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Abstract

We investigate the slat noise generation mechanism by using large-eddy simulation (LES) and simple source modeling 

based on linearized Euler equations. An incompressible LES of an MD 30P30N three-element airfoil in the high-lift 

configuration is conducted at Rec = 1.7×106. Using the total derivative of the hydrodynamic pressure (DP/Dt) acquired from 

the incompressible LES, representative noise sources in the slat cove region are characterized in terms of simple sources 

such as frequency-specific monopoles and dipoles. Acoustic radiation around the 30P30N multi-element airfoil is effectively 

computed using the Brinkman penalization method incorporated with the linearized Euler equation. The directivity pattern of 

p'rms at r = 20cslat in the multiple sources is closely compared to that obtained by the application of the LES/Ffowcs-Williams and 

Hawking's methods to the entire flow field. The power spectrum of p' at θ = 290° is in good agreement with the data reported in 

BANC-III, especially the broadband part of the spectrum with a decaying slope ∝ f  -3. 
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vortex

Nomenclature

cstowed  =  stowed chord length

cslat  =  slat chord length

cflap  = flap chord length

Cp     =    pressure coefficient

Qij    =    second invariant of the velocity gradient

St       =   Strouhal number

Rec   = Reynolds number based on stowed airfoil

ϵ     = porosity

K    = permeability

DP/Dt = total derivative of hydrodynamic pressure

1. Introduction

Aircraft noise is one of the major sources of environmental 

noise. It is generally proportional to the number of take-offs 

and landings, aircraft size, and passenger demands for aircraft 

as a means of transportation. During take-off and landing, 

airframe noise is comparable to jet noise, and slat is one of the 

major components of airframe noise.

Slat noise has been studied for years by various research 

groups and Benchmark Problems for Airframe Noise 

Computations(BANC-III)[1], which has been underway since 

2010 under the leadership of American Institute of Aeronautics 

and Astronautics (AIAA), has led to collaborative research 

for accelerating problem-solving and reducing the physical 

understanding gap among researchers on airframe noise 

sources. Nevertheless, slat noise is not fully understood[2] yet 

because the flow in the slat cove region is highly complex and 

unsteady[3-6].

In the computation of slat noise, large-eddy 

simulation(LES) is required to resolve eddies of various scales 

in the slat cove region. Furthermore, Ffowcs-Williams and 

Hawking's method,[7,8] or flow-acoustic splitting methods 
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such as linearized perturbed compressible equation (LPCE)

[9] and acoustically perturbed equation (APE)[10] are used 

to determine the radiation of sound and to perform the 

subsequent spectral analyses. The flow-acoustic splitting 

method is considered more proper and accurate, especially 

for handling the problem of acoustic scattering with complex 

geometries. Although these splitting methods have many 

advantages over Lighthill's analogy and its variants, but they 

do not provide a way to understand how noise sources in 

complex slat geometry generate the far-field noise, especially 

in connection with unsteady flow characteristics.

To better understand the mechanism of slat noise 

generation, it is necessary to analyze noise sources, 

especially, their radiation characteristics, spatial 

distributions, strength, and frequency range. In the present 

study, an incompressible LES is conducted using an MD 

30P30N three-element airfoil in the high-lift configuration. 

The Reynolds number of the flow is Rec = 1.7×106, based on 

the chord length of the stowed airfoil. Then noise sources are 

identified by examining the spatiotemporal characteristics 

of the total derivative of the hydrodynamic pressure (DP/

Dt) field acquired from in compressible LES. The DP/Dt field 

represents indeed acoustic sources in the near-field under 

the low-subsonic flow condition[11].

Although three-dimensional effects of an airfoil (e.g. 

at side edge noise) can also affect noise generation, two-

dimensional modeling is used in this study to analyze and 

identify noise sources through cove shear layer physics, 

which is nearly two-dimensional because the slat has a 

long span. Furthermore, we characterize the noise sources 

in the slat cove region by modeling them as a composition 

of simple sources and show the physical validity of the slat 

noise sources. As for the simple sources, the Brinkman 

penalization (BP) method incorporated with the linearized 

Euler equation (LEE) is employed[12]. The main advantage 

of this penalization technique is that a single set of governing 

equations with penalty terms can be applied to an entire 

computational domain, in which various values of porosity  

and permeability K are assigned to the fluids and solids. In 

addition, an anisotropic permeability tensor is introduced 

in the momentum equations to impose a slip boundary 

condition at impermeable boundaries. Slat noise modeling 

using the LEE-BP method will be verified analytically and 

experimentally.

The remainder of this paper is organized as follows. In Sec. 

2, LES of an MD 30P30N three-element airfoil is presented 

with discussion on the identification of slat noise sources. The 

LEE-BP method and slat noise source modeling using simple 

sources are described in Sec. 3. Finally, our conclusions are 

presented in Sec. 4.

2.  Large Eddy Simulation of MD 30P30N 
Multi-Element Airfoil

A. Computational Methodology
The hydrodynamic turbulent flow field is solved by 

incompressible LES. The filtered incompressible Navier-

Stokes equations are written as follows:
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FIG. 1. (a) Schematic of MD 30P30N three-element airfoil in high-lift configuration, (b) block-structured grids near the slat.

compressible LES. The DP/Dt field represents indeed
acoustic sources in the near-field under the low-subsonic
flow condition.11

Although three-dimensional effects of an airfoil (e.g.
flat side edge noise) can also affect noise generation, two-
dimensional modeling is used in this study to analyze and
identify noise sources through cove shear layer physics,
which is nearly two-dimensional because the slat has a
long span. Furthermore, we characterize the noise sources
in the slat cove region by modeling them as a compo-
sition of simple sources and show the physical validity
of the slat noise sources. As for the simple sources, the
Brinkman penalization (BP) method incorporated with
the linearized Euler equation (LEE) is employed.12 The
main advantage of this penalization technique is that a
single set of governing equations with penalty terms can
be applied to an entire computational domain, in which
various values of porosity ε and permeability K are as-
signed to the fluids and solids. In addition, an anisotropic
permeability tensor is introduced in the momentum equa-
tions to impose a slip boundary condition at imperme-
able boundaries. Slat noise modeling using the LEE-BP
method will be verified analytically and experimentally.

The remainder of this paper is organized as follows.
In Sec. 2, LES of an MD 30P30N three-element airfoil
is presented with discussion on the identification of slat
noise sources. The LEE-BP method and slat noise source
modeling using simple sources are described in Sec. 3.
Finally, our conclusions are presented in Sec. 4.

II. LARGE EDDY SIMULATION OF MD 30P30N
MULTI-ELEMENT AIRFOIL

A. Computational Methodology

The hydrodynamic turbulent flow field is solved by
incompressible LES. The filtered incompressible Navier-
Stokes equations are written as follows:
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∂Ũj

∂xi

)
− ρ0

∂

∂xj
Mij

(2)

where the grid-resolved quantities are denoted by (˜) and
the unknown sub-grid tensor Mij is modeled as

Mij = ŨiUj − ŨiŨj = −2(Cs∆)2
∣∣∣S̃

∣∣∣ S̃ij (3)

Here, ∆ is the mean radius of the grid cells (computed as

the cubic root of its volume), and S̃ij is the strain-rate
tensor.

The filtered incompressible Navier-Stokes equations
are solved by an iterative fractional-step method (Poisson
equation for pressure). To avoid excessive numerical dis-
sipation and dispersion errors, the governing equations
are spatially discretized with a sixth-order compact fi-
nite difference scheme13 and integrated in time by using
a four-stage Runge-Kutta method.

Practically, when a high-order scheme is applied to
stretched meshes, numerical instability is encountered
owing to numerical truncations or failure to capture high
wave-number phenomena. Thus, a tenth-order spatial fil-
tering (cut-off wavenumber, k∆x ≈ 2.9) proposed by
Gaitonde et al.14 is applied to every iteration to sup-
press the high frequency errors that might be caused by
grid non-uniformity. As the far-field boundary condition,
the energy transfer and annihilation (ETA) boundary
condition15 with a buffer zone is used for eliminating any
reflection of out-going waves. The ETA boundary condi-
tion is easily facilitated by rapid grid stretching in the
buffer-zone and spatial filtering which damp out waves
shorter than the grid spacing. Therefore, if the buffer-
zone has a grid spacing larger than the out-going acous-
tic wave length, the wave can be absorbed by the ETA
boundary condition.

(1)
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FIG. 1. (a) Schematic of MD 30P30N three-element airfoil in high-lift configuration, (b) block-structured grids near the slat.

compressible LES. The DP/Dt field represents indeed
acoustic sources in the near-field under the low-subsonic
flow condition.11

Although three-dimensional effects of an airfoil (e.g.
flat side edge noise) can also affect noise generation, two-
dimensional modeling is used in this study to analyze and
identify noise sources through cove shear layer physics,
which is nearly two-dimensional because the slat has a
long span. Furthermore, we characterize the noise sources
in the slat cove region by modeling them as a compo-
sition of simple sources and show the physical validity
of the slat noise sources. As for the simple sources, the
Brinkman penalization (BP) method incorporated with
the linearized Euler equation (LEE) is employed.12 The
main advantage of this penalization technique is that a
single set of governing equations with penalty terms can
be applied to an entire computational domain, in which
various values of porosity ε and permeability K are as-
signed to the fluids and solids. In addition, an anisotropic
permeability tensor is introduced in the momentum equa-
tions to impose a slip boundary condition at imperme-
able boundaries. Slat noise modeling using the LEE-BP
method will be verified analytically and experimentally.

