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Abstract Compared with the traditional train, the opera-
tional speed of the high-speed train has largely improved, and
the dynamic environment of the train has changed from one of
mechanical domination to one of aerodynamic domination.
The aerodynamic problem has become the key technological
challenge of high-speed trains and significantly affects the
economy, environment, safety, and comfort. In this paper,
the relationships among the aerodynamic design principle,
aerodynamic performance indexes, and design variables are
first studied, and the research methods of train aerodynamics
are proposed, including numerical simulation, a reduced-
scale test, and a full-scale test. Technological schemes of
train aerodynamics involve the optimization design of the
streamlined head and the smooth design of the body sur-
face. Optimization design of the streamlined head includes
conception design, project design, numerical simulation, and
a reduced-scale test. Smooth design of the body surface is
mainly used for the key parts, such as electric-current col-
lecting system, wheel truck compartment, and windshield.
The aerodynamic design method established in this paper
has been successfully applied to various high-speed trains
(CRH380A, CRH380AM, CRH6, CRH2G, and the Standard
electric multiple unit (EMU)) that have met expected design
objectives. The research results can provide an effective
guideline for the aerodynamic design of high-speed trains.
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1 Introduction

High-speed rail is a common trend in the development of
world rail transportation, and it is also the main indica-
tor of the modernization of railway technology. In recent
years, high-speed rail has attracted considerable attention
and rapid development all over the world. In China, it has
been the subject of research and has been under construc-
tion. Until now, the number of high-speed railway lines is
54, and the total mileage of high-speed rails is 18000 km,
which accounts for 60 % of the total mileage in the world.
High-speed trains, which constitute the core of high-speed
railway, are represented by 23 versions in China, includ-
ing common electric multiple units (EMUs), cold-weather
EMUs, intercity EMUs, comprehensive inspection EMUs,
and sleeping-berth EMUs, and the operational speed ranges
from 200 to 400km/h. The main versions of the high-speed
train in China are the CRH380A and CRH380B, with a max-
imum operational speed of 380 km/h.

With the increasing train speeds, the interaction between
a high-speed train and the ambient air becomes increasingly
obvious, and the dynamic environment of the train changes
from one of mechanical domination to one of aerodynamic
domination. The aerodynamic problem has become the key
technological challenge of high-speed trains [1-3]. When
a high-speed train’s speed reaches 205-300km/h near the
ground in the atmosphere, the resistance of the train mainly
comes from the ambient air, and the aerodynamic drag could
account for 75 % of the total resistance [4]. The aerodynamic
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drag is proportional to the second order of the train speed,
and it will take a greater proportion of the total resistance at
a higher train speed. The aerodynamic drag becomes one of
the main factors in restraining the train speed and in energy
conservation. The reduction of the aerodynamic drag plays a
very important role in the aerodynamic design of high-speed
trains. Moreover, other aerodynamic forces (moments) are
also proportional to the second order of the train speed. The
aerodynamic forces (moments) increase quickly with train
speed, which may lead to the deterioration of the operational
safety of high-speed trains.

For example, the upward lift force may reduce the wheel—
rail contact force and create safety issues [5]. In particular, the
flow field of a high-speed train undergoes obvious changes
in strong crosswinds, and the aerodynamic side force, lift
force, roll moment, and so forth dramatically increase, which
greatly influences the operational safety of the train [6-9].
The pressure on the train surface could change rapidly when
the train is traveling at a high speed in the atmosphere, espe-
cially in connection with oncoming trains or trains going
through a tunnel. The transient pressure impulse may have
significant effects on the strength of car bodies and win-
dows. Reducing the pressure wave of trains passing each
other or a train going through a tunnel, as well as improving
the air-tightness strength, is very important in the aerody-
namic design of high-speed trains [10-12]. Aerodynamic
noise is also an important problem caused by increases in
train speed. When train speed reaches 300km/h, the aero-
dynamic noise will drown out the wheel/rail noise. This
poses a great challenge in terms of reducing the aerody-
namic noise of high-speed trains [13—15]. Thus, aerodynamic
design should be carried out for high-speed trains, which
is rarely a consideration for traditional trains. There are
many objectives in the aerodynamic design of high-speed
trains, such as, for example, aerodynamic drag, lift force
of the tail car, aerodynamic performance under side winds,
pressure wave of trains passing each other or trains going
through a tunnel, and aerodynamic noise. The design objec-
tives are usually opposed to each other; the ultimate goal
of the aerodynamic design of high-speed trains is to coordi-
nate the compromises and tradeoffs between various design
objectives and optimize each of the objectives as far as
possible [16].

The aerodynamic issues associated with high-speed trains
are always emphasized in China during their research and
development. To obtain the optimal shape of high-speed
trains, much research work on train aerodynamics is car-
ried out. Meanwhile, a series of streamlined head shapes
of high-speed trains with typical characteristics and smooth
schemes of the body surface are obtained. On this basis, the
main purpose of the present paper is to establish a complete
and systematic aerodynamic design method for high-speed
trains.
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2 Research topics related to train aerodynamics

At present, the largest network of high-speed railways is in
China, which accounts for 60 % of the total length of high-
speed railway worldwide. The operational environment of
high-speed railway is very complex. The four longitudinal
and four horizontal passenger special lines and three intercity
passenger systems proposed in the national middle-/long-
term transport plans cover different terrains, such as, for
example, plains, mountainous, hills, and plateaus. The tem-
perature, humidity, altitude, wind speed, and the presence
or absence of sandstorms in different cities along the rail-
way are very different, which can be seen in Fig. 1. The
railway system in China is very complex and comprises
high-speed railway, intercity railway, fast railway, and con-
ventional railway, on both ballast and ballastless track at the
same time. There are also many embankments, viaducts, and
tunnels along railway lines. For the high-speed-train sections,
high-speed trains have a large slenderness ratio and run on
track near the ground, which could lead to more obvious
aerodynamic problems compared with other means of trans-
portation. The clearance between a high-speed train and the
ground is small, and the influence of the ground effect is
very significant. A high-speed train consists of many different
cars, and a car has many complex parts, such as the panto-
graph, wheel truck, and windshield. Thus, the body shape
of a high-speed train has multiscale characteristics and the
flow field around the train is very complex. In addition, nat-
ural winds, trains passing each other, or trains going through
tunnels usually occur when high-speed trains are running on
tracks, which leads to very complex aerodynamic problems.

