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Porous fairings for landing gear noise mitigation
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The noise emission of a simplified two-wheel nose landing gear configuration featuring a
detachable porous fairing is investigated by a hybrid CFD/CAA approach. The noise mitigation
properties of the porous fairing are discussed and compared against two reference configura-
tions, i.e., baseline configurations with and without a solid fairing. The time resolved flow and
acoustic near field is computed by a lattice Boltzmann (LB) method with a collision step based
on countable cumulants, and the noise radiation into the far field is predicted by solving a
permeable surface Ffowcs Williams and Hawkings formulation. The porous material is rep-
resented by an equivalent forcing term in the LB equation based on a Forchheimer-extended
Darcy model. The porous material has a deterministic geometric structure such that the mod-
eling parameters describing the porous material properties are determined by results from a
flow simulation through the resolved micro-structures in a periodic pressure drop setup. The
effect of the different fairings on the flow field and the resulting acoustic far field pressure are
discussed.

I. Nomenclature

speed of sound

Downloaded by Technische Universiteit Delft on July 17, 2024 | http://arc.aiaa.org | DOI: 10.2514/6.2024-3174

Cs = X = space coordinate

f = particle probability distribution function yo = observer coordinate

p = pressure Vs source coordinate

s = wall distance function to FWH surface E - volume force vector

r = l?vel of refinement 1 — identity matrix

! - ume P = ive stress tensor
wj = weights for discrete equilibrium functionj = C(?mprf.:ss’lve S

Cy,C; = parameters for modeling the drag force I = Lighthill’s stress tensor
D = landing gear wheel diameter 6;; = Kronecker delta

G(-;-) = Green’s function € = perturbation parameter
H() = Heaviside step function v = viscosity

L = domain reference length P = density

Ly = thickness of the fairing é = porosity

M = Mach number w = relaxation rate

Re = Reynolds number Q = collision operator

¢ = discrete particle velocity j & = particle velocity

u = flow velocity vector At = computational time step
v = FWH surface velocity vector Ax, = grid spacing on the refinment level r
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II. Introduction

oR the development of future commercial aircraft, noise reduction technologies have become of utmost interest due

to increasingly stringent airport emission regulations. During approach and landing, engines are operated almost
under idle conditions. Thus, the noise contribution generated by airframe components such as landing gears (LG)
becomes significant. The LG is an assembly of various blunt sub-components, each causing detached turbulent flow.
Interactions between these wakes with downstream located LG sub-components are responsible for an LG typical
broadband noise generation [[1]].

Simulations of the complex flow and acoustic fields by numerical methods helps to better understand the noise
generating mechanisms and thus to develop strategies to mitigate them. The AIAA Benchmark problems for Airframe
Noise Computations (BANC) define a simplified LAGOON nose LG configuration [2], which has been investigated by
various numerical and experimental methods [2H5]. Thus, it serves as a well documented benchmark for the validation
of numerical methods applied in this area. In recent investigations, it has been reported that the overall sound pressure
level with an installed sub-component such as a torque link is increased by 5 dB [6]. However, the simplified LAGOON
LG only consists of a main strut and two wheels with cavities making it unsuitable for the assessment of noise reduction
technologies for broadband noise generation from wake-surface interactions.

In [[7] a wire mesh screen has been placed upstream of a tandem cylinder configuration yielding a reduction of far
field noise levels of about 5 dB. Noise mitigation also has been reported for fairings installed upstream of an LG. The
noise reduction effect of a curved perforated fairing is compared to a similarly shaped solid fairing in [8]. It was shown
that the noise reduction effect of such a perforated fairing is smaller than for a solid fairing, exhibiting, though, beneficial
properties regarding weight and cooling air for the brakes. Similar observations have been made for a more realistic
experimental study [9]. The findings showed that larger values of fairing porosity offered poorer noise mitigation
properties. The authors concluded that a general design criterion is difficult to draw and more research on this topic is
recommended.

To further analyze the effects of porous fairing on LG noise emission a more representative LG model as defined
in the BANC case is needed. Therefore, the LG study presented in [[L0] is extended in this paper, by adding a porous
fairing made of a material with a deterministic pore structure. The deterministic pore structure allows to perform
scale resolved flow simulations through the porous micro-structures, to determine the coefficients for a homogeneous
Darcy-Forchheimer model applied in this paper in a lattice Boltzmann method to predict the flow field and the effect on
the acoustic field.

