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This study presents wall-resolved large-eddy simulations (WRLES) of a high-lift airfoil,

based on high-order flux reconstruction (FR) commercial software Dimaxer, which runs on

consumer level GPUs. A series of independence tests are conducted, including various Ffowcs

Williams-Hawkings sampling surfaces, different mesh densities, simulations at 4𝑡ℎ and 5𝑡ℎ

order accuracies, and varying spanwise lengths, to establish best practice for predicting slat

noise through high-order WRLES. The results show excellent agreement with experimental

data while requiring significantly fewer computational resources than traditional second-order

methods. An investigation on the effects of Reynolds number (Re) is performed by scaling the

airfoil size, with Reynolds numbers ranging from 8.55 × 105 to a real aircraft level of 1.71 × 107.

By applying simple scaling through Strouhal number (St), spanwise correction, and distance

from the receiver, the far-field noise spectra for different Reynolds numbers can be coincided.

Additionally, simulations are performed at four angles of attack: 3◦, 5.5◦, 9.5◦, and 14◦. The

results indicate that higher angles of attack lead to a less intense feedback loop, resulting in lower

tonal noise frequencies and reduced noise amplitude. The maximum noise reduction observed

is over 14dB when comparing 14◦ to 3◦. Furthermore, an improved formula is proposed to

enhance the prediction of slat noise tonal frequencies and to better elucidate the mechanism

behind tonal noise generation.
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𝛼 = FR coefficient
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𝑐 = speed of sound

𝐶𝐷 = drag coefficient

𝐶𝐿 = lift coefficient

𝐶𝜔𝑧 = normalized spanwise vorticity

𝐶𝑝 = pressure coefficient

𝐶𝑤 = model coefficient of wall-adaptive local eddy-viscosity model

𝑐𝑠 = stowed chord length

𝑐𝑠𝑙𝑎𝑡 = slat chord length

□ = 1
𝑐2

𝜕2

𝜕𝑡2
− ∇2, d’Alembert operator

𝛿 = Dirac delta

𝛿𝑖 𝑗 = Kronecker delta

Δ = cell volume1/3

Δ𝑡 = time step

𝑭 = flux matrix

�̃� = common flux matrix

𝑓 = frequency

𝛾 = ratio of specific heat

𝐻 = Heaviside function

𝑱 = Jacobian matrix

𝐾 = bulk modulus/polynomial degree

𝝃 = computational domain coordinate vector

𝐿𝑎 = distance between the slat cusp and the impingement point of the slat shear layer

𝐿′𝑎 = distance between the slat cusp and the slat trailing edge

𝐿′′𝑎 = distance between the slat cusp and the acoustic wave generation point

𝐿𝑣 = curvilinear length of the slat shear layer (from the slat cusp to the impingement point)

𝐿′𝑣 = curvilinear length of a stream line which extend from the slat cusp to the slat trailing edge

𝐿′′𝑣 = curvilinear length along the slat shear layer from the slat cusp to the acoustic wave generation point

𝑀 = Mach number of the moving surface

𝑀𝑖 = Mach number component of the moving surface

𝑀0 = inflow Mach number

𝜇 = viscosity

𝑁 = number of elements
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𝑁 𝑓 = number of flux points on the interface

𝑁𝑠 = number of element interfaces

𝑁 𝑡𝑞𝑝 = number of time quadrature point

𝑁𝑧 = number of spanwise elements

𝑛 = mode number

𝒏 = unit outward normal of the surface

𝜔𝑧 = spanwise vorticity

𝑝 = pressure

𝑝′ = sound pressure

𝑃𝑖 𝑗 = stress tensor

𝜙 = (1, 𝑢, 𝑣, 𝑤), kinetic preserving variables

𝑄 = 𝑄 criterion

𝑅 = effective acoustic distance between source and observer

𝑟 = distance between observer and source

𝑟𝑖 = unit radiation vector component

𝑅𝑒 = Reynolds number

𝜌 = density

𝑆𝑖 𝑗 = strain rate tensor

𝑆𝑑
𝑖 𝑗

= filtered velocity gradient tensor

𝑠𝑡 = slat trailing edge thickness

𝑇ℎ = the time a vortex takes from generation at the slat cusp to emit an acoustic wave upon interacting with the slat trailing edge

𝑇𝑖 𝑗 = Lighthill tensor stress

𝜏 = source time

𝜏𝑖 𝑗 = viscous stress tensor

𝜏𝑞𝑝 = non-dimensional 1D quadrature point value

𝑡 = time/observer time

𝑡𝑞𝑝 = physical time corresponding to 𝜏𝑞𝑝

𝑼 = conservation variable matrix in Cartesian domain

𝑼 = conservation variable matrix in computational domain

𝑈0 = incoming flow velocity magnitude

𝑈0𝑖 = incoming flow velocity component

𝑈𝑣 = average convection velocity magnitude along 𝐿𝑣
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𝑈′
𝑣 = average convection velocity magnitude along 𝐿′𝑣

𝑈′′
𝑣 = average convection velocity magnitude along 𝐿′′𝑣

𝑢𝑖 = velocity component of fluid

𝑢 = streamwise component of velocity

𝑣 = vertical component of velocity

𝒗 = initial value matrix

𝑣𝑖 = velocity component of the moving surface

𝑤 = spanwise component of velocity

𝑤𝑡𝑞𝑝 = nondimensional quadrature weight on time quadrature point qp

𝒙 = Cartesian domain coordinate vector/coordinate vector of observer

𝑥𝑖 = Cartesian domain coordinate component

𝑦+
𝑚𝑒𝑠ℎ

= nondimensional mesh resolution in the wall-normal direction

𝑦+ = 𝑦+
𝑚𝑒𝑠ℎ

𝐾+1 , nondimensional mesh resolution in the wall-normal direction based on high-order method

Subscripts

0 = far-field value

L = loading component

ret = retarded time

sgs = subgrid-scale

T = thickness component

I. Introduction

Since the development of high bypass ratio turbofan engines, slat, flap, and landing gears have emerged as significant

sources of noise in commercial aircraft. This is particularly true during landing, when the engines are running

at low-power state, and the noise produced by the slat can rival that of the engines [1]. Consequently, it is crucial to

accurately predict the noise generated by such device using numerical methods to facilitate the development of quieter

commercial aircraft that meet the growing demands of noise regulations [2, 3].

Three basic noise components of wind tunnel reduced-scale models have been identified in the power spectral

density (PSD) spectrum [4, 5] as illustrated in Fig. 1. The first component is a broadband noise that ranges from 0.8 to 7

kHz. On top of that are multiple tonal noise peaks occurring at frequencies between 1 kHz and 10 kHz, along with a

hump that rises above 20 kHz.

As proposed by Roger and Perennes [6], the low-frequency tonal noise peaks are associated with cavity modes in the

slat cove area, i.e. a feedback loop mechanism. Terracol et al. [7] derived a tailored equation to predict the frequency of
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Fig. 1 Schematic of the slat noise spectrum of a wind tunnel reduced-scale model: --, broadband noise; —,
tonal noise peaks; -.-, high-frequency hump.

the tonal noise peaks based on Rossiter’s original formula, and they successfully predicted the tonal noise frequencies of

a slat under 4◦ angle of attack (AoA). Their equation considers a feedback loop that cycles as follows: (i) initially, a

vortex is generated at the slat cusp; (ii) this vortex convects along the shear layer, which surrounds the main vortex

core inside the slat cove; (iii) the vortex impinges the slat surface, producing an acoustic wave; (iv) the acoustic wave

propagates through the slat cove; (v) upon reaching the slat cusp, it triggers the formation of a new vortex. In addition,

Souza et al. [8] performed a spectral proper orthogonal decomposition analysis on the flow field of a slat under various

AoAs and slat deflection angels, concluding that the interaction between the shear layer disturbance and the slat trailing

edge (TE) after the impingement is responsible for generating the acoustic wave.

Numerical simulation done by Terracol et al. [7] and wind tunnel experiments [9, 10] identified the high-frequency

vortex shedding from the slat TE as the phenomenon responsible for the high-frequency hump. As for the broadband

noise, the mechanism behind has not yet settled.

To effectively resolve these phenomena, at least a simulation level of detached eddy simulation (DES) is necessary

[11, 12], in conjunction with the Ffowcs Williams-Hawkings (FW-H) acoustic analogy [13] to obtain the far-field noise

signal. However, this kind of simulation requires very small time step size, leading to significant amount of computing

resources, not to mention performing large-eddy simulation (LES). For example, Terracol and Manoha [14] costed 4096

CPU cores and 6 million CPU hours to obtain wall-resolved LES (WRLES) flow field on the LEISA2 high-lift airfoil

under 𝑅𝑒 = 1.23 × 106, Asada et al. [15] utilized 55296 CPU cores to achieve wall-modeled LES (WMLES) on the

30P30N high-lift airfoil at 𝑅𝑒 = 1.71 × 106. When considering a Reynolds number (Re) of real aircraft, i.e. above 107,

the computational demands of conventional solvers will grow exponentially because of additional constraints on mesh

element size and time step.

However, with the help of Dimaxer, which runs on the latest Nvidia Ada Lovelace GPUs and utilizes the space time

expansion of high-order kinetic preserving flux reconstruction (STE-KEP-FR) scheme [16, 17], conducting high-order
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WRLES on a high-lift airfoil becomes quite affordable, even at Reynolds number of real aircraft. This paper discusses

the high-order WRLES of the flow around the typical 30P30N high-lift airfoil with focus on the noise generated by the

slat. The primary objectives are:

1) to provide best practice toward slat noise prediction with high-order WRLES and FW-H acoustic analogy;

2) to explore how the Reynolds number affects slat noise;

3) to enhance the comprehension of AoA effects on the slat noise emissions.

