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Abstract 
Varieties of research on turbulent-induced noise are conducted with combinations of acoustic 
analogy methods and computational fluid dynamic methods to analyse efficiently and accurately. 
Application of FW-H acoustic analogy without turbulent noise is the most popular method due to 
its calculation cost. In this paper, turbulent-induced noise is predicted using RANS turbulence 
model and permeable FW-H method. For simplicity, noise from 2D cylinder is examined using 
three different methods: direct method of RANS, FW-H method without turbulent noise and per-
meable FW-H method which can take into account of turbulent-induced noise. Turbulent noise 
was well predicted using permeable FW-H method with same computational cost of original FW-H 
method. Also, ability of permeable FW-H method to predict highly accurate turbulent-induced 
noise by applying adequate permeable surface is presented. The procedure to predict turbulent- 
induced noise using permeable FW-H is established and its usability is shown. 
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1. Introduction 
Objects in motion in fluid disturb its surroundings to produce noise. Such noise can be predicted using Kirchhoff 
formula or Acoustic analogy [1]. The Acoustic analogy method has advantage over Kirchhoff formula due to its 
representation of noise in three pressure terms according to its physical meanings: thickness noise, loading noise 
and quadruple noise [2]. Meanwhile, in the view point of far-field radiation noise, turbulent-induced quadrupole 
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noise term has usually been neglected to reduce computational cost [1]. Moreover, it has recently been found 
that the turbulent-induced noise is also important to understand characteristics of overall noise in far-field [3]. 

The turbulent-induced noise can be predicted correctly using DNS (Direct Numerical Simulation) method. 
However it is almost impossible because of high computational cost [4] [5]. Therefore, hybrid method to utilize 
computational fluid dynamics (CFD) with turbulent models and acoustic analogy introduced by Lighthill to re-
duce computational expense is being researched actively [1]. Based on Lighthill’s analogy [6], FW-H (Ffowcs 
Williams and Hawkings) analogy [2] without considering quadrupole term is commonly used to consider object 
moving in arbitrary motion [7]. 

In this study, the use of RANS (Reynolds Averaged Navier-Stokes) turbulent model of CFD and permeable 
FW-H which accommodates permeable surface is shown to predict turbulent-induced noise. Direct method to 
directly extract perturbing pressure, FW-H method without quadruple term, and permeable FW-H which in-
cludes the effects of turbulence are compared for 2-dimensional circular cylinder. Permeable FW-H method has 
shown to well predict the influence of turbulent noise compared to the method without quadruple term. Moreo-
ver, it is shown that careful selection of permeable surface can result in high accuracy from permeable FW-H 
method. 

2. Basic Theory of Acoustic Analogy 
Lighthill has introduced the wave equation of acoustic analogy having the source derived by comparing the ex-
act equations of motion of a fluid with the equations of sound propagation in a medium at rest as follows [6], 
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Here ρ′ =  density perturbation, ijT =  light hill’s stress tensor, ijp =  compressive stress tensor, c =  ve-
locity of sound in fluid at rest, iv =  component of velocity in direction ix .  

Curle’s analogy have expanded the Lighthill’s theory considering rigid surface (Curle, 1995), an Ffowcs Wil-
liams and Hawkings have further generalized the theory considering rigid object in arbitrary motion as follows 
[2], 
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Here, f  represents body surface as function of ( ), 0f x t = ; 0f <  and 0f >  meaning inside and out-
side of rigid body, respectively. First term physically means unsteadiness inside the fluid expressed in quadruple 
source as Reynolds stress which is called turbulent-induced term. Second term is monopole source due to dilata-
tion of boundaries and third term is dipole source modeled from fluctuating stresses on the surface. Second term 
and third term is called loading noise term and thickness noise terms, respectively. 

Farassat’s formulation develops FW-H analogy equation into following integral forms [8], 

( )



( )
( )
( )

2
00 0

Thickness 2 3 33
0 0ret ret

4π   d d
1 1 1

n rn n i i

f fr r r

cv M Mv v r M
P S S

r M r M r M

ρρ ρ

= =

   −
 = + + 
 − − −    

∫ ∫




            (4) 

( )



( ) ( )
( )

( )

2

Loading 2 3 2 32
0 0ret ret

  coscoscos ?4π d d
11 1 1

ri i

f f rr r r

M M pr M pp pP S S
r Mcr M cr M r M

θθθ θ

= =

   −
 = + + + 

− − − −    
∫ ∫



     (5) 

2

Quadrupole

ret

4π d
1

ij

i j rV

T
P V

x x r M
 ∂

=  
∂ −  

∫                                (6) 

Here, 1 rM−  is Doppler factor, r x y= − , and all terms evaluated in retarded time rett t r c= − . 
Turbulent term which is represented as quadrupole source is in volume integration. Decision of the volumes 

in fluid around rigid body to integrate and evaluation of the integration kernel is difficult [9]. Permeable FW-H 
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method starts from setting the permeable surface by modifyingthe assumption of surface f  that the normal 
velocity of fluid ( )nv  and normal velocity of rigid body ( )nu  is equal ( )n nv u=  to be unequal. By so, cal-
culation of thickness and loading noise on permeable surface (Inner-Cell) includes the turbulent-induced noise 
inside the surface [1] [8].  