Compared with traditional trains, the operational speed of
high-speed trains has improved considerably, and the influ-
ence of aerodynamic effect has changed qualitatively, which
has raised many aerodynamic challenges. With increasing
train speeds, aerodynamic drag becomes the main resistance.
The traction power of trains should be enhanced to overcome
aerodynamic drag. Aerodynamic noise is also an important
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Fig. 1 Environmental characteristics of typical cities
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problem caused by increases in train speed. Aerodynamic
noise is an environmental hazard and could also radiate into
the interior of trains, leading to passenger discomfort. The
aerodynamic forces (moments) of high-speed trains caused
by natural winds have a great influence on the operational
safety of high-speed trains, and pressure waves caused by
trains passing each other or trains going through tunnels sig-
nificantly influence the performance of high-speed trains. In
general, the aerodynamic problems significantly influence
the economic, environmental, safety, and comfort perfor-
mance of high-speed trains, which are research topics related
to train aerodynamics.

2.1 Economic performance

For high-speed trains running in the dense atmosphere near
the ground, the running resistance of the train consists of the
mechanical resistance, air momentum loss resistance, and
aerodynamic drag. The mechanical resistance is proportional
to the mass of the train, which is unrelated to train speed.
Air momentum loss resistance is proportional to train speed.
Aerodynamic drag is proportional to the square of the train
speed. Thus, the proportion of aerodynamic drag increases
most rapidly with increasing train speed. When the train
speed exceeds 200km/h, or especially reaches 300km/h,
the resistance of a high-speed train is mainly caused by
the ambient air. The increase in the running resistance of
a high-speed train enhances the requirements of traction
power. Figure 2 shows the required traction power of a train
per ton at different train speeds. It can be seen from Fig. 2
that the required traction power quickly increases with train
speed. The increased traction power is mainly used to over-
come aerodynamic drag, which leads to an increase in the
operational energy consumption. To improve the economic
performance of high-speed trains, drag reduction has become
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the major problem in their design. A deep understanding of
the resistance characteristics of high-speed trains and a drag
reduction method that could reduce the operational energy
consumption of such trains have practical engineering sig-
nificance.

In the open air with zero wind speed, the running resistance
of a train at a constant speed can be expressed as [17]

Fr = C1 + Covy + C302, (1)

where C1, C, C3 are constants for a particular train that can
be determined by experiment; vy is the train speed; C is the
rolling mechanical resistance; C vy is the air momentum loss
resistance; Cy = pQ, Q is the total air volume flow; C3 vtzr
is the aerodynamic drag, which consists of the pressure drag
force and skin friction drag force.

Figure 3 shows aresistance assessment by a casting test for
two typical high-speed trains. From the casting test results we
can obtain the coefficients C, C», and C3 in Eq. (1) for each
high-speed train. Then the proportion of these three kinds
of resistance in the total resistance for different train speeds
can be computed. Our analysis revealed that when the train
speed reaches 350km/h, the proportion of the mechanical
resistance in the total resistance is less than 5%, and the
proportion of the air momentum loss resistance in the total
resistance is approximately 10 %. Therefore, the proportion
of the aerodynamic drag in the total resistance is more than
85 %. The key in drag reduction in high-speed trains is to
reduce the aerodynamic drag.

There are three ways to reduce the aerodynamic drag of a
high-speed train: (1) optimize the design of the streamlined
head: aerodynamic drag can be reduced by, for exam-
ple, increasing the slenderness ratio, decreasing the cross-
sectional area, or optimizing the contour line; (2) design a
smooth train body surface: aerodynamic drag can be reduced
by smoothing the key parts of the train body, such as the
pantograph, wheel truck, and windshield areas; (3) use flow
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control technology: aerodynamic drag can be further reduced
using active/passive flow control technology, such as bionic
design or turbulence control. However, this technology has
not yet been applied to high-speed trains.

2.2 Environmental performance

Noise has become the biggest challenge and limitation since
aerodynamic effects came to dominate the dynamic environ-
ment of high-speed trains. According to theoretical research
and test results on railway noise in China and in other
countries, train noise mainly consists of propulsion noise,
wheel/rail noise, and aerodynamic noise, and the relation
between noise and train speed is shown in Fig. 4. The con-
tribution of these three kinds of noise to the total noise is
related to train speed. At lower speeds, the greatest contri-
bution to total noise is the propulsion noise. As the train
speed increases, the wheel/rail noise exceeds the propulsion
noise and becomes the main noise of the train. With further
increases in train speed, aerodynamic noise is the great-
est contributor to total noise. Therefore, two critical speeds
emerge, shown as V¢, and Vc, in Fig. 4, defined as the sound
transformation speed. When the wheel/rail noise is well con-
trolled, V¢, becomes large and V¢, becomes small.
Research results show that when a train’s speed reaches
300 km/h, the aerodynamic noise will exceed the wheel/rail
noise and thus become the main noise of the train [18].
Aerodynamic noise has a significant effect on the environ-
ment. Excessive environmental noise pollution has become
the key factor restricting increases in train speed. Regions
through which high-speed trains pass usually contain dense
populations, which impose strict requirements regarding
environmental noise. High-speed trains must be designed
in such a way as to determine the maximum speeds in
different regions surrounding track in accordance with the
requirements of environmental protection. To this end, the
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Fig. 4 Train noises and their relationship with train speed
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Fig. 5 Distribution of noise sources

characteristics of the aerodynamic noise of high-speed trains
and noise reduction methods should be studied in depth.