A total of nine meshes are generated, featuring various mesh densities, spanwise lengths, and airfoil chord lengths.

These cases are selected from the experiments of Murayama et al. [4, 5] to facilitate better comparisons between

simulations and experimental results under different AoAs.

The structure of the paper is as follows: Sec. II provides a brief overview of the numerical methods. Sec. III outlines

the geometry, mesh specifics, and the simulation procedure. Then the results of different FW-H sampling surfaces,

meshes, simulation orders, Reynolds numbers, slat TE thicknesses and AoAs are presented and discussed accordingly in

Sec. IV. Finally, the main conclusions are summarized in Sec. V.

II. Numerical Methods

A. Governing Equations for Weakly Compressible Flow

The spatially filtered continuity and momentum equations of the Navier-Stokes equations can be written as:

𝜕𝜌

𝜕𝑡
+ 𝜕 (𝜌𝑢𝑖)

𝜕𝑥𝑖
= 0 (1)

𝜕 (𝜌𝑢𝑖)
𝜕𝑡

+
𝜕 (𝜌𝑢𝑖𝑢 𝑗 )
𝜕𝑥 𝑗

+ 𝜕𝑝

𝜕𝑥𝑖
=
𝜕𝜏𝑖 𝑗

𝜕𝑥 𝑗
(2)

with viscous stress tensor defined as:

𝜏𝑖 𝑗 = (𝜇 + 𝜇𝑠𝑔𝑠) (𝑆𝑖 𝑗 −
1
3
𝑆𝑘𝑘𝛿𝑖 𝑗 ) (3)

𝑆𝑖 𝑗 =
1
2

(
𝜕𝑢𝑖

𝜕𝑥 𝑗
+
𝜕𝑢 𝑗

𝜕𝑥𝑖

)
(4)

Considering weakly compressible flow, 𝑝 is only a function of 𝜌, the barotropic gas state equation [18] can be used:

𝑝(𝜌) = 𝑝0𝐾

[(
𝜌

𝜌0

)𝛾
− 1

]
+ 𝑝0 (5)

𝐾 =
𝜌0𝑐

2
0

𝛾𝑝0
(6)

with 𝛾 is set to 1 and 𝑐0 is assigned by the user.
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Above all, viscosity is considered as constant.

B. Subgrid-scale Model

To close the governing equations, wall-adaptive local eddy-viscosity (WALE) model [19] is deployed:

𝜇𝑠𝑔𝑠 = 𝜌(𝐶𝑤Δ)2
(𝑆𝑑
𝑖 𝑗
𝑆𝑑
𝑖 𝑗
)3/2

(𝑆𝑖 𝑗𝑆𝑖 𝑗 )5/2 + (𝑆𝑑
𝑖 𝑗
𝑆𝑑
𝑖 𝑗
)5/4 (7)

with 𝑆𝑑
𝑖 𝑗

defined as:

𝑆𝑑𝑖 𝑗 =
1
2

(
𝜕𝑢𝑖

𝜕𝑥𝑘

𝜕𝑢𝑘

𝜕𝑥 𝑗
+
𝜕𝑢 𝑗

𝜕𝑥𝑘

𝜕𝑢𝑘

𝜕𝑥𝑖

)
− 1

3
𝛿𝑖 𝑗

𝜕𝑢𝑙

𝜕𝑥𝑘

𝜕𝑢𝑘

𝜕𝑥𝑙
(8)

and the model coefficient is set to be 𝐶𝑤 = 0.2 in the current study.

C. STE-KEP-FR Scheme

STE-KEP-FR [16, 17] has been developed to combine the advantages of simple differential form high-order FR

scheme [20], one-step time integration method that enables time-accurate local time stepping [21], and enhanced

nonlinear stability by adopting the split form kinetic preserving method to address the convective term [22]. To briefly

review the STE-KEP-FR approach, first rewrite Eqs. (1) and (2) in conservative form:

𝜕𝑼

𝜕𝑡
+ ∇𝒙 · 𝑭𝒙 = 0 (9)

with

𝑼 =



𝜌

𝜌𝑢

𝜌𝑣

𝜌𝑤


, 𝑭𝒙 =



𝜌𝑢𝑖

𝜌𝑢𝑖𝑢 + 𝑝𝛿𝑖1 − 𝜏𝑖1

𝜌𝑢𝑖𝑣 + 𝑝𝛿𝑖2 − 𝜏𝑖2

𝜌𝑢𝑖𝑤 + 𝑝𝛿𝑖3 − 𝜏𝑖3


(10)

and the conversion from Cartesian coordinates to the computational domain can be described as:

𝑼 = |𝑱 |𝑼 (11)

𝑭 𝜉 = |𝑱 |
(
𝜉𝑥𝑭

𝑥 + 𝜉𝑦𝑭𝑦 + 𝜉𝑧𝑭𝑧
)

(12)

𝑭𝜂 = |𝑱 |
(
𝜂𝑥𝑭

𝑥 + 𝜂𝑦𝑭𝑦 + 𝜂𝑧𝑭𝑧
)

(13)

𝑭𝜁 = |𝑱 |
(
𝜁𝑥𝑭

𝑥 + 𝜁𝑦𝑭𝑦 + 𝜁𝑧𝑭𝑧
)

(14)
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with 𝑱 given by:

𝑱 =



𝑥𝜉 𝑥𝜂 𝑥𝜁

𝑦 𝜉 𝑦𝜂 𝑦𝜁

𝑧𝜉 𝑧𝜂 𝑧𝜁


(15)

Then Eq. (9) in computational domain can be written as:

𝜕𝑼

𝜕𝑡
+ ∇𝝃 · 𝑭𝝃 = 0 (16)

Illustration of using Lagrange-Gauss-Legendre (LGL) points as the solution points for hexahedral element with

3𝑟𝑑 degree polynomial reconstruction (4𝑡ℎ order of accuracy) and 4𝑡ℎ degree polynomial reconstruction (5𝑡ℎ order of

accuracy) are shown in Fig. 2. For 𝑘 𝑡ℎ solution point of 𝑖𝑡ℎ element, the uniform FR scheme is given as:

𝜕�̂� 𝑗 ,𝑘

𝜕𝑡
+
(
∇𝝃 · 𝑭𝝃 (𝑼 𝑗 )

)
𝑗 ,𝑘

+
𝑁𝑠∑︁
𝑠=1

𝑁 𝑓∑︁
𝑓 =1

𝛼𝑘,𝑠, 𝑓
(
�̃�
𝝃 |𝑛 − 𝑭𝝃 |𝑛

)
𝑘,𝑠, 𝑓

= 0 (17)

where common flux �̃� generally takes the form of Riemann fluxes for nonlinear inviscid flux (HLLC Riemann solver

is used in this study) and central average for viscous component. 𝑭 |𝑛 = 𝑭 · 𝒏 where 𝒏 is outer normal unit vector at

each flux point. The difference between the common flux and the outer normal projection of local flux is referred to as

correction flux, which is used to update the DoF by exchanging information with adjoint elements in a conservative way.

The FR coefficient 𝛼 can be obtained through lift operation [23] for standard elements.

(a) K3 (b) K4

Fig. 2 LGL solution points discretization for hexahedral element with K = 3 and 4.

The following split form 𝑆𝑝𝑙𝑖𝑡𝐹𝑒 is used to calculate convective term (without pressure) of divergence part in the

governing equations:

∇𝝃 · 𝑭𝝃 (𝑼 𝑗 ) =
1
2
𝜕

𝜕𝜉

(
𝜌𝑼𝜙

)
+ 1

2
𝜙
𝜕

𝜕𝜉

(
𝜌𝑼

)
+ 1

2
𝜌𝑼

𝜕

𝜕𝜉
(𝜙) (18)
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which enhances the nonlinear stability by its kinetic energy preserving property. Rewrite Eq. (17) as:

𝜕𝑼 𝑗 ,𝑘

𝜕𝑡
= R𝐷𝑖𝑣𝑗,𝑘 (𝑼 𝑗 ) +

𝑁𝑠∑︁
𝑠=1

𝑁 𝑓∑︁
𝑓 =1
R𝐶𝑜𝑟𝑗,𝑘,𝑠, 𝑓 (𝑼 𝑗 ) (19)

R𝐷𝑖𝑣𝑗,𝑘 (𝑼 𝑗 ) = − 1
|𝑱 | 𝑗 ,𝑘

(
∇𝝃 · 𝑭𝝃 (𝑼𝑖)

)
𝑗 ,𝑘

(20)

R𝐶𝑜𝑟𝑗,𝑘,𝑠, 𝑓 (𝑼 𝑗 ) = − 1
|𝑱 | 𝑗 ,𝑘

𝛼𝑘,𝑠, 𝑓
(
�̃�
𝝃 |𝑛 (𝑼 𝑗 ) − 𝑭𝝃 |𝑛 (𝑼 𝑗 )

)
𝑘,𝑠, 𝑓

(21)

where R𝐷𝑖𝑣 and R𝐶𝑜𝑟 are flux divergence part and the linear combination of correction flux part, respectively.

