Research Needs Part | - Summary page 1
WakeNet2-Europe FINAL 11 April 2006

Part |

Summary & Recommendations

" e=m—7G o

This document has been prepared by the partners ofie European
Thematic Network ‘WakeNet2-Europe’ in collaboration with
‘WakeNet-USA’
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The Research Needs document is the final deliverabbf the
Thematic Network WakeNet2-Europe, as part of the Sith
Framework Programme (contract number G4RT-CT-2002-6115).

The expertise of WakeNet2-Europe partners covers thwhole
spectrum of wake turbulence related issues includme.g.
* research how vortices are created by a lifting wing
* measurement and modelling of the important meteoralgical
influence on the vortex dynamics
* implementation in a true operational environment.

While the phenomenon under consideration is very coplex the basic
question is what level of detail is required to masr the challenging
operational wake turbulence related problems. In pédticular the
approval of new procedures based on a formal safegssessment
plays a crucial role here.

This document describes the ‘Research Needs’ in tla@ea of wake
turbulence as perceived by a group of experts, baslly the
WakeNet2-Europe partners with valuable input from sme external
parties (e.g. WakeNet-USA).

Part | provides an overview of the wake vortex prokem, a problem
characterized by a balance between the risk of wakeortex
encounters and airport and airspace capacity. Soma the schemes
(CONOPS) to improve capacity without loss of safetgre presented
followed by a discussion of the research neededitaprove the
methods to assess the safety issues.

In Part Il more detailed information is presented to clarify why
specific research is needed in various areas. It Mbe in particular
useful for those that are interested to pursue fuhier research in their
area of knowledge.

Bram Elsenaar
Co-ordinator WakeNet2-Europe
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WakeNet2-Europe, further on abbreviated as WN2E tieematic network for
Aircraft Wake Turbulence sponsored by the Europ@ammission in the's
Framework Programme (contract number G4RT-CT-2(RPLB). It relates to Key
Action 4.4 “Improving Operational Capability andf8ty of Aircraft”.

The mission is described asvakeNet2-Europe will promote multidisciplinary
contacts and information exchange between speciabsactive in the field of wake
turbulence and end-users of this knowledge in theperational airport
environment.”

WNZ2E has the following partners:

NLR, IFALPA, DLR, THALES-AVIONICS, DFS, UCL, NATS E-route Ltd,
EUROCONTROL, AIRBUS-DEUTSCHLAND, MET OFFICE, Qiné€li ONERA.

The co-ordinator is Bram Elsenaar, NLR, Anthony lkarkveg 2, 1059 CM
AMSTERDAM, THE NETHERLANDS

WNZ2E has an active site, maintained by ONERA:

http://wwwe.onecert.fr/projets/WakeNet2-Europe/

where information can be found on the WN2E acegitand copies of presentations of
WNZ2E workshops can be downloaded.

WNZ2E is organized in various ‘working groups’ aidKs’ that exchange
information, organize specialists’ meetings andokeentacts. The present document
is the result of a combined activity of all partwand constitutes the ‘Final
Deliverable’.

Since WNZ2E ran for 3 years, its activities have edman end February 28, 2006. It
is the intention to continue the activities as édthe 7 Framework Programme (to
start early 2007). In the mean time, the EUROCONTERperimental Centre will
act as a focal point for the wake vortex activiire&urope.
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In a Thematic Network ideas are carried by peoptethey should have the full credit
for what has been achieved. The ideas expresgbaitiResearch Needs Document’
are the result of numerous discussions betweepatfteers of WakeNet2-Europe
within working groups, during workshops or othemvighis is specifically true for
Part I: although written by the co-ordinator, itsxdone so with the intention to give a
kind of collective view on what all partners in tRetwork believe what has to be
done. The authors of the various sections in Paftthe Research Needs Documents
are mentioned in their respective section.

Those that contributed to all these activities $thtne acknowledged and their names
are given below:

NLR: Peter van der Geest, Lenneart Speijker andide Bruin

IFALPA: Stefan Wolf, later replaced by Nikolaus Bra

DLR: Thomas Gerz, Frank Holzaepfel, Klaus-Uwe Habarsten Schwarz, Michael
Frech and Friedrich Koépp

THALES-AVIONICS: Laurence Mutuel, Alain Bourrez, He Barny and
Fréderic Barbaresco

DFS: Jens Konopka

UCL: Greg Winckelmans and Olivier Desenfans

NATS En-route Ltd : Claire Pugh (replacing Harriwigls), Haf Davies and
Dan Galpin

EUROCONTROL: Jean-Pierre Nicolaon, Antoine Vidahdkew Harvey and
Anna Wennerberg

AIRBUS: Jan Schumacher, Robert Luckner (who lefoto TU-Berlin), Gordon
Hohne, Michael Fuhrmann, Florent Laporte, Robemnskiger, Geza Schrauf

MET OFFICE: Debbie Turp and Paul Agnew

QinetiQ: Chris Hill who replaced Rob Young

ONERA: Eric Coustols, Agnes Dolfi, Laurent Jacquin

WakeNet2-Europe worked together intensively with d& counterpart, WakeNet-
USA. Wayne Bryant from NASA and Steve Lang from B#A are to be mentioned
specifically for their active role in the informati exchange.

Special thanks for those that reviewed the Wakeldtities at the Mid Term
Review Meeting: Michael Kraft and Andrew Harvey aidhe Final Review
Meeting: Volker Heil and Dominique Colin-de-Verdeer

And finally the continued support and help of thedpean Commission and the
active participation and interest of its Scient{@icer Dietrich Kndrzer was highly
appreciated.

Bram Elsenaar, co-ordinator WakeNet2-Europe
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Wake turbulence separations, which are in manyscasexcess of the radar
separation, are a major factor limiting the capaaitmany European airports. Several
additional movements per hour and per airport sgessible, if the behaviour of the
trailing vortices could be predicted accuratelywgto Separation distances and flight
paths tailored according to the ambient meteorokigionditions can be employed to
safely avoid potential wake encounters and theeafmintaining the current level of
operational safety of the air transport system.

The expected capacity benefits seem achievablenaparably low cost; however no-
one so far has succeeded to develop, implemenderdte such a system or
procedure on a routine basis. Several conceptparhtion, CONOPS, are currently
investigated. Some successful attempts corrobtrateverall feasibility of novel
wake turbulence avoidance procedures, but theyralszal that there are still
remaining issues that need to be solved priommeh broader and more frequent
application.

Among other aspects, the successful proof thasdfety requirements can be met
constitutes a major challenge for future activitiBlsere are no specific requirements
set by the authorities with respect to novel wabtex related procedures and it is
left to the proposer of such methods to demonsthatiethe safety requirements are
met. The methods that describe the behaviour oEwaktices and the severity of a
wake turbulence encounter need additional validatarder to change a plausible
argument into a stringent proof.

Certainly many of the necessary models, methodgaoid have been improved
vastly during the past decade, but further impromets are needed for a successful
completion of the mission to reduce the wake twebhoé separation minima under
certain conditions and to support the correspondifgrmaking process. Areas where
additional research is required most are:

e Various operational scenarios (CONOPS) are proposet increase
airport capacity without loss of safety. High levektudies have generally
indicated substantial capacity gains. It is importat to extend these
studies into a more detailed analysis taking into@ount specific (site-
dependent) details to quantify potential benefits.

* A continuing effort to collect data for model validation is still required,
this is needed to strengthen the arguments f@afety assessments.

* Inter-comparisons between probability-based safetgssessment methods
to build confidence in these methods.



Research Needs Part | - Summary page 7
WakeNet2-Europe FINAL 11 April 2006

» Efforts to improve the capabilities for all-weatherwake vortex
measurement.

» To support operational changes, the collection ohtident and encounter
statistics is needed; hence particular attention h&to be given to more
objective, partly automated methods using Flight D& Recordings.

* An evaluation of the prospects of on-board wake voex detection, as
integrated within wake avoidance procedures.

