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ABSTRACT

A novel wire mesh consisting of very fine wires and pores is numerically investigated for the purpose of noise reduction. To develop a
numerical model for this wire mesh, a set of experimental flow-field data has been deployed for the model validation. The experimental data
were measured with only 22% of the wind-tunnel cross section covered by the wire mesh, taking into account the vortex shedding from both
sides of the wire-mesh fairing. It is found that existing wire-mesh models using a damping-type source term proportional to the square of
flow velocity do not perform well in modeling this novel wire mesh. To tackle this issue, an improvement is proposed by additionally intro-
ducing a linear term to account for the permeability of the wire mesh, based on another set of experiments with the wind-tunnel cross section
fully covered by the wire mesh. The proposed model is then validated against the experimental data, demonstrating its capability in modeling
the wire mesh. Subsequently, the model is applied to a tandem cylinder configuration. Results show that a wide but short-span wire mesh sig-
nificantly reduces the dominant tone of tandem cylinders, noise at higher frequencies, as well as the overall sound pressure levels.

VC 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0129284

I. INTRODUCTION

With the continuous increase in air transportation over the past
several decades, aircraft noise has become a more pressing topic of
concern.1 During approach and landing phases, landing gear noise,
mostly generated by the interaction of turbulent flows with aircraft
landing gears (LG), is one of the main contributors to the aircraft noise
in the vicinity of airports. The development of effective noise reduction
techniques (NRTs) is, thus, of paramount importance to the design of
next generation quieter landing systems for business jets and transport
aircrafts.

Perforated fairings have been demonstrated to be an impressive
NRT for landing gear noise.2–5 Among the various NRTs for landing
gear noise, fairings probably have the highest technology readiness
level (TRL).6 Particularly, wire meshes have been investigated in some
European Union’s projects, e.g., the technologies to improve airframe
noise (TIMPAN), the advanced low noise landing (main and nose)
gear for regional aircraft (ALLEGRA), the highly accurate/reliable WT
test demonstration of low-noise innovative MLG configuration
(ARTIC), the innovative methodologies and technologies for reducing
aircraft noise generation and emission (IMAGE), and the innovative
design of installed airframe components for aircraft noise reduction

(INVENTOR) projects. The work carried out in this paper is part of
the on-going INVENTOR project. Indeed, in these and many other
previous studies, the mechanism using wire meshes for bluff-body
noise reduction has intensively been explored. As summarized by
Zhao et al.,6 this is associated with three possible aspects, all interfering
with bluff-body flow aerodynamics. First, meshes reduce local imping-
ing flow velocities; second, meshes may break up the incoming flow
into small-scale vortices so that spanwise coherent vortices shedding
from the bluff body are altered;7 and third, meshes may move the vor-
tex shedding away from bluff-body surfaces, thus reducing the acoustic
radiation efficiency.

Wind-tunnel experiments were conducted to study the perform-
ances of wire meshes on LG noise reduction in the framework of the
TIMPAN project.8,9 Oerlemans et al.8 performed acoustic and resis-
tance tests on wire meshes of different materials (aluminum, steel, and
nonmetallic materials), different wire and pore dimensions, and differ-
ent shapes for LG noise reduction in NLR’s Small Anechoic Wind
Tunnel in the Netherlands. It was found that the wire meshes yielded
a drastic broadband noise reduction for a wide range of mesh materi-
als and shapes. Smith et al.9 conducted tests on a 1=4 scale model of a
main landing gear for a long-range aircraft in the QinetiQ NTF test
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facility, with wire meshes used. The measured noise data were then
transposed to flight conditions, showing that a reduction of more than
3 effective perceived noise decibel (EPNdB) noise was achieved for a
main landing gear during approach and that the total aircraft noise
was reduced by 0.8 EPNdB.9

Although wind-tunnel tests can be performed to study the noise
reduction effects and mechanisms of wire meshes, they are very expen-
sive. Numerical simulations coupled with an acoustic analogy are the
most commonly adopted approach. The biggest challenge of numeri-
cal simulations, however, is that the openings of wire meshes are often
very small in comparison with real-world industrial geometries. Such
large difference in dimensions between the real-world geometry and
the wire-mesh pores (which generate much finer eddies downstream
the wire meshes) makes detailed meshing of the real-world geometry
and the wire mesh not practical since it will result in a large amount of
computational cells. It is, thus, industrially impractical to resolve wire
meshes in numerical simulations. A numerical model for wire meshes
is imminently favored.

For its computational effectiveness, numerical modeling of wire
meshes has attracted increasing attention for bluff-body noise reduc-
tion. There are numerous ways to model the effect of wire meshes.
Chen and Li10 modeled the wire mesh as an array of identical tiny cir-
cular cylinders arranged in parallel. Okolo et al.11 modeled the flow
through woven wire meshes as laminar flow. The decay of turbulence
quantities downstream of the screens was then taken into account
with the aid of a suitably selected turbulence model that best replicates
the experimental data. Okolo et al.12 modeled the effect of three-
dimensional (3D) wire-mesh screens by using staggered cylinders as
an approximate two-dimensional (2D) simplification, resulting in sat-
isfactory velocity field, pressure loss, and turbulence intensity in com-
parison with both experiments and 3D simulations. This provides the
possibility of studying the effect of wire-mesh screens upstream or
wrapped around 2D shapes for flow and noise control, thus signifi-
cantly reducing simulation costs. Most often, the flow-through wire
meshes are modeled using a damping-type source term in the momen-
tum equations,13–15 sometimes together with turbulence alterations or
modeling to account for the turbulence generated downstream the
wire meshes.16–18 To determine the resistance coefficient, these wire-
mesh models rely on the use of empirical formulas which were pro-
posed based on measurements in a wind tunnel with the tunnel cross
section fully covered by a wire mesh,19,20 i.e., with the four sides of the
wire mesh blocked by the wind-tunnel walls [see Fig. 1(a)]. However,
in practical LG applications, wire meshes are often deployed and
exposed to freestream in an open area. It is, thus, for this reason that a
set of tests with only 22% of the tunnel cross section covered by a wire
mesh [see Fig. 1(b)], taking into account the vortex shedding from the
wire-mesh fairing side edges, are conducted in the framework of the

on-going INVENTOR project. In the present study, a novel wire-mesh
model is proposed and validated against these measurements. The
model is then applied to a tandem cylinder configuration to assess its
performance in noise reduction.

In this paper, we model a novel dense wire mesh consisting of
very fine wires and pores. This wire mesh was fabricated by the
German Aerospace Center (DLR) and is hereinafter called the DLR
wire mesh. The DLR wire mesh has shown significant capabilities in
LG noise reduction. Indeed, fine wire meshes are also widely deployed
in acoustic liners for aircraft engine noise reduction.10,21 Although a
source term for the momentum equations, proportional to the square
of flow velocity, has been proposed and successfully applied to model
wire meshes with relatively large wires and lattices,14,15 it is found that
these existing models do not perform well in modeling the novel DLR
wire mesh. Such a limitation has, thus, motivated the introduction of
an additional linear term, proportional to the flow velocity, to the
source term of the momentum equations. The physical logic behind
this is that in the experimental configuration with only 22% of the
wind-tunnel cross section covered by a wire mesh, the air does not
fully pass through the wire-mesh fairing. Rather, a significant portion
of the air passes over the wire-mesh fairing from the fairing side edges.
In this case, the portion of air passing through the pores of the fairing
may play a role, which is related to the permeability. The additionally
introduced linear term here is a characterization of the permeability of
the wire mesh. Indeed, as also indicated by Rice,21 the small pore size
causes a large part of the pressure drop to be governed by laminar flow
conditions and, thus, provides a fairly linear resistance.

