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Wall-modeled large-eddy simulations (WMLESs) of the LAGOON nose landing gear are
conducted with compressible Navier–Stokes equations and immersed boundary technique
using the Launch, Ascent, and Vehicle Aerodynamics (LAVA) framework. The simulations are
conducted using six different Cartesian octree meshes for the grid sensitivity analysis of the
near-field and far-field numerical predictions, where the far-field noise results are computed
with the Ffowcs Williams–Hawkings acoustic analogy. The effects of numerical tripping induced
at the exact locations of the tripping devices in the experiments are also examined. In general,
better comparison with the experimental results are shown for the the near-field results obtained
with the simulations under the effects of numerical tripping. The effects of tripping are not
significant on the far-field noise calculations and the results have reasonable comparison with the
experimental data in the low and medium frequency ranges when an impermeable formulation
of the acoustic analogy is used.

I. Introduction
Aircraft noise has adverse effects to the quality of life and health of residents near major airports [1]. As the civil air

transportation grows, more aggressive noise reduction goal levels are targeted by governments and organizations. For
instance, the NASA Advanced Air Transport Technology (AATT) set a noise goal of 42-52 Effective Perceived Noise
Level in decibels (EPNL dB) cumulative below the current levels for the far term period of 2035 [2]. Additionally,
the Advisory Council for Aviation Research and Innovation in Europe (ACARE) and the Flightpath 2050 project [3]
target a 65% reduction of the perceived noise by 2050, with respect to the noise levels in 2000. As a result, design of
more quiet aircrafts is critical to meet increasingly stringent noise regulations. The aircraft noise is mainly composed
of two categories: airframe and propulsion noise. While the turbofan engine noise has been greatly reduced over the
decades through high bypass ratio, airframe noise becomes a priority concern [4], especially during landing when the
propulsion noise is less prominent due to lower engine power settings. The landing gear is one of the dominant airframe
noise sources during aircraft takeoff and landing. The noise generated from landing gear is tonal which is caused by
resonances from different components, such as pins connecting gear struts [5] and leg-door/hinge-door leading edges
[6]. The landing gear noise is also broadband due to the turbulent flow separation and interaction between the turbulent
flows and gear components [7]. The tonal and broadband characteristics of the landing gear noise pose challenges on
the use of computational fluid dynamics (CFD) and computational aeroacoustics (CAA) tools for accurate predictions of
the noise levels during the design of airplanes.
The LAnding-Gear nOise database for CAA validatiON (LAGOON) test case was introduced in the Benchmark for

Airframe Noise Computations (BANC) workshops as a benchmark problem on a simplified two-wheel nose landing
gear geometry for the validation and verification of different CFD and CAA methodologies [8, 9]. In those workshops,
solutions computed by various groups using different gridding strategies and turbulence modeling approaches were
compared [10–17]. Three different meshing strategies were mainly employed in the BANC-III workshop, which
are respectively multi-block structured, unstructured, and Cartesian octree meshes. Among these three meshing
methodologies, the use of Cartesian octree meshing with the immersed boundary method is the most attractive approach
since it can save a large amount of labor cost in the preparation of the mesh for a realistic landing gear with hydraulic lines,
fasteners, hinges, etc., which is challenging for body-fitted meshing. However, only results from the lattice–Boltzmann
methods (LBMs) were shown with that type of meshing using immersed boundary methods. The majority of the
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contributions in the BANC-III workshop used the hybrid Reynolds Averaged Navier–Stokes (RANS)/large-eddy
simulation (LES) turbulence modeling approach except two groups [13, 18] that applied wall-stress models in LES,
which is referred to as wall-modeled LES (WMLES) approach in this work, for the LAGOON problem. In both WMLES
and hybrid RANS/LES, only the eddies in the outer portion of the boundary layer are resolved while the energetic
eddies in the inner boundary layer are modeled with RANS models. However, in the former approach LES solutions are
computed all the way to the walls and the velocity and temperature gradients at the rigid solid boundaries are modeled
with shear stress and heat flux boundary conditions [19]. This is different than the hybrid RANS/LES approach where
RANS model is used for the inner layer of the boundary layer and LES only exists for the outer layer. WMLES is
computationally more affordable compared to wall-resolved LES (WRLES) where eddies in the boundary layer are
resolved with much larger amount of grid cells near walls. Aeroacoustic predictions using WMLESs have also been
demonstrated for NACA 0012 airfoil [20] and 30P30N three-element airfoil [21].
In this work, Navier–Stokes WMLESs with an equilibrium wall model are conducted for the LAGOON landing gear

configuration with Cartesian octree grids using the Launch, Ascent, and Vehicle Aerodynamics (LAVA) framework
[22]. The WMLES capabilities of the LAVA framework have already been demonstrated in previous studies [23–27] on
various aerodynamics and aeroacoustics problems with curvilinear grids. TheWMLES turbulence approach is combined
with a recently developed immersed boundary method in this work for the computations of near-field aerodynamics and
aeroacoustics, as well as far-field aeroacoustics of the landing gear on Cartesian octree grids. The near-field data is
obtained directly from CFD calculations while the far-field noise is computed with the solid (impermeable) formulation
of the Ffowcs Williams–Hawkings acoustic analogy [28]. The immersed boundary approach LES has been attempted
previously for the Navier–Stokes simulations of a partially-dressed, cavity-closed nose landing gear [29]. While this
earlier work was primarily focused on the evaluation of the feasibility of LBM for landing gear aeroacoustics, some
preliminary Navier–Stokes simulations without wall modeling and using dissipative numerical discretizations (implicit
LES) were also attempted. This current work underscores the need of low dissipation Navier–Stokes formulations with
wall modeling and robust immersed boundary treatment for WMLES at higher and more realistic Reynolds numbers.
The main objective of this work is the assessment of the WMLES with the new immersed boundary treatment using low
dissipation discretizations within the LAVA framework for the study of near-field steady and unsteady flow around the
landing gear, as well as the noise radiated to the far-field. The effects and the necessity of the numerical tripping of the
boundary layers in this benchmark problem are also analyzed in detail.

II. Description of Problem
The problem considered is a flow past a simplified nose landing gear. The landing gear is a 1:2.5 scaled version of

the Airbus A320 aircraft nose landing gear [30]. The geometry consists of two wheels, the axle, and the main strut
composed of the lower and upper legs. The landing gear model is shown in Fig. 1. The wheel diameter 𝐷 is 0.3 m.
The diameters of the axle, lower, and upper legs are 46 mm, 55 mm, and 71 mm respectively. The mid-planes of both
wheels are 198 mm apart. Tripping devices were installed on the model in the experiments to promote the transition to
turbulent boundary layers. ZIG-ZAP strips were equipped on the frontal parts of the wheels and the axle and main strut
were mounted with the CAD-CUT strips aligned at ±60◦ with respect to the mean flow. The location of the transition
tripping devices are shown in Fig. 2.
The model was tested in the F2 closed-section wind tunnel and the CEPRA19 (C19) aeroacoustic open-jet facility.

Steady and unsteady data of pressure and velocity was provided by the F2 wind tunnel. Pressure measurements were
also performed in C19 in addition to the far-field microphone data. Although the freestream Mach numbers are the same,
the two facilities have slightly different upstream infinite (freestream) conditions which are tabulated in Table 1. In this
work, the freestream conditions of the F2 wind tunnel are chosen for the simulations. The wheel Reynolds number 𝑅𝑒𝐷
is around 1.55 × 106 with these freestream conditions.

Facility 𝑝∞ (Pa) 𝑇∞ (K) 𝜌∞ (kg m−3) 𝑀𝑎∞

F2 99447.7 293.56 1.18 0.23
C19 96772.3 288.39 1.18 0.23

Table 1 The upstream flow conditions of the F2 and C19 facilities. 𝑝∞, 𝑇∞, 𝜌∞, and 𝑀𝑎∞ are the freestream
pressure, temperature, density, and Mach number respectively.
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(a) Isometric view (b) 𝑥-𝑧 plane (c) 𝑦-𝑧 plane

Fig. 1 Schematics of the LAGOON landing gear at different views.

Fig. 2 Location of tripping devices colored in red on the LAGOON landing gear.