3. Noise Analysis of 2-Dimensional Circular Cylinder 
3.1. Construction of Mesh 
To analyze the circular cylinder with 20 mm diameter, total of 218,268 cells are constructed. Receiver points for 
acoustic analysis are place at perpendicular to the flow direction downward from the cylinder in distance of 10 
mm, 70 mm. Dimensionless Wall Distance (Wall Y+) is set to lower than 1 to accurately calculate boundary 
layers. In addition, overall mesh takes from of C-H for better quality such as skewness and orthogonality around 
the cylinder.  

Permeable surface (Inner-Cell) for permeable FW-H method is set to include boundary layers and 3 - 4 vortex 
shedding as in Figure 1. 

3.2. Simulation of Turbulent Flow 
Ansys FLUENT v14.5 is used for CFD calculation and also FW-H method without turbulent term and permea-
ble FW-H with Inner-Cell boundary condition [7]. CFD calculation is done in pressure based, transient 2nd-or- 
der implicit in time and 3rd-order MUSCL in space with SIMPLE scheme and results are shown in Figure 2. 
To verify the flow simulation, the results are compared with the reference [10]. 

Figure 2(a) and Figure 2(b) show flow simulation results of dynamic pressure and pressure coefficient. Fig-
ure 2(b) shows good agreement with the reference [11]. In Table 1, it is verified the Strouhal number of simula-
tion compared to references [10] [11].  

 

 
Figure 1. Structured mesh with permeable surface (In-
ner-Cell), 218,168 volume cells. 

 

   
Figure 2. CFD results of the circular cylinder: left: dynamic pressure; right: pressure coefficient. 

 
Table 1. Comparison of Strouhal number. 

K − ω SST Strouhal No. (St) 
Experiment (Park, 2012) 0.195 

Experiment (Norberg, 2003) 0.190 
Simulations (Park, 2012) 0.198 

Simulations (Orselli, 2009) 0.247 
Result 0.222 
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3.3. Turbulent-Induced Noise Analysis 
Figure 3 shows results due to different methodology to predict turbulent-induced noise. Direct method to di-
rectly extract perturbing pressure, FW-H without quadruple term which means turbulent noise (FW-H w/0 
Quad.) and Permeable FW-H method by using permeable surface (Inner-Cell) are compared. The difference 
between the FW-H w/o Quad. and Permeable FW-H can be considered as the noise due to the turbulence with 
the magnitude of 10 dB ref 20 μPa. The results shows good results except the results at receiver 1 which is in-
side the permeable surface. 

Considering the fact that the FW-H without quadruple term cannot represent the noise by the turbulence im-
plies that the permeable FW-H method has well predicted the turbulence-induced noise. It can be stated from the 
result that the procedure to predict turbulent-induced noise is established. Also, it is shown that the Permeable 
FW-H method is robust compared to the standard FW-H method. 

3.4. Turbulent-Induced Noise Analysis Underwater 
Figure 4 shows results by the same procedure but underwater environment. Considering the Reynolds number, 
the fluid velocity is set to be 10 m/s. Comparing to the results that of the air, the noise due to the turbulence 
shows the magnitude of 20 dB 10 μPa and also the quadruple noise reduces overall noise at the range over 200 
Hz. 

Here, permeable FW-H also shows good agreement toward the direct method showing the similar characteris-
tics that of the results in air. This also represents the robustness of the permeable FW-H method. 

Accurate results can be obtained from FW-H methods inside the permeable surface both in air and underwater. 
In Figure 5, it is shown that the results of the permeable FW-H method by using the reversed permeable surface 
well match the direct method inside the permeable surface. In conclusion, the choice of Inner-Cell has great in-
fluence in the final prediction of turbulence noise.  

 

    
Figure 3. Comparison of sound pressure level spectrum obtained from different method at 30 m/s, Receiver 1 
(10 mm), Receiver 4 (70 mm). 

 

    
Figure 4. Comparison of sound pressure level spectrum underwater obtained from different method at 10 m/s, 
Receiver 1 (10 mm), Receiver 4 (70 mm). 
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Figure 5. Comparison of sound pressure level spectrum underwater having permeable FW-H method with re-
versed normal vector at 10 m/s, Receiver 1 (10 mm), Receiver 4 (70 mm). 

4. Conclusions 
Prediction of the turbulence-induced noise around 2-dimensional circular cylinder is done by the three different 
methods: direct method to directly extract perturbing pressure, FW-H without quadruple term which represents 
the noise due to the turbulence and permeable FW-H method which includes the turbulent-induced noise. 

The difference between the direct method and the FW-H without quadruple term represents the magnitude of 
the noise due to the turbulence. Permeable FW-H method shows good agreement with the direct method. The 
robustness of the permeable FW-H method is shown from different results that the permeable FW-H method can 
well predict the noise produced from turbulence. By reversing the normal vector of the permeable surface, the 
near-field prediction could improve its accuracy. In conclusion, the procedure to predict turbulent-induced noise 
by using the permeable FW-H method is established and its usefulness is shown. 

In further studies, the selection of Inner-Cell considering not only the size of the surface but also the length 
and frequency of vortex shedding and turbulent-induced noise prediction in more complex geometries are con-
sidered to generalize the current procedure of predicting the turbulent-induced noise. 
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