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Abstract: In order to investigate how the aerodynamic drag and noise produced by the 
roof air conditioner of a high-speed train can be reduced, the related unsteady flow in the 
near-field was computed using the method of large eddy simulation. In this way, the 
aerodynamic source for noise generation has initially been determined. Then, the far-field 
aerodynamic noise has been computed in the framework of the Lighthill’s acoustics 
analogy theory. The propulsion height and flow-guide angle of the roof air conditioner 
were set as the design variables. According to the computational results, a lower 
propulsion height or flow-guide angle is beneficial in terms of aerodynamic drag and 
noise mitigation. However, compared to the design scheme with propulsion height of 
0mm, the aerodynamic drag coefficient of the configuration with propulsion height of 
190mm and flow-guide angle of 30° is slightly larger, while the aerodynamic noise is 
obviously reduced. Thus, from the viewpoint of the aerodynamic drag and noise, the 
design scheme with propulsion height of 190 mm and flow-guide angle of 30° is the 
optimal configuration in the range of conditions examined in the present work. 
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1 Introduction 
With the increasing of train speed, the aerodynamic effects of the high-speed train 
become more and more significant, and the aerodynamic performance of the high-speed 
train running on the open track has become the main factor to restrain the development of 
the high-speed train [Yu, Zhang, Zhang et al. (2014); Zhu (2015)]. The aerodynamic drag 
is proportional to the square of the train speed. When the train speed reaches 300 km/h, 
the aerodynamic drag could take 75% of the total resistance. The aerodynamic noise is 
proportional to the 6~8 power of the train speed. When the train speed reaches 300 km/h, 
the aerodynamic noise will exceed the wheel/rail noise and become the main noise of the 
high-speed train [Thompson, Latorre Iglesias, Liu et al. (2015)]. The reduction of the 
aerodynamic drag and noise of the high-speed train is of great importance to the 
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aerodynamic design of the high-speed train. The aerodynamic drag and noise can be 
reduced by the optimization of the streamlined head [Yu, Zhang, Zhang et al. (2013); 
Yao, Guo and Yang (2012)]. Furthermore, the non-smooth parts on the train body also 
have great influence on the aerodynamic drag and noise of the high-speed train. Tan et al, 
Zhang et al. established the computational method of the aerodynamic noise radiated 
from the pantograph of the high-speed train and studied the aerodynamic noise 
characteristics of the pantograph [Tan, Yang, Tan et al. (2018), Zhang, Zhang, Li et al. 
(2017)]. Cui et al. studied the aerodynamic noise radiated from the connection position of 
the high-speed train [Cui, Tian and Zhao (2017)]. Huang et al. investigated various 
design schemes so as to reduce the aerodynamic drag of the high-speed train by the wind 
tunnel test, and found that the roof air conditioner fairing, pantograph fairing, bogie apron 
board and full-enclosed windshield can reduce the aerodynamic drag of the high-speed 
train [Huang, Chen and Jiang (2012)]. The roof air conditioner is the main non-smooth 
part on the train body surface. The propulsion height and flow-guide angle of the roof air 
conditioner are important design parameters, which have much influence on the 
aerodynamic drag and noise of the high-speed train. At present, there are no detailed 
studies for the design of the propulsion height and flow-guide angle of the roof air 
conditioner. Therefore, in the present paper, the computational methods of the 
aerodynamic drag and noise of the high-speed train are established, and the influences of 
the propulsion height and flow-guide angle of the roof air conditioner on the aerodynamic 
drag and noise of the high-speed train are studied. 

2 Governing equations 
At present, the best approach to simulate aerodynamic noise is to divide the 
computational domain into two parts: one part is used to describe the nonlinear 
generation progress of the sound, which is called the near-field; the other part is used to 
describe the linear propagation process of the sound, which is called the far-field. The 
near-field is usually computed by the large eddy simulation (LES) in order to investigate 
the exact unsteady flow field information, and obtain the exact aerodynamic noise source. 
The far-field is usually computed by the Lighthill’s acoustics analogy theory, through 
which the aerodynamic noise radiated from the aerodynamic noise source can be 
computed quickly and accurately. 

