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Abstract. By means of the switch inside the numerical model, the small-scale pulsation on the 
near wall is simulated by URANS method. Areas away from the wall are adjusted to the sub grid 
scale (SGS) models automatically, which is simulated for the vortex movement by LES method. 
Via the automatically adjustable method in accordance with local grids, not only the advantage 
concerning the small computation amount of URANS method can be shown in the boundary layer, 
but also the large-scale vortex movement can be simulated in the areas away from the wall. Firstly, 
based on the mentioned method, aerodynamic characteristics of the high-speed transportation in 
the near field are calculated numerically. As shown from the corresponding result, due to the 
sudden structural changes of nose tip and bogies, their surface pressures are larger. Therefore, the 
numerical optimization of the aerodynamic characteristics for the high-speed transportation can 
be conducted from this aspect. Secondly, based on the results of aerodynamic characteristics, the 
near-field and far-field aerodynamic noises of the high-speed transportation are also calculated. 
The near-field radiation noise is larger near the noise tip and bogies, while the far-field noise is 
greater near the ground. Finally, the calculation results of the near-field and far-field for the 
high-speed transportation are verified by experiments, and they are consistent with each other. As 
a result, the numerical model established in the paper is reliable. 
Keywords: the high-speed transportation, aerodynamic characteristics, aerodynamic noise. 

1. Introduction 

With the development of high-speed rail and improvement of train speed, the air pressure 
fluctuations on the surface are increased and aerodynamic noise becomes very significant. As 
indicated by reference [1], the dynamic environment of the high-speed transportation has 
undergone an obvious change from mechanical and electrical action to aerodynamic action, and 
noise will be the biggest change and restriction. In reference [2], it is told that when the speed 
reaches 300 km/h, the aerodynamic noise generated by the operating train will exceed the 
wheel-rail noise, thus becoming the major noise of the high-speed transportation. Therefore, the 
aerodynamic noise must be researched and controlled for the development of the high-speed 
transportation. 

The aerodynamic noise of the high-speed transportation is in the category of fluid acoustics, 
which can be deemed as the inter discipline of hydrodynamics and acoustics. At present, the 
research methods regarding the aerodynamic noise of the high-speed transportation are mainly 
theoretical researches, experimental researches and numerical calculations. In theories, Lighthill 
acoustic analogy theory [3-6] has a big influence, and it has been applied in the prediction of 
aerodynamic noise of the high-speed transportation [7]. In terms of experiments, numerous 
experiments are conducted to recognize aerodynamic noise characteristics, generation mechanism 
and propagation rule [8-12], the pulsating pressure generated from the running train is the 
aerodynamic noise source, and the corresponding measures are also proposed to reduce 
aerodynamic noise. In addition, regarding numerical research, the combination of large eddy 
simulation and BEM is applied by T. Sassa, in order to research the radiation noise of 
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two-dimensional door of the high-speed transportation and analyze noise characteristics [13]. 
Takehisa has used the combination method of large eddy simulation and compact Green function 
to research dipole noise source distribution on the surface of the high-speed transportation, whose 
findings have important significance for the understanding of aerodynamic noise source 
distribution of the high-speed transportation [14, 15]. In reference [16], the combination method 
of the large eddy simulation and Lighthill acoustic analogy is applied, in order to numerically 
calculate aerodynamic noise that is generated from the high-speed transportation head at the speed 
of 200 km/h and 300 km/h under the maximum calculated frequency of 1000 Hz. 

The large-scale vortex structure of flow field can be well reflected and the detailed transient 
information can be provided by large eddy simulation method. However, the number of meshes 
needed for calculation is still relatively large, especially in the near-wall surface [17, 18]. In 
addition, the above numerical calculation is not verified by real the high-speed transportation 
experiments, therefore, its result reliability can’t be ensured. 

DES method is applied in this paper together with the advantages of URANS and LES, so as 
to numerically calculate the aerodynamic noise of the high-speed transportation. The result is then 
compared with the experimental result to verify the reliability of numerical method. In this way, 
not only the computational efficiency is high, but the accuracy is guaranteed. 

