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Abstract: Wall-resolved large-eddy simulation (WRLES) has traditionally been considered com-
putationally prohibitive for engineering applications. This study demonstrates affordable aeroa-
coustic prediction of high-lift device slat noise using high-order WRLES coupled with the Ffowcs
Williams-Hawkings (FW-H) acoustic analogy. The space-time expansion of high-order kinetic
preserving flux reconstruction scheme (STE-KEP-FR) enables efficient computation, with only a
few GPUs required to perform WRLES simulations. Two high Reynolds number benchmarks are
examined: the 30P30N high-lift airfoil and the Trap Wing semi-span model. These configura-
tions represent 2.5D and 3D slat noise problems with degrees of freedom (DoFs) ranging from
31.3 million to 0.32 billion. Results demonstrate excellent agreement with experimental data.
The 30P30N benchmark case demonstrates that our high-order solver DIMAXER achieves two
orders of magnitude higher accuracy and computational efficiency compared to the CPU-based
second-order finite volume solver OpenCFD-EC.

Keywords: Aeroacoustics, High-order, Flux Reconstruction, LES, High-lift Systems.

1. Introduction

Accurate aeroacoustic prediction first requires high-fidelity unsteady flow field simulation. Previous
research has indicated that for engineering-level aviation acoustic problems with peak and broadband
noise, at least a hybrid Reynolds-averaged Navier-Stokes (RANS)/large-eddy simulation (LES) flow field
is necessary. Subsequently, coupling the unsteady flow field result with the Ffowcs Williams-Hawkings
(FW-H) acoustic analogy [1] to calculate far-field noise is a common practice in the field of computational
aeroacoustics (CAA) [2, 3, 4, 5, 6, 7]. This approach is preferred because directly resolving sound
propagation within the flow field requires extremely high mesh resolution extending to the far-field region
of interest. Such requirements substantially increase computational costs. According to CFD Vision
2030 [8], hybrid RANS/LES and wall-modeled LES (WMLES) are the most promising techniques for
predicting aviation outflow fields under high Reynolds numbers (Re). These methods effectively model
the boundary layer and reduce mesh requirements in the vicinity of the wall. In contrast, the report
and several recent studies [9, 10, 11, 12, 13, 14] indicate that wall-resolved LES (WRLES) will remain
impractical for engineering applications in the foreseeable future. Zhang et al. [9] believe that it may
take several decades before the complete numerical method can accurately predict the noise generated by
high-lift devices, primarily due to computational cost constraints.
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Recent developments in high-order methods, particularly discontinuous Galerkin (DG) [15, 16, 17], flux
reconstruction (FR) [18, 19, 20], and correction procedure via reconstruction (CPR) [21, 22] methods,
enable dramatic reductions in mesh quantity and computational expenditure. Such improvements pro-
gressively enhance the practicality of LES simulations. Particularly, DIMAXER, our self-developed
commercial solver, employs the space-time expansion of the high-order kinetic-preserving FR (STE-
KEP-FR) scheme [2, 19, 20]. This scheme combines the advantages of the simple differential form of the
high-order FR scheme [18], a one-step time integration approach that enables time-accurate local time
stepping [23, 24], and enhanced nonlinear stability achieved by adopting a split-form kinetic-preserving
method to treat the convective term [25]. The STE-KEP-FR scheme significantly reduces the number of
required mesh elements while improving simulation accuracy on flow fields. More importantly, it allows
for local time stepping for each mesh element, in contrast to traditional methods that force faster com-
puting elements to wait for the slowest ones. Modern GPU acceleration further reduces computational
expenses and simulation times compared to CPU-based solvers.

Recently, Zhang et al. [2] utilized DIMAXER to conduct WRLES on the 30P30N high-lift airfoil
benchmark with only 74 GPU hours for 10 flow pass times (FPTs, based on stowed chord length 𝑐𝑠)
under a Reynolds number of 1.71× 106. Excellent agreements with multiple experimental and numerical
datasets are achieved. In contrast, Asada et al. [26] carried out WMLES on the same benchmark case
with a second-order scheme, which costs 1,152 CPU nodes (55,296 CPU cores). This is remarkable
given the prediction by Spalart and Philippe [27] in 2000 that quasi-direct numerical simulation (QDNS),
or WRLES [28], would not be feasible for industrial applications until 2070. In addition, they [28] later
believed that this estimate was overly optimistic due to the decline of Moore’s Law. However, DIMAXER
has the potential to accelerate this timeline in the coming years.

In the present study, the 30P30N high-lift airfoil and Trap Wing semi-span model are utilized to evaluate
the noise prediction ability of DIMAXER on high-lift devices. A direct comparison is conducted between
DIMAXER and the second-order CPU-based finite volume (FV) solver OpenCFD-EC [29] for the 30P30N
benchmark case. The Trap Wing model is used to illustrate that performing WRLES on a 3D aircraft
is no longer impractical. Both cases feature a Reynolds number in the millions, and the simulations are
conducted on a GPU node equipped with RTX 4090D GPUs.

