


The DLR Project Land-Based and Onboard Wake Systems — L-bows

In order to plan and control air traffic effectively and safely the correct prediction of wake
vortex descent, lateral drift and decay as well as the resulting minimum separations between
aircraft have become increasingly important in the vicinity of airports as well as in cruise. The
DLR project Land-Based and Onboard Wake Systems (L-bows) aimed at the ground-based
prediction of optimized wake vortex separation distances and the airborne avoidance of
hazardous wake encounters in all flight phases. Innovative methods have been developed to
increase the efficiency of prediction systems in order to significantly increase their economic
benefit. The project addressed the initiative of ICAO, FAA, and EUROCONTROL for the
recategorisation of wake vortex related aircraft separation distances, the expected capacity
gaps of the runways of the major European airports, the reduced vertical separation minima in
cruise flight, the growing diversification of aircraft types from very light jets to super heavy
aircraft as well as the target in SESAR and NextGen of further liberalisation of airspace.

Das DLR Projekt Land-Based and Onboard Wake Systems — L-bows

Das Projekt Land-Based and Onboard Wake Systems (L-bows) setzte sich die bodengebundene
Vorhersage optimierter Wirbelschleppen-Sicherheitsabstande und die flugzeuggestitzte
Vermeidung gefahrlicher Wirbelschleppeneinfliige in allen Flugphasen auf taktischen und
prataktischen Zeitskalen zum Ziel. Hierzu wurden innovative Methoden entwickelt, um die
Effizienz dieser Vorhersagesysteme mafgeblich zu steigern und damit deren Wirtschaftlichkeit
zu erhéhen. Um den Luftverkehr effektiv, Kapazitaten schonend und sicher zu planen und zu
fiihren, kommt der korrekten Vorhersage des Absinkens, der Lateraldrift und des Zerfalls von
Wirbelschleppen und den daraus resultierenden Mindestabstanden zwischen Flugzeugen eine
immer groRere Bedeutung zu und zwar sowohl in Flughafenndhe als auch im Reiseflug. Die
durchgefiihrten Arbeiten behandeln die Initiative von ICAO, FAA und EUROCONTROL zur
Rekategorisierung der Wirbelschleppenabstande, die erwarteten Kapazitatsengpasse der
Landebahnen groBer europdischer Flughdfen, die reduzierten vertikalen Mindestabstanden im
Reiseflug, die wachsende Diversifizierung von Flugzeugtypen von Very Light Jets bis zu Super
Heavy Aircraft sowie die in SESAR und NextGen angestrebte Liberalisierung des Luftraums.
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1 Introduction

The DLR Project Land-Based and Onboard Wake Systems (L-bows) was accomplished in the
timeframe from April 2014 to March 2017 with contributing teams from the Institute of
Aerodynamics and Flow Technology, the Institute of Air Transportation Systems, the Institute
of Atmospheric Physics, the Institute of Flight Guidance, the Institute of Flight Systems and
Flight Experiments.

L-bows aimed at the ground-based prediction of optimized wake vortex separation distances
and the airborne avoidance of hazardous wake encounters in all phases of flight. In order to
plan and control air traffic effectively and safely, the correct prediction of wake vortex
descent, lateral drift and decay as well as the resulting minimum separations between aircraft
have become increasingly important in the vicinity of airports as well as in cruise. For these
purposes innovative methods have been developed to increase the efficiency of prediction
systems in order to significantly increase their economic benefit.

With this the project addressed the initiative of ICAO, FAA, and EUROCONTROL for the re-
categorisation (RECAT) of wake vortex related aircraft separation distances, the increasing
capacity gaps of the runways of the major European airports, the reduced vertical separation
minima in cruise flight, the growing diversification of aircraft types from very light jets to super
heavy aircraft as well as the target in SESAR and NextGen of the further liberalisation of
airspace.

The L-bows project structure is displayed in Figure 1. The project was split into the main work
packages coordination, ground-based systems and airborne systems. The articles in this
collection are numbered following the work package numbers shown in Figure 1. For example
the article numbered 1.1.3 corresponds to the third article related to work package 1.1. At
least one article per work package with a maximum of three articles per work package are
included in this collection. However, an impressive list of publications emerging from the
project is found in the appendix which is complementing and exceeding by far the current
collection.

One goal of the ground-based approach was the development of methods for pre-tactical
predictions of safe wake vortex safety separations for the entire air traffic in Europe (see
article 1.4). These methods can be used to optimize the planned flight routes including
meteorological and traffic considerations. They also enable the integration of further conflicts
like thunderstorms or volcanic ash and the related cascade effects in the complete air-traffic
network.

Measurements and simulations reveal that during approach and landing aircraft frequently
come close to or even encounter wake vortices. Actually, the probability to encounter wake
vortices is the highest during final approach, because there wake vortices cannot descend
unrestrictedly, but tend to rebound driven by the interaction with the ground. Under weak
crosswind conditions these vortices may hover next to the flight path of the follower aircraft.
So a vital goal of L-bows’s ground-based approach was to answer the fundamental question:
,How can the current landing procedures be safe despite the obviously high number of close
and sustained wake vortices?” A convincing answer to this question, which can be found in
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articles 1.2.1 and 1.2.2, is prerequisite to the design and installation of an optimal wake vortex
advisory system.

L-bows
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Figure 1: Project structure.

Other project targets were related to the patented plate line concept for the acceleration of
wake vortex decay during final approach (see article 1.2.1). These targets comprise the
optimization of the plate line dimensions for aircraft of different sizes (Anton et al., 2017), an
improved understanding to which extent the accelerated vortex decay also results in reduced
encounter severity in terms of aircraft reaction and pilot acceptance (article 1.2.2), and a study
illustrating to which extent the installation of plate lines may accommodate more actual
landings per time unit or reduce arrival delays (article 1.3).

Another goal connected to the final approach was the further development of a numerical
simulation system covering vortex evolution from the flow around the aircraft until final decay
for transient aircraft manoeuvres like landing and touchdown. The first step, described in
article 1.1.1, consists of simulations of the flow around a realistic transport aircraft
configuration in several altitudes above ground effect and, alternatively, a simplified
touchdown maneuver using unsteady simulations. Remarkably, the subsequent large eddy
simulations with landing gear (article 1.1.2) reveal the formation of a strong coherent vortex

2



N

Final Report DLR Project L-bows

modifying the interaction and longevity of the multiple vortex system in ground-proximity. The
specific role of this vortex could be verified by lidar measurement data collected at Vienna
airport.

The activities aiming at the airborne tactical avoidance of encounters in all phases of flight
followed two different but connected strategies. On the one hand, the WEAA (wake encounter
avoidance and advisory) system for the prediction and warning of imminent encounters and
the provision of minimal evasion manoeuvres was further developed and demonstrated in two
flight test campaigns involving the DLR Falcon and ATRA research aircraft as well as regular air
traffic (article 2.2).

The other goal was the development and construction of prototypical elements of a lidar
system for the airborne detection of wake vortices and clear air turbulence (article 2.1). Good
measurement accuracy of the novel near-field UV direct-detection Doppler wind lidar system
was demonstrated in a ground-based trial.
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1.1.1 Numerical Simulation of the Influence of the Landing Gear and
the Ground Effect on the Flow around a Transport Aircraft
Configuration

David Rohlmann

Institute of Aerodynamics and Flow Technology

The ground effect and the landing gear show a strong influence on the flow around an aircraft
configuration and on the expected wake vortices of the aircraft. Furthermore, the wake of the
landing gear influences the generation and the development of the wake vortices. Within the
DLR project L-bows (Land-based and onboard wake systems), among other topics, the
prediction capabilities for wake vortices should be improved by the use of numerical
simulations. For these simulations exact CFD data of the flow around the investigated aircraft
configuration is needed. Therefore, numerical investigations on the flow around a realistic
transport aircraft configuration with and without landing gear in several altitudes in ground
effect were performed. In steady simulations the altitude of the aircraft above ground was
varied in fixed steps. Furthermore, a simplified touchdown maneuver based on a real landing
maneuver was simulated by the use of unsteady RANS simulations.

1. Introduction

The DLR project L-bows (Land-based and onboard wake systems) focuses on the prediction
and manipulation of wake vortices in the field of commercial aviation (Schwarz and Holzapfel,
2016). One of the project's work packages deals with high fidelity simulations of wake vortices
of transport aircraft configurations using a coupled RANS LES approach. The main topic of
these investigations is the simulation of the whole life time of the wake vortices during
approach and touchdown of the vortex generating aircraft. Here, a special focus is set on the
movement of the wake vortex system on the ground at different wind directions and speeds
and on the possibilities to influence the decay of the vortices. Within the project L-bows an
Airbus A320 in high lift configuration was used as the vortex generator.

Within the coupled RANS LES method (Misaka et al. 2015, Stephan et al. 2014), which was
used in this project, the flow field around the vortex generating aircraft is generated by a
RANS simulation. Afterwards, to initialize the LES simulation, the RANS field is moved through
the LES domain. After this, the further development of the wake vortices and their interaction
for example with the ground is simulated in the LES simulation. To enable an exact simulation
of the wake vortices in the LES domain a highly accurate RANS field around aircraft generating
the vortices is needed. Hence, for the RANS simulations a detailed CAD model of the Airbus
A320 “ATRA” in high lift configuration including the landing gear was used. The simulations
were performed with and without landing gear to investigate the influence of the landing gear
on the flow around the aircraft. Furthermore, the influence of the ground effect on the flow
around the aircraft during approach and touchdown was investigated by simulations in
different altitudes of the aircraft above the ground.
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In addition to the steady RANS simulations in different altitudes an unsteady simulation of a
simplified touchdown maneuver was performed. This investigation was carried out to analyze
the unsteady effects in the flow around the aircraft during the unsteady descent of the aircraft
to the ground and the rotation of the aircraft after touchdown.

In this paper the steady and unsteady RANS simulations performed during the project L-bows
and their results will be presented. The paper has been submitted for publication in the CEAS
Aeronautical Journal.

2. Geometry and mesh

2.1 Geometry

Figure 1: CAD model — overview

Within the project L-bows an Airbus A320 was used as the aircraft generating the wake vortex
system. For the RANS simulations a very detailed CAD model of the Airbus A320 "ATRA”
operated by the German Aerospace Center (DLR) was available. All investigations shown in this
paper were carried out using the high lift configuration “Full LDG”. This implies a deflection
angle of &¢,ps = 40° for the flaps and a deflection angle of &ats = 27° for the slats. Besides the
high lift elements, the CAD model also includes the slat tracks, the IAE V2500 turbofan engine,
the flap track fairings and the vertical and horizontal tail planes. Furthermore, the CAD model
also includes a slightly simplified main and nose landing gear. Figure 1 is giving an overview on
the CAD model used. In Figure 2 the CAD model of the simplified main landing is shown.

The steady RANS simulations were performed with and without landing gear. For the unsteady
RANS simulation of the simplified touchdown maneuver the configuration without landing
gear was used.
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Figure 2: CAD model - Main landing gear

2.2 Mesh Generation

The RANS simulations within the project L-bows were performed using hybrid unstructured
meshes. The meshes were built using the mesh generator Centaur (Centaursoft, 2017). They
are based on the experiences made during the project HINVA (Rudnik et al. 2012, Bier et al.
2012, Rohlmann and Keye, 2015). The work in HINVA also was focused on the Airbus A320
high lift configuration. The meshing of the surfaces and the boundary layers in L-bows is based
on the meshes used in HINVA. Additionally the volume meshes were strongly refined in the
regions of wakes and vortex systems produced by the wing, the high lift devices, the landing
gears and the tail planes. The boundary layers on all non-slip walls in the complete mesh were
resolved by 40 prism layers. Thereby, the meshes used show a very high mesh resolution to
resolve all relevant flow phenomena at the Airbus A320 high lift configuration. In Figure 3 in
overview on the Centaur volume source setup is given. The surface mesh around the main
landing gear is shown in Figure 4.

Figure 3: Centaur setup — Overview
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Figure 4: Surface mesh around main landing gear

To realize the simulation of different altitude steps, one approach using multiple mesh blocks
was chosen for the meshing. For this approach, the simulated flow volume is divided in several
overlapping mesh blocks. These blocks are meshed separately. After the meshing the relative
position of the blocks is set up in the flow solver and the flow field is calculated for the whole
domain. By using this meshing approach, it is possible to build one separate mesh block for
the aircraft and one separate mesh block for the far field including the ground. The relative
positioning of these blocks enables the possibility to realize different altitude steps by the use
of identical meshes. In Figure 5 an overview of the mesh block setup for one altitude step is
given. All mesh parts which are not needed for the simulation, like the mesh below the ground
or behind the aircraft, are blanked by the flow solver.