2. Theory and computational boundary condition 

The high-speed transportation studied in this paper is operating at a high speed and in complex 
environment, and it has some obviously unsteady aerodynamic characteristics. Currently, CFD 
computation method of unsteady turbulent flow field that is suitable for engineering application 
mainly includes LES, DES and URANS. URANS method has a lower requirement for meshes 
[14] and higher computational efficiency when solving average N-S equation of time domain. 
However, the obtained unsteady result is the time-averaged flow field, relatively difficult to meet 
the requirements of acoustic analogy for the sound source of unsteady flow field. LES method is 
more suitable to provide the turbulent noise mixing method with sound source information in the 
unsteady flow field. Nevertheless, it has very strict requirements for meshes in the computational 
domain, and it has excessive computation amount and longer computational time for the unsteady 
problems existing in the high-speed transportation with greater computational domain. DES 
method solves URANS equation in the near wall of the computational domain, and LES equation 
in the turbulent flow field away from the wall, whose mesh requirements and computation amount 
are between LES and URANS, which can better capture the unsteady sound source information 
that is necessary for the computation of aero-acoustics. Therefore, DES model in FLUENT is 
applied in the paper to compute the unsteady turbulent flow field. 

The unstructured mesh is applied for the computational model of flow field in this paper. 
FLUENT-DES coupling algorithm is employed in the unsteady flow field [15] to simultaneously 
solve the continuity equation and momentum equations, in order to ensure a high conservation. 
The second-order implicit scheme of FLUENT is used in the time item, and Realizable K-Epsilon 
turbulent model is applied in the near-wall URANS equation [16, 17]. Regarding isotropic 
Reynolds stress assumption in standard K-E model, the model made a significant improvement in 
turbulent viscosity factor estimation, turbulent dissipation mechanism and other problems, and 
resolved the separated flow, secondary flow and other issues better, which is more suitable for 
simulating the near-wall flow field in the computational domain of current problems. The flow 
field away from the high-speed transportation is solved through LES model, which maintains good 
turbulent sound source information. Additionally, the first-order standard scheme is used to 
spatially discrete the pressure term, the constrained second-order accuracy difference is applied in 
the momentum term, and the second-order upwind scheme is employed to discrete K-Epsilon 
equation, in order to obtain better numerical stability and convergence and lower numerical 
dissipation. The detailed description of DES equation is shown as below. 
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Wherein, ߩ is the air density, ܷ  is the velocity component of the high-speed transportation 
in݅direction, ݇ is the turbulent kinetic energy of the high-speed transportation under the turbulent 
conditions, and ܲ is the pressure under turbulent motion, ܲ = ߲߬ ܷ ⁄ݔ߲ . ߬ is the additional 
stress of turbulent fluctuation. ߱ is the rate where the turbulent kinetic energy is transferred to the 
kinetic energy of thermal motion of molecules, ߤ is the viscosity coefficient, whose size means 
the difficulty of the fluid flow. ߤ  is the coefficient of eddy viscosity, which is an important 
parameter affecting the boundary layer of the flow field structure, ߤ = ݇ߩ ߱⁄  ଵ is the mixingܨ .
function, whose numerical value is 1 in the boundary layer of the turbulent flow field and changes 
into 0 in the flow field away from the high-speed transportation surface. Other parameters can all 
be expressed by the function ߮. If ߮ଵ expresses the factor of the turbulent boundary layer, then ߮ଶ  represents the factor in the flow field away from the high-speed transportation surface. 
Therefore, the factor ߮ in DES equation can be expressed as follows: ߮ = ଵ߮ଵܨ + (1 − .ଵ)߮ଶܨ (3)

