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ABSTRACT
The present study uses openFOAM package to simulate

and investigate the aerodynamic performance and characteristic-
s of high-speed trains (velocity beyond 250 km/h) under typical
and critical conditions, which include flow passing a high-speed
train, and two trains meeting towards each other at the same ve-
locity in the open air. In terms of different operation condition-
s, separate openFOAM solvers are adopted. For flow passing
a high-speed train at a constant velocity, a steady solver for in-
compressible, viscous and turbulent flow is employed on a fixed
mesh and the results are compared with commercial software S-
tar CCM+. For trains meeting towards each other, overset mesh
method is used in which inverse distance interpolation is taken to
couple background and inner overset mesh. The built-in mesh
generation tool SnappyHexMesh is utilized to generate back-
ground and inner overset mesh. In all simulations, k-ω SST two
equations RANS model is used to simulate the turbulent flow.

∗Address all correspondence to this author.

Introduction

Aerodynamics is a sub-field of fluid dynamics, which stud-
ies the motion of air around an object exclusively. Obtaining the
flow field enables the calculation of forces and moments acting
upon the object. In the majority of aerodynamic problems, the
quantities of interest include forces and moments. Flow around
bluff bodies can be seen everywhere and play a significant role in
our daily life, which is an important phenomenon in aerodynam-
ics. The investigation of flow around high-speed trains is one
of the most practical applications of bluff body studies. Com-
pared with automobiles and airplanes, high-speed trains have the
advantages of fast speed, large transportation volume, less land
occupation and low energy consumption. With comprehensive
advantages, high-speed trains will play an increasingly impor-
tant role in the future world transportation system. Over the past
few decades, many experimental simulations and investigations
have been conducted by researchers. Aerodynamic forces and
moments on scale model were investigated in wind tunnel [1].
Besides, the influence of Reynolds number on the aerodynam-
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ic drag forces were investigated experimentally [2]. Some re-
searchers [3] studied the influence of train velocity and the nose
shape on the flow structure. some investigations [4–11] on side
wind effect on aerodynamic performance and characteristics of
high-speed train were performed. In recent years, Chinese high-
speed trains designed by aerodynamic characteristics were de-
veloped and aerodynamic optimization was presented [12, 13].
The calculation of aerodynamic drag force of high-speed train
passing a tunnel was conducted [14, 15]. The influence of turbu-
lent intensity on the aerodynamic force and pressure coefficient
of high-speed train was studied. [16]

Considering the high cost of experimental investigations,
numerical simulation is an alternative method to obtaining the
aerodynamic properties. Turbulent models used in numerical cal-
culation of aerodynamic performance of high-speed train gener-
ally include RANS, LES, DES, which include the aerodynam-
ic performance of high-speed trins under side wind [17–20],
the alteration in aerodynamic forces when high-speed train en-
tering a tunnel [21–24], the aerodynamic optimization of high-
speed trains by reducing drag force to decrease energy consump-
tion [25–27], the impact of moving ground and rotating wheel-
s on the aerodynamic drag and wake flow structure behind the
high-speed train [28]. Numerical simulations mentioned above
were performed with commercial CFD software such as Fluent,
Star CD, Star CCM+. openFOAM is an object-oriented library
for Computational Continuum Mechanics, which in the paper,
numerical simulations about high-speed trains are performed by
Openfoam from the mesh generation, discretization to field vari-
ables solution.

Numerical Method
Mesh Generation

The main purpose of the paper is to discuss the numeri-
cal simulations by openFOAM. Therefore, the high-speed train
model is simplified and shown in the Figure 1.the procedure
to generate mesh by sbappyHexMesh is introduced and then
the critical parameters for adding boundary layers are giv-
en.Background mesh must be created before snappyHexMesh is
executed, which is comprised of hexahedral cells filling the entire
region. The process of generating a mesh using snappyHexMesh
is controlled by three steps. In the first step, cell splitting at
feature edges and surface is performed according to the castel-
leatedMeshControls sub-dictionary specified by user. After cell
splitting is finished, cells whose volume are less than 50% are
removed within the region in which cells are retained. In the sec-
ond step, vertices in the castellated boundary are moved to the
geometry surface, and then the internal mesh is resolved with the
latest displaced boundary vertices. If there are vertices leading
to mesh quality parameters to be violated, the displacement will
be reduced and repeat the processes mentioned above until mesh
quality is satisfied. In the last step, mesh layer addition is con-
ducted to create boundary layer in which the mesh is projected
back from the surface by a specified thickness in the direction
normal to the surface. In all cases, the first boundary layer thick-
ness, expansion ratio and the total number of boundary layer is
set to 0.001m, 1.2 and 8 respectively.The volume mesh config-

uration and boundary layer setup is shown in the Figure 2.