III. Numerical Approaches and Simulation Setup

A. Numerical Discretization
The compressible Navier–Stokes equations with a subgrid-scale (SGS) model are solved in the LESs. The derivatives

of convective fluxes in different directions are computed using the fourth order accurate midpoint-and-node central finite
difference scheme [31]. For instance, the derivative of the convective flux vector F in the 𝑥 direction is approximated
with flux vectors at midpoints F̃𝑖+1/2, 𝑗 ,𝑘 and nodes F𝑖, 𝑗 ,𝑘 :
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where 𝑖, 𝑗 , and 𝑘 are the indices in the 𝑥, 𝑦, and 𝑧 directions respectively. The convective flux vectors at midpoints,
F̃𝑖+1/2, 𝑗 ,𝑘 , are computed with the left- and right-biased interpolated primitive variable vectors using the non-dissipative
fourth order central interpolation nonlinearly blended with the third order upwind-biased interpolations. For example,
the blending of the left- and upwind-biased interpolation with the central interpolation for a scalar variable at a midpoint,
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where 𝑢̃𝐿,𝑢𝑝𝑤𝑖𝑛𝑑

𝑖+1/2, 𝑗 ,𝑘 and 𝑢̃
𝑐𝑒𝑛𝑡𝑟𝑎𝑙
𝑖+1/2, 𝑗 ,𝑘 are values from the left-biased and central interpolations respectively. The blending of

the right-biased interpolation with the central interpolation for 𝑢̃𝑅
𝑖+1/2, 𝑗 ,𝑘 is performed in the same way. Evaluation of

the inviscid flux at midpoints, as opposed to nodes, results in reduced aliasing errors and hence improves nonlinear
robustness for turbulent flows. The sensor 𝜉𝑖+1/2, 𝑗 ,𝑘 is close to zero in turbulent regions (except near convex/concave
corners of the geometry) and is one otherwise. The concept of nonlinear blending between upwind-biased and central
interpolations is similar to [32] but the sensor used in this work is a physics-based sensor that compares the magnitudes
between the vorticity and the strain rate to detect turbulent regions. The weighted essentially non-oscillatory (WENO)
interpolation with the classical nonlinear weights [33] is used for a limited amount of cells that are close to coarse-fine
grid interfaces and at trapped cells near the geometry to increase the robustness of the scheme. As a result, the scheme
becomes a weighted compact nonlinear scheme (WCNS) [32, 34–38] in those regions. The flux vectors at the midpoints
are computed with the left- and right-biased interpolated variables, 𝑢̃𝐿

𝑖+1/2, 𝑗 ,𝑘 and 𝑢̃
𝑅
𝑖+1/2, 𝑗 ,𝑘 , using the Harten–Lax–van

Leer contact (HLLC) approximate Riemann solver [39] The wavespeed estimates from [40–42] with the Roe averaging
are used in the HLLC Riemann solver. The viscous and diffusive flux vectors are evaluated at the midpoints using
second order accurate staggered finite differencing, followed by a second order accurate scheme for the derivatives. The
explicit third order total variation diminishing Runge–Kutta (RK-TVD) [43] time stepping scheme is employed.

B. Wall-Model and Immersed Boundary Method for Large-Eddy Simulation
In the wall-stress WMLES approach, the LES solutions are computed all the way to the walls with wall stress and

heat flux boundary conditions provided by the wall models (WMs), whereas the wall models use the LES solutions close
to the wall as outer boundary conditions. The WMLES method considered in this work is a physics-based approach
which can be simply categorized into the algebraic, ordinary differential equation (ODE) based, and partial differential
equation (PDE) based models. The most general method is the PDE-based one where the thin boundary layer (TBL)
PDE are solved with most or all of the terms in the left hand side of the equations retained. However, a near wall
separate RANS grid is required in this method for solving the TBL PDE, apart from the LES grid. A computationally
more affordable method is the ODE-based equilibrium WMLES where the exact balance of the left hand side terms in
the TBL PDE are assumed, thus only ODE are solved. In this work, the less expensive algebraic equilibrium WMLES is
used where approximate solutions to the ODE-based equilibrium WMLES are sought through algebraic equations with
a nonlinear solver. A schematic diagram showing the working principles of various WMLES methods is given in Fig. 3.
More details on the wall-stress WMLES can be found in previous literature review articles [19, 44–46]. The algebraic
wall model implemented in this work is an analytical law with smooth blending between the viscous sublayer and
log-layer. Wall-model inputs are obtained via sampling at a distance of around one Δ𝑥 away from the wall, where Δ𝑥 is
the grid spacing. All simulations use the Vreman SGS model [47] with a fixed model constant taken to be 𝑐sgs = 0.08.
A ghost cell immersed boundary method (IBM) [48] is used for the numerical discretization of convective fluxes near

walls to impose the no-penetration boundary conditions. The ghost cell IBM is a sharp IBM approach where cells inside
the body are filled with appropriate flow data with the aid of surface meshes, which are surface triangulations of the
solid geometry, to enforce the boundary conditions. A detailed discussion of the current immersed boundary WMLES
formulation is beyond the scope of the present work and will be addressed in a future manuscript. The methodology has
been validated using a sequence of wall-bounded flows including: a) zero-pressure gradient grid aligned and misaligned
flat plates, b) NASA wall-mounted hump [49, 50], c) NACA 23012 airfoil with leading edge icing [51], d) high lift
common research model [52], e) partially-dressed, cavity-closed nose landing gear [53].

C. Simulation Configurations and Tripping Strategies
Six different Cartesian octree grids with local mesh refinement only around the landing gear and the wake region

are designed to facilitate grid sensitivity analysis. The landing gear is placed in the center of a cubic computational
domain with a cube length of 157.2864 m (≈ 524𝐷) for all of the grids, except grid F with a cube length of 209.7152 m
(≈ 699𝐷). For each grid, there is at least ten levels of mesh refinement of isotropic Cartesian cells with a refinement
ratio of two in each direction between successive grid levels. The grids are labeled as grids A, B, C, D, E, and F in the
ascending order of the finest grid level resolution. The grids A, B, C, and D have the same grid refinement conditions.
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Fig. 3 Schematic showing the working principles of different WMLES methods.

For these four grids, the finest level of grid cells is deployed on the surfaces of the wheels, the axle, and the main
strut, with a thickness of around 8 grid cells. Two boxes of refinement in the wake region around the back of the two
wheels are used to refine the grid up to the second finest level. There are two additional larger refinement boxes with
successively coarser grid levels to gradually coarsen the grid downstream of the wake of the landing gear. Grids E and F
also have the finest level of grid cells covering the surfaces of the landing gear, but with thicknesses of 16 and 24 grid
cells respectively. Besides, there are more levels involved in the cascade of boxes for the gradual coarsening of the wake
grid, with four and five levels of boxes respectively for grids E and F. The number of cells for the three finest grids, grid
D, E, and F, per wheel diameter are 500, 1000, and 1500 respectively. If the smaller axle diameter is considered as
the characteristic length, there are around 230 cells per axle diameter for grid F. The details of the two grids, the time
step sizes, and the performance of the simulations are tabulated in Table 2. The simulations were conducted with the
Intel Skylake processors (20-core Xeon Gold 6148 model). Note that the spacings of the surface elements (triangles)
are chosen to be at least as small as the corresponding volume grid cell spacings. Figs. 4 and 5 show the local mesh
refinement and the grid hierarchy through the cutting planes of grid D, grid E, and grid F respectively.

Grid
Number of
mesh levels

Minimum grid cell
spacing (mm)

Number of grid
cells (million)

Surface element
spacing (mm)

Number of surface
elements (million)

Time step
size (𝜇s)

CPU hours per 1 ms
of physical time

A 11 4.8 2.197 ∼ 0.50 5.763 ∼ 5.79 1.322
B 12 2.4 6.130 ∼ 0.50 5.763 ∼ 2.82 2.385
C 13 1.2 22.16 ∼ 0.50 5.763 ∼ 1.37 9.152
D 14 0.6 100.5 ∼ 0.50 5.763 ∼ 0.70 55.32
E 15 0.3 309.0 ∼ 0.30 15.94 ∼ 0.35 303.0
F 16 0.2 737.9 ∼ 0.15 63.76 ∼ 0.23 920.5

Table 2 The details of different grids used for grid sensitivity study and the performance of simulations with
the grids.

All simulations are initialized with freestream conditions. The flow is in the positive 𝑥 direction while 𝑦 and 𝑧 are the
transverse and vertical directions. Because of the impulsive start of the simulations, a Courant–Friedrichs–Lewy (CFL)
number of 1.0 is used for better numerical robustness during the first 5 convective time units (CTUs), where the CTU is
based on the wheel diameter and the freestream velocity magnitude. After that, the CFL number is raised to 1.5 for the
remaining course of each simulation. We have also verified that the results computed with CFL numbers of 1.0 and 1.5
are generally the same. Note that the performance presented in the last column of Table 2 is based on CFL number of 1.5.
The data sampling starts at around 100 CTUs, which corresponds to 0.38 s, when the initial transients are flushed out.
The sampling continues for another 200 CTUs (≈ 0.76 s). Extrapolation far-field boundary conditions are applied on all
domain boundaries. The domain boundaries are far enough from the landing gear with very coarse grid resolution and
upwind-biased scheme such that there is sufficient numerical dissipation to eliminate any unphysical reflected waves.
As mentioned previously, tripping devices were installed on the landing gear model to trigger laminar-turbulent
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(a) Grid D (b) Grid E (c) Grid F

Fig. 4 Cross-sections of different grids at wheel mid-plane (𝑦 = 99 mm) showing the grid hierarchies.