Figure 5 shows the distribution of noise sources for a
typical high-speed train. The figure shows that the noise
is distributed mainly in the pantograph system, wheel/rail
contact area, streamlined head, and intercoach spacing. The
noise of the wheel/rail contact area consists of wheel/rail
noise and aerodynamic noise from the wheel truck. The noise
in the pantograph system is mainly aerodynamic noise. In
practice, the pantograph system is composed of many bars
with small diameters, which can create a number of vortices
behind it and generate aerodynamic noise [19]. The noises of
the streamlined head and intercoach spacing are also mainly
aerodynamic noise.

The micro-pressure waves generated by trains going
through tunnels also represent an important problem affect-
ing the environment [20]. When the streamlined head of a
train enters a tunnel, a compression wave is generated, which
propagates through the tunnel at the speed of sound. When
it encounters the open end of the tunnel, the majority of this
head wave is reflected as a rarefaction wave by the boundary
conditions of the open end and propagates back toward the
entry portal. A smaller part of the head wave exits the tunnel
and radiates outside in the form of an impulselike micro-
pressure wave (Fig. 6). At the same time, the micro-pressure
wave can create a booming noise and may lead to the rat-
tling of structures like windows and doors and cause noise
pollution at the tunnel exit.

The micro-pressure wave is in proportion to the pressure
gradient at the exit portal. Depending on the initial gradient of
the compression wave at the entry portal and the presence or
absence of modern concrete slab track, which generates only
slight dissipation of the propagating wave, steepening may
lead to much greater gradients at the exit portal. In ballasted
track tunnels, the gradient at the exit portal is lower than that
at the entry portal.
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2.3 Safety performance

The aerodynamic effect of high-speed trains can cause many
safety issues, including the crosswind effect and problems
related to the operational safety of high-speed trains, the lift
force of the tail vehicle and its operational safety, the tran-
sient pressure impulse, and the strength of the train body
and operational safety, train-induced winds, and the safety of
equipment along the track and passengers on the platform.

The issue regarding the stability of high-speed trains in
strong crosswinds has been the subject of innumerable stud-
ies [21,22]. In strong crosswinds, the flow field around
high-speed trains has obviously changed. Figure 7 shows
streamlines at different cross sections for a high-speed train
subject to strong crosswinds. It can be seen from Fig. 7 that
a number of vortices are generated at the leeward side of the
high-speed train, leading to a sharp increase in aerodynamic
side force, lift force, and rolling moment. Figure 8 shows the
aerodynamic side force coefficient and lift force coefficient
for a high-speed train at different yaw angles. As shown in
Fig. 8, the aecrodynamic coefficients quickly increase with the
increasing yaw angle. The increase in aerodynamic forces
(moments) has a large influence on the lateral stability of
high-speed trains, which may lead to the derailment or over-
turning of a train.

The streamlined head of a high-speed train can reduce the
aerodynamic drag and aerodynamic noise. However, a num-
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Fig. 9 Vorticity behind tail vehicle

ber of vortices are generated behind the streamlined head of
the tail vehicle, which is shown in Fig. 9. The vortices behind
the tail vehicle can cause a large lift force in the tail vehicle,
which will significantly affect the operational safety of the
tail vehicle. As for the optimization design of the streamlined
head of a high-speed train, the lift force of the tail vehicle
requires particular attention in order to improve the opera-
tional safety of the tail vehicle.

A transient pressure wave on the train surface is generated
when trains are passing each other or a train goes through a
tunnel. Excessive transient pressure impulses significantly
affect the strength of train bodies and the operational safety
of a high-speed train. To explore transient pressure waves
under conditions observed in China’s railway system and
grasp their change rule, a series of full-scale tests and numer-
ical simulations were carried out, and the strength standard
of high-speed trains at a speed of 350km/h is set. The
full-scale test of trains passing each in the tunnel of the
Wuhan—-Guangzhou high-speed railway shows that the maxi-
mum amplitude of a transient compression wave on the train
surface is 5714 Pa, and Fig. 10 shows the corresponding
numerical simulation of the strength of the train body with
a standard of +4kPa. As shown in Fig. 10, the maximum
stress exceeds 38 MPa, which is too close to the limit value.
The full-scale test also shows that the deformation of a train
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Fig. 10 Strength simulation of train body for train speed of 350 km/h
and strength standard of 4kPa

body is large. According to the research results of a full-scale
test and numerical simulation, when the train speed increases
from 250 to 350 km/h, the strength standard of the train body
should be enhanced, and the strength standard is improved
from +4 to £6kPa.

The winds induced by high-speed trains have an aero-
dynamic effect on passengers on the platform and objects
surrounding the railway line and further affect their security.
The aerodynamic forces on the passengers and objects are
caused by train-induced winds. The magnitudes and direc-
tions of these forces change as a train passes, and their values
depend on the train speed, the size and shape of the train, the
distance between the object concerned to the side of the train,
and the size and shape of the object.

2.4 Comfort performance

The aerodynamic effect of high-speed trains can also cause
many problems related to comfort, which involve transient
pressure impulses on the train surface and the interior pres-
sure fluctuation of the train, the fluctuating pressure on the
train surface, and the interior noise of the train.