A ‘proof of concept’ as the main goal of an ‘integated project’ is strongly
recommended to find out where the weak points arera how large the
achievable benefits really are.

This document may be used as an initial guidelimedming wake vortex related
research activities. It is divided into two parts.

Part | provides a general overview and lists more speadifi than in this Executive
summary the recommendations made. It also emplsasieenecessary links between
the various themes.

Part Il describes for the respective specialists the sfatee art in more detail as
well as the research needed to better understamaisaspects of the problem of
wake vortices and means to mitigate its effects.
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The document ‘Wake Vortex Research Needs’ has esddrgm the activities of
Wakenet2-Europe, a European sponsored Thematicadefd that has been active
between 2003 and 2006. Over a much longer perexfegy 1 and Fig 2), research in
the area of wake vortices has been stimulatedd¥thhopean Commission by co-
financing many European research programs. Thesstten wake vortices stems
from the fact that airport capacity is becoming@asingly a bottle neck for the air
transportation system. Also the introduction of #8830 has stimulated research as
the adequacy of separation standards for new agerlaircraft has to be
demonstrated.

Wake vortex research is presently at interestiogssroads. EUROCONTROL is of
the opinion that we are at the transition phasettoduce changes to the present
system within the next 5 years e.g. by introduding based arrivals and weather
based departures [2]. This is partly based on (legél) studies that indicate
substantial capacity benefits for e.g. time basgdsations [3]. Similar cost / benefit
studies in the US [4] also show large benefits. atdtrankfurt Airport the original
expectations that the proposed procedural changlesweather dependent Wake
Vortex Advisory System (WSWS) will increase capgaeihile still maintaining
safety, have not been realised so far in spiteanirsiderable effort [5], [6]. It might
be the right time to step back a bit to see iflmowledge is sufficient to implement
real changes.

The Thematic Network WakeNet2-Europe (WN2E) hasight together many parties
that are interested in wake vortices, both fromdperational and from the research
side. At the mid-term review meeting (November 20@4e two reviewers and the
scientific officer of the European Commission urgedlocument the research needs.
This has been picked-up by the various Working @soof WN2E and resulted

finally in this document that should also be regdrds the final deliverable of this
network.

This report (Part | in general terms for the ins¢éed reader and Part Il for the
specialist) provides an analysis and assessméehe giresent situation as viewed by
the various WN2E partners. The interesting questidrow to proceed from here as
far as the research efforts are concerned. FHeuropean Framework Program might
provide new opportunities to continue the actigitid/N2E has also helped to open
the door to more international co-operation, like tontacts with WakeNet-USA
(that has been started in the US, inspired to sextend by WakeNet-Europe). This
has resulted in a very profitable exchange of mfaron for all parties and WakeNet-
USA has to be acknowledged for that. Moreover, NAS¥A are also partners in the
new recently approved EU project CREDOS. Very rédgehe initiative has been
taken within the Russian Federation to start WakdNessia.
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When overlooking the research over the last 10syéiabecomes apparent how much
progress has been made, notably in the areas & wakex modelling, wake vortex
sensing technology and safety assessment toolg.e€bhenmendations in this report
indicate where the WakeNet2-Europe partners betigaeemore research is still
needed. For more detail the reader is referredegd@pecialists Reports presented in
Part Il. All recommendations need careful consitiens but for this introduction a
few recommendations will be highlighted below:

« Various operational scenario’s (CONOPS) are proposkto increase
airport capacity without loss of safety. High levektudies have generally
indicated substantial capacity gains. It is importat to extend these
studies into a more detailed analysis taking into@ount specific (site-
dependent) details to quantify potential benefits.

e Continuing efforts in model validation; the collecton of data for model
validation is still required; this is needed to stengthen the arguments for
safety assessments

« Inter-comparisons between probability based safetgssessment methods
to build confidence in these methods

» Efforts to improve the capabilities for all-weatherwake vortex
measurement

» To support operational changes, the collection ohtident and encounter
statistics is needed; hence particular attention h&to be given to more
objective, partly automated methods using Flight D& Recordings

* An evaluation of the prospects of on-board wake veéex detection, as
integrated within wake avoidance procedures.

Some of this research might have approached ittslifihe physics of wake vortices
is very complicated and the interaction with a éavgriation in weather conditions
that have a direct effect on the vortex life tinméroduces an essentially stochastic
element. The question can be put forward if mofi@eenents of the models still ‘pay
off’ or that one has to concentrate on the impletaigan now. One of the key issues
is to quantify the potential capacity increase, mvak boundary conditions
(uncertainties in weather and wake prediction,espstomplexity, operational
aspects, proof of safety . . . . ) are propergideith.

To make further steps forward it might very welldssential to consider research
predominantly in relation with questions that ewofvom the process to implement
new wake vortex separation procedures. So faf:tliepean research programs on
wake vortices have set their own goals that regutiea large extend from the
combined interest of the individual partners. T@iave the co-ordination between
the various projects the European Commission inited the mechanism of the
‘Thematic Networks’ like WakeNet2-Europe. But suclstill rather loose) co-
ordination might not be enough to make real pragrésproof of concept’ as the
main theme of an ‘integrated project’ will be required to find out where the
weak points are and how large the real benefits rdlg are. The implementation of
new systems requires the approval of the authsrdtel this very well might proof to
be the hardest part, necessitating additional aatid efforts. But this can only be
assessed for a fully defined concept.
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The introduction of new wake vortex separation pthaes can be viewed as a
multidisciplinary activity. The disciplines shouhdt work for themselves and a
‘smart integrator’ is needed to bring the implementation closer. fbfe of the
‘smart integrator’ is to define the particular @aj goals (clearly aimed at a specific
implementation and not in generic terms), to irsteef with the ‘end users’ and to
orchestrate the required specific research actifms.requires a high level of
technical competence of the integrator, one or rmaegested stakeholders and the
funds for the research and the implementation of s\esstems and measures.

This of course is not new at all. In the US the R&& urbulence Research
Management Plan’ (RMP) acts as a ‘smart integratibiias been set up in 2003
under joint management of FAA / NASA for wake tudnce related programs with a
total budget for six years of the order of 120 imill$. The goals of this program are:
» near term: procedural changes like SOIA and 25T5PR rule
» mid-term: enhance capacity by providing weathesiime procedural
alternatives
* |ong term: enhance capacity by providing a rangeedfinology based
solutions for wake turbulence avoidance.
In Europe, DFS is a ‘smart integrator’ for a loimge already aiming for a capacity
increase at the parallel runways of Frankfurt AitpAnd more recently,
EUROCONTROL Experimental Centre is taking that mdewell. As far as encounter
avoidance and wake vortex alleviation is concerA¢BBUS is of course likely to
have the role of an integrator.

The partners of WakeNet2-Europe hope that readliisgiocument will help you to
understand where to go next.

