
Effect of wind barrier on the steady aerodynamic characteristic of 
trains by numerical simulation 

*Xiang Huo-yue1), Li Yong-le 2), Wang Bin 1) and Liao Hai-li 2)

1), 2) Department of Bridge Engineering, Southwest Jiaotong University, Chengdu 
610031, China 

1) hy@swjtu.edu.cn 

ABSTRACT 

To investigate the relationship of aerodynamic characteristic between presence and 
absence of wind barrier, a simplified CRH3 model on the ground subjected to 
crosswinds is simulated using Computational Fluid Dynamics (CFD). Firstly, the 
independence of mesh generation is tested, the streamlines on the surfaces of train 
and the wake structures are compared with the results presented in the previous 
studies. Then, the aerodynamic coefficients for yaw angles 0<β≤45° are calculated, 
and a “transformation” is proposed based on Baker hypothesis. Lastly, the
aerodynamic coefficients after installing wind barriers are obtained by the 
“transformation”, and compared with the results of numerical simulation. The results 
show that the “transformation” is applicable for calculating the lateral drag and lift 
coefficients of head nose, but is not adequate for those of end nose. After installing 
wind barriers, the lift-drag ratios of the end nose are significantly changed, and the flow
separation lines at the bottom of the end nose move from leeward to windward.

1. INTRODUCTION 

With developing high-speed and light weight of trains, the security of the train 
becomes a problem of increasing concern. To create a local environment with a 
relatively lower wind speed around trains, the wind barriers were installed along the 
railway as an effective measurement to protect the trains from crosswinds (Matschke 
1997). From early ages, wind barriers have been already used to improve wind climate 
to meet the needs of humanity, which has been widely applied to agriculture (Boldes 
2002), environmental protection (Yeh 2010), roads (Smith 1998) and railways (Papesch 
1972)

The wind barriers are investigated commonly by using four approaches, namely 
the analytical method (Kiya 1980), field measurements(Xiong 2006), numerical 
simulations and wind tunnel tests  (Chu 2013). The analytical method was early used to 
solve the ideal Navier-Stokes equations (N-S) to decide the flows. It has not been 
adopted any more in recent years owing to the rapid development of computational 
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fluid mechanics (CFD) method. The field measurement (Richardson 1995) was mainly 
conducted to test the flow distributions, the aerodynamic characteristic of trains were 
rarely studied in this way. At current stage, the wind tunnel test and numerical 
simulation are the primary methods. 

The distribution of wind speed behind wind barriers, wind load on trains, train 
response and wind load on wind barrier can reflect the performance of wind barriers. 
Kozmar et al. (Kozmar 2012) examined the sheltering efficiency of wind barriers on a 
bridge by wind tunnel tests. Their studies mainly focused on the flow distributions. The 
result shows wind barrier causes a large wind speed jump and a vorticity behind wind 
barrier. Kwon et al. (Kwon 2011) also studied the shelter effects of wind barriers by 
wind tunnel tests focusing on the flow distributions. Xiang et al. (Xiang 2013) tested the 
flow distributions and aerodynamic characteristic of static trains. The result shows wind 
barrier with a specified height could change the lift-drag ratio of train, and was more 
likely to increase the lift coefficients of vehicle. Coleman and Baker (Coleman 1992) 
measured the aerodynamic forces acting on a scale vehicle model behind the wind 
barrier. The result shows the reduction ratios of coefficients in diverse yaw angles are 
different. Charuvisit et al. (Charuvisit 2004) tested the aerodynamic forces of a moving 
vehicle by wind tunnel tests and further analyzed the dynamic responses of the car. 
The results indicate that vehicle velocity and wind speed have great influence on the 
dynamic response of car.  

In the previous studies mentioned above, the flow distributions, aerodynamic 
coefficients and vehicle response were used to study the protective effect of wind 
barrier. The wind speeds can’t completely reflect the aerodynamic characteristic of 
trains, and the evaluation results based on the indices of vehicle response basically 
agree with those of wind load on train (Xiang 2013). Therefore, the aerodynamic forces 
of vehicle can be mainly used to evaluate the protective effect of wind barrier. But the 
aerodynamic coefficients with various yaw angles are not constants (Charuvisit 2004; 
Xiang 2013), especially at high speed, it is difficult to evaluate the protective effect of 
wind barrier. However, the aerodynamic coefficients of vehicle can be transformed in 
different line structures (Schober 2010) based on Baker hypothesis, which is a good 
enlightenment for this work. 

