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AFLoNext is a project of four years duration, funded by the European Commission within
the Seventh Framework Programme. The project’s main objectives are proving and maturing highly promising flow control and noise reduction technologies for novel aircraft
configurations, to achieve a big step forward towards improved aircraft performance and
thus reducing the environmental footprint. The project consortium is composed by 40
European partners from 15 countries. One of the six technology streams, which are forming the scientific concept of AFLoNext, is concerned with the mitigation and control of
vibrations in the undercarriage area during take-off and landing. Structural components
in the vicinity of the landing gears, e.g. undercarriage housing walls, struts or landing
gear doors, are often subject to significant dynamic loading. These loads originate from
fluctuating aerodynamic pressures and resulting structural vibrations. Unsteady pressures
on structural parts are caused by highly fluctuating and complex aerodynamic flow behavior under the fuselage. The paper describes the CFD approach employed to predict such
dynamic loads and presents some preliminary results that have been computed with hybrid
RANS-LES models and the Lattice Bolzmann method. Comparison with flight-test data
have verified the realism of these CFD simulations.
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Nomenclature
α
ν
νr
ρ
Cp

angle of attack
kinematic viscosity, µρ
freestream kinematic viscosity
density
static pressure coefficient

I.

Cprms
prms
Tu
M
x,y,z

RMS value of Cp
RMS value of the pressure p
Turbulence level
Mach number
Cartesian coordinate system

Introduction: Objectives & Problem Statement

Within the European Union’s Seventh Framework Programme for research, technological development
and demonstration, AFLoNext (full project title: 2nd Generation Active Wing-Active Flow, Loads and Noise
Control on Next Generation Wing) is a so-called large-scale integrating project with four years duration.1 Its
main objective is proving and maturing highly promising flow control technologies for novel aircraft configurations and thus to achieve a major improvement of aircrafts’ performance and reducing its environmental
footprint. The work within AFLoNext is broken down into seven work packages and the project’s concept
is based on six technology streams. The paper presented here is related to the technology stream to mitigate/control vibrations in the undercarriage area during take-off and landing. Structural components in the
vicinity of the landing gears, e.g. undercarriage housing walls, struts or landing gear doors, are often subject
to significant dynamic loading. These loads originate from fluctuating aerodynamic pressures and resulting
structural vibrations. Unsteady pressures on these structural components are caused by highly fluctuating
and complex aerodynamic flow behavior under the fuselage. Figure 1 shows an illustration of the physical
problem.

Figure 1. The left picture is a snapshot during the retraction of the main landing gear (MLG) and door; the
temporal evolution of the actuator force on the MLG door as a function of time during retraction is plotted
on the right.

Sources of this behavior can be flow separation from the surface of the components itself or vortices emanating from the landing gears impinging the component. Furthermore, additional unsteadiness is introduced
into the flow field from landing gear housings where an unsteady interaction between the main incident flow
and the cavity flow occurs. This interaction is mainly characterized by strong instabilities of the shear layers
dividing the outer flow from the cavity flow. Dynamic loads generated by these unsteady flow phenomena
often contribute to the design of structural parts in the undercarriage area, which raises two challenges: On
the one hand, means are needed to mitigate the induced vibrations in order to increase the fatigue life of the
parts and to reduce airframe noise. On the other hand, efficient and accurate methods are needed to aid the
designer in determining the dynamic loads in order to perform a proper lightweight design of all structural
parts.
AFLoNext Work Package 3 researches the means to mitigate the vibrations that can be either of aerodynamic or dynamic nature, active or passive. Aerodynamic means will help to influence the flow field in order
to reduce the level of unsteadiness and thus the level of excitation. This can be achieved by modifications
of component shapes or the introduction of additional geometrical features such as lips, spoilers or other
flow deflection devices. Dynamic means to influence the dynamic behavior of structural parts in order to