This paper is organized as follows: Sec. 2 offers a brief overview of the numerical scheme and the
method for predicting far-field noise. Sec. 3 discusses the flow field and aeroacoustic results for the two
benchmark cases accordingly. Lastly, Sec. 4 summarizes the main conclusions and future perspectives.

2. Numerical methods

2.1 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)

where 𝜌 denotes the density, 𝑢𝑖 denotes the velocity component, 𝑝 denotes the pressure, and 𝜏𝑖 𝑗 is the
viscous stress tensor, which has the form of:

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

𝑆𝑖 𝑗 =
1
2

(
𝜕𝑢𝑖

𝜕𝑥 𝑗
+
𝜕𝑢 𝑗

𝜕𝑥𝑖

)
(4)
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with 𝜇 denotes the physical viscosity and remains constant for weakly compressible flow, 𝜇𝑠𝑔𝑠 denotes
the subgrid-scale viscosity, 𝛿𝑖 𝑗 is the Kronecker delta.

Considering weakly compressible flow, 𝑝 is only a function of 𝜌, the barotropic gas state equation [30]
can be used:

𝑝(𝜌) = 𝑐2
0 (𝜌 − 𝜌0) + 𝑝0 (5)

with 𝑐0, 𝜌0 and 𝑝0 denoting the far-field speed of sound, density, and pressure, respectively.

2.2 Governing equations for compressible flow

The full Navier-Stokes equations are Eqs. 1 and 2 plus energy equation:

𝜕𝐸

𝜕𝑡
+
𝜕 (𝐸 + 𝑝)𝑢 𝑗

𝜕𝑥 𝑗
=
𝜕𝑢𝑖𝜏𝑖 𝑗

𝜕𝑥 𝑗
−
𝜕𝑞 𝑗

𝜕𝑥 𝑗
(6)

where 𝐸 is the total energy and 𝑞 𝑗 is the heat flux, which has the form of:

𝑞 𝑗 = −(𝜅 + 𝜅𝑠𝑔𝑠)
𝜕𝑇

𝜕𝑥 𝑗
(7)

with 𝑇 denotes the temperature, 𝜅 denotes the thermal conductivity coefficient and equals to 𝜇𝑐𝑝/𝑃𝑟,
𝜅𝑠𝑔𝑠 denotes the subgrid-scale thermal conductivity coefficient and equals to 𝜇𝑠𝑔𝑠𝑐𝑝/𝑃𝑟𝑡 , and 𝑐𝑝 is the
heat capacity at constant pressure. The Prandtl number Pr and the turbulent Prandtl number 𝑃𝑟𝑡 are
equals to 0.72 and 0.9, respectively.

For compressible flow, the physical viscosity is computed using the Sutherland’s law:

𝜇 = 𝜇0

(
𝑇

𝑇0

) 3
2
𝑇0 + 𝑆
𝑇 + 𝑆 (8)

with 𝜇0 = 1.716 × 10−5𝑃𝑎 · 𝑠, 𝑇0 = 273.15𝐾 , and 𝑆 = 110.55𝐾 .

In addition, ideal gas law is employed to compute the total energy:

𝑝 = 𝜌𝑅𝑇 (9)

𝐸 =
𝑝

𝛾 − 1
+ 1

2
𝜌𝑢𝑖𝑢𝑖 (10)

where 𝑅 is the gas constant, and 𝛾 is set to 1.4 for compressible flow.

2.3 Subgrid-scale model

To close the above governing equations, wall-adaptive local eddy-viscosity (WALE) model [31] is em-
ployed:

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 (11)

where 𝐶𝑤 denotes the model coefficient, taking values 0.12 and 0.2 for the 30P30N and Trap Wing
benchmarks, respectively. Δ = (cell volume)1/3 is the mesh element size, and 𝑆𝑑

𝑖 𝑗
is the traceless

symmetric part of the square of the velocity gradient tensor:

𝑆𝑑𝑖 𝑗 =
1
2

(
𝜕𝑢𝑖

𝜕𝑥𝑘

𝜕𝑢𝑘

𝜕𝑥 𝑗
+
𝜕𝑢 𝑗

𝜕𝑥𝑘

𝜕𝑢𝑘

𝜕𝑥𝑖

)
− 1

3
𝛿𝑖 𝑗

𝜕𝑢𝑙

𝜕𝑥𝑘

𝜕𝑢𝑘

𝜕𝑥𝑙
(12)
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2.4 STE-KEP-FR Scheme

To briefly review the STE-KEP-FR scheme, first rewrite the governing equations to conservative form:

𝜕𝑼

𝜕𝑡
+ ∇𝒙 · 𝑭𝒙 = 0 (13)

where 𝑼 denotes conservation variable matrix in Cartesian domain, 𝒙 denotes Cartesian domain coordi-
nate vector, and 𝑭 represents flux matrix. For weakly compressible flow:

𝑼 =


𝜌

𝜌𝑢

𝜌𝑣

𝜌𝑤

 , 𝑭𝒙 =


𝜌𝑢𝑖

𝜌𝑢𝑖𝑢 + 𝑝𝛿𝑖1 − 𝜏𝑖1
𝜌𝑢𝑖𝑣 + 𝑝𝛿𝑖2 − 𝜏𝑖2
𝜌𝑢𝑖𝑤 + 𝑝𝛿𝑖3 − 𝜏𝑖3

 (14)

for compressible flow:

𝑼 =


𝜌

𝜌𝑢

𝜌𝑣

𝜌𝑤

𝐸


, 𝑭𝒙 =


𝜌𝑢𝑖

𝜌𝑢𝑖𝑢 + 𝑝𝛿𝑖1 − 𝜏𝑖1
𝜌𝑢𝑖𝑣 + 𝑝𝛿𝑖2 − 𝜏𝑖2
𝜌𝑢𝑖𝑤 + 𝑝𝛿𝑖3 − 𝜏𝑖3

𝜌𝑢𝑖 (𝐸 + 𝑝) − 𝑢 𝑗𝜏𝑖 𝑗 + 𝑞𝑖


(15)

The coordinate transformation from Cartesian to computational domain can be described as:

𝑼 = |𝐽 |𝑼 (16)

𝑭 𝜉 = |𝑱 |
(
𝜉𝑥𝑭

𝑥 + 𝜉𝑦𝑭𝑦 + 𝜉𝑧𝑭𝑧
)

(17)

𝑭𝜂 = |𝑱 |
(
𝜂𝑥𝑭

𝑥 + 𝜂𝑦𝑭𝑦 + 𝜂𝑧𝑭𝑧
)

(18)

𝑭𝜁 = |𝑱 |
(
𝜁𝑥𝑭

𝑥 + 𝜁𝑦𝑭𝑦 + 𝜁𝑧𝑭𝑧
)

(19)

where (𝑥, 𝑦, 𝑧) is the Cartesian domain coordinate, (𝜉, 𝜂, 𝜁) is the computational domain coordinate, and
𝑱 is the Jacobian matrix given by:

𝐽 =

������𝑥𝜉 𝑥𝜂 𝑥𝜁
𝑦 𝜉 𝑦𝜂 𝑦𝜁
𝑧𝜉 𝑧𝜂 𝑧𝜁

������ (20)

Then Eq. (13) in computational domain can be written as:

𝜕𝑼

𝜕𝑡
+ ∇𝝃 · 𝑭𝝃 = 0 (21)

A schematic of using Lagrange-Gauss-Legendre (LGL) points as the solution points for a hexahedral
element is shown in Fig. 1. For the 𝑘 𝑡ℎ solution point of the 𝑗 𝑡ℎ element, the uniform FR scheme is given
as:

𝜕𝑼̂ 𝑗 ,𝑘

𝜕𝑡
+

(
∇𝝃 · 𝑭𝝃 (𝑼 𝑗)

)
𝑗 ,𝑘

+
𝑁𝑠∑︁
𝑠=1

𝑁 𝑓∑︁
𝑓 =1

𝛼𝑘,𝑠, 𝑓
(
𝑭̃
𝝃 |𝑛 − 𝑭𝝃 |𝑛

)
𝑘,𝑠, 𝑓

= 0 (22)

where 𝑁𝑠 is the number of element interfaces, 𝑁 𝑓 is the number of flux points on the interface. For the
common flux matrix 𝑭̃, the nonlinear inviscid flux is computed by the HLLC Riemann solver [32], while
the viscous flux is treated with the interior penalty method [33]. 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. The g2 correction function [18] is employed with the FR
coefficient 𝛼 being specified. The convective term (excluding pressure) of the divergence component in
the governing equations is computed using the KEP split-form scheme developed by Feiereisen [34].
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(a) (b)

Figure 1: Distribution of LGL solution points for a hexahedral element with (a) 3𝑟𝑑 degree polynomial
reconstruction (K = 3, 4𝑡ℎ order of accuracy), (b) 4𝑡ℎ degree polynomial reconstruction (K = 4, 5𝑡ℎ
order of accuracy).