(a) Grid D (b) Grid E (c) Grid F

Fig. 5 Cross-sections of different grids at 𝑥 = 0 showing the grid hierarchies.

transition. The characteristic length scales of these devices, such as the thickness of tripping dots on the axle and main
strut, and the roughness lengths of the strips on the wheels, are too small to be well resolved by the simulations. In order
to mimic the laminar-turbulent transition effects triggered by tripping devices in the experiments, numerical tripping
strips or lines are placed at the actual locations of the tripping strips in the experiments. These numerical tripping strips
are small dashed circular tubes that represent source terms in the compressible Navier–Stokes equation with user-tuned
characteristic length and time scales to perturb the flow for transition. All these numerical tripping lines have a diameter
of 4Δ𝑥 and a time scale of 6Δ𝑡. These dashed lines also have dash length and interval spacing of 3.6 mm. In other
words, there are more grid cells per dash and interval spacing between dashes when the grid is refined. This is found to
be useful for more consistent results between grids of different resolutions. Two tripping cases are considered in this
work: (1) with numerical tripping strips only placed at the axle and the main strut, and (2) with numerical tripping strips
placed at all tripping locations in the experiments.

IV. Flow Visualizations
Figs. 6 and 7 display the iso-surfaces of Q-criterion at value of 1.0× 106 s−2 at around 300th CTU. These Q-criterion

iso-surfaces show locations where the vorticity magnitude is much larger than the strain rate magnitude. Strong flow
unsteadiness and the large amount of small turbulent eddies shed from the landing gear can be seen from the iso-surfaces
of Q-criterion. The density gradient magnitude contours on the two-dimensional (2D) planes at 𝑦 = 0 and 𝑧 = 0 display
the acoustic waves generated by the unsteady turbulent flow. From Fig. 6, it is observed that smaller vortices are
generated downstream of the vertical tripping lines on the strut when the grid is refined from grids D to F. There are also
more vortices created on the outer side of the wheel. Comparing the simulations with and without the tripping strips on
grid F, it is obvious that the numerical tripping lines along the main strut are effective in generating more vortices. In
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Fig. 6, it is shown that the boundary layer flows on the upper surfaces of the wheels transition to turbulence at more
upstream locations when the grid is refined from grid resolutions D to F. The tripping lines on the wheels only have
minor effects on the transition of the boundary layers, by comparing the cases with and without tripping strips for grid F.
While not shown, the effects of tripping strips on the boundary layer transitions are also small for other grid resolutions.

(a) Grid D with tripping strips case (2) (b) Grid E with tripping strips case (2)

(c) Grid F without tripping strips (d) Grid F with tripping strips case (2)

Fig. 6 Iso-surfaces of Q-criterion at the value of 1.0 × 106 s−2 on top of density gradient magnitude iso-contours
from 5.0 × 10−3 kg m−4 to 5.0 × 103 kg m−4 in the 𝑦 = 0 plane at ∼ 300th CTU. The iso-surfaces are colored by
𝑦-component of instantaneous velocity in the range of ±18 m s−1.

The surface mean pressure coefficient distributions computed with different grids are viewed from upstream in
Fig. 8. The mean pressure coefficient is computed as 𝑐𝑝 = (𝑝 − 𝑝∞)/(𝜌∞𝑈2

∞/2), where 𝑝, 𝑝∞, 𝜌∞, and 𝑈∞ are the
mean pressure, freestream pressure, freestream density, and freestream velocity magnitude respectively. Comparing the
cases without the tripping strips, there are only minor differences in the results between grids B to F, except for grid
A, which is due to poor grid resolution. The effects of the tripping can be seen in the results obtained with tripping
strips, which appear as dashed lines in the contours of pressure coefficient. No noticeable grid sensitivities of pressure
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(a) Grid D with tripping strips case (2) (b) Grid E with tripping strips case (2)

(c) Grid F without tripping strips (d) Grid F with tripping strips case (2)

Fig. 7 Iso-surfaces of Q-criterion at the value of 1.0 × 106 s−2 on top of density gradient magnitude iso-contours
from 5.0 × 10−3 kg m−4 to 5.0 × 103 kg m−4 in the 𝑧 = 0 plane at ∼ 300th CTU. The iso-surfaces are colored by
𝑦-component of instantaneous velocity in the range of ±18 m s−1.

coefficient distributions are found between grid D, grid E, and grid F for these cases with tripping but there are large
differences in the contours between cases with and without tripping strips, particularly on the sides of the main strut. It
is also noticed that the tripping lines on the wheels have small effects on the pressure coefficient contours except in the
regions close to those tripping lines, by comparing the results between the two tripping cases.

V. Near-field Results Without Effects of Tripping Strips
The simulation results without the use of any tripping strips are compared with the experimental data in this section.

Pressure measurements were made in the F2 and C19 facilities with static pressure taps, unsteady pressure transducers
(Kulites), and microphones. Velocity fields were mainly measured through particle image velocimetry (PIV) and laser
Doppler velocimetry (LDV) in the F2 wind tunnel.

A. Mean Pressure Coefficients
Mean wall pressure is measured by 64 static pressure taps mounted on the landing gear model during the experiments.

The locations of the steady pressure sensors are shown in Fig. 9. A complete set of 𝑐𝑝 values at the 64 static pressure
probe locations is provided by the F2 wind tunnel and the results are averaged from three realizations. In addition, the
values at the circular ring around the left wheel were also measured from the C19 open jet aeroacoustic facility [9].
The circular ring around the left wheel consists of 37 pressure sensors in the range of ±120◦ on the wheel periphery.
The comparison of the pressure coefficients obtained with the simulations and the experimental results at these 37
locations is shown in Fig. 10(a). Only very small grid sensitivities are observed at most of these locations, except for the
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(a) Grid A without tripping strips (b) Grid B without tripping strips (c) Grid C without tripping strips

(d) Grid D without tripping strips (e) Grid D with tripping strips case (1) (f) Grid D with tripping strips case (2)

(g) Grid E without tripping strips (h) Grid E with tripping strips case (1) (i) Grid E with tripping strips case (2)

(j) Grid F without tripping strips (k) Grid F with tripping strips case (1) (l) Grid F with tripping strips case (2)

Fig. 8 Mean pressure coefficient distributions on the surface of the landing gear.
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lowest resolution grid A. The largest grid sensitivity is observed in the adverse pressure gradient region at the top of the
wheel (positive angles) that is affected by the wake of the main strut. At the bottom of the wheel (negative angles),
the simulation results agree better with the experimental results from the C19 open-jet facility in regions around −90◦
where the experimental results exhibit some discrepancies. The simulations are conducted in an open domain, thus are
expected to match the results from C19 facility better than the F2 closed-loop wind tunnel. In the F2 closed-loop wind
tunnel, the flow is affected by the solid blockage effect from the side walls. This may explain the discrepancies between
the experimental results from the C19 and F2 wind tunnels at around ±90◦. Interesting, the 𝑐𝑝 values computed with
the simulations match the results from the F2 wind tunnel rather than the C19 facility much better from 70◦ to 90◦ on
the top of the wheel.
Fig. 10(b) shows the comparison of the pressure coefficients at other locations. These mainly include a transverse

tap located at −90◦ on the wheel, linear and curricular taps on the lower leg, and linear and circular taps around the
axle. The transverse line on the wheel has 9 sensors #40-#47. The simulation results compare reasonably well with the
experimental results on this line. The linear tap on the lower leg consists of sensors #60-#64. The simulation results
match those from the experiments well at these front stagnation points. The circular taps around the lower leg are
formed by sensors #56-#60. The simulation results show large grid sensitivity at this circular ring and large discrepancy
between the simulation and experimental results can be seen. Finally, the circular and linear taps on the axle are formed
by sensors #51-#54, and sensors #51 and #55 respectively. Except at the linear tap that is formed by the stagnation
points, the simulation results at these axle locations are very sensitive to the grid resolution and have large differences
compared with the experimental results. Note that the Reynolds numbers based on the axle, lower leg, and upper leg
are 2.3 × 105, 2.8 × 105, and 3.7 × 105 respectively. These Reynolds numbers fall into the sub-critical and critical
ranges of flow past a cylinder. In these ranges, the wake topology changes drastically with the Reynolds number due to
the presence of laminar separation bubbles with combined effects of flow separation, transition to turbulence in the
separated regions, and reattachment of the flow [54]. Accurate modeling of the flow physics in the laminar separation
bubble and the wake at these Reynolds numbers is known to be a challenging task and this may also explain the large
grid sensitivities of 𝑐𝑝 at these axle’s and strut’s sensors.