Transient pressure fluctuations on a train surface are gen-
erated when trains pass each other or a train goes through
a tunnel. The transient pressure can be transmitted toward
passenger compartments and seriously affect the comfort of
passengers. The train body of modern high-speed trains has
good sealing performance, which can mitigate the effects of
air pressure changes. Thus, the magnitude of the interior pres-
sure is less than that of the exterior pressure. Figure 11 shows
the time histories of exterior pressure, interior pressure, and
pressure difference when a high-speed train goes through a
tunnel. As shown in Fig. 11, the interior pressure undergoes
obvious changes. For the design of a high-speed train body,
the sealing performance of the train should be improved to
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Fig. 11 Time histories of transient pressure of a train going through a
tunnel

reduce the influence of the exterior pressure on the interior
pressure.

Moreover, as the train speed picks up speed, the fluctu-
ating pressure on the train surface becomes more and more
significant. The fluctuating pressure is transmitted toward the
passenger compartment through the walls and holes of the
train and generates interior noise, which significantly affects
passenger comfort.

3 Methods of researching train aerodynamics
3.1 Research outlines

Because the aerodynamic performance of a high-speed train
involves many aspects, the corresponding problem between
aerodynamic performance indexes and design variables
should be solved, and the restrictions of spatial structures
on the train shape need to be considered. Meanwhile, the
requirements of national cultural traditions also need to be
taken into account. The methods of researching train aerody-
namics mainly involve numerical simulations, reduced-scale
testing, and full-scale testing. Researching the aerodynamic
design of high-speed trains involves analyzing the correlation
between aerodynamic performance indexes and design vari-
ables and optimizing the design of the train’s shape based on
numerical simulations and reduced-scale testing under cer-
tain restrictions. Figure 12 shows the relationships among
the aerodynamic design principle, performance indexes, and
design variables.

The aerodynamic design principle includes economic per-
formance, environmental performance, safety performance,
and comfort performance. The main performance indexes
include surface pressure, aerodynamic drag, lift force of
the tail vehicle, pressure wave of trains passing each other,
aerodynamic noise, train-induced winds, aerodynamic per-
formance due to crosswinds, pressure variations in tunnels,
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micropressure wave, and others. The main design variables
include the cross-sectional shape of the train body, the max-
imum cross-sectional area of the train body, the slenderness
ratio, the ratio of change to the cross-sectional area, the
longitudinal-sectional shape, the horizontal-sectional shape,
the stream guidance of train nose, the side shield of the wheel
truck, the inclination of the drive chamber, and the surface
smoothness. The relationships between the aerodynamic per-
formance indexes and design variables are very complex.
In most cases, the aerodynamic performance indexes are
opposed to each other, and it is not possible for several objec-
tives to achieve the optimal solution at the same time. The
aerodynamic design of high-speed trains belongs to the cat-
egory of multiobjective optimization.

3.2 Numerical simulation

The numerical simulation of train aerodynamics belongs to
the category of computational fluid dynamics (CFD), which
involves solving the governing equations describing fluid
flow using a numerical computational method and obtaining
flow field information. The numerical simulation could take
into account various aerodynamic problems, understand the

mechanism of each flow phenomenon in depth, and obtain
quantitative results. With the rapid development of compu-
tational technology and high-performance computers, the
numerical simulation has became an important method in
the research of train aerodynamics.

3.2.1 Governing equations

Proper selection of the governing equations describing the
flow field of a high-speed train is the key to numerical sim-
ulation. The governing equations of the flow field are the
Navier-Stokes equations. Theoretically, any fluid is com-
pressible. However, when the influence of the change in
fluid density on flow is negligible, the fluid can be con-
sidered incompressible, which means that the fluid density
is constant. For high-speed trains running on open track,
their operational Mach number is small (when the train
speed is 400km/h, the Mach number is 0.3268), the air
around the trains can be considered incompressible, and the
corresponding governing equations are three-dimensional
incompressible Navier—Stokes equations. But the compress-
ibility of the air should be considered for trains passing
each other or going through tunnels, and the corresponding
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governing equations are the three-dimensional compressible
Navier—Stokes equations.

The flow around a high-speed train is complex turbulence
flow, which is usually characterized by the following aspects:
separation, possible reattachment, recirculation and swirling
properties, and a curved boundary. Simulating turbulence
is the key to numerical simulation. At present, the main
approaches to turbulence simulation involve, for example,
Reynolds averaged Navier—Stokes (RANS), large eddy sim-
ulation (LES), and detached eddy simulation (DES). RANS
is the main method for engineering turbulence computations
and is widely used in the simulation of various aerodynamic
problems. However, for the simulation of aerodynamic noise,
sufficiently accurate fluctuating pressure on the train surface
should be simulated, and currently, the RANS usually no
longer applies and the LES is used to obtain sufficiently accu-
rate flow field information.

3.2.2 Numerical model

In general, a high-speed train should have at least three vehi-
cles (head vehicle, middle vehicle, and tail vehicle). With the
development of high-performance computers, the numerical
simulation of train aerodynamics for high-speed trains with
eight vehicles can be carried out. Figure 13 shows a geometric
model of the new generation of high-speed trains CRH380A
with eight vehicles; the model has the main parts of a high-
speed train, such as, for example, pantograph, wheel truck,
and windshield.

The mesh division and mesh quality have a direct impact
on computational accuracy and stability. A large mesh size
can be used for the whole computational region, and a
small mesh size should be used for local regions where the
flow changes quickly with time, including the region around
the train body, the wake flow region, wheel truck region,
and pantograph region. The mesh must meet basic require-
ments concerning wall units adjacent to no-slip walls. Typical
values for the dimensionless wall distance y* for RANS
simulations are 30~150 for the high-Reynolds-number tur-
bulence model. As for the LES, the grid density near walls
should be fine enough to resolve the small-scale structures
that arise via shear layer instabilities. The distribution of
spatial grids for the CRH380A is shown in Fig. 14. Follow-

Fig. 13 Geometric model of high-speed train
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ing mesh division, the boundary condition should be set up
according to actual conditions.

