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A solid fairing and a wire-mesh fairing consisting of very fine wires and pores are numerically and experimentally 
investigated for the mitigation of landing gear noise. A slightly modified LAGOON landing gear and two 
configurations, one equipped with a solid fairing and the other with a wire-mesh fairing, are numerically 
simulated using the Improved Delayed Detached-Eddy Simulation (IDDES) in combination with the Ffowcs 
Williams and Hawkings (FW-H) analogy. Instead of resolving the detailed flow features through the wire mesh, 
a recently proposed numerical model is used to represent the effect of the wire-mesh fairing. The simulated flow 
fields and the far-field noise spectra are validated against the experiments conducted in an anechoic wind tunnel. 
The superiority of the recently proposed wire-mesh model over a classical wire-mesh model in modelling both 
the aerodynamic and aeroacoustic effects of the wire mesh is demonstrated. Results also show that the dense 
wire-mesh fairing functions very similarly to the solid fairing and that significant noise can be reduced through 
the installation of a solid fairing or a wire-mesh fairing upstream of the landing gears. For the baseline landing 
gear, the torque link and the brakes are identified noise sources. With the aerodynamic penalty of a 50% increase 
in drag, both fairings mitigate the pressure fluctuation on the torque link and brakes, resulting in the reduction 
of surface noise sources. The noise directivity shows that a solid fairing or a dense wire-mesh fairing contributes 
to a noise reduction of 4-6 dB in all radial directions. The findings in this study pave the way for the low-noise 
design of aircraft landing gears.
1. Introduction

Aircraft noise has become an increasingly pressing topic of concern 
in aviation design due to its detrimental impact on people living in the 
vicinity of airports [1,2]. Aircraft noise results from a combination of 
engine noise generated by the fan and the jet, and airframe noise gener-
ated by landing gear (LG) systems and high-lift devices (HLD). With the 
advent of quieter, ultra-high-bypass-ratio engines, airframe noise has 
emerged as an important contributor, particularly during approach and 
landing phases [3]. For long-range aircrafts, the LG noise tends to be 
the dominant contributor to the airframe noise [4,5]. The LG noise is 
mainly generated by (i) flow separation off different individual struc-
tural components (wheels, brakes, struts, axles and torque links, etc.) 
and (ii) interaction of turbulent wakes from upstream components with 
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downstream structural components [6]. Due to the complexity of noise-
generation mechanisms, the mitigation of LG noise is a challenging task 
and has attracted intensive research efforts.

Over the past two decades, fairings have been demonstrated to be a 
good technological solution for LG noise reduction. Solid fairings were 
first deployed for LG noise reduction. Wind-tunnel experiments were 
conducted to study the effect of solid fairings on noise reduction in 
European Union (EU) projects, among others, the RAIN (Reduction of 
Airframe and Installation Noise) [7], the SILENCER (Significantly Lower 
Community Exposure to Aircraft Noise) [8], the TIMPAN (Technologies 
to Improve Airframe Noise) [9], the QTD 2 (Quiet Technology Demon-
strator 2) [10] and the ALLEGRA (Advanced Low Noise Landing Gear 
for Regional Aircraft) projects [11,12]. In these projects, the function 
of solid fairings in noise reduction has been well demonstrated. How-
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Fig. 1. The slightly modified LAGOON landing gear equipped with brakes and a torque link: (a) Baseline case; (b) controlled case with a solid fairing; and (c) 
controlled case with a DLR wire mesh.

Fig. 2. Two different types of wire meshes: (a) The fine DLR wire mesh; (b) the coarse ONERA wire mesh; and (c) the close-up view of a wire mesh [33].
ever, a major drawback of solid fairings is that the flow can be deflected 
to adjacent and downstream components, enhancing the interaction be-
tween the turbulent wake and downstream components [13]. Besides, 
compared to porous fairings, flow velocities towards the fairing sides 
are more significant [13], leading to larger-scale flow separation and 
higher aerodynamic drag.

Alternatively, porous wire meshes (WM) have been investigated 
within the TIMPAN [14,15], the ALLEGRA [16,17], and the IMAGE 
(Innovative Methodologies and technologies for reducing Aircraft noise 
Generation and Emission) projects [18–21]. Compared to solid fairings, 
a key advantage of wire-mesh fairings is that the flow is not deflected 
towards the fairing sides due to the mass flux through the pores, po-
tentially leading to less aerodynamic drag. Besides, wire-mesh fairings 
have other benefits such as lighter weight and higher visibility. The 
mechanism of bluff-body noise reduction using wire meshes has been 
intensively explored in the aforementioned projects. As summarized by 
Zhao et al. [13], this is associated with three possible aspects, all inter-
fering with bluff-body aerodynamics. First, wire meshes dampen local 
impinging flow velocities; second, wire meshes may break up the incom-
ing flow into small vortices so that spanwise coherent vortices shedding 
from the downstream bluff body are altered; third, wire meshes may 
shift the vortex shedding away from bluff-body surfaces, consequently 
reducing the acoustic radiation efficiency. The work reported in this pa-
per has been carried out within the framework of the ongoing EU H2020 
INVENTOR (Innovative Design of Installed Airframe Components for 
Aircraft Noise Reduction) project [22–24].

In the INVENTOR project, a slightly modified version of the origi-
nal LAGOON landing gear is used together with a torque link (TL) and 
two brakes, see Fig. 1(a). This LG configuration is obtained by closing 
the inner rim cavities of the original LAGOON landing gear in order to 
avoid the Rossiter instabilities [25]. Several previous numerical studies 
of the LAGOON landing gear have been presented in the AIAA Bench-
mark problems for Airframe Noise Computations (BANC) - III workshop 
[5,25–32]. In these and many other previous studies, the noise genera-
tion mechanism of the LAGOON landing gear has been studied. A major 
noise source is generated by the LG wheels and struts which cause large-
scale flow separation and vortex shedding. Another noise source is found 
2

to be associated with the onset of cavity modes in the two facing rim cav-
ities of the LAGOON LG [25]. Nevertheless, no systematic investigation 
on the noise mitigation of the LAGOON LG has been reported. Given the 
aforementioned advantages and disadvantages of solid and wire-mesh 
fairings in LG noise mitigation, a systematic study of the aerodynamic 
and aeroacoustic performances of a porous wire-mesh fairing versus a 
solid fairing is imminently favored, particularly considering that the 
use of add-on fairings for LG noise abatement has a high technology 
readiness level (TRL) and is suitable for flight testing and commercial 
implementation soon in the 2020s [12].

In the present study, we investigate the reduction of the slightly 
modified LAGOON landing gear noise by performing wind-tunnel ex-
periments and IDDES of three LG cases, i.e., a baseline case, a con-
trolled case with a solid fairing, and a controlled case with a novel 
dense wire mesh consisting of very fine wires and pores, see Fig. 1. 
This wire mesh was fabricated by the German Aerospace Center (DLR) 
and is hereinafter called the DLR wire mesh (DLRWM). Fig. 2 shows 
the fine DLR wire mesh, the coarse ONERA wire mesh and a sketch 
of an isolated wire mesh. Due to the very fine wires and pores of the 
DLR wire mesh, detailed meshing of the DLR wire mesh is not prac-
tical since it would result in a large number of computational cells. A 
numerical wire-mesh model is thus required. Recently, Li et al. [33] pro-
posed a wire-mesh model to represent the effect of the DLR wire mesh 
in numerical simulations. This model overcomes the limitation of the 
existing wire-mesh models [18,19] and has been shown to perform bet-
ter in modelling the wire mesh consisting of very fine wires and pores, 
as evidenced by the numerical modelling of the DLR wire mesh in chan-
nel flow simulations [33]. In the present study, we also evaluate both 
the aerodynamic and aeroacoustic prediction accuracies of this model 
when applied in external flow simulations (i.e. flows past the LAGOON-
like landing gear).