The paper is organized as follows: Sec. II is devoted to a descrip-
tion of the experimental data used for the validation of our wire-mesh
model and for determining the model parameters. The details of the
numerical setup and numerical methods are also described in this sec-
tion. The limitation of the existing wire-mesh models, followed by an
improved model proposed in this study, is described in Sec. III. The
proposed wire-mesh model is then validated against the experiments
in Sec. IV. In Sec. V, the model is applied to a tandem cylinder config-
uration to assess its performance in noise reduction. Finally, conclud-
ing remarks are summarized in Sec. VI.

II. EXPERIMENTAL DATA AND NUMERICAL SETUP
A. Description of the experimental data

In the present study, experimental data, including mean flow,
turbulence, and pressure drop, are used for the validation of our wire-
mesh model and for determining the model parameters. They are
measured in the wind tunnel for aeroacoustic boundary layer, includ-
ing pressure gradient effect (WAABLIEF) at the von Karman Institute
for Fluid Dynamics (VKI) and in the Aero-thermo-Acoustics Bench
(B2A) at the Office National d’Etudes et de Recherches A�erospatiales
(ONERA).

The WAABLIEF wind tunnel is an open-loop suction-type sub-
sonic wind tunnel with a closed square test section of 250� 250mm2.
The straight square test section has a length of 2m. This wind tunnel
is a low-turbulence wind tunnel with the free-stream turbulence inten-
sity below 0.5% (see Ref. 22). This wind tunnel has been specifically
designed for aeroacoustic studies. The readers may refer to Ref. 22 for
more details regarding this wind tunnel. In the present measurements,
the fairing has a width of L¼ 54mm and a span of H¼ 250mm and
is placed at 1.25m from the entrance of the test section. The fairing

FIG. 1. Sketch of a fairing in a wind tunnel: (a) with the wind-tunnel cross section
fully covered by the fairing and (b) with only 22% of the wind-tunnel cross section
covered by the fairing.

Physics of Fluids ARTICLE scitation.org/journal/phf

Phys. Fluids 35, 015103 (2023); doi: 10.1063/5.0129284 35, 015103-2

VC Author(s) 2023

 15 M
ay 2025 06:38:50

https://scitation.org/journal/phf


covers an area of 22% of the wind-tunnel cross section [see Fig. 1(b)].
The pressure drop is measured by placing a Pitot tube at ðx
�xfairingÞ=L ¼ �5:778 upstream the fairing and three Pitot tubes
downstream the fairing at ðx � xfairingÞ=L ¼ 0:185, 0.741, and 1.296,
respectively. For a velocity at the wind-tunnel entrance u1 ¼ 16 m/s,
the pressure drop measured at the above-mentioned three locations
are Dp=ð0:5qu21Þ ¼ 3:4991, 4.0812, and 4.2791, respectively (see Ref.
23). The velocities are measured downstream the fairing using hot
wires. The pressure drop, mean velocity, and turbulence intensity mea-
sured in the WAABLIEF wind tunnel will be used to validate our pro-
posed numerical model for the DLR wire mesh.

The B2A wind tunnel is designed so that the static flow tempera-
ture can be accurately regulated from the ambient temperature up to
300 �C, with a mean flow bulk Mach number up to 0.5. A 0.2m long
test section is equipped with two silica windows for optical access. This
wind-tunnel cross section has a dimension of 50� 50mm2. More
details on the B2A wind tunnel can be found in Refs. 24 and 25. It is
important to note that, in this experimental measurement, the fairing
fully covers the entire cross section [see Fig. 1(a)]. In other words, the
fairing has the same dimension as the wind-tunnel cross section, i.e.,
50mm in width and span. The pressure drop is measured by static pres-
sure taps on the top of the test section upstream and downstream the
fairing. For a velocity at the wind-tunnel entrance u1 ¼ 16:6 m/s, the
pressure drop measured in the B2A wind tunnel is Dp=ð0:5qu21Þ
¼ 56:883 (see Ref. 25), and this measurement will be used to determine
the parameters of our numerical model for the DLR wire mesh.

B. Numerical setup

The wire-mesh model proposed in the present study will be vali-
dated against the experiments conducted in theWAABLIEF wind tun-
nel. Figure 2(a) shows a wire-mesh fairing with a wire diameter of
d¼ 1mm and a spacing between wires of s¼ 4mm (hereinafter called
the ONERA wire mesh), leading to a porosity of b ¼ 0:64. This wire
mesh has been investigated numerically in the IMAGE project.17,18

Figure 2(b) shows the DLR wire-mesh fairing with a diameter of
d¼ 0.042mm and a spacing between wires of s¼ 0.14mm, leading to
a porosity of b ¼ 0:59. The DLR wire mesh has recently been tested to
be very efficient in reducing LG noise in the framework of the on-
going INVENTOR project. Figure 2(c) shows the wire diameter d and
the spacing between the wires s in a sketch.

The simulated configuration here is a 1.0m long channel with a
square cross section of 250� 250mm2 [see Fig. 3(a)]. The velocity at
the channel inlet is u1 ¼ 16 m/s, corresponding to a Reynolds num-
ber of 132 000 based on the inlet velocity and the half-height of the
channel. At the channel inlet, the velocity profile near the channel
walls is prescribed according to the 1/7th power law.22 Different num-
ber of cells in the streamwise direction (and, thus, different thick-
nesses) are used to represent the wire-mesh fairing. Four different
time steps of Dt ¼ 1:0� 10�3, 1:0� 10�4, 1:1� 10�4 (time step
used for pyCALC-LES simulations only), and 1:0� 10�5 s are used in
the simulations. Similar to the WAABLIEF experiments, in numerical
simulations, the wire-mesh fairing has a width of L¼ 54mm and a
span ofH¼ 250mm.

Table I shows nine computational meshes of different resolution
in the present study. Except Mesh 5, the meshes are refined at and
around the fairing, i.e., the minimum cell size in the streamwise direc-
tion Dxmin occurs at x=Lch ¼ 0:25 where Lch is the length of the chan-
nel, i.e., Lch ¼ 1m. Then, the meshes are stretched gradually in the
streamwise direction and maximum Dxmax occurs at the furthest
upstream and downstream locations in the computational domain.
Figure 3(b) shows a structured computational mesh (Mesh 1) with
grid refinement at x=Lch ¼ 0:25. In the channel flow simulations per-
formed in this paper, unless shown in the figure legends, Mesh 1 is
used. In the present study, the fairing mid-plane is located at
x=Lch ¼ 0:25; 0 < y=H < 1; 0:392 < z=H < 0:608.

FIG. 2. Two different wire meshes: (a) ONERA wire mesh, (b) DLR wire mesh, and
(c) sketch of an isolated wire mesh.

FIG. 3. The numerical setup in the present study: (a) computational domain and
(b) computational mesh (Mesh 1). The blue dashed line in (a) is a line at the inter-
section of planes y=H ¼ 0:356 and z=H ¼ 0:5. The mean streamwise velocity,
turbulence intensity, and pressure drop were measured along this line in the
WAABLIEF wind tunnel.
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We perform large-Eddy simulations (LES) with the wall-
adapting local Eddy-viscosity (WALE) subgrid-scale model. The simu-
lations are performed using the commercial Siemens STAR-CCMþ
version 2021.126 and the in-house code pyCALC-LES.27 For the
STAR-CCMþ, the readers may refer to the user guide for the numeri-
cal algorithms.28 In this study, the Navier–Stokes equations are solved
in a coupled manner. An implicit, second-order, three-level Euler
scheme is used for the time integration. For the pyCALC-LES, it is an
incompressible finite-volume code. It is fully vectorized without “for”
loops. The solution procedure is based on fractional step. The discreti-
zation in space is a combination of central differencing (95%) and
MUSCL (5%). MUSCL is a second-order upwind scheme. The
Crank–Nicolson scheme is used in time marching. More details of the
numerical methods are given in Sec. II C.