(a) Left wheel (b) Right wheel (c) Main strut and axle

Fig. 9 Schematic showing the pressure instrumentation locations (part of the LAGOON database, property of
Airbus/ONERA [30]). The green dots represent the locations of the static pressure taps; the red dots represent
the locations of the unsteady pressure sensors; and the blue dots represents the 2 microphone locations.
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Fig. 10 Mean pressure coefficients on the LAGOON landing gear for simulations without tripping strips. Cyan
circles (with solid line): grid A; red hexagons (with dashed line): grid B; green pentagons (with dash-dotted line):
grid C; blue squares (with dash-dot-dotted line): grid D; orange diamonds (with dash-triple-dotted line): grid E;
magenta triangles (with dotted line): grid F; black crosses (with thick solid line): experimental results of F2 wind
tunnel; gray thick solid line: experimental results of C19 facility.

B. Pressure Power Spectral Densities
There were 27 Kulite pressure sensors installed on the landing gear for the measurement of the unsteady wall

pressure fluctuations in the experiments, as depicted in Fig. 9. The unsteady pressure values were measured in both F2
and C19 wind tunnels. In Fig. 11, the power spectral densities (PSDs) computed with the unsteady pressure data from
the simulations are compared with those from the experiments. Following the experimental measurements, all PSDs in
this work are computed with a bin frequency of 10 Hz. The Hann window with 75% overlap is chosen for windowing.
The reference PSD value of 4.0 × 10−10 Pa2 Hz−1 is used to normalize the pressure PSDs. The sampling intervals are
around 5 time steps for grid A, 10 time steps for grids B to E, and 20 time steps for grid F.
Figs. 11(a) to 11(c) show the comparison between the PSDs obtained from the simulations with the two sets of

experimental results at three different Kulite locations on the right wheel, from the attached to the flow separated regions.
Grid convergence can be observed at the Kulites 1 and 9, while large grid sensitivity can be seen at Kulite 7 even at high
grid resolution. The Kulite 7 is near the flow separation point of the boundary layer. The flow separation point predicted
by the simulation is sensitive to the grid. When the grid is finer, the flow separation appears to happen at a location that
is slightly further upstream and hence there is larger pressure fluctuation. There are smaller cut-off frequencies, or large
under-predictions of PSDs from the simulations in the high frequency range at Kulite 1. A physical tripping strip is
installed just upstream of Kulite 1 in the experiments and the lack of modeling of the tripping by these simulations is the
root of the discrepancies, as will be shown in the next section. Nevertheless, the two tonal peaks at around 1 kHz and
1.5 kHz are captured accurately by the simulations with different grids, except grid A with the lowest grid resolution. At
Kulite 9, the flow has become fully turbulent and is characterized by the boardband noise spectrum. The PSD spectra at
this Kulite are accurately predicted with the high resolution grids E and F for almost two decades of frequencies.
Figs. 11(d) and 11(e) compare the PSDs at Kulites 10 and 11 located at the front part of the wheel’s outer side

where Kulite 10 is upstream of the Kulite 11. There is around 5 dB disagreement between the two experimental PSD
curves at Kulite 10 across the entire range of frequencies. Large grid sensitivities on the PSDs can also be seen at this
Kulite. The PSD computed with grid E agrees almost perfectly with the PSD measured from C19 facility. The spectrum
obtained with grid F has reasonable agreement with the C19’s PSD, except with discrepancies in the medium frequency
range. The curvature of the external side of the wheel is poorly represented by the lower resolution grids, and thus there
are large under-predictions in the PSDs. At Kulite 11, all of the simulations under-predict the PSD levels across the
entire frequency range. The tripping strips installed on the front part of the wheel may introduce effects at this Kulite
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which are not accounted by these simulations. Fig. 11(g) shows the PSDs at Kulite 22 which is located at the rear part of
the wheel’s outer surface. This Kulite is in a region that is fully turbulent. Both simulations with grids E and F can
capture the PSD levels well for around two decades of frequencies. The PSDs of Kulite 14 at the front part of the inner
side of the wheel are shown in Fig. 11(f). Except for the simulation with lowest resolution grid A, the two tones at
around 1 kHz and 1.5 kHz can be accurately predicted by all simulations. The tones are generated by the resonance in
the cavity between the two wheels [15, 55]. Slight over-predictions are noticed in the high frequency range for the PSDs
computed with grids E and F.
Finally, the PSDs at Kulites 23 and 26, which are mounted on the axle and lower leg respectively, are compared in

Figs. 11(h) and 11(i). None of the simulations can predict the spectra well at these two locations. This is due to the fact
that the effects from the tripping dots on the main strut and axle are not modeled in these simulations.
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Fig. 11 Pressure PSDs at different locations of LAGOON landing gear for simulations without tripping strips.
Cyan solid line: grid A; red dashed line: grid B; green dash-dotted line: grid C; blue dash-dot-dotted line: grid
D; orange dash-triple-dotted line: grid E; magenta dotted line: grid F; black thick solid line: experimental
results of F2 wind tunnel; gray thick solid line: experimental results of C19 facility.
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C. Mean Velocity Fields
Fig. 12 compares the mean velocity components obtained from the simulations and the experiments on a 2D 𝑥-𝑦

plane at 𝑧 = 0. This 2D plane is placed in the wake region downstream of the landing gear. The mean streamwise
(𝑥-direction) and transverse (𝑦-direction) velocity components,𝑈 and 𝑉 , were measured with PIV in the F2 wind tunnel.
The vertical (𝑧-direction) velocity component𝑊 was not addressed by the PIV measurements but was measured using
LDV in a limited area. Only the simulation results with the higher resolution grids, grids D, E, and F, are visualized and
analyzed in this section. In general, the contours obtained with the simulations are highly symmetric and are in the
same symmetry levels as the experimental results, indicating that a sufficient amount of simulation time is performed.
Compared with the experimental results, there are over-predictions of𝑈 with the simulations in the middle part of the
wake near the landing gear although the over-prediction decreases when the grid is refined. As for 𝑉 , all simulations
under-estimate the magnitude of this velocity component and the under-prediction is the worst for simulation on grid
F. Although only a limited area of data is provided from the experiments, large variation of 𝑊 is observed in this
small window of the wake. This velocity component is strongly positive and negative in the outer and inner regions
respectively. The component is also slightly positive in the core of the wake that is close to the landing gear. Again,
large grid sensitivity is shown for𝑊 . The region with negative contours is absent for the grids D and E. Only simulation
with grid F can reproduce the contours with negative values.
Mean velocity profiles on a number of lines around the landing gear were measured with LDV in the F2 wind tunnel.

We have chosen three measurement lines at the periphery of one of the wheels to examine the boundary layer profiles.
These three lines, lines 13, 12, and 20 are on the median plane of the wheel and are normal to the bottom surface of
the wheel, as indicated in Fig. 13. Lines 13 and 20 are in the regions with favorable and adverse pressure gradients
respectively while line 12 is in between the two lines and is aligned with the 𝑧 axis. The mean streamwise and vertical
velocity components, 𝑈 and𝑊 , are shown in Fig. 14. The grid sensitivities of these mean velocity components are
small, relative to the freestream velocity magnitude. The profile of𝑈 on line 12 are better captured by the simulations
relative to those on lines 13 and 20 with under-predictions. The𝑊 profiles are also under-estimated on all three lines.
The discrepancies of the mean velocity component𝑈 between the simulations and experiments may be due to the use of
an open domain for the simulations while the experimental data was measured under the blockage effects in the F2
closed-loop wind tunnel. In [55], similar levels of under-estimation are also observed in the profiles of 𝑈 and𝑊 on
lines 13 and 20 from the hybrid RANS/LES simulations in an open domain. In a later section, it is also shown that the
profiles of𝑊 from the simulations are improved with the effects of numerical tripping.