The paper is structured as follows: §2 is devoted to a description 
of the experimental set-up, numerical method, computational meshes 
and numerical set-up for the simulations of landing gears. The details 
of the wire-mesh models for the controlled LG with the DLR wire mesh 
are described in §3. Flow and acoustic results of the simulations are 

presented in §4. Finally, concluding remarks are summarized in §5.
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Fig. 3. Experimental setup in the anechoic A-Tunnel: (a) Acoustic measurement; and (b) PIV measurement [34].

Fig. 4. Microphone and PIV measurements: (a) Sideline (in red) and flyover (in blue) microphone measurement configurations. Each microphone array consists of 
64 microphones with the center microphone highlighted in black color; and (b) a sketch of four planes downstream of a landing gear where flow fields are measured 
using PIV. (For interpretation of the colors in the figure(s), the reader is referred to the web version of this article.)
2. Methodologies

2.1. Experimental set-up

The measured flow statistics and acoustic spectra of the LAGOON-
like landing gear used for the validation of the present numerical simula-
tions are obtained in the A-Tunnel of the Delft University of Technology 
[22–24,34]. The A-Tunnel is an open-jet, closed-circuit, vertical wind 
tunnel. The open-jet test section of the wind tunnel is located inside an 
anechoic room with dimensions 6.4 ×6.4 ×3.2 m3. The walls and ceiling 
of the anechoic room are covered with wedges made of Flamex acoustic 
absorbing foam in order to avoid unwanted sound reflections. The verti-
cal nozzle has a rectangular exit with dimensions of 400 ×700 mm2 , see 
Fig. 3. Fig. 4(a) shows two microphone measurement configurations. A 
single microphone array is deployed in these two measurement config-
urations: flyover, with the array placed at the bottom of the LG, and 
sideline, placed laterally. The microphone array consists of 64 GRAS 
40PH analog free-field microphones with integrated constant current 
power amplifiers. The 64 microphones are distributed over a planar 
ellipse with a major-to-minor axis ratio of 2 and a major effective di-
ameter of 2 m [22]. The center microphone of the flyover configuration 
is located at (𝑋, 𝑌 , 𝑍) = (0.22, −0.02, −1.05) m and that of the side-
line configuration is located at (0.22, 1.36, 0) m, where 𝑋, 𝑌 , 𝑍 are 
the streamwise, lateral and vertical direction, respectively. The origin 
of the coordinate system is located at the intersection between the axis 
of the LG axle and the axis of the rod connecting the two wheels. The 
diameter of the LG wheels is 𝑑𝑤 = 150 mm. For all the acoustic measure-
ments conducted in the present study, a recording time of 20 seconds 
and a sampling frequency of 51.2 kHz are adopted. The spectra of the 
acoustic signals are obtained using Welch’s method [35] with a Han-
ning windowing function and 50% data overlap. The one-third octave 
bin-averaging technique is applied to smooth the sound spectra.

The A-Tunnel facility is mainly meant for aeroacoustic measure-
ments, but it is also equipped with flow measurement techniques, such 
as a Particle Image Velocimetry (PIV) system (see Fig. 3(b)). Planar PIV 
measurements using a LaVision Imager sCMOS CLHS camera at a frame 
rate of 15 Hz are conducted to measure the flow velocities in the LG 
3

wake region, i.e. on a vertical plane 𝑋 = 170 mm and three horizontal 
planes 𝑍 = 0, 𝑍 = 50 mm and 𝑍 = 120 mm with a field of view (FOV) 
of 180 × 240 mm2 (see Fig. 4(b)). The resolution of the FOV is 24 × 24
pixels with a vector spacing of 0.6 mm. These flow-field measurements 
at 35 m/s will be used to validate the predicted flow field in the present 
numerical simulations. For more details on the experiments, see Refs. 
[22–24,34,36].

2.2. Numerical method

The simulations are performed using a commercial finite-volume 
solver, STAR-CCM+, version 2021.1 [37]. The compressible Navier-
Stokes equations are solved in a coupled manner. Convective fluxes are 
approximated using the bounded central difference scheme (a hybrid 
of second-order upwind and central difference schemes). For the diffu-
sive flux, a second-order accurate scheme is used for the interior grid 
cells. An implicit, 2nd-order, three-level Euler scheme is used for the 
time integration in transient simulations. For details on STAR-CCM+, 
the readers may refer to the User Guide for the detailed numerical al-
gorithms [38]. The numerical approaches used in the present study are 
briefly introduced below.

The turbulent flow past the landing gears is computed using the ID-
DES method based on the SST 𝑘 −𝜔 model [39]. The detached eddy sim-
ulation (DES) method is considered the best trade-off between the com-
putational cost and prediction accuracy in resolving engineering flows. 
In the near-wall region, the flow is predicted by solving the Reynolds-
Averaged Navier-Stokes (RANS) equations. Meanwhile, the flow in the 
region away from the walls is resolved using Large Eddy Simulation 
(LES). Delayed Detached Eddy Simulation (DDES), an improved version 
of the original DES method, lessens the impact of grid-induced separa-
tion caused by inappropriate activation of the LES mode in the near-wall 
region. The IDDES method, a hybrid of DDES and the wall-modelled LES, 
introduces modifications in the length scale of the dissipation rate in 
the Turbulent Kinetic Energy (TKE) transport equation of the SST 𝑘 −𝜔

model [39]. The grid filter in IDDES, as a function of the grid size and 
the wall distance, is expressed as
Δ𝐼𝐷𝐷𝐸𝑆 =min(max(0.15𝑑𝑤𝑎𝑙𝑙,0.15Δ𝑚𝑎𝑥,Δ𝑤𝑛),Δ𝑚𝑎𝑥), (1)
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Fig. 5. Computational domain and meshes: (a) computational domain with boundary conditions; (b) mesh on plane 𝑍 = 0; and (c) mesh on plane 𝑌 = 0. For (b) and 
(c), from left to right: Baseline case, controlled case with a solid fairing, and controlled case with the DLR wire-mesh fairing.
where 𝑑𝑤𝑎𝑙𝑙 is the wall distance, Δ𝑚𝑎𝑥 is the largest grid spacing in all 
three directions, and Δ𝑤𝑛 is the grid spacing in the wall-normal direc-
tion.

The IDDES length scale can be expressed as a combination of the 
RANS and LES length scales, as follows

𝑙𝐼𝐷𝐷𝐸𝑆 = 𝑓𝑑 (1 + 𝑓𝑒)𝑙𝑅𝐴𝑁𝑆 + (1 − 𝑓𝑑 )𝑙𝐿𝐸𝑆 , (2)

where 𝑓𝑑 is a delaying function, 𝑓𝑒 is an evaluating function, 𝑙𝑅𝐴𝑁𝑆 is 
the RANS length scale and 𝑙𝐿𝐸𝑆 is the LES length scale. The RANS and 
LES length scales can be respectively obtained as

𝑙𝑅𝐴𝑁𝑆 =
√
𝑘∕(0.09𝜔) (3)

where 𝑘 is the turbulent kinetic energy and 𝜔 is the specific dissipation 
rate, and

𝑙𝐿𝐸𝑆 = 𝐶𝐷𝐸𝑆Δ𝐼𝐷𝐷𝐸𝑆, (4)

where 𝐶𝐷𝐸𝑆 = 0.78 is a DES model coefficient and Δ𝐼𝐷𝐷𝐸𝑆 is the mesh 
length scale [38].