2 of 18
American Institute of Aeronautics and Astronautics

avoid resonance with the aerodynamic excitation. Changes of a component’s design or its stiffness fall in
this category.
A prerequisite for the definition of effective means for vibration reduction is a thorough understanding
of the underlying physical phenomena, including the complex flow field and its interaction with the elastic
structure. Due to the complexity of this problem, theoretical approaches to accurately predict dynamic loads
on structural parts in the undercarriage area and to define devices for vibration reduction prior to flight tests
were not available in the past.
The objectives of the activities carried out in AFLoNext Work Package 3 are to:
i provide a validation basis for advanced numerical prediction of the associated unsteady flow fields
ii show efficient means to mitigate vibrations on undercarriage components
iii demonstrate their engineering feasibility
The objective of the activities presented in this paper is to use 3D unsteady Computational Fluid Dynamics
(CFD) models to identify aerodynamic sources of vibration and to suggest effective aerodynamic means to
control and reduce the vibrations. One of the selected concepts will then be fitted to the DLR Airbus 320
ATRA to perform flight tests in a later stage of the project.
AFLoNext partners KTH, CFSE, FOI, A-DS, CERFACS and ONERA are involved in these activities
that are in particular focused on studying by CFD two main effects considered as major contributors to the
unsteady loads on the main landing gear (MLG) door, namely the:
- unsteady wake trailing from the nose landing gear (NLG)
- unsteady vortices shedding from the MLG door as the NLG wake
- acoustic resonance of the MLG cavity
This is a demanding problem in terms of grid generation and local grid refinement to maintain the resolution
of the NLG wake over the 13m until it hits the door and other components of the MLG. Those are challenges
to the numerical modeling, but there are also challenges to the physical modeling. The NLG is anything
but a streamlined body, rather a very bluff body, and the physical modeling must capture the essential
features in a bluff-body wake. Full Large Eddy Simulation (LES) is out of the question due to the large
computational resources it requires. CFD simulations were therefore made using hybrid RANS-LES models
or using the Lattice Boltzmann method (LBM). The paper describes the CFD approach taken, and presents
preliminary results. Sections II-IV summarize the CFD solvers that are used, their numerical and physical
modeling techniques, the geometry they are applied to and the grids employed in the simulations. Section
V presents preliminary results of the different CFD simulations carried out along with their comparison to
flight-test data. Finally overall conclusions are presented in Section VI.

II.

Physics Modeling - Two CFD Approaches

The overall goal of the work here is to identify main sources of flow unsteadiness that incite vibrations in
the MLG door structure. Possible sources could be the unsteady airflow: 1) over features in the door itself,
2) over the MLG in proximity to the door, 3) in the door cavity, 4) in the wake behind the NLG and 5)all of
the above. In order to sort out the contributions from all these sources, a systematic computational study
is set in place that involves a number of steps to reach the final goal.
Two CFD approaches are taken in reaching the goal. The first one is the conventional one that solves
the Navier-Stokes equations with the help of physical modeling for turbulence. Since the flow in the undercarriage of the aircraft is so highly unsteady with flow around and separation from non-streamline surfaces,
the usual turbulence modeling, RANS or URANS, would not be adequate. Instead hybrid RANS-LES
modeling is adopted and deemed to be suitable for this task. In order for this model to succeed, the mesh
downstream of the NLG must resolve the unsteady wake sufficiently well enough at least up to and including
the MLG, the cavity and the door. To address this issue Fig 2 shows a refinement box enclosing all of the
under-carriage where specific grid enrichment provides the resolution that is called for.
For the second approach, the paradigm choice is completely different. Instead of solving the macroscopic
Navier-Stokes equations, the mesoscopic equations for sets of particles are solved using a dedicated solver.

3 of 18
American Institute of Aeronautics and Astronautics

Figure 2. Mesh refinement box defined for enriching mesh within it.

As a consequence, the Navier-Stokes equations are replaced by the discrete Lattice-Boltzmann equation.
To do so, a collision step is modeled using the standard Bhatnagar-Gross-Krook (BGK) model, while the
advection process is solved using a streaming approach. In this paper, the Lattice-Boltzmann equation are
solved using the LaBS software.14 One advantage of the LBM approach lies on the fact that highly complex
geometries can be easily handled.
A.

CFD Solvers with Hybrid RANS-LES Modeling

Three different CFD codes are used in the first approach: Edge,2 Tau3 and NSMB,4 the first two solve the
Navier-Stokes equations on unstructured grids, and the third solves them on structured grids.
1.

Computational Methodology - Edge solver

The Edge solver is an edge- and node-based Navier-Stokes flow solver for unstructured grids, based on a finitevolume formulation where a median dual grid forms the control volumes with the unknowns allocated in the
dual-grid centers, i.e. the vertices of the primary grid. The governing equations are accelerated to steady
state, with a line-implicit approach in regions with highly stretched elements (e.g. the boundary layer) and
explicitly elsewhere with a multistage Runge-Kutta time integration scheme. The steady state convergence
is accelerated by FAS agglomeration multigrid. For unsteady computations, a dual time-stepping method
is invoked, in which the physical time is advanced using an implicit second-order backward Euler scheme.
At each time step, the solution is driven to convergence with the line-implicit approach and the explicit
Runge-Kutta scheme.
The Edge solver includes a number of different turbulence models ranging from one-equation SpalartAlmaras (SA) to two-equation SST k-ω and EARSM to DRSM and to HYB0 (Hybrid RANS-LES) turbulence
models. It has been parallelized using domain decomposition and message passing with MPI. The Edge code
includes an integrated hybrid mesh generator and mesh adaptation system using complete or local re-meshing
or, alternatively, local grid adaption by so called h-refinement. Interfaces are available to commercial mesh
generation and mesh adaption software.
The hybrid RANS-LES model HYB0 by Peng11 is used in the KTH work here. In the time accurate
HYB0 simulation (for Case 1b below) a total of 10000 physical time steps of 1e-4s was used, which translates
to about 1s of physical time in total for statistical analysis. Within each physical time step, up to 100
sub-iterations are conducted and resulting in about three-order reduction of the magnitude of residuals.
2.