Integrating Eq. (19) over 𝑡 ∈ [𝑡𝑛, 𝑡𝑛+1] can yield:

𝑼𝑛+1
𝑗 ,𝑘 −𝑼𝑛𝑗,𝑘 =

∫ 𝑡𝑛+1

𝑡𝑛

R𝐷𝑖𝑣𝑗,𝑘 (𝑼 𝑗 ) +
𝑁𝑠∑︁
𝑠=1

𝑁 𝑓∑︁
𝑓 =1
R𝐶𝑜𝑟𝑗,𝑘,𝑠, 𝑓 (𝑼 𝑗 )

 𝑑𝑡 (22)

Construct a local space-time prediction 𝒗 𝑗 = 𝒗(𝒙 𝑗 , 𝑡) for 𝑡 ∈ [𝑡𝑛, 𝑡𝑛+1] by solving the following time-dependent

equation:
𝑑𝒗 𝑗 ,𝑘

𝑑𝑡
= R𝐷𝑖𝑣𝑗,𝑘

(
𝒗(𝒙 𝑗 , 𝑡)

)
(23)

with initial value 𝒗(𝒙 𝑗 , 𝑡 = 𝑡𝑛) = 𝑼𝑛𝑗 . The continuous explicit Runge-Kutta (CERK) method is deployed to solve the

equation, and integrates it over 𝑡 ∈ [𝑡𝑛, 𝑡𝑛+1] derives:

∫ 𝑡𝑛+1

𝑡𝑛
R𝐷𝑖𝑣𝑗,𝑘

(
𝒗(𝒙 𝑗 , 𝑡)

)
𝑑𝑡 = 𝒗 𝑗 ,𝑘 (𝑡𝑛+1) −𝑼𝑛𝑗,𝑘 (24)

taking the space-time polynomial 𝒗(𝒙 𝑗 , 𝑡) as a local predictor, and the combination of correction flux R𝐶𝑜𝑟
𝑗,𝑘,𝑠, 𝑓

as

corrector, substituting Eq. (24) into Eq. (22) will result in the STE-KEP-FR scheme:

𝑼𝑛+1
𝑗 ,𝑘 = 𝒗 𝑗 ,𝑘 (𝑡𝑛+1) +

𝑁𝑠∑︁
𝑠=1

𝑁 𝑓∑︁
𝑓 =1

∫ 𝑡𝑛+1

𝑡𝑛
R𝐶𝑜𝑟𝑗,𝑘,𝑠, 𝑓 (𝒗 𝑗 (𝑡

𝑛+1)) 𝑑𝑡 (25)

which means the time integrations of the correction flux can be carried out at each flux point instead of across the entire

element interface. This is a very important feature to support flexible mesh schemes like hanging nodes and overset

mesh. The numerical time integration process is executed as follows:

𝑼𝑛+1
𝑗 ,𝑘 = 𝒗 𝑗 ,𝑘 (𝑡𝑛+1) +

𝑁𝑠∑︁
𝑠=1

𝑁 𝑓∑︁
𝑓 =1

𝑁 𝑡
𝑞𝑝∑︁
𝑞𝑝

Δ𝑡 · 𝑤𝑡𝑞𝑝R𝐶𝑜𝑟𝑗,𝑘,𝑠, 𝑓

(
𝒗 𝑗 (𝑡𝑞𝑝)

)
(26)

where physical time 𝑡𝑞𝑝 = 𝑡𝑛 + Δ𝑡 · 𝜏𝑞𝑝 is corresponding to 𝜏𝑞𝑝 ∈ [0, 1].
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D. FW-H Acoustic Analogy

A modified version of OpenCFD-FWH [24] (Open Computational Fluid Dynamics code for FW-H acoustic analogy)

is utilized to calculate far-field noise, with the ability of parallel I/O to further to accelerate the speed of far-field noise

prediction. A brief overview of the far-field noise prediction procedure can begin with the FW-H equation for permeable

surface [13]:

□2𝑐2 (𝜌 − 𝜌0) =
𝜕

𝜕𝑡
[𝑄𝑛𝛿( 𝑓 )] − 𝜕

𝜕𝑥𝑖
[𝐿𝑖𝛿( 𝑓 )] +

𝜕

𝜕𝑥𝑖𝜕𝑥 𝑗

[
𝑇𝑖 𝑗𝐻 ( 𝑓 )

]
(27)

with the moving surface described by 𝑓 (𝒙, 𝑡) = 0 such that 𝒏 = ▽ 𝑓 represents the unit outward normal of the surface

[25]. The 𝑄𝑛, 𝐿𝑖 , and Lighthill tensor stress 𝑇𝑖 𝑗 are defined as follows:

𝑄𝑛 = 𝑄𝑖𝑛𝑖 = [𝜌0𝑣𝑖 + 𝜌(𝑢𝑖 − 𝑣𝑖)] 𝑛𝑖 (28)

𝐿𝑖 = 𝐿𝑖 𝑗𝑛 𝑗 =
[
𝑃𝑖 𝑗 + 𝜌𝑢𝑖 (𝑢 𝑗 − 𝑣 𝑗 )

]
𝑛 𝑗 (29)

𝑇𝑖 𝑗 = 𝜌𝑢𝑖𝑢 𝑗 + 𝑃𝑖 𝑗 + 𝑐2 (𝜌 − 𝜌0)𝛿𝑖 𝑗 (30)

with 𝑃𝑖 𝑗 represents the stress tensor:

𝑃𝑖 𝑗 = (𝑝 − 𝑝0)𝛿𝑖 𝑗 − 𝜏𝑖 𝑗 (31)

𝜏𝑖 𝑗 is generally considered as a negligible source of sound and is neglected by most other FW-H implementations

[25–27]. Therefore, 𝑃𝑖 𝑗 = (𝑝 − 𝑝0)𝛿𝑖 𝑗 is used in this paper.

Omitting the quadrupole term in Eq. (27), and following the derivation procedure of Farassat 1A formulation [25],

the integral solution of the permeable surface FW-H equation can be obtained:

4𝜋𝑝′𝑇 (𝒙, 𝑡) =
∫
𝑓 =0

[ ¤𝑄𝑖𝑛𝑖 +𝑄𝑖 ¤𝑛𝑖
𝑟 (1 − 𝑀𝑟 )2

]
𝑟𝑒𝑡

𝑑𝑆

+
∫
𝑓 =0

[
𝑄𝑛 (𝑟 ¤𝑀𝑟 + 𝑐0 (𝑀𝑟 − 𝑀2))

𝑟2 (1 − 𝑀𝑟 )3

]
𝑟𝑒𝑡

𝑑𝑆 (32)

4𝜋𝑝′𝐿 (𝒙, 𝑡) =
1
𝑐0

∫
𝑓 =0

[ ¤𝐿𝑟
𝑟 (1 − 𝑀𝑟 )2

]
𝑟𝑒𝑡

𝑑𝑆

+
∫
𝑓 =0

[
𝐿𝑟 − 𝐿𝑀

𝑟2 (1 − 𝑀𝑟 )2

]
𝑟𝑒𝑡

𝑑𝑆

+ 1
𝑐0

∫
𝑓 =0

[
𝐿𝑟 (𝑟 ¤𝑀𝑟 + 𝑐0 (𝑀𝑟 − 𝑀2))

𝑟2 (1 − 𝑀𝑟 )3

]
𝑟𝑒𝑡

𝑑𝑆 (33)

𝑝′ (𝒙, 𝑡) = 𝑝′𝑇 (𝒙, 𝑡) + 𝑝′𝐿 (𝒙, 𝑡) (34)
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where the superscript "·" indicates differentiation with respect to the source time 𝜏, and 𝑀𝑟 , 𝐿𝑟 , 𝐿𝑀 are defined as:

𝑀𝑟 = 𝑀𝑖𝑟𝑖 (35)

𝐿𝑟 = 𝐿𝑖𝑟𝑖 (36)

𝐿𝑀 = 𝐿𝑖𝑀𝑖 (37)

The subscript 𝑟𝑒𝑡 in Eqs. (32) and (33) means the quantities inside the square brackets are determined at the retarded

time:

𝜏𝑟𝑒𝑡 = 𝑡 − 𝑟𝑟𝑒𝑡/𝑐 (38)

Despite the quadrupole term in Eq. (27) has been excluded, the quadrupole source within the permeable FW-H

surface are still considered by Eq. (34) according to Brentner and Farassat [28].

Eq. (34) is derived in a coordinate system in which the source is in motion within a stationary medium with observers

at-rest in the far-field. In the scenario of a wind tunnel case, where both the source and observers are stationary

within a uniform flow with an AoA, the Garrick Triangle[29] can be utilized to transform the coordinate system. This

transformation results in a significant simplification of the formulation and enhances the computational efficiency of the

code.

Consider the mean flow to possess a velocity 𝑈0 in the direction of the positive 𝑥1 axis. Equations (38) will be

changed to:

𝜏𝑟𝑒𝑡 = 𝑡 − 𝑅/𝑐0 (39)

where R is the effective acoustic distance between the source and the observer [30]:

𝑅 =
−𝑀0𝑑1 + 𝑅∗

𝛽2 (40)

𝑅∗ =
√︃
𝑑2

1 + 𝛽2 [𝑑2
2 + 𝑑

2
3] (41)

𝛽 =

√︃
1 − 𝑀2

0 (42)

𝑀0 = 𝑈0/𝑐0 (43)

𝑑𝑖 = 𝑥𝑖 − 𝑦𝑖 (44)
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and the unit radiation vector component is now changed to:

�̂�1 =
−𝑀0𝑅

∗ + 𝑑1

𝛽2𝑅
(45)

�̂�2 = 𝑑2/𝑅 (46)

�̂�3 = 𝑑3/𝑅 (47)

Subsequently, consider a mean flow with an AoA in the x-y plane, and its velocity magnitude remains equal to𝑈0.