Figure 5: Block setup — Overview

To further improve the quality of the simulated flow field around the aircraft configuration, at
each altitude step the meshes were locally refined during the simulation process. This was
done by an automatic mesh adaptation process provided by the flow solver. The mesh

8
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adaptation is based on a user defined sensor function and is restricted to user defined regions
in the flow field. Within the simulations presented in this paper, the mesh adaptation is locally
restricted to the regions around the tip vortices and the wakes of the configuration. As a
sensor function the difference in total pressure between two neighboring mesh points was
set. The meshes were adapted in up to nine steps for both configurations, with and without
gears, for all altitude steps. In Figure 6 a slice through the volume mesh before the first and
after nine adaptation steps is shown. An improvement of the mesh resolution in the wake of
the wing and around the tip vortices of the wing and the high lift devices can clearly be seen.

Figure 6: Slice through mesh

Parameter Value
Number of surface elements 2.7e+06
Number of prisms 72e+06
Total point number 61e+06

Table 1: Number of mesh points

In Table 1 the number of points and elements for the meshes before the automatic mesh
adaptation during the simulation is shown. By the automatic mesh adaptation the number of
total points is increased by about 15%.

3. Flow Solver and Flow Condition
3.1 Flow Solver

Within the current studies the DLR TAU Code (Kroll et al. 2009) was used as the flow solver for
the RANS and URANS simulations. The DLR TAU Code is a compressible, unstructured finite
volume solver for the Reynolds averaged Navier-Stokes equations.
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For all simulations shown in this paper, the Spalart-Allmaras (SA) turbulence model (Spalart
and Allmaras, 1992) was used. The SA turbulence model is robust and sufficiently validated for
the simulation of the flow around complex high lift configurations (Bier et al. 2012, Rohlmann
and Keye, 2015, Rumsey et al. 2011). The time-stepping was done by a lower-upper symmetric
Gaul-Seidel (LU-SGS) scheme. A matrix dissipation scheme was used for the artificial
dissipation for the central scheme used. A 3v multigrid cycle was applied to accelerate the
convergence.

A dual time stepping approach was used for the unsteady Reynolds averaged Navier-Stokes
equations for the simulation of the unsteady simplified touchdown maneuver. The unsteady
movement of the aircraft during the maneuver was implemented by a relative movement of
the mesh block around the aircraft and the far field block including the ground. All surfaces of
the aircraft were modeled as non-slip Navier-Stokes walls. The ground was modeled as a slip
Euler wall. The engine of the aircraft was treated as a through flow nacelle.

3.2 Flow Conditions

The used flow conditions are derived from a real touchdown maneuver of the Airbus A320
“ATRA”. They were converted to the International Standard Atmosphere (ISA) at the altitude
of h =0 m. The resulting flow conditions for the simulations are shown in Table 2.

Parameter Value
Density p =1.225 kg/m”"3
Pressure p =101325 Pa

Temperature T=288.15K
Velocity v=64m/s
Reynolds number Re = 18.4*10”6
Mach number Ma = 0.188

Table 2: Flow conditions

3.2.1 Steady Simulations

The steady RANS simulations were performed for the configurations with and without landing
gears at a constant angle of attack for eight altitude steps between h=0mand h =175 m. In
this study the altitude is defined as the distance between the main landing gear and the
ground. The angle of attack was set to a = 6°, which was the average angle of attack during the
approach in the flight test data.

3.2.2 Unsteady Simulations

The movement of the aircraft during the simplified touchdown maneuver was derived from
real touchdown maneuvers of the Airbus A320 “ATRA”. The simplified touchdown maneuver
contains a constant descent with constant velocity and constant angle of descent. The angle of

10
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attack is kept constant up to the touchdown. After touchdown the aircraft rotates to an angle
of attack of a = 0°. During rotation the angular velocity as well as the x velocity are kept
constant. During the descent to the ground, the angle of attack is kept constant at a= 6°, the
same angle of attack as in the steady RANS simulations. In the unsteady maneuver simulation
this angle of attack is achieved by the addition of the constant geometric angle of attack the
aircraft geometry and a superposition of the x and z components of the aircraft velocity.

Altitude H [m]

Angle of Attack o [°]
)
@
]

I AngleolAttack"””"'” : ]
———— Altitude | \

Timet[s

Figure 7: Altitude and geometric angle of attack during the touchdown maneuver

In Figure 7 the development of altitude and angle of attack during the maneuver is shown as a
function of the physical maneuver time.

The physical time step for the unsteady simulation had to be set to a relatively high value of
At = 0.05 s due to the long physical time span to simulate. According to the limited dynamics
of the maneuver looked at and the very steady flow conditions during the maneuver, this
relatively large time step still results in an acceptable convergence of the inner time steps of
the URANS simulation.

4. Results

The results of the simulations will be discussed in the following sections. First of all an
overview on the global flow in the steady simulations will be given. Then the influence of the
landing gears on the flow around the aircraft configuration is shown. Afterwards, the influence
of the ground effect will be discussed. In the end, the results for the simplified touchdown
maneuver will be presented.

11
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4.1 Results — Steady RANS

In Figure 8 the influence of the automatic mesh adaptation on the resolution of the wake of
the wing is shown. Both figures show a slice through the flow domain a short distance behind
the wing and are colored by the total pressure. Figure 8a shows the results before the
automatic mesh adaptation and Figure 8b after nine steps of the automatic mesh adaptation.
The comparison of both figures shows a strong effect of the mesh adaptation on the
resolution of the smaller flow features in the wake of the wing. In Figure 8b more small flow
features can be seen in the flow solution. Especially at the outer part of the wing the
resolution of the smaller flow features is improved significantly.

a) b)

Figure 8: Slice through flow solution - Colored by total pressure - h =15 m

A typical convergence history of the density residual and the lift and drag coefficients for the
steady RANS simulations performed within L-bows is shown in Figure 9. The density residual
decreases for four orders of magnitude and the amplitudes of the lift and drag coefficient
decrease to very small values. So the convergence level can be assumed to be sufficient.
Furthermore, in this figure one can identify the steps of the automatic mesh adaptation as
peaks in the density residual. Due to the fact that after the last mesh adaptation step the
density residual levels to slightly higher values and the amplitudes of the aerodynamic
coefficients remain slightly higher, another mesh adaptation step is not useful.

12
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Figure 9: Typical convergence history for the steady RANS simulations
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Figure 10: Influence of altitude and landing gear on C_ and Cp

In Figure 10 the influence of the ground effect and the presence of the landing gear on the lift
and the drag coefficients for the simulated altitudes is shown. The diagram is cut at the
altitude of h = 15 m because there is no significant change in the aerodynamic coefficients for
higher values. In the following sections 4.1.1 and 4.1.2 the influence of the landing gear and
the ground effect is investigated separately.

13
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4.1.1 Influence of the Landing Gear

According to Figure 10 the landing gear has no significant influence on the lift coefficient of
the Airbus A320 high lift configuration for all considered altitude steps. In contrast to the
influence of the landing gear on the lift, the influence of the landing gear on the drag
coefficient is clearly visible for all considered altitude steps. The influence of the landing gear
on the lift coefficient is very limited due to the very small local disturbance of the flow field
around the wing. The disturbance is only located at the lower side of the inner main wing
respectively near the nose of the fuselage. Almost the complete wing, especially the upper
side of the wing, the fuselage as well as the tail planes are not influenced by the landing gear.
Furthermore, the surfaces of the landing gear itself are not producing a substantial amount of
lift.

In contrast to the influence of the landing gear on the lift, the influence on the drag is clearly
visible. For all altitudes steps looked at, the drag is significantly increased by the addition of
the landing gear. The influence on drag is only a local effect at the landing gear itself because,
as described above, the mean flow around the aircraft configuration is not strongly influenced
by the presence of the landing gear. The drag is produced directly by the landing gear surfaces.
The landing gear can be considered as a large blunt body located in nearly undisturbed flow
producing a strong wake but almost no lift. The influence of the landing gear on the drag
coefficient is decreasing with decreasing altitude. This can be explained by the growing
influence of the ground effect on the flow in the area of the landing gear with decreasing
altitude. The growing influence of the ground effect results in a reduced local flow velocity
especially at the position of the main landing gear below the wing ending up with a reduced
drag for the whole aircraft configuration for decreasing altitudes. This effect is described in
detail in section 4.1.2.

a) b)

Figure 11: Slice through flow solution - Colored by total pressure -h =15 m

In Figure 11 the influence of the landing gear on the total pressure in the wake of wing is
shown in a slice shortly behind the inboard wing for an altitude of h = 15 m for both
configurations, with and without landing gear. The strong loss in total pressure in the wake of

14
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the wing and the engine is clearly visible in both figures. Additionally, the extensive and strong
loss in total pressure behind the landing gear can be seen in Figure 11a. The wakes of the wing
and the nacelle are not influenced significantly by the presence of the main landing gear. But
the strong wake of the main landing gear may have an influence on the formation and the
development of the wake vortex system of the complete aircraft configuration. This topic will
be evaluated by the ongoing coupled RANS LES simulation of the wake vortex system within
this project. Besides the wake of the main landing gear, in Figure 11a, also the wake of the
nose landing gear is visible below the fuselage. Compared to the wake of the main landing the
total pressure loss of the nose landing gear is much smaller due to the smaller dimensions of
the nose landing gear and the relative long distance between the nose landing gear and the
slice through the volume presented here.

For an altitude of h = 15 m, the figures Figure 12 and Figure 13 show the pressure distributions
of the wing including the high lift devices in two slices. In Figure 12 the pressure distribution at
the inner wing close to the main landing gear is shown. Figure 13 is showing the pressure
distribution in the middle of the outer wing. At the pressure side of the main wing at the inner
wing the pressure level is slightly higher for the configuration without landing gear. This can be
explained by a blockage of the flow between nacelle and fuselage by the presence of the
landing gear. This blockage results in a reduced local flow velocity and, therefore, in a higher
static pressure level. At the lower side of the flap a slightly reduced static pressure is visible for
the configuration with landing gear caused by the loss of total pressure in the wake of the
landing gear. At the slat and the upper sides of main wing and flap no difference in the
pressure levels can be observed. The pressure distributions at the outer do not show any
differences between the two configurations. These minor and local differences in the pressure
distributions at wing also explain the non-existing effect of the landing gear on the lift.
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Figure 12: Pressure distribution inner wing-h =15m

15



Numerical Simulation of the Influence of the Landing Gear and the Ground Effect on the Flow
around a Transport Aircraft Configuration — David Rohlmann Final Report

Configuration with gears
Configuration without gears

| <
e.
>
O
[}
-l

!
i
i
1
/
| ]

~
f
)

Pressure Coefficient ¢, [-]
L | LI
——
Rl

\

|

|
e

X Position [m]

Figure 13: Pressure distribution outer wing-h=15m

4.1.2 Influence of the Ground Effect

The theory of the ground effect, for example (Torenbeek, 1976), explains the aerodynamic
effects using the potential theory by a virtual mirroring of the vortical system of the aircraft
configuration at the ground. When bringing an aircraft configuration at constant angle of
attack closer to the ground, this approach predicts decreasing drag and increasing lift for
moderate angles of attack and relatively small lift coefficients. For configurations at higher lift
coefficients, with deflected trailing edge flaps or at very low altitudes above ground this
approach results in a decrease of lift when decreasing the distance to the ground. In Figure 10
the influence of the decreasing ground distance on the lift and drag coefficients of the Airbus
A320 high lift configuration can be seen. With decreasing altitude the drag also decreases
while the lift increases. The simulations performed within L-bows use the Airbus A320 high lift
configuration with deflected trailing edge flaps at the wing at a moderate angle of attack and
cover a relatively large range of altitudes. Therefore, it is reasonable the take a closer look at
the single components of the configuration to explain the observed effects on lift and drag
correctly.