Bram Elsenaar
Co-ordinator WakeNet2-Europe

[1] Description of Work of the Thematic Network W&ket2-Europe
(seenttp://wwwe.onecert.fr/projets/WakeNet2-Europe/)

[2] See Project Management Plan Wake Vortex SepasgtEUROCONTROL,
EEC TRS No : D03/2005, November 2004

[3] Presentation “Airport benefits studies” by @&Pugh and Clark Lunsford3
WakeNet 2 Workshop “How can standard separationmevised?” at
Eurocontrol Experimental Centre in Brétigny, 298@vember 2005
(seenttp://wwwe.onecert.fr/projets/WakeNet2-Europe/)

[4] Hemm, Robert V. et al. ,"Business Case Anayer NASA Wake Vortex
Technology”, LMI study NS254T2, March 2004

[5] Presentation J. Konopka, WN2E Workshop at DEggen, November 2004
(seenttp://wwwe.onecert.fr/projets/WakeNet2-Europe/)

[6] J. Konopka, H. Fischer, ‘The wake vortex wamsaystem at Frankfurt
Airport’, 24" Digital Avionics Systems Conference, October 3%
(ISBN: 0-7803-9308-2)
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(exclusive on-board systems like M-Flame & [-Wale)

|
Flight Physics < C-WAKE > |
I
1 1
1 Fd
| 7’ <

\
i

Operational
\

finishred
\

rHANIng

1
A
Implementation =1 preposed \
L1 nor EU funded
WSWS / HALS-DTOP

004 —— 2006

New WakeNet 7

196 — 1998 — 2000 ——— 2002

Figure 1 Overview of all European wake projects vortex (physics and ATC related)
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EUROPEAN WAKE VORTEX PROJECTS
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Acronym Topic JCoordinator |Status JRemarks

ETWIRL European Turbulent Wake Incident Red-Scientific (UK) completed Succesful program resulting in (the definition of) a
Reporting Log common database; unfortunately no follow-up

EUROWAKE near field wake characterization Airbus Germany completed first program in Europe to characterize the (near field)

wake from windtunnel tests and numerical computations

WAVENC characterization of wake vortex NLR completed first wake vortex program in Europe looking into the
encounter effects of wake vortex encounters

MFLAME on board atmospheric hazard detection |THALES Avionics completed first European program for on-board hazard detection

(wind shear, clear air turbulence, vortex wakes)

C-WAKE far field wake vortex characterization and|Airbus Germany completed (Jan00 - Mid03) |program that looked into possibilities to reduce vortex
reduction trough control and design wakes by design

S-WAKE assessment of the safety aspects of NLR completed (Jan00 - Mid03) |Program to develop and synthesize the tools to assess
wake vortices ther safety aspects of wake vortices

ISAWARE Increasing safety through collision THALES Avionics completed program to increase the operational awareness using
avoidance warning integration cockpit displayed information (either locally generated or

relayed)

AWIATOR demonstration of new wing technologies; |Airbus-Deutschland running (Jul02-Jul06 + only part of the program related to wake vortices, aimed to|
part of the program devoted to wake extension) synthesis some of the (aleviation) ideas from C-wake;
turbulence reduction devices mainly concerned with wake physics and test techniques

including full-scale flight tests

I-WAKE continuation of MFLAME for system THALES Avionics completed (May02-Dec06) |demonstration that an onboard Lidar system could detect
integration and flight tests a wake vortex

ATC-WAKE integration of wake vortex advisory NLR completed (Jul02-Dec05) development of an integrated platform (+ demonstration)
systems in ATM environment to combine the necessary tools (wake vortex prediction,

weather forecasting, ATC displays, safety assesment) for
the implementation of weather dependent separation
distances

FAR-Wake fundamental aspects of wake vortices IRPHE (Univ of Marseille) running (Feb05-Feb08) to better understand the basic physics behind instabilities,

external turbulence and wakes in ground effect

FLYSAFE Safety Improvement, Flight Hazard THALES running (Feb05-Feb09) Integrated Project for the design of a Next Generation
Protection and All Weather Operations Integrated Surveillance System (NG ISS)
from on-board warnings

CREDOS Crosswind Reduced Separations for EUROCONTROL recently approved (end 2005 {Development of Operational Concept to reduce
Departure Operations end 2008 (?)) separations for departures (based on actualk weather

conditions)

Table of European Programs (EC sponsored) for wattéces
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Based on contributions from Antoine Vidal (EurocohExperimental Centre)
and Wayne Bryant (NASA)

Airport capacity will become an increasingly coasting factor in tomorrow’s ATM
landscape. Large increases in airspace capacitytloegpast decade have put more
and more pressure on airport capacity, especialing peak periods. The situation is
aggravated by the operation of hubs that condeaffectinto arrival and departure
banks.

One of the limiting factors to increase runway @ayas the imposed separation
distance during landing and take-off phases. Waktex separations have been
implemented to ensure that an aircraft does netrento an unsafe situation due to
the wake turbulence of a preceding aircraft. Totth@y are based on an ICAO
recommendation made in the 70-ies that prescripesifec separations (4, 5 or 6
miles) at landing depending on the size of thedeathd the follower aircraft.

ICAO wake turbulence categorization of aircraft
according to maximum certificated take-off mass

-+ '

HEAVY MEDIUM LIGHT

136.000 kg or more less than 136.000 kg less than 7.000 kg

e.g. B747, A340 but more than 7.000 kg e.g. PA32, C421
e.g. A320, BT37

A

ICAO wake turbulence separation minima

HEAVY followed by ...

A
A

+
MEDIUM followed by LIGHT +
— —
1 2 3 4 5 6 NM

Figure 2-1: ICAO recommendation for wake inducegisation distances (landing)
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Other recommendations have been provided for téfkand cruise or for closely
spaced parallel runway'’s. Although there have lmmasionally wake encounters for
larger separation distances, no serious accidents theen reported.

It is well known that in a quiet atmosphere the vakrtices can live very long. The
fact that the recommended distances are still @opigrsafe can be understood from
the fact that in general a pair of wake vorticesceéads due to the mutual interaction

IE All Other Regions

[ North America-Western Europe

Landing Aids Related Accident [T

"In;u'.'ll"“_ :_. '_
Collision with Vehicle [~

Collision with Standing Aircraft on Ground -
Collision with Moving Aircraft on Ground [

Collision with Aircraft — One Airborne

Collision/Near Collision with Aircraft — Both Airborne [~

Aircraft Encountered Vortex/Wake Turbulence

0 0.05 01 0.15 0.2 0.26
Accident rate per million flights

Figure 2-2: ATM related accident rate by event tgpé regions
(from NLR Aviation Safety Data Base)

of the vortices and hence moves away from the glath. When the atmosphere is
turbulent, wakes will decay faster whereas strangswinds tend to blow the
vortices away from the glide path. For these caoowlét the separation distances are
over-conservative and can be reduced without lIbsafety and to the benefit of
airport capacity. More general the question caadked for what specific operational
concepts the separation procedures can be relaghding on weather conditions or
the runway layout. This section describes somaedgd concepts to illustrate what is
contemplated today.

One can roughly distinguish, with an increasingelenf complexity, between simple
rule changes, changes in operational proceduresatek warning systems that
enable the use of dynamic, weather dependent sepadistances. A useful
distinction can additionally be made with respedie effect of a change: ‘tactical’
and/or ‘strategic’ improvements. Only in the lattase the number of slots per hours
(the declared capacity) can be increased. Tadatigaiovements are of interest to
reduce delays when they are building up for whatez@&son in the system.

Different concepts of operations are presentlyistlidnd some of them will be
discussed below in more detail.
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SOIA: Simultaneous Offset Instrument Approach (Ssmncisco):

Parallel Runways are only treated to be indepenabeh they are more than 2500 ft
apart. In the US the ICAO separation rules are apjlied for IFR conditions since
the pilot has a much greater situational awarewbss the leading aircraft is in sight.
In the SOIA procedure such conditions are favoredllowing simultaneous
approaches utilizing a ‘straight-in’ ILS approach éne runway and an offset
Localizer type Directional Aid (LDA) with a displad glide slope instrument
approach for the other runway. A visual segmenhefLDA approach is established
between the LDA missed approach points (MAP) aedtimway threshold,
permitting aircraft in the LDA track to be in viduaonditions to be aligned with the
runway. This procedure is actually applied at Seam€isco Airport. It is of interest to
note here that this procedure does not involve dification of the existing separation
rules: they are still obeyed.

750 fi

[
I
[
[
[
[
[
|
[
:
28R

Two 767’s on approach | I
3000-FT

MAP
*; ‘

Figure 2-3: lllustration of SOIA procedure

Reduced diagonal separations (St Louis Airport)

Another example for closely spaced parallel runedSPR) concerns a study made
at St Louis Airport (STL) in the US. The detailemhcept of operations supports a
modification to the 2500 foot rule for CSPR forcaaft types large and below. For
STL, the concept is for 1 %2 mile diagonal separatioring IMC when a large or
small class aircraft lead. Based on wake behawta dollected over a period of 15
months, a safety argument for relaxing the 2500 ffole will be modified for STL
having 1300 foot separation. This requires onlyngles to existing operating
procedures or their application. No changes inaaure or ground systems will be
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required. In the case of STL, initial studies iradex that the airport IFR arrival rate
could be increased to ~ 40 per hour (presentlypedhour) in conditions requiring
wake dependent approaches.