Using the 2D plane coordinate transformation:

𝑑′1 = 𝑑1𝑐𝑜𝑠(AoA) + 𝑑2𝑠𝑖𝑛(AoA) (48)

𝑑′2 = −𝑑1𝑠𝑖𝑛(AoA) + 𝑑2𝑐𝑜𝑠(AoA) (49)

and bring them into the 𝑑1 and 𝑑2 of the Eq. (40), and Eq. (41) yields:

𝑅 =
−𝑀1𝑑1 − 𝑀2𝑑2 + 𝑅∗

𝛽2 (50)

𝑅∗ =
√︃
(𝑀1𝑑1 + 𝑀2𝑑2)2 + 𝛽2 [𝑑2

1 + 𝑑
2
2 + 𝑑

2
3] (51)

𝑀1 = 𝑀0𝑐𝑜𝑠(AoA) (52)

𝑀2 = 𝑀0𝑠𝑖𝑛(AoA) (53)

with the unit radiation vector component changed to:

�̂�′
1 =

−𝑀0𝑅
∗ + 𝑑′1

𝛽2𝑅
(54)

�̂�′
2 = 𝑑′2/𝑅 (55)

�̂�3 = 𝑑3/𝑅 (56)

�̂�1 = �̂�′
1𝑐𝑜𝑠(AoA) − �̂�′

2𝑠𝑖𝑛(AoA) (57)

�̂�2 = �̂�′
1𝑠𝑖𝑛(AoA) + �̂�′

2𝑐𝑜𝑠(AoA) (58)

Then, substituting all instances of the variable 𝑟 in Eqs. (32) ∼ (36) by 𝑅. Furthermore, adjustments must be made

to both the velocity of the moving surface and the fluid velocity to account for the change of the coordinate system.

Thus, the mean flow velocity is subtracted. After simplification, Eqs. (32) and (33) for wind tunnel scenarios are derived
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as follows:

4𝜋𝑝′𝑇 (𝒙, 𝑡) =
∫
𝑓 =0

[ ¤𝑄𝑖𝑛𝑖
𝑅(1 − 𝑀𝑅)2

]
𝑟𝑒𝑡

𝑑𝑆

+
∫
𝑓 =0

[
𝑄𝑛𝑐0 (𝑀𝑅 − 𝑀2)
𝑅2 (1 − 𝑀𝑅)3

]
𝑟𝑒𝑡

𝑑𝑆 (59)

4𝜋𝑝′𝐿 (𝒙, 𝑡) =
1
𝑐0

∫
𝑓 =0

[ ¤𝐿𝑅
𝑅(1 − 𝑀𝑅)2

]
𝑟𝑒𝑡

𝑑𝑆

+
∫
𝑓 =0

[
𝐿𝑅 − 𝐿𝑀

𝑅2 (1 − 𝑀𝑅)2

]
𝑟𝑒𝑡

𝑑𝑆

+
∫
𝑓 =0

[
𝐿𝑅 (𝑀𝑅 − 𝑀2)
𝑅2 (1 − 𝑀𝑅)3

]
𝑟𝑒𝑡

𝑑𝑆 (60)

with

𝑄𝑖 = [−𝜌0𝑈0𝑖 + 𝜌𝑢𝑖] (61)

𝐿𝑖 = [𝑃𝑖 𝑗 + 𝜌(𝑢𝑖 −𝑈0𝑖)𝑢 𝑗 ]𝑛 𝑗 (62)

𝑀𝑅 = 𝑀𝑖 �̂�𝑖 (63)

𝐿𝑅 = 𝐿𝑖 �̂�𝑖 (64)

It is worth noticing that by setting the surface velocity to zero when using the wall surface as the FW-H sampling

surface, one can derive the corresponding far-field noise prediction equation for solid surface.

III. Simulation Details

A. 30P30N Airfoil Geometric Details

The 30P30N slat noise problem is chosen from the 3𝑟𝑑 AIAA Workshop on Benchmark Problems for Airframe

Noise Computations (BANC-III) [31]. This classic high-lift airfoil was created by McDonnell Douglas (now Boeing) in

the early 1990s and has been extensively used in research regarding the aeroacoustic characteristics of high-lift devices,

especially in the context of slat noise [4, 5, 8, 11, 12, 15, 31–33].

The modified 30P30N from Japan Aerospace Exploration Agency (JAXA) [5] is used as shown in Fig. 3. It has a

stowed chord length of 𝑐𝑠 = 0.4572𝑚, and both the slat and flap have deflection angles of 30◦ with corresponding chord

lengths of 0.15𝑐𝑠 and 0.3𝑐𝑠 , respectively. Under an inflow Mach number (Ma) of 0.17, the Reynolds number based on

the stowed chord length is equal to 1.71 × 106.

A total of four AoAs, i.e. 3.5◦, 5.5◦, 9.5◦, and 14◦ are simulated for this basic 30P30N airfoil. The model is also
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Fig. 3 Profile of the JAXA modified 30P30N airfoil.

scaled by factors of 0.5, 5, and 10 to investigate the Reynolds number effect on the slat noise. Additionally, the 10 times

lager model has the slat TE adjusted to match the size of real aircraft, allowing for the study of the high-frequency hump

associated with high-frequency vortex shedding at the slat TE.

B. Mesh Details

A total of nine structure meshes are generated with different densities, spanwise lengths and stowed chord lengths.

The specifics of these meshes are detailed in Table 1. The dgree of freedom (DoF) of these meshes ranges from 6

million to 35 million for the K3 simulation, and they all maintain a consistent 𝑦+
𝑚𝑒𝑠ℎ

value of 10. According to Wang

and Hantla [34], in the K3 simulation, a 𝑦+
𝑚𝑒𝑠ℎ

= 10 corresponds to an equivalent 𝑦+ value of 0.625 or lower when

compared to the second-order simulation.

Table 1 30P30N mesh settings

Meshes N 𝑐𝑠/𝑚 Re 𝑠𝑧/𝑐𝑠 𝑁𝑧 𝑠𝑡/𝑐𝑠𝑙𝑎𝑡
Fine 471,562 0.4572 1.71 × 106 11.1% 13 1.11%
Medium 235,750 0.4572 1.71 × 106 11.1% 10 1.11%
Coarse 117,929 0.4572 1.71 × 106 11.1% 7 1.11%
Medium_4 94,300 0.4572 1.71 × 106 4.44% 4 1.11%
Medium_23 542,225 0.4572 1.71 × 106 25.6% 10 1.11%
Medium_10Re 298,130 4.5720 1.71 × 107 11.1% 10 1.11%
Medium_10Re* 290,330 4.5720 1.71 × 107 11.1% 10 0.28%
Medium_5Re 274,830 2.2860 8.55 × 106 11.1% 10 1.11%
Medium_0.5Re 247,040 0.2286 8.55 × 105 11.1% 10 1.11%

Figure 4 shows a global view of the Medium mesh and detail views of the slat region of the Fine, Medium and

Coarse mesh. The computational domain extends 30𝑐𝑠 in the forward as well as the vertical directions, and 36𝑐𝑠 in the

rear direction. Due to the JAXA modified 30P30N has a sharp slat cusp, a cut is made to reduce mesh quantity and

improve mesh quality. A translational periodic boundary condition is applied in the spanwise direction (z direction)

with non-reflective boundary condition applied in the other two directions.

C. Simulation procedure Details

A RANS solution is obtained at first as the initial field of each K3 WRLES simulation to speed up the convergence

process. The stable K3 flow field then serves as the initial condition for the K4 WRLES simulation. As mentioned in
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(a) Global view of the Medium mesh (b) Fine mesh

(c) Medium mesh (d) Coarse mesh

Fig. 4 Global view of the computational domain and detail views near the slat region for differnt meshes.

Sec. II.C before, CERK is employed to explicitly advance the time step on local elements, with CFL equals to 0.6 and

0.3 for the K3 and K4 simulations. Each case is calculated until the flow field is stable, followed by an additional 10

flow pass times (FPTs, based on 𝑐𝑠). Data processing for the flow field is carried out only on the last 10 FPTs, with an

acoustic data sampling rate of 100 kHz (except for the 0.5Re case, which has a sampling rate of 200 kHz).

Dimaxer (solver version 4610) conducts all simulations on a GPU node, using no more than two Nvidia Ada

Lovelace GPUs per case. The basic 30P30N cases only require 23.86~143.26 GPU hours to time march 10 FPTs. For

postprocessing, the computational mesh is divided into a significantly finer mesh, with each element partitioned into 𝐾3

elements to visualize the high-order flow field.

IV. Results and Discussions

A. Influence of the FW-H Sampling Surfaces

Two categories of surfaces are used to study the influence of the FW-H sampling surface. One is the solid surface

category as shown in Fig. 5 with purple series color, the other is the porous surface category as shown in Fig. 5 with

wine red color.

The solid surface category consists of four surfaces: slat, main wing, flap, and the airfoils above, all of which are

directly extracted on the Fine mesh. The porous surface category includes two surfaces, both positioned 𝑐𝑠 in front of

the airfoil and extending 5𝑐𝑠 in the wake direction, but they differ in density. The coarser surface is extracted directly on
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Fig. 5 Illustration of the FW-H sampling surface categories.

the Fine mesh, while the finer surface is refined to align with the K3 solution points.