In Eq. (3), when the boundary layer of the turbulent flow field is computed, coefficients in 
DES equation are as follows: ߪభ = 0.85 ఠభߪ , = 0.5 ଵߚ , = 0.075 ∗ߚ , = 0.09 ଵߛ , = 0.5532 , 
respectively. When the domain of flow field away from the high-speed vehicle surface is 
computed, coefficients in DES equation are as follows: ߪమ = 1.0 ఠమߪ , = 0.856 ଶߚ  , = 0.0828 ∗ߚ , = 0.09 ଶߛ , = 0.4404  respectively. The dynamic viscosity coefficient ߤ  in 
Equations (1) and (2) is shown as follows: 

ߤ = ,ଵ߱ߙ)ଵ݇maxߙ Ωܨଶ), (4)

wherein, Ω is the absolute value of vorticity, ߙଵ = 0.31, and ܨଶ is the second mixing functions. 

ଶܨ = tanh ቌmax ቆ2 ߛ0.99߱݇√ , ଶ߱ݕߩߤ500 ቇቍଶ, (5)

߱in Eq. (2) is remained as a constant, and turbulent scale ݈ିఠ is introduced in the dissipative term 
of Eq. (1). Eq. (1) is finally converted as follows: ߲(݇ߩ)߲ݐ + ߩ)߲ ܷ݇)߲ݔ = ܲ − ଵ.ହ݈ିఠ݇ߩ + ݔ߲߲ ൭(ߤ + (ߤߪ .൱ݔ߲߲݇ (6)

In Eq. (6), ݈ିఠ = ݇.ହ ⁄(߱∗ߚ) . ݈ିఠ is replaced by min(݈ିఠ,  ாௌΔ) in DES model appliedܥ
in the paper. Among them, Δ is the maximal length of the high-speed transportation in the flow 
field, namely Δ = (Δݔ, Δݕ, Δ[18] (ݖ. 

The boundary conditions of DES method are shown as follows: the entrance of the high-speed 
transportation in the computational domain is the velocity boundary condition, and the operating 
speed of the high-speed transportation simulated in the paper is 350 km/h. Therefore, in the 
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computational process, the flow velocity of fluid is set as 350km/h to simulate the operation of 
the high-speed transportation. The exit of the computational domain is the pressure boundary 
condition, and slip wall condition is applied in the near-wall region away from the high-speed 
transportation. 

3. Calculation of aerodynamic characteristics for the high-speed transportation 

3.1. Aerodynamic mesh generation of high-speed trains 

The high-speed transportation applied in this paper is made of bogies, wheels and body. 
According to the geometric model, its surface is extracted to divide into meshes. As a result, the 
aerodynamic meshes model of the high-speed transportation can be obtained as Fig. 1, which has 
1463329 elements and 1595128 nodes. Since the speed of the high-speed transportation is within 
the subsonic range, its control equation is the elliptic equation, and the whole flow field area is 
affected by the pressure wave. To reduce the impact of the computational domain size on the 
computational result, the computational domain used in this paper is selected as follows. The 
height h from the base to the top of the high-speed transportation is chosen as the characteristic 
length, wherein, the inlet direction is taken as 12 h, the outlet direction is 20 h, the left and right 
sides are 4 h, and the top is 12 h. During designing meshes, the anisotropic meshes required by 
RANS equation are applied on the near wall, while the isotropic unstructured grids are tried to be 
applied on the areas away from the wall. 

 
a) Aerodynamic meshes 

 
b) Local aerodynamic meshes 

Fig. 1. Aerodynamic meshes of the high-speed transportation 

3.2. Results of aerodynamic characteristics for the high-speed transportation 

The resistance coefficient is defined as a dimensionless quantity, namely the ratio of the 
resistance and dynamic pressure of the airflow as well as the reference area. Its calculation formula 
can be found as follows: ܥ = ଶܵ , (7)߭ߩ2ܺ

where ܥ is the resistance coefficient, and ܺ is the resistance, which is positive if the resistance has 
the same direction with the inflow, vice versa. ߩ is the air density, ߭ is the velocity of the airflow 
relative to the object, and ܵ is the orthographic projection area of the object.  
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FLUENT software is applied in the paper to calculate the flow field of the high-speed 
transportation. In such process, the Monitor in the software can be adopted directly to solve the 
resistance coefficient. The changes of resistance coefficient are focused and expressed in the form 
of records and window. Finally, the resistance coefficient can be extracted directly from the 
software after completing the calculation, as shown in Fig. 2. 