Computational Methodology - TAU solver

TAU is a three-dimensional, parallel, unstructured flow solver. It works on a finite volume scheme for solving
the Reynolds-averaged Navier-Stokes (RANS) equations. It is node-centered, meaning that the flow variables
are stored on the vertices of the primary grid. A dual metric is computed during the preprocessing step
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yielding the finite volume discretization with the primary grid vertices as volume centers. In the course of
this project implicit time stepping with a LU-time scheme has been applied. The DES simulations have
been started from a steady state RANS solution for which the convergence accelerating concepts of local
time-stepping, residual smoothing and a geometrical multigrid method have been applied. The time accurate
DES simulations applied a dual time stepping scheme and various physical time steps and simulation times.
From a turbulence resolving point of view, small time steps are preferred while from a structural dynamic
analysis point of view long simulation times are preferable. The different time steps and simulation times
reflect the effort to balance those two requirements. The mapping of physical simulation times to flow cases
is shown in Figure 6. Physical simulation times of 1s are done with a time step of 1e-4s and simulation times
of about 4s are done with a time step of 5e-4s. DES simulations were performed using the Spalart-Almaras
turbulence model.
3.

Computational Methodology - NSMB solver

NSMB is a parallelized compressible Navier-Stokes Multiblock solver that includes several numerical schemes.
Space discretization schemes include 2nd and 4th order central schemes with artificial dissipation and various
upwind schemes (Roe, AUSM, Van Leer ...) upto 5th order. Time integration methods are explicit (RungeKutta schemes) or implicit (LU-SGS) schemes that can be used for simulations on fixed or moving grids
(ALE, Remeshing). Convergence acceleration as multi grid, local time stepping, preconditioning, full multi
grid can be used to accelerate the convergence.
Turbulence models range from 0 to 5 equations models, as well as Hybrid RANS-LES and LES approaches.
To relax the difficulty of grid generation for complex geometries the chimera approach can be used, and
was employed in this project. The unsteady calculations reported in this paper were all started from the
corresponding steady calculation, with a time-step of 10−3 secs for URANS simulation (case 2a) and of
10−4 secs for the DDES simulation (case 1a).
B.

CFD Solver using LBM Formulation

- LaBS - Code A relatively new simulation technique for complex flows, LBM, unlike the traditional CFD
methods, does not solve the conservation equations of macroscopic properties (i.e., mass, momentum, and
energy). In contrary, fictive set of particles are modeled through their distribution function and macroscopic
quantities are recovered by post-treatment. Due to its particulate nature and local dynamics, LBM has
several advantages over other conventional CFD methods, especially in dealing with complex boundaries
and treating microscopic interactions since the method originates from a molecular description of a fluid and
can directly incorporate physical terms stemming from a knowledge of the interaction between molecules.
In contrary, LBM approach is by nature currently limited to low-Mach number flows (weakly compressible
isothermal flows).
The Lattice Boltzmann solver named LaBS has been developed within a consortium of industrial companies (Renault, Airbus, CS), academic laboratories (UPMC, Ecole Centrale de Lyon) and strong partnerships
with others entities (Onera, Alstom, Universite Paris-Sud, Gantha, Matelys) in 2010-2014. LaBS is built
upon the classical Lattice-Boltzmann principles15 and uses a D3Q19 lattice, with a BGK collision model
improved with regularization16 for a better robustness / accuracy trade-off. Turbulence is handled according
to LES approach17 either with high-order explicit filltering (Approximate Deconvolution Model, ADM18 ) or
with a dedicated subgrid scale model (Shear Improved Smagorinsky Model, SISM19 ). Near wall turbulence is
modeled using wall laws accounting for adverse pressure gradient20 and curvature effects.21 The dissipation
and dispersion errors22 are kept as low as possible to enable proper generation and propagation of waves.
In particular, the LBM approach is weakly dispersive and almost not dissipative since it consists in both
streaming and collide processes.
The main difference with standard approaches concerns the easy mesh generation. The LaBS solver uses
a Cartesian octree-based mesh generated automatically. It includes mesh refinement strategy based on the
localized octree decomposition. The LBM approach was applied to the configuration defined as Take-Off
Case 2b.
The final mesh is composed of about 120 M of 3.2 cm cubes with two octree refinement around the MLG
doors (minimal mesh size is 8 mm, see Fig. 3). Such a mesh size is acceptable for LBM due to their good
(mathematical) transport properties. Finally, the mesh / geometry intersection is accounted for through
the use of immersed boundary conditions. The principle of immersed boundary conditions is introduced on
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Fig. 4. Such an approach, not body-fitted, is able by nature to handle complex geometry, such as the one
considered in this paper.