Figure 6 presents the far-field noise results from various FW-H surfaces using the Fine mesh and K3 simulation to

solve the flow field at 5.5◦ AoA and 0.17 Ma. It can be seen in Fig. 6a that really good agreement has achieve with the

JAXA Kevlar wall experiment [5] when the slat surface is used as the sampling surface, even the amplitude of the hump

is match (but drops off quickly due to sampling frequency limitation). In contrast, the other three solid surfaces exhibit

amplitude increases above 4 kHz. Figures 7 and 8 indicate that the pressure fluctuations caused by transition are the

reason for these amplitude increases. Since the high-order WRLES simulation effectively captures the transition occurs

on the upper surfaces of the main wing and flap, and the FW-H acoustic analogy propagates these pressure fluctuations

into the far-field, which is inaccurate. This is because the pressure fluctuations from the transition do not emit sound

waves, as presented in Fig. 9. Furthermore, the dilatation field indicates that the primary source of radiated noise

originates from the slat TE and slat cove region. A comparison of Fig. 9 with Fig. 7 from Terracol and Manoha [14] of

another high-lift airfoil WRLES simulation with 2.6 billion cells reveals very similar sound wave propagation patterns.

(a) Solid surface category (b) Porous surface category

Fig. 6 Acoustic signal results at the center of the JAXA Kevlar wall experiment phased-microphone array [5]
through different FW-H sampling surfaces at 5.5◦ AoA and 0.17 Ma.

Regarding the porous surface category, the results from the two surfaces are basically the same, except a minor
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difference can be observed in the high-frequency range, where the finer porous surface exhibits a slightly lower amplitude.

This indicates that refining the sampling surface to match the solution points is not unnecessary. Both porous surfaces

show high-frequency decay in Fig. 6b due to the limited spatial grid resolution. Moreover, the results from the porous

surfaces show a higher amplitude in the mid-low frequency range compared to the JAXA Kevlar wall experiment.

(a) Iso-surface of 𝑄 = 5𝑒7 colored by velocity magnitude (b) Overall wall pressure level over 4 kHz

Fig. 7 Boundary-layer transition of the Fine mesh K3 simulation at 5.5◦ AoA and 0.17 Ma.

Fig. 8 Wall pressure spectrum on the position of the transition occurrence on the upper surface of the main
wing and flap midplane in the Fine mesh K3 simulation at 5.5◦ AoA and 0.17 Ma.

Fig. 9 Instantaneous contour of 𝐷𝑖𝑣(𝜌𝒖) in the midspan plane at 5.5◦ AoA and 0.17 Ma (-3<𝐷𝑖𝑣(𝜌𝒖)<3).

When comparing the porous surface result to the JAXA hard experiment [4], a much better agreement is achieved as

presented in Fig. 10. In the frequency ranges below 1 kHz, the porous surface result aligns more closely with the JAXA
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hard wall experiment [4] than the slat surface. However, in the frequency range above 1 kHz, where tonal noises and

hump are present, the slat surface performs better. Additionally, the tonal noise amplitudes from both surfaces are more

consistent with the hard wall experiment compared to the Kevlar wall experiment, which may be attributed to the Kevlar

wall attenuated the high-frequency tonal noise amplitudes.

Fig. 10 Acoustic signal results at the center of the JAXA hard wall experiment phased-microphone array [4]
through coaser porous and slat surface at 5.5◦ AoA and 0.17 Ma.

In general, using the slat surface as the FW-H sampling surface can prevent the pressure fluctuations caused by the

main wing and flap upper sueface transition from polluting far-field noise results. Meanwhile, it shows better agreement

with the results of both JAXA wind tunnel experiments in the tonal noise frequency range and demonstrates excellent

consistency with the Kevlar wall experiment across the entire noise spectrum. Consequently, all subsequent far-field

noise results will utilize the slat surface as the FW-H sampling surface.

B. Mesh and Order Independence Study

Three meshes with four different DoFs are employed to verify the convergence of numerical solution at 5.5◦ AoA

and 0.17 Ma. which is the flow field condition discussed in BANC-III [31]. Additionally, the spanwise length for these

meshes are set to 𝑠𝑧 = 50.8𝑚𝑚, as recommended by the workshop.

As listed in Table 2 the maximum DoF used is 30 million for the Fine mesh with K3 simulation, followed by the

Medium mesh with K3 simulation and Coarse mesh with K4 simulation, both of which have approximately 15 million

DoF. The aerodynamic force results show that the Medium_K3 and Coarse_K4 cases, exhibit errors of approximately

2% and 3% in comparison to the Fine_K3 results for 𝐶𝐿 and 𝐶𝐷 , respectively.

Table 2 Computational cases and aerodynamic results for the mesh and order independence study

Cases N DoF/million GPU Hours for 10 FPTs 𝐶𝐿 𝑅𝑎𝑡𝑖𝑜Δ𝐶𝐿
𝐶𝐷 𝑅𝑎𝑡𝑖𝑜Δ𝐶𝐷

Fine_K3 471,562 30.2 83.62 2.865 ⧹ 4.65e-2 ⧹

Medium_K3 235,750 15.1 36.26 2.812 -1.85% 4.77e-2 2.74%
Coarse_K3 117,929 7.5 21.11 2.760 -3.68% 4.86e-2 4.57%
Coarse_K4 117,929 14.7 143.26 2.833 -1.11% 4.50e-2 -3.11%

Compared the pressure coefficient (𝐶𝑝) distribution on the airfoil midplane with the JAXA Kevlar wall experiment
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[5] in Fig. 11. It can be seen that all results collapse well together with the experimental data, except for the Coarse_K3

case, which exhibits a slightly lower negative pressure on all upper surfaces of the airfoil elements. This discrepancy

accounts for the lowest 𝐶𝐿 for the Coarse_K3 case. Additionally, Fig. 11 demonstrates that by simply increasing

the order of the simulation can greatly enhance the simulation resolution. However, the price is about 4 times the

computational expense compared to the K3 simulation with a similar DoF, as detailed in Table 2. This increase in cost

is due to the CFL being twice as small, as mentioned in Sec. III.C, along with the higher computational complexity at

each solution point.

(a) All three elements (b) Around slat

Fig. 11 Time-averaged 𝐶𝑝 distribution on the airfoil midplane compared with the JAXA Kevlar wall
experiment [5] at 5.5◦ AoA and 0.17 Ma.

Figure 12 depicted the numerical probes utilized in this study. The near-field wall pressure spectra at location

S3, S10,and M7 are compared to experimental data in Fig. 13. At probe S3, where the shear layer from the slat cusp

impacts the slat surface at 5.5◦ AoA, a broadband spectrum is obtained. All cases demonstrate good consistency with

the experimental result in the low-mid frequency range, but only the Fine_K3 and Medium_K3 spectral keep up with

experiment till 10 kHz, even the K4 simulation fails to improve the result of the Coarse mesh. At probe S10, in terms

of the tonal noise, all cases show good consistency with the experiment, except for a relatively stronger amplitude

in the higher frequency tonal noise. Furthermore, as the mesh is refined, the frequency of the hump shifts closer to

the experimental results. At probe M7, result from Asada et al. [15] using 3.5 billion cells with WMLES is included,

showing that the high-order results more accurately capture the two strongest tonal noise frequencies while requiring

significantly less computational resources. Additionally, compared to the finer results, the Coarse_K3 shows a higher

amplitude for the tonal noise around 1.3 kHz.

The far-file noise results are plotted in Fig. 14. All simulation spectra align closely with the JAXA Kevlar wall

experiment for frequency below 10 kHz, other than the Coarse_K3 result, which shows a relatively higher peak at the

tonal noise around 1.3 kHz. Again, as the mesh is refined, the frequency of the hump shifts closer to the experimental

results, and the amplitude also shifts in that direction in contrast to the probe S10 near-field spectra.
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Fig. 12 Location of numerical probes in midplane, and S3, S10, M7 are defined in the JAXA experiment [5].

Fig. 13 Wall pressure spectra compare to the JAXA Kevlar wall experiment [5] and the WMLES solution of
Asada et al. [15] at 5.5◦ AoA and 0.17 Ma.
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Fig. 14 Far-field noise spectra compared to the JAXA Kevlar wall experiment [5] at 5.5◦ AoA and 0.17 Ma.

At the center of the 30P30N airfoil, taking the inflow direction is 0◦ and the direction below the airfoil is 270◦.

Receiving points are arranged every 10◦ around a circumference with a radius of 10𝑐𝑠 , resulting in a total of 36 receiving

points. The far-field overall sound pressure level (OASPL) integrated within 10 kHz (to remove the contribution from

the vortex shedding at the slat TE) is plotted in Fig. 15. A typical dipole pattern is acquired for all cases, with the dipole

axis aligned with the slat chord. It can be observed that, apart from the Coarse_K3 result, all other results overlap well

together.

Fig. 15 Far-field noise directivity patterns under 5.5◦ AoA and 0.17 Ma at a distance of 10𝑐𝑠 in dB.

Instantaneous iso-surface of the 𝑄 criterion in the slat cove area is shown in Fig. 16. It is evident that a shear layer is

generated at the slat cusp and developed along the slat cove vortex until the impingement point. A small portion of the

large vortices in the shear layer break down into smaller structures and convect inside the slat cove, while large packets

of vortices are elongated by the high-speed gap flow and burst toward the slat TE. The smaller the DoF is, the coarser

these structures and vortices are resolved, resulting in larger vortices in the shear layer of the Coares_K3 flow field.