D. Velocity Power Spectral Densities
Velocity spectral data was measured at different point probes through LDV. Here, three out of the five LDV point

probes from 10 mm to 90 mm downstream of the wheel shown in Fig. 15 are investigated. Only the unsteady data of the
streamwise and the vertical components of the velocity, 𝑢 and 𝑤, are measured through LDV in the experiments. As
in the computations of the pressure PSDs, the bin frequency of 10 Hz is chosen with the Hann windowing and 75%
overlap. Comparisons of velocity PSDs normalized with the reference value of 1 m2 s−2 Hz−1 are shown in Fig. 16.
Ignoring the results from grid A due to poor resolution, it can be seen in the plots that PSDs of 𝑢 and 𝑤 predicted have
larger cut-off frequencies with higher grid resolution in general. Note that the cut-off frequencies of grid F are smaller
than those of grid E at 90 mm downstream because the wake grid resolution of the former is lower than the latter at that
location. For the point probe that is closest to the wheel, the PSD levels in the low frequency range are under-estimated
by all of the simulations. When the point probe is being moved away from the wheel, there are improvements in the
predictions for the low frequency PSD levels.
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(a) Experiment,𝑈 (b) Experiment, 𝑉 (c) Experiment,𝑊

(d) Grid D,𝑈 (e) Grid D, 𝑉 (f) Grid D,𝑊

(g) Grid E,𝑈 (h) Grid E, 𝑉 (i) Grid E,𝑊

(j) Grid F,𝑈 (k) Grid F, 𝑉 (l) Grid F,𝑊

Fig. 12 Mean velocity field (in m s−1) on a 𝑥-𝑦 plane downstream of the wheels at 𝑧 = 0 for simulations without
tripping strips.
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(a) Line 13 (b) Line 12 (c) Line 20

Fig. 13 Locations of 1D LDV measurement lines colored in red on the LAGOON landing gear. Left: line 13
that is upstream of line 12; right: line 20 that is downstream of line 12.
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Fig. 14 Mean velocity components along different radial lines on the wheel surface showing the boundary
layer profiles for simulations without tripping strips. Cyan solid line: grid A; red dashed line: grid B; green
dash-dotted line: grid C; blue dash-dot-dotted line: grid D; orange dash-triple-dotted line: grid E; magenta
dotted line: grid F; thick black solid line: experimental results.
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Fig. 15 The five LDV measurement locations at 𝑦 = −115 mm and 𝑧 = 0 along 𝑥 direction from 10 mm to 90 mm
downstream of the wheel.
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(b) 50 mm downstream of the wheel
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(c) 90 mm downstream of the wheel
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(d) 10 mm downstream of the wheel
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(e) 50 mm downstream of the wheel
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(f) 90 mm downstream of the wheel

Fig. 16 Velocity PSDs at 𝑦 = −115 mm and 𝑧 = 0 at different locations downstream of the wheel for simulations
without tripping strips. Cyan solid line: grid A; red dashed line: grid B; green dash-dotted line: grid C; blue
dash-dot-dotted line: grid D; orange dash-triple-dotted line: grid E; magenta dotted line: grid F; thick black
solid line: experimental results.
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VI. Effects of Tripping Strips on Near-field Results
Simulation results with the effects of tripping devices included are studied in this section. The effects of the tripping

devices are modeled by numerical tripping strips. The settings of the numerical tripping strips are discussed in an
earlier section. Only the higher resolution grids, grids D, E, and F, are used for the simulations with numerical tripping.
Four different combinations of grids and tripping cases are chosen for the presentation. These consist of grids D and E
with only tripping case (2), and grid F with both tripping cases (1) and (2). It should be reminded that there are only
numerical tripping strips at the axle and the main strut for case (1) while case (2) has tripping strips placed at all tripping
locations in the experiments. The simulation results obtained from the grids E and F cases without the tripping strips
are also included in the plots for comparison.

A. Mean Pressure Coefficients
The effects of the numerical tripping strips on the mean pressure coefficients are shown in Fig. 17. The comparison

of mean pressure coefficients on the wheel periphery for different cases is shown in Fig. 17(a). There is no noticeable
difference between all of the cases for the negative angles, i.e. on the bottom of the wheel, no matter with or without the
numerical tripping strips. The main effects of the tripping are on the top of the wheel. In the favorable pressure gradient
region on the top wheel, the pressure coefficients for cases with tripping strips start to deviate from the cases without
tripping when the angle is greater than 60◦. As a result, the 𝑐𝑝 values are slightly over-predicted under the numerical
tripping effects at these angles. The minimum 𝑐𝑝 values for these tripping cases are closer to the C19’s data. In the range
of angles with adverse pressure gradients, the results with tripping effects included are less sensitive to grid resolution
compared to those without tripping strips, and agree well with the experimental results from the C19 wind tunnel.
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Fig. 17 Mean pressure coefficients on the LAGOON landing gear. Cyan circles (with solid line): grid D with
tripping strips case (2); red hexagons (with dashed line): grid E without tripping strips; green pentagons (with
dash-dotted line): grid E with tripping strips case (2); blue squares (with dash-dot-dotted line): grid F without
tripping strips; orange diamonds (with dash-triple-dotted line): grid F with tripping strips case (1); magenta
triangles (with dotted line): grid F with tripping strips case (2); black crosses (with thick solid line): experimental
results of F2 wind tunnel; gray thick solid line: experimental results of C19 facility.

Fig. 17(b) compare the pressure coefficients at other sensor locations. Excluding the sensors on the axle and main
strut that are in between #52-#64, there are insignificant differences between cases with and without the numerical
tripping strips. Among the sensors on the axle and main strut, those which are around the front stagnation points,
#51, #55, and #60-#64, agree perfectly with the experimental values. At other locations that are affected by the wake
and the physical tripping devices, there are considerably less grid sensitivities in the 𝑐𝑝 values, under the effects of
numerical tripping, compared to cases without tripping shown in Fig. 10(b). It is very likely that the tripping devices in
the experiments triggered turbulent transition further upstream of the boundary layer and this may avoid the need to
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capture the complex flow phenomena around cylinders at sub-critical and critical Reynolds numbers in the computations.
Overall, with the tripping effects modeled in the simulations, less grid sensitivities are achieved for mean pressure
coefficients at sensors on the strut and axle, and there are better agreements of the 𝑐𝑝 values between the simulations
and experiments in general.

B. Pressure Power Spectral Densities
The effects of numerical tripping on the PSDs of pressure are studied from Figs. 18 to 20. The PSDs along the wheel

periphery are shown in Fig. 18. From Fig. 18(a), it can be seen that there is no influence of the numerical tripping on
the PSDs at Kulite 1 that is located right downstream of a tripping strip on the wheel. The numerical tripping strips on
the wheels have more effects on PSDs at Kulites 3 and 5 by comparing the two tripping cases (1) and (2) with grid F. As
shown in Figs. 18(b) and 18(c), the spectra at these two Kulites are excited to higher sound levels by the wheel tripping
strips in the high frequency range although there are still quite large under-predictions compared to the experimental
spectra in that range. The small influence on the boundary layers of the wheels’ numerical tripping strips can already be
seen in the comparison of visualizations between the grid F simulations in Fig. 7. The tripping effects in the experiments
are challenging to reproduce due to the uncertainties of the small spatio-temporal scales involved and it is very likely
that they are not fully modeled by our numerical tripping technique. At the Kulite 7, the PSDs seem to be quite sensitive
to the flow separation location on the wheel and there is a larger sound level if the flow is predicted to separate at a more
upstream location. The flow separation point is influenced by the wake behavior of the axle and strut which is sensitive
to the grid resolution and the numerical tripping. With the tripping strips, it is interesting to see that the PSD obtained
with grid D agrees much better with the experimental results. However, the tripping also causes over-prediction of the
spectrum with grid E. As for the simulations with grid F, there are over-predictions in PSD no matter whether tripping is
turned on or off. At Kulites 9 and 19 where the flow becomes fully turbulent, the PSDs obtained by the simulations with
grids E and F have remarkably high accuracy for around two decades of frequencies, as shown in Figs. 18(e) and 18(f).
Lower cutoff frequencies can be seen for the PSDs computed with grid D due to lower grid resolution. While there are
not any noticeable effects from tripping at Kulite 9, small improvements with the numerical tripping strips are observed
at Kulite 19 for both grids E and F.
The plots in Fig. 19 show the PSDs on the wheel internal and external sides. The PSDs at Kulite 10 located on the

external side are found to be very sensitive to the grid resolution in the previous section. We should emphasize again
that the experimental measurements also have quite large mismatch. Among all simulations without the numerical
tripping, the PSD computed using grid E has the best agreement with the experimental PSD measured in the C19 facility.
When tripping strips are placed on the wheel, the PSD spectrum from grid E is lifted up to match with the results from
the F2 wind tunnel instead. The tripping effect, which is likely from the outer strips on the wheel, also improves PSD
obtained with grid F and the corresponding PSD also has considerably good agreement with PSD from the F2 wind
tunnel. At Kulite 11, the effects of tripping on the wheel can also be observed. The tripping strips on the wheel improve
the PSD’s computed with grids E and F in the low frequency range. However, there are still large under-predictions in
the medium and high frequency ranges. The PSDs at the three consecutive Kulites, 13, 14, and 15 on the front part of
the wheel’s inner side are compared in Figs. 19(c) to 19(e). The effects of tripping are small at these three Kulites. The
tripping does not affect the accurate capturing of the cavity tones in the PSDs at Kulites 13 to 15 but lead to slightly
more over-predictions of the sound levels in the high frequency range. The Kulites 18 and 22 are placed at mirror
locations on the rear and external sides of the two wheels. While good matches between the experimental results can be
seen independently for these two Kulites, we have noticed that the experimental PSDs values at these two locations have
around 5 dB difference in the low frequency range between 300 Hz and 2 kHz. The numerical tripping strips appear to
have adverse effects on the PSDs computed with grid D at these Kulites. Nevertheless, the influence of tripping on
the PSDs obtained with grids E and F is minor. In general, these PSDs compare well with the experimental results
and the values in the low frequency range are in between the experimental results at the two mirror locations. As for
another pair of Kulites, 20 and 21, which are also at mirror locations but on the rear and inner sides of the two wheels,
the effects of tripping are not obvious. These two Kulites are inside the turbulent wake and their PSDs are reasonably
captured using grids E and F with small over-predictions over a wide frequency range.
Finally, the PSDs at Kulites on the axle and strut are shown in Fig. 20. The improvements with the numerical