The far-field noise is predicted using the FW-H analogy with a per-
meable integral surface. The FW-H equation is solved in time domain 
using the Farassat’s formulation 1A [40–42]. The readers may refer to 
the Appendix for more details.

2.3. Computational meshes and simulation set-up

The dimensions of the computational domain in the streamwise, ver-
tical and spanwise directions are 130𝑑𝑤, 65𝑑𝑤 and 32.5𝑑𝑤, respectively. 
Fig. 5(a) shows the computational domain and the boundary conditions. 
Besides the inlet, outlet and slip wall, the other three boundaries are 
4

free-stream boundaries. A no-slip wall boundary condition is applied 
on the LG surfaces. In the simulations, the LG axle is attached to a slip 
wall in order to mimic the flat plate (see Fig. 3(a)) in the wind-tunnel 
measurements. In the present study, a baseline case and two controlled 
cases, one with a solid fairing and the other with the DLR wire mesh, are 
simulated to study the noise-reduction performances of solid and porous 
fairings (see Fig. 1). The detailed flow features past the baseline case and 
the controlled case with a solid fairing are resolved with refined grids. 
For the controlled case with the DLR wire mesh, instead of resolving the 
detailed flow through the DLR wire mesh, a numerical model is used to 
represent the wire-mesh effect (see Section 3). This is because the open-
ing of the DLR wire mesh is much smaller compared to the LG geometry. 
The detailed meshing of the geometry and the wire mesh is impractical 
since it will result in a very large amount of computational cells.

The computational mesh is generated by the STAR-CCM+ built-in 
mesh generator. The Polyhedral Mesher is adopted to generate polyhe-
dral cells in the flow field. In the vicinity of solid walls, the Advancing 
Layer Mesher is used to generate prism layers. The first cells from the 
solid walls typically have 𝑦+ values of less than 1. However, a small 
number of cells near the sharp edges exhibit 𝑦+ values slightly above 
1, as shown in Fig. 6. Table 1 shows six computational cases of the 
LAGOON-like landing gear. Cases 1-3 are dedicated to the baseline LG 
simulations and are also used for the grid sensitivity study. Case 4 is 
used for the controlled LG with a solid fairing. Cases 5-6 simulate the 
controlled LG with the DLR wire mesh which is represented by two dif-
ferent wire-mesh models. In all six cases, the polyhedral mesh is refined 
around the brakes and the torque link, resulting in refined mesh blocks 
around the brakes and the torque link (see Fig. 5(b) and (c)). Except for 
case 3, the polyhedral cell size of the refined blocks is Δ𝑠∕𝑑𝑤 = 0.0067
(i.e. Δ𝑠 = 1 mm). In the X direction, the lengths of the refined blocks 
around the brakes (𝐿𝐵𝐾

𝑋
) and the torque link (𝐿𝑇𝐿

𝑋
) are listed in Table 1. 
In the Y direction, the widths of the refined blocks around the brakes 
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Fig. 6. The 𝑦+ distribution on the surface of the landing gear: (a) Baseline configuration (case 1); (b) controlled configuration with a solid fairing (case 4); and (c) 
controlled configuration with the DLR wire-mesh fairing (case 6).

Table 1

Simulation cases for the baseline and controlled landing gears.

Case 𝐿𝐵𝐾
𝑋

∕𝑑𝑤a Δ𝑠𝐵𝐾∕𝑑𝑤b 𝐿𝑇𝐿
𝑋

∕𝑑𝑤c Δ𝑠𝑇𝐿∕𝑑𝑤d # M. cells Configuration Effect of fairing

1 0.69 0.0067 0.69 0.0067 73 Baseline No fairing
2 2.11 0.0067 2.11 0.0067 75 Baseline No fairing
3 0.69 0.0067 0.69 0.0033 78 Baseline No fairing
4 0.69 0.0067 0.69 0.0067 89 Solid Resolved
5 0.75 0.0067 0.75 0.0067 87 DLRWM Modelled (Eq. (6))
6 0.75 0.0067 0.75 0.0067 87 DLRWM Modelled (Eq. (9))

a 𝐿𝐵𝐾
𝑋

denotes the length of the refined block around the brakes in X direction.
b Δ𝑠𝐵𝐾 denotes the polyhedral cell size of the refined block around the brakes.
c 𝐿𝑇𝐿

𝑋
denotes the length of the refined block around the torque link in X direction.

d Δ𝑠𝑇𝐿 denotes the polyhedral cell size of the refined block around the torque link.
and the torque link are 𝐿𝐵𝐾
𝑌

∕𝑑𝑤 = 𝐿𝑇𝐿
𝑌

∕𝑑𝑤 = 0.42. In the Z direc-
tion, for cases 1-3, the heights of the refined blocks around the brakes 
and the torque link are 𝐿𝐵𝐾

𝑍
∕𝑑𝑤 = 0.54 and 𝐿𝑇𝐿

𝑍
∕𝑑𝑤 = 0.92, respec-

tively. For cases 4-6, due to the large spanwise length of the fairings, 
the corresponding heights are 𝐿𝐵𝐾

𝑍
∕𝑑𝑤 = 0.67 and 𝐿𝑇𝐿

𝑍
∕𝑑𝑤 = 1.23, 

respectively. Moreover, the mesh is refined in the wake region over a 
distance of 10𝑑𝑤 downstream of the landing gear and has a coarser cell 
size of Δ𝑠∕𝑑𝑤 = 0.025. The total numbers of grid cells in the present 
simulations are shown in Table 1. Fig. 5(b) and (c) shows the mesh dis-
tribution on planes 𝑍 = 0 and 𝑌 = 0, respectively, for the baseline (Case 
1) and controlled cases with a solid fairing and the DLR wire-mesh fair-
ing.

The free-stream velocity is U0 = 35 m/s with a low turbulence inten-
sity of 0.1% and a turbulent viscosity ratio of 1.0 at the inlet boundary 
condition which gives the dissipation rate 𝜔. The Reynolds number, 
based on the free-stream velocity and the diameter of wheels, is 350, 000
approximately. A relatively small time step of Δ𝑡 = 1.0 ×10−5 seconds is 
used to advance the simulations in time. In the present numerical sim-
ulations, we validate the predicted flow field by comparing the velocity 
statistics along the wake center line (𝑌 = 0) and a vertical line (𝑋 =
1.7𝑑𝑤) in the three horizontal planes 𝑍 = 0, 𝑍 = 50 mm and 𝑍 = 120
mm (see Fig. 4(b)). The far-field noise is computed by integrating the 
noise sources on a permeable integral surface according to the FW-H 
analogy. The integral surface is a box with the downstream end open in 
order to avoid the spurious noise generated by the passage of turbulent 
eddies through the downstream surface. In the simulations, a smaller 
and a bigger permeable FW-H surfaces are tested. The smaller FW-
H surface encloses the region of (−0.67 ≤ 𝑋∕𝑑𝑤 ≤ 4, −0.67 ≤ 𝑌 ∕𝑑𝑤 ≤
0.67, −1 ≤ 𝑍∕𝑑𝑤 ≤ 2.33), while the bigger FW-H surface encloses the 
region of (−1 ≤𝑋∕𝑑𝑤 ≤ 10, −1 ≤ 𝑌 ∕𝑑𝑤 ≤ 1, −1.5 ≤𝑍∕𝑑𝑤 ≤ 2.33). The 
position of the integral surfaces has been carefully selected so that it is 
far enough from the turbulent wake while it is still located within the 
refined region to ensure sufficient grid resolution. Similar noise spectra 
are obtained using both FW-H surfaces. For the sake of plot conciseness, 
only the results pertaining to the smaller FW-H surface are presented. 
The grid resolution here enables a cut-off frequency of approximately 20
kHz. In the simulations, the pressure signal is sampled with a frequency 
of 100 kHz over a duration of 0.25 seconds after the initial transient flow 
5

state.
Fig. 7. Comparison of flow quantities among three different computational 
meshes (cases 1-3) for the baseline LG: (a) Mean streamwise velocity along the 
wake center line at Z=0; and (b) pressure coefficient (𝐶𝑝) on the surface of the 
LG rod at 𝑍 = 50 mm.