This leads to a stronger impact strength, which in turn causes a higher amplitude at the tonal noise around 1.3 kHz, as

demonstrated in Figs .13 and 14.
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(a) Fine_K3 (b) Medium_K3

(c) Coarse_K4 (d) Coarse_K3

Fig. 16 Instantaneous iso-surface of 𝑄 = 2𝑒6 in the slat cove region colored by velocity magnitude at 5.5◦ AoA
and 0.17 Ma.

Overall, the Medium_K3 case yields aerodynamic forces, aeroacoustic spectra, and flow field that are in good

consistent with the Fine_K3 case and experimental data. Meanwhile, it costs less than half of the computing resources.

Therefore, the Medium mesh and its associated meshes will be employed for K3 simulations in subsequent research.

C. Spanwise Independence Study

Using the 2D plane grid from the Medium mesh, two associated meshes with different spanwise lengths but identical

spanwise resolution have been created, as listed in Table 1. This setup aims to investigate the influence of spanwise

length on the flow field and slat noise. The simulation condition is also 5.5◦ AoA and 0.17 Ma.

Table 3 presents a comparison of the aerodynamic force results with the Fine_K3 case. All cases have an error within

2% compared to the Fine_K3 result for 𝐶𝐿 . While for 𝐶𝐷 , the Medium_25.6% mesh has the lowest error at 0.11%

compared to Fine_K3, followed by the Medium_4.44% mesh with an error of 1.64%, and lastly, the Medium_11.1%

mesh (which corresponds to the Medium_K3 case discussed in Sec. IV.B) with an error of 2.75%.

Figure 17 displays the instantaneous iso-surface of the 𝑄 criterion in the slat cove area for the Medium_4.44% and

Medium_25.6% cases. It can be seen that even with a spanwise length of 4.44%𝑐𝑠, the flow field features are well

resolved.

To further explore the effect of the spanwise length, the two-point spanwise correlation coefficient for vertical
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Table 3 Computational cases and aerodynamic results of spanwise length study

Cases DoF/million GPU Hours for 10 FPTs 𝐶𝐿 𝑅𝑎𝑡𝑖𝑜Δ𝐶𝐿
𝐶𝐷 𝑅𝑎𝑡𝑖𝑜Δ𝐶𝐷

Medium_4.44% 6.0 19.36 2.810 -1.85% 4.72e-2 1.64%
Medium_11.1% 15.1 36.26 2.812 -1.92% 4.77e-2 2.74%
Medium_25.6% 34.7 91.98 2.809 -1.97% 4.86e-2 0.11%

(a) Medium_4.44% (b) Medium_25.6%

Fig. 17 Instantaneous iso-surface of 𝑄 = 2𝑒6 in the slat cove colored by velocity magnitude for different
spanwise cases at 5.5◦ AoA and 0.17 Ma.

velocity fluctuations along the slat shear layer are plotted in Fig. 18. For simplicity, other velocity fluctuation components

have the same trend are not shown. It can be observed that there is a rapid decay of correlation across all cases. However,

the Medium_4.44% case achieves a relatively high negative correlation coefficient at probe L1, L2, and L5, which might

imply the influence of the periodic boundary condition in the spanwise direction. In contrast, the Medium_11.1% case

follow the trend of the Medium_25.6% case, reaching a fully spanwise decorrelation. It appears that a spanwise length

of 0.1𝑐𝑠 (2/3𝑐𝑠𝑙𝑎𝑡 ) is sufficient for achieving spanwise decorrelation, which is similar with the suggestion of 0.8𝑐𝑠𝑙𝑎𝑡

from Terracol et al. [7].

Near-field and far-field noise spectrum of different spanwise lengths are shown in Figs. 19 and 20, respectively. At

probe S3, it can be seen that the spanwise length does not affect the low-mid frequency range, and the case with the

longest spanwise length exhibits the lowest amplitude in the mid-high frequency range. For probes S10 and M7, all cases

effectively capture the tonal noise frequencies. In terms of the low frequency broadband noise, the shortest spanwise

case has a slightly higher amplitude compared to the other two. In terms of far-field noise, all three cases display similar

spectra, but the shortest spanwise length case yields the best tonal noise amplitude compared to the experimental result.

Figure 21 presents the far-field noise directivity patterns with two different spanwise corrections. According to

Manoha [35], a correction of 10𝑙𝑜𝑔𝑆𝐷 (SD refers to spanwise difference) is appropriate for fully decorrelated sources,

while a 20𝑙𝑜𝑔𝑆𝐷 correction is suitable for fully correlated sources. As shown in Fig. 21b, a coefficient of 15 is necessary

to scale far-field noise together, suggesting that slat noise exhibits partial correlation behavior. Referring back to Fig. 20,

it can be concluded that both the broadband noise and the hump are fully decorrelated, whereas the tonal noise shows
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Fig. 18 Two-point spanwise correlation coefficient of vertical velocity fluctuation along the slat shear layer.

some level of correlation, which accounts for the variations in tonal noise amplitude.

All things considered, a spanwise length of 11.1%𝑐𝑠 is enough to achieve fully spanwise decorrelation, yielding

nearly identical noise results as the 25.6%𝑐𝑠 case and the experimental data, yet demanding relatively low computational

resources. Thus, the Medium_11.1% case setup will be used for the subsequent simulations.
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Fig. 19 Wall pressure spectrum of different spanwise length meshes compare to the JAXA Kevlar wall
experiment [5] and the WMLES solution of Asada et al. [15] at 5.5◦ AoA and 0.17 Ma.

Fig. 20 Far-field noise spectrum of different spanwise length meshes compare to the JAXA Kevlar wall
experiment [5] at 5.5◦ AoA and 0.17 Ma.
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(a) Spanwise correction of 10𝑙𝑜𝑔𝑆𝐷 (b) Spanwise correction of 15𝑙𝑜𝑔𝑆𝐷

Fig. 21 Far-field noise directivity patterns under 5.5◦ AoA and 0.17 Ma at a distance of 10𝑐𝑠 away with
different spanwise correction in dB.

D. Reynolds Number Effect

In previous studies, the effect of Reynolds number on aeroacoustic noise was mainly explored through pressurization

wind tunnels [36], cryogenic wind tunnels [37, 38] or testing the same model with varying characteristic lengths in

multiple wind tunnels [39, 40]. The first two approaches necessitate specially designed wind tunnels, while the latter

involves multiple tests across various wind tunnels, all of which incur significant expenses. However, with Dimaxer,

Reynolds number effect can be easily explored by simply scaling the simulation model while keeping other variables

remain unchanged. The chord length of the basic JAXA modified 30P30N airfoil is scaled from 0.5 to 10 times, resulting

in a Reynolds number range from 8.55× 105 to 1.71× 107, reaching the level of real aircraft. Additionally, as the size of

the entire computational domain scales while maintaining a consistent 𝑦+
𝑚𝑒𝑠ℎ

, the mesh sizes vary as detailed in Table 1.

Table 4 Computational resources required for different Reynolds numbers.

Cases DoF/million GPU Hours for 10 FPTs
Medium_0.5Re 15.8 30.79
Medium_1Re 15.1 36.26
Medium_5Re 17.6 127.89
Medium_10Re 19.1 256.22
Medium_10Re* 18.6 272.84

The corresponding FPT will be scaled linearly since the inflow velocity remains constant, and the computational

resource costs will also scale linearly as shown in Table 4. This is an important feature of the STE-KEP-FR scheme, i.e.

as the Reynolds number increases, the computational cost only increases linearly rather than exponentially as other CFD
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solvers. Additionally, even in the scenario requiring the most computing resources, the total cost is only 272.84 GPU

hours. For wind tunnel experiments, a test section of 5 × 5𝑚 is necessary for this 𝑐𝑠 = 4.572𝑚 airfoil, and this type of

wind tunnel is typically applied for testing 3D aircraft models.

The aerodynamic effect of the Reynolds number at 5.5◦ AoA and 0.17 Ma is presented in Fig. 22. As the Reynolds

number increases, the 𝐶𝐿 also increased, which is consistent with the pressurized wind tunnel experiments on the

CRM-HL configuration conducted by Mouton and Davy [36]. Meanwhile, the 𝐶𝐷 decreases as the Reynolds number

increases.

Fig. 22 Time-averaged force coefficients for different Reynolds numbers at 5.5◦ AoA and 0.17 Ma.

Far-field noise spectra from receivers 10𝑐𝑠 right beneath the airfoil are presented in Fig. 23. It can be seen that,

based on the Strouhal number of slat chord length, the tonal noise frequencies across various Reynolds numbers match

together. Furthermore, Figs. 23a and 23c respectively show that a spanwise correction of 10𝑙𝑜𝑔𝑆𝐷 is appropriate for the

mid-high frequency broadband noise, while 4𝑙𝑜𝑔𝑆𝐷 is more suitable for the tonal noise and low frequency broadband

noise. Figure 24 presents the far-field noise OASPL integrated within 𝑆𝑡 = 10 with a spanwise correction of 5.9𝑙𝑜𝑔𝑆𝐷,

which yields the smallest OASPL differences of 1.57dB consider all directions except at 220◦. The corresponding

far-field noise spectra are plotted in Fig. 23b. In addition, the spanwise correction of 5.9𝑙𝑜𝑔𝑆𝐷 may suggest that as the

Reynolds number increases, the relative intensity of the tonal noise decreases.