The remainder of this paper is organized as follows.
In Sec. 2, LES of an MD 30P30N three-element airfoil
is presented with discussion on the identification of slat
noise sources. The LEE-BP method and slat noise source
modeling using simple sources are described in Sec. 3.
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(ŨiŨj)

=− ∂P̃

∂xi
+ µ0

∂

∂xj

(
∂Ũi
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condition15 with a buffer zone is used for eliminating any
reflection of out-going waves. The ETA boundary condi-
tion is easily facilitated by rapid grid stretching in the
buffer-zone and spatial filtering which damp out waves
shorter than the grid spacing. Therefore, if the buffer-
zone has a grid spacing larger than the out-going acous-
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FIG. 1. (a) Schematic of MD 30P30N three-element airfoil in high-lift configuration, (b) block-structured grids near the slat.

compressible LES. The DP/Dt field represents indeed
acoustic sources in the near-field under the low-subsonic
flow condition.11

Although three-dimensional effects of an airfoil (e.g.
flat side edge noise) can also affect noise generation, two-
dimensional modeling is used in this study to analyze and
identify noise sources through cove shear layer physics,
which is nearly two-dimensional because the slat has a
long span. Furthermore, we characterize the noise sources
in the slat cove region by modeling them as a compo-
sition of simple sources and show the physical validity
of the slat noise sources. As for the simple sources, the
Brinkman penalization (BP) method incorporated with
the linearized Euler equation (LEE) is employed.12 The
main advantage of this penalization technique is that a
single set of governing equations with penalty terms can
be applied to an entire computational domain, in which
various values of porosity ε and permeability K are as-
signed to the fluids and solids. In addition, an anisotropic
permeability tensor is introduced in the momentum equa-
tions to impose a slip boundary condition at imperme-
able boundaries. Slat noise modeling using the LEE-BP
method will be verified analytically and experimentally.
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is presented with discussion on the identification of slat
noise sources. The LEE-BP method and slat noise source
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equation for pressure). To avoid excessive numerical dis-
sipation and dispersion errors, the governing equations
are spatially discretized with a sixth-order compact fi-
nite difference scheme13 and integrated in time by using
a four-stage Runge-Kutta method.

Practically, when a high-order scheme is applied to
stretched meshes, numerical instability is encountered
owing to numerical truncations or failure to capture high
wave-number phenomena. Thus, a tenth-order spatial fil-
tering (cut-off wavenumber, k∆x ≈ 2.9) proposed by
Gaitonde et al.14 is applied to every iteration to sup-
press the high frequency errors that might be caused by
grid non-uniformity. As the far-field boundary condition,
the energy transfer and annihilation (ETA) boundary
condition15 with a buffer zone is used for eliminating any
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compressible LES. The DP/Dt field represents indeed
acoustic sources in the near-field under the low-subsonic
flow condition.11

Although three-dimensional effects of an airfoil (e.g.
flat side edge noise) can also affect noise generation, two-
dimensional modeling is used in this study to analyze and
identify noise sources through cove shear layer physics,
which is nearly two-dimensional because the slat has a
long span. Furthermore, we characterize the noise sources
in the slat cove region by modeling them as a compo-
sition of simple sources and show the physical validity
of the slat noise sources. As for the simple sources, the
Brinkman penalization (BP) method incorporated with
the linearized Euler equation (LEE) is employed.12 The
main advantage of this penalization technique is that a
single set of governing equations with penalty terms can
be applied to an entire computational domain, in which
various values of porosity ε and permeability K are as-
signed to the fluids and solids. In addition, an anisotropic
permeability tensor is introduced in the momentum equa-
tions to impose a slip boundary condition at imperme-
able boundaries. Slat noise modeling using the LEE-BP
method will be verified analytically and experimentally.

The remainder of this paper is organized as follows.
In Sec. 2, LES of an MD 30P30N three-element airfoil
is presented with discussion on the identification of slat
noise sources. The LEE-BP method and slat noise source
modeling using simple sources are described in Sec. 3.
Finally, our conclusions are presented in Sec. 4.
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reflection of out-going waves. The ETA boundary condi-
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flow condition.11
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flat side edge noise) can also affect noise generation, two-
dimensional modeling is used in this study to analyze and
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which is nearly two-dimensional because the slat has a
long span. Furthermore, we characterize the noise sources
in the slat cove region by modeling them as a compo-
sition of simple sources and show the physical validity
of the slat noise sources. As for the simple sources, the
Brinkman penalization (BP) method incorporated with
the linearized Euler equation (LEE) is employed.12 The
main advantage of this penalization technique is that a
single set of governing equations with penalty terms can
be applied to an entire computational domain, in which
various values of porosity ε and permeability K are as-
signed to the fluids and solids. In addition, an anisotropic
permeability tensor is introduced in the momentum equa-
tions to impose a slip boundary condition at imperme-
able boundaries. Slat noise modeling using the LEE-BP
method will be verified analytically and experimentally.
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∂Ũi

∂xj
+

∂Ũj
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Gaitonde et al.14 is applied to every iteration to sup-
press the high frequency errors that might be caused by
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the energy transfer and annihilation (ETA) boundary
condition15 with a buffer zone is used for eliminating any
reflection of out-going waves. The ETA boundary condi-
tion is easily facilitated by rapid grid stretching in the
buffer-zone and spatial filtering which damp out waves
shorter than the grid spacing. Therefore, if the buffer-
zone has a grid spacing larger than the out-going acous-
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Fig. 1.  (a) Schematic of MD 30P30N three-element airfoil in high-lift configuration, (b) block-structures grids near the slat
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are spatially discretized with a sixth-order compact finite 

difference scheme[13] and integrated in time by using a four-

stage Runge-Kutta method.

Practically, when a high-order scheme is applied to 

stretched meshes, numerical instability is encountered 

owing to numerical truncations or failure to capture high 

wave-number phenomena. Thus, a tenth-order spatial 

filtering (cut-off wavenumber, kΔx ≈ 2.9) proposed by 

Gaitonde et al.[14] is applied to every iteration to suppress 

the high frequency errors that might be caused by grid non-

uniformity. As the far-field boundary condition, the energy 

transfer and annihilation (ETA) boundary condition[15] 

with a buffer zone is used for eliminating any reflection of 

out-going waves. The ETA boundary condition is easily 

facilitated by rapid grid stretching in the buffer-zone and 

spatial filtering which damp out waves shorter than the 

grid spacing. Therefore, if the buffer zone has a grid spacing 

larger than the out-going acoustic ave length, the wave can 

be absorbed by the ETA boundary condition.

B. Computational set-up and numerics
In this study, a turbulent flow (U∞ = 58m/s) over a three-

element 30P30N airfoil in the high-lift configuration is 

computed. Fig. 1(a) shows a schematic of the McDonnell 

Douglas 30P30N wing, where “30” denotes the slat and flap 

deflection angles. The airfoil is composed of a slat, flap and 

main wing, and its angle of attack is 5.5°, stowed chord length 

cstowed = 0.457 m, slat chord cslat = 0.15cstowed, and flap chord cflap 

= 0.3cstowed. The trailing-edge thickness of the slat is set to 

0.0788 % of the stowed chord (or 0.525 % of slat chord), while 

the main wing and flap have artificially sharpened trailing-

edges. For the slat and flap employed in the present study, 

the slat gap is 2.95%, flap gap is 1.27%, slat overlap is 2.95%, 

and flap overlap is 0.25% of the stowed chord.
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FIG. 2. Comparison of pressure coefficient (Cp) distributions obtained experimentally16 over a three-element 30P30N airfoil;
(a) slat, (b) main wing, and (c) flap.
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FIG. 3. (a) Qij iso-surfaces; colored by instantaneous(a,b) and time averaged(c) spanwise vorticity (ωzcstowed/U∞) in the slat
cove region.

B. Computational set-up and numerics

In this study, a turbulent flow (U∞ = 58m/s) over a
three-element 30P30N airfoil in the high-lift configura-
tion is computed. Figure 1(a) shows a schematic of the
McDonnell Douglas 30P30N wing, where ”30” denotes
the slat and flap deflection angles. The airfoil is composed
of a slat, flap and main wing, and its angle of attack is
5.5°, stowed chord length cstowed = 0.457 m, slat chord
cslat = 0.15cstowed, and flap chord cflap = 0.3cstowed.
The trailing-edge thickness of the slat is set to 0.0788 %
of the stowed chord (or 0.525 % of slat chord), while the
main wing and flap have artificially sharpened trailing-
edges. For the slat and flap employed in the present study,
the slat gap is 2.95%, flap gap is 1.27%, slat overlap is
−2.95%, and flap overlap is 0.25% of the stowed chord.

An incompressible LES is performed over a computa-
tional domain extended to r = 30cstowed in the x and y
directions, while flow periodicity is assumed in the span-
wise direction for the span Ls = 0.16cslat. The Reynolds
number is based on the stowed chord length, and the free
stream velocity and flow Mach number are 1.7× 106 and
0.17, respectively. Figure 1(b) shows a close-up view of
the multi-block structured grids around the slat cove re-
gion. These structured grids with a total of 18.3 million
nodes are divided into 208 blocks for parallel computa-
tion. The minimum grid size is 3 × 10−5 (or ∆y+ = 2).
The grids are stretched in the streamwise and normal
directions, while a uniform grid spacing of 8 × 10−4 (or

∆z+ = 50) is used in the spanwise direction. In addition,
a time step ∆t = 2× 10−5 (or ∆t+ = 0.05) is used in the
present LES.

C. Flow structures in slat cove

To validate the computed results, we first compare Cp

distributions along the surface of each element of the
airfoil, shown in Fig. 2. Despite slight discrepancies be-
tween the experimental data16 and the computed result,

FIG. 4. Power spectrum of surface pressure fluctuations in the
slat cove region.
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Fig. 2.  (a) Comparison of pressure coefficient (Cp) distributions obtained experimentally[16] over a three-element 30P30N airfoil; (a) slat (b) main 
wing and (c) flap.
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FIG. 3. (a) Qij iso-surfaces; colored by instantaneous(a,b) and time averaged(c) spanwise vorticity (ωzcstowed/U∞) in the slat
cove region.
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McDonnell Douglas 30P30N wing, where ”30” denotes
the slat and flap deflection angles. The airfoil is composed
of a slat, flap and main wing, and its angle of attack is
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tional domain extended to r = 30cstowed in the x and y
directions, while flow periodicity is assumed in the span-
wise direction for the span Ls = 0.16cslat. The Reynolds
number is based on the stowed chord length, and the free
stream velocity and flow Mach number are 1.7× 106 and
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nodes are divided into 208 blocks for parallel computa-
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present LES.
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An incompressible LES is performed over a computational 

domain extended to r = 30cstowed in the x and y directions, 

while flow periodicity is assumed in the spanwise direction 

for the span Ls = 0.16cslat. The Reynolds number is based on 

the stowed chord length, and the free stream velocity and 

flow Mach number are 1.7×106 and 0.17, respectively. Fig. 