tripping strips are tremendous at some of these Kulites. For example, the PSDs at Kulites 23 and 26, which are on
the axle and the lower leg respectively, agree much better with the experimental results. The grid sensitivity is also
small at these two locations. Kulite 25 is the only Kulite that is adversely affected as the PSD levels in the middle range
of frequencies are over-predicted. Particularly, the two tonnes are not observable anymore for the grid F cases with
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Fig. 18 Pressure PSDs at the wheel periphery. Cyan solid line: grid D with tripping strips case (2); red
dashed line: grid E without tripping strips; green dash-dotted line: grid E with tripping strips case (2); blue
dash-dot-dotted line: grid F without tripping strips; orange dash-triple-dotted line: grid F with tripping strips
case (1); magenta dotted line: grid F with tripping strips case (2); black thick solid line: experimental results of
F2 wind tunnel; gray thick solid line: experimental results of C19 facility.

tripping strips. The numerical tripping also improves PSDs predicted by simulations with different grids generally at
Kulite 27, where the flow is supposed to be fully turbulent.

C. Mean Velocity Fields
In Fig. 21, the mean velocity components from different cases using grid F are compared. It can be seen that the

numerical tripping strips have strong effects on the wake topology although the effects mainly originate from the tripping
on the axle and strut and not on the wheels. This can be easily deduced by comparing the velocity profiles between
tripping cases (1) and (2), which are very similar. With the numerical tripping, there are much better agreements in the
mean velocity profiles between the simulation and experimental results. From the plots of mean streamwise velocity
𝑈, it can be observed that the contours in region around the core of the wake and close to the landing gear are better
reproduced with more streamwise momentum deficit. The magnitudes of the mean transverse velocity component 𝑉
are also closer to those measured from the experiments. The mean vertical velocity component𝑊 contours are less
positive in the center of the wake near the landing gear but this behavior cannot be fully validated due to incomplete
experimental data in that region. The grid sensitivities of simulations that belong to the case (2) of numerical tripping
are compared in Fig. 22. Much less grid sensitivities are observed in the plots, compared to the earlier comparison of
simulations without numerical tripping. Simulations with different grids can all capture the low magnitude region of𝑈
in the middle right downstream of the landing gear. When the grid is refined, there seems to be a trend to converge to
the experimental results. Overall, these results strongly suggest that the modeling of the laminar-turbulent transition
induced by the tripping devices on the axle and strut is critical in these WMLESs for reproducing the correct wake
topology from the experiments.
The tripping effects on the mean velocity profiles around the periphery of the wheels are shown in Fig. 23. The
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Fig. 19 Pressure PSDs at the wheel internal and external sides. Cyan solid line: grid D with tripping strips case
(2); red dashed line: grid E without tripping strips; green dash-dotted line: grid E with tripping strips case (2);
blue dash-dot-dotted line: grid F without tripping strips; orange dash-triple-dotted line: grid F with tripping
strips case (1); magenta dotted line: grid F with tripping strips case (2); thick black line: experimental results of
F2 wind tunnel; thick gray line: experimental results of C19 facility.

effects of tripping strips, mainly come from those on the axle and strut, increase the magnitudes of𝑊 quite significantly.
As a result,𝑊 obtained from cases with tripping agree better with the experimental results. Meanwhile, the magnitudes
of𝑈 are also reduced and deviate more from the experimental measurements because of tripping. Nevertheless, these
additional deviations from the experimental results are small compared to the considerably large discrepancies between
the simulation and experimental results for cases without tripping originally. As explained in the earlier section, the
under-estimation of 𝑈 is believed to be caused by the use of an open domain in the simulations where the blockage
effects in the F2 wind tunnel are not accounted for.
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Fig. 20 Pressure PSDs at the axle and lower strut. Cyan solid line: grid D with tripping strips case (2); red
dashed line: grid E without tripping strips; green dash-dotted line: grid E with tripping strips case (2); blue
dash-dot-dotted line: grid F without tripping strips; orange dash-triple-dotted line: grid F with tripping strips
case (1); magenta dotted line: grid F with tripping strips case (2); thick black line: experimental results of F2
wind tunnel; thick gray line: experimental results of C19 facility.

D. Velocity Power Spectral Densities
The effects of the numerical tripping on the velocity PSD can be studied from Fig. 24. With the tripping strips, the

cut-off frequencies of the PSDs are higher and this is mainly caused by the tripping on the axle and strut. However,
there is still mismatch in the low frequency PSD levels at the probe that is closest to the wheel, even with the numerical
tripping. At other probing locations, the spectra from the simulations with grids E and F agree well with those from the
experiments for almost one decade of frequency range with the effects of numerical tripping.
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(a) Experiment,𝑈 (b) Experiment, 𝑉 (c) Experiment,𝑊

(d) Grid F without tripping strips,𝑈 (e) Grid F without tripping strips, 𝑉 (f) Grid F without tripping strips,𝑊

(g) Grid F with tripping strips case (1),𝑈 (h) Grid F with tripping strips case (1), 𝑉 (i) Grid F with tripping strips case (1),𝑊

(j) Grid F with tripping strips case (2),𝑈 (k) Grid F with tripping strips case (2), 𝑉 (l) Grid F with tripping strips case (2),𝑊

Fig. 21 Mean velocity field (in m s−1) on a 𝑥-𝑦 plane downstream of the wheels at 𝑧 = 0 of different simulations
with grid F.
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(a) Experiment,𝑈 (b) Experiment, 𝑉 (c) Experiment,𝑊

(d) Grid D with tripping strips case (2),𝑈 (e) Grid D with tripping strips case (2), 𝑉 (f) Grid D with tripping strips case (2),𝑊

(g) Grid E with tripping strips case (2),𝑈 (h) Grid E with tripping strips case (2), 𝑉 (i) Grid E with tripping strips case (2),𝑊

(j) Grid F with tripping strips case (2),𝑈 (k) Grid F with tripping strips case (2), 𝑉 (l) Grid F with tripping strips case (2),𝑊

Fig. 22 Mean velocity field (in m s−1) on a 𝑥-𝑦 plane downstream of the wheels at 𝑧 = 0 of different simulations
with tripping strips case (2).
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Fig. 23 Mean velocity components along different radial lines on the wheel surface showing the boundary layer
profiles. Cyan solid line: grid D with tripping strips case (2); red dashed line: grid E without tripping strips;
green dash-dotted line: grid E with tripping strips case (2); blue dash-dot-dotted line: grid F without tripping
strips; orange dash-triple-dotted line: grid F with tripping strips case (1); magenta dotted line: grid F with
tripping strips case (2); thick black solid line: experimental results.
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(b) 50 mm downstream of the wheel
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(e) 50 mm downstream of the wheel
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Fig. 24 Velocity PSDs at 𝑦 = −115 mm and 𝑧 = 0 at different locations downstream of the wheel. Cyan solid
line: grid D with tripping strips case (2); red dashed line: grid E without tripping strips; green dash-dotted
line: grid E with tripping strips case (2); blue dash-dot-dotted line: grid F without tripping strips; orange
dash-triple-dotted line: grid F with tripping strips case (1); magenta dotted line: grid F with tripping strips case
(2); thick black solid line: experimental results.
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VII. Far-field Acoustic Predictions
The Ffowcs Williams–Hawkings (FWH) acoustic analogy [56] is applied to estimate the far-field noise with the

near-field CFD data. Consider a moving body immersed in a fluid with quiescent ambient state, the FWH equation for a
permeable surface described by 𝑓 (𝒙, 𝑡) = 0 is given by [57]

22
(
𝑐2

0𝜌
′
)
=

𝜕

𝜕𝑡
[𝑄𝑛𝛿 ( 𝑓 )] −

𝜕

𝜕𝑥𝑖
[𝐿𝑖𝛿 𝑓 ] +

𝜕2

𝜕𝑥𝑖𝜕𝑥 𝑗

[
𝑇𝑖 𝑗𝐻 ( 𝑓 )

