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0 Introduction

Turbulent fluctuating pressure is an important rep⁃
resentation of the turbulent unsteady characteristic.
It is also the main source of fluid induced structural
vibration and noise generation. Corcos[1] first gave the
wavenumber-frequency spectrum model of turbulent
fluctuating pressure on a flat plate by Fourier trans⁃
form to understand the temporal and spatial charac⁃
teristics of turbulent structures and provide input
conditions for the acoustic radiation prediction of
flow noise. At present, the main methods for the re⁃
search on turbulent fluctuating pressure and its wave⁃

number-frequency spectrum are experimental mea⁃
surement and Fourier transform. The experimental
research is time-consuming and laborious, and the
object of experimental research is not universal.

Flow noise is the flowing Reynolds stress radiation
noise, and can be divided into aerodynamic noise
and hydrodynamic noise. It is mainly composed of
two parts: the direct radiation noise of the turbulent
boundary layer and the radiation noise generated by
the structural vibration excited by the fluctuating
pressure of the turbulent boundary layer. In this pa⁃
per, we will mainly discuss the direct radiation noise
in the turbulent boundary layer. In general, there are
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two kinds of numerical prediction methods for direct
radiation noise, i.e., direct method and indirect method.
In the direct method, the unsteady flow and noise
generated by it are calculated at the same time
according to the control equation of the total flow
field (Navier-Stokes (N-S) equation), including Di⁃
rect Numerical Simulation (DNS), Large Eddy Simu⁃
lation (LES), Reynolds-Averaged N-S (RANS), etc.
The direct method is the most accurate method, will
not be affected by the restriction of the conditions
such as the flow state (e.g., low Mach number and
high Reynolds number) or the sound source proper⁃
ties, and can calculate the generation and propaga⁃
tion of sound. However, the required solved area
should be large enough, which at least fully includes
the sound source area and its near-field area, which
requires enormous computing resource. In the indi⁃
rect method, the CFD method is first used to calcu⁃
late the flow field, and then the far-field noise level
is obtained by means of integration or acoustic analogy.
The most basic assumption of the indirect method is
to ignore the sound-flow coupling. In the method, the
flow field and sound field are calculated, respectively.
Therefore, it is more suitable for cases of low Mach
number. Indirect methods mainly include turbulence
model/acoustic analogy, discrete vortex method/
acoustic analogy, RANS random noise generation
model, viscous acoustic splitting method, linear Euler
equation with source term, vortex sound theory, etc.
In engineering, indirect method is generally adopted,
i.e., the CFD program (FLUENT, STAR-CD, CFX,
STAR-CCM+, Powerflow, etc.) is first used to obtain
the flowing sound source, and then the flow noise is
predicted by commercial flow noise simulation soft⁃
ware. However, the computing code of commercial
software is not open source, and the following prob⁃
lems have not been solved, such as, whether adap⁃
tive adjustment has been made for the aerodynamic
characteristics in the flow noise calculation module
based on the development of aeroacoustics, whether
approximate treatment is conducted or whether
empirical parameters have been introduced in the
solving process [2]. Therefore, the development of
hydrodynamic noise prediction technology has been
severely constrained.

At present, for the acoustic radiation problem of
the turbulent boundary layer, the related theories are
based on the Lighthill acoustic analogy equation and
the equations developed from it, e.g., the Curle equa⁃
tion considering solid boundary, Ffowcs Williams
equation, Hawking equation, and the Goldstein

acoustic analogy integral equation. However, there
are different assumptions on the main sound source
mechanism. The acknowledged assumptions include
the dipole source of the wall fluctuating pressure, the
quadrupole source of turbulent Reynolds stress, and
the monopole source generated by the inhomoge⁃
neous mass/heat inflow in a fluid. Wang et al.[3] ad⁃
opted the LES and acoustic infinite element method
to numerically predict the submarine noise in the fre⁃
quency domain, and believed that, compared with
the plane sound source (dipole sound source), the
contribution of the body sound source (quadrupole
sound source) in the total sound level can be neglect⁃
ed. Pan et al.[4] studied the flow noise of the turbulent
boundary layer of low Mach number, which has been
fully developed on a rigid smooth flat plate, and sepa⁃
rately discussed the contribution of the dipole and
quadrupole sound sources to the flow noise. They
found that, the fluctuation generated by the dipole
was mainly concentrated in the low frequency band
(<500 Hz), the fluctuation generated by the quadru⁃
pole was mainly concentrated in the middle and high
frequency bands (1 200-2 500 Hz). They believed
that the wall shear stress (dipole sound source) was
the main source for the direct radiation noise in tur⁃
bulent boundary layer. Ito[5] and Moritoh et al.[6] re⁃
vealed through a large number of experiments that
the fluctuating pressure generated during the train
operation was the main source of aerodynamic noise.
Xiao and Kang[7] predicted the aerodynamic noise of
train head surface by using the LES combined with
the Lighthill-Curle acoustic analogy theory. They al⁃
so thought that the dipole source of low Mach num⁃
ber was the main source of aerodynamic noise. This
was because the dipole source noise was proportional
to the Mach number to the power of 3, while the
quadrupole source noise was proportional to the
Mach number to the power of 5. Therefore, at the
subsonic speed, the quadrupole source noise could
be negligible compared with the dipole source noise.