Figure 3. Visualization of the octree-based mesh and refinement levels around the main landing gear door

Figure 4. Immersed boundary condition procedure involving ◦ Fluid nodes, • CAD and ⊗ Solid nodes (shaded
gray)

When a solid node (gray circle) of the Cartesian grid is encountered inside the CAD, a bounce-back
reflection-type of algorithm on the particle on the solid surface is enacted to compute missing quantities at
the first fluid node (open circle) above the wall. The mesh refinement is not high enough to capture properly
the boundary layer. To avoid this problem, a wall-law model used for the simulations here is a log-law with
adverse pressure gradient effect used in the LBM framework by Afzal and Ricot.20, 21

III.

Geometry Models

In order to be able to simulate with CFD the A320 aircraft geometry that Airbus Spain provided, various
CAD-repairing and simplification efforts were necessary and carried out by A-DS and others. Figure 5
indicates the geometry at the start of the process and the various steps taken along the way to arriving at
a suitable CFD model.
Original A320 Geometry The top of Fig. 5 depicts the original A320 geometry delivered by Airbus
Spain. It includes all the detailed features found on a flying aircraft that are unnecessary for practical and
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Figure 5. Geometry idealization & simplification: from the flying A320 to a watertight CFD geometry model.

effective CFD simulations. Therefore repairs and modifications were called for, while keeping the critical
flow features that are potent sources of aerodynamic excitations and structural vibration in focus.
Geometry repairs to meet meshing demands The left side of Fig. 5 shows the steps taken to adapt
the model to a CFD-ready geometry, i.e. a watertight geometry with a unique inside (cavity) and outside
flowfield. The NLG and MLG along with their respective cavities posed particular challenges. These include
the NLG and MLG external surfaces, plus all screws, struts and internal mechanisms for the aircraft to turn
on right and left sides etc. After much effort, this geometry was simplified and idealized into something
appropriate for the CFD task ahead. These efforts include:
• Repair the A320 geometry, MLG cavity geometry, MLG and door geometry
• Define and model the watertight NLG and MLG cavities
• Omit certain shape details to reduce the mesh size and be able to focus mesh resolution on cavity/door
region
• Assemble the various parts into a single watertight geometry
• Neglect in all A-DS simulations the NLG in order to separate aerodynamic effects of the MLG and its
cavity from the NLG wake effects (simulations including the NLG were performed by other teams)
Geometry simplifications to reduce compute time Even the idealized geometry on the bottom left
side of Fig. 5 requires an extremely large grid to adequately resolve it, so further geometric simplifications
were adopted in order to reduce the mesh size and therefore the computer run times. Based on evaluator
simulation results, the following further simplifications were introduced:
• Neglect flap-track fairings
• Remove winglets
• Omit slanted strut at MLG
• Ignore several small shape details on MLG and NLG doors
• Neglect engine cowlings
• Remove VTP & HTP
• Simplify rear fuselage
And even a further step, (Simplified2) was taken, namely, remove the MLG since it was observed that
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there was little effect felt on the MLG door when fully deployed. The various simplifications are shown along
the bottom of Fig. 5.

IV.

Two Take-Off & Landing Cases Studied

The time evolution of the under-carriage components motion during the flight test depicted in Fig. 1
involves the complete sequence of MLG door opening, the MLG extending out, the MLG door closing and
then MLG door opening, the MLG retracting, the MLG door closing. This motion evolved over the period
of a number of seconds, which puts the complete simulation of this sequence out of the question because the
computational effort becomes intractable. More tractable would be unsteady computations where no aircraft
parts move, only the flowfield changes in time and with smaller time scales than the test-data history. The
teams therefore proposed a series of four computational cases that in effect would be snapshots of the events
in the time history, two snapshots for a landing condition and two for a take-off condition, thus amounting
to four single time steps in the measured data histories. Figure 6 displays a table listing the four unsteady
cases proposed and that have been computed. * Note Take-off and landing configurations are real in-flight.

Figure 6. Four test cases, 2 take-off, 2 landing conditions abstracted as four snapshots from the time-evolving
motion sequence of the flight tests.

The intention is to Flight Test in the same conditions as the simulation in terms of speed, alpha, beta and
high lift configuration.
* Note time in parentheses indicates number of seconds solution has been run with respective physical modeling: URANS, DES, DDES, coupled RANS-LES.
* Note MLG means Main Landing Gear plus door, NLG Nose Landing Gear plus door.
* Note two results for each case, one with full under-carriage, one with just MLG not NLG.
For cases 1a & 2a in reality, the NLG and MLG are moving and do not stay in the partly deployed
position. Even for the fully deployed cases 1b & 2b, in the numerical simulations, the NLG and MLG doors
are open whereas in the flight tests, as soon as the NLG/MLG extensions are completed, the NLG/MLG
doors start closing. It means that a window around the computed NLG/MLG positions has to be selected
for the spectral analysis in order to have enough samples for the spectral analysis to be appropriate for
comparing with the computations. Thus there are four cases: take off (high alpha, low speed), landing (low
alpha, higher speed) and LG intermediate position and fully deployed all at zero sideslip angle and all in
clean configuration.
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A.

