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Abstract. Longitudinal vortex generated around automobiles and airplanes is 
reproduced by a delta wing with attack angle of 15 degrees, which was merged 
in the uniform flow at 10 m/s. The paper aims to clarify the sound source of the 
longitudinal vortex system. The beamforming technique was applied to identify 
the sound sources of the vortex system in the JAXA (Japan Aerospace Explora-
tion Agency) wind tunnel. To verify the simulation model used, aerodynamic 
sound in the far field was compared with measured one. Estimated sound agrees 
quite well with measured one. To clarify aerodynamic sound generation mecha-
nism, sound source distribution and vortex structure were numerically investi-
gated. As a result, following findings were obtained. (1) Dominant sound 
source was experimentally observed by beamforming technique at the apex of 
the longitudinal vortex system. (2) Numerical analysis clarified sound source 
distributions of derivatives of surface pressure fluctuations, which were caused 
by the strongest unsteady motions of the vortices at the apex of the vortex sys-
tem.  
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1 Introduction 

Longitudinal vortices generated around automobiles and airplanes are regarded as one 
of the most dominant aerodynamic noise sources. There have been so many studies to 
reveal the generation mechanism of aerodynamic noise produced by longitudinal 
vortex. However, it has not yet been clarified that how the longitudinal vortex system 
has been generated and how this system produces the aerodynamic noise. The present 
paper aims to reproduce the longitudinal vortex with a simple delta wing model, and 
to identify noise sources by beamforming technique as well as to clarify aerodynamic 
sound generation mechanism numerically. The sound induced by turbulence in an 
unbounded fluid is generally called aerodynamic sound. With respect to aerodynamic 
sound, Lighthill [1] transformed the Navier-Stokes and continuity equations to form 
an exact, inhomogeneous wave equation whose source terms are important only with-
in the turbulent region. Lighthill equation is expressed in Equation (1). 
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(1) 

 
 

where Tij is Lighthill stress tensor, the term  ρvivj  Reynolds stress, and the speed of 
sound c0 in a medium of uniform mean density ρ0 and pressure p0.  
At low Mach number M « 1, the acoustic efficiency of the surface dipoles exceeds the 
efficiency of the volume quadrupoles by a large factor ~ O (1/M 2) [2-3]. Therefore, 
dipole sound caused by solid bodies is supposed to be dominant in this study. Dipole 
sources are expressed as Lighthill-Curle equation [2] as Equation (2) for acoustic 
compact. This equation means that sound pressure pf   in the far field emitted from 
solid bodies are expressed in terms of time derivative of solid surface pressure fluctu-
ations            
 

(2) 
 
 
Here                      indicates the summation of the forces the obstacle acts on the fluid. 
That is, unsteady motions of vortices apply forces on the obstacle and time derivative 
of the reaction forces from the obstacle is the dipole sound source. Most practical 
problems of sound generation by flow involve moving boundaries and moving 
sources interacting with such boundaries. Ffowcs Williams and Hawkings applied 
Lighthill’s equation to moving sound sources with control surfaces. FW-H equation 
reduces to Lighthill-Curle equation (2) if the control surface is stationary. For high 
Reynolds number flow at low Mach number, Howe [3] introduces the vortex sound 
equation shown in Equation (4) with total enthalpy B defined as 

 
(3) 

  
 

(4) 
 

As Lighthill equation, the right hand means sound source including vorticity, which 
explicitly shows that vorticity ω is the sound source. In case of acoustic compact, far-
field acoustic pressure emitted from dipole source [4] is also given as 
 

(5) 
 
where ∅𝑖𝑖  is velocity potential which satisfies Laplace equation  ∇2∅𝑖𝑖  and would be 
produced by translational motion of the body at unit speed in the i direction [3]. Here 
this factor indicates the acoustic radiation efficiency. It therefore follows that aerody-
namic sound is generated by unsteady motions of the vortex, and acoustic radiation 
efficiency increases especially when there exists the vortex near an obstacle. 
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2       Experimental Approach 
 
The experiment was conducted in the JAXA wind tunnel. The delta wing with L = 0.8 
m ×0.8 m was immersed in the uniform flow U =10 m/s in the test section (2 m×2 m) 
of the wind tunnel. Reynolds number is 5.3×105 for L=0.8 m, U=10 m/s. The micro-
phone array [5] consists of 96 microphones (B&K Type 4939), which was installed in 
the anechoic chamber 1.5 m away from the delta wing as shown in Fig.1. The beam-
forming technique [5] was applied to identify the noise sources of the longitudinal 
vortex. Figure 2 indicates sound pressure distribution on the wing. For the frequency 
range from 0.5 kHz to 5 kHz in interest, the apex of the longitudinal vortex is consid-
ered dominant sound sources. Regarding sound characteristics the authors’ previous 
study [6] also clarified dipole characteristics of broadband sound, increasing in pro-
portion to 6.2 power of the flow velocity. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