C. Numerical methods for the solvers

1. STAR-CCM1

In STAR-CCMþ, the discretized governing equation of fluid
flow can be written as28

d
dt

ðq/VÞ0 þ
X
f

q/ð~u �~aÞ½ �f ¼
X
f

Cr/ �~a½ �f þ ðS/VÞ0; (1)

where the subscript “0” denotes the quantities at the cell center of a
finite control volume and the subscript “f” represents the quantities
at the cell face. V is the volume of the cell and~a is the surface area
vector of face f of the cell. By setting / equal to 1, u1, u2, u3, or E and
selecting appropriate values for the diffusion coefficient C and
source term S/, the equations for mass, momentum, and energy
conservation can be obtained. From left to right, the four terms in
Eq. (1) represent the transient term, convective flux, diffusive flux,
and source term.

The discretized convective flux at a face can be rearranged as
follows:

ðq/~u �~aÞf ¼ ð _m/Þf ¼ _mf/f ; (2)

where _mf is the mass flow rate at the face. The bounded central-
differencing (BCD) scheme is used to approximate the convective flux
as

ð _m/Þf ¼
_m/FOU if n < 0 or n > 1

_m r/CD þ ð1� rÞ/SOU½ � if 0 � n � 1;

(
(3)

where /FOU ; /CD, and /SOU are cell-face center values obtained
through first-order upwind, central-differencing, and second-order
upwind interpolation, respectively. n is the normalized-variable dia-
gram (NVD) value that is computed based on local conditions. r is a
smooth and monotone function of n, i.e., r ¼ rðnÞ, which satisfies
rð0Þ ¼ 0 and rðnÞ ¼ 1 for nubf < n. nubf is the upwind blending fac-
tor whose value ensures a proper balance between the accuracy and
robustness of the scheme.28

For the diffusive flux, to obtain an accurate second-order expres-
sion for an interior face gradient that implicitly involves the cell values
/0 and /1, the following decomposition is used:

r/f ¼ ð/1 � /0Þ~a þr/ � ðr/ � d~sÞ~a; (4)

where

~a ¼ ~a
~a � d~s ; (5)

d~s ¼~x1 �~x0; (6)

r/ ¼ ðr/0 þr/1Þ
2

: (7)

The diffusive flux at an interior face can then be written as

ðCr/ �~aÞf ¼ Cf ð/1 � /0Þ~a �~a þr/ �~a � ðr/ � d~sÞ~a �~a
� �

; (8)

where Cf is a harmonic average of the cell values.
For the transient term, an implicit, second-order, three-level

Euler scheme is used for the time integration as follows:

d
dt

ðq/VÞ0 ¼
3
2
ðq/VÞnþ1

0 � 2ðq/VÞn0 þ
1
2
ðq/VÞn�1

0

� �
1
Dt

; (9)

where nþ 1 is the current time level, n and n�1 are the previous two
time levels, andDt is the time step.

2. pyCALC-LES

The filtered incompressible Navier–Stokes equation for LES reads

@~ui

@t
þ @~ui~uj

@xj
¼ � @~p

@xi
þ �

@2~ui

@xj@xj
� @srij

@xj
; (10)

where � is the kinematic viscosity and srij is the anisotropic residual
stress tensor.27,29 The discretized equation reads

~unþ1=2
i ¼ ~un

i þ DtH ~un
i ; ~u

nþ1=2
i

� �
� aDt

@~pnþ1=2

@xi
� ð1� aÞDt @~p

n

@xi
;

(11)

where H includes convective, viscous, and subgrid-scale terms. The
convective terms are discretized using 95% central differencing and

TABLE I. Computational meshes for channel flows. The cell dimensions Dx; Dy,
and Dz listed in this table are in millimeter (mm). The total number of cells in the last
column are in million (M). Dy and Dz listed here are dimensions of cells away from
the channel walls. In the near-wall regions, meshes 1–5 include prism layers with
yþ < 1. Wall functions were applied at all channel walls for meshes 6–9 with
yþ ¼ 30.

Mesh Dxmin Dxmax (u/d)
a Dy Dzmin Dzmax # M. cells

1 0.042 5.0/5.0 2.7 2.7 2.7 6.4
2 0.0084 6.0/7.0 2.7 2.7 2.7 8.0
3 1.0 5.0/5.0 2.7 2.7 2.7 6.4
4 1.0 2.7/2.7 2.7 2.7 2.7 5.6b

5 2.7 2.7/2.7 0.9 0.9 0.9 35.0
6 0.65 4.0/4.0 1.9 0.65 4.0 6.5
7 0.65 4.0/2.7 1.9 1.9 1.9 6.9
8 0.65 4.0/4.0 1.9 0.65 2.0 8.9
9 1.0 4.0/4.0 1.9 1.0 2.0 18.4

aMaximum Dx at the furthest upstream and downstream.
bUnstructured polyhedral mesh. Except this mesh, other meshes are structured meshes.
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5% MUSCL. The face velocities ~unþ1=2
f ;i ¼ 0:5ð~unþ1=2

i;j þ ~unþ1=2
i;j�1 Þ (note

that j denotes node number and i is a tensor index) do not satisfy con-
tinuity. Create an intermediate velocity field by subtracting the implicit
pressure gradient from Eq. (11), i.e.,

~u�
i ¼ ~un

i þ DtH ~un
i ; ~u

nþ1=2
i

� �
� ð1� aÞDt @~p

n

@xi
; (12a)

) ~u�
i ¼ ~unþ1=2

i þ aDt
@~pnþ1=2

@xi
: (12b)

Take the divergence of Eq. (12b) and require that @~unþ1=2
f ;i =@xi ¼ 0 so

that

@2~pnþ1

@xi@xi
¼ 1

aDt

@~u�
f ;i

@xi
: (13)

The Poisson equation for ~pnþ1 is solved and then the face velocities
are corrected as

~unþ1
f ;i ¼ ~u�

f ;i � aDt
@~pnþ1

@xi
: (14)

The solution procedure may be summarized as below.

1. Solve the discretized filtered Navier–Stokes equation, Eq. (12a),
for ~u1; ~u2, and ~u3;

2. Create an intermediate velocity field ~u�
i from Eq. (12b);

3. Use linear interpolation to obtain the intermediate velocity field,
~uf ;i, at the face;

4. The Poisson equation Eq. (13) is solved;
5. Compute the face velocities (which satisfy continuity) from the

pressure and the intermediate face velocity from Eq. (14);
6. The eddy viscosity is computed by the WALE model;
7. Convergence is obtained on one iteration: next time step.

The discretized momentum and Poisson equations are solved on
the graphics processing unit (GPU) using the pyamgx solver.

