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ABSTRACT 
Longitudinal vortex generated behind  front-

pillar of a vehicle is reproduced by  delta wing with 
attack angle of 15 degrees was merged in the uniform 
flow at 10, 20, and 30 m/s. Computational Fluid 
Dynamics (CFD) visualized the longitudinal vortex 
behind the leading edge of delta wing, and clarified 
that the vortex had the highest rotational speed at the 
tip and decreased the speed in the rearward direction. 
Since time derivative of surface pressure fluctuations 
is regarded as sound sources, they are correlated with 
aerodynamic sound measured in the low noise wind 
tunnel. As a result, it was found that sound sources 
at the tip of the vortex had strong correlation with 
aerodynamic sound in higher frequency range 
whereas those at the rear  in the lower frequency 
range. CFD revealed vorticity distributions in the 
vortex. The vorticity at the tip is the strongest and 
becomes weaker and weaker in the rearward 
direction. It therefore follows that fluid particles with  
stronger vorticity at the tip induce larger level of 
pressure fluctuations with higher frequency. This 
leads to sound generation with large level of high 
frequency. Meanwhile, the fluid particles with the 
weaker vorticity at the rear induce the smaller level 
of pressure fluctuations with lower frequency. This 
leads to sound generation with small level of low 
frequency.  
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NOMENCLATURE 
 co              [m/s]       speed of sound 
Tij               [Pa]        Lighthill stress tensor 
Cp [-] static pressure coefficient 
L [m] representative length 
P∞ [Pa]       pressure in uniform flow 

 ps               [Pa]       pressure fluctuation on delta wing 
pf                 [Pa]       sound pressure in the far field 
Re [-] Reynolds number 
U∞ [m/s] uniform flow velocity 
ν [m2/s] kinematic viscosity 
ω [1/s] vorticity 
ρ [kg/m3] density of fluid 
∇           [1/m]       differential operator 
u,v,w      [m/s]    velocity in X, Y, Z  direction 
 
Subscripts and Superscripts 
 
X, Y, Z axial (along the wind tunnel axis), 

transversal, spanwise (coordinate) 
i , j, k      X, Y, Z  component 

1. INTRODUCTION  
The sound induced by turbulence in an 

unbounded fluid is generally called aerodynamic 
sound. With respect to aerodynamic sound, Lighthill 
[1], Curle [2] and Howe [3] [4] have made their 
theoretical contributions to clarifying the 
relationship between turbulent flow and sound. 
Lighthill [1] transformed the Navier-Stokes and 
continuity equations to form an exact, 
inhomogeneous wave equation whose source terms 
are important only within the turbulent region. This 
equation is called Lighthill’s equation. In most 
applications of Lighthill’s theory it is necessary to 
generalize the solution to account for the presence of 
solid bodies in the flow. Curle [2] has made an 
extension to Lighthill’s general theory of 
aerodynamic sound so as to incorporate the influence 
of solid boundaries upon the sound field. Howe [3] 
[4] recast Lighthill’s equation in a form that 
emphasizes the prominent role of vorticity in the 
production of sound by taking the total enthalpy as 
the independent acoustic variable, which leads to the 



vortex sound equation. These theories have 
emphasized that unsteady motions of the vortex play 
a crucial role in the generation of aerodynamic sound. 

 Regarding the vortex, emphasis has been placed 
especially on longitudinal vortex which rotates on 
the axis whose direction coincides with the flow 
direction. In the automobile industry the reduction of 
aerodynamic noise becomes more and more 
important for the comfortable vehicle since noises 
caused by engine, power train, tires, and other noise 
sources have been steadily reduced in recent years. 

 It is well known that the front pillar of an 
automobile is regarded as one of the most dominant 
area in generating aerodynamic noise due to strong 
longitudinal vortices. Separated flows behind the 
front pillar generate the longitudinal vortices. Based 
on the theories as mentioned above, many 
researchers have so far tried to reveal the generation 
mechanism of aerodynamic sound. Haruna et al. [5] 
applied the Lighthill-Curle’s theory of aerodynamic 
sound to automobiles and experimentally estimated 
dipole noise emitted from the pressure fluctuations 
on the body surface. Recently, numerical approaches 
have also been conducted with delta wings and actual 
vehicles by Ogawa et al. [6-13].  