A local time stepping strategy is implemented following the approach proposed by Gassner et al. [23, 24]
for discontinuous Galerkin methods. Eq. (22) is rewritten in the following form:

𝜕𝑼 𝑗 ,𝑘

𝜕𝑡
= R𝐷𝑖𝑣𝑗,𝑘 (𝑼 𝑗) +

𝑁𝑠∑︁
𝑠=1

𝑁 𝑓∑︁
𝑓 =1

R𝐶𝑜𝑟𝑗,𝑘,𝑠, 𝑓 (𝑼 𝑗) (23)

R𝐷𝑖𝑣𝑗,𝑘 (𝑼 𝑗) = − 1
|𝑱 | 𝑗 ,𝑘

(
∇𝝃 · 𝑭𝝃 (𝑼𝑖)

)
𝑗 ,𝑘

(24)

R𝐶𝑜𝑟𝑗,𝑘,𝑠, 𝑓 (𝑼 𝑗) = − 1
|𝑱 | 𝑗 ,𝑘

𝛼𝑘,𝑠, 𝑓
(
𝑭̃
𝝃 |𝑛 (𝑼 𝑗) − 𝑭𝝃 |𝑛 (𝑼 𝑗)

)
𝑘,𝑠, 𝑓

(25)

where R𝐷𝑖𝑣 represents the flux divergence term, while R𝐶𝑜𝑟 represents a linear combination of the
correction flux terms.

The integration of equation Eq. (23) over [𝑡𝑛, 𝑡𝑛+1] results in:

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 (26)

Within the temporal interval 𝑡 ∈ [𝑡𝑛, 𝑡𝑛+1], the local space-time prediction 𝒗 𝑗 = 𝒗(𝒙 𝑗 , 𝑡) is established.
The 6-stage and 8-stage continuous explicit Runge-Kutta (CERK) schemes [35] discretize K3 and K4
simulations, respectively, with a CFL number of 0.8

2𝐾+1 . A time-dependent equation is solved:

𝑑𝒗 𝑗 ,𝑘

𝑑𝑡
= R𝐷𝑖𝑣𝑗,𝑘

(
𝒗(𝒙 𝑗 , 𝑡)

)
(27)

with an initial condition given by 𝒗(𝒙 𝑗 , 𝑡 = 𝑡𝑛) = 𝑼𝑛𝑗 .

The temporal integration of Eq. (26) follows a two-stage predictor-corrector framework. The prediction
stage computes the next time step results through the CERK scheme in Eq. (27) using intra-element
information. Correction then proceeds via 5𝑡ℎ Gaussian quadrature based on the predicted solution. This
procedure yields the final equation:

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)

)
(28)
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where 𝑁 𝑡𝑞𝑝 denotes the number of time quadrature point while Δ𝑡 denotes the time step. The nondimen-
sional weight 𝑤𝑡𝑞𝑝 is obtained from Gaussian quadrature coefficients, 𝜏𝑞𝑝 ∈ [0, 1] is the corresponding
Gaussian node, and the physical time is given by 𝑡𝑞𝑝 = 𝑡𝑛 + Δ𝑡 · 𝜏𝑞𝑝.

2.5 FW-H acoustic analogy

A customized OpenCFD-FWH [2, 36] version is employed for far-field noise predictions. This version
incorporates parallel I/O capabilities to accelerate the computational process. The implementation
accounts for incoming flow effects and takes the following form:

4𝜋𝑝′(𝒙, 𝑡) =
∫
𝑓 =0

[ ¤𝑄𝑖𝑛𝑖
𝑅(1 − 𝑀𝑅)2

]
𝑟𝑒𝑡

𝑑𝑆 +
∫
𝑓 =0

[
𝑄𝑛𝑐0(𝑀𝑅 − 𝑀2)
𝑅2(1 − 𝑀𝑅)3

]
𝑟𝑒𝑡

𝑑𝑆

+ 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 (29)

where 𝑝′ is the sound pressure, 𝒙 is the coordinate vector of the observer, 𝑀 is the Mach number (Ma)
of the moving surface relative to the inflow, 𝑀𝑖 represents the component of 𝑀 , and 𝑓 = 0 represents
the moving surface such that the unit outward normal of the surface 𝒏 = ∇ 𝑓 . The overdot "·" indicates
differentiation with respect to the source time 𝜏, and terms enclosed in brackets with the subscript 𝑟𝑒𝑡 are
evaluated at the retarded time 𝜏𝑟𝑒𝑡 = 𝑡 − 𝑅/𝑐0.

Consider an inflow having an angle-of-attack (AoA) within the x-y plane. The associated quantities 𝑄𝑛,
𝐿𝑅, 𝑀𝑅, and the effective acoustic distance 𝑅 are given by:

𝑄𝑛 = 𝑄𝑖𝑛𝑖 = [−𝜌0𝑈0𝑖 + 𝜌𝑢𝑖] 𝑛𝑖 (30)

𝐿𝑅 = 𝐿𝑖 𝑅̂𝑖 = [(𝑝 − 𝑝0)𝛿𝑖 𝑗 + 𝜌(𝑢𝑖 −𝑈0𝑖)𝑢 𝑗]𝑛 𝑗 𝑅̂𝑖 (31)

𝑀𝑅 = 𝑀𝑖 𝑅̂𝑖 (32)

where𝑈0𝑖 is the velocity component of the inflow, and other corresponding variables are defined as:

𝑅̂1 =
−𝑀0𝑅

∗ + 𝑑1
(1 − 𝑀0)𝑅

cos(AoA) − 𝑑2
𝑅

sin(AoA) (33)