The aerodynamic coefficients can be obtained by numerical simulation and wind 
tunnel test. Actually, the train is moving. After installing the wind barriers, the relative 
movement between the vehicle and wind barrier need to consider in the wind tunnel 
tests. The fixed model using the moving belts (Kwona 2001) does not meet the 
demanded. Although the moving vehicle models is a good choice, the moving vehicle 
model experiment cannot guarantee accurate results of moving model as the moving 
speed of vehicle is limited in experiment (Bocciolone 2008) presently. Therefore, 
numerical simulation of the moving trains is worthy to be concerned. 

In this paper, a train model on the ground under the crosswinds is simulated using 
CFD. The independence of grid generation, the wall streamlines and the wakes 
structure are discussed in section 2. Further, the aerodynamic coefficients of train nose 
with and without wind barriers are calculated, respectively. In terms of the Baker 
hypothesis, a transformation of aerodynamic coefficients is presented in section 3. 
Finally, the transformation of precision, the flow distribution, and lift-drag ratio are 
discussed. 



2 NUMERICAL MODELS 

2.1 Numerical methods 
Simulation of relative motions can be completed using three methods in Fluent: 

Multiple Rotating Reference (MRF) (Luo 1994), sliding mesh, and dynamic mesh. The 
last two methods are the unsteady methods. In practice, the flows around moving trains 
are unsteady when viewed from a stationary coordinate. With MRF method, the flows 
around moving bodies are able to be modeled as a steady-state problem referred to a 
moving frame. The MRF method occupies less computing resource which is used in 
this work.  

In recent years, the LES (Hemida 2008,2010; Tsubokura 2009) is popularly applied 
to simulate the instantaneous flow around trains and time varying aerodynamic forces. 
However, the use of MRF is meaningful only for steady flow. Bourdin and Wilson (2008) 
studied the flows around the porous wind barrier on the ground by the Fluent and the 
results were compared against experimental data. Its conclusion indicates the 
“realizable k–ε closure” gives results that are in qualitative accord with the observed 
mean winds. The difference among the realizable k–ε model, the standard k–ε and 
RNG k–ε models is that Cμ is a function of the mean strain and rotation rates, the 
angular velocity of the system rotation, and the turbulence fields as shown in Eq. (1).  
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here, ij is the mean rate-of-rotation tensor viewed in a rotating reference frame with 
the angular velocity ωk.

In Fluent, the term 2εijkωk is, by default, not included in the calculation of ij ij .This is 
an extra rotation term that is not compatible with cases involving sliding meshes or 
multiple reference frames. 

The movement of vehicles is translational with an angular velocity ωk equals zero. 
Therefore, the realizable k–ε model is used to simulate the steady aerodynamic 
characteristic. In the moving part, the absolute velocity of the controlling equation in the 
stationary frame is written as 

v=vc+VT                                                                         (2) 

here, vc is the relative velocity of moving frames, VT is the vehicle speed. 



The velocity gradient is expressed as, 

▽v=▽vc                                                                        (3)

The mesh is divided into the stationary region and moving region or MRF region 
(see Fig.2), the two parts are connected by the interface boundray condition. 
Additonally, because the bottom surface of trains is close to the ground, there is a small 
gap between trains and ground, the wall-bounded turbulent flows should be described 
as the Enhanced Wall Treatment (EWT). 