2.1 Large eddy simulation 
For the LES, the mathematical filter function should firstly be established to filter the 
eddy whose scale is smaller than the filter function. Then the additional stress term 
should be introduced to reflect the influence of the small scale eddy on the motion of the 
large scale eddy. The velocity of the large scale eddy is defined as the filtered velocity 
[Hodor, Birle, Nascutiu et al. (2017)],  

( ) ( ) ( ) xxΔxxx ′′′= ∫ dtuGtu ii ,,,,                                                                                                  (1) 

where, iu  is the filtered velocity; iu  is the velocity; G  is the filter function, which is used 
to calibrate the large scale eddy and filter the small scale eddy; x , x′ are the Cartesian 
coordinate vector, respectively; Δ  is the filter length vector; t  is the time. The filter 
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operation and derivation operation can be exchanged, the following equations can be 
obtained when the filtering function is applied to the Navier-Stokes equations, 
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where, ρ  is the density; p  is the filtered pressure; µ  is the shear coefficient of viscosity;  
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where, ijτ  are the sub-grid scale (SGS) stresses, which are unknown and must be 
modeled. In the present paper, the Smagorinsky model is used, which models the SGS 
stresses as, 
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where, ijδ  is the Kronecker delta; iµ  is the subgrid turbulent viscosity coefficient, ijS  is 
the resolved rate of strain, which is defined as 
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2.2 Acoustics analogy theory 
In 1952, Lighthill proposed the Lighthill equation by the acoustic analogy method. 
However, the Lighthill equation was derived in the free space without considering the 
influence of the wall boundary. In 1969, Ffowcs Williams and Hawkings considered the 
influence of the wall boundary on the sound and proposed the FW-H equation [Ffowcs 
Williams and Hawkings (1969)]. To solve the FW-H equation, various acoustic integral 
formulas were proposed, and the porous KFW-H integral formula was widely used. In the 
KFW-H integral formula, the sound pressure ( )tp ,x′  at the far-field measuring point x  
can be expressed as [di Francescantonio (1997)]: 
( ) ( ) ( ) ( )tptptptp QDM ,,,, xxxx ′+′+′=′                                                                                  (7) 
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where,  

( )iiii vuvU −+=
0ρ
ρ                                                                                                          (10) 

( )nnijiji vuunpL −+= ρˆ                                                                                                     (11) 

where, ( )tpM ,x′ , ( )tpD ,x′ , ( )tpQ ,x′  are the thickness noise, load noise, quadrupole noise, 
respectively; Under subsonic condition, the value of ( )tpQ ,x′  is very small, which can be 
ignored. The meanings of the variables in Eqs. (8)-(11) were described specifically in the 
di Francescantonio [di Francescantonio (1997)], which are not given in the present paper.  

3 Numerical model 
3.1 Computational domain and mesh 
Numerical wind tunnel method is used in the present paper, and the computational 
domain is shown in Fig. 1. The size of the computational domain is 400 m×30 m×20 m. 
The boundary ABCD is set as the velocity inlet boundary, the boundary EFGH is set as 
the pressure outlet boundary. The boundaries BFGC, AEHD and CGHD are set as the 
symmetry boundary. The bottom boundary ABFE is set as the slip wall boundary, which 
has the same speed with the freestream. The train is set as the no-slip wall boundary. 

 

Figure 1: Computational domain 
The mesh should meet basic requirements concerning wall units adjacent to no-slip walls, 
appropriate for the selected computational method and turbulence model. In the method 
of LES, the typical value for the dimensionless wall distance y+ of the first cell layer 
should be around 1. The computational mesh is shown in Fig. 2. The triangular meshes 
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are generated on the train surface, and the tetrahedral meshes are generated in the 
computational domain. As for the mesh size, the maximum surface sizes of the 
streamlined head, car body of head and tail, middle car, and bogies are 40 mm, 60 mm, 
80 mm, and 40 mm, respectively. The height of the first cell off the wall is 0.1 mm, and 
the total number of boundary layers is 20.  This sizing makes y+ on the train around 1, 
which satisfies the requirement of the turbulent computation. The total number of the 
mesh is about 60 million.  