𝑅̂2 =
−𝑀0𝑅

∗ + 𝑑1
(1 − 𝑀0)𝑅

sin(AoA) + 𝑑2
𝑅

cos(AoA) (34)

𝑅̂3 = 𝑑3/𝑅 (35)

𝑅 =
−𝑀0𝑐𝑜𝑠(AoA)𝑑1 − 𝑀0𝑠𝑖𝑛(AoA)𝑑2 + 𝑅∗

1 − 𝑀2
0

(36)

𝑅∗ =
√︃
(𝑀0𝑐𝑜𝑠(AoA)𝑑1 + 𝑀0𝑠𝑖𝑛(AoA)𝑑2)2 + 𝛽2 [𝑑2

1 + 𝑑
2
2 + 𝑑

2
3] (37)

𝑑1 = (𝑥1 − 𝑦1) cos(AoA) + (𝑥2 − 𝑦2) sin(AoA) (38)

𝑑2 = −(𝑥1 − 𝑦1) sin(AoA) + (𝑥2 − 𝑦2) cos(AoA) (39)

𝑑3 = (𝑥3 − 𝑦3) (40)

The solid FW-H sampling surface is employed in the present study by setting the surface velocity to zero
in Eq. (29).
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3. Results and discussions

3.1 30P30N high-lift airfoil benchmark

30P30N high-lift airfoil slat noise is an important CAA benchmark problem from the 3𝑟𝑑 AIAA Workshop
on Benchmark Problems for Airframe Noise Computations (BANC-III) [37]. This classic high-lift airfoil
was developed by McDonnell Douglas in the early 1990s and has been widely studied in academic
research, especially with regard to slat noise [2, 4, 6, 7, 26, 37, 38, 39, 40, 41, 42, 43, 44, 45, 46].

A modified version of the 30P30N airfoil created by Japan Aerospace Exploration Agency (JAXA)
[38, 39] is used and its profile can be seen in Fig. 2a. Its 𝑐𝑠 is 0.4572 m, and the slat and flap both deflect
30◦ with corresponding chord lengths of 0.15𝑐𝑠 and 0.3𝑐𝑠, respectively. The Reynolds number based on
𝑐𝑠 is equal to 1.71 × 106 under Ma = 0.17 and the freestream incidence angle is specified as 5.5◦.

(a) (b)

Figure 2: Mesh details of the 30P30N benchmark case. (a) DIMAXER configuration; (b) OpenCFD-EC
configuration.

The coarse mesh from Zhang et al. [2] has been used for the DIMAXER K4 weakly compressible solver.
Comparative simulations are conducted using OpenCFD-EC [29, 36] with improved delayed detached-
eddy simulation (IDDES). This solver represents a conventional K1 (2𝑛𝑑 order) finite volume method
implemented on CPU nodes. Both meshes employ C-type topology and feature a spanwise length of
1/9𝑐𝑠, following the BANC-III recommendation [37]. An overview of the mesh configurations is shown
in Fig. 2. Detailed mesh setting comparisons are listed in Table 1.

Table 1: Mesh setting of the 30P30N benchmark case.

Solver Order Mesh quantity DoFs 𝑦+
𝑚𝑒𝑠ℎ

𝑦+ =
𝑦+
𝑚𝑒𝑠ℎ

𝐾+1 [11]
DIMAXER K4 250,784 31.3 million < 10 < 2

OpenCFD-EC K1 43.6 million 43.6 million < 2 < 1

For turbulent flow simulations, traditional K1 methods usually characterize mesh resolution requirements
through nondimensional mesh spacing metrics: 𝑥+

𝑚𝑒𝑠ℎ
(streamwise), 𝑦+

𝑚𝑒𝑠ℎ
(wall-normal), and 𝑧+

𝑚𝑒𝑠ℎ

(spanwise). However, for high-order methods with substantially more DoFs per element, the mesh
resolution requires scaling by a factor of 𝐾 + 1 to better represent the actual resolution [22]. Wang
and Hantla [22] further showed that simulations using K3 and K5 schemes with 𝑦+ =

𝑦+
𝑚𝑒𝑠ℎ

3+1 = 40 and
𝑦+ =

𝑦+
𝑚𝑒𝑠ℎ

5+1 = 54, respectively, yield results equivalent to those obtained from K1 simulations with
𝑦+ ≤ 10.

The wall-unit distributions from the K4 WRLES simulation are displayed in Fig. 3. Even when scaled
according to the K3 standard of 1/4, these results fully satisfy the WRLES criteria established by [47],
i.e. 50 ≤ 𝑥+ ≤ 150, 𝑦+ ≤ 1, 15 ≤ 𝑧+ ≤ 40.
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Figure 3: Wall-unit distributions from the K4 WRLES simulation of the 30P30N benchmark case.

Table 2: Computational cost and lift performance of 30P30N benchmark cases compared with JAXA
RANS simulation [39].