Landing Case 1b: high speed, low α, NLG & MLG fully deployed

The landing Case 1b, M∞ = 0.452, α = 2.8◦ , with NLG & MLG fully deployed has been computed by the
KTH team with the Edge code. The hybrid RANS-LES computations used a zero-equation model of mixinglength type in the RANS zone bounded by the solid surface and a LES model (Smagorinsky type) in the
outer zone (see Peng11 for details). The reasoning here is that zero-equation RANS modeling restricted to
only the near-wall attached turbulent boundary layer is sufficient, and that no additional turbulent transport
equation needs to be solved for efficient computational analysis. Moreover, the use of LES modeling in offwall regions will ensure much better resolution of the development of turbulent structures in the vortex
motion detached from wall surfaces.
1.

Computational Grids & Setup

Figure 7 displays the grid and its adaption in the refinement box. The grid used for the computations have

(a) Outline of boundary condition setup on full-span aircraft.

(b) Surface triangulation and volumetric cut of pre-adapted grid.

Figure 7. Left; Boundary conditions setup, Right; Grid details, Note that the very fine grid extending from
the nose landing gear down to the main landing gear doors.

the following characteristics:
• Sequences of grids: Full Appended (2.4M surface nodes, 80.0M nodes total)
• Simplified1 (1.4M surface nodes, 49.0M nodes total) and
• Simplified2 (1.1M surface nodes, 38.3M nodes total).
The surface meshes were produced with ICEMCFD. The mesh is hybrid composed of prims and tetrahedron.
Maximum cell size: 0.02m. For the locally refined grid the surface meshes were produced with ICEMCFD,
the volumetric hybrid prism and tetrahedral grids were made with the sumo software, and the grid-enrichment
boxes added from NLG to 2m downstream of MLG had maximun cell size: 0.02m applied to both surface
and volume grid.
Table 1 shows the computational grid sizes for the computations. The maximum allowed initial height ds
Table 1. Unstructured computational grid sizes (pyramidal elements are included in the total volume cells
counts)

Configuration

Case b

Grid Type

Surface

Unstructured

106 Cells/nodes
2.2/1.1

Boundary Layer

“Inviscid Volume”

Total Volume

Cells x 106 /NLayers
42.6/20

Cells x 106
104.5

106 Cells/nodes
147.1/38.3

was set to 2e-6m, and the boundary layer was resolved with 20 prismatic layers. The maximum allowed
total relative height/base was set to 3.0 and the the total height htot . 0.35m At a altitude AMSL=0 and
M=0.452 the resulting dimensionless wall distance y+ was less than 1.0 for main surface area, and never
above 1.5. Maximum cell size in density region between nose landing gear and main landing gear doors is
0.02 m while the surface resolution on the critical appendages had an maximum edge length of 0.01 m.
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Table 2 specifies the setting for the boundary conditions etc. The HYB0 model11 was used to capture
Table 2. Boundary condition setup

Name:
Farfield

Symmetry-plane
A320 body
A320 appendages

Boundary condition
Weak Farfield
Tu = 0.1% & νr = 1.0
M = 0.452, Altitude = 3048m, α = 2.8◦
Symmetry
No-slip adiabatic wall
No-slip adiabatic wall

the features of the unsteady bluff-body wake. The HYB0 model has been tested and proven in comparison
with other flight test data for unsteady vortex flow, see Tomac et al.12 and Luckring et al.13

V.

Computed Results & Flight-Test Verification

The four cases in the table shown in Fig. 6 have been computed, and a sampling of the results are given
in this section.
A.

NLG Undercarriage Shedding Vortex Wake

RANS calculations were made for all the cases summarized in the table in Fig. 6 on the KTH coarse
grids using the Spalart-Allmaras (SA) turbulence model with the FOI Edge solver. Based on these RANS
computations, the mean aerodynamic flow features have been explored in order to provide guidelines for
setting up the unsteady computations using hybrid RANS-LES methods. The general mean flow features
for all the four cases have been highlighted with an emphasis on the vortex structures in the wake created
by the NLG and its possible effects when striking the MLG and door.
1.

Take-Off Case 2a: low speed, high α, NLG & MLG partly deployed

Figure 8 shows the FOI results for Take-Off Case 2a with LG partially deployed. These computations were
initialized by a steady SA solution on a half-body mesh. Then, a restart was performed using the HYB0
turbulence model and the calculation was run for about 11000 time steps ( 1.1 secs). A refined grid allowed
to resolve the NLG-generated vortex motions and also ensured that dominant vortex motions survived when
approaching the MLG and MLG door. A relatively large time step was used, but gave sufficient sampling of
unsteady surface pressures on the MLG door to resolve the unsteady aerodynamic forces.
Figure 8 shows that the vortex generated on the outboard NLG-door is relatively weak. Extensive vortex
motions are generated by the NLG wheels and struts, LG-bay and inboard NLG-door. The resolved vortex
motions are preserved and impacting the MLG and MLG doors. The figure also shows that the MLG wheels
close to MLG door interact with upcoming vortices.
A flow separation is observed on the MLG wheel surface and on the door. The flow is attached on MLG
leg. It is accompanied with vortex shedding, which should however not contribute to the main LG door
vibration.
2.