3.2.3 Moving train

As for trains passing each other or going through a tunnel,
they move during the computation process. Therefore, the
simulation for a moving train should be achieved. In the
present paper, the sliding mesh and dynamic layering meth-
ods are used.

For the sliding mesh method, the zones for stationary and
moving components are divided. The sliding mesh model
allows adjacent grids to slide relative to one another. Thus,

a ...

Fig. 14 Distribution of spatial grids. a Grids for longitudinal symmetry
plane. b Grids for streamlined head. ¢ Grids for wheel truck. d Grids
for pantograph
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the grid faces do not need to be aligned on the grid interface.
This situation requires a means of computing the flux across
the two nonconformal interface zones of each grid interface.

To compute the interface flux, the intersection between
the interface zone is determined at each new time step. The
resulting intersection produces one interior zone (a zone with
fluid cells on both sides) and one or more periodic zones.
If the problem is not periodic, such as trains passing each
other or going through a tunnel, the intersection produces
one interior zone and a pair of wall zones. To avoid this,
the dynamic layering method is used for this situation and a
periodic zone is generated (Fig. 15).

The mesh updating principle of the dynamic layering
method is shown in Fig. 16. The layer of cells adjacent to
the moving boundary (layer j in Fig. 16) is split or merged
with the layer of cells next to it (layer i in Fig. 16) based on
the height (%) of cells in layer ;.

If the cells in layer j are expanding, they can be expanded
until

hmin > (1 + &) hideal» (2)

where hpi, is the minimum cell height of cell layer j, hjgeal
is the ideal cell height, and oy is the layer split factor. When
this situation is encountered, the cells of layer j are split into
a layer of cells with constant height %iqco1 and a layer of cells
of height & — higeal-

If the cells in layer j are being compressed, they can be
compressed until

h < achideal, (3)

where o is the layer collapse factor. When this situation is
encountered, the cells in layer j are merged with those in
layeri.

3.3 Reduced-scale test
3.3.1 Flow similarity principle

Reduced-scale testing of train aerodynamics includes a wind
tunnel test and a moving model test. For the wind tunnel test,
the train model is assumed to be stationary, and air is blown
through the train model to simulate the flow field of a high-
speed train and test its aerodynamic performance. For the
moving model test, an ejection mechanism is used to make
the train model move with the train speed to simulate the flow
field of the train and test its aerodynamic performance.

A reduced-scale test is based on the flow similarity prin-
ciple. If the train model used for the reduced-scale test and a
real train are geometrically similarity, and the train model and
the real train have the same Reynolds number, Mach num-
ber, and so forth, the flow around the train model and the real
train is also similar. As the medium for the reduced-scale
test is air, the Mach number of the train model is the same as
that of the real train, which means that the train model and
the real train have the same operational speed. Therefore, the
flow similarity principle for the reduced-scale test is mainly
the similarity of the Reynolds number, which means that the
train model and the real train should have the same Reynolds
number. As the scale coefficient is small (in general, 1:8 for a
wind tunnel test and 1:20 for a moving model test), the oper-
ational speed of the train model should be the multiple of that
of the real train in order to make it similar to the Reynolds
number, which is very difficult to achieve. Research results
show that the flow around a train has a self-similarity region;
when the Reynolds number reaches 10°, the Reynolds num-
ber has little effect on the aerodynamic performance of a
high-speed train. Thus, when the train model and a real train
access the self-similarity region, the Reynolds number for
the train model and the real train do not have to be equal; the
test results of the train model can be applied to the real train
directly.

3.3.2 Wind tunnel test

In the wind tunnel test, objects such as the train and the
ground configuration are manufactured in the reduced-scale
models based on the geometric similarity, and the reduced-
scale models are fixed on the test section of the wind tunnel.
The wind tunnel can generate uniform air flow with the
required velocity, density, and pressure. When the air flow
blows through the train model, the aerodynamic performance
of the train model can be tested under certain similarity con-
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Fig. 18 Wind tunnel test for aerodynamic noise

ditions, which can reflect the aerodynamic performance of a
real train [23,24].

A regular wind tunnel test mainly includes force and pres-
sure measurements (Fig. 17). The force measurement is made
to measure the aerodynamic drag force, lift force, side force,
roll moment, yaw moment, and pitch moment by the six-
component force balance for different ground configurations,
inflow velocities, and yaw angles. Then the dimensionless
aerodynamic coefficients at different yaw angles can be
obtained. The pressure measurement is made to measure the
pressure on the main parts of the train, such as the streamlined
head, pantograph, wheel truck, and windshield.

In a special low-noise wind tunnel, the wind tunnel test
for aerodynamic noise can be carried out to measure the
aerodynamic noise sources on the train surface and far-
field aerodynamic noise. Aerodynamic noise sources are
measured using a microphone array, and the far-field aero-
dynamic noise is measured by a free-field microphone.
Figure 18 shows the train model and microphone array of
a wind tunnel test for aerodynamic noise. The microphone
array is set at the left of the train model and the free-field
microphones are set at the right of the train model; thus,

@ Springer

Fig. 19 Moving model test for train going through a tunnel

the aerodynamic noise source and the far-field aerodynamic
noise can be measured at the same time.

3.3.3 Moving model test

In the moving model test, objects such as the train, ground
configuration, and tunnel are manufactured in reduced-scale
models based on geometric similarities, and an ejection
mechanism is used to make the train model move at the train’s
speed. The moving model test can simulate a train running on
open track or going through a tunnel, and two trains passing
each other on open track or in a tunnel. The transient pressure
variation on the train surface and the micropressure wave at
the tunnel exit can also be measured by the moving model
test. Figure 19 shows the moving model test for a train going
through a tunnel.