III. WIRE-MESHMODELING
A. Existing wire-mesh models

In classical wire-mesh models, the effect of wire meshes on flows
is modeled using a damping-type source term in the momentum equa-
tions.13–18 Within the wire-mesh region, a volume-averaged source
term S is added to the right-hand side (RHS) of the momentum equa-
tions to model the effect of wire meshes, yielding the compressible LES
momentum equations for filtered velocity ~ui as

@ðq~uiÞ
@t

þ @ðq~ui~ujÞ
@xj

¼ � @~p
@xi

þ @~rij

@xj
þ @rij;SGS

@xj
þ Si; (15)

where ~rij is the viscous stress tensor which can be expressed as

~rij ¼ 2l~Sij � 2
3
l~Skkdij; (16)

and the subgrid-scale stress tensor

rij;SGS ¼ 2lt~Sij �
2
3
lt~Skkdij; (17)

where ~Sij is the strain rate tensor and can be written as

~Sij ¼ 1
2

@~ui

@xj
þ @~uj

@xi

 !
: (18)

If the air flow approaches the wire mesh at zero incident angle,
the source term is expressed as

S1
S2
S3

2
64

3
75 ¼

�K0 � 0:5qj~uj~u=h
0

0

2
64

3
75; (19)

where h is the fairing thickness and the resistance coefficient K0 is
given by an empirical formula20

K0 ¼ 0:5þ 26
Red

� �
1� b2

b2

 !
; (20)

where the porosity b is expressed as

b ¼ ð1� d=sÞ2: (21)

B. Limitation of the existing models

Using the classical model in Eq. (19), Fig. 4 shows the mean
streamwise velocity and turbulent intensity along the line at the inter-
section of Planes y=H ¼ 0:356 and z=H ¼ 0:5. According to
Zamponi et al.,30 the turbulent intensity is defined as

u0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðu� �uÞ cos a½ �2 þ ðv � �vÞ cos a½ �2

q
; (22)

where a is

a ¼ tan�1 �v
�u

� �
: (23)

In the mean streamwise velocity profile, a plateau exists from the
fairing to a distance of L downstream the fairing. Then, the mean
streamwise velocity decreases to a minimum value at x=L ¼ 6:7. This
plateau makes the numerical prediction deviate from the experimental
data. In terms of the turbulent intensity, the numerical prediction pro-
duces a similar trend as the experimental measurements. However,
there still exists a small difference between the two. Figure 5 shows the
pressure drop which has a big disparity between the numerical predic-
tions and the experimental measurements at three locations down-
stream the wire mesh, i.e., ðx � xfairingÞ=L ¼ 0:185, 0.741, and 1.296.

C. An improved model for the DLR wire mesh

Considering the disparity of pressure loss between the
WAABLIEF and the B2A measurements presented in Sec. IIA, we
separate the pressure loss caused by a wire mesh into two parts. On
the one hand, a wire mesh, whether consisting of very fine pores (e.g.,
DLR wire mesh) or coarse pores (e.g., ONERA wire mesh), causes a
quadratic pressure loss proportional to the square of flow velocity. On
the other hand, the permeability of a wire mesh causes a linear pres-
sure loss. For wire meshes consisting of coarse pores (e.g., ONERA
wire mesh), the permeability is high and, therefore, the pressure loss
caused by the permeability is small. For wire meshes consisting of very
fine pores (e.g., DLR wire mesh), the permeability is low so that the
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pressure loss caused by the permeability becomes significant. This
explains why the pressure loss measured in the B2A wind tunnel
(Dp=ð0:5qu21Þ ¼ 56:883) is significantly larger than that given by the
empirical formulas (Dp=ð0:5qu21Þ 	 2:0) for the DLR wire mesh,
although the empirical formulas also came from experiments with the
wind-tunnel cross section fully covered by wire meshes.19,20 We, thus,
propose an improvement to the classical models by additionally intro-
ducing a linear term to characterize the permeability of the DLR wire
mesh as follows:

S1

S2

S3

2
664

3
775 ¼

� l
Kperm

~u � K0 � 0:5qj~uj~u
h

0

0

2
66664

3
77775; (24)

where Kperm is a characterization of the permeability of wire meshes.
Since Kperm is a characteristic of a porous medium, normally speaking,
this parameter should be achieved from the fitting of many experi-
mental data, like other porous media.31–33 However, in this project, a
large number of tests on the DLR wire mesh are not available.
Therefore, it is not possible to determine Kperm through fitting here. It
is, thus, a compromise to estimate Kperm based on the only available
experimental data. In the B2A experiments, based on the fact that the
pressure loss measured in the B2A wind tunnel is a combination of
both the quadratic and the linear pressure losses, the pressure loss
divided by h is

Dp
h

¼ l
Kperm

u1 þ K0 � 0:5qju1ju1
h

; (25)

where the first and second terms on the right-hand side of Eq. (25)
correspond to the linear pressure loss and quadratic pressure loss,
respectively. Rice’s work21 also stated that the small pore size of fine
wire screen causes a fairly linear resistance, strengthening our idea of
adding a linear term in the momentum source. Since Dp ¼ KB2A

�0:5qu21, Kperm can be expressed as

Kperm ¼ lu1
ðKB2A � K0Þ � 0:5qu21=h

: (26)

It should be noted that, by estimating Kperm in this way, the additional
linear term is a correction based on the experimental data measured at
the B2A wind tunnel. Results pertaining to the simulations using the
improved model in Eqs. (24) and (26) are discussed in Sec. IV.

IV. RESULTS IN CHANNEL FLOWS
A. Effect of number of cells used to represent
the fairing

In this subsection, we study the effect of number of cells used to
represent the DLR wire-mesh fairing. We adopt 2, 4, 10, and 14 cells
in the streamwise direction, corresponding to a thickness of 0.084,
0.17, 0.44, and 0.63mm, respectively, compared to the actual fairing
thickness of 0.042mm. The simulations are performed using a time
step of Dt ¼ 1� 10�3 s.

Figure 6 shows the mean streamwise velocity and turbulent
intensity along the line at the intersection of planes y=H ¼ 0:356 and
z=H ¼ 0:5 using the improved wire-mesh model. By introducing a
linear term, the plateau in Fig. 4(a) disappears. With two cells used,
the mean velocity profile agrees better with experimental data but the
turbulent intensity does not. Since the curves obtained using two cells
differ from other curves obtained using more cells, we conclude that
the modeling does not converge when two cells are used, which is con-
sistent with the results reported in Zhu et al.14 With four or more cells
used, very similar results are achieved. It is also clear that the curves
obtained using 10 and 14 cells overlap, in both Figs. 6(a) and 6(b).
Overall, although the turbulent intensity obtained using four or more
cells agrees very well with the experimental data, the mean velocity dif-
fers, to some extent, from the experimental data. Particularly, the pre-
dicted minimum mean streamwise velocity are larger than that of the
experimental data.

Figure 7 shows the pressure drop along the line at the intersection
of planes y=H ¼ 0:356 and z=H ¼ 0:5 when the improved wire-

FIG. 4. Flow statistics along the line at
the intersection of planes y=H ¼ 0:356
and z=H ¼ 0:5: (a) mean streamwise
velocity and (b) turbulent intensity. In the
simulations, the classical model in Eq.
(19) is applied and different number of
cells in the streamwise direction are used
to represent the DLR wire mesh. The
black dashed line indicates the position of
the DLR wire mesh, i.e., x=L ¼ 4:63.