Regarding the high-frequency vortex shedding hump, when the thickness of the slat TE is reduced to match that of

actual aircraft, Fig. 23a illustrates a significant reduction in the amplitude of the hump. The reason behind is shown in

Figs. 25 and 26, i.e. a thinner slat TE leads to a much lower high-frequency vortex shedding intensity. Contrary to

the mainstream views that the high-frequency vortex shedding hump is merely a byproduct of the thicker slat TE in

reduced-scale models and does not apply to real aircraft [33, 41], Fig. 23a suggests the hump remains a strong source of

noise even when the slat TE thickness is adjusted to that of real aircraft. Furthermore, the St (based on 𝑠𝑡 ) associated

with the hump increases with the Reynolds number, rising from 0.22 at 𝑅𝑒 = 8.55 × 105 to 0.33 at 𝑅𝑒 = 1.71 × 107, as

illustrated in Fig. 23d.

In general, by considering the Strouhal number, spanwise length, and distance from the receiver, the far-field noise
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(a) St based on 𝑐𝑠𝑙𝑎𝑡 with spanwise scale 10𝑙𝑜𝑔𝑆𝐷 (b) St based on 𝑐𝑠𝑙𝑎𝑡 with spanwise scale 5.9𝑙𝑜𝑔𝑆𝐷

(c) St based on 𝑐𝑠𝑙𝑎𝑡 with spanwise scale 4𝑙𝑜𝑔𝑆𝐷 (d) St based on 𝑠𝑡 with spanwise scale 10𝑙𝑜𝑔𝑆𝐷

Fig. 23 Acoustic signal spectra from the receiver 10𝑐𝑠 right below the airfoil with different Reynolds numbers
at 5.5◦ AoA and 0.17 Ma.

Fig. 24 Far-field noise directivity patterns for different Reynolds number cases under 5.5◦ AoA and 0.17 Ma at
a distance of 10𝑐𝑠 away with a spanwise correction of 5.9𝑙𝑜𝑔𝑆𝐷 in dB.

spectrum of such high-lift airfoils under various Reynolds numbers can be scaled and matched together, at least within

the range of 8.55× 105~1.71× 107. This finding is extremely beneficial for employing reduced-scale high-lift airfoils in

wind tunnel tests and CFD simulations, as simply scaling the measured or predicted noise spectrum can immediately

yield the spectrum corresponding to the original model. Thus, for wind tunnel experiment:
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(a) 𝑠𝑡/𝑐𝑠𝑙𝑎𝑡 = 1.11% (b) 𝑠𝑡/𝑐𝑠𝑙𝑎𝑡 = 0.28%

Fig. 25 Contours of instantaneous normalized spanwise vorticity (𝐶𝜔𝑧 = 𝜔𝑧𝑐𝑠/𝑈0) on the airfoil midplane
plane for different slat TE thickness at 5.5◦ AoA, 0.17 Ma and 𝑅𝑒 = 1.71 × 107.

(a) 𝑠𝑡/𝑐𝑠𝑙𝑎𝑡 = 1.11% (b) 𝑠𝑡/𝑐𝑠𝑙𝑎𝑡 = 0.28%

Fig. 26 Instantaneous contour of 𝐷𝑖𝑣(𝜌𝒖) in the midspan plane around slat region for different slat TE
thickness at 5.5◦ AoA, 0.17 Ma and 𝑅𝑒 = 1.71 × 107 (-10<𝐷𝑖𝑣(𝜌𝒖)<10).

1) smaller wind tunnels can be utilized to study slat noise;

2) closed section experiments can employ smaller scale models to avoid blocking effects;

3) open-jet wind tunnel tests can use smaller scale models to minimize mean flow deflection effects [7].

As for CFD, a significant reduction in computational expenses can be seen in Table 4.
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E. AoA Effect

Four AoAs are selected to investigate the AoA effect on slat noise with K3 simulations. The time-averaged

aerodynamic force results are presented in Fig. 27. As the AoA increased, the 𝐶𝐿 increased linearly, while the 𝐶𝐷

exhibited a more nonlinear increment. Compared to the 𝐶𝐿 results obtained from 2D RANS using the Spalart-Allmaras

turbulence model [5], relatively good agreements have achieved with discrepancies of less than 2.7% across all AoAs.

Fig. 27 Time-averaged force coefficients for different AoAs at 0.17 Ma with 𝐶𝐿 compared to 2D RANS results
from JAXA [5].

(a) 𝐴𝑜𝐴𝑠𝑖𝑚 = 3◦, 𝐴𝑜𝐴𝑒𝑥𝑝 = 4.5◦ (b) 𝐴𝑜𝐴𝑠𝑖𝑚 = 5.5◦, 𝐴𝑜𝐴𝑒𝑥𝑝 = 7◦

(c) 𝐴𝑜𝐴𝑠𝑖𝑚 = 9.5◦, 𝐴𝑜𝐴𝑒𝑥𝑝 = 11◦ (d) 𝐴𝑜𝐴𝑠𝑖𝑚 = 14◦

Fig. 28 Time-averaged 𝐶𝑝 distribution on the airfoil midplane compared with the JAXA Kevlar wall
experiment [5] for different AoAs at 0.17 Ma.
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Time-averaged 𝐶𝑝 distribution on the airfoil midplane for different AoAs is presented in Fig. 28. Overall good

agreements are achieved compared with the JAXA Kevlar wall experiment for the three lower AoAs with experimental

𝐶𝑝 distribution data. It is evident that, as AoA increases, the negative pressure on the upper surface of the slat increases,

while the negative pressure on the upper surface of the main wing increases relatively slower. As for the negative

pressure on the upper surface of the flap, it basically remained unchanged.

The comparison of the far-field noise spectrum with the JAXA Kevlar wall experiment [5] under 3◦, 9.5◦, 14◦ is

plotted in Fig. 29. The spectrum of 5.5◦ is already plotted in Fig. 14. It can be seen that the far-field noise spectrum

of the two lowest AoA collapses well together with the experimental data between 0.5 kHz and 20 kHz. As the AoA

increases, the agreement with the experimental result decreases. For 9.5◦, the range of good consistency is narrowed

down to between 0.7 kHz and 9 kHz, and for 14◦, it further narrows to between 0.8 kHz and 6 kHz. The primary

difference appears to be associated with low-frequency broadband noise, which may be influenced by the higher AoA

blocking effects in the Kevlar wall experiment, as the amplitude of experimental broadband noise increases with rising

AoA. In addition, the spectrum of 14◦ from the slat surface exhibits a transition hump feature above 8 kHz, akin to that

observed when using the main wing and flap as the FW-H sampling surface.

(a) 𝐴𝑜𝐴𝑠𝑖𝑚 = 3◦, 𝐴𝑜𝐴𝑒𝑥𝑝 = 4.5◦ (b) 𝐴𝑜𝐴𝑠𝑖𝑚 = 9.5◦, 𝐴𝑜𝐴𝑒𝑥𝑝 = 11◦

(c) 𝐴𝑜𝐴𝑠𝑖𝑚 = 14◦, 𝐴𝑜𝐴𝑒𝑥𝑝 = 16◦ (d) K3 simulation results

Fig. 29 Far-field noise spectra compared to the JAXA Kevlar wall experiment [5] at 0.17 Ma under different
AoAs (part slat removes the upper surface of the slat where transition occurs at 14◦ AoA).

Figure 30 presents the instantaneous iso-surface of the 𝑄 criterion on the upper surface of the slat under different

AoAs. It can be clearly seen that under 14◦, transition occurs on the slat upper surface, while under lower AoAs, the slat

upper surface remains laminar. Figure 31 demonstrates the overall wall pressure level between 0.8 to 3 kHz, 3 to 8 kHz,
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and above 8 kHz on the slat surface under 14◦. Notably, significant pressure fluctuations occur at the specified transition

position across all examined frequency ranges, with the most substantial contribution from the transition occurring

above 8 kHz, as indicated by the high-frequency hump in Fig. 29c. In addition, there is a strong contribution from the

transition location in the 3 to 8 kHz range, as shown in Fig. 31b. It is also worth noting that Fig. 31a clearly indicates

the tonal noise is associated with the impact of the shear layer on the slat surface. When the slat surface where the

transition occurs is removed, the resulting far-field noise spectrum is plotted in Fig. 29c as part slat. This modification

yields improved consistency with experimental result in the mid and high frequency range.

(a) 3◦ (b) 5.5◦

(c) 9.5◦ (d) 14◦

Fig. 30 Instantaneous iso-surface of 𝑄 = 2𝑒6 on the slat upper surface colored by velocity magnitude at 0.17
Ma under different AoAs.

A new hump appears at 13 kHz in the part slat spectrum. This is attributed to the vortices in the turbulent boundary

layer merging with the high-frequency vortex shedding at the slat TE, as shown in Fig. 30d. These vortices are larger in

size, resulting in a lower shedding frequency. The experimental spectrum exhibits a flat broadband profile above 10

kHz, without any discernible humps. However, the spectral amplitude of the experiment in this range closely matches

the amplitude of the two humps from the part slat spectrum. It can be inferred that this discrepancy may be due to

insufficient mesh density on the upper surface of the slat, which fails to capture smaller turbulent vortices. These
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smaller vortices could lead to multiple overlapping humps, thereby creating the observed flat broadband profile in the

experimental spectrum.

(a) Overall wall pressure level over 0.8 to 3 kHz

(b) Overall wall pressure level over 3 to 8 kHz

(c) Overall wall pressure level over 8 kHz

Fig. 31 Overall wall pressure level on the slat surface at 14◦ AoA and 0.17Ma.