16



Final Report DLR Project L-bows

o // =
-
Q // A — — — Fuselage .o_.
et - :
s AC, =05 Wing o
‘o AC; = 0.05 ——— HTP S
— Y
= blue lines: lift D
8 V red lines: drag Q
O (&)
£ 2
- o
L L I L L I L I L L I L
0 15 20

10
Altitude h [m]

Figure 14: C_ and Cp for wing, fuselage and vertical plane of the configuration without landing

gear wing plotted against the altitude
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Figure 16: Iso surface of the static pressure,0<cp<1,h=15m

Figure 14 shows the development of the lift and drag coefficients for the wing including the
high lift devices, the fuselage and the vertical plane of the configuration without landing gear
over the altitude. For the wing the lift coefficient increases with decreasing altitude. Only at
very low altitudes a reverse effect can be observed and the lift coefficient of the wing slightly
decreases. The lift coefficients for the fuselage and the vertical plane are increasing while
decreasing the altitude for all altitudes simulated. With decreasing altitude, among other
effects, the flow between aircraft and ground is decelerated and the static pressure between
aircraft and ground is increased. This deceleration of the flow between aircraft and ground
close the ground compared to free flight conditions can be explained by the mirroring of the
vortical system of the aircraft at the ground resulting in an induced flow velocity against the
actual flow velocity between aircraft and ground. This induced flow velocity slows down the
flow between the aircraft and the ground resulting in a rise of the static pressure in this region
and a higher lift for the aircraft configuration. For very low altitudes and high lift coefficients,
for example at wings with deflected high lift devices, the reduction of the flow velocity
between aircraft and ground also has a negative effect on the lift. The reduced flow velocity
reduces the local stagnation pressure and the local circulation yielding to a negative effect on
the lift. This negative effect on the lift superposes the positive pressure effect and can result in
an inverse ground effect for very low altitudes and high lift coefficients. The effect of the
increasing static pressure between aircraft and ground with decreasing altitude can be seen in
Figure 15 and Figure 16. These figures show an iso surface of the static pressure 0 < cp < 1 for
the altitudes h = 5 m and h = 15 m. With decreasing altitude the surface of the constant
positive static pressure between aircraft and ground is growing. This increase of pressure
between aircraft and ground, results also in the increasing lift of fuselage and vertical tail
plane observed in Figure 14. But this cannot explain all effects at the wing. Although the
pressure level at the lower side of the wing is increasing with decreasing altitude, see Figure
18



N2

Final Report DLR Project L-bows

17 and Figure 18, also the pressure level at the upper side of the wing is increasing.
Furthermore, with decreasing altitude a reduction of the circulation and the resulting lift at
the trailing edge flap is visible in the pressure distributions. Only at the slat an increase of the
suction peak and the circulation with decreasing altitude is visible. This can be explained by
the ground effect resulting in an increased induced angle of attack at the leading edges. The
effects described here are stronger at the inner wing, Figure 17, than at the outer wing, Figure
18, due to larger relation of local chord length and local distance to ground. In total these
effects described above, lead to an increase of lift at the wing for the larger altitudes and a
very small decrease of the lift for the very small altitudes investigated. Beside this, the ground
effect also induces a small shift of the spanwise lift distribution in the direction of the inner
wing by decreasing the altitude, see Figure 19.
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Figure 17: Pressure distribution at the inner wing
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Figure 18: Pressure distribution at the outer wing
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Figure 19: Influence of the ground effect on the spanwise lift distribution at the wing

Besides the influence on the total lift of the configuration, the reduction of the downforce at
the vertical tail plane due to the ground effect also has an influence on the trimming of the
configuration. In real flight conditions this reduction of downforce has to be compensated by
an additional elevator deflection to retain in a trimmed state. This elevator deflection leads to
a reduction of the overall lift gain for the complete configuration and was neglected in this
study.
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Also in Figure 14 it can be seen, that the reduction of total drag in ground effect is caused by a
reduction of the drag of the wing. In contrast to the drag produced by the wing, the drag of
fuselage and vertical tail plane increases with decreasing altitudes. The reduction of the drag
of the wing can be explained the two effect. The first and main effect is a reduction of the
induced drag of the wing due to weakening of the trailing vortices of the configuration caused
by the presence of the ground. The second effect can be found in a reduction of the local flow
velocity between ground and aircraft resulting in a slightly reduced friction drag at the wing.
The small increase of the drag at the fuselage and the vertical tail plane can be explained by
the increased static pressure at the lower side of the aircraft configuration. By taking the angle
of attack of the configuration into account this increase of static pressure results in a small
force component against the moving direction of the aircraft.

a)

Figure 20: X velocity in a x = const. slice at the position of the main landing gear

In section 4.1.1 the decreasing drag of the landing gear in ground effect was already briefly
discussed. In this section this effect will be described in detail. The decrease of the landing
gear's drag can be explained by the reduction of the local flow velocity in the region of the
man landing gear when the altitude is decreased. This reduction of local flow velocity yields to
a reduced drag of the main landing gear due to the reduction of the local stagnation pressure.
This effect can be seen in Figure 20. In this figure for the configuration without landing gear
the x component of the flow velocity is shown in a x = const. slice at the position of the main
landing gear for two altitudes at h = 2.5 m and h = 20 m. The local x component of the flow
velocity at the position of the main landing gear between the nacelle and the fuselage, which
is mainly responsibility for the pressure drag of the main landing gear, is significantly reduced
at the smaller altitude of h = 2.5 m compared to h =20 m.
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Figure 21: Influence of the ground effect on the wake of the wing

In Figure 21 the influence of the ground effect on the wake of the main wing is shown for h =
2.5 m and h = 20 m by the total pressure in a slice a few meters behind the wing. The biggest
differences in the wake of the wing between those two altitudes are located in the region of
the inner wing. At the outer part of the outer wing almost no influence of the altitude is
visible. The position of the tip vortices of the trailing edge flap and wing tip as well as the
strength of the loss of total pressure inside these vortices is also almost identical for the two
altitudes shown in the figure. At the inner wing the loss in total pressure in the wake is slightly
higher for the altitude of h = 2.5 m. Furthermore, the complete wake at the inner wing is
shifted slightly upwards for this altitude. This shift can be explained by the reduced downwash
behind wing for the smaller altitude. The increase of the total pressure loss of the wake of the
inner wing can be explained by a spread of the boundary layer flow at the main wing and the
wake of the slat due to the stronger pressure gradient above the wing for smaller altitudes,
see Figure 17. The observed shift of the wake and the increased total pressure loss in the wake
for smaller altitudes may has a significant influence on the formation of the wake vortices of
the configuration looked at. In addition, the reduced downwash behind the wing due to the
presence of the ground may also have an influence on the further development of the wake
vortices.
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4.2 Results — Unsteady RANS
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Figure 22: Development of C, Cp and altitude h over physical time

In Figure 22 the development of the lift and drag coefficients and the altitude is plotted
against the physical maneuver time. The thin lines show the actual unsteady development of
the coefficients during the simulation. The thick lines give a smoothed approximation of the
unsteady values for altitudes above h = 0 m by a second degree polynomial. The dots in this
figure show the aerodynamic coefficients of the steady RANS simulation described in the
previous sections. The aerodynamic coefficients show only very limited unsteady oscillations
during the simulation and are very close to the smoothed polynomial approximation. The
smoothed curves are showing the behavior expected by the theory of the ground effect. The
small unsteady oscillations observed in the unsteady aerodynamic coefficients can be
explained by small flow separations at the trailing edge flap. Furthermore, the polynomial
approximation of the unsteady aerodynamic coefficients is in very good agreement with the
results of the steady RANS simulations. The small differences between the steady RANS and
the unsteady maneuver simulation can also be explained by the small and unsteady flow
separations at the trailing edge flap. These unsteady flow phenomena are not captured
correctly by the steady RANS approach giving slightly different results. In the moment of the
touchdown the z component of the aircraft movement switches to v, = 0 m/s. Due to this, the
angle of attack of the configuration is decreasing abruptly leading to an abrupt increase of lift
and drag. During the rotation of the aircraft configuration to an angle of attack of a = 0° the
induced angle of attack is increased by a superposition of the horizontal aircraft velocity and
the rotation. This results in a slightly increased angle of attack during the rotation. At the
beginning of the rotation the step in the angle of attack yields to a stepwise increase in lift.
Afterwards during the rotation the lift decreases linear analog to the angle of attack until a =
0° is reached.
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In the following, only the aerodynamic phenomena after touchdown be discussed in detail due
to the fact that the phenomena observed in the unsteady maneuver simulation are not
significantly different compared to the steady RANS results described in the sections above.
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Figure 23: Pressure distribution at inner wing
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Figure 24: Pressure distribution at outer wing

The figures Figure 23 and Figure 24 show the pressure distributions in one slice at the inner
wing and one slice at the outer wing for the time step directly after the touchdown and the
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time step directly after the rotation. In both figures at the slat and at the leading edge of the
main wing a reduction of the suction peak is visible due to the reduction of the angle of attack
during the rotation. The pressure at the stagnation point at the main wing is increasing during
the rotation. The increase of the pressure is caused by the increase of the local flow velocity
between aircraft and ground. This results from a decreasing ground effect due to a decrease of
lift during the rotation. This effect is also visible in both slices at the stagnation point of the
trailing edge flap. Furthermore, the suction peak at the trailing edge flap is increasing in both
slices during the rotation. This is caused by the increasing flow velocity between aircraft and
ground. This results in an increase of circulation at the flap although the angle of attack is
reduced during the rotation. As a result of the increasing suction peaks at the flap, in both
slices the pressure level at the trailing edge of the main wing is also changing during the
rotation. Due to the increase of circulation at the trailing edge flap, a flow separation at the
upper side of the trailing edge flap is visible at the slice at the inner wing.

0.5 s after touchdown

After rotation

Figure 25: Total pressure in a slice behind the wing, 0.5 s after touchdown and after rotation

The wake of the wing for the first time step after touch down and the first time step after the
rotation is shown in Figure 25 by the total pressure in a slice behind the wing. The figure
shows the decrease of the wake of the wing caused by the rotation of the aircraft
configuration to an angle of attack of a = 0°. As a major effect the total pressure loss in the
wing tip vortex and the vortex at the root of the wing is significantly reduced by the
derotation. Furthermore, the loss in total pressure in the wake of the engine, mainly caused
the vortical system induced by the engine, is also clearly reduced. However, the loss in total
pressure in the tip vortex of the trailing edge flap is only slightly reduced after the rotation to
a = 0°. The wake of the inner wing in the region between the fuselage and the engine even is
slightly increased. This is a result of the small flow separation observed at the trailing edge flap
after the rotation. At the outer wing this effect is not visible because there is no flow
separation at the trailing edge flap in this region. The vertical position of the wake behind the
wing is not significantly modified by the rotation to a = 0°.

5. Conclusions

The studies presented here involve the setup and realization of steady and unsteady RANS
simulations of a realistic transport aircraft configuration in high lift configuration with and
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without landing gear in ground effect. The investigation was focused on steady altitude steps
and on a simplified unsteady touchdown maneuver. The test configuration used was a
detailed model of the Airbus A320 high lift configuration as a typical transport aircraft
configuration.

The results presented in this paper show a significant influence of the landing gear on the
overall aerodynamic values of the configuration. Furthermore, a significant influence of the
landing gear on the wake of the configuration was observed. Although the observed effects
are clearly visible on all altitude steps investigated, the effect is decreasing with decreasing
altitude. These effects may have a strong influence on the formation and development of the
wake vortex system of configuration studied.

The ground effect was observed in the steady as well as in the unsteady simulations. The
effect was consistent to the theory of the ground effect. As well as the landing gear, the
ground effect has a clearly visible influence on the aerodynamic coefficients and on the wakes
of the high lift configuration investigated. The effects observed also may have a significant
influence on the formation and development of the wake vortex system of the configuration.

Additionally, in the unsteady maneuver simulation the development of the flow around the
aircraft configuration after touchdown and during derotation on the ground to an angle of
attack of a = 0° was studied. A clearly visible step in the aerodynamic coefficients in the
moment of the touchdown was observed. During the rotation the aerodynamic coefficients
change gradually analog to the angle of attack. Consistent effects were visible in the wakes of
the configuration.

Overall the simulations shown in this study form a very good basis for the coupled RANS LES
simulations ongoing within the project L-bows. These simulations will be performed to give a
better understanding of the formation and development of the wake vortex system of a
realistic high lift transport aircraft configuration during approach and after touchdown.
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1.1.2 Effects of Detailed Aircraft Geometry on Wake Vortex Dynam-
ics During Landing

Anton Stephan!, David Rohimann?, Frank Holz&pfel', Ralf Rudnik?