FIG. 5. Pressure drop along the line at the intersection of planes y=H ¼ 0:356
and z=H ¼ 0:5. In the simulations, the classical model in Eq. (19) is applied and
different number of cells are used to represent the DLR wire mesh. The DLR wire
mesh is located at x=L ¼ 4:63, i.e., the y-axis.
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mesh model is applied. With two cells used, the profile of pressure
drop agrees better with the experimental data. Similar to the mean
streamwise velocity and turbulent intensity, the curves obtained using
four or more cells get closer and those obtained using 10 and 14 cells
overlap. It is also obvious that for the pressure drop to be as close as
possible to the experimental measurements, a lower minimum in the
profile of mean streamwise velocity should be obtained. Compared to
the classical model, the proposed model has a higher plateau in pres-
sure drop. However, the discrepancy between the numerical predic-
tions and experimental measurements still exists. In Secs. IVC and
IVD, we will see an improvement in the prediction of pressure drop
when finer time steps are used.

Figure 8 shows a comparison of the time-averaged contours of
the streamwise velocity, turbulent intensity, and pressure loss in plane
y=H ¼ 0:356 between the proposed model in Eqs. (24) and (26) and
the classical model in Eq. (19). The quantities are normalized by the
velocity at the channel inlet u1 and the dynamic pressure
Pdyn ¼ 0:5qu21, respectively. Overall, the contours of both models are
quite similar. However, the proposed model generates an earlier recir-
culation zone than the classical model does, as also seen in Figs. 4–7.

B. Effect of numerical thicknesses

Figure 9 shows the mean streamwise velocity and turbulent
intensity along the line at the intersection of planes y=H ¼ 0:356 and
z=H ¼ 0:5 when nonphysical and physical thicknesses are used to
represent the DLR wire mesh. Here, physical thickness means that the

thickness of the wire-mesh region, where the wire-mesh model is
applied, is equal to the actual thickness of the wire mesh. The case when
five cells are used on Mesh 2 corresponds to a thickness of 0.042mm
which is the physical thickness of the DLR wire mesh. The other two
cases adopt 10 cells, but neither of them corresponds to the physical
thickness. It is apparent that both physical thickness and nonphysical
thickness produce highly similar results, suggesting that the proposed
model is not significantly affected by whether or not the DLR wire mesh
is represented with its actual physical thickness. Additionally, it is clear
that with Mesh 2, the curves obtained using five cells overlap with those
obtained 10 cells, suggesting that five cells are sufficient to represent the
DLR wire mesh. Figure 10 shows the corresponding pressure drop.
Expectedly, similar results for all cases are obtained. However, the dis-
crepancy in pressure drop between numerical simulations and experi-
mental measurements remains unchanged, even with the refined mesh
and the physical thickness used.

C. Effect of time steps

In this subsection, we decrease the time step from 1� 10�3 to
1� 10�4 and 1� 10�5 s using 10 cells to represent the DLR wire
mesh. Figure 11 shows the mean streamwise velocity and turbulent
intensity along the line at the intersection of planes y=H ¼ 0:356 and
z=H ¼ 0:5. On the one hand, a decrease in time step from 1� 10�3

to 1� 10�4 and 1� 10�5 s produces better agreement with the exper-
iment in terms of mean streamwise velocity. On the other hand, turbu-
lent intensity slightly deviates from the experimental data. This is due
to less numerical dissipation when a smaller time step is used. As a
result, more turbulence is resolved, resulting in a stronger vortex shed-
ding. The stronger vortex shedding generates an earlier recirculation
region (or a shorter vortex-formation length). Figure 12 shows the
pressure drop for three different time steps. As the time step decreases
from 1� 10�3 to 1� 10�4 s, a slight increase in pressure drop is
observed. A decrease in time step from 1� 10�4 to 1� 10�5 s further
improves the prediction of pressure drop, particularly at the first loca-
tion ðx � xfairingÞ=L ¼ 0:185 behind the fairing. Overall, a decrease in
time step improves the results. It is, thus, suggested that it is better to
use a time step at the level of 1� 10�4 s or smaller, probably due to
the very fine mesh used in the fairing-containing region.

D. Comparison between different solvers and meshes

In this subsection, we compare the predictions using different
solvers and meshes. The time steps used in this comparison are

FIG. 6. Flow statistics along the line at
the intersection of planes y=H ¼ 0:356
and z=H ¼ 0:5: (a) mean streamwise
velocity and (b) turbulent intensity. In the
simulations, the proposed model in Eqs.
(24) and (26) is applied and different num-
ber of cells in the streamwise direction are
used to represent the DLR wire mesh.

FIG. 7. Pressure drop along the line at the intersection of planes y=H ¼ 0:356
and z=H ¼ 0:5. In the simulations, the proposed model in Eqs. (24) and (26) is
applied and different number of cells in the streamwise direction are used to repre-
sent the DLR wire mesh.
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1� 10�5 s for STAR-CCMþ and 1:1� 10�4 s for pyCALC-LES,
respectively. Figures 13 and 14 show the mean streamwise velocity,
turbulent intensity and pressure drop when different solvers and
meshes are used in the simulations. For both solvers, different
meshes, including different grid resolution at the fairing and differ-
ent types of meshes (e.g., structured and unstructured meshes),
lead to very similar results in the mean streamwise velocity, turbu-
lent intensity, and pressure drop, suggesting that the proposed
model for the DLR wire mesh neither requires grid refinement at
the fairing nor depends on mesh types as long as the total added
force term is equal to each other in all simulations. Compared to

the commercial STAR-CCMþ, the in-house solver pyCALC-LES
gives a delayed peak in the curves of pressure drop.

E. The DLR wire meshmodeled as a solid plate

In this subsection, we model the DLR wire mesh as a solid plate
by applying a source term that is about 250 times stronger than the
model in Eqs. (24) and (26).

Figure 15 shows the flow statistics along the line at the intersec-
tion of Planes y=H ¼ 0:356 and z=H ¼ 0:5. Apparently, the mean
streamwise velocity and turbulent intensity hardly have differences in

FIG. 8. Comparison of time-averaged
contours in plane y=H ¼ 0:356 between
the proposed model in Eqs. (24) and (26)
and the classical model in Eq. (19): (a)
mean streamwise velocity (�u=u1), (b) tur-
bulent intensity (u0=u1), and (c) pressure
loss (D�p=Pdyn). Left column: the pro-
posed model and right column: the classi-
cal model.

FIG. 9. Flow statistics along the line at
the intersection of planes y=H ¼ 0:356
and z=H ¼ 0:5: (a) mean streamwise
velocity and (b) turbulent intensity. In the
simulations, the proposed model in Eqs.
(24) and (26) is applied and both non-
physical and physical thickness are used
to represent the DLR wire mesh.
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comparison to those in Fig. 13. However, the predicted pressure drop
in Fig. 16 gets closer to the experimental measurements.

Figure 17 shows the contours of the mean streamwise velocity on
the cross section at x ¼ xfairing when the DLR wire mesh is modeled as
a solid plate. As we can see, when the DLR wire mesh is modeled as a
solid plate, the through-fairing velocity approaches zero. Figures
15–17 suggest that the DLR wire mesh indeed behaves much like a
solid plate due to its very fine pores.

V. APPLICATION OF THE DLRWIRE MESH TO THE
NOISE REDUCTION OF TANDEM CYLINDERS

The well-known problem of tandem cylinders has been widely
studied to explore its noise generation and reduction mechanisms due
to its simple geometry but interesting flow and aeroacoustic physics.
Meanwhile, it is characterized by typical aerodynamic flow phenom-
ena associated with noise generation of aircraft landing gears. In the
tandem cylinder configuration, the pressure fluctuations on the
upstream cylinder, caused by vortex shedding, are weaker than those
generated on the downstream cylinder by wake-cylinder interaction.34

Consequently, the downstream cylinder dominates the noise genera-
tion and radiation, producing an overall directivity pattern that is simi-
lar to that of an isolated cylinder.34–37 In this section, we study the
noise-reduction performances of the DLR wire mesh on tandem cylin-
ders using our model developed in Sec. III C.