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 final objective 
of our study, therefore, is to simplify this specific 
aerodynamic noise problem to obtain a thorough 
understanding of how the longitudinal vortex is 
produced, and how the noise can be estimated 
quantitatively. The present paper aims to reproduce 
the longitudinal vortex generated behind the front 
pillar of a vehicle by a simple delta wing model, and 
to clarify aerodynamic sound generation mechanism. 

 

2. THEORETICAL BACKGROUND 
Lighthill equation is expressed as follows [1]. 
 
 

 
 
 

(1) 
 
Where Tij is Lighthill stress tensor, ρvivj；Reynolds 
stress. Einstein’s summation convention is utilized. 
This exact, inhomogeneous wave equation is 
introduced from Navier-Stokes equation and 
equation of continuity. The right hand expresses the 
sound sources. In most applications of Lighthill’s 
theory it is necessary to generalize the solution to 
account for the presence of solid bodies in the flow. 
The general solution of the equation is express as the 
sum of sound sources of quadrupole and dipole. 

However automobile speed is very low, compared 
with sound speed. For automobile, Mach number M 
« 1. This indicates that quadrupole sound sources 
generated by vortices themselves are neglected. 
Therefore it follows that for solid bodies dipole 
sound sources remain. Dipole sources are expressed 
as Lighthill-Curle equation [1-4] as Equation (2). 
This equation means that sound pressure pf emitted 
from solid bodies are expressed in terms of time 
derivative of solid surface pressure fluctuations            
 

 
(2) 

 
   
Here                      indicates that 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. Based on 
dimensional analysis of Eq. (2), intensity of dipole 
sound ID is given as follows. 
 

 
(3) 

 
 

Intensity of dipole sound source increases in 
proportion to 6th power of flow speed U. 

Howe [3-4] introduces the vortex sound 
equation shown in Equation (5) with total enthalpy B 
defined as 

 
(4) 

  
 

(5) 
 

 
As Lighthill equation, the right hand means sound 
source including vorticity. It is theoretically shown 
that vorticity is the sound source. Far-field acoustic 
pressure emitted from dipole source [3-4, 14] is 
given as 

 
(6) 

 
 
Where ∅𝑖𝑖  is velocity potential which satisfies 
Laplace equation  ∇2∅𝑖𝑖, which indicates the acoustic 
radiation efficiency. It therefore follows that 
aerodynamic sound is generated by unsteady 
motions of the vortex, and acoustic radiation 
efficiency increases when an obstacle is near the 
vortex. 
      Based on the theoretical background mentioned 
above, experimental and numerical approaches will 
be conducted to clarify the generation mechanism of 
aerodynamic sound emitted from the longitudinal 
vortex. 
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3. EXPERIMENTAL APPROACH 
3.1. Wind Tunnel Experiment 

The experiment was conducted in Gottingen-
type wind tunnel whose outlet has octagonal shape 
with a distance of the parallel portion of the opposite 
sides at 0.8 m. Aerodynamic noise emitted from the 
wing was measured in the anechoic test section. 
Figure 1 shows the three dimensional delta wing with 
tip angle of 90 degrees employed in the experiment.  
The wing also has attack of angle of 15 degrees to 
generate longitudinal vortex efficiently. 

 Pressure fluctuations on the wing was measured 
by compact electret condenser microphones (ECM) 
flush mounted on the wing surface. The ECM is 
C9767BB422LFP by DB Products Limited. The 
ECM can measure frequency range between 50 Hz 
to 16 kHz. The ECM has a diameter of 9.7 mm and 
6.7 mm thick. Pressure fluctuations were measured 
at the airflow velocity of 10, 20, and 30 m/s, focusing 
on the frequency ranging from 50 Hz to 5 kHz in this 
experiment. This is because it is known that the 
frequency range of aerodynamic noise in interest is 
high especially from 1 kHz to 5 kHz during the high 
speed cruising. Furthermore man are most sensitive 
to the high frequency range from 1 kHz to 4 kHz. 
Consequently, sampling frequency becomes 10 kHz 
and sampling time is 100 μs, based on the sampling 
theorem.Therefore it follows that sampling 
frequency becomes 10 kHz and sampling time is 100 
μs, based on the sampling theorem. Figure 2 
indicates the experimental setup. The data logger is 
NR-500 and NR-HV04 of KEYENCE Co. Ltd. 
Figure 3 shows longitudinal vortex visualized by oil 
dot method. Red line indicates reattachment line. The 
pressure fluctuations were measured at measuring 
points on the wing surface shown in Figure 4. 
Pressure fluctuations were measured at the 20 mm 
spacing in the longitudinal vortex region and 40 mm 
in the reattachment region.  