Transient pressure fluctuations on the train surface are
generated when trains pass each other or go through a tunnel.
Thus the pressure sensor should have a fast enough response
speed. Each pressure signal channel has an independent cir-
cuit structure and A/D converter. The same time code is used
to control synchronous sampling to ensure that all channel
data are consistent over time.

3.4 Full-scale test

A full-scale test of train aerodynamics is carried out to mea-
sure the aerodynamic performance of a real train running
on a railway line. The main test content of a full-scale test
is the dynamic pressure of the train, including exterior and
interior pressure. The dynamic pressure measurement system
of a full-scale test consists of a pressure sensor, multichan-
nel amplifier, A/D converter, computer, and analysis software
(Fig. 20). This system places the computer in the center, inte-
grates many functions of various virtual instruments using the
software, carries out real-time measurement of many tran-
sient pressure signals, and quickly performs signal analysis
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Fig. 20 Dynamic pressure measurement system

Fig. 21 Distribution of pressure taps on streamlined head

and processing. Figure 21 shows the distribution of the pres-
sure taps on the streamlined head of a high-speed train.

4 Technological schemes of train aerodynamics
4.1 Design scheme of streamlined head
4.1.1 Conception design

In the conception design process, typical streamlined heads
at home and abroad are studied, which involve, for exam-
ple, the technological factor, cultural identity, national and
regional characteristics, human—machine engineering, and
bionics design, in order to capture the mainstream of the cul-
tural and aesthetic design of the streamlined head and provide
inspiration for the conception design of the streamlined head.

On the basis of a technology summarization and cultural
analysis, various kinds of streamlined heads with differ-
ent technological and cultural characteristics have been
designed, as shown in Fig. 22.

4.1.2 Project design

On the basis of the conception design, the preliminary selec-
tion of streamlined heads is performed from the standpoint
of aerodynamics and industrial design. Meanwhile, a prelim-
inary technological analysis of the streamlined head should
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Fig. 23 Cross-sectional area of streamlined head

be carried out, including, for example, the manufacturing
process, structural strength, and part relationships. Then
suggestions for improvement should be proposed to mod-
ify the initial design schemes. 1:20 models of preferred
streamlined heads are manufactured to perform an intuitive
selection of each scheme. By the compromises and tradeoffs
between technological performance and cultural characteris-
tics, seven preferred streamlined heads are further developed
whose aerodynamic performance will be analyzed in detail
by numerical simulation and reduced-scale testing. Figure 23
shows the cross-sectional areas of these seven streamlined
heads.

4.1.3 Numerical simulation analysis
A numerical simulation method is used to obtain all aerody-

namic performance indices of a high-speed train, including
the train running on the open track with zero wind (to
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Fig. 24 Computational results of train aerodynamics

obtain the basic aerodynamic drag and lift force), the train
under strong winds (to obtain the aerodynamic coefficients
at differer yaw angles), trains passing each other on open
track (to obtain the pressure wave, aerodynamic forces, and
moments), the train going through a tunnel and trains passing
each other in a tunnel (to obtain the compression wave, aero-
dynamic forces and moments, and micropressure wave), and
aerodynamic noise (to obtain the aerodynamic noise sources
on the train surface and the far-field aerodynamic noise).
Figure 24 shows the computational results of the train aero-
dynamics.

Based on the computational results of train aerodynamics,
the local shape function approach is used to establish a three-
dimensional parametric model of the streamlined head, and
four optimization design variables are extracted that control
the width of the streamline, the slope of the cab window, the
nose height, and the nose drainage. Then a multiobjective
optimization design of the streamlined head is developed by
combining a Kriging surrogate model and adaptive nondom-
inated sorting genetic algorithm, and the optimization results
are shown in Fig. 25. Research results show that the aerody-
namic drag can be reduced by up to 4.0 %, the lift force of
the tail vehicle can be reduced by up to 15.9 %, and far-field
aerodynamic noise can be reduced by up to 0.7dB(A) after
optimization.

4.1.4 Reduced-scale test analysis

A 1:8 reduced-scale model is used for the wind tunnel test.
The train model consists of three vehicles, a pantograph,
wheel trucks, and windshields. The forces and pressures are
measured in a regular wind tunnel, and aerodynamic noise
sources and far-field aerodynamic noise are measured in a
special low-noise wind tunnel.

Figure 26 shows the wind tunnel test models of different
streamlined heads, and the scheme is CRH380A. Fig-
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Fig. 26 Wind tunnel test models of different streamlined heads

ure 27 shows a comparison of the pressure coefficient of the
horizontal section for the numerical simulation and wind tun-
nel test. Figure 28 shows a comparison of the aerodynamic
drag of different streamlined heads for the numerical simu-
lation and wind tunnel test. Figure 29 shows a comparison of
the lift force of the tail vehicle of different streamlined heads
for the numerical simulation and wind tunnel test.

It can be seen from Figs. 27, 28, and 29 that the computa-
tional results are very close to the wind tunnel test results; the
error of the aerodynamic drag is around 1 %, and the error of
the lift force of the tail vehicle is less than 5 %, which can sat-
isfy the accuracy requirements of engineering computation.
Thus, the numerical simulation is reliable. The wind tun-
nel test and the numerical simulation can be applied to the
evaluation of the aerodynamic performance for each design
scheme.