As can be seen from Fig. 2, a lot of peaks and valleys are appeared in aerodynamic resistance 
coefficient. In addition, an increasing trend is presented by the aerodynamic resistance coefficient 
with time goes by, which can be explained by the greater resistance effect caused by the 
increasingly contact area of some vortexes on the high-speed transportation. When the time is 
0.125 s, the aerodynamic resistance coefficient is increased sharply because the airflow has 
gradually comprehensive acted on the high-speed transportation meanwhile. And the resistance 
coefficient will definitely reach a stable value when the time is increased to a certain extent. 

 
Fig. 2. Aerodynamic resistance coefficient on the surface of the high-speed transportation 

The pressure distribution on the high-speed transportation is shown in Fig. 3. Herein, greater 
pressure is presented on the bogie and nose tip of the head, namely the transition point of the 
geometric structure. Therefore, a certain separation vortex would be produced, resulting in airflow 
disorder on the high-speed transportation and thereby causing greater pressure. 

To further verify the above conclusions, the aerodynamic separation vortex is extracted from 
the high-speed transportation, whose result is shown in Fig. 4. As can be seen, more serious 
separation vortexes are appeared at the nose tip and bogies, indicating the reliability of the above 
analysis results. 

Fig. 3. Pressure distribution on the high-speed 
transportation 

 
Fig. 4. Separation vortex distribution on the high-speed 

train surface 

4. Calculation of aerodynamic noise for the high-speed transportation 

4.1. Aerodynamic noise of the high-speed transportation in the near field 

The aerodynamic characteristics result of the high-speed transportation obtained is then 
imported into ACTRAN software to establish the near acoustic field model as shown in Fig. 5. 
Furthermore, the turbulent sound source distribution of the high-speed transportation is calculated, 
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with the result shown in Fig. 6. The frequency band within 1000 Hz is calculated in the figure, 
and only the medium and low frequency bands are analyzed. The distribution of high frequency 
components is almost completely missed due to the following reasons: 1) According to the theory 
of 1/6 Wavelength, the length of the element should be 50 mm at most if the upper limit of the 
frequency is 1000 Hz during the calculation of the sound field. Finally, 1463329 elements and 
1595128 nodes are included in the entire model. As can be seen, numerous elements also need a 
very high requirement for the performance of the computer, which is hard to be satisfied by general 
computers. 2) As shown from the calculation results in Fig. 6, the noise source distribution is 
gradually weakened with the increasing frequency, and the intensity of the sound source has 
already been very small in the whole calculation area when the frequency reaches 1000 Hz. 
Therefore, the calculation results in the frequency band over 1000 Hz will be certainly smaller 
than that at 1000 Hz, whose researches thus have little significance. Therefore, only results within 
1000 Hz are calculated in the paper in consideration of two factors.  

 
Fig. 5. Acoustic calculation model of the high-speed transportation 

 
a) 10 Hz 

 
b) 50 Hz 

 
c) 100 Hz 

 
d) 1000 Hz 

Fig. 6. Turbulent sound source distribution on the high-speed transportation 

To further research the acoustic characteristics of the high-speed transportation under flow 
field, six observation points are arranged on the surface of the high-speed transportation, as shown 
in Fig. 7. In the figure, four observation points are in the longitudinal symmetrical plane of the 
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high-speed transportation and the other two are placed on the lateral plane, which is easier for 
extracting sound pressure response of the high-speed transportation at different locations, thus 
convenient for analysis. 