Glideslope scanning area
for WindTracer® #2
N

Approach
To RWY 12L /

I.kp'proach
To RWY.12R

Lidarl

Figure 2-4: Sensor layout at the terminal area bt 8uis to collect data in support of
a waiver for reduced diagonal separation; two Lidaositions measure the wakes in
the direction of the indicated lines (from presgion by VOLPE at WakeNet-USA
meeting, Boca Raton, March 2005)

WSWS: Wirbelschleppen-Warnsystem (Wake Vortex Wagrdystem)

Work on the WSWS has been initiated by DFS in ®&01s for Frankfurt airport.
The aim is to provide a warning system to prevei Nezards for operations on
parallel runways that can not be operated indepetydeecause WV may be
advected to the adjacent runway.
There are four approach procedures, which have tastiemplated to take advantage
of this system:

» Staggered approach

* Modified staggered approach 25L

* Modified staggered approach 25R

» Single runway approach
The WSWS uses data from a wind line, a statistgatl forecast, and a vortex decay
and transport model to predict minimum non-hazenés for the two runways.
The originally proposed warning system was not piazkby the pilots since it was
mainly based on weather and wake vortex informatlose to the ground. A vertical
extension to cover the whole glide path is now umgelopment before starting



Research Needs Part | - Summary page 18
WakeNet2-Europe FINAL 11 April 2006

operations using WSWS. This system uses a Wind €eatyre Radar to measure
wind conditions up till 1500 m. A re-introductioidd’t materialize so far since the
safety case (in an absolute sense!) could as ydtenproven.

Figure 2-5:The Wind Temperature Radar (WTR) asallest at Frankfurt Airport
intended to be used for the WSWS. The system esowidd velocity and temperature
up till 1500 m height by combining Doppler-Radar tbear air measurements and
Radio Acoustic Sound System (RASS) for measureméyad weather

HALS/DTOP : High Altitude Landing System/ Dual Tei®ld Operations

The procedure HALS /DTOP has been implementedifastat Frankfurt airport.
HALS/DTOP also aims at using two closely spacedlpgrrunways independently:
Two aircraft, on radar separation, make an approadhe parallel runways along
two glide paths separated by 80 m vertically angl fllaterally.

The aircraft on the higher path lands at a runwily & staggered threshold installed
1500 m behind the original threshold. By using thsplaced approach path, wake

ML iy B Bt M Sy e S b =0 me_ns,

Figure 2-6: Schematic view of the HALS/DTOP operatt Frankfurt Airport
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turbulence separation can be disregarded. ThusayHercraft can approach the
northern runway followed by a Medium aircraft usthg HALS procedure to the
southern runway by applying radar separation miromg.

Here the safety case was made, based on a redtdisieastic risk assessment.

ATC-Wake:

This concept has been developed by the Europearssp ATC-Wake Consortium.
The operational concept described a wake vortedigtien/detection system that
enables airports to operate tactical reduced sepasafor arrival and departures,
under the appropriate meteorological conditionswamdkr different runway
configurations (single RWY, parallel RWY). The Cept of Operations defines the
procedures and working methods for en-route, agbroantrollers and sequence
managers, as well as the tools and informatioretmtegrated in a platform and
displayed to the controllers. The system enableS@E to apply new weather based
dynamic aircraft separation (Reduced Separatioiandard ICAO separations)
based on the wake vortex prediction/detection. @irike subsystems is the
Separation Mode Planner (SMP) that is responsalénke advice to the ATC
supervisor, with respect to safe and adequate agpaminima to be applied by the
air traffic controllers.

The objective of the program was to develop anttian integrated Air Traffic
Control wake vortex safety and capacity platformisIplatform is subsequently used
to assess the interoperability of an integrated Ay&tem with existing ATC systems
currently used at various European airports, tesssthe safety & capacity
improvements and to evaluate the operational usaBilacceptability of such a
system.

The project was successfully concluded in Decer@bb with a real time simulation
involving pilots and air traffic controllers demdreging how ATCO’s can actually
schedule the landing aircraft with a 2.5 nm sepamat

Runway throughput [ac/hr] Delay [min]

Operation ICAO ATC- Change ICAO ATC- Change
Wake Wake

SRD 37.8 38.6 +2.1% N/A N/A NIA
SRA 35.2 37.0 +5.0% 3.0 2.15 -29%
CSPRA 35.2 35.7 +1.5% 3.0 2.74 -8.6%
(non-segr.)
CSPRA 35.2 37.6 +6.9% 3.0 1.84 -38.7%
(segregated)
CSPRA 35.2 35.8 +1.6% 3.0 2.73 -8.9%
{semi-segr.)

Figure 2-7: Predicted capacity benefits for the Alipe of operation (from ATC-
Wake Final Review Meeting, December 2005)
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WSVBS: Wake Vortex Prediction and Monitoring System

The WSVBS (Wirbelschleppenvorhersage- und beobaglsgystem ) aims at
dynamically adjusting aircraft separations in a theadependent way for approaches
to single and closely-spaced parallel runways basearedicted wake vortex
behavior and related hazard areas. The systendmsvielopment as part of the DLR
project “Wirbelschleppe”, launched in 1999.The WS/8onsists of the components
NOWVIV (prediction of relevant weather parameteJP (probabilistic wake vortex
prediction), SHAPe (predicts the area around thAkenortices which must be
avoided for safe approaches), pulsed Lidar (maonigoof predicted wake vortex
evolution), and a system for the utilization of gagted temporal aircraft separations
within an Arrival Manager (AMAN). WSVBS shall demstnate its functionality
during a measurement campaign at Frankfurt aifpdéll 2006.

Time Based Separations (TBS):

The operational concept is presently studied byEim@control Experimental Centre.
In head wind situations, the ground speed of thditey aircraft is reduced. Hence, for
the prescribed separation distances, the wakeegréceding aircraft has more time
to decay. By prescribing a separation time instdaadseparation distance, some of
this loss of runway capacity can be recovered. i8pécols are needed to assist the
ATCO's like thelntelligent Time Vector (ITV; see Fig 2-8) or th€arget Trailing
Position (TTP). These are presently evaluated. SIA@is shown an interest to study
such a system for application at London Heathrow.
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Figure 2-8: Example of the ‘Intelligent TimeVectas a tool to assist
the Air Traffic Controller in guiding the approadircratft.
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CREDOS: Crosswind Reduced Separations for Depa@perations

CREDOS is a recently approved program sponsoragtéfzuropean Commission to
develop a concept for departures. To day speadtfiayd between departures are
described (usually 2 minutes) but, depending orath@spheric conditions, these
times can be safely reduced. Current knowledgbefiake vortex phenomenon
suggests that considerable reductions of the dusegaration standards could be
achieved under crosswind conditions but this néed® confirmed through data
collection and modeling. The concept of operatiilsinvestigate and define the
procedures, working methods and tools needed tly apguced separations between
departures in crosswind conditions. The CREDOS narmghas been approved end of
2005.

What are the expected capacity benefits? Figurén2licates the estimated capacity
gain (in a tactical sense, hence depending on #ah&r conditions) for the ATC-
Wake scenario. Recently, a study (the so calledligm study) has been made by
Eurocontrol, NATS and the UKMetOffice.to estimate benefits for some of these
systems. The study is based on actual weathertcamglfor various airports taking
into account the actual capacity situation. Hetioe Jargest improvements will be
realized when the demand for the particular airgonigh and when the weather
conditions are favorable for a reduction in sepanatistances. The table below
(Fig 2-9) summarizes the results of this high lestably.