1(b) shows a close-up view of the multi-block structured 

grids around the slat cove region. These structured grids with 

a total of 18.3 million nodes are divided into 208 blocks for 

parallel computation. The minimum grid size is 3×10-5 (or y+ 

= 2). The grids are stretched in the streamwise and normal 

directions, while a uniform grid spacing of 8×10-4(or z+ = 50) 

is used in the spanwise direction. In addition, a time step Δt 

= 2×10-5 (or Δt+ = 0.05) is used in the present LES.

C. Flow structures in slat cove
To validate the computed results, we first compare Cp  

distributions along the surface of each element of the airfoil, 

shown in Fig. 2. Despite slight discrepancies between the 

experimental data[16] and the computed result, the overall 

agreement is reasonably good for all elements, especially 

in terms of the match between the maximum value of the 

ordinate and the other pressure distributions along the 

surface. An accurate prediction of Cp near the leading edge 

of the main wing also indicates that the turbulent flow 

field in the slat cove region is well captured by the present 

computation. The three-dimensional flow structures in 

the slat cove region are shown in Fig. 3(a), where the iso-

surfaces of the second invariant of the velocity gradient Qij 

are visualized. The figure clearly shows that the shear layer 

emanating from the slat cusp becomes rapidly unstable in 

the streamwise and spanwise directions, breaking up into 

small-scale eddies along the way to the trailing-edge of the 

slat. As shown in Fig. 3(a), the two-dimensionality of these 

rollers is maintained only through half way and becomes 

completely three-dimensional thereafter. In addition, Fig. 

3(b) shows the following consistent result that a few eddies 

are ejected through the slat gap after being distorted severely 

at the reattachment point, while others are entrained back 

into the slat cove region. Interestingly, there is a distinct 

development of streaky structures close to the trailing-edge 

owing to flow accelerations in the gap.

D. Slat noise-source identification
Figure 4 shows the surface pressure spectra at several 

positions along the slat cove, as marked in Fig. 3(c). The wall 

pressure spectrum at the reattachment point (position 3) 

shows high-energy containing broadened peaks at 1.3 and 2.5 

kHz, followed by a slope decaying at f -3. Note that the present 

computation is only resolved up to 63 kHz (or St = 74.45). 

Another noticeable peak at 40 kHz is identified at the trailing-

edge of the slat (position 4). Because the slat trailing-edge 

has a small but finite thickness, a dipole sound is generated 

by scattering of the vortex shed at the trailing-edge. Moreover, 

the power spectrum at position 5 shows the typical broadband 

characteristics of a turbulent wake past the slat.

The high wall pressure PSD at the reattachment point, 

especially at low frequencies ( f ≅ 1.3kHz and 2.5kHz), is 

closely related to the unsteadiness of the free shear layer from 

the slat cusp. Unsteadiness of the shear-layer is, in general, 

associated with its flapping, or dynamics of the vortex 

coalescences in the reattachment region and is coupled with 

the gap flow between the slat trailing-edge and the main wing 

leading-edge. We call this the baffle effect. The unsteadiness 

in the slat cove is caused by an unstable vortex core, which 

continuously interacts with discrete vortices along the free 

shear layer. Therefore, the free shear layer emitted from the 

slat cusp flaps periodically between the reattachment point 

and the slat trailing-edge. The pressure at the reattachment 

point fluctuates in time and generates noise at 2.5 kHz.

Another low-frequency broadened peak around  f  ≅ 1.3kHz 

has a noticeable effect on slat noise, but the mechanism of its 

generation remains unclear. A few studies[8,17] asserted that 

the vortex formed at the reattachment point can generate noise 

as it moves to the trailing-edge of the slat. According to Imamura 

et al.[17], vortices with a ωz component in the shear layer 

gradually change to those with a ωx component as they pass 

through the reattachment point. This process produces strong 
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FIG. 5. Series of DP/Dt field snapshots near the slat trailing-edge over a constant time interval of ∆t = 0.097 cstowed/U∞.

the overall agreement is reasonably good for all elements,
especially in terms of the match between the maximum
value of the ordinate and the other pressure distributions
along the surface. An accurate prediction of Cp near the
leading edge of the main wing also indicates that the tur-
bulent flow field in the slat cove region is well captured
by the present computation.

The three-dimensional flow structures in the slat cove
region are shown in Fig. 3(a), where the iso-surfaces of
the second invariant of the velocity gradient Qij are vi-
sualized. The figure clearly shows that the shear layer
emanating from the slat cusp becomes rapidly unstable
in the streamwise and spanwise directions, breaking up
into small-scale eddies along the way to the trailing-edge
of the slat. As shown in Fig. 3(a), the two-dimensionality
of these rollers is maintained only through half way and
becomes completely three-dimensional thereafter. In ad-
dition, Fig. 3(b) shows the following consistent result that
a few eddies are ejected through the slat gap after being
distorted severely at the reattachment point, while others
are entrained back into the slat cove region. Interestingly,
there is a distinct development of streaky structures close
to the trailing-edge owing to flow accelerations in the gap.

D. Slat noise-source identification

Figure 4 shows the surface pressure spectra at several
positions along the slat cove, as marked in Fig. 3(c). The
wall pressure spectrum at the reattachment point (po-
sition 3) shows high-energy containing broadened peaks
at 1.3 and 2.5 kHz, followed by a slope decaying at f−3.
Note that the present computation is only resolved up
to 63 kHz (or St = 74.45). Another noticeable peak at
40 kHz is identified at the trailing-edge of the slat (po-
sition 4). Because the slat trailing-edge has a small but
finite thickness, a dipole sound is generated by scatter-
ing of the vortex shed at the trailing-edge. Moreover, the
power spectrum at position 5 shows the typical broad-
band characteristics of a turbulent wake past the slat.

The high wall pressure PSD at the reattachment point,
especially at low frequencies (f � 1.3 kHz and 2.5 kHz),
is closely related to the unsteadiness of the free shear-
layer from the slat cusp. Unsteadiness of the shear-layer
is, in general, associated with its flapping, or dynamics of

the vortex coalescences in the reattachment region and
is coupled with the gap flow between the slat trailing-
edge and the main wing leading-edge. We call this the
baffle effect. The unsteadiness in the slat cove is caused
by an unstable vortex core, which continuously interacts
with discrete vortices along the free shear layer. Therefore
the free shear layer emitted from the slat cusp flaps pe-
riodically between the reattachment point and the slat
trailing-edge. The pressure at the reattachment point
fluctuates in time and generates noise at 2.5 kHz.

Another low-frequency broadened peak around f �
1.3 kHz has a noticeable effect on slat noise, but the
mechanism of its generation remains unclear. A few
studies8,17 asserted that the vortex formed at the reat-
tachment point can generate noise as it moves to the
trailing-edge of the slat. According to Immamura et al.,17

vortices with a ωz component in the shear layer gradu-
ally change to those with a ωx component as they pass
through the reattachment point. This process produces
strong noise at a low frequency. In addition, various
researchers1,8 have found that turbulent kinetic energy
(TKE) is the highest between the reattachment point and
the slat trailing-edge. They believe these results are di-
rectly related to the occurrence of significant slat noise. A
precise physical description of the noise generation mech-
anism is, however, unavailable.

To physically understand the noise generation pro-
cess, originating from flow motions between the reattach-
ment point and the slat trailing-edge, additional analysis
is conducted in this study. We first identify the actual
noise sources in the flow field by using the method of
Seo and Moon,11−a noise source in low subsonic flow
can be expressed as a total derivative of the hydrody-
namic pressure (DP/Dt). Figure 5 shows a series of in-
stantaneous DP/Dt fields over a constant time interval
(∆t = 0.097 cstowed/U∞). The figure visualizes the noise
source associated with the longitudinal vortex, which ap-
pears and disappears periodically near the slat trailing-
edge at f � 1.3 kHz. The vortex structure from the free
shear-layer through the reattachment point to the slat
trailing edge accelerates through the gap and develops
into streaky structures. This pattern is very similar to the
one shown in Fig. 3(a), which shows a streamwise vortex
elongated near the wall of the slat cove. The free shear-
layer separated from the slat cusp breaks up into small

Fig. 5. Series of DP/Dt field snapshots near the slat trailing-edge over a constant time interval of ∆t=0.097cstowed/U∞.
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noise at a low frequency. In addition, various researchers[1,8] 

have found that turbulent kinetic energy (TKE) is the highest 

between the reattachment point and the slat trailing-edge. They 

believe these results are directly related to the occurrence of 

significant slat noise. A precise physical description of the noise 

generation mechanism is, however, unavailable.

To physically understand the noise generation process, 

originating from flow motions between the reattachment 

point and the slat trailing-edge, additional analysis is 

conducted in this study. We first identify the actual noise 

sources in the flow field by using the method of Seo and 

Moon[11], -a noise source in low subsonic flow can be 

expressed as a total derivative of the hydrodynamic pressure 

(DP/Dt). Fig. 5 shows a series of instantaneous DP/Dt fields 

over a constant time interval (Δt = 0.097cstowed/U∞). The figure 

visualizes the noise source associated with the longitudinal 

vortex, which appears and disappears periodically near the 

slat trailing-edge at  f  ≅ 1.3kHz. The vortex structure from 

the free shear-layer through the reattachment point to the 

slat trailing edge accelerates through the gap and develops 

into streaky structures. This pattern is very similar to the one 

shown in Fig. 3(a), which shows a streamwise vortex elongated 

near the wall of the slat cove. The free shear-layer separated 

from the slat cusp breaks up into small scale eddies in the 

ow direction as well as in the spanwise direction according 

to Kelvin-Helmholtz instability. The spanwise break-up of 

the free shear layer creates a longitudinal component of the 

vortex, which is later stretched by the periodic baffling effect 

in the slat gap flow.