 
Fig. 7. Distribution of observation points on the high-speed transportation 

 
a) Longitudinal symmetrical plane of the high-speed transportation 

 
b) Lateral plane of the high-speed transportation 

Fig. 8. Sound pressure response of field points on the high-speed transportation  

Based on the acoustic calculation model of the high-speed transportation, the sound pressure 
response at six field points is extracted with the results shown in Fig. 8. It is known that the 
pressure at field point 1 is largest as a whole mainly since its position is closest to the nose tip of 
the high-speed transportation.  

According to the above analysis, the surface pressure is relatively large at this position, thus 
generating greater sound pressure response. In addition, the sound pressure response of the 
high-speed transportation is reduced gradually along with the increase of the calculated frequency, 
which further verifies the results in Fig. 6. 
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a) 10 Hz 

 
b) 50 Hz 

 
c) 100 Hz 

 
d) 1000 Hz 

Fig. 9. Sound pressure distribution on the high-speed transportation 
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The sound pressure response contour on the high-speed transportation is extracted, whose 
results are shown in Fig. 9. As observed, the sound pressure decreases with the increasing 
frequency. In addition, the sound pressure is mainly distributed in the nose tip and bogies of the 
high-speed transportation, since the sudden change of these structures would cause vortex flow 
disorder, thereby generating larger noise. 

4.2. Aerodynamic noise of the high-speed transportation in the far field  

All of the above researches are related to aerodynamic noise on the high-speed transportation. 
However, researches are also necessary for the far-field sound pressure response. As shown in 
Fig. 10(a), an enveloped hemispheric mesh is built on the exterior side of the calculation model 
for the near field of the high-speed transportation.  

 
a) Simulation model 

 
b) Field point 

Fig. 10. Numerical computation of far acoustic field 

 
Fig. 11. Far-field radiation noise of the high-speed transportation 

The sphere radius is 10 m in order to receive the far-field noise of the high-speed  
transportation. In a high-speed transportation, the propagation medium from the near-field to the 
hemispherical surface is air. In addition, many field points are set on the hemispherical mesh as 
shown in Fig. 10(b), in order to extract the curve of the radiation noise. SPL curves at the 
observation points of 2 m, 5 m and 10 m away from the longitudinally symmetrical plane of the 
high-speed transportation are extracted and thereby compared as shown in Fig. 11. The point of 
2 m away from the longitudinally symmetrical plane is close to the high-speed transportation 
surface, with relatively large SPL. Along with the increasing larger distance between the 
observation point and the longitudinally symmetrical plane, SPL is decreased gradually. SPL has 
similar change trend at any position in the whole frequency domain, namely reducing gradually 
with the increasing frequency. The sound pressure contours are extracted at 50 Hz, 100 Hz and 
1000 Hz, as shown in Fig. 12. It can be seen that the sound pressure is indeed reduced gradually 
with the increasing analyzed frequency, which is consistent with the above results.  
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a) 50 Hz 

 
b) 100 Hz 

 
c) 1000 Hz 

Fig. 12. Contours of far-field noise distribution for the high-speed transportation 

5. Experimental verification of aerodynamic noise for the high-speed transportation 

The high-speed transportation is a complicated model. Results of its aerodynamic noise may 
not be accurate if the research is conducted directly by a numerical method. Therefore, accuracy 
of the numerical calculation model shall be verified by experiment. 

5.1. Experimental verification of aerodynamic noise in the near field 

PULSE analyzer of B&K Company is used as test equipment in aerodynamic noise experiment 
of the high-speed transportation. During the test of the external sound pressure for a high-speed 
train under high-speed operation condition, a traditional microphone can’t be used to obtain the 
accurate experimental results. Therefore, a lot of aviation microphones are installed on the outer 
surface of the high-speed train to test the external sound pressure. To verify the numerical 
calculation result more accurately, the sensors are placed in positions of Fig. 7: four sensors are 
placed in the longitudinally symmetrical plane and two are set in the horizontal plane. In this way, 
the accurate experimental results can be obtained under high-speed operation. Test process of the 
external sound pressure is shown in Fig. 13. Multi-channel signal collection equipment is used to 
obtain signals of microphones. Then, the obtained data signals are imported into PULSE analyzer 
for the further processing. Sound pressure levels of high-speed train body surface under 
steady-state operation are finally obtained and compared with the corresponding simulation, as 
shown in Fig.14. It can be seen from the figure that the simulation is consistent with that of the 
experimental. The numerical calculation model is reliable and the above analysis is also accurate. 
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Fig. 13. Test process of aerodynamic noise for the high-speed transportation 