 
Figure 2: Computational mesh 

For the steady flow field computation, the Realizable k-ε model is used to simulate the 
turbulent effect. The SIMPLE algorithm is chosen for the pressure-velocity coupling. For 
the spatial discretization, the pressure term is discretized using the standard scheme, and 
the momentum and turbulent terms are discretized using the second order upwind scheme. 
For the unsteady flow field computation, the steady flow field is set as the initial flow 
field. The LES is used to simulate the turbulent effect, and the PISO algorithm is chosen 
for the pressure-velocity coupling. For the spatial discretization, the pressure term is 
discretized using the PRESTO! scheme, and the momentum terms are discretized using 
the bounded central difference scheme. The time step is 5×10-5 s, and the total time step 
size is 10000. 

3.2 Computational case and measuring points 
The roof air conditioner of the high-speed train is rectangular in shape. The propulsion 
height and flow-guide angle of the roof air conditioner have much influence on the 
aerodynamic drag and noise of the high-speed train, thus, they are chosen as design 
variables in the present paper. Fig. 3 shows a schematic diagram of the propulsion height 
and flow-guide angle of the roof air conditioner. Without changing the length and width 
of the air conditioner, 3 kinds of propulsion heights (190 mm, 250 mm, 350 mm) and 4 
kinds of flow-guide angles (30°, 45°, 60°, 90°) are considered in the present paper. The 
propulsion height of 0 mm is also considered for comparison. A total of 13 computational 
cases are studied in the present paper. In addition, it is important to note that, the height 
of the train body should be adjusted to ensure that the height between the top of the air 
conditioner and the top of the rail has no change. 
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Figure 3: Design scheme of the air conditioner 

The far-field measuring points are arranged along the operational direction of the train, 
which are 25 m far away from the center of the track and 3.5 m above the top of the rail. 
There are 16 measuring points, and the first point is 20m in front of the streamlined head 
nose, as shown in Fig. 4. The origin is located at the streamlined head nose, thus the x 
coordinates of the measuring points are from -20 m (corresponding to measuring point 1) 
to 130 m (corresponding to measuring point 16). The train is located between the 
measuring point 3 and measuring point 11. 

 
Figure 4: Far-field measuring points 

3.3 Computation verification 
In the present paper, the aerodynamic noise radiated from the cylinder is computed, and 
the computational result is compared with the test result in order to verify the accuracy of 
the computational method. Fig. 5 shows the frequency spectrum of aerodynamic noise in 
terms of comparison between computation and test.  

 
Figure 5: Comparison of computational and test results 

As shown in Fig. 5, the computational result is in good agreement with the test result, 
thus the computational method in the present paper is reliable.  

4 Computational results analysis 
4.1 Aerodynamic drag  
Fig. 6 shows the pressure counter on the train surface for some typical computational 
cases. In order to have a clearer understanding the pressure variation characteristics on 
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the roof air conditioner, the pressure counter on the first roof air conditioner is also given 
in each figure. It can be seen from Fig. 6 that, with the increasing of the flow-guide angle 
of the roof air conditioner, both the positive pressure on the windward side and the 
negative pressure on the leeward side of the roof air conditioner increase, which could 
lead to the increasing of the aerodynamic drag of the high-speed train. Thus, the decrease 
of flow-guide angle contributes to the reduction of the aerodynamic drag of the high-
speed train. Similar pressure variation rules can be obtained when increasing the 
propulsion height of the roof air conditioner, which indicates that reducing propulsion 
height of the roof air conditioner is beneficial for the reduction of the aerodynamic drag 
of the high-speed train. Therefore, from the viewpoint of aerodynamic drag, the design 
scheme with small flow-guide angle or low propulsion height seems to be optimal. 