This rapid vortex distortion produces a continuous noise 

source over a wide frequency range, and its intensity is 

much higher than that of other noise sources because of 

its areal size. As the longitudinal vortex passes through the 

slat trailing-edge, edge-scattering dipole noise is bound to 

be generated. The noise source, which occurs continuously 

between the reattachment point and the slat trailing-edge, 

has a period of around 1.3 kHz. This attribution to the far-

field noise will be validated by simple source modeling, as 

discussed in the next section.

3. Slat Noise Modeling with Simple Sources

A.  Linearized Euler Equation with Brinkman 
Penalization (LEE-BP)

A two-dimensional acoustic field around a steady 

mean flow is solved using linearized Euler equations with 

brinkman penalization[12] written as,
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scale eddies in the flow direction as well as in the spanwise
direction according to Kelvin-Helmholtz instability. The
spanwise break-up of the free shear layer creates a longi-
tudinal component of the vortex, which is later stretched
by the periodic baffling effect in the slat gap flow.

This rapid vortex distortion produces a continuous
noise source over a wide frequency range, and its intensity
is much higher than that of other noise sources because of
its areal size. As the longitudinal vortex passes through
the slat trailing-edge, edge-scattering dipole noise is
bound to be generated. The noise source, which occurs
continuously between the reattachment point and the slat
trailing-edge, has a period of around 1.3 kHz. This attri-
bution to the far-field noise will be validated by simple
source modeling, as discussed in the next section.

III. SLAT NOISE MODELING WITH SIMPLE SOURCES

A. Linearized Euler Equation with Brinkman
Penalization(BP-LEE)

A two-dimensional acoustic field around a steady mean
flow is solved using linearized Euler equations with
brinkman penalization12 written as,
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where S is the source term, ρ0, Ui and P represent the
laminar or turbulent flow field, and ρ′, u′

i and p′ are the
fluctuating variables non-dimensionalized by the ambi-
ent density ρ0, the speed of sound c0, and the reference
pressure ρ0c

2
0 , respectively.

In the conventional body-fitted grid method, the acous-
tic field can be directly solved with linearized Euler equa-
tions, while a slip boundary condition is explicitly im-
posed at the solid conformal boundaries. In the present
Brinkman penalization method, the slip boundary con-
dition at the impermeable surface can be imposed by
adding the penalty terms into the momentum equations
and modifying the continuity and energy equations. ε is
the porosity defined as the ratio of the volume occupied
by the fluid to the total volume of porous material, rang-
ing from 0 to 1. In Eq. (5), Rij is the anisotropic perme-
ability tensor18 that enforces the embedded solid surface
to satisfy the slip boundary condition, and is given by:

FIG. 6. Body-fitted Cartesian-like grids for BP-LEE method.

Rij =
1

K
ninj (7)

where K is the non-dimensionalized permeability of ho-
mogeneous porous medium, and ni is the unit normal
vector to the impermeable boundary.

The main advantage of this penalization technique is
that no additional treatment is needed to impose the
boundary condition. Instead, a single set of governing
equations with penalty terms is applied to the whole
computational domain, in which different porosity ε and
permeability K are assigned for fluids and solids. In this
approach, the only thing needed is to calculate the wall
normal vector, �n inside of the obstacles by the use of level
set method or analytically providing the normal vector,
and to define appropriate porosity and permeability for
each region (see Fig. 6).

B. Body-fitted Cartesian-like grid generation

As other immersed boundary techniques, Brinkman
penalization method is mostly applied on the Cartesian
grids. When acoustic scattering from multiple complex
geometries is concerned, Cartesian grid approach is com-
putationally inefficient, because it requires very fine grids
in the solid regions to represent the realistic obstacles and
to retain the order of accuracy in the vicinity of solid
walls. As we have argued earlier, the use of penalization
technique is therefore prohibitively expensive without the
special grid generation technique, compared to the con-
ventional body-fitted grid method. Thereby, in order to
mimic the real shape of the surface with minimal num-
ber of grids inside of the obstacle, either adaptive mesh
refinement19or reshaped-cell near the boundary20,21 is re-
quired.

In the present study, we employ the boundary-fitted
Cartesian-like grids for the efficient use of the penaliza-
tion technique. The main idea of the boundary-fitted grid
generation is to reshape the meshes near the solid bodies

(4)
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scale eddies in the flow direction as well as in the spanwise
direction according to Kelvin-Helmholtz instability. The
spanwise break-up of the free shear layer creates a longi-
tudinal component of the vortex, which is later stretched
by the periodic baffling effect in the slat gap flow.

This rapid vortex distortion produces a continuous
noise source over a wide frequency range, and its intensity
is much higher than that of other noise sources because of
its areal size. As the longitudinal vortex passes through
the slat trailing-edge, edge-scattering dipole noise is
bound to be generated. The noise source, which occurs
continuously between the reattachment point and the slat
trailing-edge, has a period of around 1.3 kHz. This attri-
bution to the far-field noise will be validated by simple
source modeling, as discussed in the next section.
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where S is the source term, ρ0, Ui and P represent the
laminar or turbulent flow field, and ρ′, u′

i and p′ are the
fluctuating variables non-dimensionalized by the ambi-
ent density ρ0, the speed of sound c0, and the reference
pressure ρ0c

2
0 , respectively.

In the conventional body-fitted grid method, the acous-
tic field can be directly solved with linearized Euler equa-
tions, while a slip boundary condition is explicitly im-
posed at the solid conformal boundaries. In the present
Brinkman penalization method, the slip boundary con-
dition at the impermeable surface can be imposed by
adding the penalty terms into the momentum equations
and modifying the continuity and energy equations. ε is
the porosity defined as the ratio of the volume occupied
by the fluid to the total volume of porous material, rang-
ing from 0 to 1. In Eq. (5), Rij is the anisotropic perme-
ability tensor18 that enforces the embedded solid surface
to satisfy the slip boundary condition, and is given by:
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ninj (7)

where K is the non-dimensionalized permeability of ho-
mogeneous porous medium, and ni is the unit normal
vector to the impermeable boundary.

The main advantage of this penalization technique is
that no additional treatment is needed to impose the
boundary condition. Instead, a single set of governing
equations with penalty terms is applied to the whole
computational domain, in which different porosity ε and
permeability K are assigned for fluids and solids. In this
approach, the only thing needed is to calculate the wall
normal vector, �n inside of the obstacles by the use of level
set method or analytically providing the normal vector,
and to define appropriate porosity and permeability for
each region (see Fig. 6).

B. Body-fitted Cartesian-like grid generation

As other immersed boundary techniques, Brinkman
penalization method is mostly applied on the Cartesian
grids. When acoustic scattering from multiple complex
geometries is concerned, Cartesian grid approach is com-
putationally inefficient, because it requires very fine grids
in the solid regions to represent the realistic obstacles and
to retain the order of accuracy in the vicinity of solid
walls. As we have argued earlier, the use of penalization
technique is therefore prohibitively expensive without the
special grid generation technique, compared to the con-
ventional body-fitted grid method. Thereby, in order to
mimic the real shape of the surface with minimal num-
ber of grids inside of the obstacle, either adaptive mesh
refinement19or reshaped-cell near the boundary20,21 is re-
quired.

In the present study, we employ the boundary-fitted
Cartesian-like grids for the efficient use of the penaliza-
tion technique. The main idea of the boundary-fitted grid
generation is to reshape the meshes near the solid bodies
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scale eddies in the flow direction as well as in the spanwise
direction according to Kelvin-Helmholtz instability. The
spanwise break-up of the free shear layer creates a longi-
tudinal component of the vortex, which is later stretched
by the periodic baffling effect in the slat gap flow.

This rapid vortex distortion produces a continuous
noise source over a wide frequency range, and its intensity
is much higher than that of other noise sources because of
its areal size. As the longitudinal vortex passes through
the slat trailing-edge, edge-scattering dipole noise is
bound to be generated. The noise source, which occurs
continuously between the reattachment point and the slat
trailing-edge, has a period of around 1.3 kHz. This attri-
bution to the far-field noise will be validated by simple
source modeling, as discussed in the next section.

III. SLAT NOISE MODELING WITH SIMPLE SOURCES

A. Linearized Euler Equation with Brinkman
Penalization(BP-LEE)

A two-dimensional acoustic field around a steady mean
flow is solved using linearized Euler equations with
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where S is the source term, ρ0, Ui and P represent the
laminar or turbulent flow field, and ρ′, u′

i and p′ are the
fluctuating variables non-dimensionalized by the ambi-
ent density ρ0, the speed of sound c0, and the reference
pressure ρ0c
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0 , respectively.

In the conventional body-fitted grid method, the acous-
tic field can be directly solved with linearized Euler equa-
tions, while a slip boundary condition is explicitly im-
posed at the solid conformal boundaries. In the present
Brinkman penalization method, the slip boundary con-
dition at the impermeable surface can be imposed by
adding the penalty terms into the momentum equations
and modifying the continuity and energy equations. ε is
the porosity defined as the ratio of the volume occupied
by the fluid to the total volume of porous material, rang-
ing from 0 to 1. In Eq. (5), Rij is the anisotropic perme-
ability tensor18 that enforces the embedded solid surface
to satisfy the slip boundary condition, and is given by:
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where K is the non-dimensionalized permeability of ho-
mogeneous porous medium, and ni is the unit normal
vector to the impermeable boundary.

The main advantage of this penalization technique is
that no additional treatment is needed to impose the
boundary condition. Instead, a single set of governing
equations with penalty terms is applied to the whole
computational domain, in which different porosity ε and
permeability K are assigned for fluids and solids. In this
approach, the only thing needed is to calculate the wall
normal vector, �n inside of the obstacles by the use of level
set method or analytically providing the normal vector,
and to define appropriate porosity and permeability for
each region (see Fig. 6).