Fig.2  Stationary region and MRF region 

2.2 Computational domain and boundary conditions 
In this work, the effects of wind barriers on the steady aerodynamic characteristics 

of a simplified model of the CRH3 are studied. The CRH3 model is located in a ground 
roadbed and contains one train body and two train noses (see Fig.1). The train body 
has a width of B=3.3m and a height of 3.448m (full scale). The train nose has a length 
of 2.3B. The computational domain has an extension of 136.4B in the slipstream 
direction, a height of 45.5B and a width of 90.8B. The model centerline position is 
45.5B from the inlet and 90.0B from the outlet, the blockage ratio is 3.1% (based on the 
height). The bottom of trains is simplified as a plane, the track was removed. The 
distance between the model and sleeper is 0.134B. The ground roadbed, wind barrier 
and vehicle body are simulated as wall boundaries, while the upside, outlet, left and 
right side are set with pressure boundaries. The inlet is the atmosphere layer (Richards 
2011), seeing follows 
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where, u* is the friction velocity, it is calculated by the wind speed of reference point in 
the inlet which is 0.91B from the ground. The roughness z0=2.225×10-4m. Karman 
constant κ=0.42. The Cμ of Reliable k-ε closure is a complicated function, which has 
been simplified as Cμ=0.09 in the inlet.

The wind barrier with a height of 0.83B and a porosity of 0% is simulated as a face 
(see Fig.1), it is a wall boundary. If the aerodynamic characteristics of train without wind 
barrier need to simulate, the wall boundary at the wind barrier can be translated into an 
interior boundary. 

Wind



The ANSYS ICEM is used to generate the hexahedral mesh in computational 
domain. Therefore, the mesh of stationary region is standard hexahedral (see Fig. 3a), 
its size of mesh is relatively larger. In the moving regions, an O-type mesh with 15 
layers is around the trains, the height of O-type mesh is 0.03B, the height of first layer 
is 0.1mm, and the rest of the meshes are the hexahedral grids. The total number of 
cells is 11.0×106 and 6.2×106 for the fine mesh and coarser mesh, respectively. 
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Fig.1 Computational domain and boundary conditions 

Fig.3 (a) fine mesh, (b) O-type mesh of coarse mesh 

The SIMPLEC algorithm is utilied for solving the pressure velocity coupling. The 
gradient term is discretized by Least Squares Cell Based. The momentum, turbulent 
kinetic energy and turbulent dissipation rate are discretized by first upwind order, 
respectively. The aerodynamic force and moment in the stable period are averaged to 
calculate the final coefficients. The side drag coefficient, lift coefficient and rolling 
moment coefficient are defined as follows. 
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here, VW represents the wind speed, which is perpendicular to the trains. B, H and L 
represent the width, height and length of the train, respectively. In this paper, the 
aerodynamic coefficients of train nose are only discussed in this section because it has 
a greater refinement of grid than train body, thus, the L=2.3B, if without a special 
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request. 

2.3 Numerical Accuracy 
To investigate the influence of the mesh generation on the results, two computations 

on a coarse mesh and a refined one are executed, and the numerical model without 
wind barrier is used in this section. In the large resultant angle β=atan(VW/VT), the 
aerodynamic coefficients of a moving vehicle under the cross wind are similar to the 
static coefficients (Chiu 1992). Therefore, a small resultant angle is discussed in this 
work. The wind speeds VW are 5, 10, 20, 30m/s. The vehicle speeds VT are 100, 70, 50, 
30m/s, and the corresponding resultant angle β is 0.05~0.785 rad. The solved three-
component coefficients of head nose without wind barrier are shown in Fig.4, which 
shows that the aerodynamic coefficients obtained from the fine mesh are in good 
agreement with that of the coarse mesh. Therefore, the coarse mesh is selected in the 
rest of this study to reduce the computational times. 
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Fig.4 Three-component coefficients of head nose for the coarse and fine mesh



         
Fig.5  (a) Wall streamlines of end nose, (b) Wall streamlines of ICE2 in literature.

Fig. 5a shows the streamlines on the surfaces of the end nose when the vehicle 
speed is 100m/s, and the wind speed VW=0. The flows converge to two focuses located 
symmetrically at two sides of the end nose, which is similar to the equilibrium positions 
presented in reference (Schulte-Werning 2003) (see Fig.5b).  