 
a) Longitudinal symmetrical plane of the high-speed transportation 

 
b) Lateral plane of the high-speed transportation 

Fig. 14. Comparison of aerodynamic noise between experiment and simulation 

5.2. Experimental verification of aerodynamic noise in the far field 

Far-field noise, also known as pass-by noise, has certain requirements for the selection of test 
site and arrangement of measuring points in order to ensure the test reliability of the pass-by noise. 
In-existence of large sound reflector is demanded in the three times of measuring distance 
surrounding the sensor. The acoustic absorption cover should be avoided as much as possible on 
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the ground between the sensor and the measured high-speed transportation. There should be no 
rain or snow on the ground and the wind speed at 2 m above the track surface shall be no more 
than 8 m/s. The sensor needs to be placed perpendicular to the longitudinal symmetric plane of 
the high-speed transportation. The distance is not less than 5 m from the symmetric plane and the 
height is not less than 3 m away from the ground. As shown in Fig. 15, the placed sensor herein 
is 10 m away from the longitudinal symmetric plane and 7 m higher than the ground, satisfying 
the mentioned requirements. Finally, the experimental result is obtained and compared with that 
of the simulation, as shown in Fig. 16. It can be seen that the experimental values are substantially 
greater than the simulation value mainly because only aerodynamic noise is considered in the 
simulation calculation while the mechanical noise is not taken into account. However, the 
mechanical noise is included in the experimental result, and in addition, partial background noise 
is also existed in the experimental result. Resulted from two factors, the experimental result is 
generally greater than the simulation value. However, the proportion of mechanical and 
background noise is relatively small mainly due to the existence of aerodynamic noise under the 
high-speed operating condition. In addition, a relatively small effect of background noise is caused 
by the selection of testing environment and place. Therefore, experiment and simulation is of little 
differences in general, and the simulation model can still be used to predict far-field noise of the 
high-speed transportation.  

 
Fig. 15. Diagram of aerodynamic noise for the high-speed transportation 

 
Fig. 16. Comparison of aerodynamic noise between experiment and simulation 

6. Conclusions 

1) In the paper, DES method solved URANS equation in the near wall of the computational 
domain, and LES equation in the turbulent flow field away from the wall, whose mesh 
requirements and computation amount are between LES and URANS, which can better capture 
the unsteady sound source information that is necessary for the computation of aero-acoustics. 
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Therefore, the advantage of small computation amount for URANS method can be performed in 
the boundary layer, and the large-scale separation vortices of LES method can be executed in the 
region away from the wall surface. Finally, not only the computational speed and efficiency are 
improved, but the computational accuracy is satisfied. 

2) Aerodynamic characteristics of the high-speed transportation in the near field are calculated 
numerically. As shown from the corresponding result, due to the sudden structural changes of nose 
tip and bogies, their surface pressures are larger. Therefore, the numerical optimization of the 
aerodynamic characteristics for the high-speed transportation can be conducted from this aspect. 

3) Based on the results of aerodynamic characteristics, the near-field and far-field aerodynamic 
noises of the high-speed transportation are also calculated. The near-field radiation noise is larger 
near the noise tip and bogies, while the far-field noise is greater near the ground. 

4) The calculation results of the near-field and far-field for the high-speed transportation are 
verified by experiments, and they are consistent with each other. As a result, the numerical model 
established in the paper is reliable. 
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