The remainder of this manuscript possesses the following structure: First, the applied computational methodologies,
i.e., the cumulant lattice Boltzmann and the Ffowcs Williams and Hawkings methods, are summarized. In section
geometry details of the investigated landing gear and porous material are given before describing the computational
setup of the CFD/CAA simulation of the different landing gear configurations. Finally, in section [V|the influence of the
different fairings on the flow and acoustic field is analysed.

III. Computational methodologies
The turbulent flow and the acoustic near field is predicted by a lattice Boltzmann (LB) method. To efficiently predict
the acoustic far field, the Ffowcs Williams and Hawkings (FWH) equation is solved in a post processing step. Its input
data, i.e., the time history of the pressure signal on a pre-defined permeable FWH surface, is extracted from the LB
solution. Both methods are implemented in the multiphysics solver framework m-AIA, which is developed at the
Institute of Aerodynamics of RWTH Aachen University.

A. Cumulant lattice Boltzmann method
The Boltzmann equation describes the temporal evolution of the particle probability density function (PPDF)
f(x, & 1), which represents the probability to find a particle at a certain position in momentum space, i.e., around a
location x, at a given time ¢ with a particle velocity £. The Boltzmann equation reads
af F

o TENS TS Vef =00, M)

with F representing an external force and the collision operator € accounts for the effect of the momentum exchange of
particle collisions on the distribution function. Enskog demonstrated [[11] through a series expansion of the momentum
distribution function with the perturbation parameter €, i.e., f = f©) + e f(1) + O(€?), that a first-order approximation of
the Boltzmann equation recovers the Navier-Stokes equations.
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A discretization of eq. (I)) results in the lattice Boltzmann equation
filx+ At +Ar) = f(x,1) = fi(x, 1) + Qi(f) + FjAt,

with the discrete particle velocity ¢ = £ /V3 in the discrete direction j. The asterisk (x) indicates the post-collision
2J

state. In the presented study, the particle velocity space is discretized in a three-dimensional Cartesian lattice featuring
27 discrete velocity directions, i.e., a D3Q27 model is used. Macroscopic flow quantities such as the density p and
the flow velocity u are obtained from the moments of the PPDF incorporating the external forcing term. The discrete
integrals read

A 1 A
PN =3 N+ D and wwn = S5 eh.
J J ] /

J J

Here, the fluid velocity is redefined containing the forcing term F; as derived in [12]. The collision step, i.e., evaluating
the collision operator, can be performed, e.g., by using the Bhatnagar-Gross-Krook (BGK) operator [[13]] or by a cumulant
collision operator [[14]. The former is widely used for low Reynolds number flow, whereas the latter has been shown to
be more stable and accurate in predicting high Reynolds number flows, implying, however, additional computational
effort. The BGK operator reads

Q; = —wpgk(fj — fjeq),

where f] “? denotes the Maxwell equilibrium distribution function and wpGk the non-dimensional relaxation frequency

Atc?
WBGK = ———— 5 - 2
Veff + QAICS

The time step is Ar. The effective viscosity vy represents the sum of the fluid viscosity, a turbulent viscosity calculated
by a Smagorinsky sub-grid scale model [15], and an artificial viscosity introduced only in a sponge region near

domain boundaries to reduce wave reflections. The equilibrium distribution for isothermal flow is approximated by a
second-order expansion

; 3)

2
c.-u uu:(c;c;—cl)
eq _ =i = ] =] =
T =wipll+ +
f/ Jp( i 2cte

where the weighting factors w; are equal to 8/27, 2/27, 1/54, and 1/216 for the rest, the six Cartesian, the twelve cubic
edge-diagonal, and the eight cubic space-diagonal directions, respectively. The porosity ¢, i.e., the fraction of void
volume over total volume, is included to consider the presence of a porous medium and is derived from volume-averaging
the LB equation [16]. A suitable form of the forcing term Fj is given by

w =j =
Fi=(1-3)wie ¥

o N

¢;-F zErgﬁg—&Q)

The cumulant collision operator is a multiple relaxation time operator, which relaxes cumulants with individual rates
towards their equilibrium [14]. Cumulants are quantities of the Laplace-transformed discrete PPDF from time-velocity
space ¢ into the frequency-velocity space E = {&, T, Z}

9* 985

~a—p-y
I=XHYBIZY

In(F(2))

Copy = ¢ with F@ = L(7@) = [ f@eFEae.