The static model under the cross wind with a speed of 13.4m/s is calculated, and the 
Reynolds number is 3×105 (based on height). The wake structure of train body 
projected onto the x-y planes are shown in Fig.6. Fig.6 shows two vortices are located 
in the rear of trains and the upper vortices in the section of z/B=2.3 are smaller than the 
lower vortices, which turn to be different with other numerical tests. Owing to the 
section of z/B=2.3 is near to the nose, the three-dimensional flow is obvious, 
furthermore, the vehicle shape, ground and computation domain have also some 
differences. But the magnitudes of upper and lower vortices are closer in the section of 
z/B=11.7, which is similar to the result in reference (Hemida 2008).

Fig.6 Wake structure, (a) the joint section between the nose and train body; (b) center 
section of train body

The aerodynamic coefficients of moving trains under crosswinds satisfy the 
theoretical relationship (Xiang 2013), which contains boundary term, movement term 
and static term. They are expressed as 

Ci=ai/sin2β+bi/sinβ+ci                                                 (6) 

here, i=Dy, L, Mz represent the side drag coefficient, lift coefficient, and roll moment 
coefficient, respectively. ai, bi, and ci are fitting constants. In this work, the aerodynamic 
coefficients for yaw angles 0<β≤45° are calculated.

To guarantee the aerodynamic is acurrate, the side drag coefficents of CRH3 vehicle 
on flat ground with rail are compared with the wind tunnel test, shown in Fig.7, where 

(a)

(b)

(a) (b)



L=7.5B. The aerodynamic coefficient is defined by a standard reference surface which 
is equal to 10m2(full scale), instead of the H·L. The wind speed Vw is vertical to the 
trains, rather than parallel to the wind tunnel. Although all vehicles in Fig.7 have similar 
shape, the simplified CRH3 is used in this work, which ignores the wheel and 
pantograph etc., and computation domain have also some differences with the wind 
tunnel test. The test and simulation are fitting by Eq. (6), the fiting result shows the 
adjust R-Square is larger than 0.99. Compare with the wind tunnel test, the values has 
some difference, but the simulation has the same laws with wind tunnel test. Therefore, 
the numerical model precision is acceptable, taking into account the relationship of 
aerodynamic characteristic between presence and absence of wind barrier is a problem 
of mainly concern in this work. 
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Fig.7  Compare side drag coefficient of first vehicle with wind tunnl test 

Because the wind barrier significantly reduces the aerodynamic force of train, the 
wind speed and vehicle speed after installing the wind barriers were changing to VW=10, 
20, 30, 40m/s and VT=100, 80, 60, 40m/s, the β is 0.1~0.79rad. The side drag 
coefficients, lift coefficients and moment coefficients are calculated by Eq. (5), and are 
fitted according to the Eq. (6), the fitting constants of head nose and end nose are 
shown in Tab.1, which shows the Eq. (6) has higher fitting precision, except for the roll 
moment coefficient of end nose with wind barrier. This is also suggested the numerical 
model has certain accuracy. As the accuracy of numerical model is indirectly verified, 
all of the computations use the same numerical model. Therefore, the effects of other 
factors such as turbulence model, grid quality and boundary will keep the regularity of 
aerodynamic coefficients curve. Tab.1 also shows the fitting constants of the head nose 
are obviously decreased after installing wind barrier. While in the end nose, the 
absolute values of constant c are not reduced. 

Tab.1 Fitting constants of head nose and end nose
Fitting 

constant
Head nose End nose

CDy CL CMz CDy CL CMz

Without wind 
barrier(Xiang 
2013)

a 0.0023 -0.0071 -3.356E-05 -0.0141 0.0327 -0.0015
b 0.8504 -0.2103 0.1472 -0.4046 -0.1112 -0.0436
c 0.9181 0.3746 0.1371 0.4493 0.3404 0.0293

Adj-R2 0.9928 0.9963 0.9933 0.9998 0.9995 0.9998



Wind barrier 
with a height of 

0.83B and a 
porosity of 0%

a 0.0086 -0.0185 0.0008 0.0016 0.0198 -0.0005
b 0.1299 0.0238 0.0102 -0.1574 0.1659 -0.0002
c 0.0044 -0.0226 0.0002 -0.3931 -0.4288 -0.0888

Adj-R2 0.9983 0.9952 0.9977 0.9959 0.9982 0.9472
Adj-R2 is adjust R-Square, it reflects the fitting precision.