ATC-Wake CREDOS TBS
Airport 3Nm 2.5Nm 90s 80s
Heathrow 10,858 26,280 6,843 9,490 1,788
Frankfurt 3,923 11,315 0 91 2,801
Schiphol 1,277 5,565 547 638 431
Paris CdG 638 1,916 0 0 0
Madrid 547 4,653 273 456 169
Munich 0 0 0 0 0
Rome 0 0 0 0 26
Zurich 0 365 0 0 0
Barcelona 0 0 0 0
Gatwick 0 0 0 0
Manchester 0 0 0 0 0

Figure 2-9: Annual Totals of ‘Extra Movements’ (Maxm hourly benefit) as
estimated from the Euroben study for some of theudsed CONOPS. Note that the
extra movements may not be schedulable (from ATKeWinal Review Meeting,
December 2005).
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Other cost-benefit studies have been made in tharld3hey also indicate large
benefits. Figure 2-10 shows how delays can be estluthen a wake vortex advisory
system (WVAS; depending on weather conditionsjniglemented

20 1
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Figure 2-10: Example of reduction of delays (misuper flight on the average) due
to wake vortex advisory system Total airspace wholg 18 Airports, based on 2005
demand (taken from LMI Business case analysis tgpor

Both studies indicate the potential for significaapacity improvements. One should
realize that these studies are still rather higkllealthough based on the actual traffic
situation, a number of assumptions had to be mattheragard to the details of the
system and the local weather conditions. Furth&riotions in the use of a particular
CONOPS scheme might result from a detailed safeggssment. In illustrative
example in this respect is the WSWS as contempfateerankfurt Airport as
mentioned above. In a study presented atthe/akeNet2-Europe Workshop in
Langen, Germany, it was shown that the effectiveioés wake vortex warning
system drops very substantially when it is requicethake a forecast 20 minutes
ahead of time. (see Figure 2-11).
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Estimated Effectiveness
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Figure 2-11: The estimated effectiveness of a wabex warning system as

contemplated for Frankfurt Airport. The colors indie the expected usage of the
system in % of the time for the various runway® @tfectiveness drops drastically if
one has to forecast 20 minutes in advance thaglide path is free of vortices for a

period of 2 minutes (from Konopka, DF&? WakeNet Workshop, Langen, 2004)

It is a good example that if more details are takém account, like the forecast period
or the wind variation during a 2 minutes periodngldhe entire glide, the benefit of
wake vortex warning systems might be reduced. Santieer reduction might result
from safety studies. In the simulations to suppwetsafety case, simplifications may
be needed that will reduce the apparent safetyt isteguivalent to less benefit for
the same (proven) safety.

This illustrates that although there is a largeepbél in the use of some of the wake
vortex mitigation schemes, the actual outcome ntghappreciable less when all
restrictions due to the actual (weather and ATM)ation and all safety aspects are
taken into account. Our knowledge of weather ptexticand wake vortex behavior
also enters into the equation to balance capaoiy(the proof of) safety. Improving
our knowledge here will definitely have an effenttbe final outcome . The following
sections are dealing with that question: what d&kmaew today and where should our
knowledge be improved?
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Based on contributions from Peter van der GeesRISkhfety and Flight
Testing, Amsterdam), Frank Holzépfel (DLR InstitutPhysik der
Atmosphare, Oberpfaffenhofen) and Gordon Hohne BAI® Hamburg)

ICAO, with 185 contracting States, is the dominmamm¢making organisation in civil
aviation. ICAO is functioning primarily at the rmeking level and is not responsible
for either certification/approval or for supervisienforcements. These functions are
strictly the competence of national aviation auities. Guide lines for wake
turbulence separation minima (‘recommendations)laid down in ICAO Annex 14.
Most states follow the requirements scrupulouslytbere are various states (e.g. US,
UK) that use deviant separation minima, based ¢ioma experience and reported
incidents.

Within Europe EUROCONTROL (comprising today 35 efthas assumed
responsibility with respect to safety related ruddaing. The harmonised framework
for ATM safety regulation is currently embodiedtie EUROCONTROL Safety
Regulatory Requirements (ESARR). The EC is prepasinew directive that will
transfer in the near future (around 2010) the r&guy competences to EASA.

For wake vortex related procedural changes e.defised in CONOPS, there are no
specific safety requirements. The authority widde the design and the associated
design requirements largely to the applicant (mactufer or service provider) and
would approve the system if it can be proven thatdystem or procedure would meet
a certain pre-defined and agreed target levelfetyal he basic requirements for
such an analytic approach are laid down in ESARR4afety case has to be build to
show that these requirements are actually met.

ESARRA4 specifies a ‘target level of safety’ (TL8) the ATM related activities. Per
flight hour the chance of a catastrophic accidemolving loss of life) should be less
then 1.55x10. This number has been derived from the requirerthenitthe safety
should remain on the present level for the yeaesdhvhen the air traffic has
doubled.

The application of ESARRA4 is not without difficultlfirst of all one has to specify
what part of the total ‘risk budget’ is devoted gfieally to wake vortex induced
accidents. To proof that such an absolute target & safety is reached for wake
vortex applications is most likely extremely diffic mainly due to the complexity of
the problem (a very large number of variables #ikeraft types, complex wake
physics, variations in weather conditions, wakericgpt geometries, human factors . .
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. ). The methods used to calculate the safety Evalild ideally simulate all aspects
of the system in great detail. The following seasidlustrate to what detail models
are developed for use in simulations. In practiog#fications will still be required,
simplifications that will have to be made ‘on trefesside’. With each ‘short cut’ it
will be more difficult to proof, of course dependion the particular case, that a
capacity benefit can actually be realized. A pdssilntcome might be that an
absolute estimation of the actual risk can notdxéopmed with sufficient accuracy.

In the past the ICAO matrix has been derived iheuristic way using a combination
of flight tests, wind line measurements, simple eisdnd common sense. It is of
interest to note here that, as yet, it has not atempted to derive the ICAO safety
matrix from a rigorous safety analysis involvinggaete simulations of the involved
aircraft-types and wake characteristics. Therefalteynative methods should be
investigated. It is known that relative estimatagehsmaller ranges of uncertainty,
and thus are less susceptible to model simpliboatiIf it can be proven that a new
system or procedure is at least equally safe asrtbet replaces, the overall safety
level would not be affected and therefore woulds$athe required target level of
safety. The acceptability of such an approach should be ftiner investigated.

When a safety case is made and accepted for disg@@NOPS, it would be wise to
make a gradual and controlled transition from tla@dard operation to the full
operational application of the systeimthe context of wake vortex advisory

systems it is therefore prudent to conduct furtheresearch to specify a suitable
introduction phase for such systemsThe safety enhancement methods as discussed
in the sections 8, 9 and 10 are concerned with this

At present there are three methods, based on alpiistic risk assessment (see the
flow chart, figure 3.1 for a short description)ttean be used for a probabilistic safety
assessment that quantify the (relative) safetyy Hrne:

«  WAVIR (the oldest one of the three and developedbiR),

« WakeScene/VESA (developed by DLR/AIRBUS,; see dig.3.2) and

* ASAT (used in the US, a more generic simulatiorkpge that can also be

used for wake vortex safety assessment).

All these methods model with different degreesagftsstication, the wake evolution
and the encounter probability and severity foriséialoperational conditions. All
methods allow for Monte Carlo simulations, with yiag meteorological conditions,
aircraft types, etc. to estimate frequencies dfagerisk events within a certain
scenario. It is presently unknown how the variowslel assumptions and model
simplifications in the mentioned models affect timal risk assessment results. This is
undesirable ands part of a future research program it is recommeded to direct
efforts into a comparison of the available modelsral validation of the employed
sub-models. An assessment of the ICAO separation mnia would make a good
case for such a comparison.