Institute of Atmospheric Physics, ?Institute of Aerodynamics and Flow Technology

The final approach and touchdown of a landing aircraft is studied numerically with different hybrid
RANS/LES approaches. Particular emphasis is put on the ground effect and the wake vortex evolution
before and after touchdown. Additionally, the effect of the landing gear on the aircraft's aerodynamics
during landing is analyzed. The near field around the landing aircraft is generated using two different
RANS methods. In a number of steady-state simulations the altitude of the aircraft above ground was
varied in fixed steps. Furthermore, a simplified continuous landing maneuver was simulated by applying
unsteady RANS simulations. The resulting RANS fields are then coupled with an LES simulation using
three different approaches. The computed vortex circulation is compared with aircraft measurements.
As a result we see that the new transient hybrid approach provides physically reasonable results. The
landing gears have a notable effect on the aircraft’s drag, as well as on the wake footprint. However,
the effect on the wake vortex circulation evolution is moderate. Remarkably, the simulations with landing
gear show a strong coherent vortex, merging late with the main vortex. A particular emphasis is put
on the comparison with LIDAR measurement data collected in a recent campaign at Vienna airport.
The vortex structures predicted by the simulations are clearly visible in those measurements. Simulated
tangential velocity profiles are compared with vortex model profiles. It is observed that standard vortex
models fail to capture the complex vortex structures emerging during the landing process but can be
improved including mirror vortices.

1. Introduction

Wake vortices are generated by flying aircraft in a natural way through the creation of lift. The complex
wake structures in the aircraft’s near-field roll-up to a vortex system of two counter-rotating vortices fur-
ther downstream. The generated two-vortex system can persist for several minutes, possessing a high
amount of kinetic energy and thereby posing a potential hazard to following aircraft. In ground proximity
the transport and decay of the wake vortices are mainly determined by the wind conditions and the in-
teraction with the ground, Bricteux et al. (2016). To avoid wake-vortex encounters, regulatory separation
distances between aircraft pairs have to be maintained based on the involved aircraft’s weights, which
limit the capacity at airports. Therefore, the investigation of wake-vortex decay is an important subject
in aviation since the 1980s, Spalart (1998); Gerz et al. (2002).

Despite four decades of intensive research, the wake vortex issue is still a fascinating field of fluid
dynamics research that is highly application-oriented. From theoretical, numerical and furthermore ex-
perimental points of view there are still many open questions relevant for the air traffic management.
The aim of understanding wake vortices in ground proximity triggers new numerical and experimental
developments. The high Reynolds number flow involving highly complex geometries, strong coherent
structures and no distinguished mean flow direction makes it difficult to understand and predict accu-
rately.

A landing aircraft generates a highly complex flow field in terms of structure and relevant scales. The
flow around the main wing, fuselage, slat, flap, jet engine and tailplane, as well as the interaction with the
ground and the sudden lift reduction during touchdown substantially affect the generated wake vortices.

We characterize the evolution of the aircraft’s wake during landing by four main phases, Final ap-
proach, Flare, Touchdown and Roll-out, Stephan et al. (2014). Independently from this, the aircraft
wake evolution is frequently considered to consist of three distinct phases, the roll-up phase, the vortex
phase and the decay phase (Breitsamter, 2011). Usually, Reynolds-averaged Navier-Stokes (RANS)
simulations are used for computing the flow field around the aircraft and the subsequent roll-up process
of the wake (Stumpf, 2005). The dynamics of wake vortices after roll-up until decay have been mainly
studied by large-eddy simulations (LES) considering various atmospheric conditions including turbu-
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lence, thermal stability and wind shear (Holzapfel, 2003; Misaka et al., 2012). In those studies a vortex
pair with a constant velocity profile along flight direction was initialized in the computational domain.
The interaction with the ground has also been simulated by initializing fully rolled-up vortices (Proctor
et al., 2000; Georges et al., 2005). This approach neglects the vortex roll-up process, different vortex
generation heights above ground, the effect of the touchdown maneuver and may not fully capture the
three-dimensional vortex deformations appearing during ground interaction.

Complementary to simulations, real wake vortex flows have mainly been investigated by measure-
ments using a light detection and ranging (LIDAR) device (Constant et al., 1994). An emitted laser
beam is reflected and scattered by aerosols moving with the vortex flow. The detected signal provides
the particle position and the phase shift of the photons, which reveals the velocity towards the detec-
tor by the Doppler-shift. A major challenge in experimental wake vortex physics is the development of
accurate algorithms deducing the main vortex characteristics like position and circulation from the raw
signal. It turns out that those algorithms are highly dependent on the LIDAR system and its technical
specifications. For a 2um pulsed Doppler LIDAR system (K&pp et al., 2004; Smalikho & Rahm, 2010)
the so-called velocity envelope method is most popular, whereas for the well-established 1.54;; m LIDAR
systems the so-called radial velocity method is yielding the best results (Smalikho et al., 2015). These
algorithms are using a Burnham-Hallock vortex profile as a model vortex to estimate the vortex circula-
tion from the radial velocity scans. Far from the ground this model assumption is justified and leads to
good results. Here we investigate if this assumption is still valid in ground proximity. New measurement
techniques using Particle Image Velocimetry (PIV) systems at the airport have been proposed in Konrath
et al. (2013), but applications to wake vortex flow still have to be demonstrated.

The first theoretical investigations on the ground effect have been performed by Wieselsberger (1922)
and Prandtl (1923) employing a modification of Prandtl’s lifting line theory. It can, however, only be
applied for steady flows, that is, assuming a fixed altitude above ground, wing speed and angle of
attack. An overview of various analytical approaches for the quantification of the wing in ground effect
(WIG) can be found in Pistolesi (1937). Solutions for two- and three-dimensional wings may be found in
Widnall & Barrows (1970). Daeninck et al. (2006) investigates the wake vortex roll-up in ground effect
for different wing aspect ratios and span loadings at various altitudes above ground. A double elliptical
chord distribution as a model for a high-lift configuration is also studied. The steady-state wing in ground
effect is modeled using Prandtl’s lifting line theory. All these considerations have been purely stationary
and thus ignoring the flight path angle, the flare and the changing angle of attack.

Real aircraft landings are characterized by a complex coupled system of parameters like angle of
attack, flight speed, flight altitude and attitude, etc. Such complex coupled systems can be derived
from flight measurement data (Jategaonkar, 2006). An overview of the ground effect from the system
identification view can be found in (Fischenberg, 1999). In the systemic approach analytical models for
lift and drag coefficients in ground effect are considered. Model parameters are identified using flight
test data and these are later validated in simulations.

Large-Eddy Simulations (LES) proved to be an effective method to study the dynamics of wake
vortices after roll-up until decay. Those have been substantially developed since the first LES was
applied to study the evolution of the potentially hazardous aircraft wake. With a pure LES approach,
a vortex pair with a constant velocity profile along the flight direction is initialized. It may incorporate
different vortex profiles and even multiple vortex systems. This technique was successfully applied for
studying the dynamics of wake vortices after roll-up until decay, taking into account various atmospheric
conditions like turbulence, thermal stability and wind shear, both out of ground, Holzépfel (2003); Misaka
et al. (2012), as well as in ground proximity, Proctor et al. (2000); Bricteux et al. (2016); Holzapfel
et al. (2016). This approach can also be applied to the problem of landing aircraft and the wake-vortex
interactions in ground proximity. However, the pure LES method has its limitations, as it cannot capture
the effects of the wake roll-up process, the touchdown maneuver and the wing in ground effect at varying
vortex generation heights above the ground. Hence, the full three-dimensional vortex deformations and
instability mechanisms, appearing during ground interaction, cannot be investigated.

The coupling of RANS and LES simulations is an innovative methodology to simulate the aircraft
flight through a computational, generating a wake in a realistic way, Misaka et al. (2013, 2015). For this
purpose a pre-computed high-fidelity steady RANS flow field is swept through the LES domain. This
is done to initialize the aircraft wake in the LES domain and will be further referred to as "spatial LES".
This method includes all stages of wake-vortex evolution, from roll-up to vortex decay. The results have
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revealed valuable insights for cruise flight, Misaka et al. (2015), as well as flight in ground proximity
during the landing phase, Stephan et al. (2014). With this study the focus is put on the wake-vortex
physics, including three-dimensional effects of decaying vortices in ground proximity. Their evolution is
driven by the complex interaction of many factors including ambient turbulence, turbulent wind, ground
interaction, the touchdown maneuver and the triggered end effects, Stephan et al. (2017).

While Stephan et al. (2014) gives a first attempt to study wake vortices of a landing aircraft with hybrid
RANS/LES methods, the current paper develops the method further. The unsteady nature of the flare is
addressed in the current hybrid RANS/LES simulation using two different approaches. Firstly, different
flight states at different heights above the ground are simulated in separate steady RANS simulations.
These states are mapped into the LES domain at the respective instant of time and are then used
for several consecutive time-steps in the LES. In contrast to Stephan et al. (2014), where the wing-
in-ground effect was merely calculated by the LES, here an accurate RANS simulation is performed.
This method is further referred to as multiple RANS/LES. Secondly, an unsteady RANS of the entire
landing process is performed. From this simulation, fields are extracted at the same time steps as in
the multiple RANS/LES, and used to initialize the flow-field in the LES. This method is referred to as
URANSY/LES. This investigation was carried out to analyze the transient effects in the flow field around
the aircraft during the unsteady descent of the aircraft to the ground and the derotation maneuver after
touchdown. Both methods are compared in this study with respect to the circulation development of the
wake vortices after touchdown. Special attention is put on the instant of touchdown. While Stephan et al.
(2014) models the instant of touchdown by fading the forcing term in the LES, this work simulates the
instant of touchdown. Measurement results of a real A320 landing are presented and used for validation.
Additionally, the question of the landing gear influence on the wake vortices is addressed and simulated
with both multiple RANS/LES and URANS/LES.

To enable an exact simulation of the wake vortices in the LES domain, an accurate pre-computed
RANS flow field around the aircraft generating the vortices is needed. Hence, for the RANS simulations
a detailed model of the Airbus A320 “ATRA” in high-lift configuration, including the landing gear, was
used, Rohimann (2018). The simulations were performed with and without landing gear to investigate
the influence of the landing gear on the flow around the aircraft. Furthermore, the influence of the ground
effect on the flow around the aircraft during approach and touchdown was investigated by simulations at
different altitudes of the aircraft above the ground.

2. RANS Methods

2.1. Geometry

Within the DLR project L-bows an Airbus A320 airplane was used as a wake vortex generator. For
the RANS simulations a very detailed CAD model of the Airbus A320 “ATRA” operated by the German
Aerospace Center (DLR) was available. All investigations shown in this paper were carried out using
the high-lift configuration “Full LDG”. This implies a deflection angle of diaps = 40 for the flaps and
a deflection angle of dgas = 27 for the slats. Besides the high-lift elements, the CAD model also
includes the slat tracks, the IAE V2500 turbofan engine cowling, the flap track fairings and the vertical
and horizontal tail planes. Furthermore, the CAD model also includes a slightly simplified main and
nose landing gear. Fig. 1 (a) gives an overview of the CAD model used. In Fig. 1 (b) the CAD model
of the simplified main landing gear is shown. The steady RANS simulations were performed with and
without landing gear. For the unsteady RANS simulation of the simplified touchdown maneuver, the
configuration without landing gear was used.

2.2. Mesh

The RANS simulations within the project L-bows were performed using hybrid unstructured meshes.
The meshes were build using the mesh generator Centaur, Centaur (2017). They are based on the
experience gathered during the project HINVA Rudnik et al. (2012); Bier et al. (2012); Rohlmann & Keye
(2015). The work in HINVA was also focused on the Airbus A320 high-lift configuration. The meshing
of the surfaces and the boundary layers in L-bows is based on the meshes used in HINVA. Additionally,
the volume meshes were strongly refined in the regions of wakes and vortex systems produced by the
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(a) Overview (b) Main landing gear

Figure 1. CAD model

(a) Centaur setup (b) Block setup

Figure 2: Overview of volume source and mesh block setup

wing, the high-lift devices, the landing gears and the tail planes. To achieve a proper resolution of the
boundary layers on the non-slip walls, 40 prisms layers were used on all non-slip walls in the complete
mesh. The meshes are, thereby, of a very high resolution in order to resolve all relevant ow phenomena
around the Airbus A320 high-lift con guration. Figure 2 (a) provides an overview of the Centaur volume
source setup.