3 TRANSFORMATION OF AERODYNAMIC COEFFICIENTS 

The reduction of mean speeds in the back of wind barrier is a recognized effect. 
Although the slipstream passed wind barrier will form an acceleration zone and improve 
the turbulence intensity behind the wind barrier, it has not significantly change the lift-
drag ratio of still trains (Xiang 2013). Therefore, the following assumptions are used to 
the transformation of aerodynamic coefficients,  

1) The free stream is perpendicular to the wind barrier. 
2) Baker hypothesis is adopted (Schober 2010; Baker 1985), i.e. the direction of 

accelerating and moderative airflows is vertical to the wind barrier. 
3) The aerodynamic coefficients of train are the function of β. 
4) The wind barrier has not significantly change the lift-drag ratio of trains. 

In the front and back of wind barrier, the schematic diagram of wind speed is shown 
in Fig.7, the resultant angle in the back of wind barrier can be written as, 
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where, r is the wind-reduction factor with a range of 0<r≤1. 
The aerodynamic coefficients of train in the back of wind barrier can be expressed 

as follows 

r2Ci(βwd)                                                                  (8) 

In this paper, the wind-reduction factor is calculated inversely by Eq. (8) using the 
side drag coefficients of head nose, and it also can be calculated by follows: 

2

w0

( ) /
h Vr dh h

V
                                                      (9) 

where, V is the wind speed above track; h is the height of wind profile. 
The lift-drag ratio is defined as 

δ=CLB/CDyH                                                  (10) 

The lift-drag ratio reflects the change of flows around the train body and the nose 
(Xiang 2013). 
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Fig.7 Schematic diagram of wind speed in the upstream and downstream of wind 
barrier 

4 RESULT DISCUSSIONS 

The transformation of aerodynamic coefficients is calculated by Eq. (8), in which 
the wind-reduced factor r is 0.189. The fitting constants without wind barriers (listed in 
Tab.1) are used to determine the function Ci. The transformation of aerodynamic 
coefficients and the result of numerical computations are shown in Fig.8, which displays 
a good agreement of side drag coefficients and lift coefficients in head nose between 
the "transformation" and numerical test, but not for the roll moment coefficients, this is 
related to the speration and attachment of slipstream in the surface of train. Fig.8 also 
shows the aerodynamic coefficients of end nose are in poor agreement with the 
“transformation”, which indicates that the hypothesis four fails with regard to the end 
nose.
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Fig.8 Aerodynamic coefficients of train nose, (a), (b), (c) is the head nose; (d), (e), (f) is 
the end nose 

To compare the differences of transformation between the head nose and end nose, 
the pressure distribution apart from the sleeper 0.3B projected onto y-z planes are 
shown in Fig.9, the wind speed is 30m/s and the vehicle speed is 100m/s. It is shown 
that a large negative pressure zone exists between the end nose and wind barriers. 
Because the slipstream through the wind barrier with a porosity of 0% will form a 
negative pressure zone, when the train is running behind wind barrier, the head nose 
will squeeze airflows and the end nose will suck the flows. Therefore, the negative 
pressure behind the wind barrier will be reduced by head nose and be increased by 
end nose, the backflows behind train body is attracted by the negative pressure 
between the end nose and wind barriers, and the reverse slipstream in the bottom of 
end nose is formed (see Fig.10). 

The separation line and attachment line before and after installing the wind barriers 
are shown in Fig.11. It shows the attachment line in windward is elevated after installing 
the wind barriers, and the separation line in the leeward of bottom moves to windward. 
The separation and attachment lines also affects the lift-drag ratio, which is determined 
by the Eq. (6) and Tab.1, the lift-drag rato of head nose and end nose are shown in 
Fig.12. From the Fig.12, the lift-drag ratio of head nose has a small change and the 
change is consistent. But the lift-drag ratio of end nose has an obvious inconsistency 
before and after installing the wind barriers, which leads to the poor agreement 
between “transformation” and numerical tests.