2.4. Grid sensitivity study

A grid sensitivity study is performed for the baseline LG with three 
different computational meshes. The first mesh has relatively small re-
fined blocks around the brakes and the torque link with a cell size of 
Δ𝑠∕𝑑𝑤 = 0.0067. The second mesh is made by extending the refined 
mesh blocks around the brakes and the torque link to 1.7𝑑𝑤 downstream 
the LG, leading to 2.11𝑑𝑤-long refined blocks and a total number of 
grid cells of 75.4 million. The third mesh is obtained by reducing the 
polyhedral cell size of the refined mesh block around the torque link 
from Δ𝑠∕𝑑𝑤 = 0.0067 to 0.0033, leading to a total number of grid cells 
of 78.3 million. Fig. 7 shows a comparison of flow quantities using 3 
different computational meshes for the baseline LG. The convergence 
of mean flow in the LG wake and pressure distribution on the LG rod 
demonstrates that the current mesh resolution is sufficient for the LG 
simulations. Hence, hereinafter, among the three baseline cases 1-3, re-
sults are presented only for case 1.

3. The wire-mesh models

3.1. The classical wire-mesh model

Similar to the modelling of other porous media [43–46], the model 
of a wire mesh in flows is a damping-type source term added to the 

momentum equations [16–21]. Within the wire-mesh region, a volume-
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Fig. 8. Comparison of mean velocities in plane 𝑋 = 170 mm between PIV measurement and IDDES of the DLRWM configuration. First row: PIV; second row: IDDES 
using wire-mesh Model II; third row: IDDES using wire-mesh Model I.
averaged source term S is added to the right-hand side (RHS) of the 
IDDES momentum equations, yielding the momentum equations as

𝜕(𝜌�̂�𝑖)
𝜕𝑡

+
𝜕(𝜌�̂�𝑖�̂�𝑗 )
𝜕𝑥𝑗

= − 𝜕�̂�

𝜕𝑥𝑖
+

𝜕�̂�𝑖𝑗

𝜕𝑥𝑗
+

𝜕𝜎𝑖𝑗,𝑚𝑜𝑑𝑒𝑙

𝜕𝑥𝑗
+𝑆𝑖, (5)

where 𝜌 is the fluid density, �̂�𝑖 is the components of velocity (𝑖 =1, 2, 3), 
�̂� is the pressure, ‘⋅̂’ denotes a Reynolds-averaged quantity in the RANS 
region and a filtered quantity in the LES region, respectively. �̂�𝑖𝑗 is the 
viscous stress tensor and 𝜎𝑖𝑗,𝑚𝑜𝑑𝑒𝑙 is the modelled stress tensor.

If the airflow approaches the wire mesh at zero incident angle, the 
source term is expressed as⎡⎢⎢⎣
𝑆1
𝑆2
𝑆3

⎤⎥⎥⎦ =
⎡⎢⎢⎣
−𝐾0 × 0.5𝜌 |�̂�| �̂�∕ℎ

0
0

⎤⎥⎥⎦ , (6)

where �̂� here is the streamwise velocity, ℎ is the fairing thickness and 
the resistance coefficient 𝐾0 is given by an empirical formula [47]

𝐾0 =
(
0.5 + 26

𝑅𝑒𝑑

)(
1 − 𝛽2

𝛽2

)
, (7)

where the porosity 𝛽 is expressed as

𝛽 = (1 − 𝑑∕𝑠)2. (8)

The DLR wire mesh consists of wires with a diameter of 𝑑 = 0.042 mm 
and a spacing between the wires of 𝑠 = 0.14 mm, thus leading to a poros-
ity of 𝛽 = 0.59.

3.2. The improved wire-mesh model

Although the wire-mesh model in Section 3.1 has been successfully 
applied to model wire meshes with relatively large wires and lattices 
[18,19], it is also found that this model does not function well in mod-
elling the novel DLR wire mesh with fine wires and pores [33]. To 
overcome this limitation, Li et al. [33] recently proposed an improved 
model by adding a linear term, proportional to the flow velocity, to 
the above source term of the momentum equations. The linear viscous 
6

resistance and nonlinear inertial resistance of porous media, related to 
the permeability of porous media, were experimentally studied [48–50]. 
The wire-mesh model of Li et al. [33] has been validated against ex-
periments previously conducted in the Wind tunnel for AeroAcoustic 
Boundary Layer Including prEssure gradient eFfect (WAABLIEF) of the 
von Karman Institute (VKI) for Fluid Dynamics [51].

In the new wire-mesh model [33], for air flows approaching the wire 
mesh at zero incident angle, the source term is expressed as a combina-
tion of a linear term and a quadratic term, as follows,⎡⎢⎢⎣
𝑆1
𝑆2
𝑆3

⎤⎥⎥⎦ =
⎡⎢⎢⎣
−𝜇�̂�∕𝐾𝑝𝑒𝑟𝑚 −𝐾0 × 0.5𝜌 |�̂�| �̂�∕ℎ

0
0

⎤⎥⎥⎦ , (9)

where 𝜇 is the dynamical viscosity, 𝐾𝑝𝑒𝑟𝑚 is a characterization of the 
permeability of the wire mesh and can be determined using the pressure 
loss measured in a wind tunnel with the wind-tunnel cross-section fully 
covered by the wire mesh [33,52], and the form coefficient 𝐾0 is given 
by Eq. (7). The readers may refer to Li et al. [33] for more details on 
this model and its validation against experimental data. It should be 
noted that, although the damping-type source term is added to the DES 
momentum equations, the wire-mesh model is applicable to other scale-
resolving simulations and RANS.

To distinguish the aforementioned classical model (Eq. (6)) and the 
present improved model (Eq. (9)), the classical model and the improved 
model are denoted as ‘Model I’ and ‘Model II’, respectively.

4. Results

In this section, flow and acoustic results are presented and discussed 
for the baseline case, and the controlled cases with, respectively, a solid 
fairing and the DLR wire mesh.

4.1. Comparison of flow and acoustic predictions between both wire-mesh 
models

Figs. 8 and 9 compare the mean velocities and root-mean-square ve-
locity fluctuations, respectively, between the PIV measurement [22–24,
36] and IDDES of the DLRWM configuration using both wire-mesh mod-

els. Overall, the simulations align reasonably well with the experiment. 
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Fig. 9. Comparison of root-mean-square velocity fluctuations in plane 𝑋 = 170 mm between PIV measurement and IDDES of the DLRWM configuration. First row: 
PIV; second row: IDDES using wire-mesh Model II; third row: IDDES using wire-mesh Model I.

Fig. 10. Comparisons of flow statistics along the LG wake center lines between both models for the controlled case with the DLR wire-mesh fairing: (a) Mean 
streamwise velocity at 𝑍 = 0; (b) root-mean-square of streamwise velocity fluctuation at 𝑍 = 0; (c) mean streamwise velocity at 𝑍 = 50 mm; (d) root-mean-square of 
streamwise velocity fluctuation at 𝑍 = 50 mm; (e) mean streamwise velocity at 𝑍 = 120 mm; and (f ) root-mean-square of streamwise velocity fluctuation at 𝑍 = 120

mm.