Solver Method Hardware Cost for 1FPT 𝐶𝐿(𝑅𝑎𝑡𝑖𝑜Δ𝐶𝐿
)

DIMAXER K4 WRLES RTX 4090D*4 16 GPU hours 2.87(-1.3%)
OpenCFD-EC IDDES 3000 CPU cores 47k CPU core hours 2.62(-10.0%)

The computational domain for WRLES extends 50𝑐𝑠 in the forward as well as the vertical directions, and
60𝑐𝑠 in the rear direction. While the computational domain for IDDES extends 45𝑐𝑠 in the forward as well
as the vertical directions, and 67.5𝑐𝑠 in the rear direction. In the WRLES setup, non-reflective boundary
conditions are applied along the x and y directions. For the IDDES setup, a sponge layer is adopted to
suppress boundary-induced reflections. The detailed implementation procedures are described in [2] and
[36], respectively. Both cases have periodic boundary conditions applied on the spanwise direction (z
direction).

The flow field of each simulation is initialized by a RANS solution to speed up the convergence process.
As previously mentioned, CERK is utilized to explicitly advance the time step on local elements. For
IDDES, implicit dual-time LU-SGS method is implemented for time advancement, employing a time step
of 2 × 10−7𝑠 with five inner sub-iterations. Both cases are computed until the flow field is stable, with
an additional 6 FPTs used for data processing. Furthermore, the acoustic data is sampled at a rate of 100
kHz for both cases. Acoustic signals are analyzed via periodogram method with a Hanning window and
50% overlap, yielding a frequency resolution of 100 Hz. Additionally, the computational mesh is refined
into sub-elements of order 𝐾3 to enable high-order flow field visualization, following the implementation
of [2, 22].

Computational resources and lift coefficient (𝐶𝐿) data are summarized in Table 2. The IDDES case
employed SunRising platform CPU nodes. Each node comprised a 32-core x86 processor at 2.0 GHz
base frequency. The simulation used 120 nodes with 25 cores per node. K4 WRLES achieved 1 FPT
using 4 RTX 4090D GPUs over 4 hours, whereas IDDES consumed 47k CPU core-hours. K4 WRLES
demonstrates higher accuracy than IDDES based on 𝐶𝐿 comparisons. IDDES exhibits systematic
underestimation of negative pressure on airfoil upper surfaces, as demonstrated in Fig. 4. Furthermore,
IDDES predictions of pressure coefficient (𝐶𝑝) distributions align more closely with JAXA experimental
measurement [39] within the slat cove area. Meanwhile the K4 WRLES simulation exhibits better
consistency with FSU experimental data [41].

Fig. 5 compares the wall pressure fluctuation spectra with experimental data from [38, 39, 40, 41] and
numerical predictions from [4, 6, 7, 26]. At probe S3, where impingement occurs under 5.5◦ AoA, a
broadband spectrum is observed. Excellent agreement with experimental and numerical data is achieved
by the K4 WRLES, while the IDDES spectrum decays rapidly beyond 2 kHz. This trend continues at
probes S10 and M7, where K4 WRLES consistently matches the datasets. The IDDES method, however,
provides inferior predictions for tonal noise and exhibits a rapid high-frequency decay.
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Figure 4: Comparison of time-averaged 𝐶𝑝 distributions with Kevlar-wall experiments from JAXA [39]
and FSU [41]. (a) 𝐶𝑝 distributions on all three elements; (b) around slat.
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Figure 5: Wall pressure spectra compared with experimental and numerical results at (a) probe S3; (b)
probe S10; (c) probe M7. (d) Probe locations on the airfoil midplane.

Far-field noise predictions in the K4 WRLES simulation use the slat surface for FW-H sampling, consistent
with best practices for high-order WRLES simulations [2]. For the IDDES simulation, a porous surface
is adopted, as shown by the yellow line in Fig. 2b, with endcap omitted. Far-field noise spectra are shown
in Fig. 6. DIMAXER provides accurate predictions of the far-field noise spectrum. The OpenCFD-EC
with IDDES is relatively ineffective in capturing the first two tonal noise frequencies, as also observed
in the wall pressure spectra. Nonetheless, relatively good agreements are obtained below 10 kHz for the
broadband amplitude, suggesting that high-frequency broadband pressure fluctuations observed in the
wall pressure spectra have minimal impact on far-field slat noise. Hybrid RANS/LES methods remain
suitable for this type of aeroacoustic prediction despite losing turbulence information through RANS
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modeling of the boundary layer. Similar conclusions were drawn by Manoha and Caruelle [48].
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Figure 6: Far-field noise spectrum at the phased microphone array center of JAXA experiments [38, 39]
in comparison with numerical [4, 6, 7, 44, 45] and experimental [39, 41] datasets.