            
  (a) h=190 mm/θ=30°                                  (b) h=190 mm/θ=60° 

             
(c) h=350 mm/θ=30°                                          (d) h=350 mm/θ=60° 

Figure 6: Pressure counter on the train surface 

Tab. 1 shows the aerodynamic drag coefficient of the high-speed train for various flow-
guide angles and propulsion heights. It can be seen from Tab. 1 that, with the increasing of 
the propulsion height h, the aerodynamic drag coefficient of the high-speed train increases. 
The aerodynamic drag coefficient has a minimum value when h=190 mm and θ=30°, and a 
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maximum value when h=350 mm and θ=90°. In addition, for the design scheme of h=0 mm, 
the aerodynamic drag coefficient is slightly smaller compared to the design scheme of 
h=190 mm and θ=30°, and the difference is less than 1%. Therefore, in order to reduce 
aerodynamic drag of the high-speed train, if the space allows, the air conditioner can 
completely sink, i.e., the propulsion height is 0 mm. If the space is limited, the air 
conditioner can partly sink with smaller flow-guide angle or lower propulsion height.  

Table 1: Aerodynamic drag force coefficient 

 θ=30° θ=45° θ=60° θ=90° 

h=190 mm 0.316 0.321 0.326 0.324 

h=250 mm 0.327 0.329 0.337 0.338 

h=350 mm 0.336 0.342 0.342 0.349 

4.2 Aerodynamic noise  
In order to study the spectral characteristics of the aerodynamic noise of the high-speed 
train, the measuring point 7, corresponding to the middle of the train, is taken as an 
example. Fig. 7 shows the frequency spectrum of the far-field aerodynamic noise of the 
measuring point 7 for some typical computational cases. It can be seen from Fig. 7 that, 
with the increasing of the frequency, the sound pressure level increases first, and then 
decreases. The aerodynamic noise has a wide range of spectrum, and the main energy is 
concentrated around 1000 Hz. With the increasing of the propulsion height, the sound 
pressure level has a rising tendency within the scope of medium and high frequencies. Of 
all the design schemes simulated in the present paper, the sound pressure level has a 
relatively small value when h=190 mm and θ=30°. As for the other measuring points, the 
aerodynamic noises have similar spectral characteristics. 
Fig. 8 shows the comparison of the total sound pressure levels at all frequencies of each 
measuring point between design scheme of h=190 mm/θ=30° and design scheme of h=0 
mm. It can be seen from Fig. 8 that, compared to the design scheme with propulsion 
height of 0 mm, the aerodynamic noise of the one with propulsion height of 190 mm and 
flow-guide angle of 30° is obviously reduced, nevertheless, the aerodynamic drag is 
slightly increased as described in Section 4.1. Therefore, from the viewpoint of the 
aerodynamic drag and noise, the design scheme with propulsion height of 190 mm and 
flow-guide angle of 30° is optimal in the research conditions of the present paper. 
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 (a) h=190 mm                                          (b) h=350 mm 

Figure 7: Frequency spectrum of the far-field aerodynamic noise 

 
Figure 8: Comparison of sound pressure level 

5 Conclusions 
The roof air conditioner is the main non-smooth part on the train body surface. The 
propulsion height and flow-guide angle of the roof air conditioner are important design 
parameters, which has much influence on the aerodynamic drag and noise of the high-
speed train. In the present paper, the influence of the design schemes of the roof air 
conditioner on the aerodynamic drag and noise of the high-speed train was studied based 
on the LES and Lighthill’s acoustic analogy theory. According to the simulation results 
and analysis above, the conclusions are as follows: 
(1) Based on the pressure distribution of the train, the design scheme with smaller flow-
guide angle and lower propulsion height is optimal. If the space allows, the air 
conditioner can completely sink from the perspective of aerodynamic drag. 
(2) With the increasing of the frequency, the sound pressure level has a tendency to first 
increase and then decrease, and the main energy is concentrated around 1000 Hz.  
(3) From the perspective of both aerodynamic drag and aerodynamic noise, the design 
scheme with the propulsion height of 190 mm and flow-guide of 30° is optimal. 
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