Both wire-mesh models produce similar results, with the contours of �̄�
and 𝑤′ in model II showing slightly better agreement with the PIV mea-
surement.

Fig. 10 shows the comparisons of the mean streamwise velocity pro-
file and the root-mean-square of the streamwise velocity fluctuation 
profile along the LG wake center lines using both Model I (Eq. (6)) and 
Model II (Eq. (9)). At 𝑍 = 0, the predictions given by Model II generally 
agree better with the experiments. This is more noticeable at locations 
7

where there is a big discrepancy between the experimental data and the 
predictions given by Model I. At 𝑍 = 50 mm, the mean streamwise ve-
locity profiles predicted by both models deviate from the experiment in 
the LG near wake (i.e. 𝑋∕𝑑𝑤 < 1.5). Further downstream, Model II pro-
duces slightly better agreement with the experiment. At 𝑍 = 50 mm, 
however, Model I gives a better prediction of the root-mean-square of 
the streamwise velocity fluctuation. At 𝑍 = 120 mm, both models give 
comparable predictions, although better agreement in the mean stream-
wise velocity is observed for Model II between 0.5𝑑𝑤 and 1.0𝑑𝑤 in the 

wake.
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Fig. 11. Comparisons of flow statistics along the wake vertical lines at 𝑋 = 1.7𝑑𝑤 between both models for the controlled case with the DLR wire-mesh fairing: (a) 
Mean streamwise velocity at 𝑍 = 0; (b) root-mean-square of streamwise velocity fluctuation at 𝑍 = 0; (c) mean streamwise velocity at 𝑍 = 50 mm; (d) root-mean-
square of streamwise velocity fluctuation at 𝑍 = 50 mm; (e) mean streamwise velocity at 𝑍 = 120 mm; and (f ) root-mean-square of streamwise velocity fluctuation 

at 𝑍 = 120 mm.

Fig. 11 shows the comparisons of the mean streamwise velocity pro-
file and the root-mean-square of the streamwise velocity fluctuation 
profile along the LG wake vertical lines at 𝑋 = 1.7𝑑𝑤 using both models. 
At 𝑍 = 0 and 𝑍 = 50 mm, overall, the mean streamwise velocity profile 
predicted by Model II agrees better with the experiment. Conversely, the 
root-mean-square of the streamwise velocity fluctuation is better pre-
dicted by Model I. Compared to Model I, Model II gives larger velocity 
fluctuations than Model I since Model II indeed produces a stronger vor-
tex shedding, as also suggested by Li et al. [33]. At 𝑍 = 120 mm, both 
models give very similar predictions. In view of the effect on the predic-
tion of mean flow (1st-order statistics) and in comparison with available 
experimental data, Model II shows a slightly better performance in rep-
resenting the aerodynamic effect of the fine DLR wire mesh. Considering 
that the comparisons are made in the wake very far downstream of the 
DLR wire-mesh fairing, Model II is more advantageous for the very fine 
DLR wire mesh.

Fig. 12 shows the comparisons of the one-third octave bin-averaged 
sound pressure levels (SPL) at both flyover and sideline microphone 
arrays. For the flyover array, at the center microphone, the spectra pre-
dicted by both models agree with the experiment in the low to middle 
frequency range but deviate from the experiment from 3000 Hz and 
agree with the experiment again from 12000 Hz. Meanwhile, the average 
of all 64 flyover microphones shows that Model I slightly underpredicts 
the spectra in the low to middle frequency range while Model II gives a 
better prediction. For the sideline array, the under-prediction of sound 
spectra in the low to middle frequency range by Model I is more evi-
dent while the spectra predicted by Model II generally agree better with 
the experiment. Overall, all predicted spectra in Fig. 12 possess a devi-
ation from the experiment at frequencies between 3000 Hz and 12000
Hz. This deviation may result from the insufficient accuracies in resolv-
ing the flow features at the small gaps (with a dimension of 0.5 mm) 
between the fairing and the LG wheels. As can be seen below in the 
contours of the mean streamwise velocity, the airflow passes the gaps 
at a velocity between 0.3U0 and U0. If we take a velocity of 0.65U0 to 
estimate the Strouhal number, a noise frequency of 8000 Hz in the afore-
mentioned frequency range corresponds to a Strouhal number of 0.18 
approximately. This implies that the aforementioned deviation is likely 
due to the insufficient accuracies in resolving the small gaps between 
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the fairing and the LG wheels.
It has been verified in the previous work of Li et al. [33] that Model 
II is able to produce better aerodynamic predictions than Model I in in-
ternal flows (i.e. channel flows). Based on the comparisons in Figs. 10
- 12, it is further shown that Model II generally performs well in both 
aerodynamic and aeroacoustic predictions of external flows, and is even 
superior to Model I in modelling the DLR wire mesh. This will also 
be better demonstrated by the directivity of sound pressure level in 
Section 4.3. Hence, hereinafter, unless otherwise noted, the baseline 
simulation using Model II is used for the analysis.

4.2. Comparison of the baseline and controlled cases: flow field

Figs. 13 and 14 compare contours of the mean velocities and root-
mean-square velocity fluctuations in plane 𝑋∕𝑑𝑤 = 1.13 between PIV 
measurement and IDDES of the baseline and solid-fairing configurations. 
The mean velocities and root-mean-square velocity fluctuations of the 
DLRWM configuration have been previously shown in Figs. 8 and 9, 
respectively. Overall, good agreement between the IDDES and PIV mea-
surement is observed. Quantitative comparisons of the flow statistics 
between the IDDES and PIV measurement are presented subsequently.

Fig. 15 shows the instantaneous streamwise velocity on the isosur-
face of 𝑄𝑐𝑟 = 100 𝑠−2 for the baseline case and the two controlled cases. 
For the baseline case, the vortices downstream of the landing gear are 
generally finer due to the relatively small dimensions of the torque link 
and the LG leg. For the controlled cases, the vortices downstream of the 
fairings are relatively large in the presence of the fairings with a larger 
dimension.

Fig. 16 shows the contours of the mean streamwise velocity on three 
different planes in the LG wake region for the baseline and the two 
controlled cases. As the flow passes over the landing gears, the flow 
accelerates on both sides of the landing gears, forming a flow region with 
higher flow speeds. With the shielding of the fairings, the recirculation 
region of the two controlled cases is much larger than that of the baseline 
case at planes 𝑍 = 50 mm and 𝑍 = 120 mm. However, at 𝑍 = 0, it is 
not, because this plane passes through the horizontal rod connecting the 
two wheels. As a result, the shielding effect of the fairings does not make 
much difference at 𝑍 = 0. This is also the reason why the downstream 
wake in the two controlled cases does not become broader at plane 𝑍 =

0, compared to the baseline case. At 𝑍 = 50 mm, without fairings, the 
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Fig. 12. The one-third octave bin-averaged sound pressure levels (SPL) of the FW-H predictions using permeable integral surfaces for the controlled case with the 
DLR wire-mesh fairing: (a) Center microphone of the flyover array; (b) center microphone of the sideline array; (c) mean of the flyover 64-microphone array; and 
(d) mean of the sideline 64-microphone array.

Fig. 13. Comparison of mean velocities and root-mean-square velocity fluctuations in plane 𝑋 = 170 mm between PIV measurement and IDDES of the baseline 
configuration. First row: three mean velocity components of PIV; second row: three mean velocity components of IDDES; third row: root-mean-square velocity 
9

fluctuations of three velocity components of PIV; fourth row: root-mean-square velocity fluctuations of three velocity components of IDDES [53].
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Fig. 14. Comparison of mean velocities and root-mean-square velocity fluctuations in plane 𝑋 = 170 mm between PIV measurement and IDDES of the solid-fairing 
configuration. First row: three mean velocity components of PIV; second row: three mean velocity components of IDDES; third row: root-mean-square velocity 
fluctuations of three velocity components of PIV; fourth row: root-mean-square velocity fluctuations of three velocity components of IDDES.