Fig. 7 shows instantaneous contours of nondimensional spanwise vorticity (𝐶𝜔𝑧 = 𝜔𝑧𝑐𝑠/𝑈0, 𝜔𝑧 is the
spanwise vorticity) within the slat cove region. The K4 WRLES simulation achieves much finer flow
field resolution than the conventional second-order FV method with IDDES simulation.

(a) (b)

Figure 7: Contours of instantaneous normalized spanwise vorticity 𝐶𝜔𝑧 on the 30P30N airfoil midplane
plane from (a) K4 WRLES; (b) IDDES.

Overall, DIMAXER achieves 1FPT K4 WRLES flow field for the 30P30N high-lift airfoil using only
four RTX 4090D GPU cards within 4 hours. In contrast, a traditional second-order FV solver performing
IDDES requires hundreds of CPU nodes and thousands of CPU cores with four times the hardware wall
time. Even more demanding, Asada et al. [26] utilized thousands of CPU nodes and tens of thousands of
CPU cores for WMLES with a second-order FV solver. Crucially, DIMAXER exhibits better agreement
with experimental data and substantially enhanced flow field resolution, demonstrating its superiority for
high-lift airfoil aeroacoustic investigations.
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3.2 Trap Wing semi-span model

The Trap Wing semi-span models are a series of simplified three-element high-lift configurations with a
slat, a swept main wing, and a flap mounted to a flat-sided body, developed by NASA. The one equipped
with the full flap is studied in the 1𝑠𝑡 AIAA CFD High Lift Prediction Workshop (HLPW-1) [49].

“Config 1” from HLPW-1 is selected to perform WRLES. It has a mean aerodynamic chord (MAC) of
1.006 m, with the deflection angles of the slat and flap are 𝛿𝑠 = 30◦ and 𝛿 𝑓 = 25◦, respectively, as shown
in Fig. 8. At a Mach number of 0.2, the corresponding Reynolds number based on the MAC is 4.30×106.
Additional geometric information can be found in the article from Streett et al. [50].

Figure 8: “Config 1” model from HLPW-1.

A structural mesh comprising 5.1 million elements is generated as illustrated in Fig. 9. The computational
domain is defined as a hemisphere with a radius of 72 MAC. Non-reflective boundary condition is
implemented at the far-field boundary, while symmetry condition is imposed on the symmetry plane.

(a) (b)

Figure 9: Mesh setup for the Trap Wing model. (a) Computation domain; (b) near wall mesh.

The inflow incidence is 13◦, which is a typical task for "Config 1" in HLPW-1. Similarly, a RANS solution
is employed as the initial condition, and the simulation is performed using the DIMAXER compressible
K3 solver with 0.32 billion DoFs. Flow field analysis utilizes data from the final 6 FPTs (based on MAC),
with a sampling rate of 100 kHz. A computational node comprising 8 RTX 4090D GPUs requires 35.7
hours to produce 1 FPT of flow field data.

The maximum equivalent K1 values satisfy 𝑦+ < 1 and 𝑥+/𝑧+ < 110 (computed through the square root
of the sub-face area). Resolution requirements for 𝑦+ and 𝑥+ follow WRLES criteria [47], while the 𝑧+
resolution exceeds requirements by a factor of three. This mesh represents the finest mesh resolution
achievable within current computational resources and practical wall time constraints.
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Figure 10: Time-averaged 𝐶𝑝 distribution compared with HLPW-1 experiment results [49] at (a)
𝜂 = 17%; (b) 𝜂 = 28%; (c) 𝜂 = 41%; (d) 𝜂 = 70%; (e) 𝜂 = 85%; (f) 𝜂 = 98%; (g) flap fwd span; (h) flap
aft span.

Table 3 presents the aerodynamic force results alongside experimental data provided by HLPW-1 [49].
DIMAXER predicts a higher lift coefficient (𝐶𝐿) with a difference of 4.75%. Regarding the𝐶𝑝 distribution
in Fig. 10, a slightly higher prediction of the flap negative pressure across the entire wing can be observed.
As noted in the post-workshop summary [49], the 𝐶𝐿 result from CFD for the no-bracket clean wing is
expected to be higher than the experimental data, which includes the effects of brackets. Consequently,
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the higher 𝐶𝐿 and 𝐶𝑝 prediction from DIMAXER is justifiable. The influence of the brackets is evident
in Fig. 10g. Additionally, the results from the K3 simulation align closely with the experimental 𝐶𝑝
distribution up to the tip of the flap aft span, which is much better than a RANS outcome from the
workshop with a mesh exceeding 0.28 billion elements [51]. Besides, Fig. 10f reveals an underprediction
of negative pressure near the wing tip. Similar trends are observed in results from all other workshop
participants. For the drag coefficient (𝐶𝐷), result from DIMAXER agrees well with experimental data,
exhibiting a 2.62% error. DIMAXER predictions for the moment coefficient (𝐶𝑀 ) deviate by 6.02%
from experimental measurements. This deviation arises due to bracket omission in the simulation model.
Consequently, the upper flap surface experiences higher negative pressure as mentioned before, resulting
in a more pronounced nose-down pitching moment.