 
3.2. Experimental Result and Discussion  

Figure 5 indicates the relationship between 
aerodynamic sound and background noise. Since the 
difference is more than 10 dB, the background is 
sufficiently low that aerodynamic sound can be 
exactly measured. Figure 6 shows Fast Fourier 
Analysis (FFT) of time derivative of surface pressure 
fluctuations at the flow speed of 30 m/s. Based on 
theoretical background of Eq.(2) and experimental 
result [15], time derivative of the surface pressure 
fluctuations can be regarded as sound source [15]. It 
is found that the sound in the rear part of the 
longitudinal vortex shown in yellow and blue is 
larger than that in the tip in red and green at 
frequency range below 1kH. However, above 1 kHz 
of frequency region red and green colour is greater 
than yellow and blue. This means that lower 
frequency sound is generated at the rear part and 
higher one at the tip of the longitudinal vortex. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Wind tunnel outlet 

Wind 

Computer Logger Amplifier 

Delta Wing ECM 

Figure 2. Experimental setup 
 

Figure 4. Measuring points of surface pressure 
fluctuations on the wing 

t=20mm 

Figure 1. Three dimensional delta wing 
 

Figure 3. Longitudinal vortex visualized by oil dot 
method 

 



To identify the relationship between sound 
source distribution on the wing surface and 
aerodynamic sound in the far field, the coherence 
between them was conducted. The equation of 
coherence is shown as Eq. (7). 
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Here sp time derivative of surface pressure 
fluctuations, and 

fp  aerodynamic sound in the far 

field. fp  was measured at the distance of 1.5 m 
from the delta wing surface. Figure 7 indicates 
coherence between aerodynamic sound  fp   in the 
far field and time derivative of surface pressure 
fluctuations sp . It is found that the peak coherence 
values of P3 and P9 located at the tip of the 
longitudinal vortex are present in the high frequency 
range higher than 2.5kHz whereas those of P19 and 
P33 in the rear part of the vortex are in the low 
frequency range lower than 1.2 kHz. Figures 6 to 7 
indicate that aerodynamic sound with high frequency 
is generated at the tip of the longitudinal vortex and 
aerodynamic sound with low frequency is induced at 
the rear part of the vortex. Figure 8 shows contour 
maps of time derivative of surface pressure 
fluctuations measured on the wing surface at the 
airflow velocity of 10, 20, and 30 m/s for 500 Hz and 
3 kHz. Numerical values indicate maximum values 
on the wing surface. It is found from the contour map 
that for 500 Hz the maximum value is located in the 
rear part of the vortex, but for 3 kHz it is in the tip of 
the vortex.  

Figure 6. Time derivative of surface pressure 
fluctuations at 30m/s 

P19 P33 

P3 
P9 

Low Freq. High Freq. 

Figure 7. Coherence between far field sound and 
time derivative of surface pressure fluctuations 

Aerodynamic Sound by Wing 
 

Background Noise 
 

Figure 5. Aerodynamic sound generated by the 
delta wing and background noise wing  

 

 

Figure 8. Contour map of time derivative of measured surface pressure fluctuations  
at the airflow velocity at 10, 20, and 30 m/s for 500Hz and 3 kHz 



4. NUMERICAL APPROACH 
4.1. Numerical Method 

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 simulation, numerical delta wing 
model has tip angles of  90 dgrees just as in flow 
visualization experiment. Figure 9 shows numerical 
wind tunnel (1 m×1 m ×2 m). 