In this paper, we will take the three-dimensional
airfoil as an example, only consider the dipole source
radiation noise of the turbulent fluctuating pressure
at the subsonic speed, and use the form of pressure
spectrum as the sound source input. The main ideas
are as follows: First, the flow field data are calculat⁃
ed by CFD simulation, and the numerical method of
the wavenumber-frequency spectrum of the turbu⁃
lent fluctuating pressure of arbitrary surface is estab⁃
lished by Fourier transform. Then, the obtained wave⁃
number-frequency spectrum is substituted into the
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acoustic analog equation of the Goldstein version as
the sound source to predict the radiation noise. Theo⁃
retically speaking, the method is also appropriate for
the calculation of hydrodynamic noise.
1 Wavenumber-frequency spec-

trum model on a flat plate

For the fully developed turbulent layer on an infi⁃
nite flat plate, it is assumed that the turbulent pres⁃
sure field is uniform in space and is stationary rela⁃
tive to time. In other words, the spatial-temporal cor⁃
relation of the wall pressure fluctuation only depends
on the spatial distance and the time interval. Under
the assumption, Corcos[1] proposed the wavenum⁃
ber-frequency spectrum density model of wall pres⁃
sure fluctuations as follows[8]:
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where S0( )ω0 is the point pressure frequency spec⁃
trum on the wall surface; ω0 is the circular frequen⁃
cy of the pressure fluctuation, rad/s; Â and B̂ are
the Fourier transforms of A and B ( A and B are
dimensionless functions obtained from the experi⁃
ment); ks and k t are the wavenumbers of the flow⁃
ing direction and the spanwise direction, respective⁃
ly; and Uc is the convection velocity.

Brooks et al.[9] investigated the statistical proper⁃
ties of the hydrodynamic pressure field on a large
enough flat plate, and provided the following experi⁃
mental fitting functions of A and B :

A (β ) = e
-ζ1 || β

B (β ) = e
-ζ2 || β

（2）
where β is the independent variable of any func⁃
tion; ζ1 and ζ2 are adjustable coefficients, which
can be obtained from the experiment, i.e.,

ζ1 =0.11， ζ2 =0.6 （3）
Substituting Eqs. (2) and (3) into Eq. (1), we can

obtain the Corcos spectrum of the Brooks version, i.e.,
Sqq( )kω0 = S0( )ω0 S1( )ks S2( )k t （4）
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The integral lengths of the flowing direction and

the spanwise direction, l1 and l2 , are defined by the
following equations[9]:
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If we assume that the convection velocity Uc is
constant, substituting Eqs. (2) and (3) into Eq. (7),
we have

l1 =Uc ζ1ω0 ， l2 =Uc ζ2ω0 （8）
Based on the pressure spectrum S0( )ω0 of a point

on an infinite flat plate proposed by Chase[10], Howe [11]

provided the following dimensionless form:
S̄0( )ω̄0 =

6.140 9 ´ 10-6ω̄2
0

( )ω̄2
0 + 0.014 4

1.5
（9）

In the above equation, S̄0( )ω̄0 = S0( )ω0 ·

( )U0 δ* ( )0.5ρ0U
2

0

2

，where U0 and ρ0 are the uni⁃
form inflow velocity and the fluid density, respective⁃
ly; ω̄0 = ω0δ

* U0 ，where δ* is the displacement
thickness of the turbulent boundary layer. For fully
developed turbulence on a flat plate, δ* can be esti⁃
mated by Eq. (10) [12]. In the equation, Re is the
Reynolds number based on the arc length ηe starting
from the leading edge.

δ* ηe » 0.047Re-1/5 （10）
It is noted that the effects of the angle of attack α

(unit: (°)) on the pressure surface and suction surface
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0.016 2(100.306 6α ) ，                7.5  α  12.5

52.42(100.025 8α )，                    12.5  α  25

（11）

where the subscript "0" represents zero angle of at⁃
tack, the subscript "p" represents the pressure sur⁃
face of the boundary layer, and the subscript "s" rep⁃
resents the suction surface of the boundary layer.