2=0
The collision in cumulant space reads

* _ eq
Carp’y = Capy — waﬁy(caﬁy - Cafﬁy) >
where Czq is the Maxwellian equilibrium in cumulant space and wqg, is the corresponding relaxation frequency.
Following the nomenclature of [[14]], all relaxation rates but w; are set to unity. The propagation step as well as boundary
conditions are performed after transforming the post-collision cumulants back into momentum space. Local grid
refinement techniques are employed to reduce the number of grid points and thus the computational effort. Here, the
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method of Dupuis and Chopard [17] is applied, in which different relaxation frequencies are used for different levels of
refinement. To account for compressibility effects an acoustic scaling is applied such that the computational time step
scales with the grid spacing At ~ Ax. From eq. (2)) follows, that

2 1 1
Veff AICS (wBGK 2) .
To keep the viscosity constant across the grid refinement interface, the relaxation frequency is scaled correspondingly to
At. The no-slip boundary condition is implemented through an interpolated bounce-back scheme [[18]] allowing for a
second order accurate representation of arbitrary shaped geometries.

Simultaneously resolving the scales of a turbulent flow around a realistic landing gear setup and those in the porous
micro-structure is computational very expensive. Therefore, the volume averaging as shown in eq. (3) is introduced
and the forcing term F describes a drag force acting on the flow through a porous material. It is modeled by a
Forchheimer-extended Darcy equation

F =Ciu+Calulu, 4)

where C; and C, are unknown parameters of the model, which are characteristic properties of a specific porous material
for a certain range of operation points, i.e., bulk velocity. These are obtained from calibration using reference data from
experimental measurements or micro-structure resolving simulations.

B. Ffowcs Williams and Hawkings method
The Ffowcs Williams and Hawkings (FWH) equation [19] is an exact rearrangement of the Navier-Stokes equations,
i.e., the conservation of mass, momentum, and energy

9,02 92 0 0
— — 2| (H(s)p') = ——(T;;H(s)) - — (F; =
(6t2 Cs Pre (H(s)p") 6xixj( jH(s)) (’9x,~( o(s)) + at(Q5(S))
Ti; = pujuj + Pij — C? p'6ij (Quadrupole term)
(5)
Fi = (Pyj + pu;i(u; — Vj))ﬁ (Dipole term)
axj
as
0 = (poovi + p(u; — Vi))a_ (Monopole term),
Xi

where d;; is the Kronecker delta, P = pd;; is the compressive stress tensor, o’ is the perturbed density, and H(-) is the
Heaviside step function. The support function s = 0 defines the FWH permeable surface. It takes positive values only
outside of the volume enclosed by this surface, where the solution of the acoustic field is desired. The FWH surface is
moving with the velocity v.

Following Lockard [20], the FWH equation is transformed into frequency domain yielding a simpler formulation
that can be solved more efficiently than in time domain. Therefore, a uniform rectilinear motion of the surface s is
assumed before applying a Galilean transformation and a Fourier transformation. The final governing equations consist
of two surface integrals and one volume integral and reads

. 9G(Yo: ys)
sz(&, w)G(&;&)dA—jg Fi(&, w)———dA

5=0 0ys,i
9G(yo3 ys)
ays,iays,j

2 7 _
H(s)csp' (Yo, w) = j{zo

(6)

- / T3 (yss 0)H(s) dys.
>0 -

with the angular frequency w and the Green’s function G(:; -). The source and observer coordinates are given byy; and
Yo. If the volume enclosed by the FWH surface contains all significant acoustic quadrupole sources represented by
the Lighthill stress tensor T;;, a good approximation is to neglect the calculation of the volume integral as it is also
done in the present study. Input data provided in the time domain is transformed into frequency space by using a Fast
Fourier Transformation (FFT). To avoid spectral leakage, a modified Hanning window function [20]] is applied. By
performing an inverse FFT on the predicted sound pressure values, pressure signals in time can be obtained at any
observer coordinates.
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Table1l LG geometry and flow parameters.

o Wheel diameter D 150 mm

fairing Upper strut diameter 0.24 D

) Distance axle-wall 233D

torque link Outer wheel base 095D

Fairing to strut distance 037D

brake Fairing height 1.8D

Fairing width 0.36 D

Mach number M, 0.10198

Fig. 1 Landing gear featuring brakes (red), Wheel Reynolds number Rep 346,306

torque link (blue), and fairing (green). The fair-

Upper strut Reynolds number R 83,113
ing is replaced by different kind of materials. Each PP 2y ‘4 és

feature including the fairings’ holder is removable.