The 1:20 reduced-scale model is used for the moving
model test. The train model also consists of three vehicles,
a pantograph, wheel trucks, and windshields. The transient
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design scheme is studied by the numerical simulation and
wind tunnel test, which is shown in Fig. 32. Figure 33 shows
a comparison of the aerodynamic drag of different design

The research results show that the computational val-
ues are close to the test values. By contrasting with the
original scheme (having no sinking platform and sound-

schemes for the electric-current collecting system.

Fig. 29 Comparison of lift force of tail vehicle of different streamlined

heads
sure wave at the tunnel exit can be measured. Figure 30 shows
a comparison of the compression wave of trains passing each

pressure fluctuation on the train surface and the micropres-
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Fig. 32 Research method for electric-current collecting system

06 -
Il Nunerical simulation(8=0°)

I Wind tunnel test(8=0°)
0.5 |- Il Wind tunnel test(5=19.8°)

Design scheme

Fig. 33 Comparison of aerodynamic drag for electric-current collect-
ing system

insulation wallboard), the aerodynamic drag for sinking
platforms is reduced by 1%—4%. The sound-insulation wall-
board can reduce the aerodynamic noise but may increase
the aerodynamic drag. Through a comprehensive analysis,
the pentagonal sinking platform is optimal. Compared with
the original scheme, the acrodynamic drag for the pentagonal
sinking platform is reduced by 4.0 %, and the aerodynamic
noise for the pentagonal sinking platform is reduced by
1.0dB(A).
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Fig. 35 Method of researching wheel truck compartment

4.2.2 Wheel truck compartment

The aerodynamic drag of the wheel truck compartment
could account for 25 % of the total aerodynamic drag. Based
on previous research work and design experience, various
design schemes considering the installation requirement of
the wheel truck are used in the present paper, and the numer-
ical simulation and the wind tunnel test are used to obtain the
optimal design scheme.

Figure 34 shows the design schemes of the wheel truck
compartment. The aerodynamic performance for each design
scheme is studied by the numerical simulation and wind
tunnel test, which is shown in Fig. 35. Figure 36 shows a com-
parison of the aerodynamic drag of different design schemes
for the wheel truck compartment.

The research results show that the smallwer the wheel
truck compartment is, the smaller the aerodynamic drag. For
the minimum size of the wheel truck compartment, the cir-
cular diversion scheme is optimal (scheme (@). The covered
skirt plate can control flows into the wheel truck compartment
and reduce the aerodynamic drag, especially under cross-
winds. By contrasting with scheme (D), the aerodynamic drag
for the covered skit scheme can be reduced by 6.1 % under
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Fig. 36 Comparison of aerodynamic drag for wheel truck compart-
ment

Fig. 37 Windshield design schemes

crosswinds. The covered skirt plate can also reduce the aero-
dynamic noise, and the aerodynamic noise can be reduced
by 1.3 dB(A) compared with scheme (.

4.2.3 Windshield

The aerodynamic drag of the windshield could account for
5 % of the total aerodynamic drag. Previous research shows
that an enclosed windshield could effectively reduce aerody-
namic drag and aerodynamic noise. Considering the instal-
lation and vehicle end equipment, seven different schemes
are designed, and their aerodynamic performance are stud-
ied using a numerical simulation and a wind tunnel test.

Figure 37 shows windshield design schemes. The aerody-
namic performance for each design scheme is studied using
a numerical simulation and wind tunnel test, which is shown
in Fig. 38. Figure 39 shows a comparison of the aerodynamic
drag for different windshield design schemes.

Wind tunnel test
Fig. 38 Method of researching windshields

0.6
- Numerical simulation(8=0°)

- [ Wind tunnel test(3=0°)
05k - Wind tunnel test(5=19.8°)
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Design scheme

Fig. 39 Comparison of aerodynamic drag for windshield

The research results show that an enclosed windshield has
little influence on the flow, and the flow has no separation. A
semienclosed windshield singificantly influences flow, and
the flow has separation. Scheme (D) is the best and scheme
® is the worst. Compared with sheme (7), the aerodynamic
force of an enclosed windshield (D) can be reduced by 5.7 %
with zero wind and 18 % under crosswinds.

4.3 Refinement of numerical simulation

As for the optimal streamlined head and the smooth schemes
of the body surface, a refined numerical simulation of the
full-scale real train with eight vehicles should be carried out,
including a train running on open track, a train under strong
crosswinds, trains passing each other on open track, a train
passing through a tunnel, and trains passing each other in a
tunnel, in order to verify the aerodynamic characteristics of
the streamlined head and the smooth schemes of the body
surface. The full-scale simulation results are similar to those
of previous research. The preferred streamlined head and the
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smooth schemes of the body surface have good aerodynamic
performance, which can meet the design requirements.

5 Research results of train aerodynamics

Through the research on train aerodynamics, various design
schemes with good aerodynamic performance have been
obtained. The designed streamlined heads have a distinct
appearance and a connotation of high culture, which can
be used as an alternative scheme for the future design of
streamlined heads. The aerodynamic design method of the
high-speed train has been applied to various kinds of high-
speed trains, which are as follows

(1) Aerodynamic design of CRH380A: the main objectives
for the aerodynamic design of the CRH380A are to
improve the aerodynamic drag, aerodynamic noise, aero-
dynamic performance under crosswinds, and lift force
of the end vehicle. The main technological schemes
include optimization design of the streamlined head,
semienclosed windshield, a sound-insulation wallboard
on both sides of the pantograph, and sinking roof-
mounted antennas. Figure 40 shows the streamlined head
of the CRH380A. Compared with CRH2A, the aerody-
namic drag of three vehicles is reduced by 17 %, the lift
force of the end vehicle is reduced by 51.7 %, and the
aerodynamic noise is reduced by 7 % through the aero-
dynamic design.