This study employed RANS (Reynolds 
Averaged Navier-Stokes Simulation). This approach 
is valid when the maximum Mach number in the 
domain is less than 0.2–0.3. Eddy viscosity models 
use the concept of a turbulent viscosity to model the 
Reynolds stress tensor as a function of mean flow 
quantities. For the accurate simulation, Menter SST 
k-ω model was used as the hybrid models in the form 
that k-ω model was used close to the wall whereas 
the standard k –ε in the completely turbulent region 
was employed. The SST k-ω turbulence model is a 
two-equation eddy-viscosity model which has 
become very popular. The shear stress transport 
(SST) formulation combines the best of two worlds. 
The use of a k-ω formulation in the inner parts of the 
boundary layer makes the model directly usable all 
the way down to the wall through the viscous sub-
layer, hence the SST k-ω model can be used as a 
Low-Re turbulence model without any extra 
damping functions. The SST formulation also 
switches to a k-ε behavior in the free-stream and 
thereby avoids the common k-ω problem that the 
model is too sensitive to the inlet free-stream 
turbulence properties. It therefore follows that SST 
k-ω model often merit it for its good behavior in 
adverse pressure gradients and separating flow. In 
the steady state analysis, the maximum step number 
is 1,500. 

   Reynolds number is defined as Eq.(8), where 
mean air flow velocity U=10 m/s, representative 
length L=0.52 m, and kinematic viscosity 
ν=1.43×10-5 m2/s and results in Re=3.4×105. This 
implies that the flow is of high Reynolds number and 
low Mach number of  0.029. 

 
(8) 

 The prism layer mesh model is used with a core 
volume mesh to generate orthogonal prismatic cells 
next to the surface of the delta wing as shown in 
Figure 10. This layer of cells is necessary to improve 
the accuracy of the flow solution. The prism layer 
mesh is defined in terms of its thickness, the number 
of cell layers, and the size distribution of the layers. 
In this study the total thickness of prism layer is 1 
mm with ten cell layers and prism layer closest to the 
model surface is 0.01 mm. To conduct the simulation 
with higher accuracy, the thickness of prism layer 
was decided so that wall 𝑌𝑌+  can be less than 30 
across the wing surface. The total number of meshes 
amounts to11.16 million. 

 
4.2. Numerical Result and Discussions 

To investigate flow field in detail, longitudinal 
vortex behind the leading edge was visualized with 
streamlines at 30 m/s (Figure11). Uniform flow 
speed is 30 m/s shown in blue. However, the colour 
of streamlines at the tip of the vortex is a red or 
yellow, and that of the rear of the vortex becomes 
blue. This indicates that the fluid particles has the 
fastest rotational speed at the tip of the vortex, but 
the fluid particles lose their rotational speed moving  
in the rearward direction, expanding the volume. 

Such a flow field greatly affects pressure field 
on the delta wing. Figure 12 shows static pressure 
coefficient Cp contour on the wing surface. Pressure 
coefficient is described in Eq. (9). Here Ps is static 
pressure on the wing,     stastic pressure in the 
uniform flow velocity U∞ , and 𝜌𝜌 density of the fluid. 
 
 
                                                                       (9) 

 
 
At the tip of the delta wing there exists the dark blue. 
This means that strong negative pressure is caused at 
the tip due to the strong rotational speed as shown in 
Figure 11. Therefore it follows that characteristics of 
the flow field of the longitudinal vortex strongly 
reflect on the negative pressure field on the wing.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 10. Prizm layer in the vicinity of the 
wing surface 
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Figure 9. Numerical wind tunnel 



 
5. GENERATION MECHANISM OF 

AERODYNAMIC SOUND 
To clarify the relationship between 

characteristics of aerodynamic sound and 
characteristics of flow field of the longitudinal vortex, 
the vorticity which shows quantitatively strength of 
the rotation speed was investigated by dividing the 
cone-shaped longitudinal vortex into three regions; 
the front (A), the centre (B), and the rear (C) shown 
in Figure 13.  

The vorticity will be described in Eqs. (10) to 
(13) with respect to the X, Y, Z coordinate axes and 
velocity vector U (𝑢𝑢, 𝑣𝑣,𝑤𝑤). Three components 𝜔𝜔𝑖𝑖 , 
𝜔𝜔𝑗𝑗, and 𝜔𝜔𝑘𝑘 express the vorticity in the X, Y, Z axial 
directions respectively. 