]
, (3)

where 𝑄𝑛 = 𝑄𝑖 𝑛̂𝑖 and 𝐿𝑖 = 𝐿𝑖 𝑗 𝑛̂ 𝑗 . 𝑄𝑖 and 𝐿𝑖 𝑗 are defined as

𝑄𝑖 = 𝜌0𝑣𝑖 + 𝜌 (𝑢𝑖 − 𝑣𝑖) , (4)
𝐿𝑖 𝑗 = 𝑃′

𝑖 𝑗 + 𝜌𝑢𝑖
(
𝑢 𝑗 − 𝑣 𝑗

)
. (5)

22 = 𝑐−2
0 𝜕2/𝜕𝑡2 − ∇2 is the wave operator with the ambient sound speed 𝑐0. 𝑓 is normalized in a way such that

|∇ 𝑓 | = 1. As a result, 𝒏 = ∇ 𝑓 is the outward unit vector normal to the FWH surface. 𝐻 ( 𝑓 ) is the Heaviside function
and 𝛿 𝑓 = 𝐻 ′( 𝑓 ) is the Dirac delta function. 𝜌′ = 𝜌 − 𝜌0 is the fluctuation of the density 𝜌 from the ambient density
𝜌0 = 𝜌∞. 𝑢𝑖 and 𝑣𝑖 are the velocities of the fluid and the surface respectively. 𝑃′

𝑖 𝑗
= 𝑃𝑖 𝑗 − 𝑝0𝛿𝑖 𝑗 is the perturbation

compressible stress tensor where 𝑝0 = 𝑝∞ is the ambient pressure and 𝛿𝑖 𝑗 is the Kronecker delta. The compressible
stress tensor 𝑃𝑖 𝑗 and the Lighthill stress tensor 𝑇𝑖 𝑗 are given by

𝑃𝑖 𝑗 = 𝑝𝛿𝑖 𝑗 − 𝜏𝑖 𝑗 , (6)

𝑇𝑖 𝑗 = 𝜌𝑢𝑖𝑢 𝑗 + 𝑃′
𝑖 𝑗 − 𝑐2

0𝜌
′𝛿𝑖 𝑗 , (7)

where 𝑝 and 𝜏𝑖 𝑗 are the pressure and viscous stress tensor respectively. Note that Equation (3) is an exact rearrangement
of the density and momentum equations of the Navier–Stokes equations.
The integral solution of Equation (3) for the acoustic pressure or pressure fluctuation, 𝑝′ = 𝑝 − 𝑝0, at the observer

position 𝒙 and observer time 𝑡 can be derived using the free-space Green’s function:

𝑐2
0𝜌

′2 (𝒙, 𝑡) = 𝑝′ (𝒙, 𝑡) = 𝑝′𝑇 (𝒙, 𝑡) + 𝑝′𝐿 (𝒙, 𝑡) + 𝑝′𝑄 (𝒙, 𝑡) , (8)

where 𝑝′
𝑇
(𝒙, 𝑡), 𝑝′

𝐿
(𝒙, 𝑡), and 𝑝′

𝑄
(𝒙, 𝑡) are the thickness, loading, and quadrupole terms respectively. The left equality

𝑝′ = 𝑐2
0𝜌

′2 comes from the assumption that the observer is sufficiently far away from the acoustic source region and the
fluctuations are small.
In this study, the solid (impermeable) FWH approach with the FWH surface placed on the landing gear is adopted

since the results obtained with the solid FWH formulation are in general better than those of the permeable FWH
approach in the BANC workshop [17]. Moreover, the placement of the FWH surface is more challenging in the
permeable FWH approach. With the solid FWH formulation, 𝑄𝑛 and 𝐿𝑖 are reduced to

𝑄𝑛 = 𝜌0𝑣𝑖 𝑛̂𝑖 , (9)
𝐿𝑖 = 𝑃′

𝑖 𝑗 𝑛̂ 𝑗 , (10)

due to no-penetration conditions. One of the derived solutions of thickness and loading noise components with solid
FWH surface are given by the Formulation 1A [28, 58]. The corresponding integral solutions over the surface 𝑆 are
given by

4𝜋𝑝′𝑇 (𝒙, 𝑡) = 4𝜋𝑐2
0𝜌

′
𝑇 (𝒙, 𝑡) =

∫
𝑓 =0

[
𝑄𝑛𝑐0

(
𝑀𝑅 − 𝑀2)

𝑅2 |1 − 𝑀𝑅 |3

]
𝑟𝑒𝑡

𝑑𝑆, (11)

4𝜋𝑝′𝐿 (𝒙, 𝑡) = 4𝜋𝑐2
0𝜌

′
𝐿 =

1
𝑐0

∫
𝑓 =0

[ ¤𝐿𝑅

𝑅 |1 − 𝑀𝑅 |2

]
𝑟𝑒𝑡

𝑑𝑆

+
∫
𝑓 =0

[
𝐿𝑅 − 𝐿𝑀

𝑅2 |1 − 𝑀𝑅 |2

]
𝑟𝑒𝑡

𝑑𝑆

+
∫
𝑓 =0

[
𝐿𝑅

(
𝑀𝑅 − 𝑀2)

𝑅2 |1 − 𝑀𝑅 |3

]
𝑟𝑒𝑡

𝑑𝑆.

(12)
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It is assumed that the solid surface is in uniform rectilinear motion when the solutions above are derived. The subscript
“𝑟𝑒𝑡" denotes integration at the retarded or emission time 𝜏 of the surface elements. 𝑀𝑖 = 𝑣𝑖/𝑐0 is the Mach number
vector of the moving surface. Other terms in the solutions are defined as

𝑀2 = 𝑀𝑖𝑀𝑖 , 𝑀𝑅 = 𝑀𝑖 𝑅̂𝑖 , (13)

𝐿𝑅 = 𝐿𝑖 𝑅̂𝑖 , 𝐿𝑀 = 𝐿𝑖𝑀𝑖 , ¤𝐿𝑅 =
𝜕𝐿𝑖

𝜕𝜏
𝑅̂𝑖 , (14)

where 𝑅 = |𝒙 − 𝒚 | is the acoustic distance between the observer and the source (any surface element) at the retarded
time and 𝑹 = ∇𝑅/|∇𝑅 | is the unit radiation vector.
In a wind tunnel configuration, the problem can be further simplified by assuming the flow is in the 𝑥1 direction with

speed𝑈0 and Mach number 𝑀0. For subsonic flow, the Garrick triangle [59–61] can be used to compute the retarded
time and the acoustic distance since both the observer and source move at the same velocity. By the change of reference
frame from the wind tunnel frame to the frame of the fluid at rest, 𝑄𝑛 can be further simplified as

𝑄𝑛 = −𝜌0𝑈0𝑛̂1. (15)

The quadrupole component 𝑝′
𝑄
requires volume integration of the quadrupole term (last term in the right hand side

of Equation (3)) outside the FWH surface and is neglected for this low Mach number problem. The viscous stress tensor
𝜏𝑖 𝑗 in 𝑃𝑖 𝑗 is also neglected as it is generally a negligible source of noise.
The FWH method presented is a time domain approach. One can also consider the frequency domain approach [60]

with the use of fast Fourier transform (FFT). We have verified that both approaches give essentially the same numerical
results.
The far-field noise was measured in the open jet C19 wind tunnel on two circular arcs located in a flyover plane and a

sideline plane respectively with the origin at the landing gear. As depicted in Fig. 25, the sideline plane makes an angle
of 56◦ with respect to the flyover plane and 12 microphones are evenly distributed on each arc from 30◦ (downstream) to
140◦ (upstream). The distance between the arcs’ origin and the microphones is roughly 20𝐷 = 6 m. The measured
noise levels at these microphones, or observers, are corrected from the effects of background wind tunnel noise and the
atmospheric absorption. The positions of the observers for far-field computations are also adjusted to take the refraction
of acoustic propagation at the shear layer generated from the nozzle jet into account [30].

Fig. 25 Schematic showing the two arcs of 12 far-field microphones in flyover and sideline directions (part of the
LAGOON database, property of Airbus/ONERA [30]).