FIGURE 1. Simplified CRH380A model and computational region

FIGURE 2. Volume mesh configuration and boundary layer

Governing Equations Discretization
In the subsection, the governing equations discretization in

the fluid dynamics will be introduced. The general transport e-
quation for the given transport quantity φ is solved in the given
fluid field and with given boundary conditions and initial con-
ditions. The general transport equation can be expressed as fol-
lows:

∫
V p

∂ρφ

∂ t
dV +

∫
V p

∇·(ρuφ)dV −
∫

V p
∇·(ρΓφ ∇φ)dV =

∫
V p

Sφ (φ)dV

(1)
Applying Gauss theorem to convert the volume integrals to

surface integrals yields to the following discrete equations:

∫
V p

∂ρφ

∂ t
dV +∑

f
S f ·(ρuφ) f −∑

f
S f ·(ρΓφ ∇φ) f = ScVp+SpVpφp

(2)
Specially, for the source term, the approximation is at least

second order accurate.Sc is the linear part of the source term and
Sp is the non-linear part.

There are several built-in schemes in openFOAM to dis-
cretize terms, such as interpolation schemes referring to the
method used to interpolate values from cell centers to face cen-
ters, surface normal gradient schemes referring to method used
to evaluate the surface normal gradient at the faces.The informa-
tion related to the discretization schemes for the different terms
appearing in the governing equations is located at the fvSchemes
dictionary.
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Solver and Algorithm
The default solver supplied by openFOAM for the simu-

lation of flow passing high-speed train is simpleFoam, It is a
steady-state solver for incompressible, turbulent flow, which is
based on SIMPLE [29] algorithm to solve the pressure-velocity
coupling. The Semi-Implicit Method for Pressure-Linked Equa-
tions(SIMPLE) enables the calculation of pressure from velocity
components by coupling the Navier-Stokes equations with itera-
tive procedure.There are several methods offered by openFOAM
to solve the set of linear equations. Before solving an equation
of a particular field, the initial residual is evaluated based on the
current values of the field. After each solver iteration, the resid-
ual is evaluated again based on the new values of the field. when
one of control parameters including tolerance, reTol, and maxIter
is reached, the solver stops.The detailed information on solvers
and algorithm is in fvSolution dictionary.

Overset Mesh Technology
Overset Mesh technology is used for both static and dy-

namic cases. A composite computational domain is generated
by employing cell-to-cell mapping between multiple disconnect-
ed mesh regions. This enables the simulation of complex mesh
motions and interaction without penalties related to deforming
meshes. Overset mesh technology is used to simulate the high-
speed train passing a tunnel and two high-speed trains meet-
ing. Focusing on the application of overset mesh, the practi-
cal running condition, high-speed train passing a tunnel or two
high-speed trains meeting, is substituted for a high-speed train
running in open air.The default solver supplied by openFOAM
for the simulation of a high-speed train running in open air is
overPimpleDyMFoam, It is a transient solver for incompressible,
turbulent flow on a moving mesh, which is based on PIMPLE
(merged PISO-SIMPLE) algorithm to solve the pressure-velocity
coupling.In the fvSchemes dictionary, additional overset interpo-
lation scheme is need to couple overlapping regions.

Results and Discussion
In the previous parts, the computational fluid dynamics pro-

cedures set up in openFOAM are introduced separately, which
include mesh generation, discretization schemes, solver and al-
gorithm. In order to compare the numerical simulation results of
flow passing a high-speed train between Star CCM+ and open-
FOAM, the computational region sizes, mesh sizes, turbulence
simulation methods are same. Both numerical simulations are
conducted using RANS numerical method and k−ω SST turbu-
lence model.

Comparison of Pressure Distribution
Figure 3 shows the pressure distribution around head train

in the case of flow passing high-speed trains. The maximum
pressure is reached at the nose tip of head train. Air passing
either above or below the stagnation point increase its velocity
magnitude and decrease the pressure forces acting on the
high-speed trains surface. For both results from openFOAM and
Star CCM+, the pressure distribution around the head train are

similar and corresponding to the analysis above. However, the
pressure value are different from each other.Specifically, at the
stagnation point, the pressure value about 4700Pa calculated by
openFOAM is lower than the value about 7200Pa calculated by
Star CCM+. Moreover, the overall pressure value by Star CCM+
is greater than that of openFOAM.Obviously, the difference in
pressure values will lead to the discrepancy in drag coefficient
of head train.