 
                                                                  

(10) 
 
 

(11) 
 
 

(12) 
 
 
 

(13) 
 
 

Figure 14 shows the vorticity distribution 
expressed by Eq. (11) and depicts the internal 
structures of the longitudinal vortex system in the 
cross section A, B, and C at three points shown in 
Figure 13. In the figure red and blue colours indicate 
the vortices rotating reversely to each other. 
Although in the tip section A there seem to exist a 
few of eddies whose scale are large, in the middle 
section B a number of eddies are being generated in 
smaller scale with the region of the vortex expanding. 
In the rear section C the scale of each eddy becomes 
much smaller and the strength of vorticity also 
attenuates due to the turbulent energy dissipation by 
the effects of the viscosity and convection of the 
rotational flows. It is assumed that turbulent energy 
is transported from large eddied generated at the tip 
to many smaller eddies by means of turbulent energy 
cascade down process. 

 
 

Figure 11. Longitudinal vortex visualized with 
streamlines at the airflow velocity at 30 m/s 
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Figure 14. Vorticity distribution in the three 
cross sections 

 

Figure 12. Pressure coefficient contour on the 
delta wing surface 

  

Figure 13. Three cross sections; the tip (A) the 
middle (B), and the rear (C) perpendicular to 
the wing surface 
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Regarding the strength of the vorticity, the tip 
has the strongest vorticity. The vorticity becomes 
weaker and weaker in the rearward direction. As a 
result, the rear of the vortex has weakest vorticity of 
the three regions. It therefore follows that the fluid 
particles with the strong vorticity at the tip induce the 
larger level of pressure fluctuations with higher 
frequency. This leads to sound generation with large 
level of high frequency. Meanwhile, the fluid 
particles with the weaker vorticity at the rear 
generate the smaller level of pressure fluctuations 
with lower frequency. This also leads to sound 
generation with small level of low frequency. Figure 
15 demonstrates the mechanism of aerodynamic 
sound induced by longitudinal vortex. 
 
6. CONCLUSIONS 

Flow around the front-pillar of an automobile is 
typical of a flow field with separated and reattached 
flow by a longitudinal vortex. The longitudinal 
vortex generated behind the front-pillar of a vehicle 
was reproduced by the three-dimensional delta wing. 
The wing with attack angle of 15 degrees was 
merged in the uniform flow speed of 10 m/s. The 
following findings were obtained. 

 
(1) The longitudinal vortex has the highest 

rotational speed at the tip and decreases the rotational 
speed in the rear direction.  

(2)  Since time derivative of the surface pressure 
fluctuations is regarded as sound sources, correlation 
evaluation using coherence function was conducted 
with sound measured in the far field in the low noise 
wind tunnel. As a result, it was found that the peak 
coherence values at the tip of the longitudinal vortex 
were present in the higher frequency range whereas 
those at the rear of the vortex were in the lower 
frequency range.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(3) Vorticity distributions in the longitudinal 
vortex were calculated numerically by CFD. The tip 
has the strongest vorticity. The vorticity becomes 
weaker and weaker in the rearward direction. It 
therefore follows that the fluid particles with the 
stronger vorticity at the tip induce the larger level of 
pressure fluctuations with higher frequency. This 
leads to sound generation with the large level of high 
frequency.  

(4) The fluid particles with the weaker vorticity 
at the rear induce the smaller level of pressure 
fluctuations with lower frequency. This leads to 
sound generation with small level of low frequency.  

ACKNOWLEDGEMENTS 
This work has been supported by Japan Grant-

in-Aid for Scientific Research (C) under contract No. 
17K06174. 

 

REFERENCES 
[1] Lighthill, M.J., 1952, “On Sound Generated 

Aerodynamically I. General Theory”, Proc. R. 
Soc. London A, 211, pp.564-587. 
http://rspa.royalsocietypublishing.org/content/
211/1107/564. 