For each proposed CONOPS (rule and/or procedusaige) a safety case will have
to be made to convince all users and the authetitiat the proposed change is safe.
This can only be successful when the methods use@ &raceable, transparent,
validated and accepted by independent experts.
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Schematic Flowchart of Probabilistic Risk Assessment
[prepared: Bram Elsenaar, 7 Febraarny 2008)

This chart describes for illustration purpasss sowme elements af a possible “Probabilistic
Risk Assessment . The methods in use today are similar but not necessarily identical to the
one here describad.
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Figure 3-1: Schematic Flow Chart for Risk Assesgmen
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Figure 3-2: Development of wake vortices visualibgdircles in 13 gates from final
approach fix (gate 1) to threshold (gate 25). Wgkeerating aircraft has already
landed, path of follower aircraft indicated in maga; location of port and starboard
vortex indicated by green and red line respectialythe time/ position where the
follower is indicated (near gate 17) . Note the mypa in crosswind direction and the
final ‘rebouncing’ of the vortex close to the graunAll dimensions in meters

(example from WakeScene)
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Based on contributions from Grégoire Winckelmans @fivier Desenfans
(Université Catholique de Louvain (UCL), MechaniEalgineering Dept.,
Louvain-la-Neuve, Belgium) and

Frank Holz&pfel (DLR Institut fir Physik der Atmbéape, Oberpfaffenhofen,
Germany)

The strength of a pair of vortices in the wake piaticular aircraft depends, when it
is formed, on the aircraft characteristics (weigpian, speed, wing loading). It will
decay subsequently due to turbulence, wind shehstatification. For very quiet
conditions, the vortex pair can last very long,uieqg even larger distances than the
present separations. This is in general not a prolsince a pair of vortices will
descend (due to the mutual interaction betweendhgces) and will be carried away
by the wind.

Exceptionally, the vortex pair will rise due to treal winds (convection), wind shear,
and temperature stratification. Vortices will afss®e very close to the ground: they
bounce back from the surface.

The initial wake vortex strength can be derivedrfrithe aircraft characteristics but the
subsequent vortex movement and decay is moreuiffic predict. Simple analytical
models have been replaced in recent times by ddt@iFD methods (‘vortex

models’) and so called ‘Large Eddy Simulations’ @)Ehat simulate in time and
space the vortex development for a given atmospleendition (defined by a mean
velocity field, turbulence intensity and lengthlsesy. At the end of a vortex life, its
strength is rather sensitive to small variations ergether with the variations in the
actual weather conditions, the results of theseutations can only be judged in a
stochastic or probabilistic way.

In Europe two successful models have emerged bedast years, which both
consider all relevant environmental parametersdgyvind shear, turbulence,
temperature stratification, and ground proximity):

« P2P: the ‘Probabilistic Two-Phase wake vortex amchgt model(developed
by DLR). The method has been ‘calibrated’ agairs$land actual
measurement data whereas the probabilistic eleimarntoduced by adding
an observed statistical variation to the final akdted result, notably for
wakes in ground effects.

* P-VES: the Probabilistic ‘Vortex Forecast Systataveloped by an
international team for ‘Transport Canada’ and ferttieveloped by UCL.
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This is based on a vortex method that can include whear and ground

effects; it is also ‘calibrated’ with LES calcularis; the stochastic element is

introduced by adding an uncertainty at the input pithe calculations.
Both methods have some interesting differencescande considered as
supplementary to some extend. But in spite of thy@réssive detail of these methods,
some phenomena are still approximated e.g. bothadstassume straight vortices,
whereas in reality the vortices are bent and curd@dther uncertain aspect, the
effect of engine exhaust jets on vortex formatimogt relevant for Take-Off
conditions) will be studied in the European FAR-\&gkogram.
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Figure 4-1. Wake vortex behaviour as observed a Duallas Fort-Worth test
campaign (case DFW 2021) and compared with calmratusing P-VFS by UCL.
The symbols denote the actually measured valueddrstarboard vortex and o for
port vortex). The lines represent the predictionsed and blue lines denote mean
behaviour of the port and starboard vortex respesii; green and light blue lines
envelopes for 95.4% and 99.7% probabilities. Tlgeire right below indicates the
weather conditions that are used as input: vertigadfiles of wind (mean profile in
solid black and uncertainty bounds in dash-dotetk) and temperature (green).

A considerable work has been spent to validatesthezdels by comparing with
actual measured data (e.g. from Lidar measuremsegssection 9). Due to the
stochastic nature of the problem and due to thetiiat the atmospheric conditions
are only partially measured (e.g. at a few locatjdimited vertical positions, 20
minutes averaged values etc.) such a validationthdéimitations. Fortunately, in
more recent test campaigns (e.g. at St Louis irutBeand at Frankfurt Airport) new
detailed information has been collected over lomgerods. This information has not
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been made available yet. When available, it wihala more systematic assessment
of the two models as is already ongoing in the Ream FAR-Wake program.

As can be seen in figure 4-1, the prediction ofilage vortex strength and position is
done in a probabilistic way. The probabilities expressed as probability density
distribution (PDF) that allow further risk calcutats and the quantification of
confidence levels. They reflect the uncertaintgeg, due to the uncertainty in the
weather prediction and the stochastic nature ohiddee development itself. If this
uncertainty is large, the potential capacity gailh decrease accordingly. The
question if in a particular CONOPS application, th@acity can be increased while
still maintaining safety (as derived from a prolhiabc risk assessment), can only be
answered when a full detailed analysis is m#ue!loop’ has to be closed!

It is recommended:

* to make available well defined and agreed data sstfrom more recent
test campaigns,

* to document the available calculation methods in gficient detail,
including all (external) information used to ‘calibrate’ the method to
provide optimal transparency for the user and to dbw an independent
assessment by experts,

» to (further) compare the available methods with sora agreed data sets
and to analyse the possible differences in resuligth respect to
deficiencies and possible improvements in the modielg,

* to extend the models and their validation to take-#b conditions,

* to assess the limitations of using straight vortebnes.
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Based on contributions from Klaus-Uwe Hahn (DLRtitnte of Flight
Systems), Gordon Hohne (Airbus) and Carsten Sch{fdiR Institute of
Flight Systems)

From the wake vortex models of section 4 the véldeld induced by the vortices
can be quantified. The effect on a following aiftthat flies into this field
(‘encounters the wake vortex’) can then be derivenh flight mechanical
calculations in an offline simulation or from flighimulator studies with a ‘pilot in
the loop’. Extensive studies have been made ifctlrepean S-wake program and
during the development of the VESA program of Agblihe wake vortex velocity
field models and the aerodynamic interaction mo(&Is1) used in these studies
have been validated against wind tunnel and fligts.

Even with the present separation rules, wake vateounters may occur during
normal operation (see section 8). But since theyaually weak, they do not present
a serious problem. For a quantitative risk assessinis essential to have severity
criteria that relate objective aircraft parameterthe subjective pilot's assessment of
a wake vortex encounter (based on extensive pilthe-loop wake vortex encounter
severity investigations). Although relevant paraanehave been proposed (e.g. a
maximum roll angle or sink rate) a set of agreetica has not been established yet.
Also, automatic detection of wake encounters (sedan 8) will be very valuable to
assess the present situation and to validate ttegisecriteria for weak encounters.
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Figure 5-1: Aircraft motion in wake encounter frélight simulation studies Left:

shallow intercept from above (vertical interceptgbn is 2 deg.); right: quick
intercept
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from aside (horizontal intercept angle is 20 d€from S-Wake study by AIRBUS)

The following recommendations are made:

* To define and agree upon relevant criteria to asseghe effects of an
encounter, on the basis of extensive flight simulat tests,

» toimprove wake vortex encounter pilot models for filine simulations,

* to extend the encounter studies to all ICAO wake ¢agories and to all
phases of flight,

 _afurther validation of aerodynamic interaction models is still required,
notably for transport aircraft with swept wings,

» to further develop the aircraft capabilities to deect/predict and evade
wake vortices and to cope with wake vortices in caf an unwanted and
unintended encounter,