Fig. 15. Instantaneous streamwise velocity on the isosurface of 𝑄𝑐𝑟 = 100 𝑠−2 using the Q-criterion method: (a) Baseline case; (b) controlled case with a solid fairing; 
and (c) controlled case with the DLR wire-mesh fairing.
flow passes between the two wheels and accelerates at both sides of the 
LG rod. However, for the controlled cases, except for a small portion of 
airflow passing through the gaps between the fairing and the wheels, the 
airflow is blocked by the fairings. As a result, a wake region is formed 
behind the fairing upstream of the torque link and the rod. At both 𝑍 =
50 and 120 mm, the wake of the controlled cases is much broader than 
that of the baseline case due to the shielding of the fairings. It should be 
noted that, at 𝑍 = 120 mm for the baseline case, the wake is not exactly 
symmetric because of the torque-link asymmetry. Overall, the contours 
of both controlled cases are essentially similar, demonstrating that the 
DLR wire mesh functions like a solid fairing.

Fig. 17 shows the pressure distribution, 𝐶𝑝, on the left wheel and the 
rod at 𝑍 = 50 mm. The experimental data for the controlled case with 
the DLR wire mesh are unavailable and therefore are not shown here. 
On the wheel surface, it is observed that the numerical predictions agree 
very well with the experiments. On the rod surface, the pressure coef-
ficient predicted in the controlled case with a solid fairing agrees well 
10

with the experiment. However, for the baseline case, a discrepancy is 
observed between the numerical and experimental data on the rod sur-
face between 80◦ and 120◦ where boundary layer separation happens 
[54]. Meanwhile, the numerical simulation underpredicts the pressure 
coefficient at 𝜃 > 140◦ in the rear side of the rod. Such discrepancies are 
possibly due to the different local Reynolds numbers between the sim-
ulation and the experiment. As a result, the boundary layer separation 
on the rod surface differs, so does the pressure distribution. Again, the 
similarity between the two controlled cases demonstrates that the DLR 
wire-mesh fairing functions like a solid fairing. In addition, for both con-
trolled cases, 𝐶𝑝 at the rod is flat, suggesting that no flow impingement 
takes place on the rod in the low-speed flow region behind the fairing. 
Thus, the fairings shield the rod and the torque link, reducing the noise 
generation. The shielding effect for noise reduction was also noted by 
Zhao et al. [13].

Fig. 18 compares the predicted flow statistics along the wake center 
line with PIV experiments for both the baseline and controlled cases. 
Overall, for both the mean streamwise velocity and the root-mean-

square of the streamwise velocity fluctuation, the agreement with the ex-
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Fig. 16. Contours of the mean streamwise velocity on three different horizontal planes for the baseline and the two controlled cases. The blue lines �̄� = 0 indicate 
the recirculation region.
Fig. 17. Pressure coefficient on the surface of an LG wheel and a rod: (a) Wheel; 
and (b) rod at 𝑍 = 50 mm.

periments is good except at 𝑍 = 120 mm for the baseline case (Fig. 18(e) 
and (f)). For the baseline case, the discrepancy at 𝑍 = 120 mm between 
the numerical prediction and the experiment is potentially due to (i) the 
much finner-scale turbulence generated by the torque link which has a 
complex geometry with very small dimensions, and (ii) the complex 
joint (downstream the torque link) between the bigger and smaller rods 
where the grid resolution for an accurate numerical prediction becomes 
demanding. A much finer mesh is needed to resolve these complex ge-
ometries and small-scale turbulence. Fortunately, as will be seen in the 
acoustic analysis below, this does not have a significant impact on noise 
prediction.

Fig. 19 shows the predicted flow statistics along the vertical line at 
𝑋 = 1.7𝑑𝑤 in comparison with PIV measurements. The largest discrep-
ancy is seen, for the baseline case, at 𝑌 = 0 (see Fig. 19(e)), correspond-
ing to the discrepancy shown in Fig. 18(e). As the distance from 𝑌 = 0
increases, the discrepancy diminishes. Overall, the agreement between 
the numerical simulation and the experiment is good. The agreement 
for the two controlled cases is generally better than that for the baseline 
case, suggesting that the baseline case is more challenging to simulate 
potentially due to the complicated turbulent wakes generated by the 
torque link and the complex joint (downstream the torque link) between 
the bigger and smaller rods, whereas these flow features are absent in 
11

the controlled cases due to the shielding of the fairings.
Table 2

Drag force of the baseline and two controlled land-
ing gears.

Case Baseline Solid DLRWM

Total Drag (N) 15 23 22
Drag of Fairing (N) / 14 14

To compare the aerodynamic performance of the baseline and con-
trolled configurations, Table 2 shows the drag force of the baseline and 
two controlled landing gears. The contribution from the solid and DL-
RWM fairings is the same. The total drag forces of both controlled cases 
are also very similar and are about 50% higher than that of the base-
line case, as expected. The time-averaged pressure distribution on the 
solid and DLRWM fairings is shown in Fig. 20. With some noisy fea-
tures of the DLRWM fairing, the pressure distribution on both fairings 
is very similar, again demonstrating that the DLRWM fairing functions 
very similarly to the solid fairing.

The sound pressure level distributed on the surface of the land-
ing gear with and without fairings is presented in Fig. 21. Here, the 
sound pressure level is the logarithmic value of the ratio between the 
root-mean-square pressure fluctuation (𝑝′

𝑟𝑚𝑠
) and the reference pressure 

(𝑝𝑟𝑒𝑓 = 20 μPa), as follows

𝑆𝑃𝐿 = 20 log
(
𝑝′
𝑟𝑚𝑠

𝑝𝑟𝑒𝑓

)
. (10)

For the baseline landing gear, the torque link and brakes are important 
noise sources, as demonstrated by the high-level SPL distribution on 
the brakes and the higher-level SPL distribution on the torque link in 
Fig. 21(a). With the protection from either the solid or DLR wire-mesh 
fairing, lower noise levels are observed on the torque link and brakes. 
Therefore, the fairings shield the torque link and brakes, weakening the 
pressure fluctuation distributed on the torque link and brakes. However, 
it is also observed that a noise source is shifted to the upper part of the 
LG rod, as shown in Fig. 21(b) and (c), because the flow is redirected 
due to the shielding effect of the fairings.

Fig. 22 shows the contours of the turbulent kinetic energy (TKE) on 

three different horizontal planes in the LG wake region for the base-
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Fig. 18. Flow statistics along the wake center lines: (a) Mean streamwise velocity at 𝑍 = 0; (b) root-mean-square of streamwise velocity fluctuation at 𝑍 = 0; (c) 
mean streamwise velocity at 𝑍 = 50 mm; (d) root-mean-square of streamwise velocity fluctuation at 𝑍 = 50 mm; (e) mean streamwise velocity at 𝑍 = 120 mm; and 
(f ) root-mean-square of streamwise velocity fluctuation at 𝑍 = 120 mm.