Fig. 1 shows the wavenumber-frequency spectrum
model of turbulent fluctuating pressure on an infinite
plate proposed by Corcos[1]. In the figure, the vertical
coordinate Sqq is the amplitude of the wavenum⁃
ber-frequency spectrum, dB; ksUc ω0 and k tc0 ω0

( c0 is the sound speed) are the dimensionless wave⁃
numbers of the flowing direction and spanwise direc⁃
tion, respectively. Since the general characteristics
at different frequencies are consistent, while the am⁃
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plitude values are different, the characteristic study
of spectrum is mainly carried out here and we only
provide the wavenumber-frequency spectrum at
1 200 Hz. From Fig. 1(b), we can see that, there is a
peak in the spectrum when ksUc ω0 =1, which is
consistent with the general characteristic that the
wavenumber-frequency spectrum of the fluctuating
pressure of the turbulent wall at a fixed frequency
( ω0δ

* U >> 1 , where U is the inflow velocity)
changes with the wavenumber in the flowing direc⁃
tion believed by Howe[11] (see Fig. 2). From the figure,
we can see that there are two peaks when ks > 0 , the
maximum peak appears in the "convection zone",

and most of the energy is transmitted by Uc . The tur⁃
bulent energy in the region is said to exist in the con⁃
vective ridge. The second peak appears near the
acoustic wavenumber κ0 . With κ0 = ω0 c0 as the
center, the range of k < ||κ0 corresponds to the
so-called "acoustic area" (where k is the modulus of
the vector k = (ksk t) .
2 Acoustic prediction equation of

the Goldstein version

When there is a solid boundary in the moving coor⁃
dinate system, Goldstein[13] used the Green function
method to study its sound production problems, and
obtained the following basic governing equation:

p(x t) = 
-T
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where S(τ) is the impenetrable solid surface; V (τ)

is the exterior domain of S(τ) ; T is relatively large
time;T ′

ij = ρv′i v
′
j + eij ，is the stress tensor of Lighthill

in the isentropic flow, where eij is the ( i j ) th com⁃
ponent of the viscous stress tensor; fi = -ni( p - p0) +

njeij , is the ith component of the force on unit area ap⁃
plied by the fluid boundary, where ni is the ith com⁃
ponent of the unit inner normal n on surface of
S (τ ) , p0 is the pressure under the steady flow; and
ρ0 is the density under the steady flow. It is worth
noting that there are two coordinate systems, i.e., the
fixed coordinate system y′ ( y′1y′2y′3 ) and the mov⁃
ing coordinate system y (y1y2y3 ) . v′i and v′ j are
the measured velocities in the fixed coordinate sys⁃
tem, and v′i = vi - δ1iU , where vi is the velocity in
the moving coordinate system, δij is the Kronecker
delta function. The volume displacementterm V ′

n =

Vn - n1U , which is also a measured value in the
fixed coordinate system, and satisfies the relation⁃
ship D Dτ = τ + U ( / y1 ) .

In the moving coordinate system, the solution of
the Green function in Eq. (12) is

G(x t ; y τ) = 1
4πR

δ[τ + 1
β2c0

(R + M (y1 - x1)) - t]

（13）
We take the Fourier transform of Eq. (13), and ob⁃

tain the Green function in the frequency domain as
follows:

（a）Three-dimensional diagram of the wavenumber-frequency
spectrum

（b）Curve diagram of the wavenumber-frequency spectrum with the
change of the wavenumber along the flowing direction
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Ĝ(xyω) = 
-¥

¥

G(x t ; y τ)e
iω(t - τ)

dt = 1
4πR

e
iμE
（14）

In the equation, y and x are the source point
and the field point, respectively.
R = (y1 - x1)

2 + β2(y2 - x2)
2 + β2(y3 - x3)

2 , where
β2 = 1 - M 2 , M =U c0 ，is the Mach number in uni⁃
form flow; E = R + M (y1 - x1) ; μ = κ β2 , where
κ = ω c0 , is the acoustic wavenumber; ω  is the an⁃
gular frequency; and i is the imaginary unit.