During the past two decades, several experiments on the tandem
cylinders configuration have been performed by NASA. Experiments
by Jenkins et al.38,39 and Neuhart et al.40 have been performed in the

Basic Aerodynamic Research Tunnel (BART) at NASA Langley
Research Center, providing cylinder surface pressure, hot-wire mea-
surements in the wake, etc. The diameter of the cylinders used in the
experiments was D¼ 0.057 15 m. The cylinders had the same span as
the BART wind tunnel, i.e., Lz=D ¼ 12:4. The separation distance
between the two cylinders’ axes was Lc=D ¼ 3:7. The freestream
velocity was set to 44m/s to achieve a Reynolds number of 1:66� 105

based on the cylinder diameter. To ensure a fully turbulent vortex
shedding, the boundary layers on the upstream cylinder were tripped
between azimuthal positions of 50� and 60� from the leading stagna-
tion point using a transition strip. Experimental data are available for
cases with only the upstream cylinder tripped and with both cylinders
tripped, the latter being denoted as C2 Trip in this paper.

The above-mentioned tandem cylinder arrangement tested in the
BART was also investigated in NASA LaRC’s anechoic wind tunnel,
the quiet flow facility (QFF). Cylinder surface pressure, velocity in the
wake, and noise spectra in the far field were measured in the QFF. The
cylinders spanned the 0.914m section, yielding an aspect ratio of
Lz=D ¼ 16. In the QFF measurements, the tripping of boundary
layers on cylinder surfaces was duplicate. These experimental data,
achieved in both the BART and QFF, were presented at the bench-
mark problems for air frame noise computations (BANC) workshop
(see Lockard41 for a review). The experimental data on the cylinder
surface pressure, velocity in the wake, and far-field noise spectra will
be used to validate the present simulation of tandem cylinders.

Recently, some other experiments on the tandem cylinder config-
uration, in the framework of the EU H2020 IMAGE project, were

FIG. 10. Pressure drop along the line at the intersection of planes y=H ¼ 0:356
and z=H ¼ 0:5. In the simulations, the proposed model in Eqs. (24) and (26) is
applied and both nonphysical and physical thickness are used to represent the
DLR wire mesh.

FIG. 11. Flow statistics along the line at
the intersection of planes y=H ¼ 0:356
and z=H ¼ 0:5: (a) mean streamwise
velocity and (b) turbulent intensity. In the
simulations, the proposed model in Eqs.
(24) and (26) is applied and three different
time steps are used.

FIG. 12. Pressure drop along the line at the intersection of planes y=H ¼ 0:356
and z=H ¼ 0:5. In the simulations, the proposed model in Eqs. (24) and (26) is
applied and three different time steps are used.
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conducted.14,15,18 Due to technical constraints of the wind tunnel
(blockage effect), the diameter of the cylinders was reduced to
D¼ 0.04 m. The aspect ratio of tandem cylinders in the wind tunnel
reported in the IMAGE project was Lz=D ¼ 10. As a consequence, the
freestream velocity was increased to U0 ¼ 63 m/s in order to have the
same Reynolds number as in the BART and QFF experiments. The
separation distance between the two cylinders’ axes in the experiments
reported in the IMAGE project remained the same as the BART and
QFF experiments, i.e., Lc=D ¼ 3:7. The directivity of the overall sound
pressure level (OASPL) achieved in the IMAGE project will be used to
validate the present numerical prediction.

In the present numerical simulations, we adopt the flow conditions
in the IMAGE project with a span of Lz=D ¼ 3. The computational
domain is a cylindrical domain with a diameter of 42D and a spanwise
length of Lz ¼ 3D. The boundary condition in the spanwise direction is
periodic. The origin (0, 0) of the coordinate system is located at the cen-
ter of the upstream cylinder [see Fig. 18(a)]. The computational mesh is
a trimmed mesh, together with prism layers near the cylinder surfaces.
The trimmed cell size of the mesh varies within the computational
domain, from 1mm in the cylinder near wake to 80mm in the farthest
field. As a result, in the cylinder near wake region, there are 120 grid
points in the spanwise direction. This mesh has also been successfully
used to simulate turbulent flows past tandem cylinders in the IMAGE
project.42 Figure 18 shows a sketch of the computational domain and

FIG. 13. Flow statistics along the line at
the intersection of planes y=H ¼ 0:356
and z=H ¼ 0:5: (a) mean streamwise
velocity and (b) turbulent intensity. In the
simulations, the proposed model in Eqs.
(24) and (26) is applied and different solv-
ers and meshes are used.

FIG. 14. Pressure drop along the line at the intersection of planes y=H ¼ 0:356
and z=H ¼ 0:5. In the simulations, the proposed model in Eqs. (24) and (26) is
applied and different solvers and meshes are used.

FIG. 15. Flow statistics along the line at
the intersection of planes y=H ¼ 0:356
and z=H ¼ 0:5: (a) mean streamwise
velocity and (b) turbulent intensity. In the
simulations, the DLR wire mesh is mod-
eled as a solid plate.

FIG. 16. Pressure drop along the line at the intersection of planes y=H ¼ 0:356
and z=H ¼ 0:5. In the simulations, the DLR wire mesh is modeled as a solid plate.
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a close-up view of the computational mesh near the cylinders.
The flow solver, including the computational aero-acoustics
(CAA) part, is the commercial Siemens STAR-CCMþ. The com-
pressible Navier–Stokes equations are solved in a coupled man-
ner. The far-field noise is then computed by integrating the noise
sources on a permeable integral surface according to the Ffowcs
Williams–Hawkings (FW-H) analogy. A second-order bounded
central-difference (BCD) scheme for the convective flux is
adopted and an implicit time marching method with a time step
of Dt ¼ 5� 10�5 s is used to advance the physical time. Time-
averaged quantities (e.g., velocity in the wake, cylinder surface
pressure) as well as instantaneous quantity (e.g., noise in the far
field) are collected to validate against the experimental data.
Figure 19 shows snapshots of the instantaneous vorticity for the
baseline case and Conf. 1 (see Table II) using the DLR wire-mesh

model in Eqs. (24) and (26). The wire mesh is located at 1D upstream
the center of the upstream cylinder, as shown in Fig. 19(b).

Table II shows parameters for the baseline tandem cylinders and
three cases using the DLR wire-mesh model. The number of cells in
these computational meshes ranges from 29 � 106 to 46 � 106. The

FIG. 17. Streamwise velocity on the cross
section at x ¼ xfairing : (a) the proposed
model in Eqs. (24) and (26) and (b) the
model when the DLR wire mesh is treated
as a solid plate. Both simulations are per-
formed on mesh 6 by pyCALC-LES.

FIG. 18. The baseline configuration for
tandem cylinders: (a) sketch of computa-
tional domain with three probes A
ð�8:33D; 27:82DÞ, B ð9:11D; 32:49DÞ,
and C ð26:55D; 27:82DÞ and (b) compu-
tational mesh near the cylinders. The
boundary condition in the spanwise direc-
tion is periodic. The origin of the coordi-
nate system is located at the center of the
upstream cylinder.

FIG. 19. Instantaneous vorticity: (a) base-
line configuration with the FW-H integral
surface and (b) Conf. 1 with the DLR wire
mesh highlighted at x=D ¼ �1.

TABLE II. Wire mesh (WM) dimensions and grid size.