Fig. 19. Flow statistics along the wake vertical lines at 𝑋 = 1.7𝑑𝑤: (a) Mean streamwise velocity at 𝑍 = 0; (b) root-mean-square of streamwise velocity fluctuation at 
𝑍 = 0; (c) mean streamwise velocity at 𝑍 = 50 mm; (d) root-mean-square of streamwise velocity fluctuation at 𝑍 = 50 mm; (e) mean streamwise velocity at 𝑍 = 120
mm; and (f ) root-mean-square of streamwise velocity fluctuation at 𝑍 = 120 mm.
line and the two controlled cases. It is clear that both the solid and the 
DLR wire-mesh fairings broaden the turbulent wake downstream of the 
landing gears with generally larger values of TKE, suggesting that the 
fairings induce more turbulence production. This unveils the fairing-
induced noise-reduction mechanism. In the presence of an add-on solid 
fairing or the DLR wire-mesh fairing, overall, the turbulent fluctuations 
are not suppressed (see also Figs. 18 and 19). However, as already seen 
in Fig. 16, the fairings significantly reduce the flow velocities impinging 
on the surfaces of the LG rod, torque link and brakes, etc, suppressing 
massive flow separation off these structural components. It is a reduction 
of impinging flow velocities, rather than a reduction of turbulence gen-
eration, that leads to the noise abatement, strengthening the summaries 
12

of bluff-body noise-reduction mechanisms using fairings by Zhao et al. 
[13]. It is also interesting to note that the noise-reduction mechanism 
here using the solid fairing and the dense DLR wire mesh is different 
from the mechanism using a coarse wire mesh (e.g. the ONERA wire 
mesh, see Fig. 2(b)) in previous studies [18–21]. The coarse ONERA 
wire mesh served to reduce the TKE, leading to the noise reduction of 
bluff bodies.

4.3. Comparison of the baseline and controlled cases: acoustic field

Fig. 23 shows the one-third octave bin-averaged SPL for both flyover 
and sideline configurations. Results pertaining to both the center micro-
phones and the average of the microphone arrays are presented. Based 

on the numerical simulations, the FW-H analogy using a permeable in-
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Fig. 20. Time-averaged pressure on the solid and DLRWM fairings: (a) From left to right: upstream side of the solid fairing, downstream side of the solid fairing, 
upstream side of the DLRWM fairing and downstream side of the DLRWM fairing; and (b) along the line Y=0 on the upstream and downstream sides of both fairings. 
The dynamic pressure is 𝑝0 = 𝜌U2

0∕2.

Fig. 21. Sound pressure level distributed on the surface of the landing gear: (a) Baseline case; (b) controlled case with a solid fairing; and (c) controlled case with 
the DLR wire-mesh fairing.

Fig. 22. Contours of the turbulent kinetic energy (𝑘) on three different horizontal planes for the baseline and the two controlled cases.
tegral surface is adopted to predict the far-field noise. For the baseline 
case, the agreement between the measurements and the numerical pre-
dictions is satisfactory, particularly in the middle-frequency range. For 
the two controlled cases, the numerical predictions agree very well with 
the experiments in the low to middle frequency range but deviate from 
the experiments from 3000 Hz and agree with the experiment again from 
12000 Hz. Given that both the spatial and temporal resolution are suf-
ficient to resolve the noise in the above frequency range and that the 
13

baseline simulation gives a relatively good prediction in this frequency 
range, the reason is probably due to the small gaps between the fair-
ings and the LG wheels, leading to insufficient accuracies in resolving 
the flow features in association with such gaps. It is clear that signifi-
cant noise can be reduced through the introduction of a solid fairing or 
the porous DLR wire mesh for the landing gears. Again, for the two con-
trolled cases, the spectra are essentially similar, indicating that the DLR 
wire mesh functions like a solid fairing.

Fig. 24 shows a comparison of the directivity of the SPL, defined in 

Eq. (10), for the three simulation cases. As compared to the baseline 
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Fig. 23. The one-third octave bin-averaged SPL of the FW-H predictions: (a) Center microphone of the flyover array; (b) center microphone of the sideline array; (c) 
mean of the flyover 64-microphone array; and (d) mean of the sideline 64-microphone array.

Fig. 24. Comparison of SPL directivity for the simulated baseline and controlled LAGOON landing gears: (a) Circle on plane 𝑌 = 0 with a radius of 1.05 m; and (b) 
circle on plane 𝑍 = 0 with a radius of 1.36 m.
case, the two controlled cases achieve a noise reduction of 4-6 dB in all 
radial directions. Moreover, comparing the SPL using both wire-mesh 
models, the directivity predicted using Model II is close to that of the 
controlled case with a solid fairing. However, the directivity predicted 
using Model I is much smaller than that of the controlled case with a 
solid fairing. Although no experimental data of the SPL directivity are 
available, the similar experimental spectra of the controlled case with 
a solid fairing versus those of the controlled case with the DLR wire-
mesh fairing in Fig. 23 demonstrate that the noise emitted from the 
controlled case with a solid fairing is similar to the noise emitted from 
the controlled case with the DLR wire-mesh fairing. In this regard, Model 
II gives a much better prediction of the SPL directivity than Model I, 
again demonstrating the superiority of the improved wire-mesh model.

5. Concluding remarks

In this paper, we numerically and experimentally investigate the 
noise-reduction performance of a solid fairing and a wire-mesh fair-
14

ing consisting of very fine wires and pores. The turbulent flows over 
a slightly modified LAGOON landing gear and two configurations, one 
equipped with a solid fairing and the other with a wire-mesh fairing, are 
simulated using IDDES. Flow and acoustic quantities in the simulations 
are respectively compared to the PIV and microphone measurements 
conducted at A-Tunnel, Delft University of Technology. An assessment 
of the improved wire-mesh model, recently proposed by Li et al. [33], is 
performed on the controlled LG with the DLR wire mesh, in comparison 
to the classical model [18,19]. Overall, results show that the flow and 
acoustic predictions given by the improved model are closer to the ex-
periments than those given by the classical model. Thus, the improved 
wire-mesh model not only produces better aerodynamic predictions in 
internal flows (i.e. channel flows, as seen in Li et al. [33]) but also per-
forms slightly better in both aerodynamic and aeroacoustic predictions 
of external flows.

For the baseline and two controlled cases, the numerically predicted 
pressure coefficients agree reasonably well with the experiments on both 
the LG wheel and rod surfaces. The predictions of the mean streamwise 
velocity and the root mean square of the streamwise velocity fluctua-

tion agree reasonably well with the experimental data. It is also found 
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that the agreement with experiments for the two controlled cases is gen-
erally better than that for the baseline case, suggesting that the baseline 
case is more challenging to resolve the flow features of the freestream 
impingement on the torque link.

The numerically predicted and experimentally measured far-field 
noise, associated with the center microphones and the average of the 
flyover and sideline microphone configurations, are presented for the 
baseline case and the two controlled cases. For the baseline case, the 
agreement between the measurements and the numerical predictions 
is satisfactory, particularly in the middle-frequency range. For the two 
controlled cases, the numerical predictions agree very well with ex-
periments in the low to middle frequency range but deviate from the 
experiments from 3000 Hz and agree with the experiment again from 
12000 Hz, likely due to the challenges in resolving the flow features at 
the small gaps between the fairing and the LG wheels. With the aero-
dynamic penalty of a 50% increase in drag, the results show significant 
noise reduction through the installation of a solid fairing or the porous 
DLR wire mesh for the landing gears, owing to the fact that the fairings 
significantly reduce the flow velocities impinging on the surfaces of the 
LG rod, torque link and brakes, etc. Moreover, the directivity of the SPL 
shows that the two controlled cases achieve a noise reduction of 4-6 dB 
in all radial directions. The fairing-induced noise-reduction mechanism 
is also explored in this study. Both fairings effectively mitigate pres-
sure fluctuations on the torque link and brakes, reducing surface noise 
sources. These findings pave the way for the low–noise design of aircraft 
landing gears in practical applications.