To realize the simulation at different altitude steps, an approach using multiple mesh blocks was
chosen for the meshing. The simulated ow volume is divided in several overlapping mesh blocks,
which are meshed separately. After the meshing, the relative position of the blocks is set up in the
ow solver and the ow eld is calculated for the whole domain using the Chimera technique for the
exchange of ow data between the mesh blocks. By using this meshing approach, it is possible to
build one separate mesh block for the aircraft and one separate mesh block for the far eld including
the ground. The relative positioning of these blocks enables realizing different altitude steps by the use
of identical meshes. In Fig. 2 (b) an overview of the mesh block setup for one altitude step is given.
All mesh parts which are not needed for the simulation, like the mesh below the ground or behind the
aircraft, are blanked by the ow solver.

To further improve the quality of the simulated ow eld around the aircraft con guration, at each
altitude step the meshes were locally re ned during the simulation process. This was done by an
automatic mesh adaptation process provided by the ow solver. The mesh adaptation is based on a
user de ned sensor function and is restricted to user de ned regions in the ow eld. In the simulations
presented in this paper, the mesh adaptation was locally restricted to the regions around the vortices
and the wakes of the con guration. As a sensor function, the difference in total pressure between two
neighboring mesh points was set. The meshes were adapted in up to nine stages for both con gurations,
with and without gears, for all altitude steps. In Fig. 3 (a) a slice through the volume mesh before the
rst and in Fig. 3 (b) after nine adaptation steps is shown. An improvement of the mesh resolution in the
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(a) Before automatic re nement (b) After automatic re nement

Figure 3: Slice through mesh

wake of the wing and around the tip vortices of the wing and the high-lift devices can clearly be seen.

Table I: Number of mesh points

Number of surface elements | 2.7e+06
Number of prisms 72e+06
Total point number 61e+06

The number of points and elements for the meshes before the automatic mesh adaptation is shown
in Tab. |. The automatic mesh adaptation accounts for a roughly 15%increase in total grid point count.

2.3. Flow Solver

Within the current studies the DLR TAU Code, Kroll et al. (2009) was used for the RANS and URANS
simulations. TAU is a compressible, unstructured nite volume solver for the Reynolds-averaged Navier-
Stokes equations.

For all simulations shown in this paper, the Spalart-Allmaras (SA) turbulence model Spalart & All-
maras (1992) was used. The SA model is robust and suf ciently validated for the simulation of the
ow around complex high-lift con gurations Bier et al. (2012); Rohlmann & Keye (2015); Rumsey et al.
(2011). The time-stepping was done by an implicit lower-upper symmetric Gaul3-Seidel (LU-SGS)
scheme. A central second-order scheme with Matrix dissipation was employed. A standard "3v" multi-
grid cycle was applied to accelerate convergence.

A dual time stepping approach was used for the transient URANS simulation of the simpli ed touch-
down maneuver. The unsteady movement of the aircraft during the maneuver was achieved by a relative
movement of the mesh block around the aircraft and the far eld block including the ground. All surfaces
of the aircraft were modeled as non-slip Navier-Stokes walls. The ground was modeled as a slip (Euler)
wall. The engine of the aircraft was treated as a through ow nacelle. A jet was not simulated.

2.4. Flow Conditions

The used ow conditions are derived from a real touchdown maneuver of the Airbus A320 “ATRA”. They
were converted to the International Standard Atmosphere (ISA) at an altitude of h = 0 m. The resulting
ow conditions for the simulations are shown in Tab. Il.

The reference values for an elliptic load distribution (Gerz et al., 2002), initial circulation, vortex
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Table Il: Flow conditions

Density = 1:225kg=m?
Pressure p =101325Pa
Temperature T =288:15K
Velocity U =64m=s
Reynolds number Re 184 1P
Mach number Ma 0:188
wing span b=34:1m
wing plan-form area A =122:6n7
total lift coef cient C. =167

spacing, vortex descent velocity, characteristic time, vorticity unit are given as

_2CLU; A
0— b )

tozg' !0:1; )

= —Db: =
bo ;W Wo'

_0.
4 2by’
resulting in o = 244:2m?=s, by = 34:1m, wp = 1:45m=s, and tg = 18:455 see Tab. Ill. For the sake of
clarity physical quantities are not normalized in this work. We sett = 0 at the instant of the touchdown
or the crossing of a surface, depending on the context. The maximum tangential velocity of the wake
vortices is around 20 m=s.

Table Ill: Reference values

initial vortex separation bp =26:8m
initial circulation 0 =244:2m?=s
vortex descent speed wg = 1:45m=s
characteristic time tg =18:45s

2.5. Steady Simulations

The steady RANS simulations were performed for the con gurations with and without landing gears at
a constant angle of attack for eight altitude steps between h = 0 m and h = 175 m. In this study the
altitude is de ned as the distance between the main landing gear and the ground. The angle of attack
was setto =6 , which was the average angle of attack during the approach in the ight test data.

2.6. Simulation of the Touchdown Maneuver

The movement of the aircraft during the simpli ed touchdown maneuver was derived from real touch-
down maneuvers of the Airbus A320 “ATRA”. The simpli ed maneuver features a constant angle of
descent with constant velocity up to the touchdown. After that the aircraft rotates to an angle of attack of

= 0 . During rotation the angular velocity, as well as the horizontal velocity, are kept constant. During
the descent to the ground the angle of attack is kept constant at =6 , the same angle of attack as in
the steady RANS simulations. In the unsteady maneuver simulation this angle of attack is achieved by
the addition of the constant geometric angle of attack the aircraft geometry and a superposition of the
horizontal and vertical components of the aircraft velocity.

In Fig. 4 the development of altitude and angle of attack during the maneuver is shown as a function
of time. The physical time step for the transient simulation had to be set to a relatively high value of t =
0:05 s due to the long simulated physical time span. Due to the limited dynamics of the maneuver and
the quasi-steady ow conditions, this relatively large time step still results in an acceptable convergence
of the inner time steps of the URANS simulation.
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Figure 4: Altitude and geometric angle of attack during the touchdown maneuver

3. LES Methods

3.1. MGLET - Multi-Grid Large Eddy Turbulence

The Large Eddy Simulation is performed using the incompressible LES code MGLET, developed at the
Technical University of Munich, Manhart (2004). It solves the incompressible Navier-Stokes equations:

@, @uu) _ 1@b, @ .

@t+ @?( - @x+ @}( (( t)zsll) 1 (2)
@y _ 4.
oy = O 3)

Here u; represents the velocity components in the three spatial directions (i = 1;2; or 3), §; =
(@E@)+ @u=@¥=2 denotes the strain rate tensor and p® = p po equals the pressure deviation
from a reference state pg. The kinematic viscosity is given as the sum of molecular viscosity and
eddy viscosity , determined by means of a Lagrangian dynamic sub-grid scale model, Meneveau
et al. (1996). Egns. (2) and (3) are solved by a nite-volume approach, using a fourth-order compact
scheme, Hokpunna & Manhart (2010). A split-interface algorithm is used for the parallel solution of the
tri-diagonal system, Hokpunna (2009), resulting from the compact scheme. A third-order explicit Runge-
Kutta method is used for the time integration. The simulations are performed in parallel, using a domain
decomposition approach.

3.2. Wake initialization

A realistic aircraft wake is generated in an LES domain by sweeping a high- delity steady RANS ow
eld through the domain, which enables the simulation of the wake-vortex evolution from its generation
until its nal decay (Misaka et al., 2015). The RANS ow eld delivers a forcing term for the Navier-

Stokes equations solved in the LES. This approach is referred to as a forti ed solution algorithm (Fuijii,
1995), or a nudging technique used in data assimilation (Kalnay, 2003). The resulting velocity eld in
the aircraft vicinity consists of the weighted sum

V=Ff({y)Vies +(1 f(y)Vrans (4)
of the LES and the RANS velocity elds, see Figure 5, with a transition function

f(y: : )=%tanh Y _ 410 (5)

y
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Figure 5: Schematic of a weighting function for a combination of RANS and LES ow elds (Misaka
et al., 2015).

Here and represent the slope and the maximum wall-distance of the transition region, for which
we employ similar values as in Misaka et al. (2015). The mapping of the RANS ow eld from an un-
structured mesh to the structured grid of the LES solver is performed by a linear interpolation conducted
only once before the wake initialization. First the steady RANS solution is mapped to a Cartesian grid, a
so-called frame, which is then mapped to the LES grid and shifted for every time step. As the frame can
only be mapped at discrete grid positions of the LES grid, an inclined glide path can not be realized by
a single xed frame. Thirty-two frames have to be prepared in advance, interpolating the aircraft ow in
between, leading to a smooth wake initialization. This way we meet the Courant-Friedrichs-Levy (CFL)
condition and achieve a realistically small aircraft descent angle. This requires additional memory, but
does not result in a signi cant increase of computational time for the simulation.

This hybrid method also enables us to study the effect of an ambient turbulent crosswind on the
aircraft wake by initializing the wake within a pre-simulated turbulent wind eld, Stephan et al. (2017). In
the present work strati cation effects are not taken into account.

3.3. Computational domain, approach and boundary treatment

The hybrid simulation approach and the switch to pure LES (large arrow) are sketched in Figure 6. The
rst part of the simulations includes the hybrid RANS/LES wake initialization until touchdown, Figure 6
(a). The second part is a pure LES of the wake-evolution, Figure 6 (b). We employ periodic boundary
conditions in the ight and spanwise directions, a no-slip condition at the ground (bottom) and a free-slip
condition at the top of the LES domain. The aircraft starts in the back part of the domain, passes the
boundary and approaches the ground. Because of the periodicity the aircraft is placed in front of the
domain in Figure 6 (a). After touchdown, the rst slice of the domain is extended into the back part at
the slope of the vortex and closed arti cially to a horse shoe vortex, see Figure 6 (b). This procedure
effectively minimizes disturbances generated at the starting point of the vortex initialization. Note that
wake vortex linking due to Crow instability is frequently observed in cruise altitudes and may also occur
in ground proximity. When the landing gear touches the ground the lift ceases quickly. Then the bound
vortex, i.e. the circulation around the aircraft wings, and consequently the wake vortices are strongly
reduced. We model the touchdown by removing the RANS ow eld forcing term from the simulation.
In the LES domain we employ uniform mesh spacing for all three spatial directions, with a resolution of
dx = dy = dz = 0:3m. The dimensions are (Lx;Ly;L,) = (614:4;1536;57.6) = (22:9hy; 5:7lp; 2:1kp) on
a (Ny;Ny;N;) = (2048;512 192) grid, leading to a total of approximately 200 million grid points. The
back part of the domain with a length of 5hy is used as a ghost domain where the aircraft motion starts.
Here, the subsequent reconnection of the vortex pair by a horseshoe vortex takes place. The aircraft
passes the domain boundary at a height of 1:2hy. At touchdown the tail wing is at x = 16:3.

3.4. Reproduction of turbulent uctuations

From Czech et al. (2004) and Stephan et al. (2013) it is evident that the transfer of turbulent uctuations
in the wake to the LES eld is important for the simulation of the wake evolution. In this work we use the
approach employed by Misaka et al. (2015). As turbulent velocity uctuations are modeled in a RANS
simulation, but resolved in an LES simulation, they have to be reconstructed in the LES domain from the
RANS eddy viscosity during the mapping process.
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(a) Wake initialization until touchdown. (b) LES, vortex decay after touchdown, domain shortened.

Figure 6: Schematic of an aircraft landing displaying the computational domain and the wake evolution
(a) before touchdown, during wake initialization, (b) after touchdown with arti cial vortex reconnection
(from Stephan et al. (2014)).

In a straightforward approach the velocity uctuations are modeled as white noise uctuations in the
RANS-LES transition region, their magnitude being controlled by a proportional-integral (PI) controller
during the movement of the RANS eld through the LES domain.

Veans+wn = Vrweans + KV (6)
K = al(%t; tes  Kgrans) (7)
+ a (kyes  Kgrans )t (8)

where Wy denotes the white noise velocity eld and K controls its magnitude. The constants are set
toa; = 10 and a; = 1:0in the simulations.

3.5. Hybrid RANS/LES cases

In this section three different hybrid RANS/LES approaches are presented. All together ve hybrid
simulations are performed, which are presented in the results section. First, a coupled simulation with a
single RANS eld, without any in uence of the ground, obtained at a height of h = 175m is performed for
both cases, with and without landing gear. These simulations are denoted by sRg and sRn respectively.
This approach is presented in Stephan et al. (2014) and serves as a reference for the new approach.

In the second approach we take multiple RANS elds at different heights from the steady RANS
simulations as listed in Tab. IV and initialize them at the respective positions, see Tab. IV. Here, again,
the simulations are performed with and without landing gear. They are denoted by mRg and mRn,
respectively. In the case without landing gear we also use the RANS eld at the h = Om position, with
an angle of attack aca= 6°, as well as the derotated RANS eld at h = 0m with aoa=0°.