Case WM width WM span # M. cells

Baseline / / 29
Configuration 1 1.5D 3D 46
Configuration 2 1.5D 1.5D 31
Configuration 3 5D 0.9D 39
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wake downstream of the cylinders is much broader in Conf. 1.
Therefore, the mesh is refined to a further distance in the cross-stream
direction from the wake centerline, resulting in a bigger mesh. In
Conf. 1, the DLR wire mesh has the same span as the tandem cylinders
with a width of 1:5D. Conf. 2 has the same width as Conf. 1 but with a
shorter span of 1:5D. Conf. 3 has a larger width of 5D with a smaller
span of 0:9D, leading to the same total area as Conf. 1. For Conf. 2
and 3, the screen spanwise length is 50% and 30% of the spanwise
length of the cylinders, respectively.

Figure 20 shows the instantaneous streamwise velocity on the iso-
surface of xzD=U0 ¼ 1.25. In the baseline configuration shown in Fig.
20(a), large-scale roll-up of the shear layers emanating from the
upstream cylinder is observed, similar to the shear-layer growth of an
isolated circular cylinder.37 The vortex shedding from the upstream
cylinder then interacts with the downstream cylinder, producing a sig-
nificant amount of noise which is the dominant noise source in this
configuration.34 In Conf. 1 shown in Fig. 20(b), the vortex street gener-
ated by the DLR wire mesh is scattered by the upstream cylinder to
form a broader vortex street, which later interacts with the down-
stream cylinder, resulting in an even broader vortex street and more
small-scale vortices. It is clear that the unsteady turbulent wake oscil-
lates more strongly in this configuration. As a result, as will be seen in

Figs. 24 and 25, noise is increased rather than reduced in this configu-
ration. In Conf. 2 and 3 shown in Figs. 20(c) and 20(d), as the DLR
wire mesh does not span the full spanwise length Lz ¼ 3D of the com-
putational domain, a portion of fluid passes beside the DLR wire mesh
in the spanwise direction. Thus, the flow does not strongly accelerate
above and below (in the vertical direction) the DLR wire mesh, leading
to less oscillating turbulent wakes.

Figure 21 shows the time-averaged streamwise velocity along the
centerline, y¼ 0, in the wakes of both cylinders. In the gap region
between the upstream and downstream cylinders, the predicted veloc-
ity agrees reasonably well with the BART particle image velocimetry
(PIV) measurement with a large field of view (LFOV), except that the
velocity is slightly over-predicted at x=D < 1:25 and x=D > 2. In the
wake region downstream of the downstream cylinder, experimental
data are available with both the LFOV and a smaller field of view with
better resolution. It is observed that the predicted velocity deviates
from the BART LFOV measurement but agrees well with the BART
measurement (with the smaller field of view) in which the downstream
cylinder is tripped.

Figure 22 shows the pressure coefficient (Cp) on both cylinders.
On the upstream cylinder surface, the predicted pressure coefficient
distribution is in good agreement with the experimental data. At the

FIG. 20. Instantaneous streamwise veloc-
ity on isosurface of xzD=U0 ¼ 1.25: (a)
baseline case, (b) Conf. 1, (c) Conf. 2,
and (d) Conf. 3.

FIG. 21. Time-averaged streamwise
velocity along the centerline in the wakes
of both cylinders: (a) upstream cylinder
and (b) downstream cylinder.
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suction peaks, the prediction agrees better with the QFF experiment.
On the downstream cylinder surface, there are two sets of experimen-
tal data for each tunnel based on whether or not the downstream cyl-
inder was tripped. Compared to the experimental data with the
downstream cylinder not tripped, the present simulation underpre-
dicts the pressure suction peaks. However, despite the wake impinge-
ment on the downstream cylinder, tripping still plays an important
role in the distribution of pressure coefficient. The experimental data
with the downstream cylinder tripped have less negative Cp values at
the suction peaks, in better agreement with the present simulation.

In order to confirm that the adopted temporal resolution is suffi-
cient for the study of noise reduction performances of the DLR wire
mesh, an additional simulation on the baseline configuration is per-
formed at a much smaller time step Dt ¼ 5� 10�6s. Figure 23 shows
the spectra of sound pressure level (SPL) of the far-field noise at three
probes A ð�8:33D; 27:82DÞ, B ð9:11D; 32:49DÞ, and C
ð26:55D; 27:82DÞ for baseline simulations using two different time
steps, Dt ¼ 5� 10�5 and Dt ¼ 5� 10�6s. It should be noted that the
SPLs for all tandem cylinder simulations (including those with a DLR
wire mesh) have been corrected, according to the method of Kato
et al.43 with an equivalent coherent length of 5.8D,15 owing to the fact
that the span of tandem cylinders (i.e., Lz ¼ 3D) used in the present
simulations is different from NASA’s experimental one (i.e.,
Lz ¼ 16D). Additionally, due to the Mach-number difference between
the present simulations and the NASA measurement, the power

spectral density (PSD) used to compute the SPL has also been cor-
rected according to a M6 scaling for all simulation cases. Overall, the
simulation using the smaller time step Dt ¼ 5� 10�6s accurately pre-
dicts the sound spectra in the whole frequency range at all probe loca-
tions. For the larger time step Dt ¼ 5� 10�5s, the present numerical
simulation agrees very well with the experiment over a large span of
frequencies, particularly at lower frequencies including the dominant
tone at St¼ 0.22. However, it is also observed that there is an under-
prediction between the present simulated baseline simulation and the
NASA’s experiment at high frequencies (St> 2). The reason is related
to an increasing numerical dissipation at (very) high frequencies, upon
the time step adopted, as seen in other similar simulations.
Nevertheless, since the dominant tone in the tandem cylinder configu-
ration is at St¼ 0.22 and noise at high frequencies beyond St> 2 is
much quieter (about 60 dB lower) than the dominant tone, the spatial
and temporal resolution adopted in the present simulations is suffi-
cient for the study of noise reduction performances of the DLR wire
mesh. Therefore, to reduce the computational cost, a larger time step
Dt ¼ 5� 10�5s is adopted for the simulations of the three configura-
tions with the DLR wire mesh.

Figure 24 shows the spectra of SPL of the far-field noise at three
probes A, B, and C for all configurations, obtained using the porous
FW-H approach. In terms of the configurations with the DLR wire
mesh applied, Conf. 1 increases noise at both lower and higher fre-
quencies. A louder tone at a lower frequency (St¼ 0.09) is observed.

FIG. 22. Time-averaged pressure coeffi-
cient (Cp) on both cylinders: (a) upstream
cylinder and (b) downstream cylinder.

FIG. 23. Comparison of spectra of sound pressure level of far-field noise at three probes in simulations using two different time steps: (a) probe A, (b) probe B, and (c) probe
C. The experimental data for the baseline configuration, taken from Terracol and Manoha,18 was measured in the QFF wind tunnel by NASA.
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This low-frequency tone is generated by the strong vortex shedding
from the DLR wire mesh itself. Conf. 2 slightly increases noise at lower
frequencies as well as higher frequencies in comparison with the base-
line configuration. However, the original dominant tone of tandem
cylinders at St¼ 0.22 is significantly reduced. In addition, the highest
peak at St¼ 0.09 disappears when compared to Conf. 1. Conf. 3 signif-
icantly reduces the original tone of tandem cylinders at St¼ 0.22.
Moreover, the noise is reduced at frequencies higher than the domi-
nant frequency. This is more obvious at the downstream probe C.

Meanwhile, at low frequencies, the noise level remains almost the
same as that of the baseline tandem cylinders.