If the viscous stress eij is neglected and the con⁃
tribution of the quadrupole sound source can be ig⁃
nored at the subsonic speed, since the third term of
the right side of Eq. (12) is the radiationless steady
pressure [14], which has no effect on the sound radia⁃
tion pressure, Eq. (12) can be simplified as follows:

p(x t) = - 
-T

T
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（15）
where p s = ( p - p0) , is the fluctuating pressure. We
take the Fourier transforms on both sides of Eq. (15)
with respect to the time t , and obtain the frequency
domain equation of sound pressure for any point in
the field as follows:

P̂(xω) = 
S

P̂ s(yω)[-ni
¶
¶yi

Ĝ(xyω)]dS(y)（16）
From the frequency domain Green function of

Eq. (14), we have
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j = 23 （17）
We rewrite P̂ s( )yω in Eq. (16) as the wavenum⁃

ber domain form. Then, we have
P̂ s( )yω = 1

2π 
-¥

¥
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¥

P̂s( )ksk tω e
j(ksηs + k tη t)dksdk t（18）

where j is the imaginary unit; η s and η t are the coor⁃
dinates in the flowing direction and the spanwise di⁃
rection of the airfoil surface, which correspond to y1

and y2 if the surface is a plane (see the coordinate
system in Fig. 3).

According to Eqs. (16) and (18), we can obtain the
pressure power spectrum of any point x in the field,
Spp(xω) , as follows:
Spp(xω) = 

-¥

¥
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¥

||Hp(xksk tω)
2

Sqq(ksk tω)dksdk t

（19）

where Sqq (ksk tω) is the wavenumber-frequency
spectrum of the fluctuating pressure at the source
point y (wall surface). We define HP as the radia⁃
tion transfer function with the following expression:

HP( )xkω = 1
2π 
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Finally, we define the radiated sound pressure lev⁃
el at the field point x as follows [14]:

SPL = 10 lg
4πSpp( )xω

p2
ref

（21）
where p ref is the reference sound pressure, and
p ref = 2×10-5 Pa; the factor 4π is due to the one-sid⁃
ed spectrum transform and that the frequency unit is
transformed from rad/s into Hz.
3 Numerical calculation model

and results analysis

The research object of this paper is the
NACA 0012 airfoil, which has been studied by
Brooks et al. [9]. The chord length is 0.304 8, and the
span is 0.475 2. It moves along the -y1 direction
with the velocity U , the Mach number M=0.208,
and the angle of attack α=4°. The convective velocity
coefficient cu =0.8 is adopted. Fig. 3 shows the
adopted suction surface (i.e., the upper surface)
meshes of the NACA 0012 airfoil used in the numerical
calculation. The coordinate origin is taken at the
midpoint of the trailing edge. If the unit scale le is
required to be less than 1/10 of the wavelength of the
sound wave (here, we analyze the frequencies below
3 000 Hz), the unit scale le  c0 ( )10f = 11.5 mm.

Fig.4 Computational domain model of airfoil motion

x

z

y

Fig.3 Mesh on the upper surface of the airfoil

U
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Here, we take the maximum mesh scale of 8 mm and
divide the airfoil into 5 720 quadrilateral elements
and 5 940 nodes. Fig. 4 shows the corresponding cal⁃
culation domain model for the flow field, where there
are 1 848 590 nodes and 1 890 768 hexahedral ele⁃
ments in total.

In order to verify the rationality of the mesh divi⁃
sion, we first calculate the average pressure coeffi⁃
cient distribution on the upper and lower surfaces of
the model (see Fig. 5): CP = ( p - p0) (0.5ρU 2) ,
where ρ is the gas density. The horizontal ordinate
of Fig. 5 is the dimensionless value of chord length
along the flowing direction X = x c , where c is the
chord length. In order to compare with the test
results [15], we set the angle of attack α as 5° . The
pressure in the test is the measured value with h/c =
0.05 (h is the height away from airfoil surface),
which is considered to be approximately equal to the
pressure value of the airfoil surface. From Fig. 5, we
can see that the simulation results agree well with
the test values.

By means of the flow field calculation and data
processing, we obtain the wavenumber-frequency
spectrum of the fluctuating pressure on the airfoil
surface[16], and the result is shown in Fig. 6. Figs. 6(a)
and 6(b) are wavenumber-frequency spectra of the
pressure surface at 1 000 Hz, while Figs. 6(c)-6(f)
are the wavenumber-frequency spectra of the pres⁃
sure surface and suction surface at 1 200 Hz, respec⁃
tively. From Figs. 6(b) and 6(d), we can see that, the
maximum peak appears near the place where
ksUc ω0 is slightly larger than 1. This is because the
effect of the shear stress on the wall surface leads to
the migration of the wavenumber-frequency spec⁃
trum peak[17]. Comparing Figs. 6(d) with Fig. 6(f), we
find that, due to the existence of the angle of attack,
the wavenumber spectra of the pressure surface and

the suction surface are not symmetric, and the ener⁃
gy of the pressure surface is higher than that of the
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suction surface.
We substitute the above numerical calculation re⁃