In the last approach, the unsteady RANS simulation delivers multiple solution snapshots for the LES
at different heights, as listed in Tab. IV. The simulation is only performed without the landing gear,
denoted by URn. We also use the RANS ow eld at the h = 0m position with aca= 6°, as well as the
derotated RANS eld at h =0m with aca=0°.

4. Flight measurement data

To study the are and touchdown phases we employ ight test data from tests that have been performed

by the Institute of Aerodynamics and Flow Technology (DLR) as validation experiments for the simulation
model A320-ATRA on behalf of Airbus. The present ight test data of a landing (test No.12) was kindly
provided by Christian Raab. Various parameters have been evaluated. All quantities are calculated from
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Table IV: RANS eld initialization heights.

RANS altitude mRg mRn URn
20m 339m 174m | 339m 174m -
15m 174m 126m | 174m 126m | 339m 126m
10m 126m 7:5m 126m 7:5m 126m 7:5m
5m 75m 39m 75m 39m 75m 39m
25m 39m 1.8m 39m 1.8m 39m 1.8m
1m 1.8m Om 1:8m 0:6m 1:8m 0:6m
Om - 06m Om 06m Om
Om, aca=0° - Om Om

the measured ones taking the ground effect into account. Though the data is fairly uctuating, the overall
behavior is very useful as a reference.

Figure 7 shows the altitude plotted against the time, including the are and touchdown maneuvers.
Note that the constant approach angle that we use in the LES turns out to be a good approximation of
the ight path. The angle of attack is shown in the second plot. Being nearly constant during approach
and are, it decreases rapidly two seconds after the landing gear has touched the ground at 21s The
third plot of Fig. 7 shows the true airspeed slightly decreasing during approach, moderately decreasing
during the are and strongly decreasing after touchdown. The evolution of the lift and drag coef cients
are depicted in the lower two plots of Fig. 7. The lift coef cient slightly increases during approach and
are and strongly increases at the instant of touchdown, where the aircraft experiences a strong vertical
force. The drag coef cient stays nearly constant most of the time and only increases drastically after
touchdown.

We would like to deduce the wake vortex strength from the ight data. The equations for the lift
coef cient C_ (Eqgn. 9) and the initial circulation ¢ (Egn. 10) are coupled and deliver the relations (11):

L
CL: %UZA, (9)
L
= ; 10
0= By (10
— 1 2. — CLUA.
L=Cl;U%A 0= o (11)

Beside the strong uctuations we conclude from Fig. 8 (plot 1) that the vortex strength slightly increases
during approach and are, whereas the increase in the lift force L is negligible (plot 2). Instead, it uctu-
ates around a single level matching the weight force of the aircraft. Note that substantial uctuations of

during approach and landing may, besides ambient turbulence, also contribute to the observed rapid
deformation of wake vortices. Addressing the question of the wake-vortex strength during the are we
conclude: If we assume a nearly constant lift force L balancing the weight force, then ¢ increases
corresponding to the decrease of U, by Eq. (11). However, this effect is moderate. The lift to drag ratio
changes substantially more, see third plot in Fig. 8. It suggests an increase of lift forces with respect
to drag forces, down to an aircraft altitude of bh=4 (t = 15s), similar to the results from the steady-state
theory. Very close to the ground this effect seems to be reversed, which is not consistent with theory.
After touchdown the ight data may not be correct. We assume a strong reduction of the wake-vortex
circulation directly after touchdown.

5. Results

5.1. In uence of the Ground Effect

The theory of the ground effect, for example Torenbeek (1976), explains the aerodynamic effects using
Potential theory. The ground can be seen as a mirror-plane where the system of aircraft vortices is
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present on the other side of it. When bringing an aircraft con guration at constant angle of attack
closer to the ground, this approach predicts decreasing drag and increasing lift for moderate angles of
attack and relatively small lift coef cients. For con gurations at higher lift coef cients, with de ected
trailing edge aps or at very low altitudes above ground, this approach results in a decrease of lift with
decreasing distance to the ground. The in uence of the decreasing ground distance on the lift and drag
coef cients of the Airbus A320 in high-lift con guration can be deduced from Fig. 9 based on a RANS
simulation. With decreasing altitude the drag also decreases while the lift increases.

In Fig. 9 the development of the lift and drag coef cients and the altitude are plotted against physical
time. The thin lines show the actual unsteady development of the coef cients during the simulation,
while the bold lines give a smoothed approximation of the unsteady values for altitudes above h =0 m
by a second degree polynomial. The dots in this gure show the aerodynamic coef cients of the steady
RANS simulation described in the previous sections. The aerodynamic coef cients show only very lim-
ited uctuations during the simulation and are very close to the smoothed polynomial approximation.
The smoothed curves are showing the behavior predicted by the theory of the ground effect. The small
unsteady oscillations observed in the aerodynamic coef cients can be explained by small ow separa-
tions at the trailing edge ap. Furthermore, the polynomial approximation of the unsteady aerodynamic
coef cients is in very good agreement with the results of the steady RANS simulations. The small dif-

Figure 7: Aircraft altitude, angle of attack, true air speed, lift- and drag coef cients during landing from
ight measurements with ATRA research aircraft.
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Figure 8: Lift force, wake-vortex circulation tendencies, as well as lift to drag ratio deduced from ight
measurements with ATRA research aircraft.

ferences between the steady RANS and the unsteady maneuver simulation can also be explained by
the small unsteady ow separations at the trailing edge ap. These transient ow phenomena are not
captured correctly by the steady RANS approach.

In the moment of the touchdown the vertical aircraft movement switches to v, = 0 m=s. Due to this,
the angle of attack is decreasing abruptly leading to an abrupt increase of lift and drag. During rotation to
an angle of attack of =0 the induced angle of attack is increased by a superposition of the horizontal
aircraft velocity and the rotation. This results in a slightly increased angle of attack during the rotation. At
the beginning of the rotation the step in the angle of attack yields a step-wise increase in lift. Afterwards
the lift decreases linearly similar to the angle of attack untii =0 is reached.

With decreasing altitude, among other effects, the vertical ow between the aircraft and the ground
is decelerated and the static pressure increases. This deceleration of the ow compared to free ight
can be explained by the mirroring of the vortical system of the aircraft at the ground resulting in an
induced ow velocity against the actual ow velocity between aircraft and ground. This induced velocity
slows down the ow between the aircraft and the ground resulting in a rise of the static pressure in this
region and a higher lift for the aircraft con guration. The effect of the increasing static pressure between
the aircraft and the ground with decreasing altitude can be seen in Fig. 10 (a) and Fig. 10 (b). These
gures show an iso-surface of the static pressure c, =1 for the altitudes h =5 m and h = 15 m. With
decreasing altitude the surface of the constant positive static pressure between aircraft and ground is
growing.

5.2. Circulation comparison with ight data

In this section we compare the different hybrid RANS/LES methods with respect to the circulation of
the wake vortices after touchdown. The different realizations of the hybrid RANS/LES landing lead to
different evolution of wake vortex circulation. The results are compared with the ight measurement
data. First, note that steady RANS and URANS lead to very similar results in terms of lift coef cient
CL and drag coef cient Cp, see Fig. 9. The lift coef cient C, is increasing with decreasing distance to
the ground for steady RANS, as well as URANS. The diagram is clipped off at the altitude of h = 15 m
because there is no signi cant change in the aerodynamic coef cients for higher values. We use different

de nitions for the circulation in the subsequent discussion. All of those are evaluated in the LES domain.
First, o asitis dened in Eq. (11) at different aircraft positions, depending on the lift coef cient C,.
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(@)

Figure 9: Development of C_, Cp and altitude h over physical time, RANS simulations.

(@cp =1; h=15m (b)ycp =1; h=5m

Figure 10: Iso-surfaces of the static pressure
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1.2.1 Enhanced Wake Vortex Decay in Ground Proximity Triggered by
Plate Lines

Frank Holzapfel, Anton Stephan, Tobias Heel and Stephan Kérner
Institute of Atmospheric Physics

From pilot reports, field measurements and numerical simulations it is known that wake
vortices may persist within the glide path in ground proximity leading to an increased
encounter risk. This paper investigates wake vortex behaviour during final approach and
landing in order to understand why landings can be safe nevertheless. Further, it is
investigated whether and to what extent the installation of plate lines beyond the runway tails
may further accelerate wake vortex decay and thus improve safety by reducing the number of
wake vortex encounters. A hybrid numerical simulation approach is employed to investigate
vortex evolution from roll-up until final decay during the landing manoeuvre. The simulations
are complemented by field measurement data accomplished at Munich airport and at special
airport Oberpfaffenhofen. During touchdown so-called end effects trigger pressure
disturbances and helical vortex structures that appear to ensure vortex decay rates in ground
proximity needed to guarantee the required safety targets of aviation. Lidar measurements
indicate that vortex decay indeed can be accelerated by a plate line installed on the ground
surface. The lifetime of the most safety relevant long-lived and strongest vortices can be
reduced by one third. The installation of plate lines beyond the runway tails may improve
safety by reducing the number of wake vortex encounters and increase the efficiency of wake
vortex advisory systems.

1. Introduction

Aircraft trailing vortices, generated as an unavoidable consequence of lift, pose a potential risk
to following aircraft. The current separation standards between consecutive aircraft are still
heavily influenced by the early studies carried out in the 1970s, with additional refinements
introduced in the 1980s and 1990s (Hallock et al., 1998). These aircraft separations limit the
capacity of congested airports in a rapidly growing aeronautical environment. The most likely
economic scenario for the future European airport demand (EUROCONTROL, 2013) indicates
that there will be around 1.9 million unaccommodated flights in 2035, constituting
approximately 12% of the expected demand. Future air traffic increase and the deregulation
of the airspace targeted by SESAR (SESAR, 2009) and NextGen (NextGEN, 2007) employing
novel concepts such as trajectory-based operations and self-separation together with the
increasing diversity of aircraft types from very light jets to super heavy aircraft might raise the
probability to encounter wake vortices.

A few years ago ICAQ initiated a process for the harmonization of wake turbulence separations
termed RECAT. RECAT phase 1, which is the classification into six categories considering
besides the weight, the approach speed, wing characteristics and in parts also the rolling
moment exerted on following aircraft, has been implemented at the four US airports
Memphis, Louisville, Cincinnati, and Atlanta followed by others (SAFO, 2014). The long-term
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goal of the RECAT initiative plans for dynamic pair-wise separations that consider the aircraft
type pairing and the environmental conditions. For an optimum exploitation of the dynamic
pair-wise separations concept, full understanding of wake vortex behaviour during final
approach and touchdown is mandatory.

The highest risk of encountering wake vortices prevails in ground proximity, where the
vortices cannot descend below the glide path but tend to rebound due to the interaction with
the ground surface (Holzdpfel and Steen, 2007). Weak crosswinds may compensate the self-
induced lateral propagation of the upwind vortex, such that it may hover over the runway
directly in the flight path of the following aircraft. From large eddy simulation as well as from
lidar field measurements it is known that wake vortices may live significantly longer than the 2
minutes corresponding roughly to the 5 NM separation between a leading heavy weight class
aircraft and a medium follower (Misaka et al., 2012). Consequently, the incident reporting
scheme established by NATS reports most encounters at flight altitudes below 300 ft (Elsenaar
et al.,, 2006, Critchley and Foot, 1991). Long-term lidar measurements of wake vortices at
Charles de Gaulle airport indicate that in 3% of the cases the vortices are at least as close as 25
m to following landing aircraft within a vertical measurement plane close to the threshold
(Treve, 2011). An analysis of DLR’s wake vortex advisory system WSVBS demonstrates that in
57% — 70% of landings wake vortex behaviour in ground proximity impedes reduced
separations (Holzapfel et al., 2012)). Moreover, the possibilities of the pilot to recover from a
vortex encounter are limited by the low flight altitude.

All these findings suggest that we do not yet understand wake vortex behaviour in ground
proximity at a sufficiently good level and that comprehensive understanding of vortex
evolution during the last seconds of a flight is of primary interest. With this paper we are
asking two questions:

“Why is approach and landing safe under these conditions?”
“Can we actively promote wake vortex decay in ground proximity?”