Table2 Geometry of the diamond lattice struc-
ture and modeling parameters for the two
porous fairings.

[ Abbreviation DL2.5 DL6.4

Size of unit cell [ 25mm 6.4 mm
dp Fairing thickness Ly 21 11
Porosity ¢ 61.7 %
Pore diameter d), 0.1888 1
Strut diameter d 0.1648 1
Fig.2 Unit cell of the diamond lattice structure. C [1/s] 4,431 833

C; [1/m] -15,320  -4,060

IV. Geometry and computational setup

A two-wheel nose landing gear with a wheel diameter of D = 150 mm approximately corresponding to a 1:7 scale
real nose LG is subject of the present study. It has a simplified geometry featuring brakes, a torque link, and a detachable
fairing, as shown in fig.[I] The fairing is placed 0.37D in front of the strut having a height of 1.8D and a width of
0.36D covering the torque link, parts of the brakes, and the lower strut. The LG mounted on a flat plate is investigated
at a wheel based Reynolds number of Rep ~ 346,000 and a freestream Mach number of M, = 0.1. The geometric
parameters as well as the flow conditions are summarized in table [T}

Three different kinds of fairings are investigated, i.e., a solid and two porous fairings. The porous material is
constructed by clustering multiple units of the diamond lattice structure shown in fig.[2] Each of these cells fits in a
cubic box with an edge length of /. It consists of struts with a diameter of dy; ~ 0.18/ that are oriented with an angle of
60° in space to each other, resulting in a pore diameter of dj, ~ 0.16/ and a porosity of ¢ = 61.7%. Two fairings with
different cell sizes and fairing thickness are investigated. Due to the large discrepancy of length scale between flow
structures inside of the porous material and around the landing gear the material is modeled by volume-averaging as
described in section[[II.A] The model parameters are obtained through calibration against pressure drop results from
numerical simulations as well as from experimental data of Delft University of Technology and given in table[2]

The computational domain has a total extent of 130D X 65D x 32.5D. The physical relevant part of the domain
excluding a sponge area, where artificial viscosity is introduced to damp waves reflected back into the domain, is
80D x 40D x 20D. The domain is discretized with a Cartesian grid, where the grid spacing on a refinement level r is
given by Ax, = L/2". Here, Axg represents the length of a cubic bounding box of the computational domain with a
length of L = 130D. The grid is refined at refinement patches as shown in fig. [3starting from a refinement level of
I'min = 9. At the LG’s surface a boundary refinement within a thickness of 0.02D on the maximum refinement level
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slip wall 0.0 1 x ‘ ;
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Fig. 3 Numerical setup of the CFD/CAA flow simulation. 2D slices showing the dimension of the refinement
patches in black lines (=). On the left, a slice of the complete domain starting with a refinement level of 9 is
shown. The two figures on the right show details starting with a refinement level of 12. In addition, the location
of the FWH permeable surface is represented by a dashed red line (--),

Table 3 Properties of the surface grid and the
temporal sampling of the FWH method’s input
data.

AXfwh 0.03D
noElements 1,389,606
Atsampling 1/ 124kHz

Fig. 4 Details of the grid refinement around the wheel, Tsampling 27/0.2kHz
torque link, and brakes for the grid. Only every second noSampling 16,384
grid point is shown.

corresponding to a grid resolution of Ax,,,» = 1/1008D is applied. The transition to the next patch refinement level
is created with at least 10 layers of cells, see fig.[d] This yield a total number of 705-850 million grid points and a
computational time step of At = 2.5 - 10~"s. The LG surface is represented by a no-slip interpolated bounce-back
boundary condition, whereas the mounting plate is considered simplified as a slip wall such that the boundary layer on the
mounting plate is not resolved. The in- and outflow are described by non-reflecting characteristic boundary conditions
extending the work of Izquierdeo and Fueyo [21]] into three space dimensions. By solving the local one-dimensional
inviscid (LODI) equations, which resemble the Euler equations without transverse derivative terms, waves being
reflected back into the domain are mitigated. The determined macroscopic state is set through the corresponding
equilibrium state. The remaining boundaries are defined by pressure equilibrium boundary conditions, i.e., the velocity
is extrapolated from the interior domain, while the pressure/density is prescribed to be at ambient conditions. The
presented setup is validated in [10] against experimental measurements provided by Delft University of Technology.