B. Body-fitted Cartesian-like grid generation

As other immersed boundary techniques, Brinkman
penalization method is mostly applied on the Cartesian
grids. When acoustic scattering from multiple complex
geometries is concerned, Cartesian grid approach is com-
putationally inefficient, because it requires very fine grids
in the solid regions to represent the realistic obstacles and
to retain the order of accuracy in the vicinity of solid
walls. As we have argued earlier, the use of penalization
technique is therefore prohibitively expensive without the
special grid generation technique, compared to the con-
ventional body-fitted grid method. Thereby, in order to
mimic the real shape of the surface with minimal num-
ber of grids inside of the obstacle, either adaptive mesh
refinement19or reshaped-cell near the boundary20,21 is re-
quired.

In the present study, we employ the boundary-fitted
Cartesian-like grids for the efficient use of the penaliza-
tion technique. The main idea of the boundary-fitted grid
generation is to reshape the meshes near the solid bodies
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scale eddies in the flow direction as well as in the spanwise
direction according to Kelvin-Helmholtz instability. The
spanwise break-up of the free shear layer creates a longi-
tudinal component of the vortex, which is later stretched
by the periodic baffling effect in the slat gap flow.

This rapid vortex distortion produces a continuous
noise source over a wide frequency range, and its intensity
is much higher than that of other noise sources because of
its areal size. As the longitudinal vortex passes through
the slat trailing-edge, edge-scattering dipole noise is
bound to be generated. The noise source, which occurs
continuously between the reattachment point and the slat
trailing-edge, has a period of around 1.3 kHz. This attri-
bution to the far-field noise will be validated by simple
source modeling, as discussed in the next section.

III. SLAT NOISE MODELING WITH SIMPLE SOURCES

A. Linearized Euler Equation with Brinkman
Penalization(BP-LEE)

A two-dimensional acoustic field around a steady mean
flow is solved using linearized Euler equations with
brinkman penalization12 written as,
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In the conventional body-fitted grid method, the acous-
tic field can be directly solved with linearized Euler equa-
tions, while a slip boundary condition is explicitly im-
posed at the solid conformal boundaries. In the present
Brinkman penalization method, the slip boundary con-
dition at the impermeable surface can be imposed by
adding the penalty terms into the momentum equations
and modifying the continuity and energy equations. ε is
the porosity defined as the ratio of the volume occupied
by the fluid to the total volume of porous material, rang-
ing from 0 to 1. In Eq. (5), Rij is the anisotropic perme-
ability tensor18 that enforces the embedded solid surface
to satisfy the slip boundary condition, and is given by:
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where K is the non-dimensionalized permeability of ho-
mogeneous porous medium, and ni is the unit normal
vector to the impermeable boundary.

The main advantage of this penalization technique is
that no additional treatment is needed to impose the
boundary condition. Instead, a single set of governing
equations with penalty terms is applied to the whole
computational domain, in which different porosity ε and
permeability K are assigned for fluids and solids. In this
approach, the only thing needed is to calculate the wall
normal vector, �n inside of the obstacles by the use of level
set method or analytically providing the normal vector,
and to define appropriate porosity and permeability for
each region (see Fig. 6).

B. Body-fitted Cartesian-like grid generation

As other immersed boundary techniques, Brinkman
penalization method is mostly applied on the Cartesian
grids. When acoustic scattering from multiple complex
geometries is concerned, Cartesian grid approach is com-
putationally inefficient, because it requires very fine grids
in the solid regions to represent the realistic obstacles and
to retain the order of accuracy in the vicinity of solid
walls. As we have argued earlier, the use of penalization
technique is therefore prohibitively expensive without the
special grid generation technique, compared to the con-
ventional body-fitted grid method. Thereby, in order to
mimic the real shape of the surface with minimal num-
ber of grids inside of the obstacle, either adaptive mesh
refinement19or reshaped-cell near the boundary20,21 is re-
quired.

In the present study, we employ the boundary-fitted
Cartesian-like grids for the efficient use of the penaliza-
tion technique. The main idea of the boundary-fitted grid
generation is to reshape the meshes near the solid bodies
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scale eddies in the flow direction as well as in the spanwise
direction according to Kelvin-Helmholtz instability. The
spanwise break-up of the free shear layer creates a longi-
tudinal component of the vortex, which is later stretched
by the periodic baffling effect in the slat gap flow.

This rapid vortex distortion produces a continuous
noise source over a wide frequency range, and its intensity
is much higher than that of other noise sources because of
its areal size. As the longitudinal vortex passes through
the slat trailing-edge, edge-scattering dipole noise is
bound to be generated. The noise source, which occurs
continuously between the reattachment point and the slat
trailing-edge, has a period of around 1.3 kHz. This attri-
bution to the far-field noise will be validated by simple
source modeling, as discussed in the next section.

III. SLAT NOISE MODELING WITH SIMPLE SOURCES

A. Linearized Euler Equation with Brinkman
Penalization(BP-LEE)

A two-dimensional acoustic field around a steady mean
flow is solved using linearized Euler equations with
brinkman penalization12 written as,
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where S is the source term, ρ0, Ui and P represent the
laminar or turbulent flow field, and ρ′, u′

i and p′ are the
fluctuating variables non-dimensionalized by the ambi-
ent density ρ0, the speed of sound c0, and the reference
pressure ρ0c
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0 , respectively.

In the conventional body-fitted grid method, the acous-
tic field can be directly solved with linearized Euler equa-
tions, while a slip boundary condition is explicitly im-
posed at the solid conformal boundaries. In the present
Brinkman penalization method, the slip boundary con-
dition at the impermeable surface can be imposed by
adding the penalty terms into the momentum equations
and modifying the continuity and energy equations. ε is
the porosity defined as the ratio of the volume occupied
by the fluid to the total volume of porous material, rang-
ing from 0 to 1. In Eq. (5), Rij is the anisotropic perme-
ability tensor18 that enforces the embedded solid surface
to satisfy the slip boundary condition, and is given by:
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where K is the non-dimensionalized permeability of ho-
mogeneous porous medium, and ni is the unit normal
vector to the impermeable boundary.

The main advantage of this penalization technique is
that no additional treatment is needed to impose the
boundary condition. Instead, a single set of governing
equations with penalty terms is applied to the whole
computational domain, in which different porosity ε and
permeability K are assigned for fluids and solids. In this
approach, the only thing needed is to calculate the wall
normal vector, �n inside of the obstacles by the use of level
set method or analytically providing the normal vector,
and to define appropriate porosity and permeability for
each region (see Fig. 6).

B. Body-fitted Cartesian-like grid generation

As other immersed boundary techniques, Brinkman
penalization method is mostly applied on the Cartesian
grids. When acoustic scattering from multiple complex
geometries is concerned, Cartesian grid approach is com-
putationally inefficient, because it requires very fine grids
in the solid regions to represent the realistic obstacles and
to retain the order of accuracy in the vicinity of solid
walls. As we have argued earlier, the use of penalization
technique is therefore prohibitively expensive without the
special grid generation technique, compared to the con-
ventional body-fitted grid method. Thereby, in order to
mimic the real shape of the surface with minimal num-
ber of grids inside of the obstacle, either adaptive mesh
refinement19or reshaped-cell near the boundary20,21 is re-
quired.

In the present study, we employ the boundary-fitted
Cartesian-like grids for the efficient use of the penaliza-
tion technique. The main idea of the boundary-fitted grid
generation is to reshape the meshes near the solid bodies
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scale eddies in the flow direction as well as in the spanwise
direction according to Kelvin-Helmholtz instability. The
spanwise break-up of the free shear layer creates a longi-
tudinal component of the vortex, which is later stretched
by the periodic baffling effect in the slat gap flow.

This rapid vortex distortion produces a continuous
noise source over a wide frequency range, and its intensity
is much higher than that of other noise sources because of
its areal size. As the longitudinal vortex passes through
the slat trailing-edge, edge-scattering dipole noise is
bound to be generated. The noise source, which occurs
continuously between the reattachment point and the slat
trailing-edge, has a period of around 1.3 kHz. This attri-
bution to the far-field noise will be validated by simple
source modeling, as discussed in the next section.
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A. Linearized Euler Equation with Brinkman
Penalization(BP-LEE)

A two-dimensional acoustic field around a steady mean
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where S is the source term, ρ0, Ui and P represent the
laminar or turbulent flow field, and ρ′, u′

i and p′ are the
fluctuating variables non-dimensionalized by the ambi-
ent density ρ0, the speed of sound c0, and the reference
pressure ρ0c
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0 , respectively.

In the conventional body-fitted grid method, the acous-
tic field can be directly solved with linearized Euler equa-
tions, while a slip boundary condition is explicitly im-
posed at the solid conformal boundaries. In the present
Brinkman penalization method, the slip boundary con-
dition at the impermeable surface can be imposed by
adding the penalty terms into the momentum equations
and modifying the continuity and energy equations. ε is
the porosity defined as the ratio of the volume occupied
by the fluid to the total volume of porous material, rang-
ing from 0 to 1. In Eq. (5), Rij is the anisotropic perme-
ability tensor18 that enforces the embedded solid surface
to satisfy the slip boundary condition, and is given by:
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where K is the non-dimensionalized permeability of ho-
mogeneous porous medium, and ni is the unit normal
vector to the impermeable boundary.

The main advantage of this penalization technique is
that no additional treatment is needed to impose the
boundary condition. Instead, a single set of governing
equations with penalty terms is applied to the whole
computational domain, in which different porosity ε and
permeability K are assigned for fluids and solids. In this
approach, the only thing needed is to calculate the wall
normal vector, �n inside of the obstacles by the use of level
set method or analytically providing the normal vector,
and to define appropriate porosity and permeability for
each region (see Fig. 6).

B. Body-fitted Cartesian-like grid generation

As other immersed boundary techniques, Brinkman
penalization method is mostly applied on the Cartesian
grids. When acoustic scattering from multiple complex
geometries is concerned, Cartesian grid approach is com-
putationally inefficient, because it requires very fine grids
in the solid regions to represent the realistic obstacles and
to retain the order of accuracy in the vicinity of solid
walls. As we have argued earlier, the use of penalization
technique is therefore prohibitively expensive without the
special grid generation technique, compared to the con-
ventional body-fitted grid method. Thereby, in order to
mimic the real shape of the surface with minimal num-
ber of grids inside of the obstacle, either adaptive mesh
refinement19or reshaped-cell near the boundary20,21 is re-
quired.