Comparing the far-field noise spectrum of different AoAs in Fig. 29d. It is observed that as the AoA increases, the

tonal noise frequencies decrease. This observation aligns with the feedback loop model proposed by Terracol et al. [7]
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and Souza et al. [8], which identifies the associated tonal noise frequencies as follows:

𝑆𝑡𝑛,𝑇𝑒𝑟𝑟𝑎𝑐𝑜𝑙 = 𝑛
𝑐𝑠𝑙𝑎𝑡

𝑈0

(
𝐿𝑣

𝑈𝑣
+ 𝐿𝑎
𝑐0

)−1
(65)

𝑆𝑡𝑛,𝑆𝑜𝑢𝑧𝑎 = 𝑛
𝑐𝑠𝑙𝑎𝑡

𝑈0

(
𝑇ℎ +

𝐿′𝑎
𝑐0

)−1
(66)

where 𝑇ℎ is equal to 𝐿′𝑣/𝑈′
𝑣 in this paper. The corresponding tonal noise frequency results are listed in Table. 5. Both

models predict that the trend of tonal noise frequencies decreases as the AoA increases. This suggests that higher AoAs

lead to a weaker feedback loop, indicating the shear layer disturbances take more time from generation to produce

acoustic waves.

Moreover, Eq. (65) well predict the tonal noise frequencies at 3◦, 5.5◦, and 14◦, whereas Eq. (66) predict the tonal

noise frequencies more accurately at 9.5◦. This implies that the point of acoustic wave generation in the feedback loop

varies with different AoAs. Therefore, we suggest an improved formula for predicting tonal noise frequencies:

𝑆𝑡𝑛 = 𝑛
𝑐𝑠𝑙𝑎𝑡

𝑈0

(
𝐿′′𝑣
𝑈′′
𝑣

+ 𝐿
′′
𝑎

𝑐0

)−1
= 𝑛

(
𝐿′′𝑣 /𝑐𝑠𝑙𝑎𝑡
𝑈′′
𝑣 /𝑈0

+ 𝑀0
𝐿′′𝑎
𝑐𝑠𝑙𝑎𝑡

)−1
(67)

the acoustic wave generation point at different AoAs are illustrated in Fig. 32. The corresponding tonal noise frequency

prediction results are listed Table. 5. Improved predictions are achieved across all AoAs, with a maximum error of less

than 3.9% compared to K3 simulations. As depicted in Fig. 33, the high vorticity region of the shear layer gradually

extends toward the impingement point as the AoA increases, which corresponds with Fig. 32. This phenomenon occurs

because the angle at which the shear layer vortices strike the slat surface increases with a higher AoA, as also shown in

Fig. 32. Consequently, the mechanism for acoustic wave generation shifts from the impingement of shear layer vortices

to the interaction between these vortices and the slat surface as the AoA increases.

Fig. 32 Time-averaged shear layer path with schematic of acoustic wave generation points.
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Table 5 Tonal noise Strouhal numbers

𝑛 = 2 3 4 5 6 7
3◦ K3 WRLES + FW-H 1.66 2.50 3.37 4.25 5.12 5.89

𝑆𝑡𝑛,𝑇𝑒𝑟𝑟𝑎𝑐𝑜𝑙 1.60 2.41 3.21 4.01 4.81 5.62
𝑆𝑡𝑛,𝑆𝑜𝑢𝑧𝑎 1.52 2.28 3.04 3.80 4.56 5.32
Eq. (67) 1.67 2.51 3.34 4.18 5.02 5.85

5.5◦ K3 WRLES + FW-H 1.62 2.39 3.20 4.00 4.82 5.60
𝑆𝑡𝑛,𝑇𝑒𝑟𝑟𝑎𝑐𝑜𝑙 1.60 2.40 3.21 4.01 4.81 5.61
𝑆𝑡𝑛,𝑆𝑜𝑢𝑧𝑎 1.42 2.12 2.83 3.54 4.25 4.95
Eq. (67) 1.60 2.40 3.21 4.01 4.81 5.61

9.5◦ K3 WRLES + FW-H 1.46 2.13 2.78 3.48 4.27 5.01
𝑆𝑡𝑛,𝑇𝑒𝑟𝑟𝑎𝑐𝑜𝑙 1.50 2.25 3.00 3.76 4.51 5.26
𝑆𝑡𝑛,𝑆𝑜𝑢𝑧𝑎 1.41 2.11 2.82 3.52 4.23 4.93
Eq. (67) 1.44 2.16 2.88 3.60 4.32 5.04

14◦ K3 WRLES + FW-H 1.25 1.82 2.37 2.93 3.63 4.39
𝑆𝑡𝑛,𝑇𝑒𝑟𝑟𝑎𝑐𝑜𝑙 1.24 1.85 2.47 3.09 3.71 4.33
𝑆𝑡𝑛,𝑆𝑜𝑢𝑧𝑎 1.29 1.94 2.59 3.12 3.88 4.53
Eq. (67) 1.21 1.81 2.41 3.02 3.62 4.22

(a) 3◦ (b) 5.5◦ (c) 9.5◦ (d) 14◦

Fig. 33 Contours of time-averaged normalized spanwise vorticity (𝐶𝜔𝑧 = 𝜔𝑧𝑐𝑠/𝑈0) on the airfoil midplane
plane around impingement point for different AoAs at 0.17 Ma.

In terms of noise amplitude, as the AoA increases, both the amplitude of the tonal noise and broadband noise

decrease, as shown in Fig. 29d. This observation is consistent with the result from Souza et al. [8]. Regarding the

dilatation field in the midplane around the slat region, as shown in Fig. 34, it can be observed that with a higher AoA,

both the disturbances in the shear layer and the intensity of the impingement diminish, resulting in a less intense feedback

loop, as previously mentioned. Figure 35 demonstrates that the convection velocity of the shear layer decreases with

increasing AoA, which in turn leads to a reduction in the intensity of disturbances within the shear layer and a decrease

in the impingement strength. Thus, it can be concluded that the amplitude of the slat noise, whether tonal or broadband,

is directly related to the convection velocity of the shear layer.
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(a) 3◦ (b) 5.5◦ (c) 9.5◦ (d) 14◦

Fig. 34 Instantaneous contour of 𝐷𝑖𝑣(𝜌𝒖) in the midspan plane around slat region at 0.17 Ma under different
AoAs (-1e4<𝐷𝑖𝑣(𝜌𝒖)<1e4).

(a) 3◦ (b) 5.5◦

(c) 9.5◦ (d) 14◦

Fig. 35 Instantaneous iso-surface of 𝑄 = 2𝑒6 in the slat cove region colored by velocity magnitude at 0.17 Ma
under different AoAs.

The far-field noise OASPL for different AoAs integrated within 10 kHz is shown in Fig. 36. It can be seen that an

increase in AoA results in a lower slat noise level across nearly all directions. When comparing the results for 3◦ and

14◦, the average difference is 14.30 dB, with a maximum noise level differs by 16.55 dB at the 170◦ direction.

36



Fig. 36 Far-field noise directivity patterns under 0.17 Ma with different AoAs at a distance of 10𝑐𝑠 in dB.

V. Conclusion
This paper presents high-order WRLES of the flow over the JAXA modified 30P30N high-lift configuration, focusing

on exploring best practice toward the rapid and accurate prediction of slat noise, investigating the effect of Reynolds

number on slat noise, and pushing a step further on understanding the AoA effect on the mechanisms of slat tonal noise

generation.

Initially, various independence tests are conducted, including different FW-H sampling surfaces, three meshes with

varying densities, K3 and K4 simulations, and three different spanwise lengths. The results are compared with JAXA

wind tunnel experiments and other simulations to evaluate the best practice of the STE-KEP-FR method for predicting

the slat noise of high-lift airfoil. A mesh consisting of 235,750 elements with a spanwise length of 1/9𝑐𝑠 and utilizing

K3 simulation (with 15.1 million DoF) is sufficient to capture all flow details related to the slat noise while achieving

full spanwise decorrelation. In addition, a noise spectrum that coincides with the experimental data is obtained by using

the slat surface as the FW-H sampling surface. More importantly, this setup only requires a single Nvidia Ada Lovelace

GPU running for one and a half days to produce 10 FPTs of the flow field, significantly reducing computational expenses

compared to traditional second-order methods.

Subsequently, Reynolds number effect is investigated through directly scaling the airfoil model with Reynolds

numbers ranging from 8.55 × 105 to a real aircraft level of 1.71 × 107. By taking into account the Strouhal number,

spanwise length, and distance from the receiver, the far-field noise spectra under different Reynolds numbers can be

scaled and matched together, at least for the 30P30N 2.5D high-lift airfoil within the study Reynolds number range.

This is extremely beneficial for reduced-scale model slat noise study. Meanwhile, a direct comparison of different slat

TE thicknesses at the highest Reynolds number is performed, demonstrating that the high-frequency hump is still an

important noise source under the Reynolds number of real aircraft.
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Finally, a comparison of simulations for four different AoAs has been conducted. All simulations exhibit good

consistency with the JAXA Kevlar wall experiment within the tonal noise frequency range. An improved formula

for predicting slat tonal noise frequencies has been developed based on theoretical models from previous research.

This improved formula indicates that as the AoA increases, the point at which acoustic waves are generated in the

feedback loop shifts from near the impingement point to a downstream location. This change signifies a transition in the

acoustic wave generation mechanism from the impact of shear layer vortices to their interaction with the slat surface.

Furthermore, it has been found that the amplitude of the slat noise is correlated with the intensity of the feedback loop,

which is directly related to the convection velocity of the shear layer.
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