FIGURE 3. Comparison of pressure distribution around head train;
(a) by openFOAM, (b) by Star CCM+

Due to the existence of back pressure gradient, flow separa-
tion occurs and leads to negative pressure area appearing around
the streamline transition part of tail train. Additionally, there are
a lot of vortexes in the wake region causing pressure disturbance,
which leads to positive pressure at the nose tip of tail train. It is
found that the pressure distribution on the head train and tail train
is similar, however, the pressure value of head train is generally
larger than that of tail train. The main distinction of pressure dis-
tinction around tail train between openFOAM and Star CCM+ is
that the magnitude of negative pressure around driver’s cab by
openFOAM is smaller than that by Star CCM+, but the positive
pressure of tail nose tip by openFOAM is larger than that by Star
CCM+.

FIGURE 4. Comparison of pressure distribution around tail train; (a)
by openFOAM, (b) by Star CCM+

Comparison of Velocity Distribution
Air stagnating in front of the nose tip of head train acceler-

ates downstream and reaches the maximum velocity near driv-
er’s cab where surface curvature changes sharply. In addition,
near driver’s cab of tail train, air velocity reaches another local
maximum, where flow separation occurs. Velocity distribution
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obtained by openFOAM and Star CCM+ in the coronal section
is similar with each othe basically and conforms to above analy-
sis. However, the velocity distribution by them at the bottom of
trains varies largely. Specifically, velocity magnitude by Star C-
CM+ is generally larger that of openFOAM at the same position,
indicating that the energy dissipation of the latter is faster.

FIGURE 5. Comparison of velocity distribution; (a) by openFOAM,
(b) by Star CCM+

Comparison of Drag Coefficient
The drag coefficient is defined as follows:

Cd =
Fd

1
2 ρu2S

(3)

Where Fd stands for drag force; ρ is density of air; u and S
stand for velocity and cross-sectional area of trains.

Table 1 shows the drag coefficient of three-group high-speed
trains by openFOAM and Star CCM+. Obviously, the drag co-
efficient of head train by Star CCM+ is larger than that by open-
FOAM and the distinction of middle train is the smallest among
the three carriages. Moreover, the drag of tail train varies dra-
matically and the drag by openFOAM is almost twice that by
Star CCM+.

head middle tail total

openFOAM 0.0654 0.0465 0.057 0.1689

Star CCM+ 0.0866 0.0411 0.028 0.1559

TABLE 1. Drag Coefficient by openFOAM and Star CCM+

Application of Overset Mesh Method
The cells with blue color are known as calculated cells in

which the solution is computed. The cells with green color are
interpolated cells in which the solution is interpolated from mesh
to mesh. The red cells are called as hole in which solution is
not computed. The details of volume cell types can be found in
FIGURE 6.

Pressure distribution at different time in the case of two
trains meeting towards each other is shown in FIGURE 7. At
the time of 0.05s, the pressure distribution in the zone between
two trains is basically the same as that of far field. When two
trains are about to meet, the positive pressure of zone in front of
head train increases significantly. After the head trains passing
each other, there is a negative pressure zone in the overlapping
area of the two trains. In general, as two trains get closer, the

FIGURE 6. Cell types of coupled volume mesh
interaction between them continues to become stronger and the
aerodynamic force acting on trains changes gradually.

FIGURE 7. Pressure distribution at different time;(a) t=0.05s, (b)
t=0.25s, (c) t=0.35s

Taking the head train moving in the positive direction along
x-axis to illustrate the changes in drag force over time. Drag
force alters lightly between 0.05s and 0.1s. With two trains get-
ting closer, the drag of head train increases gradually, which is
reflected in the time range from 0.1s to 0.26s or so. During the
process of two trains meeting, it’s drag first decreases and then
increases. The change of drag over time is shown in FIGURE
8. To sum up, the change in drag force over time is basically the
same as that in pressure distribution of head train.

Conclusion
In the paper, both cases that flow passing a high-speed train

and two trains meeting towards each other in open air are numer-
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FIGURE 8. Drag coefficient of head train over time

ically simulated. As for the case of flow passing a high-speed
train, the aerodynamic results including pressure distribution, ve-
locity distribution and drag coefficient obtained by openFOAM
and Star CCM+ are compared. It is found that the pressure dis-
tribution by openFOAM and Star CCM+ on the whole train are
similar but the drag coefficients are different especially in head
train and tail train. Additionally, the simulation of two trains
meeting towards each other is conducted to explore the applica-
tion of overset mesh method, and the change in drag force over
time is basically the same as that in pressure distribution of head
train.
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