In the present study, we employ the boundary-fitted
Cartesian-like grids for the efficient use of the penaliza-
tion technique. The main idea of the boundary-fitted grid
generation is to reshape the meshes near the solid bodies

Fig. 6. Body-fitted Cartesian-like grids for LEE-BP method
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1. Generate non-uniform Cartesian grids X.

2. Find the vertices Xs adjacent to the solid surfaces.

3. Match Xs to the surface grid Φs.

4.  Compute a displacement function D = (Dx, Dy),which 

is given by:
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by applying an additional conforming/smoothing proce-
dure. A summary of the boundary-fitted grid generation
is given below:

1. Generate non-uniform Cartesian grids X.

2. Find the vertices Xs adjacent to the solid surfaces.

3. Match Xs to the surface grid Φs.

4. Compute a displacement function D = (Dx, Dy),
which is given by:

D = X′ −X (8)

5. Apply the high-order spatial filtering to the dis-
placement function.

6. Compute the vertices of the new grid by using Eq.
(8).

7. Repeat (3)-(6) until the solution is converged or the
desired number of iteration is obtained.

8. Generate the resultant grids by fitting Xs to Φs

Fig. 6 shows an example image of incorporating the
boundary-fitted Cartesian-like grid generation algorithm
to 30P30N multi-element airfoil. There are many other
techniques to generate good quality grid in two and
higher dimensions but the above procedure seems to
be sufficient for now, in spite of its conceptual simplic-
ity. Our previous numerical study12 also shows that the
present grid generation algorithm is more flexible and
cost-effective than conventional body fitted grid genera-
tion methods. A study for more optimized grid generation
method (e.g. combining the advantages of both adaptive
mesh refinement and boundary-fitted grid generation ap-
proach) will be pursued in future study.

C. Multiple acoustic sources in slat cove

Acoustic sources are modeled computationally, based
on the noise sources identified in the DP/Dt field in an of
incompressible LES. In the present study, a simple source
is defined by Gaussian distribution as follows,

S = A0 exp
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(y − yo)
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2σ2
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)]
sin(ωt) (9)

where the source (S) is centered at (xo, yo) with the di-
rectional Gaussian RMS widths of σx and σy and has
a constant amplitude (A0) and frequency (ω = 2πf).
Equation (9) is incorporated in the energy equation of
the linearized Euler equations as a source.

The acoustic radiation of a simple source is computed
using the LEE-BP method. This noise source modeling is
based on the assumption that the wave refractions by the
mean flow are negligible in the case of low Mach number

FIG. 7. Schematic of multiple acoustic sources in slat cove.

flows. The body-fitted Cartesian-like grids used for LEE-
BP modeling are obtained by applying the grid genera-
tion algorithm described in the previous section to uni-
form Cartesian grids measuring cslat/100 in the x and y
directions.

Three frequency-specific simple sources implemented
in the slat cove region are schematically presented in Fig.
7. First the noise source related to the baffling effect at
the reattachment point (f � 2.5 kHz) of the slat cove
is modeled as a monopole source (denoted by a large
red circle near the reattachment point), considering that
sound is blocked substantially by the lower surface of the
slat. The size of the noise source, that is, the Gaussian
RMS width σ was based on the vortical structure (Fig.
5) considering the time-averaged DP/Dt field snapshots
over the frequency-specific time interval.

Vortex shedding at the blunt slat trailing-edge is the
most obvious noise source. It produces a dipole sound
by vortex scattering at f � 40 kHz and can be modeled
by two simple sources with opposite phases (denoted by
two small red circles near the slat trailing-edge). This
dipole source is set such that it fulfills the compact source
condition, that is, separation of two simple sources by a
distance l (= λ/20) where λ is the wave length.22

The noise source related to low frequencies of f �
1.3 kHz is shown in Fig. 5 by a series of DP/Dt field
snapshots. They represent periodic development of the
longitudinal vortex, which moves along the slat lower sur-
face toward the trailing-edge and has a length scale that
spans approximately between the reattachment point and
the slat trailing-edge. This streamwise vortex scatters at
the trailing-edge of the slat and produces a quadruple
sound in three-dimensional space. However, it can be ap-
proximated as a dipole in two-dimensional acoustic mod-
eling, and thus, modeled using two simple sources with
opposite phases−marked by blue ellipsoids near the slat
trailing-edge.

The magnitude (A0) of the noise source in Eq. (9) is
actually determined using information about the size and
intensity of the individual noise sources. As shown in
Fig. 4, the power spectral intensities of the noise sources
are rather similar. Therefore, the magnitude of the noise
source is mainly matched to the size of the noise source.
To determine the average size of the noise source, it is
necessary to use three-dimensional information of the
noise sources, including the coherence length in the span-
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by applying an additional conforming/smoothing proce-
dure. A summary of the boundary-fitted grid generation
is given below:

1. Generate non-uniform Cartesian grids X.

2. Find the vertices Xs adjacent to the solid surfaces.

3. Match Xs to the surface grid Φs.

4. Compute a displacement function D = (Dx, Dy),
which is given by:

D = X′ −X (8)

5. Apply the high-order spatial filtering to the dis-
placement function.

6. Compute the vertices of the new grid by using Eq.
(8).

7. Repeat (3)-(6) until the solution is converged or the
desired number of iteration is obtained.

8. Generate the resultant grids by fitting Xs to Φs

Fig. 6 shows an example image of incorporating the
boundary-fitted Cartesian-like grid generation algorithm
to 30P30N multi-element airfoil. There are many other
techniques to generate good quality grid in two and
higher dimensions but the above procedure seems to
be sufficient for now, in spite of its conceptual simplic-
ity. Our previous numerical study12 also shows that the
present grid generation algorithm is more flexible and
cost-effective than conventional body fitted grid genera-
tion methods. A study for more optimized grid generation
method (e.g. combining the advantages of both adaptive
mesh refinement and boundary-fitted grid generation ap-
proach) will be pursued in future study.

C. Multiple acoustic sources in slat cove

Acoustic sources are modeled computationally, based
on the noise sources identified in the DP/Dt field in an of
incompressible LES. In the present study, a simple source
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rectional Gaussian RMS widths of σx and σy and has
a constant amplitude (A0) and frequency (ω = 2πf).
Equation (9) is incorporated in the energy equation of
the linearized Euler equations as a source.

The acoustic radiation of a simple source is computed
using the LEE-BP method. This noise source modeling is
based on the assumption that the wave refractions by the
mean flow are negligible in the case of low Mach number
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flows. The body-fitted Cartesian-like grids used for LEE-
BP modeling are obtained by applying the grid genera-
tion algorithm described in the previous section to uni-
form Cartesian grids measuring cslat/100 in the x and y
directions.

Three frequency-specific simple sources implemented
in the slat cove region are schematically presented in Fig.
7. First the noise source related to the baffling effect at
the reattachment point (f � 2.5 kHz) of the slat cove
is modeled as a monopole source (denoted by a large
red circle near the reattachment point), considering that
sound is blocked substantially by the lower surface of the
slat. The size of the noise source, that is, the Gaussian
RMS width σ was based on the vortical structure (Fig.
5) considering the time-averaged DP/Dt field snapshots
over the frequency-specific time interval.

Vortex shedding at the blunt slat trailing-edge is the
most obvious noise source. It produces a dipole sound
by vortex scattering at f � 40 kHz and can be modeled
by two simple sources with opposite phases (denoted by
two small red circles near the slat trailing-edge). This
dipole source is set such that it fulfills the compact source
condition, that is, separation of two simple sources by a
distance l (= λ/20) where λ is the wave length.22

The noise source related to low frequencies of f �
1.3 kHz is shown in Fig. 5 by a series of DP/Dt field
snapshots. They represent periodic development of the
longitudinal vortex, which moves along the slat lower sur-
face toward the trailing-edge and has a length scale that
spans approximately between the reattachment point and
the slat trailing-edge. This streamwise vortex scatters at
the trailing-edge of the slat and produces a quadruple
sound in three-dimensional space. However, it can be ap-
proximated as a dipole in two-dimensional acoustic mod-
eling, and thus, modeled using two simple sources with
opposite phases−marked by blue ellipsoids near the slat
trailing-edge.

The magnitude (A0) of the noise source in Eq. (9) is
actually determined using information about the size and
intensity of the individual noise sources. As shown in
Fig. 4, the power spectral intensities of the noise sources
are rather similar. Therefore, the magnitude of the noise
source is mainly matched to the size of the noise source.
To determine the average size of the noise source, it is
necessary to use three-dimensional information of the
noise sources, including the coherence length in the span-

(9)

where the source (S) is centered at (x0, y0) with the directional 

Gaussian RMS widths of σx and σy and has a constant 

amplitude (A0) and frequency (ω = 2πf ). Equation (9) is 

incorporated in the energy equation of the linearized Euler 

equations as a source.

The acoustic radiation of a simple source is computed 

using the LEE-BP method. This noise source modeling 

is based on the assumption that the wave refractions 

by the mean flow are negligible in the case of low Mach 

number flows. The body-fitted Cartesian-like grids used 

for LEE-BP modeling are obtained by applying the grid 

generation algorithm described in the previous section to 

uniform Cartesian grids measuring cslat/100 in the x and y 

directions.

Three frequency-specific simple sources implemented 

in the slat cove region are schematically presented in Fig. 

7. First the noise source related to the baffling effect at the 

reattachment point (  f  ≅ 2.5kHz) of the slat cove is modeled 

as a monopole source (denoted by a large red circle near 

the reattachment point), considering that sound is blocked 

substantially by the lower surface of the slat. The size of the 

noise source, that is, the Gaussian RMS width  was based on 

the vortical structure (Fig. 5) considering the time-averaged 

DP/Dt field snapshots over the frequency-specific time 

interval.