(2) Aerodynamic design of CRH380AM: the main objec-
tives for the aerodynamic design of the CRH380AM
are to reduce the aerodynamic drag with small cross-
sectional area and large slenderness ratio, and improve
the lift force of the end vehicle, the aerodynamic per-
formance under crosswinds, and aerodynamic noise.
The main technological schemes include optimization
design of the streamlined head, enclosed windshield,
low drag and low noise pantograph, and an air-resistance
brake plate. Figure 41 shows the streamlined head of the
CRH380AM. Compared with CRH380A, the aerody-
namic drag of three vehicles is reduced by 9.1 %, the lift
force of the end vehicle is similar, the side force under
crosswinds is similar and is reduced by 6.1 %, and the

Fig. 40 CRH380A
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Fig. 41 CRH380AM

Fig. 42 CRH6

aerodynamic noise is similar through the aerodynamic
design.

(3) Aerodynamic design of CRH6: the main objectives for
the aerodynamic design of the CRH6 are to reduce the
aerodynamic drag with a large cross-sectional area and
small slenderness ratio and improve the lift force of
the end vehicle and aerodynamic noise. The main tech-
nological schemes include optimization design of the
streamlined head, streamlined design of air-conditioning
cover, smooth design of doors and windows, and a
simplified electric-current collecting system. Figure 42
shows the streamlined head of the CRH6. Compared with
CRH2A, the aerodynamic drag of three vehicles is sim-
ilar and the difference is less than 1.0 %, the lift force of
the end vehicle is reduced by 40 %, and the aerodynamic
noise is reduced by 0.5 dB(A) through the aerodynamic
design.

(4) Aerodynamic design of CRH2G: the main objectives for
the aerodynamic design of the CRH2G are to reduce
the aerodynamic drag and aerodynamic noise with a
large cross-sectional area and improve the aerodynamic
performance under crosswinds. The main technological
schemes include optimization design of the streamlined
head, streamlined design of the air-conditioning cover,
and a spoiler at the wheel truck compartment. Figure 43
shows the streamlined head of the CRH2G. Compared
with CRH2A, the aerodynamic drag of three vehicles
is reduced by 4.6 %, the lift force of the end vehicle
is reduced by 19 %, the side force under crosswinds is
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Fig. 43 CRH2G

Fig. 44 Standard EMU

reduced by 1.6 %, and the aerodynamic noise is reduced
by 1.0 dB(A) through the aerodynamic design.

(5) Aerodynamic design of standard EMU: the main objec-
tives for the aerodynamic design of the standard EMU are
to improve aerodynamic performance with a large cross-
sectional area. The main technological schemes include
optimization design of the streamlined head, enclosed
windshield, and a smooth design of the electric-current
collecting system and the wheel truck compartment. Fig-
ure 44 shows the streamlined head of the standard EMU.
Compared with the CRH380A, the aerodynamic drag of
eight vehicles is reduced by 15.7 %, the lift force of the
end vehicle is close to zero, the side force under cross-
winds is reduced by 6.0 %, and the aerodynamic noise is
reduced by 1.0 dB(A) through the aerodynamic design
(Fig. 44).

By carrying out a series of numerical simulations, reduced-
scale test, and full-scale test, the research results can contra-
dict each other. On this basis, the proper boundary conditions
for the numerical simulation are determined. The numerical
simulation is reliable, which can provide key technical sup-
port for the shape design of high-speed trains.

Through research on train acrodynamics, the overall idea,
culture philosophy, and technical principle of the aero-
dynamic design on high-speed trains are established. A
complete research process for the shape design of a high-
speed train is established that can be applied to the design of
streamlined heads of high-speed trains at speeds of 380 km/h.

Meanwhile, the perfect engineering manufacturing platform
for the streamlined heads of high-speed trains is set up by
system process innovation, which has quick manufacturing
capabilities for new schemes and mass production capabili-
ties for existing schemes.

6 Conclusions and future work

Research advances in the aerodynamic design of high-speed
trains are presented in this paper, including research top-
ics, research methods, technology schemes, and research
results. The aerodynamic design principle, aerodynamic per-
formance indexes, and design variables have very complex
interrelationships. The aerodynamic design of high-speed
trains is used to analyze the correlation between the aerody-
namic performance indexes and design variables and carry
out the optimization design of the train shape based on
numerical simulations and reduced-scale testing. The aero-
dynamic design of the streamlined head of high-speed trains
involves conception design, project design, numerical simu-
lation, and reduced-scale testing. Smooth designs are used for
other key parts, such as the electric-current collecting system,
wheel truck compartment, and windshield. The aerodynamic
design method established in the present paper has been suc-
cessfully applied to various high-speed trains (CRH380A,
CRH380AM, CRH6, CRH2G, and Standard EMU). How-
ever, the aerodynamic problems of high-speed trains are very
complex, and many problems should be researched in future
work, including the following:

(1) Extensive research on boundary layer on train surface,
revealing the flow mechanism and fluctuation features.

(2) Extensive research on similarity criteria of reduced-scale
testing and improving the precision of the wind tunnel
test and moving model test.

(3) Extensive research on engineering application of flow
control technology and verification by full-scale testing.

(4) Extensive research on ground effects: the wind tun-
nel test cannot accurately simulate the relative motion
between the train and the ground. As air moves along
the test section, the boundary layer thickens, which may
influence test results. The ground effect of the wind tun-
nel test for high-speed trains should be studied in depth
to formulate a more perfect theory and test method.

(5) Extensive research on aerodynamic noise: the separation
technology of aerodynamic noise and wheel/rail noise
from the full-scale test results, the relationship between
the wind tunnel test and the full-scale test, a comparison
of the numerical simulation and wind tunnel test, and
establishing an accurate numerical predictive model of
the aerodynamic noise of high-speed trains.
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