3       Numerical Approach 

CFD was employed to analytically investigate the structure of the longitudinal vortex. 
The study uses the software STAR-CCM+ with software V11.06.011. In the simula-
tion, numerical delta wing model has apex angles of 90 degrees just as in flow exper-
iment. Numerical unsteady analysis was conducted for sound calculation. This layer 
of cells is necessary to simulate flow field accurately. The prism layer mesh [7] is 
defined in terms of its thickness, the number of cell layers, and the size distribution of 
the layers. To calculate the flow filed in the longitudinal vortex with higher accuracy, 
the thickness of prism layer was decided so that wall Y+ [7] is less than 1.4 across the 
wing surface. The total thickness of prism layer is 1 mm with 10 to 15 layers while 
mesh size is 0.5 mm for longitudinal vortex region and especially 0.3 mm for the apex 
region with 0.005 mm for the region closest to the model surface for higher resolu-
tion. As a result, the total number of meshes amounts to125 million. Time step is 
0.1ms to simulate the largest maximum frequency 5 kHz. Figure 3 visualized the lon-

Fig. 2.  Sound sources of longitudinal vortex 
system measured by microphone array at 
U=10 m/s with angle of attack α=15 °． 

Fig. 1.  Experimental arrangement of micro-
phone array and far field microphone installed 
inside the anechoic chamber． 
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gitudinal vortex, which shows the highest velocity at the apex. To verify the simula-
tion model used, aerodynamic sound in the far field was compared with measured 
one. Sound estimated by FW-H equation [3] agrees quite well with measured one 
obtained by integrating spatially sound pressure distribution with the microphone 
array as shown in Fig.4. 

 
 
 
 
 
 
 
 
 
 
 
 
 

4       Results and Discussion 

To clarify aerodynamic sound generation mechanism, sound source distribution and 
vortex structure were numerically investigated. Figure 5 shows distributions of time 
derivatives of surface pressure fluctuations (or dipole sound source in Equation (2)) 
which have the highest values for all the frequencies. This shows the same tendency 
as the sound source distributions obtained experimentally in Fig.2. Figure 6 shows the 
vortex structures in time series (µs) in the section A. Clockwise vortex (blue color) 
induces counterclockwise vortex (red color), which results in a pair of vortices. Fig-
ures 7 and 8 show the unsteadiness of the strength of the vortices in the each section. 
It is found that the strength of the vortex is the highest at the section A and decreases 
in flow direction B, C, and D and that stronger clockwise vortex generates weaker 
counterclockwise one. Based on these analyses, mechanism of aerodynamic sound is 
considered that the vortices formed at the apex of the wing with vehement unsteadi-
ness of vortex motion induce sound wave efficiently. For M=0.03 « 1 at U =10m/s,  

 
 
 
 
 
 
 
 

Fig. 3.  Longitudinal vortex system visualized 
by streamlines around the delta wing. The 
apex of the vortex has maximal velocity. 
 

Estimated 

Measured 

Fig. 4.  Comparison between measured 
aerodynamic sound and estimated one by 
FW-H method in the far field. 

Fig. 6. Unsteady motions of the vortices around the 
apex of the delta wing in the section A at 10m/s. 

Fig. 5. Time derivative of surface pressure 
fluctuations with maximal values at the apex. 
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the radiation is accordingly dominated by the dipole. It seems that this great increase 
in acoustic radiation efficiency brought about by surface dipoles on the wing occurs 
especially when vorticity strongly interacts with the apex from Equation (5). 
 

 
 
 
 
 
 
 
 
 
 

5       Conclusions 

To identify the sound source of the longitudinal vortex system, the study was con-
ducted experimentally and numerically. As a result, following findings were obtained. 
(1) Dominant sound source was experimentally observed by beamforming technique 
at the apex of the longitudinal vortex system. 
 (2) Numerical analysis clarified maximal sound source at the apex of the vortex sys-
tem from distributions of derivatives of surface pressure fluctuations. Therefore it 
follows that dominant sound source at the apex is generated by the strongest unsteady 
motions of the vortices and the highest acoustic radiation efficiency.  
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Fig. 8. Counterclockwise vorticity is weaker 
than clockwise one at each section. 

A 
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Fig. 7. Clockwise vorticity has maximum at 
the apex and decreasing in the axial direction. 
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