In summary, numerical wire-mesh models for representing the ef-
fects of wire meshes in flows are very useful for industrial low-noise 
designs supported by effective Computational Fluid Dynamics (CFD) 
and Computational Aero-Acoustics (CAA) analyses. The present work, 
exploring add-on fairings for the LG noise abatement, provides valuable 
insight into the noise-reduction mechanism in relation to the aerody-
namic flow features manipulated by the fairings, serving practical flight 
testing and commercial implementation. Compared to other recent mod-
els that generate additional turbulence by altering turbulence models 
(e.g., Ref. [24]), the current model neither alters the SST 𝑘 − 𝜔 tur-
bulence model nor the subgrid-scale model used in the present IDDES. 
This is because, in the case of the dense wire-mesh fairing used here, tur-
bulence is primarily produced by vortex shedding from the side edges 
of the fairing, as demonstrated by both wind-tunnel tests and numeri-
cal simulations [33,51]. Therefore, the dense DLR wire mesh functions 
similarly to a solid fairing, making an alteration of the turbulence model 
unnecessary [33]. In future work, since the present numerical model is 
limited to wire meshes at zero angle of incidence, it should be general-
ized to enable the modelling of wire meshes at any arbitrary angle of 
incidence. The present wire-mesh model will also probably be general-
ized for other porous fairings.
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Appendix A

The FW-H equation in its standard differential reads [37,42]

□2𝑝′ (𝐱, 𝑡) = 𝜕

𝜕𝑡

[(
𝜌0𝑈𝑛

)
𝛿 (𝑓 )

]
− 𝜕

𝜕𝑥𝑖

[
𝐿𝑖𝛿 (𝑓 )

]
+ 𝜕2

𝜕𝑥𝑖𝜕𝑥𝑗

[
𝑇𝑖𝑗𝐻 (𝑓 )

]
,

(11)

where □2, equivalent to 
(
1∕𝑐2

)(
𝜕2∕𝜕𝑡2

)
−∇2, represents the D’Alem-

bertian operator. 𝜌0 is the density of far-field undisturbed medium. 
𝐻 (𝑓 ) and 𝛿 (𝑓 ) are the Heaviside function and the Dirac delta func-
tion, respectively. 𝑈𝑛, 𝐿𝑖 and the Lighthill stress tensor 𝑇𝑖𝑗 are defined, 
respectively, as

𝑈𝑛 =
(
1 − 𝜌

𝜌0

)
𝑣𝑛 +

𝜌𝑢𝑛

𝜌0
, (12)

𝐿𝑖 = 𝑃𝑖𝑗𝑛𝑗 + 𝜌𝑢𝑖
(
𝑢𝑛 − 𝑣𝑛

)
, (13)

𝑇𝑖𝑗 = 𝜌𝑢𝑖𝑢𝑗 +
[(
𝑝− 𝑝0

)
−
(
𝜌− 𝜌0

)
𝑐2
]
𝛿𝑖𝑗 − 𝜎𝑖𝑗 , (14)

where 𝑣𝑛 is the surface velocity component normal to the surface, 𝑢𝑛
is the fluid velocity component normal to the surface, 𝑛𝑗 is the surface 
normal vector, 𝑢𝑖 is the fluid velocity component in the 𝑖 direction, 𝑝0
is the pressure of far-field undisturbed medium, 𝑐 is the sound speed, 
𝛿𝑖𝑗 is the Kronecker delta, and 𝜎𝑖𝑗 is the viscous stress tensor. 𝑃𝑖𝑗 is the 
compressive stress tensor and is expressed as

𝑃𝑖𝑗 =
(
𝑝− 𝑝0

)
𝛿𝑖𝑗 − 𝜎𝑖𝑗 . (15)

Using Farassat’s formulation 1A [40,41], an integral representation of 
the solution of Eq. (11) can be expressed as

𝑝′ (𝐱, 𝑡) = 𝑝′
𝑇
(𝐱, 𝑡) + 𝑝′

𝐿
(𝐱, 𝑡) + 𝑝′

𝑄
(𝐱, 𝑡) , (16)

where 𝑝′
𝑇
(𝐱, 𝑡), 𝑝′

𝐿
(𝐱, 𝑡) and 𝑝′

𝑄
(𝐱, 𝑡) represent the monopole (thick-

ness), dipole (loading) and quadrupole terms, respectively. 𝑝′
𝑇
(𝐱, 𝑡) and 
𝑝′
𝐿
(𝐱, 𝑡) can be respectively expressed as
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𝑝′
𝑇
(𝐱, 𝑡) = 1

4𝜋 ∫
𝑓=0

[
𝜌0

(
�̇�𝑛 +𝑈�̇�

)
𝑟
(
1 −𝑀𝑟

)2
]
𝑟𝑒𝑡

𝑑𝑆

+ 1
4𝜋 ∫

𝑓=0

[
𝜌0𝑈𝑛

[
𝑟�̇�𝑟 + 𝑐

(
𝑀𝑟 −𝑀2)]

𝑟2
(
1 −𝑀𝑟

)3
]
𝑟𝑒𝑡

𝑑𝑆,

(17)

𝑝′
𝐿
(𝐱, 𝑡) = 1

4𝜋𝑐 ∫
𝑓=0

[
�̇�𝑟

𝑟
(
1 −𝑀𝑟

)2
]
𝑟𝑒𝑡

𝑑𝑆

+ 1
4𝜋 ∫

𝑓=0

[
𝐿𝑟 −𝐿𝑀

𝑟2
(
1 −𝑀𝑟

)2
]
𝑟𝑒𝑡

𝑑𝑆

+ 1
4𝜋𝑐 ∫

𝑓=0

[
𝐿𝑟

[
𝑟�̇�𝑟 + 𝑐

(
𝑀𝑟 −𝑀2)]

𝑟2
(
1 −𝑀𝑟

)3
]
𝑟𝑒𝑡

𝑑𝑆,

(18)

in which 𝑟 = |𝐱 − 𝐲| is the distance between observer and source, 𝑓 = 0
represents the integral surface, and 𝑀 = |𝐌| where 𝐌 is the local Mach 
number vector of source with respect to a frame fixed to the undis-
turbed medium [55]. A dot over a variable implies the derivative with 
respect to source time of that variable. A subscript 𝑟 or 𝑛 indicates a 
dot product of the vector with the unit vector in the radiation direc-
tion 𝐫 or the unit vector in the surface normal direction 𝐧, respectively. 
Namely, 𝑈𝑛 = 𝑈𝑖𝑛𝑖, 𝑈�̇� = 𝑈𝑖�̇�𝑖, 𝑀𝑟 =𝑀𝑖𝑟𝑖, 𝐿𝑟 = 𝐿𝑖𝑟𝑖, 𝐿𝑀 = 𝐿𝑖𝑀𝑖, and 
𝑀𝑖 = 𝑣𝑖∕𝑐 where 𝑣𝑖 represents the surface velocity component in the 
𝑖 direction. The subscript 𝑟𝑒𝑡 indicates quantities evaluated at the re-
tarded time 𝜏 = 𝑡 − 𝑟∕𝑐.

It should be noted that, for an impermeable integral surface, the 
surface velocity component normal to the surface is equal to the fluid 
velocity component normal to the surface, i.e. 𝑢𝑛 = 𝑣𝑛. At low Mach 
numbers, the quadrupole contribution 𝑝′

𝑄
(𝐱, 𝑡) is very small and can 

be neglected. For a permeable integral surface, the integral surface is 
expected to enclose all quadrupole sources. The permeable FW-H for-
mulation assumes that the contribution to the total noise of volumetric 
sources outside the integral surface is negligible [38,56].
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