sults of the wavenumber-frequency spectrum of the
fluctuating pressure on the airfoil surface into the
acoustic prediction equation in Section 2, and obtain
the radiated sound pressure level of flow noise at the
field point (0, 0, 1.22). Meanwhile, we use the acous⁃
tics software to calculate the radiated sound pressure
level of flow noise at the same receiving point and
under the same conditions. Then, the two results are
compared with Brooks' empirical formula for the radi⁃
ation noise of the NACA 0012 model (see Fig. 7).
From the comparison of the results calculated by the
software and obtained from Brooks' empirical predic⁃
tion shown in the figure, we can see that, at the fre⁃
quencies above 1 000 Hz, the differences among the
sound pressure levels are basically within 8 dB; how⁃
ever, in the low frequency band, especially below
500 Hz, the results are quite different. The predic⁃
tion results of this paper based on the wavenum⁃
ber-frequency spectrum at the frequencies below
500 Hz agree well with the results from Brooks' em⁃
pirical prediction, and the differences between the re⁃
sults obtained by this paper and those from Brooks'

empirical prediction at the frequencies between

500 Hz and 3 000 Hz are basically within 6 dB.
Therefore, compared with the results from Brooks'

empirical prediction, in middle and low frequency
bands, the flow noise based on the wavenumber-fre⁃
quency spectrum prediction provided in this paper is
closer to the fitted values than the results calculated
by software.
4 Conclusion

In this paper, based on the wavenumber-frequency
spectrum of turbulent fluctuating pressure, we pro⁃
vide a frequency domain method for flow noise pre⁃
diction. Through the comparison of the results calcu⁃
lated by acoustics software and from Brooks' empiri⁃
cal formula, we find that the calculation results of
the proposed method and the software are similar, e.g.,
there are equal peak frequencies (near 500 Hz and
1 200 Hz) within 500-1 500 Hz. There are also dif⁃
ferences, e.g., the change tendency within 500 Hz is
completely different from that of the results calculat⁃
ed by software, but is basically consistent with the
change tendency of the results from Brooks' empiri⁃
cal formula. In conclusion, in this paper, we take the
NACA 0012 airfoil as an example, take the wave⁃
number-frequency spectrum as the entry point, and
obtain the numerical method for the wavenum⁃
ber-frequency spectrum of the wall fluctuating pres⁃
sure in the turbulent boundary layer. Theoretically
speaking, it is applicable to any form. It not only ex⁃
tends the wavenumber-frequency spectrum model
on a flat plate, but also has the generality. In addi⁃
tion, we take the calculation of aerodynamic noise as
an example to predict the flow noise based on the
wavenumber-frequency spectrum and the acoustic
analog equation of the Goldstein version, which is
independent of acoustic computing software. The
results show that the forecast results of the method in
this paper accord better with the experimental

（e） Three-dimensional diagram of the wavenumber-frequency
spectrum（f=1 200 Hz，suction surface）
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results at low and medium frequencies. Theoretically
speaking, this is also applicable to hydrodynamic
noise calculation. Therefore, we intend to extend this
method to the flow noise calculation of different
underwater vehicles in the next step.
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基于湍流脉动压力的波数—频率谱预报流噪声

伍宏亮 1，周其斗 1，吕晓军 1，孟庆昌 2

1 海军工程大学 舰船工程系，湖北 武汉 430033
2 海军工程大学 理学院，湖北 武汉 430033

摘 要：［目的目的］根据 Lighthill声类比方程及其发展理论，可以将壁面湍流脉动压力的波数—频率谱作为声源项

来预报流噪声，且分析湍流脉动压力的波数—频率谱有助于了解湍流结构的时空关联特性。［方法方法］以 NACA
0012翼型为例，采用大涡模拟（LES）方法进行流场仿真计算，然后通过 Fourier变换得到壁面湍流脉动压力波数—

频率谱的数值解，并与 Corcos 的平板湍流边界层脉动压力波数—频率谱模型进行比较；在此基础上，将该波

数—频率谱作为声源输入，代入 Goldstein版本的声类比方程中预报辐射噪声，并与软件计算的流噪声结果以及

Brooks试验拟合结果进行比较。［结果结果］结果发现：小曲率变化的 NACA 0012翼型表面的波数—频率谱具有与平

板表面相似的一般特性；在中、低频段采用该方法预报的流噪声结果与 Brooks试验结果拟合更好。［结论结论］所得

结果表明开展波数—频率谱研究是有必要的，将其作为主要声源项来预报亚声速下产生的流噪声是合理的。

关键词：波数—频率谱；Fourier变换；流噪声；声类比方程

15