* to assess automatic recording of encounters by FligData Recorders (see
section 8), to support the choice of severity critex for weak encounters.
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Based on contributions from Michael Frech and TheiG&rz (DLR Institut
fur Physik der Atmosphare, Oberpfaffenhofen) aebirurp( UK MetOffice,
Exeter)

What are the meteorological parameters that hatye tneasured and/or forecasted
for wake vortex warning systems? Mean wind (akéwind components) and wind
variability, turbulence, virtual potential temparet and vertical wind shear are all
known to influence the wake development. Howeseme of these parameters are
difficult or impossible to forecast or even to maa&s Therefore, one might tailor
specific solutions for specific applications. Faample, for aircraft departures a
cross-wind nowcasting system for the horizontaldvéomponents (and its associated
temporal and spatial variability) is only requirfed a short time horizon on the order
of 10 minutes at most. Another approach reliestmseovation combined with
statistics collected at the airfield where the ditaiof the measured parameter is
assumed to persist (or to vary slowly) in time vatgrowing uncertainty as time
increases. The time horizon for that method is maxn 1 hour. For larger forecast
horizons, numerical weather prediction is preretpli$t is evident though that
deterministic weather and wake forecasts cannot thegequirements and that only
forecasts on a probabilistic basis may succeed.
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Figure 6-1:Lateral transport of vortices out of the flight camlor due to crosswind,
frequency distributions (in %).These results aredzhon an analysis of the Memphis
data for vortices out of ground effect and crossdsi(either sign) > 2 m/s (252
cases).From S-Wake study by DLR.
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Is the accuracy of these predictions good enough$t bredictions concentrate on the
cross winds. In the ATC-Wake study it was conclutted a mode separation of 2.5
NM for Single Runway Applications can be applietesaprovided:

— a sufficiently accurate prediction of the crosswihating the approach is
available. This implies that the wind forecast enay not have a bias and the
standard deviation of the wind forecast emarst be less than about 1.0 m/s.

— improved navigation performance (compared to ICARM] is available.

Otherwise, the number of alerts provided by systgiirexceed the maximum
acceptable level of 0.2%.This is quite a stringequirement and this might very well
prove to be the bottle neck for such systems the¢ to make use of a forecast about
one hour in advance.

Although vortex transport is the dominant mechartismeduce the effect of a vortex,
decay due to atmospheric turbulence is also impbrizecay models are based on
turbulence intensity and/or so called eddy disgipatate (EDR), quantities that are
not easy to measure and predict, especially EDR.

To further improve the weather prediction skillssitecommended:

» to develop test algorithms for an optimum fusion obbservation and
forecast data,

* to assess the potential to integrate AMDAR/ACARS (oboard) data
within a wake vortex monitoring and prediction sysem and

» to develop and improve algorithms that can deducedely dissipation rates
from various measurement sources and forecast modefo improve the
prediction of the vortex decay

It is finally concluded thathe combination and integration of the tools in a
prototype system and its implementation at the airprt is necessary now.
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Based on the contribution from Jens Konopk (DFSt&e Flugsicherung
GmbH)

Wake turbulence separation minima have been esitaaliby ICAO in the 1970’ies.
Since then only very few changes have been madpa®u to these standards.
Already from this finding it can be concluded tbatiously the amount and the
guality of the existing information about wake tuldnce is not sufficient to warrant a
major change of the overall operational practicedl solutions, i.e. systems and
procedures which are used at a single airport éxigt the High Approach Landing
System at Frankfurt airport) but they are basetboal data collections and notably
incident reporting. Therefore their potential apation is likely site-dependent and
limited to specific conditions.

Wake vortex transport and decay models as discusgbd previous sections

are either based on numerous input variables, sdmwaich are difficult to measure
(turbulence, temperature, wind-profile ...) or theytin statistical elements that
‘lump’ some of these effects together. Althoughsidarable validation work has
been done for these models, the quality of the sletathat are used for these
validations is not always optimal, either becaysaial and temporal variations of
meteorological conditions were not considered adeiy or measurement sites for
meteorological quantities and wake vortices weoefém apart. The most recent
European campaigns already tried to avoid somkeesfet shortcomings. Further it is
not clear how many measurements are needed to @wmtain level of confidence
(e.g. to define the relevant (not necessarily Gan¥grobability density functions
(PDF) . Obviously, unusual meteorological condiidhat lead to the tails of PDFs of
wake vortex behaviour are measured rarely andrtnes to be seen how to handle
this in a safety assessment. Moreover, wake viarédaviour data is not available or
very rare for some particular conditions, e.g. olgifiog, when turbulence is small or
during aircraft manoeuvres (e.g. missed approadhesp turns in take-off’s).
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Figure 7-1: Distribution of temperature gradients the boundary layer at Frankfurt
airport. Inversions are roughly found (dependinglammidity) on the left of the peak.
Strong inversions might give rise to situations kehthe vortex pair bounces up.
These conditions are rare, as the ‘long tail’ ore tleft in the figure illustrates, but
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they might be of critical importance for the safety

The following recommendation are made:

Continue to work on the correlation between meteorogical quantities on
the one hand and the vortex transport and decay puerties on the other;
ideally these variables are to be collected durinigng-term observations
with dedicated measurement equipment.

Standardize meteorological measurements in wake viax related
measurement campaigns.

Perform long-term campaigns, in which the meteorolgical parameters,
wake trajectories and wake decay are measured in pallel.

Establish (site dependent) statistics to estimatée fraction of time where
wake turbulence separation can be reduced in a (capity) beneficial way.
Determine persistence of the ambient conditions byeasuring the
frequency and the magnitude of the changes of wakehaviour or
ambient meteorological conditions within timescalesf 5 minutes to one
hour as well as its spatial variation along the gtie path.
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Based on contributions from Dr Claire Pugh (NatibA& Traffic Services
Ltd), Antoine Vidal (Eurocontrol) and Henk Havergi(NLR)

Wake vortex encounters are currently not systemfticecorded, although the more
serious encounters are captured by various (Inienma/European/National)
reporting schemes like ADREP (ICAO) and ECCAIRS JEErom this information it
can be concluded that there have only been a fewrances where wake vortex has
led to a serious incident or accident. This conoluseems to justify that the present
wake separations are adequate from a safety pount\o.

There also exist a few voluntary wake vortex repgrschemes which capture a
wider range of severity of encounters and as sanohbe a useful source of data for
ascertaining factors which contribute to the maneese encounters without such an
encounter occurring. The most noticeable examplesh@ NATS voluntary reporting
scheme and the RVSM schemes by Eurocontrol andr(tigg in the US.
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Figure 8-1: Reported wake vortex incidents in Ukspace depending on the
height of the aircraft according to the NATS voargtreporting scheme.

Note that there is a peak in reported incidents/\@ose to the ground

(due to vortices that bounce up) and around 30094000 ft, the location of
the glide path intercept. This kind of informatisrvery essential to monitor the
safety situation.".
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The NATS reporting scheme was established in 19d2séll continues today. The
database contains information about the leadefalaaver aircraft as well as
associated meteorological and radar data. About Gi0%te encounters reported are at
Heathrow. Data from this database is used congthgtNATS for safety monitoring
purposes.

Collecting statistics on wake vortex encounterge&gtwo purposes:

* Provide data to assess new/changed procedurefR{ESiv).

* Provide data to validate safety arguments.
Data from sources such as ADREP only give limitddrimation on whether current
procedures are safe, as the data is only captétexdhaserious incident or accident
has occurred. No information is obtained from #n&slsevere events, information that
might be very useful for an evaluation of safetyeads. Using experience gained
from the database managed by NATS, only around d58ported encounters were
considered severe enough to be filed as an ocagmeport to the UK CAA, i.e. 85%
of encounters would not have been filed if the atdy reporting did not exist.