Figure 25 shows the far-field sound radiation directivity of overall
sound pressure level (OASPL) for all configurations. The OASPL is
defined as

OASPL ¼ 20 log10
p0rms

pref

 !
; (27)

FIG. 24. Spectra of sound pressure level of far-field noise at three probes A (left column), B (middle column), and C (right column).

FIG. 25. Comparison of far-field noise
directivity between the baseline configura-
tion and configurations 1–3. The sampling
probes are on a circular arc centered at
the upstream cylinder axis with a diameter
of 37.5D. The experimental data for the
baseline configuration, taken from Terracol
and Manoha,18 were measured in the
IMAGE project.
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where p0rms is the root mean square sound pressure fluctuation and
pref ¼ 2� 10�5 Pa is the reference pressure. Similar to the SPLs in
Fig. 24, the OASPLs for all simulation cases have also been corrected,
according to the method of Kato et al.43 with an equivalent coherent
length of 5.8D (Zhu et al.15), owing to the fact that the present simu-
lated span of tandem cylinders (i.e., Lz ¼ 3D) is different from the
experiment conducted in the IMAGE project (i.e., Lz ¼ 10D).
Regarding the baseline tandem cylinders, the agreement between the
present simulation and the experimental data achieved in the IMAGE
project is satisfactory, with better agreement at upstream observer
angles. Regarding the configurations with the DLR wire mesh applied,
Conf. 1 slightly reduces the OASPL between observer angles h ¼ 100�

and 140�. However, noise level is increased at upstream observer posi-
tions. Conf. 2 slightly reduces the OASPL between h ¼ 54� and 130�

but also slightly increases noise at observer angles outside this range.
Compared to the baseline configuration, Conf. 3 significantly reduces
the OASPL at all observed angles, with a reduction of 7–8 dB at
upstream and downstream observer positions and up to 12 dB in the
middle observer positions.

Although Conf. 1 and Conf. 2 do not show a significant noise
reduction and the most efficient noise reduction compared to the
baseline configuration is observed for Conf. 3, it is interesting to
note that, in our recent numerical study on noise reduction of air-
craft landing gears using the above DLR wire mesh model (results
not shown here), noise is significantly reduced using a narrow but
long-span DLR wire mesh similar to Conf. 1, consistent with the
microphone measurements conducted at A-Tunnel of Delft
University of Technology in the Netherlands, within the framework
of the European Union’s INVENTOR project. The reason is that
the DLR wire mesh itself in Conf. 1 is almost as noisy as the tandem
cylinders but is quieter than an aircraft landing gear. Therefore,
applying a DLR wire mesh similar to Conf. 1 is able to reduce the
noise generated by a landing gear. Figure 26 shows the DLR wire
mesh (in Conf. 1 situation) self-noise (i.e., without the presence of
the tandem cylinders) in comparison with the noise generated by
the baseline tandem cylinders. As can be seen, at low frequencies,
the wire mesh itself is much louder than the tandem cylinders, par-
ticularly at the downstream probe C, where the level of the low-
frequency wire mesh self-noise is almost as high as the dominant
tone of the tandem cylinders.

VI. CONCLUDING REMARKS

In this paper, we model a novel wire mesh consisting of very fine
wires and pores. This wire mesh has recently been tested to be very
efficient in reducing LG noise, according to a set of microphone mea-
surements recently conducted at A-Tunnel of Delft University of
Technology in the Netherlands, within the framework of the
European Union’s on-going INVENTOR project.

Due to the large difference in dimension between the LG and the
wire-mesh pores, detailed meshing of the geometry and the wire mesh
is not practical since it will result in a large amount of computational
cells. A numerical model for the wire mesh is, thus, imminently
needed. To develop a numerical model for this wire mesh, a set of
experimental flow-field data have been deployed for the model valida-
tion. The experimental data were measured in the WAABLIEF wind
tunnel with only 22% of the wind-tunnel cross section covered by the
wire mesh, taking into account the vortex shedding from both sides of
the wire-mesh fairing. Although a source term for the momentum
equations, proportional to the square of flow velocity, has been pro-
posed and successfully applied to model wire meshes with relatively
large wires (e.g., 1mm) and lattices (e.g., 4mm) in the IMAGE pro-
ject,14,15 it is found that these existing models do not reproduce the
aforementioned experiments well when applied to the novel DLR wire
mesh. To overcome this limitation, we additionally introduce a linear
term proportional to the flow velocity to account for the permeability
of the wire mesh, based on another set of experiments with the wind-
tunnel cross section fully covered by the wire mesh. This yields a better
prediction of the mean flow, turbulence and pressure drop in compari-
son with the experimental data measured in the WAABLIEF wind
tunnel. Since a significant portion of the air passes over the wire-mesh
fairing from the side edges of the fairing instead of passing through the
wire-mesh pores, the permeability of the wire-mesh fairing is impor-
tant and, thus, should be characterized by the additionally introduced
linear term.

The DLR wire mesh is modeled with different number of cells in
the flow-through direction to represent the wire mesh. It is found that
with four or more cells used, very similar results are achieved. It is also
found that the results obtained using 10 and 14 cells overlap, sugges-
ting the convergence of the modeling results. In addition, the DLR
wire mesh is represented with both the physical and nonphysical
thicknesses. Results show that both forms of thicknesses impose

FIG. 26. Comparison between the far-field noise of the baseline tandem cylinders and the DLR wire mesh (in Conf. 1 situation) self-noise at three probes: (a) probe A, (b)
probe B, and (c) probe C.
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insignificant influences. Simulation results using different computa-
tional meshes show that the proposed model for the DLR wire mesh
neither requires grid refinement at the fairing nor depends on the
mesh type as long as the same total force term is added. Two different
solvers, the commercial STAR-CCMþ and the in-house code
pyCALC-LES, produce essentially similar results, although pyCALC-
LES gives a somewhat delayed peak of pressure drop. Finally, the DLR
wire mesh is modeled as a solid plate, showing that unlike the ONERA
wire mesh,17,18 the DLR wire mesh performs much like a solid fairing.

Of the three configurations with the DLR wire mesh model
deployed for the tandem cylinders, the most efficient noise reduction
with respect to the baseline configuration is observed for Conf. 3 in
which a wide but short-span DLR wire mesh is deployed. Conf. 3 is
able to eliminate the original dominant tone at St¼ 0.22. Moreover,
the SPL is reduced at higher frequencies, but not beyond St¼ 2. As a
result, the OASPL is reduced by 7–8 dB at upstream and downstream
observer angles and up to 12 dB in the middle observer angles. With
Conf. 1, which implements a narrow but long-span DLR wire mesh, a
tone is triggered at a lower frequency and the SPL is overall increased,
due to the fact that the strong vortex shedding generated by the DLR
wire mesh itself interacts with the downstream cylinder which induces
additional noise generation. With Conf. 2, which implements a narrow
but short-span DLR wire meshes, the SPL is slightly increased at lower
frequencies as well as at higher frequencies. However, the original
dominant tone of tandem cylinders at St¼ 0.22 is significantly
reduced. Overall, noise is not reduced, although there are slight noise
reductions at some observer angles.

In summary, a numerical model is proposed for a novel wire
mesh consisting of very fine wires and pores. In future work, this wire-
mesh model will be applied to complex landing gears including brakes
and a torque link, to study the reduction of LG noise. Since the pro-
posed model is limited to wire meshes at zero angle of incidence, it
should be generalized to enable the modeling of wire meshes at any
arbitrary angles of incidence in the future. In addition, characterizing
the permeability of the DLR wire mesh through a set of experiments
may also be conducted in the future.
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