Figure.9 The pressure distribution apart from the sleeper 0.3B projected onto y-z 
planes (VW/VT=30/100, Pa) 



X

Y

-0.5 0 0.5 1

0

0.5

1

X

Y

-0.5 0 0.5 1

0

0.5

1
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Fig.11 The separation line (black line) and attachment line (red line) in end nose, 
(a)without wind barrier, (b) after installing wind barriers
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Fig.12 Lift-drag ratios of train nose 

Taking into account that the βwd is small, the side drag coefficients and lift coefficients 
of head nose according to the Eq. (8) can be simplified as follows 

Ci(β,r)=r2fi(rβ)                                                                  (11) 

Submitting the Eq. (6) into Eq. (8), and the sinβ is transformed to β

  2
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rC r r
 

                                                    (12) 

The decrement of aerodynamic coefficients can be expressed as, 

(b)(a)



2b
( ) (1 ) c (1 )i

i iC β,r - r + - r
β

                                       (13) 

The Eq. (13) shows the aerodynamic coefficients of still train can be efficiently reduced 
by wind barriers. The protective effect of wind barrier for moving vehicle is poor, owing 
to a linear decay of movement term, while the still train is a quadratic. 

5 Conclusions

To investigate the effect of wind barriers, the steady aerodynamic characteristic of 
moving trains is simulated by Fluent. The aerodynamic coefficients of train nose with 
wind barrier are transformed, the flows around train nose and lift-drag ratios are 
discussed. Some conclusions are drawn as follows: 

1) The aerodynamic coefficients of train nose are effective reduced by wind barrier, 
and the lift-drag ratio are also changed, but the aerodynamic coefficients still satisfies 
the theoretical relationships. 

2) The side drag coefficients and lift coefficients of “transformation” in head nose 
agree with the numerical tests, but the roll moment coefficients of head nose, the three-
component coefficients of end nose are poor transformed. 

3) The negative pressures behind wind barrier are reduced by the squeezing action 
of head nose, increased by the suction of end nose, and the separation lines of end 
nose in the leeward of bottom move to windward. 

Acknowledgement 

The writers are grateful for the financial supports from the Natural Science Foundation 
of China (U1334201) and the Fundamental Research Funds for the Central Universities. 

References 

Baker C J. (1985), “The determination of topographical exposure factors for railway 
embankments”, J. Wind Eng. Ind. Aerodyn, 21, 89-99.

Bocciolone M, Cheli F, Corradi R et al.(2008), “Crosswind action on rail vehicles: Wind 
tunnel experimental analyses”. J. Wind Eng. Ind. Aerodyn., 96, 584–610.

Boldes, U., Golberg A., Di Leo M. J., et al. (2002), “Canopy flow and aspects of the 
response of plants protected by herbaceous shelterbelts and wood fences”. J. 
Wind Eng. Ind. Aerodyn., 90(11), 1253-1270. 

Bourdin P. and Wilson J. D. (2008), “Windbreak aerodynamics: Is computational fluid 
dynamics reliable?”. Boundary-Layer Meteorology, 126(2), 181-208. 

Charuvisit S., Kimura K. and Fujino, Y. (2004), “Effects of wind barrier on a vehicle 
passing in the wake of a bridge tower in cross wind and its response”. J. Wind Eng. 
Ind. Aerodyn., 92(7-8), 609-639. 

Chiu T. W., and Squire L.C. (1992), “An experimental study of the flow over a train in a 
crosswind at large yaw angles up to 90°”. J. Wind Eng. Ind. Aerodyn., 45, 47-74. 



Chu C R, Chang C Y, Huang C J et al.(2013), “Windbreak protection for road vehicles 
against crosswind”. J. Wind Eng. Ind. Aerodyn., 116, 61-69. 

Cheli F., Corradi R., Rocchi D. (2010), "Wind tunnel tests on train scale models to 
investigate the effect of infrastructure scenario", J. Wind Eng. Ind. Aerodyn., 98, 
353-362. 

Coleman S. A. and Baker C. J. (1992), “Reduction of accident risk for high sided road 
vehicles in cross winds”. J. Wind Eng. Ind. Aerodyn., 44(pt4), 2685-2695. 

Hemida H. and Baker C. (2010), “Large-eddy simulation of the flow around a freight 
wagon subjected to a crosswind”. Computers&Fluids, 39, 1944–1956. 