Appropriate answers to these questions are crucial for the design of an optimal wake vortex
advisory system (WVAS) (Gerz et al., 2002; Holzapfel et al., 2009; Gerz et al., 2009; Hinton et
al., 2000). Clearly, this paper cannot fully answer these questions but may substantially
contribute to the answers based on advanced numerical simulation and the analysis of data of
two field measurement campaigns.

After the introduction we present results of a new hybrid simulation method where an aircraft
model and its surrounding flow field, obtained from high-fidelity Reynolds-averaged Navier-
Stokes (RANS) simulation, are swept through a ground-fixed computational domain to
initialize the wake whose further evolution is computed employing large eddy simulation (LES)
(Misaka et al., 2015). This hybrid approach allows the simulation of vortex evolution from roll-
up until final decay. The new method has been extended to the approach and landing of an
aircraft in high-lift configuration (Stephan et al., 2013a). With the RANS/LES method we
investigate the speed up of the interaction of the wake vortices with the ground at very low
flight altitudes, the so-called end effects induced at the instant of touch-down when vortex
circulation ceases abruptly, and the effects of a patented plate line deployed on the airfield in
order to accelerate wake vortex decay. The installation of plate lines beyond the runway tails
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may improve safety by reducing the number of wake vortex encounters and increase the
efficiency of wake vortex advisory systems.

In the next section the numerical simulations are compared to results of field measurement
campaigns conducted at Munich airport between 11 March and 12 May 2011 and at special
airport Oberpfaffenhofen on 29 and 30 April 2013. The Munich data comprises 779 landings at
vortex generation altitudes between 0.5 and 3 initial vortex separations, bg, above ground.
The data indicates that vortex decay on average progresses significantly faster at lower vortex
generation heights. On one hand, the accelerated decay is related to an acceleration of the
ground effect at very low altitudes; on the other hand, it can be attributed to end effects
propagating from touch-down into the lidar measurement domain.

The final section describes the WakeOP campaign which was accomplished at special airport
Oberpfaffenhofen in order to demonstrate the functionality of the plate line. Lidar
measurements of the wake vortices generated during 74 overflights of the research aircraft
HALO indicate that vortex decay indeed can be accelerated by a plate line installed on the
ground surface. The field measurements are compared to simulations of HALO flights over the
plate line accomplished with the new hybrid RANS/LES approach.

The paper has been published in Aircraft Engineering and Aerospace Technology (Holzapfel et
al. 2016).

2. Numerical Simulation of Approach and Landing

A new hybrid method for the simulation of wake vortex evolution from early roll-up until
final decay is applied for approach and landing of an aircraft including touch-down. The effects
of a plate line installed beyond the runway tails are also investigated. The acceleration of wake
vortex decay in ground proximity triggered by plate lines has been investigated before
experimentally in a towing tank (Stephan et al., 2013b), with classic LES (Stephan et al., 2013b;
Stephan et al., 2013c), and with the hybrid LES approach presented here (Stephan et al.,
2013a). A respective patent has been filed under number DE 10 2011 010 147; further
international patents are pending.

The hybrid LES method initializes a realistic aircraft wake in a LES domain by sweeping a
high-fidelity RANS aircraft flow through the domain, which enables to simulate wake-vortex
evolution from generation until final decay (Misaka et al., 2013; Misaka et al., 2015). The
simulations are performed for a large transport aircraft model in high-lift configuration
previously used in ONERA’s catapult facility during the European AWIATOR project. The RANS
flow field, which has been established before with the DLR TAU code, serves as a forcing term
or inner boundary in the LES domain. This approach can be referred to as a fortified solution
algorithm or as a nudging technique used frequently for data assimilation in numerical
weather prediction models. For generality all results are presented in normalized form
denoted by an *, where the characteristic scales are based on initial vortex separation, by, and
circulation, I'y, leading to the timescale tq =27tbo>/ To.

Figure 1 depicts the wake evolution during approach and after touchdown at the times
t* = -0.15, 0.1, 0.5, and 1.0, where the time stamp t* = 0 is assigned to the instant of
touchdown. Figure 1 top left displays the complex vorticity distribution emerging directly
behind the aircraft and the subsequent vortex roll-up to a single counter-rotating vortex pair.
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In the near wake flow the outer flap-tip vortices, the wing-tip vortices, the inner engine-
nacelle vortices, and the vortices detaching from the wing-fuselage junction can be
differentiated. Out of ground effect the wing-tip and flap-tip vortices merge at a distance of
about x* = 13 from the aircraft.

The wake vortices as well as the bound vortex along the wing instantaneously induce a
vorticity layer of opposite sign at the ground surface already at the initial flight altitude of
z* = 1.2. This vorticity layer subsequently detaches from the ground and is wrapped around
the primary vortices. Due to the small distance between the vortices and the ground surface
this process starts with almost no delay at the point of touchdown (Figure 1 top right, t* =
0.1). The turbulent wake of the fuselage is transported towards the ground by the downwash
between the main vortices, where it disturbs the vorticity layer at the ground surface (t* = 0.1,
0.5). As a consequence, the secondary vorticity detaching from the ground is organized in
omega-shaped / hairpin vortices wrapping around the primary vortices (bottom left).

Figure 1 Wake vortex evolution during final approach with plate line at t* = -0.15, 0.1, 0.5,
and 1.0. Iso-vorticity surface | |®w*| | = 110 coloured by vorticity strength in spanwise
direction.

Note that the hybrid approach requires neither environmental turbulence nor surface
inhomogeneities to trigger the turbulence in the wake vortices and the consequential
coherent secondary vorticity structures that are vital for vortex decay characteristics in ground
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proximity (Stephan et al., 2013c). Further consequences of the low vortex generation altitude
are the rapid divergence of the vortices reaching a maximum vortex separation of more than 7
bo already at t* = 2.2 and a speed up of the merger of flap-tip and wing-tip vortex by a factor
of four (Stephan et al., 2014).

Immediately after touchdown the bound vortex vanishes and the unconnected ends of the
wake vortices get highly disturbed. Due to the pressure imbalance between the core of the
freely decaying vortex ends and their environment, an axial flow is induced within the vortex
cores and a corresponding pressure disturbance is propagating against flight direction.
Simultaneously, helical disturbances are wrapped around the vortices and are propagating
along the wake as well. The pressure disturbances and the helical structures constitute the so-
called end effects (Bao and Vollmers, 2005).

End effects can occasionally be observed when condensation trails form in humid air marking
the vortex cores that adopt helical shapes and quickly disappear after touchdown. An analysis
of the video YouTube (2008) suggests that the propagation speed of the pressure disturbances
may be on the order of 60 m/s. However, this estimate involves substantial uncertainty.
Condensation trails may occur when the temperature, lowered by the pressure decrease in
the vortex core, leads to supersaturation of water vapour and thus to condensation. So the
rapid disappearance of the condensation trail is directly related to the pressure and
consequential temperature increase in the vortex cores.

In accordance with the Helmholtz vortex theorem the free vortex ends cannot persist but
connect rapidly with the ground (see Figure 1 below) where they turn up vertically. Vortex
connection with the ground has been reported at low vortex generation altitudes and
increased levels of environmental turbulence (Proctor et al., 2000).

The first effect of the plate line can already be identified at t* = -0.15 via a small gap of the
vorticity layer generated at the ground. Already at t* = 0.5 omega-shaped secondary vortices
have detached from the plates and approach the primary vortices driven by self-induction. A
half vortex time scale later vigorous helical secondary vorticity structures have wrapped
completely around the wake vortices and travel to either side of the plate line again driven by
self-induction. The plate line concept exploits vortex dynamics by generating powerful
secondary vortices that first actively approach the primary vortices and then actively
propagate along the primary vortices finally leading to accelerated vortex decay (Stephan et
al., 2013c).

Figure 2 shows the spatial and temporal evolution of radii-averaged circulation, I's.15*. The
propagation of the end effects can be discerned by the transition from orange to yellow along
a line with a slope of about -8 x*/t*, whereas the sharp transition between yellow and blue
represents the propagation of the vertical vortex segments against flight direction. The
circulation evolution without plates on the left indicates rapid circulation decay at the
touchdown position (x* = 16.3) propagating against flight direction. At t* = 3 the circulation
has decreased to about I's.15s* = 0.7. The circulation decay triggered by the plates situated at
x* = 5.1 commences already at times before one directly above the plates and quickly
propagates to either side. At t* = 3 the circulation has decreased to below 0.4 along a
considerable part of the considered approach path. Only residual vortex segments near x* =
12, which have linked on both sides with the ground, are disconnected from the disturbances
and thus retain higher circulation values.
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Figure 2  Temporal and spatial evolution of normalized radii-averaged circulation without
(left) and with (right) plate line.

For operational application at an airport the plate line dimensions and arrangement need to
be optimized such that the interaction of the disturbances stemming from the end effects and
the plates proceed sufficiently fast to accelerate vortex decay at a usable rate all along the
area between the first plate line and the touchdown zone. Additional plate lines located
further away from the runway shall reduce vortex lifetime in the whole area where vortex
rebound may lead to potentially hazardous encounters.

3. Measurement Campaign WakeMUC at Munich Airport — Ground Effect and
End Effects

Wake vortex behaviour during final approach is investigated employing field measurement
data gathered during the WakeMUC campaign accomplished between 11 March and 12 May
2011 at Munich airport. In that time frame lidar measurements of 779 landings of heavy
aircraft and medium type aircraft on runway 26L have been collected. The 2 um pulsed lidar
was situated at a distance of about 850 m to the runway centreline in northerly direction.
Different azimuth angles of the lidar beam have been adjusted during the 12 measurement
days in order to capture wake vortices at different generation heights. Close to the threshold a
METEK SODAR with a RASS extension provided 10-minute averages of vertical profiles of the
three wind components, vertical fluctuation velocity, and virtual temperature with a vertical
resolution of 20 m. The SODAR/RASS system was complemented by an ultrasonic anemometer
(USA) mounted on a 10 m mast. Vortex generation altitudes reached from 0.5 initial vortex
separations up to 3 bg. Most of the measured wake vortices have been generated by medium
type aircraft belonging for example to the A320 or B737 families and only a few by heavy
aircraft.

Figure 3 displays measured wake vortex evolution in terms of vertical transport, circulation
evolution, and vortex separation. Besides the scatter plot covering the complete data set,
average developments of these parameters for seven different vortex generation altitude
intervals are plotted. The employed height intervals are detailed in Table 1.

Figure 3 top left indicates that the mean minimum height above ground decreases from 1 by at
flight heights of about 3.2 by to 0.5 by at flight heights of 0.6 by. Also the maximum rebound
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heights are ordered according to the vortex generation heights. As expected the lee vortex
initiates its rebound earlier and at higher altitudes, because the crosswind shear supports the
formation of the respective secondary vorticity layer at the ground (Stephan et al., 2013c). In
agreement with the numerical simulations (see Figure 1) the generation and detachment of
secondary vorticity at the ground proceeds almost immediately at very low vortex generation
altitudes (in Figure 3 this is inferred from the supressed vortex descent and the immediate
vortex decay and divergence). Figure 3 below indicates that vortex separation progresses the
faster the lower the vortex generation height. This trend together with the maximum
observed separations of about 8 by again is well in line with simulations.

3.5
3

b*
[ B B ) N+ e ==

—_

Figure 3 Vortex behaviour measured during WakeMUC campaign. Vortex generation heights
detailed in table 1.
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Table1l Vortex generation height range intervals employed in Figure 3.

normalized height
number
range
1 0.4-0.8
2 0.8-1.2
3 1.2-1.6
4 1.6-2.0
5 20-2.4
6 24-2.38
7 2.8-35

The circulation evolution related to the different vortex generation altitudes is shown in Figure
3 top right. The circulation curves are determined employing circulation binning instead of
time binning in order to avoid that the curves level off towards the longest-lived vortex
observations. Except for the highest vortex generation height, the decay rate of the lee vortex
is increased compared to the luff vortex as expected (Holzapfel and Steen, 2007; Stephan et
al., 2013c).

The lower the flight altitude the faster the vortex decay. Comparing vortex generation heights
1 and 6 indicates that maximum vortex observation times for the operationally relevant luff
vortex are about halved and that despite these disparate vortex observation times the
circulation is even reduced by 50% at the lowest flight height. This drastically accelerated
decay close to the ground corroborates qualitatively the numerical simulations. Most notably
it indicates that end effects very likely actually play a distinguished role for the safety of the
final approach as already revealed by the numerical simulations.