Table 3: Aerodynamic results of Trap Wing from K3 simulation compared with experimental data [49].

𝐶𝐿(𝑅𝑎𝑡𝑖𝑜Δ𝐶𝐿
) 𝐶𝐷(𝑅𝑎𝑡𝑖𝑜Δ𝐶𝐷

) 𝐶𝑀 (𝑅𝑎𝑡𝑖𝑜Δ𝐶𝑀
)

Exp 2.047 0.333 -0.503
K3 simulation 2.145(4.76%) 0.342(2.52%) -0.533(6.06%)
Exp lower 2.014(-1.63%) 0.327(-1.86%) -0.487(2.15%)
Exp upper 2.070(1.10%) 0.343(2.94%) -0.514(-3.22%)

The K3 simulation accurately captures the transition location on the upper surface of each wing element,
consistent with results from Eliasson et al. [52], as demonstrated in Fig. 11. Accurate prediction of
transition locations represents a critical aspect of high-lift device simulations [53].

(a) (b)

Figure 11: Instantaneous iso-surface of 𝑄 colored by velocity magnitude to present boundary-layer
transition on the upper surface of each wing element, red dots are transition location computed using the
𝑒𝑁 method for 𝑁 = 7 by Eliasson et al. [52]. (a) 𝑄 = 2𝑒7; (b)𝑄 = 1𝑒8.

The FW-H sampling surface is defined as the slat surface with the transition region excluded, which
prevents contamination from transition pressure fluctuations in far-field noise predictions [2]. The
predicted far-field slat noise spectrum is compared with wind tunnel data from an alternative Trap Wing
model [2] in Fig. 12. It should be noted that this Trap Wing model with wind tunnel acoustic data has
some differences compared to the "Config 1" model. Specifically, it has a part-span flap with slat and
flap deflection angles of 𝛿𝑠 = 25◦ and 𝛿 𝑓 = 30◦, respectively, and a flow incidence of 10◦ rather than
13◦ [50]. According to the result from Souza et al. [5], an increase in 𝛿𝑠 correlates with a decrease in
tonal noise frequencies and an increase in tonal noise amplitude. A higher AoA will also lead to lower
tonal noise frequencies, whereas the tonal noise amplitude will reduce slightly. The combined effects of
these two factors are precisely represented in Fig. 12. Regarding the broadband component, it exhibits a
comparable trend to the experimental spectrum within the low to mid frequency range.

Furthermore, when comparing the far-field slat noise spectrum of the 30P30N 2.5D high-lift airfoil with
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Figure 12: Trap Wing far-field slat noise spectrum compared to a NASA experiment [50] with different
Trap Wing model.

that of the 3D model, it is evident that the latter exhibits fewer tonal noise frequencies. This discrepancy
may be attributed to spanwise flow effects. The feedback loop of the shear layer varies across different
stations. As shown in Fig. 13, notable differences in the behavior of the slat shear layer along the spanwise
direction can be seen. The closer to the slat wing tip, the more evident the concentration of the cove
vortex becomes.

(a) (b)

(c) (d)

Figure 13: Contours of time-averaged normalized vorticity magnitude 𝐶𝜔 along spanwise station (a)
𝜂 = 20%; (b) 𝜂 = 45%; (c) 𝜂 = 70%; (d) 𝜂 = 95%.

4. Conclusions

High-order WRLES simulations are conducted for the 30P30N 2.5D high-lift airfoil and the Trap Wing
semi-span 3D aircraft configuration. Comparisons of aerodynamic forces, far-field noise spectra, and flow
field characteristics with experimental measurements and a traditional second-order FV solver validate
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the capability of DIMAXER for accurate and cost-effective noise prediction in engineering high-lift
scenarios.

In terms of 30P30N high-lift airfoil slat noise, DIMAXER only requires 4 RTX 4090D GPUs to acquire
K4 WRLES flow field and noise spectra that match the experimental datasets very well. In comparison,
the conventional FV solver OpenCFD-EC, performing IDDES, necessitates the utilization of 3000 CPU
cores, resulting in a hardware wall time that is four times greater than that of DIMAXER, while also
producing a lower resolution flow field. Let alone other researchers performing WMLES on an FV solver
with a 3.5 billion-cell mesh, using 55,296 CPU cores.

Subsequently, to align more closely with the actual requirements of the aviation industry, the Trap Wing
model from HLPW-1 is chosen. Under K3 simulation, the computational cost for advancing 6 FPTs over
0.32 billion DoFs is limited to 8 RTX 4090D GPUs operating for less than 9 days. The aerodynamic
forces and aeroacoustic results are compared to experimental data, yielding a reasonably good agreement.
Additionally, the transition positions on wing element upper surfaces predicted by DIMAXER show
excellent agreement with workshop data, validating transition prediction capabilities of DIMAXER.
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