To predict the acoustic far field by the FWH method, time resolved flow field data is sampled during the LB solver
run on a FWH surface. The surface position is depicted in fig.[3] It is discretized using a uniform right-angled trianglular
grid with a maximum edge length of the underlying CFD grid of Axf,,, = 0.03D. Thus, an acoustic wave with a
frequency in the experiment of 9k Hz is resolved with more than 8§ grid points. The data is sampled with a frequency of
124kHz over a period of Tsampiing = 27/(0.2kHz). Table summarizes the sampling settings and the details of the
FWH surface grid.

V. Turbulent flow field around the landing gear

In this section, the influence of the different fairings on the turbulent flow field is discussed and the numerical
approach of the treatment of the porous fairings as described in section [[Il.Alis verified. Therefore, comparisons with
experimental data of Delft University of Technology (TUD) are provided. The corresponding experimental setup is
explained in our previous study [[10]].

The instantaneous velocity field computed for the two reference configurations, i.e., the baseline LG and the baseline
LG with a solid fairing, is visualized on isovolumes of the Q-criterion [22] in fig.[5] Both velocity fields are characterized
by detached flows resulting in a turbulent wake. Due to the shielding properties of the solid fairing, vortical structures
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Fig. 5 Instantaneous velocity magnitude field on isovolumes of Q-criterion for the baseline (left) and baseline
with solid fairing (right) configurations.

1.0 _
22 _ 22
3 ase 3
5 U9 — Solid >
(=] (=]
= 0.0 y =
X
%—0.5- S T%
S S
_]..0 T T T _]..0 T T T
0 90 180 270 360 0 90 180 270 360
0 [°] 0 [°]

Fig. 6 Mean pressure circumferential distribution over the left LG wheel for the four configurations. The
corresponding experimental results are given by crosses of the same color. The coordinate system is sketched
on the left.

forming at the torque link interacting downstream with the strut as well as the highly turbulent flow in the region of
the brakes are mitigated. Therefore, at the top of the fairing and in front of the strut an additional vortex forms. Also,
the flow around the wheel is influenced by the lateral flow acceleration such that the separations at the outside of the
wheels are amplified. In fig.[6] the pressure distribution over the left wheel for the four configuration is plotted. It fairly
reproduces experimental measurements. Deviation from the experiment are observable for the baseline configuration.
At this point it must be noted that in the experiment a zig-zag transition strips are added on the wheel at an angle of
6 = +60°, but left unconsidered in the numerical simulations. The pressure loss at the rear of the wheel is slightly
lowered for the porous fairings compared to the solid one, whereas the points of lowest pressure move forward for all
fairing configurations compared to the non-fairing baseline. The mean field of the streamwise velocity component u is
extracted on a xz-slice through the LG axle and shown in fig. [7for the four configurations. Considering the length
and width of wake sections shown, the configurations agree very well with the experimental results. With increasing
porosity of the fairing the separation on the wheel becomes larger and the LG’s wake becomes wider. On the same slice
the root mean square (RMS) field of the fluctuating velocity component RMS(u”) is given in fig.|8] Slight discrepancy
is observed for the baseline configuration between the numerical and experimental results as the flow coming from the
wheels is stronger fluctuating in the numerical simulation. The configurations with fairing match very well with the
experimental measurements. With increasing porosity of the fairing applied, the RMS(u") value in this slice grows
around the wheels as well as in the center of the wake. In fig. [0 a more quantitative comparison is given by plotting the
mean and RMS values extracted on specific lines, namley, the x-axis and a line parallel to the z-axis located downstream
at x/D = 1.13 reinforcing the previous observations.
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S 00+
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0.5
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S 00+
N
~0.5
0
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0.5
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Fig. 7 Mean field of the streamwise velocity on an xz-slice through the LG axle. The numerical results (left)
and the experimental results of Delft University of Technology (right) are shown for the four configurations with
decreasing fairing porosity from top to bottom row, i.e., Base, DL6.4, DL2.5, and Solid.
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Fig. 8 Root mean square field of fluctuating streamwise velocity on an xz-slice through the LG axle. The
numerical results (left) and the experimental results of Delft University of Technology (right) are shown for the
four configurations with decreasing fairing porosity from top to bottom row, i.e., Base, DL6.4, DL2.5, and Solid.
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Fig.9 Mean streamwise velocity (left) and root mean square of the fluctuating streamwise velocity (right) over
two lines are shown for the four configurations. In the first two rows the x-axis and in the last two rows a line
parallel to the z-axis located downstream at x/D = 1.13 are regarded. The corresponding experimental results
are given by dotted lines of the same color.
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Fig. 10 Sound pressure level filtered in one-third octave bands at the sideline microphone position for the base
line configuration showing results from the present study as well as from Terracol et al. [23] and the experiment.
The location of the microphones used in this study are sketched on the right.