A comparison of Figures 2 and 3 shows that the circulation decay related to the propagating
end effects is even faster in the measurements than in the simulations (flight heights of Figure
2 cover height ranges 1 and 2 in Figure 3). Potential reasons for this mismatch are that the
turbulent kinetic energy in the aircraft wake predicted by the RANS simulation has not yet
been assimilated into the resolved LES field and that in the simulation the vortex cores are too
wide caused by the limited grid resolution leading to higher pressure in the core centre and
thus lower pressure gradients driving the end effects. Investigations without the impact of the
ground indicate that the wake turbulence is essential to achieve the circulation decay rates
during the early wake vortex evolution observed with lidar in the so-called decay phase
(Misaka et al., 2013). Other potential reasons are the lack of environmental turbulence and of
headwind.

4. Measurement Campaign WakeOP at Oberpfaffenhofen Airport — Plate Line

The WakeOP campaign has been accomplished at special airport Oberpfaffenhofen with the
research aircraft HALO, a modified Gulfstream G550, on 29 - 30 April 2013. The purpose of the
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campaign was to demonstrate the functionality of the plate line patent DE 10 2011 010 147 to
significantly accelerate vortex decay in ground proximity. A comparison of wake vortex
behaviour with and without the patented obstacles at the ground employing towing tank
experiments and LES is available in Stephan et al. (2013b). Effects of obstacle geometry and
dimensions have been investigated in Stephan et al. (2013c). The 74 overflights of HALO over
the plate line were divided into four flights. The sketch in Figure 4 illustrates the experimental
setup, whereas the photo in Figure 5 provides an impression of a HALO overflight and the
subsequent vortex roll-up in ground proximity visualized by white fog and red smoke.

HALO with its wing span of 28.48 m was operated in high-lift configuration with the landing
gear deployed at approach speeds around 75 m/s. In order to generate strong wake vortices
the refueling was adjusted such that the HALO was landing after the traffic patterns close to
its maximum landing weight of 34,156 kg. HALO was flying across the plate line at a constant
altitude of nominally one vortex separation by = 22 m above ground. HALO avionic data was
used to assess the time, height, lateral position, flight speed and aircraft weight of the plate
line passages. Nose boom measurements deliver wind speed, turbulence and temperature
data. The flight times were scheduled to the times of the day with minimum wind speeds and
turbulence. The remaining impact of the environmental conditions on vortex behaviour was
minimized by folding the plates up and down alternatingly after every second overflight.

6 plates (scaledto HALO research alc):

length x height: dm=22m
separation: 10m
USAZ2m
{ T 3
hangar

sketch not in scale

Figure 4 Sketch of WakeOP flight experiment setup at special airport Oberpfaffenhofen. All
dimensions in meters.
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Figure 5  Overflight of HALO aircraft and vortex roll-up in ground proximity visualized by
white fog and red smoke.

The plate line consists of six wooden plates fixed by steel ropes at the ground (see Figure 6).
Hinges are allowing folding the plates up and down. The plate dimensions have been scaled
down to the wing span of HALO and amount to a length of 4 m and a height of 2.2 m. The
separation between adjacent plates has been adjusted to 10 m leading to a length of the
overall plate line of 50 m. For application to wake vortices generated by heavy aircraft, the
plate line dimensions will be roughly doubled.

Figure 6 Plate line consisting of 6 plates with dimensions of 2.2 m x 4 m displaced by 10 m.
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The 2 um pulsed lidar was situated in the hangar at a distance of about 600 m (see Figure 4).
The azimuth angle of the vertical scanning plane was adjusted such that measurements
directly above the plates and at offsets of 50 m and 100 m were supported. The
measurements with offsets were intended for the determination of the propagation speed of
the disturbances triggered by the plates. Two ultrasonic anemometers (USA) equipped with
microphones at a sensor height of 2 m have been lined up with the plate line. The operational
USA of the airport mounted on a 10 m mast was separated by about 50 m from the plate line
and complemented the measurements of wind, turbulence, and temperature at 2 m and at
flight level by an intermediate height. Red smoke and white fog was released at the ground in
order to visualize the vortex behaviour which has been documented by video and photo. An
impression of the WakeOP campaign is available in the BBC 2 production “Airport Live -
Episode 2” starting from minute 17 (BBC 2, 2013).

Already during the campaign the smoke and fog visualizations of the vortex evolution
indicated that with the plate line the formed vortex structures are less coherent. Figures 7 and
8 display the quantitative vortex evolution measured by lidar without and with the plate line,
respectively. Further, LES results are shown for comparison which will be discussed
subsequently.
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Figure 8 Measured (dots) and simulated (lines) vortex evolution with plate strikes.
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Figure 7 displays data of the operationally relevant luff vortex, whereas Figure 8 presents
cases where the vortices (mostly the luff vortex) encountered some plates at least
temporarily. Figure 8 centre indicates that despite weak wind and turbulence conditions the
plates were not perfectly hit by a large fraction of the vortices (plate positions are indicated by
small rectangles). The atmospheric variability modified vortex transport in a complex way such
that reliable plate line strikes were frequently prevented.

The comparison of Figures 7 and 8 reveals that vortex lifetimes and vortex rebound heights
are clearly reduced by the plates. Also the average decay rate is increased by the plates. It is
found that at all three axial offsets the circulation decay proceeds faster with the plate line.
However, the propagation speed of the disturbances triggered by the plates cannot be
inferred from the circulation evolutions. Actually, the measurements displaced by 100 m from
the line feature the strongest and a very early impact of the obstacles. This surprising
conjuncture can be explained by the fact that for the largest offset the plate line was
coincidentally hit best. Although the propagation speed of the disturbances triggered by the
plates cannot be determined quantitatively it is obvious that this speed is very high.

Selected overflights have been simulated by the hybrid LES method described above. Figure 9
depicts exemplarily a simulated flight of the HALO aircraft over the plate line with a weak
crosswind. The cases plotted in Figure 7 and 8 employ a constant flight height of by above
ground and a crosswind of wg directed towards positive y-direction. The LES employs the
Grotzbach-Schumann wall model (Grotzbach, 1987) in order to achieve a realistic Reynolds
number of Rer = I'/v = 10”. However, the wall model combined with the limited grid resolution
in ground proximity do not support the formation of sufficiently strong secondary vortices
with the consequences that the rebound altitude and vortex decay are underestimated
whereas vortex divergence is overestimated.

L) P .

Figure 9 LES of the overflight of the HALO aircraft above the plate line at a weak crosswind.
Wake vortices visualized by vorticity magnitude coloured by lateral vorticity component.
Ground coloured according to crosswind speed.

The simulated vortex descent bounds vortex observations from below. This is partially due to
the higher flight altitudes, turbulence and wind shear effects in the experiment, and the
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underestimated secondary vortices in the simulation. Also the underestimated circulation
decay may be attributed to the weak secondary vortices and weaker atmospheric turbulence.

At a distance of 50 m from the plate line the simulated vortices link with the ground; an effect
which is less obvious but still conceivable in the observations. Directly above the plates (x = 0
m) the simulated circulation decay lies within the scattered measurement data. The delay of
vortex decay at distances of 50 m and 100 m from the plate line observed in the LES is not
present in the lidar data. A plausible explanation is that the LES underestimates the
propagation speed of the disturbances triggered by the plates. A similar observation has also
been made for the propagation speed of end effects (previous sections).

Figure 10 depicts cumulative distributions of measured circulation at vortex ages ranging from
40 s to 110 s with (lines with symbols) and without (lines) the plates. At every vortex age the
circulation distribution with the plates indicates weaker and/or less detected wake vortices.
Although the beneficial effects of the plates are not as pronounced as in laboratory
experiments and LES, Figure 10 clearly indicates that a safety gain can be achieved by the
installation of plate lines at an airport. The dissimilar efficiencies of the plate lines in
laboratory, LES, and field experiment can be explained primarily by the atmospheric variability
that prevented full plate strikes during the WakeOP campaign. This is not a flaw for
operational application at an airport, because wake vortices advected out of a safety corridor
around the glide path are not relevant for safety. Conversely, those vortices that remain in a
critical part of the flight corridor will also be influenced by the plates.
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Figure 10 Cumulative circulation distributions at different vortex ages with and without plate
line.

The benefits of the plate line appear much more conclusive if not the average behaviour is
considered but only the most safety relevant most long-lived and strongest vortices (see
Figure 11). The maximum circulation measured at different vortex ages reveals very
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pronounced differences between the cases with and without plate line. While with the plate
line no vortex survives longer than 100 s, without the plates a vortex with strength of more
than 50% of its initial value is observed at an age of 130 s and the longest vortex duration
amounts to 150 s. It can be concluded that the plate lines can be considered as a means that
substantially reduces vortex lifetimes in situations where the vortices reside within the flight
path and when environmental conditions support long-lasting and thus potentially hazardous
vortices.
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Figure 11 Maximum circulation measured at different vortex ages with and without plate
line.

5. Conclusion

The current paper hypothesizes that with the given inefficacy of vortex descent below the
glide slope in close ground proximity and the longevity of wake vortices observed in
simulations and experiments, the probability of critical encounters during final approach
should be much higher than reported in reality. Numerical simulations and field experiments
are exploited in order to resolve this apparent contradiction.

A new hybrid simulation method that assimilates the highly accurate flow around an aircraft
geometry in high-lift configuration into the domain of a large eddy simulation is used to
capture wake vortex evolution from early roll-up to final decay in ground proximity. The
simulations reveal that the sudden loss of lift during touchdown triggers so-called end effects
that quickly propagate along the wake vortices and significantly accelerate vortex decay. The
underlying mechanisms of the end effect appear to ensure vortex decay rates in ground
proximity needed to guarantee the required safety targets of aviation.

In detail the following processes are identified. The roll-up and merger of the flap-tip vortices,
the wing-tip vortices, and various other vortices to a single counter-rotating vortex pair is
significantly accelerated close to the ground. The wake vortices as well as the bound vortex
along the wing instantaneously induce a vorticity layer of opposite sign at the ground surface.
The downwash of the turbulent fuselage wake disturbs this vorticity layer, such that the
secondary vorticity detaching from the ground becomes organized in omega-shaped / hairpin
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vortices wrapping around the primary vortices, leading to rapid decay. Due to the small
distance between the vortices and the ground surface this process starts with almost no delay
at the point of touchdown. A further consequence of the low vortex generation altitude is the
rapid divergence of the vortices.

Immediately after touchdown the bound vortex vanishes and the unconnected ends of the
wake vortices get highly disturbed. Due to the pressure imbalance between the core of the
freely decaying vortex ends and their environment, an axial flow is induced within the vortex
cores and a corresponding pressure disturbance is propagating together with helical
disturbances against flight direction. The pressure disturbances and the helical structures
constitute the so-called end effects. In accordance with the Helmholtz vortex theorem the free
vortex ends cannot persist but connect with the ground.

Lidar measurements of the wake vortices generated by 779 arrivals at Munich airport during
the WakeMUC campaign corroborate the findings of the simulations. In particular, it is shown
that vortex decay rates are significantly increased at flight altitudes below one initial vortex
separation. Headwinds, typically prevailing during landings, additionally advect the
disturbances propagating from the touchdown zone against flight direction.

The beneficial effects of the touchdown on vortex decay can be extended along the whole
airport area where vortices may rebound to the glide slope by installing a series of plates in
lines perpendicular to the flight direction. The so-called plate lines trigger the early
detachment of strong Q-shaped secondary vortices that actively approach the wake vortices
and subsequently propagate along the primary vortices. These dedicated secondary vortices
lead to an accelerated wake vortex decay independent from natural external disturbances.

The lidar measurements accomplished during the WakeOP campaign at special airport
Oberpfaffenhofen confirm the functionality of the plate line. Numerical simulations of flights
over the plate line support the analysis of the field experiment. In many cases the atmospheric
variability prevented reliable plate strikes such that on average vortex decay was augmented
less in the field trial than in the previous laboratory experiments and numerical simulations.
The benefits of the plate line appear much more conclusive if not the average behaviour is
considered but only the most safety relevant long-lived and strongest vortices whose lifetime
can be reduced by one third. It can be concluded that in potentially hazardous situations
caused by persistent wake vortices within the glide path, plate lines may substantially reduce
vortex lifetimes and thus increase safety.

The plate line design needs to be further optimized regarding the application to aircraft of
different sizes and the compatibility with airport requirements. Once criteria like obstacle
clearance, stability, frangibility, interference with the localizer, requirements of wildlife, and
grounds maintenance are resolved and approved by authorities, it is planned to demonstrate
the functionality of the plate line concept in an operational environment at Munich airport.
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