Landing Case 1b: high speed, low α, NLG & MLG fully deployed

Figure 9 presents the results KTH computed for the Landing Case 1b with NLG & MLG fully deployed, these
are from the first 10000 time accurate iterations (1 second) started from the RANS solution. In summary
the conclusions that can be drawn from Fig. 9, as well as from videos of time-evolving flow quantities like
cp and Q − Criterion, are the following:
• Large areas of separated flow are apparent on the MLG door
• There are three components to NLG wake: door wake, strut wake & wheel wake
o Wake flow from the NLG-wheel is almost below the MLG door
• Small structures around the NLG are not resolved all the way down to MLG door, however these
structures are judged not to play an important role in the door vibration because they are small
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Figure 8. Unsteady vortical flow in the under-carriage area computed by FOI for Take-Off Case 2a

Figure 9. Unsteady vortical flow in the under-carriage area computed by KTH for Landing Case 1b; illustrated
by contours of Q-Criterion.

• Vortex shedding from the NLG and NLG-rod is resolved sufficiently all the way downstream to the
MLG door
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• Vortex tubes rolling off of,and on to, the edges of the cavity are well resolved
o Small structures are captured in the close proximity of MLG door
• Cp and Q − Criterion time evolution movies indicate the following:
o Pressure fluctuations on the MLG door are indeed affected by BOTH cavity and wake flows
o On the inner side of the MLG door the pressure pulses are slower, with frequency similar to cavity
flow fluctuations
In consideration of the above findings, one can speculate:
• Intuitively it seems that the low frequency pressure pulses originate, or are coupled with, the cavity
flow, while the medium and large spectra comes from the NLG wake.
• Could the main high frequency pulses originate from small details on the door itself, probably initiated
or affected by strongly turbulent-fluctuating flow from upstream ?

B.

MLG Undercarriage with or without NLG Wake - Landing Case 1a

For the Landing Case 1a: M∞ = 0.452, α = 2.8◦ , with only the MLG partly deployed, this section concentrates on computed results in the under-carriage area of the MLG which includes effects from cavity
resonance and MLG interference effects on the door. Two different sets of results, from the A-DS team and
the CFSE team, have been examined, important to keep in mind that the A-DS results are without modeling
the NLG, hence they contain no NLG-wake effects. Thus the comparison between the two allows drawing
conclusions about the NLG-wake effects. Mainly the A-DS results without the NLG-wake effects are shown
here.
CFD simulations from A-DS and CFSE shown that the large MLG-cavity is subject to considerable
pressure fluctuations in the time period when the MLG is deployed and the MLG door is still open. This
state leads to a situation that is widely known as cavity flow and that is known to bear the risk of considerable
cavity tones. These tones are known as Rossiter modes in the case of the most simple geometry, namely the
rectangular empty cavity in a flat plate. While the geometry of the MLG cavity is certainly more complex,
CFD simulations at various flow conditions have shown that pressure fluctuations are emanating from this
cavity into the outer flowfield, also affecting the MLG door. Figure 10 shows the A-DS computations for
this case.
Wheel-door interaction studied It is possible to see from the A-DS simulations, which are without
NLG, that the effect of the MLG alone (see Fig. 10) partly deployed, compared to the fully deployed one
(Case 1b) is a pressure increase close to the door leading edge. This leads to the conclusion that both NLG
wake and MLG interference have the same effect on sensors at the door leading edge, i.e. a pressure increase,
but it is difficult to say if one is more dominant than the other.
The A-DS and CFSE simulations for Case 1a and the FOI simulations for Case 2a, both for a partially
deployed MLG, indicate that a vortex is shed from the outer surface of the door leading edge and induces
a suction. But this vortex is not present in the fully deployed cases 1b and 2b. Furthermore on the outer
surface (Fig. 10) the prms level is around two times lower than on the inner surface with a maximum peak
at the door leading edge.
1.

Cavity investigation

Figure 11 shows the standard deviation of the oscillating pressure field, prms in two different x-planes, cutting
through the MLG cavity. It is obvious, that the pressure oscillations for the case of fully deployed MLG are
larger and that inside of the cavity the fluctuations increase when approaching the rear wall of the cavity.
From literature it is known that the impingement of the separated boundary layer on the rear wall of the
cavity is the cause of a feedback loop between the boundary layer separation on the cavity leading edge and
the pressure waves traveling upstream from the impingement on the rear wall. Figure 12 illustrates this
mechanism, and it is known to be the cause for the above mentioned cavity tones.
2.