Vortex shedding at the blunt slat trailing-edge is the 

most obvious noise source. It produces a dipole sound by 

vortex scattering at   f  ≅ 40kHz and can be modeled by two 

simple sources with opposite phases (denoted by two small 

red circles near the slat trailing-edge). This dipole source is 

set such that it fulfills the compact source condition, that 
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by applying an additional conforming/smoothing proce-
dure. A summary of the boundary-fitted grid generation
is given below:

1. Generate non-uniform Cartesian grids X.

2. Find the vertices Xs adjacent to the solid surfaces.

3. Match Xs to the surface grid Φs.

4. Compute a displacement function D = (Dx, Dy),
which is given by:

D = X′ −X (8)

5. Apply the high-order spatial filtering to the dis-
placement function.

6. Compute the vertices of the new grid by using Eq.
(8).

7. Repeat (3)-(6) until the solution is converged or the
desired number of iteration is obtained.

8. Generate the resultant grids by fitting Xs to Φs

Fig. 6 shows an example image of incorporating the
boundary-fitted Cartesian-like grid generation algorithm
to 30P30N multi-element airfoil. There are many other
techniques to generate good quality grid in two and
higher dimensions but the above procedure seems to
be sufficient for now, in spite of its conceptual simplic-
ity. Our previous numerical study12 also shows that the
present grid generation algorithm is more flexible and
cost-effective than conventional body fitted grid genera-
tion methods. A study for more optimized grid generation
method (e.g. combining the advantages of both adaptive
mesh refinement and boundary-fitted grid generation ap-
proach) will be pursued in future study.

C. Multiple acoustic sources in slat cove

Acoustic sources are modeled computationally, based
on the noise sources identified in the DP/Dt field in an of
incompressible LES. In the present study, a simple source
is defined by Gaussian distribution as follows,

S = A0 exp

[
−

(
(x− xo)

2

2σ2
x

+
(y − yo)

2

2σ2
y

)]
sin(ωt) (9)

where the source (S) is centered at (xo, yo) with the di-
rectional Gaussian RMS widths of σx and σy and has
a constant amplitude (A0) and frequency (ω = 2πf).
Equation (9) is incorporated in the energy equation of
the linearized Euler equations as a source.

The acoustic radiation of a simple source is computed
using the LEE-BP method. This noise source modeling is
based on the assumption that the wave refractions by the
mean flow are negligible in the case of low Mach number

FIG. 7. Schematic of multiple acoustic sources in slat cove.

flows. The body-fitted Cartesian-like grids used for LEE-
BP modeling are obtained by applying the grid genera-
tion algorithm described in the previous section to uni-
form Cartesian grids measuring cslat/100 in the x and y
directions.

Three frequency-specific simple sources implemented
in the slat cove region are schematically presented in Fig.
7. First the noise source related to the baffling effect at
the reattachment point (f � 2.5 kHz) of the slat cove
is modeled as a monopole source (denoted by a large
red circle near the reattachment point), considering that
sound is blocked substantially by the lower surface of the
slat. The size of the noise source, that is, the Gaussian
RMS width σ was based on the vortical structure (Fig.
5) considering the time-averaged DP/Dt field snapshots
over the frequency-specific time interval.

Vortex shedding at the blunt slat trailing-edge is the
most obvious noise source. It produces a dipole sound
by vortex scattering at f � 40 kHz and can be modeled
by two simple sources with opposite phases (denoted by
two small red circles near the slat trailing-edge). This
dipole source is set such that it fulfills the compact source
condition, that is, separation of two simple sources by a
distance l (= λ/20) where λ is the wave length.22

The noise source related to low frequencies of f �
1.3 kHz is shown in Fig. 5 by a series of DP/Dt field
snapshots. They represent periodic development of the
longitudinal vortex, which moves along the slat lower sur-
face toward the trailing-edge and has a length scale that
spans approximately between the reattachment point and
the slat trailing-edge. This streamwise vortex scatters at
the trailing-edge of the slat and produces a quadruple
sound in three-dimensional space. However, it can be ap-
proximated as a dipole in two-dimensional acoustic mod-
eling, and thus, modeled using two simple sources with
opposite phases−marked by blue ellipsoids near the slat
trailing-edge.

The magnitude (A0) of the noise source in Eq. (9) is
actually determined using information about the size and
intensity of the individual noise sources. As shown in
Fig. 4, the power spectral intensities of the noise sources
are rather similar. Therefore, the magnitude of the noise
source is mainly matched to the size of the noise source.
To determine the average size of the noise source, it is
necessary to use three-dimensional information of the
noise sources, including the coherence length in the span-

Fig. 7. Schematic of multiple acoustic sources in slat cove.
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is, separation of two simple sources by a distance l (= λ/20) 

where λ is the wave length[22].

The noise source related to low frequencies of  f  ≅ 1.3kHz 

is shown in Fig. 5 by a series of DP/Dt field snapshots. They 

represent periodic development of the longitudinal vortex, 

which moves along the slat lower surface toward the trailing-

edge and has a length scale that spans approximately 

between the reattachment point and the slat trailing-edge. 

This streamwise vortex scatters at the trailing-edge of the 

slat and produces a quadruple sound in three-dimensional 

space. However, it can be approximated as a dipole in two-

dimensional acoustic modeling, and thus, modeled using 

two simple sources with opposite phases-marked by blue 

ellipsoids near the slat trailing-edge.

The magnitude (A0) of the noise source in Eq. (9) is actually 

determined using information about the size and intensity of 

the individual noise sources. As shown in Fig. 4, the power 

spectral intensities of the noise sources are rather similar. 

Therefore, the magnitude of the noise source is mainly 

matched to the size of the noise source. To determine the 

average size of the noise source, it is necessary to use three-

dimensional information of the noise sources, including the 

coherence length in the spanwise direction. The spanwise 

coherent scale of the noise source at each frequency was 

investigated by Lockard and Choudhari[7] the spanwise 

coherence lengths corresponding to the tonal peaks at low 

frequencies ( f  ≅ 1.3 and  f  ≅ 2.5kHz) are very close but the 

magnitude of the noise caused by vortex shedding at f = 40 

kHz is about 15% that of the amplitudes of the other two 

noise sources.

D. Acoustic field, directivity, and power spectrum
Acoustic radiation of the proposed simple sources is now 

effectively computed by the LEE-BP method on Cartesian-

like grids fitted to the 30P30N multi-element airfoil in the 

high-lift configuration (Fig. 6). Fig. 8 shows the scattered 

acoustic pressure fields of each noise source at f = 2.5 kHz,1.3 

kHz and 40 kHz as well as the combined multiple sources. 

The directional patterns of p'rms at r = 20cslat are plotted in Fig. 

9 along with the acoustic solution results, which represent 

all noise sources in the flow field calculated using LES and 

Ffowcs-Williams and Hawking’s acoustic analogy[8]. From 

these two figures, we can clearly realize the superposition 

and scattering effects of the acoustic sources around the 

30P30N multi-element airfoil with a slat and flap deployed 

from the main wing.

Figure 8(a) and 9(a) shows that noise generation in the 

slat cove by the monopole source at f = 2.5 kHz results in a 

substantial  difference between the upper and lower parts of 

the multi-element airfoil. This can be ascribed the scattering 

caused by the slat and main wing leading-edge and the 

primary radiation angle is 290 ~ 300o. On the contrary, Fig. 8(b) 

and 9(b) clearly show that the longitudinal coherent vortex 

between the reattachment point and the slat trailing-edge 

creates a dipole sound at f = 1.3 kHz and the primary radiation 

angle is about 150 due to the scattering effect; The distribution 
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(a) (b) (c) (d) (e)

FIG. 8. Instantaneous acoustic pressure fields computed by LEE-BP method with simple sources at (a) 2.5 kHz; (b) 1.3 kHz;
(c) 40 kHz; (d) 1.3 kHz + 2.5 kHz; and (e) 1.3 KHz + 2.5 kHz + 40 kHz.

(a) (b) (c) (d) (e)

FIG. 9. Directivity patterns of p′rms at r = 20cslat; solid line: LEE-BP modeling; circle: LES/FW-H (Choudhari et al.8); simple
sources at (a) 2.5 kHz; (b) 1.3 kHz; (c) 40 kHz; (d) 1.3 kHz + 2.5 kHz; and (e) 1.3 kHz + 2.5 kHz + 40 kHz.

wise direction. The spanwise coherent scale of the noise
source at each frequency was investigated by Lockard and
Choudhari;7 the spanwise coherence lengths correspond-
ing to the tonal peaks at low frequencies (f � 1.3 and
2.5 kHz) are very close but the magnitude of the noise
caused by vortex shedding at f = 40 kHz is about 15%
that of the amplitudes of the other two noise sources.

D. Acoustic field, directivity, and power spectrum

Acoustic radiation of the proposed simple sources is
now effectively computed by the LEE-BP method on
Cartesian-like grids fitted to the 30P30N multi-element
airfoil in the high-lift configuration (Fig. 6). Figure 8
shows the scattered acoustic pressure fields of each noise
source at f = 2.5 kHz, 1.3 kHz and 40 kHz as well
as the combined multiple sources. The directional pat-
terns of p′rms at r = 20cslat are plotted in Fig. 9 along
with the acoustic solution results, which represent all
noise sources in the flow field calculated using LES and
Ffowcs-Williams and Hawking’s acoustic analogy.8 From
these two figures, we can clearly realize the superposi-
tion and scattering effects of the acoustic sources around
the 30P30N multi-element airfoil with a slat and flap de-
ployed from the main wing.

Figure 8(a) and 9(a) shows that noise generation in the
slat cove by the monopole source at f = 2.5 kHz results
in a substantial p′rms difference between the upper and
lower parts of the multi-element airfoil. This can be as-
cribed the scattering caused by the slat and main wing
leading-edge and the primary radiation angle is 290 ∼
300◦. On the contrary, Fig. 8(b) and 9(b) clearly show
that the longitudinal coherent vortex between the reat-

tachment point and the slat trailing-edge creates a dipole
sound at f = 1.3 kHz and the primary radiation angle is
about 150◦ due to the scattering effect; The distribution
of p′rms is totally reversed compared to that in Fig. 9(a)
and (b). Third, the acoustic scattering caused by vortex
shedding at the slat trailing-edge (dipole source at f =
40 kHz) is shown in Fig. 8(c) and 9(c). Although it pro-
duces a considerably lower level of p′rms compared to the
other two sources, it clearly shows the acoustic field scat-
tered by the multi-element airfoil−the fringes of p′rms are
noticeable in Fig. 9(c).

