.5 m cross-section

Table 3 Aerodynamic coefficients of trains with different

SNLs
Coefticient
SNL (m)
Cd Cl-head Cl-mil
6.0 0.3252 -0.0285 0.1636
7.0 0.3135 -0.0250 0.1390
8.0 0.3071 -0.0249 0.1268
9.0 0.3008 —-0.0222 0.1062
9.8 0.2935 -0.0210 0.0932
12.0 0.2776 -0.0196 0.0721
15.0 0.2611 -0.0188 0.0550
18.0 0.2520 -0.0164 0.0469

resistance and C, of tail car can be obtained by using
the first-order and second-order polynomial fitting:

Cd = Cd-head + Cd-tail + Cd-mid =

(~0.0061x +0.2944) + 0.0619, @)
C,..;=0.00093x>—0.0318x+0.3186,  (5)

where x is the SNL of the train.

Since the resistance of the middle car is basically
unchanged, the average value of C, of the middle car
is expressed in the fitting formula as a separate con-
stant. The linear function in the brackets of the first
term in Eq. (4) is the fitted formula of C, of the head
and tail cars, and the second constant is the average
C, of the middle car.

As shown in Table 4, according to the analysis of
the fitting formulas, the R* of the two fitting formulas
are 0.9755 and 0.9958, which are close to 1, and both
the residual mean values and the root mean square
errors (RMSE) of the fitting formulas are close to zero.
It can be seen from Fig. 14 that the original data points
of the aerodynamic force coefficients are basically
distributed around the fitting curve and the residuals
of different data points are randomly distributed around

Table 4 Statistics for fitting formulas

Coefficient R Residual mean RMSE
C, 0.9755 -2.1x10°¢ 3.76x107°
C 0.9958 -2.2x10°¢ 2.50x107

I-tail
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zero; the maximum residual of C, is about 0.006, and
the relative error is less than 3%; the maximum resid-
ual of C,,; is about 0.003, and the relative error is less
than 2%. Therefore, under the condition that the Reyn-
olds number is about 2.8x10’, the fitting formulas can
be used to predict the aerodynamic force of trains with
SNL in the range of 6.0 to 18.0 m.

5 Conclusions

This study investigates the aerodynamic perfor-
mance of high-speed trains operating at a speed of
400 km/h, mainly studying the impact of the SNL of
the train on the aerodynamic performance of the train
at this speed level. The main conclusions obtained are
the following:

1. Numerical simulations are performed with com-
pressible and incompressible gases to validate the
effect of gas compressibility on results. The relative
error of the drag force of the head car is 4.50%, and
the maximum absolute error of velocity value and

aerodynamic force value of the flow field around the
train reached 3.22 m/s and 702 N, respectively. This
validates the feasibility and rationality of using com-
pressible gas in the numerical simulation of train aero-
dynamic performance in this study.

2. As the SNL increases, the pressure resistance
of the streamlined part of the head car gradually de-
creases, and the viscous resistance gradually increases.
The pressure resistance of the non-streamlined part is
unchanged, the viscous resistance gradually decreases,
and the overall aerodynamic resistance of the head car
increases first and then decreases. The aerodynamic
lift of the head car is expressed as a downforce, which
decreases as the SNL increases.

3. As the SNL increases, the pressure resistance of
the streamlined part of the tail car gradually decreases
and the viscous resistance gradually increases. The
changing amplitude of the pressure resistance in the
non-streamlined part is small, the viscous resistance
gradually decreases, and the overall aecrodynamic resis-
tance of the tail car is decreased. The overall aerody-
namic lift of the tail car decreases as the SNL increases.



4. When the SNL is reduced from 9.8 to 6.0 m,
the train experiences an increase of 10.8% in aerody-
namic drag. Additionally, the lift forces on the head and
tail cars are increased by 35.7% and 75.5%, respec-
tively. Conversely, when the SNL is increased from
9.8 to 18.0 m, the train experienced a decrease of 16.5%
in aerodynamic drag. The lift forces on the head and
tail cars decreased by 21.9% and 49.7%, respectively.
The relationship between the SNL and the aerodynamic
forces can be approximated using fitting formulas.
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