Unsteady Loads on MLG door: vortex shedding

As mentioned both A-DS and CFSE have computed results for the Landing Case 1a. The CFSE computations
have been performed with the structured finite volume multi block solver called NSMB. Chimera techniques
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Figure 10. A-DS simulation result for the time averaged pressure distribution on the MLG in transit for
Landing Case 1a.

have been used to handle the complex geometry, including the unsteady vortex features of the NLG wake.
Many movies of the temporal evolution of the pressure distribution on the MLG door have been made to
visualize the unsteady loading on the door. The unsteady DDES simulation by CFSE for landing condition
Case 1a (full aircraft including the NLG and the MLG partly retracted), in conjunction with the A-DS
results without NLG wake, highlights the sensitivity of the MLG door leading edge to the variations of the
local angle of attack induced by the vortices generated by the NLG. Figure 13 shows the pressure coefficient
distribution from the A-DS simulation, respectively on the inner face and on the outer face of the MLG
door, for various time-steps during the unsteady simulation. The variations of the flow behavior close to
the leading edge are clearly visible on the outer face (left hand side of the door Fig. 13) where the lowest
pressure coefficient is reported. These variations of pressure distribution are also visible on the inner face
close to the door actuator (right hand side of the door in Fig. 13).
C.

Comparison CFD with Flight Test Data

From all of the simulations, time series of all flow variables were recorded for a grid of discrete measuring
points on the MLG door, including the time series of the forces and moments.
As mentioned, flight tests have been carried out on the A320. Airbus Spain provided the flight test data
in order to compare the results from the numerical simulations with these data and to analyze them for
the MLG-door vibration frequencies. Comparing the computed results with the flight-test measurements
then leads to a comprehensive understanding of how far or close the simulations are to reality. Even if
the comparison shows a wide disparity, at least the trends, if correct, can be used in a delta approach to
understand better the flow physics which then could lead to more intelligent design of devices to alleviate
the vibrations.
The prms level is maximum for the sensors at the door leading edge because of the NLG wake and is
two times higher for the sensors on the door inner surface than on the outer surface because of the MLG
cavity resonance. In particular, the spectral analysis has enabled to determine the resonance frequencies of
the main landing gear cavity. No particular frequency peak is found for the sensors at the MLG door leading
edge. As observed in the prms temporal evolution, the energy level is much lower on the outer door surface
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Figure 11. A-DS results, Case 2a and 2b: Standard deviation of the oscillating pressure field in two different
x-planes in T/O conditions and with (left) MLG partly deployed and (right) fully deployed. Cuts are through
the MLG cavity.

Figure 12. Schematic illustration of the feedback process for resonant wave effects in a cavity from.23

than on the inner one. With these findings, the results of each team (A-DS, CERFACS, CFSE, KTH and
FOI) on the main landing gear doors have been compared with the flight test data in terms of power spectral
densities. The A-DS results show that the NLG absence leads to an underestimation of the energy level of
the fluctuations on the door leading edge and on the inner door surface. There is also an overestimation of
the cavity resonance intensity which can be due to the NLG absence in their simulation.
The URANS computation done by CFSE shows that this turbulence modeling leads to an overestimation
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Figure 13. Time history distribution of the pressure coefficient Cp on the outer, inner and outer bottom face
of the MLG door for landing conditions, Case 1a

of the energy level of the low frequencies and an underestimation of the high frequencies. The computation
in DDES with the same solver is in better agreement with the flight test data.
The LES computations of FOI and KTH are in good agreement with the flight test for the sensors at the
door leading edge. The cavity resonance seems to be overestimated.
The LBM computation of CERFACS overestimated the energy level of the fluctuations by 5 to 10 dB
but new computations will be done.
Figure 14 presents the comparisons of the PSD of the sensor flight-test data with the corresponding CFD
results on the MLG door inner surface for all four cases. As observed in the flight-test data for temporal
evolution of prms , the energy level is much lower on the outer door surface than on the inner one. The top
far-right of Fig. 14 illustrates the locations of the flight-test sensors on inner door surface. Because of the
huge difference in energy level between numerical simulations and flight tests results, a scaling in decibels is
used on the vertical axis for the comparison between PSDs. Like for the spectral analysis of the flight-test
data, Welch’s method is used with the Hamming window. The signal length being short, a compromise
between the number of blocks and the resolution frequency had to be found: a minimum number of block
around 10 in order to decrease noise.
1.

Landing Case 1a high speed at low α with NLG & MLG partly deployed

The top middle part of Fig. 14 shows the comparison of PSDs between CFSE simulation (DDES) and flight
tests data. For the sensors on the door inner surface, the energy level is well predicted for some sensors but
underestimated by 10 dB for other sensors and overestimated by 10 dB for the sensors which are the closest
to the door hinge, the energy level is underestimated the farthest from the door hinge and better predicted
closer.
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Figure 14. Comparison of PSD of sensor signals from all the CFD simulations (solid lines) and flight test 195
(solid line with symbols) on MLG door inner surface in respective subplots.