The superposed acoustic field obtained by combining
two simple sources at f = 2.5 kHz and 1.5 kHz is shown
in Fig. 8(d), and the directivity pattern shown in Fig.
9(d) becomes remarkably close to the result of Choudhari
et al.8. Interestinly, these two sources are the primary
slat noise sources from the viewpoint of determining the
directivity pattern of slat noise around the 30P30N multi-
element airfoil. The addition of a high-frequency source
at f = 40 kHz by vortex shedding at the slat edge results
in a noticeable fringe pattern between 20 ∼ 90◦ (Fig.
9(e)), but to enhance the accuracy between 20 ∼ 90◦

and 250 ∼ 280◦, it is necessary to include the quadrupole
noise sources in the wake past the slat and the other noise
sources in the main wing and the flap of the multi-element
airfoil. Nevertheless, the present simple source modeling
shows that the key features of slat noise are accurately
captured.

The power spectral density of the acoustic pressure
at 290◦ and r = 20cslat is shown in Fig. 10. The tonal
components of the power spectrum represented by the
simple sources are obviously over-predicted because we
do not include the tonal peak broadening caused by in-
stability. Nonetheless, the broadband part of the power
spectrum is quite similar to that obtained by LES and

                             (a)                                                    (b)                                                 (c)                                                  (d)                                                  (e)

Fig. 8.  Instantaneous acoustic pressure fields computed by LEE-BP method with simple sources at (a) 2.5 kHz; (b) 1.3 kHz; (c) 40 kHz; (d) 1.3 kHz + 2.5 
kHz; and (e) 1.3 kHz + 2.5 kHz + 40 kHz.
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(a) (b) (c) (d) (e)

FIG. 8. Instantaneous acoustic pressure fields computed by LEE-BP method with simple sources at (a) 2.5 kHz; (b) 1.3 kHz;
(c) 40 kHz; (d) 1.3 kHz + 2.5 kHz; and (e) 1.3 KHz + 2.5 kHz + 40 kHz.

(a) (b) (c) (d) (e)

FIG. 9. Directivity patterns of p′rms at r = 20cslat; solid line: LEE-BP modeling; circle: LES/FW-H (Choudhari et al.8); simple
sources at (a) 2.5 kHz; (b) 1.3 kHz; (c) 40 kHz; (d) 1.3 kHz + 2.5 kHz; and (e) 1.3 kHz + 2.5 kHz + 40 kHz.

wise direction. The spanwise coherent scale of the noise
source at each frequency was investigated by Lockard and
Choudhari;7 the spanwise coherence lengths correspond-
ing to the tonal peaks at low frequencies (f � 1.3 and
2.5 kHz) are very close but the magnitude of the noise
caused by vortex shedding at f = 40 kHz is about 15%
that of the amplitudes of the other two noise sources.

D. Acoustic field, directivity, and power spectrum

Acoustic radiation of the proposed simple sources is
now effectively computed by the LEE-BP method on
Cartesian-like grids fitted to the 30P30N multi-element
airfoil in the high-lift configuration (Fig. 6). Figure 8
shows the scattered acoustic pressure fields of each noise
source at f = 2.5 kHz, 1.3 kHz and 40 kHz as well
as the combined multiple sources. The directional pat-
terns of p′rms at r = 20cslat are plotted in Fig. 9 along
with the acoustic solution results, which represent all
noise sources in the flow field calculated using LES and
Ffowcs-Williams and Hawking’s acoustic analogy.8 From
these two figures, we can clearly realize the superposi-
tion and scattering effects of the acoustic sources around
the 30P30N multi-element airfoil with a slat and flap de-
ployed from the main wing.

Figure 8(a) and 9(a) shows that noise generation in the
slat cove by the monopole source at f = 2.5 kHz results
in a substantial p′rms difference between the upper and
lower parts of the multi-element airfoil. This can be as-
cribed the scattering caused by the slat and main wing
leading-edge and the primary radiation angle is 290 ∼
300◦. On the contrary, Fig. 8(b) and 9(b) clearly show
that the longitudinal coherent vortex between the reat-

tachment point and the slat trailing-edge creates a dipole
sound at f = 1.3 kHz and the primary radiation angle is
about 150◦ due to the scattering effect; The distribution
of p′rms is totally reversed compared to that in Fig. 9(a)
and (b). Third, the acoustic scattering caused by vortex
shedding at the slat trailing-edge (dipole source at f =
40 kHz) is shown in Fig. 8(c) and 9(c). Although it pro-
duces a considerably lower level of p′rms compared to the
other two sources, it clearly shows the acoustic field scat-
tered by the multi-element airfoil−the fringes of p′rms are
noticeable in Fig. 9(c).

The superposed acoustic field obtained by combining
two simple sources at f = 2.5 kHz and 1.5 kHz is shown
in Fig. 8(d), and the directivity pattern shown in Fig.
9(d) becomes remarkably close to the result of Choudhari
et al.8. Interestinly, these two sources are the primary
slat noise sources from the viewpoint of determining the
directivity pattern of slat noise around the 30P30N multi-
element airfoil. The addition of a high-frequency source
at f = 40 kHz by vortex shedding at the slat edge results
in a noticeable fringe pattern between 20 ∼ 90◦ (Fig.
9(e)), but to enhance the accuracy between 20 ∼ 90◦

and 250 ∼ 280◦, it is necessary to include the quadrupole
noise sources in the wake past the slat and the other noise
sources in the main wing and the flap of the multi-element
airfoil. Nevertheless, the present simple source modeling
shows that the key features of slat noise are accurately
captured.

The power spectral density of the acoustic pressure
at 290◦ and r = 20cslat is shown in Fig. 10. The tonal
components of the power spectrum represented by the
simple sources are obviously over-predicted because we
do not include the tonal peak broadening caused by in-
stability. Nonetheless, the broadband part of the power
spectrum is quite similar to that obtained by LES and

                                           (a)                                           (b)                                          (c)                                           (d)                                          (e)

Fig. 9.  Directivity patterns of p'rms at r = 20cslat; solid line: LEE-BP modeling; circle: LES/FW-H (Choudhari et al.[8]); simple sources at (a) 2.5 kHz; (b) 1.3 
kHz; (c) 40 kHz; (d) 1.3 kHz + 2.5 kHz; and (e) 1.3 kHz + 2.5 kHz + 40 kHz. 
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of p'rms is totally reversed compared to that in Fig. 9(a) and (b). 

Third, the acoustic scattering caused by vortex shedding at the 

slat trailing-edge (dipole source at f = 40 kHz) is shown in Fig. 

8(c) and 9(c). Although it produces a considerably lower level 

of p'rms compared to the other two sources, it clearly shows 

the acoustic field scattered by the multi-element airfoil-the 

fringes of p'rms are noticeable in Fig. 9(c).

The superposed acoustic field obtained by combining two 

simple sources at f = 2.5 kHz and 1.5 kHz is shown in Fig. 

8(d), and the directivity pattern shown in Fig. 9(d) becomes 

remarkably close to the result of Choudhari et al.[8]. 

Interestingly, these two sources are the primary slat noise 

sources from the viewpoint of determining the directivity 

pattern of slat noise around the 30P30N multi-element 

airfoil. The addition of a high-frequency source at f = 40 kHz 

by vortex shedding at the slat edge results in a noticeable 

fringe pattern between 20 ~ 90o (Fig. 9(e)), but to enhance the 

accuracy between 20 ~ 90o and 250 ~ 280o, it is necessary to 

include the quadrupolee noise sources in the wake past the 

slat and the other noise sources in the main wing and the flap 

of the multi-element airfoil. Nevertheless, the present simple 

source modeling shows that the key features of slat noise are 

accurately captured.

The power spectral density of the acoustic pressure at 290o 

and r = 20cslat is shown in Fig. 10. The tonal components of 

the power spectrum represented by the simple sources are 

obviously over-predicted because we do not include the 

tonal peak broadening caused by instability. Nonetheless, 

the broadband part of the power spectrum is quite similar 

to that obtained by LES and Ffowcs-Williams and Hawking's 

acoustic analogy[8]. Especially, slope decay at a rate of f -3 for 

a Strouhal number of around 10 is consistent with the results 

of a previous collaborative work (BANC-III)[1] and those of 

the experimental studies[23].

In conclusion, the source modeling performed in this 

study can represent the main physics of slat noise, that is, 

scattering of acoustic field due to shape-characteristics of 

the 30P30N multi-element airfoil.

4. Conclusions

Slat noise generation was investigated by LES and simple 

source modeling using linearized Euler equation. First, an 

incompressible LES was conducted for an MD 30P30N three-

element airfoil in the high-lift configuration at Rec = 1.7×106. 

The computational results showed that the representative 

turbulent statistics of the airfoil, pressure coefficient (Cp) 

distributions and wall pressure power spectra agree well 

with the results of previous experiments and computations. 

According to the total derivate of hydrodynamic pressure 

(DP/Dt) obtained from the incompressible LES, the 

significant noise sources found at low frequencies of  f  ≅ 1.3 

and 2.5 kHz can be ascribed the unsteady flow around the 

slat cove, such as vortex merging or rapid vortex distortion 

occurring between the reattachment point and the slat 

trailing-edge.

Based on noise source characterization using simple 

sources such as frequency-specific monopoles and dipoles, 

acoustic radiation around the 30P30N multi-element airfoil 

was effectively computed using the Brinkman penalization 

method incorporated with linearized Euler equation. The 

directivity pattern of p'rms at r = 20cslat in case of combined 

multiple sources was found to agree well with the result 

obtained by LES/Ffowcs-Williams and Hawking's method 

over the entire flow field. In addition, the power spectral 

density of p' at θ = 290o agreed well with the data reported in 

BANC-III, especially the broadband part of the spectrum with 

a decaying slope ~ f -3. Both comparisons provide supportive 

evidence that the acoustic source modeling conducted in the 

present study is useful for successful implementing the main 

physics of slat noise.
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