VI. Noise mitigation properties of the investigated fairings

As shown in the previous section the presented numerical approach including the modeling of the porous fairings
is capable of reproducing the flow field statistics obtained from experimental PIV measurements. In this section the
acoustic far field generated by the different configurations is presented and noise source are discussed.

Two microphones positioned in a distance of 7D fylover and 9D sideline as sketched in fig. [I0] are considered in the
following. First, the sound pressure levels predicted by the FWH calculation are compared to experimental results as
well as to an existing numerical study of Terracol et al. [23] for the baseline configuration, see fig. @ The numerical
result differ from the experimental ones by approx. 5 dB with a comparable error as in the referred study showing a
lower cut-off frequency. This strong discrepancy allows a comparison of the noise reduction capabilities of the applied
fairings only on a qualitative point of view. However, in fig. [IT] the predicted sound pressure levels of the different
configuration are plotted for the two microphones. All fairings show a noise reduction of approx. 3 dB over a wide range
of frequencies. At the sideline position the porous fairings perform similar as the solid version, while in the flyover
location the DL6.4 fairing show better mitigation in the mid frequency range.

The distribution of wall pressure fluctuations on the LG surface, see fig. are a known indicator for noise sources.
For the baseline configuration high fluctuations are present on the torque link and the strut, where the torque link’s wake
is impinging on, as well as on the inside of the wheels and brakes. Installing the solid fairing effectively reduces these
kind of fluctuations. Therefore, additional noise sources are arising at the strut next to the fairing’s junction. The two
porous fairings show similar shielding properties. However, the fluctuations in the brake region are slightly lower as in
the solid version. In the region behind of the fairing junction, the fluctuations are lower as the fairing porosity increases,
which is in agreement with the sound pressure levels.
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Fig. 11 Sound pressure level filtered in one-third octave bands at the two microphone positions for the different
landing gear configuration.
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Fig. 12 Root mean square of the fluctuating wall pressure in dB (p,.; = 20 uPa). For a better visualization the
left wheel is shifted downwards.
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VII. Conclusion and outlook

The present work continued the study of a simplified landing gear with an upstream installed solid fairing [[10].
Two porous fairings consisting of the diamond-lattice structure are considered to be investigated regarding their noise
mitigation properties compared to the equivalent solid fairing. The flow and acoustic near field is computed by a
cumulant based lattice Boltzmann method. Here, the effect of the porous materials on the flow field is modeled by a
Forchheimer-extended Darcy model calibrated through numerical and experimental pressure drop results to circumvent
resolving the flow in the porous micro-structures.

Flow field statistics obtained from the simulations show a very well agreement with the experimental PIV data
demonstrating the capability of the numerical approach chosen. However, comparing the predicted far field sound
pressure levels against experimental reference shows a discrepancy of up to 5 dB. The applied porous fairings show
slightly improved noise mitigation properties compared to its solid equivalent.

Better acoustic results are expected to be obtained with an optimized positioning of the FWH permeable grid points,
i.e., sampling in a region of higher frequency resolution. Considering an improved FWH formulation with the usage of
quadrupole correction terms in the frequency domain could not be achieved for the recent conference but will be done in
future work.
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