From Fig. 25, we can see that the observers are not inside the jet and the flow is only at the freestream velocity
in regions around the landing gear. As argued in [55], a large portion of the acoustic propagation is in the quiescent
medium. Therefore, an ambient Mach number of 𝑀0 = 0 is used in the FWH solver. The non-uniform effects of the
flow past the landing gear are already included in the surface pressure obtained from the CFD simulations. Following
the experiments, a bin frequency of 10 Hz is used for computing the PSD spectra at all observer locations with the Hann
windowing and 75% overlap. The sampling frequency is 132 kHz.
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A. Surface Mesh Sensitivity Analysis of the Ffowcs Williams–Hawkings Analogy
The surface triangulations used for the FWH surface are different than those used for the immersed boundary

method. A mesh resolution sensitivity study on the FWH surface is performed with three different surface triangulations
described in Table 3. The far-field pressure PSDs computed with different FWH surface triangulations at a few observer
locations are shown in Fig. 26. The case chosen is the simulation on grid F without tripping. From the plots, no
noticeable differences between the PSDs are observed between results from different FWH surface triangulations. This
indicates that a surface triangulation much coarser than that for the immersed boundary method can be used for data
compression during the sampling of FWH surface data.
In the following sections, the data collected on the fine resolution FWH surface mesh is utilized for far-field noise

predictions for simulations with grids D, E, and F, whereas data sampled on the medium resolution surface mesh is used
for other lower resolution simulations.

Mesh Surface element
spacing (mm)

Number of surface
elements (million)

coarse ∼ 0.125 0.360
medium ∼ 0.250 1.451
fine ∼ 0.500 5.763

Table 3 The details of surface triangulations used for FWH surface.

103 104

frequency (Hz)

20

30

40

50

60

70

P
S

D
(d

B
H

z−
1
)

coarse FWH surface mesh

medium FWH surface mesh

fine FWH surface mesh

(a) Observer 3 in the flyover plane

103 104

frequency (Hz)

20

30

40

50

60

70

P
S

D
(d

B
H

z−
1
)

(b) Observer 6 in the flyover plane

103 104

frequency (Hz)

20

30

40

50

60

70

P
S

D
(d

B
H

z−
1
)

(c) Observer 9 in the flyover plane

Fig. 26 Sensitivity of surface mesh resolution on pressure PSDs of far-field noise at different locations of
observers (microphones) using simulation results with grid F without tripping strips. Red solid line: coarse
surface mesh; green dashed line: medium surface mesh; blue dash-dotted line: fine surface mesh.

B. Far-field Acoustic Results
The far-field acoustic predictions using the FWH surface data from different cases without the tripping strips are

compared in Fig. 27. The results from grid A are excluded in the following discussion due to poor CFD grid resolution.
For observer 9 that is located downstream of the landing gear, it can be seen from the plots that all numerical predictions
compare reasonably well with the experimental results from 200 Hz to 4 kHz on both flyover and sideline planes. At
other observer locations that are upstream of observer 9, there are under-predictions in the noise levels below 500 Hz
and the under-estimation increases when the observer is at a more upstream location. This discrepancies were also
reported in [15] and these may be caused by unexpected wind tunnel noise, or noise diffraction at the nozzle lip since
these observers are closer to the jet nozzle. Two tonal peaks at around 1 kHz and 1.5 kHz are observed on the sideline
plane in the experiments due to the radiation of the noise generated by cavity resonances to far-field and the latter is
more visible than the former. These tonal peaks are also captured reasonably well by the simulations on the sideline
plane. While noise levels below 4 kHz are fairly well predicted by the computations, over-predictions are observed in
the higher frequency range from most of the simulations. In addition, the over-predictions are larger on the sideline
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plane than on the flyover plane. The numerical results from the low resolution grid B agree surprisingly well with
the experimental measurements in the high frequency range at most observer locations even though the wall pressure
PSDs are under-predicted substantially at all Kulite locations in the same frequency range. The same contradiction was
also found in the BANC workshop [17]. From the workshop results, the far-field predictions from simulations with
different numerical and modeling approaches fit the experimental results well to more than 10 kHz using the solid FWH
formulation, while the corresponding wall pressure PSD spectra are under-predicted below 2 kHz in general. This kind
of contradiction is speculated to be caused by error cancellation in the integrals of the solid FWH formulation by Spalart
et al. [62]. The over-predictions in the high frequency range from the higher resolution results may also be caused by
the inaccuracy of the solid FWH formulation, given that the near-field predictions in the high frequency range with
these grids, such as grids E and F, are much better than those with grid B.
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(f) Observer 9 in the sideline plane

Fig. 27 Pressure PSDs of far-field noise at different locations of observers (microphones) without effects
of tripping strips. Cyan solid line: grid A; red dashed line: grid B; green dash-dotted line: grid C; blue
dash-dot-dotted line: grid D; orange dash-triple-dotted line: grid E; magenta dotted line: grid F; thick black
line: experimental results.

The effects of tripping on the far-field noise predictions are studied in Fig. 28. The numerical tripping has
insignificant effects on the low frequency noise. In general, slightly more over-predictions in the high frequency range
can be observed with tripping but the extra amount of over-predictions is small compared to those from the computations
without tripping in the same frequency range.

VIII. Conclusion
The near-field flow and far-field noise generated from the flow past a simplified nose landing gear were simulated

using different Cartesian octree grids, with finest grid spacings ranging from 4.8 mm to 0.2 mm. The simulations
were conducted with and without the numerical modeling of the tripping devices installed on the landing gear in
the experiments. Without the effects of the numerical tripping accounted, large grid sensitivities in the mean and
unsteady near-field flow quantities were found at some regions near the axle and main strut, and the wake. While mean
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Fig. 28 Effects of tripping strips on pressure PSDs of far-field noise at different locations of observers
(microphones). Cyan solid line: grid D with tripping strips case (2); red dashed line: grid E without tripping
strips; green dash-dotted line: grid E with tripping strips case (2); blue dash-dot-dotted line: grid F without
tripping strips; orange dash-triple-dotted line: grid F with tripping strips case (1); magenta dotted line: grid F
with tripping strips case (2); thick black line: experimental results.

pressure coefficients around the wheels have good agreements with the experimental results, large grid sensitivities and
discrepancies with the experimental values were observed at many other locations on the axle and main strut. The large
grid sensitivities of the mean pressure around the axle and main strut is probably caused by the difficulties in modeling
flows past cylinders in the sub-critical and critical regime. Compared to the mean pressure, a better grid convergence
was noticed for the unsteady pressure PSDs but large under-predictions were seen at some Kulite locations on the main
strut and axle. Large grid sensitivities and significant differences between the simulation and the experimental PIV
results were observed for the mean velocity fields. The major discrepancies are in the core of the wake right downstream
of the landing gear. Nevertheless, the velocity PSDs computed with simulations have reasonable comparison with the
experimental results and exhibit grid convergence in the low frequency range at probes inside the wake of the wheels.
With the effects of tripping, the simulation results have smaller grid sensitivities and better comparison with

the experimental data at regions near the axle and main strut, as well as the wake region. First of all, the mean
pressure coefficients on the strut and axle are closer to the experimental values, with much less grid sensitivities. The
pressure PSDs on those gear components are also improved to higher levels and have much closer agreements with the
experimental results. The tripping in the experiments triggered transition to turbulence at more upstream boundary
layer locations on the main strut and axle, thus the flows around those cylindrical components are similar to flows
at higher Reynolds number regime. In general, higher grid resolution is required for good predictions of pressure
PSDs, compared to the mean pressure, for probes on the wheels. Large non-local effects on the pressure PSDs from
the tripping, the corners and curvatures of the geometry, and the wake, were experienced which indicate that some
WMLES grid resolution guidelines [63] for capturing pressure fluctuations generated from flat-plate boundary layers
may not be directly applicable to this complex problem. Alternate approaches such as proper orthogonal decomposition
(POD) [64, 65] which capture spatio-temporal coherence can be used to identify such non-local effects and facilitate
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further targeted grid refinements. The magnitudes and topologies of the mean velocity components in the turbulent
wake were found to be more similar to those from the experimental measurements with numerical tripping. The PSDs
of the velocity components inside the wake are also improved with higher cut-off frequencies with the tripping.
Considering the far-field noise predictions using the FWH acoustic analogy with solid FWH surface, the computed

results have decent grid convergence and agreements with the experimental results up to 4 kHz. Nevertheless,
over-predictions in the PSD levels were observed in the higher frequency range with the high-resolution CFD grids and
each level of grid-refinement shows a larger over-prediction compared to the microphone data for frequencies greater
than 4kHz, most-noticeably for observers located on the sideline plane. The effects of tripping on the far-field noise
were observed to be insignificant although the near-field results, especially the mean velocity of the wake, were found to
be very sensitive to the numerical tripping. The results obtained using low resolution CFD grid with 2.4 mm finest
grid spacing (grid B) has surprisingly good comparison with the experimental results, despite poor predictions of the
near-field noise levels, compared to the high resolution cases. This contradiction was also observed in previous literature
works and this leads to the questioning of the suitability of solid/impermeable FWH approach for this problem with
WMLES. In the future work, the use of the permeable FWH method, which is a more general and correct approach,
for the far-field noise predictions will be examined and compared with the solid FWH approach for this problem with
WMLESs.
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