2.

Landing Case 1b high speed at low α with NLG & MLG fully deployed

The plot in the upper left of Fig. 14 presents the comparison of PSDs between the A-DS simulation (DES)
and flight tests data where the agreement is reasonable on the door inner surface but the cavity resonance is
too intense compared to the flight tests data. The question which arises: is this overestimation of the cavity
resonance intensity due to the NLG wake absence or due to a numerical effect like mesh density? It would
have been more conclusive to compute with the same solver both cases, with and without NLG, to separate
both effects. If the absence of the NLG wake increases the cavity resonance intensity, it is an important
conclusion with respect to the objective of decreasing the vibration level of the MLG doors. Because, if one
tries to deviate or decrease the turbulence in the NLG wake, it could have the opposite effect of increasing
the cavity resonance intensity. Two peaks at f = 35 and 70 Hz are visible whereas there were three peaks
at f = 34, 63 and 83 Hz in Case 1a. The first peak corresponding to the first MLG cavity mode and it is at
the same frequency as in Case 1a. The second peak could be the first harmonic of the peak at 35 Hz.
The plot in the upper right of Fig. 14 shows the comparison of PSDs between the KTH simulation (LES)
and flight-test data. The simulation done by KTH is without MLG but since it is supposed to be in a
fully deployed position, it would have been farther from the MLG door than in the partially deployed case
and hence of small effect presumably. The energy levels on the inner door surface are quite well predicted,
suggesting that the energy is on a larger band than the 60 Hz one limited by the sensors bandwidth. But
the cavity resonance seems too intense compared to the flight-test data because the peak at f = 32 Hz has
a too high amplitude, but the frequency is well predicted.
3.

Take-Off Case 2a low speed at high α with NLG & MLG partly deployed

The plot in the lower left of Fig. 14 presents the comparison of PSDs between the FOI simulation (LES)
and flight-test data. Like for the KTH simulation which uses the same code and nearly the same mesh, the
energy levels on the inner surface are also quite well predicted except for sensor 148 close the door hinge.
The cavity modes are more visible on the outer surface than on the inner surface. There are peaks at f = 14
and 34 Hz at lower frequencies than expected from Rossiter equation for the first two cavity modes (19 and
45 Hz).
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4.

Take-Off Case 2b low speed at high α with NLG & MLG fully deployed

The plot in the lower right of Fig. 14 shows the comparison of PSDs between the CERFACS simulation
(LBM) and flight-test data. For the sensors on the door inner surface, the cavity resonance intensity is
overestimated compared to flight-test data. There is a peak at f = 26 Hz like in the A-DS simulation. The
second and third peaks from the A-DS simulation are not present in the CERFACS results. Not shown here,
other comparisons indicate that the CERFACS results overestimate the energy levels of the fluctuations on
the door leading edge and outer surface by 5 to 10 dB. This can be explained by wave reflections in refinement
transition. One of the current task concerns the improvement of the LaBS solver for such mesh transition.
Another conclusion drawn is that the NLG cavity doesn’t seem to contribute to NLG wake generation.
5.

Comparison of Door-Vibration Modes

No particular frequency peak is found for the sensors at the MLG door leading edge, but spectral peaks
corresponding to the MLG cavity resonance modes have been identified. To summarize the spectral analysis,
the tables found in Fig. 15 compare the frequencies found in the flight-test data, in the numerical simulation
and those given by Rossiter and Block equations and Yamouni curves for a cavity in simple flow. For Landing

Figure 15. Measured PSD frequency component modes compared with simulations to verify cavity resonance
modes in simulations

Case 1, there is an agreement between the flight-test data and the numerical simulations for the first cavity
mode, which is the more intense, and is around 30-35 Hz. The higher-order modes are at a lower frequency
than expected from Rossiter or Block equation probably because they are for the canonical case of a cavity
alone. For Take-Off Case 2, the first cavity mode is between 18 and 26 Hz.

VI.

Concluding Remarks

Unsteady CFD simulations were performed to better understand the complex physical phenomena occurring in the undercarriage area of an aircraft during take-off and landing. These physical phenomena are
responsible for significant dynamic loading on structural components as landing gear doors, struts, undercarriage housing and may induce structural vibrations (leading to fatigue) and is a large contributor to airframe
noise.
These CFD simulations were compared with results from flight measurements, and showed that at some
locations the measured and predicted Power Spectral Densities were in good agreement, and that at other
locations computed results were under or over predicting the experimental values.
From the different results three main sources of aerodynamic excitation were identified:
1. Nose Landing Gear wake
2. Main Landing gear cavity flow
3. Main landing gear door air flow separation
The results also show that the nose landing gear wake impacting on the main landing gear doors seems
to be the most important source of excitation.
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