Hemida H. and Krajnovic, S. (2008), “LES study of the influence of a train-nose shape 
on the flow structures under cross-wind conditions”. Journal of Fluids Engineering,. 
130(9),1-12.

Kiya, M., Arie M. and Koshikawa K. (1980), “An analysis of uniform shear flow past a 
porous plate attached to a plane surface”. Journal of Fluids Engineering, 102, 160-
165.

Kozmar H., Procino L., Borsani L. et al. (2012), “Sheltering efficiency of wind barriers 
on bridges”. J. Wind Eng. Ind. Aerodyn., 107-108, 274-284. 

Kwon S.D., Kim D. H., Lee S. H. et al. (2011), “Design criteria of wind barriers for traffic. 
Part 1: wind barrier performance”. Wind and structures,. 14(1), 55-70.

Kwona H., Park Y. W., Lee D. H. et al. (2001), “Wind tunnel experiments on Korean 
high-speed trains using various ground simulation techniques”. J. Wind Eng. Ind. 
Aerodyn., 89, 1179–1195. 

Luo J. Y., Issa R. I. and Gosman A. D. (1994), “Prediction of Impeller-Induced Flows in 
Mixing Vessels Using Multiple Frames of Reference”. In IChemE Symposium 
Series, 136, 549-556. 

Matschke G. and Schulte-Werning B. (1997), “Measures and strategies to minimize the 
effect of strong cross winds on high speed trains”. In Proceedings of the WCRR 
World Congress of Railway Research. Florence, Italy. 

Papesch, A., (1972), “Model study of windbreaks on railway on bridge”. New Zealand 
Engineering,  27(4),132-139.

Richards P. J. and Norris S. E. (2011), “Appropriate boundary conditions for 
computational wind engineering models revisited”. J. Wind Eng. Ind. Aerodyn.,
99(4): 257-266. 

Richardson G.M. and Richards P.J. (1995), “Full-scale measurements of the effect of a 
porous windbreak on wind spectra”. J. Wind Eng. Ind. Aerodyn.,. 54-55, 611-619. 

Schober M., Weise M., Orellano A. et al. (2010), “Wind tunnel investigation of an ICE3 
end-car on three standard ground scenarios”. J. Wind Eng. Ind. Aerodyn., 98(6-7),
345-352. 

Schulte-Werning B., Heine C. and Matschke G. (2003), “Unsteady Wake Flow 
Characteristics of High-Speed Trains”. In PAMM Proceedings Applied Maths and 
Mechanics. 

Smith, B.W. and Barker C.P. (1998), “Design of wind screens to bridges, experience
and applications on major bridges”, in LARSEN A. Bridge Aerodynamics. 
Rotterdam,289~298. 



Tsubokura M., Kobayashi T., Nakashima T. et al. (2009), “Computational visualization 
of unsteady flow around vehicles using high performance computing”.
Computers&Fluids, 38, 981-990. 

Xiang H. Y. (2013), “Protection effect of wind barrier on high speed railway and its wind 
loads”. PhD Thesis, Southwest Jiaotong University Chengdu.(in Chinese) 

Xiang H. Y., Li Y. L., Liao H. L. (2013), “Protection effect of railway wind barrier under 
cross wind”, in Proceedings of the 5th international symposium on innovation & 
sustainability of structures in civil engineering., Harbin Institute of Technology 
Press: Harbin, China 

Xiang H. Y., Li Y. L., Qiang S. Z. (2013), “Steady aerodynamic characteristics of ground 
trains under the cross wind”, in The 2013 International Conference on Industrial 
Aerodynamics. Changsha, China. 

Xiong, X. H., Liang X. F., Gao. G.J. et al. (2006), “Train aerodynamic characteristics in 
strong cross-wind on Lanzhou-Xinjiang railway line”. J. CENT. SOUTH UNIV. 
(Science and Technology), 6(37), 1183-1188. (in Chinese) 

Yeh, C.P, Tsai C.H. and Yang R.J. (2010), “An investigation into the sheltering 
performance of porous windbreaks under various wind directions”. J. Wind Eng. 
Ind. Aerodyn., 98(10-11), 520-532. 