[2] Curle, N., 1955, “The Influence of Solid 
Boundaries upon Aerodynamic Sound”, Proc. R. 
Soc. London A, 231, pp.505-514. 
http://rspa.royalsocietypublishing.org/content/
231/1187/505. 

[3] Howe, M.S., 2003, “Theory of Vortex Sound”, 
Cambridge Texts in Applied Mathematics, 
Cambridge University Press, Cambridge. 

[4] Howe, M.S., 2014, “Acoustics and 
Aerodynamic Sound”, Cambridge University 
Press, Cambridge. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 15. Aerodynamic sound generation mechanism indicating that high frequency 
sound is generated at the tip and low frequency sound at the rear of longitudinal vortex 

http://rspa.royalsocietypublishing.org/content/211/1107/564
http://rspa.royalsocietypublishing.org/content/211/1107/564
http://rspa.royalsocietypublishing.org/content/231/1187/505
http://rspa.royalsocietypublishing.org/content/231/1187/505


REFERENCES 
[5] Haruna, S., Nouzawa, T., Kamimoto, I. and 

Sato, H., 1990, “An Experimental Analysis and 
Estimation of Aerodynamic Noise Using a 
Production Vehicle”, SAE Transactions: 
Journal of Passenger Cars, 
http://papers.sae.org/900316/ 

[6] Takeda, J., Ogawa, S., 2014, Prediction of 
Aerodynamic Noise Radiated from a Delta 
Wing. Proceedings of the 4th International 
Symposium on Technology for Sustainability. 

[7] Ogawa, S., Li, Y., 2014, “Control of 
Longitudinal Vortex Generated around Front 
Pillar of Vehicles, Based on Clarification of the 
Vortex Generation Mechanism Using a Delta-
Wing”, Proceedings of the 12th International 
Conference on Motion and Vibration Control. 

[8] Ogawa, S., 1995, “Aerodynamic Noise of a 
Body with Separated and Reattached Flow by 
Longitudinal Vortices”, Ph.D. Thesis, 
University of Tokyo, pp1-192. 

[9] Ogawa, S., Takeda, J., 2015, “Mechanism of 
Generation and Collapse of a Longitudinal 
Vortex System Induced around the Leading 
Edge of a Delta Wing”, Open Journal of Fluid 
Dynamics, Vol.5, pp. 265-274. 

[10] Ogawa, S., Kawate, T., Takeda, J., Yano, K., 
2016, “Aerodynamic Sound Radiated from 
Longitudinal and Transverse Vortex Systems 
Generated around the Leading Edge of Delta 
Wings”, Open Journal of Fluid Dynamics, 
Vol.6，No.2，pp.101-118. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

[11] Ogawa, S., Yano, K., 2017, “Study on Vortical 
Structures and Aerodynamic sound of 
Longitudinal Vortex System Generated around 
the Leading Edge of Delta wings”, 4th 
Symposium on Fluid-Structure-Sound 
Interactions and Control. pp. 294-295. 

[12] Yano, K., Ogawa, S., 2017, “Characteristics of 
Wing-Surface Pressure Fluctuations and 
Aerodynamic Sound of the Vortex System 
Generated by the Delta Wing”, 4th Symposium 
on Fluid-Structure-Sound Interactions and 
Control. pp. 296-297. 

[13] Ogawa, S., Hashiguchi, M., Yano, K., 2017, 
“Numerical Prediction of Aerodynamic Sound 
Radiated from vortical Flow, Based on 
Compact Green’s Function, Ninth JSME-
KSME Thermal and Fluids Engineering 
Conference, TFEC9-1565. 

[14] Takaishi, T., Ikeda M., Kato C., 2004, “Method 
of evaluating dipole sound source in a finite 
computational domain,” J. Acoustic Soc. Am. 
116 (3), pp.1427-1435. 

[15] Maruta, Y., Kotake, S., 1981, “Separated Flow 
Noise of a Flat Plate”, Institute of Space and 
Aeronautical Science, University of Tokyo, Vol. 
46, No. 4, pp.105-174. 


	Abstract
	Nomenclature
	1. introduction
	2. THEORETICAL BACKGROUND
	3. EXPERIMENTAL APPROACH
	4. Numerical APPROACH
	acknowledgements
	references
	references