Automatic registration of wake encounters wouldvmte in principle an objective
alternative. During the European S-wake projetftlights of a given carrier had their
FDR traces analysed to see if they had sufferedkewncounter. The NLR-
VORTEX algorithm developed by NLR (now renamed WAVEA) was used to
identify from these FDR traces whether the airdnaff encountered a wake vortex.
The present system is not perfect (partly due tr gata recordings) and work is
underway (e.g. as proposed in the CREDOS prograny to improve and validate
the algorithm for future FDR work.

Both a more general reporting scheme for wake xateounters and the automatic
registration and analysis of wake encounters weatdil more resource and is
probably only feasible for dedicated campaignaupp®rt of specific measures that
are likely to affect the safety with respect to wafortices or for a continuous
observation at a specific site.

In conclusion:

» ldeally the best way to capture wake vortex encouets would be to have
an empirical scheme (for example the automated angis of Flight Data
Recordings) in conjunction with a pilot reporting scheme.This would
allow the subjective (pilot report) data to be aligied with the objective
(FDR) data.

* To enable this, further work and research would beneeded to better
extract the relevant information from FDR recordings.

» Such a combined data campaign would also enable ther research work
as inputs into any safety arguments such as proviag a basis to establish
severity criteria of a wake encounter.
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Based on the contribution from Chris Hills (Qinelj@rederic Barbaresco
(Thales), Friedrich Kopp (DLR) and Agnes Dolfi (ORW)

For the remote detection of wakes the main methoel4.idar, passive acoustic,
active acoustic, and Radar. This is needed to sitiseperformance of wake vortex
prediction schemes (like the ones discussed imosed) and to monitor the wake
position during operation with reduced wake sepamatas a safety precaution.

Wind profiling is essential for weather forecastanyl to characterize the weather as
input for wake vortex prediction schemes. For wpnadfiling the main methods are
Lidar, Sodar and Radar.

Lidar, with its fine precision of both spatial anelocity (Doppler) measurement, is
the best tool available to quantify the vortex iyt and position, but it has necessary
drawbacks: for example, it is not suited to verst faide-field-of-view scanning, and

it dislikes wet or cloudy weather. Lidar and Ralahich is usually better in bad
weather) are thus complementary tools.

The following figure gives an overview of the idéadtrumentation package as
available today (taken from a study by Sauvage et laeosphere; study for
EUROCONTROL, 2005).

ILS Appoach and Climb Critical

6 ([ ”"“IIIH- W W 6 “"""lln

Vortex | Wind Wind | Turbulence | Turbulence |[Vortex | Wind | Temperature

No rain Lidar PC2p
RASS SODAR
Fog Lidar PC2y

Heavy rain Windlines and met tower (up to 45m)

Figure 9-1. Ideal instrumentation package (usingn ‘the market systems) for
weather and vortex measurements to support wakexavarning systems (from
Sauvage et al, Leosphere, 2005).
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But technology is changing fast and new system#intigcome available in the
future as indicated below. A crucial question hieréhat operation is required for all
weather conditions.

ILS Appoach and Climb Critical areas

G| M i | AAR | S| | AAA

Vortex | Wind Wind | Turbulence | Vortex | Wind | Turbulence | Temperature

No rain

Fog

Heavy rain Windlines and met tower (up to 45m)

Figure 9-2: Possible future instrumentation packa@sing latest European and
American R&D) for weather and vortex measurementssupport wake vortex
warning systems (adapted from Sauvage et al, LeospB005).

It is recommended:

* The look into the complementarity of Radar, Sodar ad Lidar: e.g.
extending the use of ATC radars in wet conditionswhen lidars are
handicapped

* To assess by independent parties the performanceachs by the
manufacturers of LP2C Sodar and SOCRATES Lidar.

* To review frequently the technical state of the artpublished comparisons
are 'snapshots’ that become quickly outdated.
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Based on the contribution from Laurence Mutuel ALHS, Aerospace
Division)

The pilots community has always been very suppettivthe development of onboard
systems to visualize the wakes in the cockpit. $tiguis interested to develop such
systems, not only to detect wakes but also for wimear and clear air turbulence. A
number of European projects are concerned wittetlsssies (e.g. MFLAME,

I-Wake, FLYSAFE and FIDELIO.

The onboard Atmospheric Hazard DWA (Detection, Vifagrand Avoidance) system
aims at preventing accidents and incidents related

* Wake Vortices in departure, cruise, approach anditey in support of

reduced separation time and/or distances and lRMSM,

* Windshear (dry and/or convective) in departureraggh and landing,

» and Clear Air Turbulence in cruise.
The research projects on instrumentation for ortbwaake vortex detection focused
on Lidar in combination with model capability fdret approach and landing phases.

On the instrumentation side, ground and air boeststhave indicated that the IR 2um
Lidar gives satisfactory results for the operatlarguirement of 5 to 10 km range.
An increase in energy will undoubtedly benefit laagge detection and cruise
operations. The culprit lies in the volume and weigeeded to host such a sensor:
2um technology requires free space optics. A furdeselopment could be a 1.5um
Lidar system. Its technology is less mature tha2jhm but carries the promise of
easier aircraft installation since the Lidar widl ibered. On the other hand, the
energy that an optical fiber can transport is Ediaind the foreseen level of 1mJ is
likely to not satisfy the detection performanceuiegment. The 6th FP project
FIDELIO will assemble such a demonstrator for gbtesting of the 1.5um
technologyResearch needed in this area is twofold:

* pursue the use of 2um Lidar improving weight and campactness

* investigate 1.5um Lidar for the potential of opticafibers

To enhance the overall reliability of an airborgstem a fusion with an independent
system that can predict the wake vortex on theshasiveather and ATM information
is pursued. This is needed since Lidar can onlgdetortices in clear dry air
conditions. The wake vortex model used for the antdaystem as tried in I-Wake is
the Vortex Forecast System (VFS — See Sectiom4his respect it is equally of
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interestto study the feasibility of wake detection using dmoard weather radar to
mitigate the effect that Lidar requires clear dry ar conditions.

The detection of wake vortices is a part of a nghobal system called "Integrated
Surveillance System" (ISS) which fuses weatheffitrand terrain hazard
information to increase pilot awareness. The agchitre of such a system is at the
heart of FLYSAFE where ground aspects are includeidition to the onboard
detection capability. Overall topics that not oimterest wake vortex will be studied
like datafusion, datalink, prioritization of alegiad HMI.

It is recommended to hawm Integrated Project where wake related issues blot
on the ground and onboard could be resolved througtechnology assessment
and operational use

If and to what extend on-board wake vortex detecti@n improve the overall safety
level of particular operational procedures to redwake separation distances (e.g. for
one of the CONOPS as discussed in section 2) nedusfurther assessed in a
complete ‘safety case’.

Prototype
Y Ground tests
European projects e Flight tests
Private funds Y Flight simulator tests

2005 2008 2011 2014
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Figure 10-1: Roadmap for onboard wake detectiontesys as seen by THALES
(presented by Laurence Mutuel, WakeNet2-Europel Reaiew Meeting, November
2005).
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Based on contributions from Eric Coustols (ONERBk%am Elsenaar (NLR),
Anton de Bruin (NLR), Greg Winckelmans (UCL), Laudacquin(ONERA),
Florent Laporte (AIRBUS and Geza Schrauf (AIRBUS)

Is it possible to design aircraft such that theeomwakes are less harmful? That of
course would cure the problem at the source.

A number of European projects have addressed tigstipn like Eurowake, C-Wake,
AWIATOR and FARWAKE.

Vortex formation is inherently related to the tignerated by the aircraft wing to
support the aircraft weight: the air trapped betwi vortex pair is pushed
downward to generate the momentum to keep theati@loft. The basic physics of a
vortex pair behind an aircraft are reasonably wetlerstood. Also the scaling rules
are believed to be known: larger aircraft will hawgeneral more severe wakes that
last longer.

There is no real evidence that (when properly sijdleere are differences between
different aircraft: all aircraft behave roughly tb@me, roughly but not exactly.
Theoretically, there will be differences betweea $trength and decay of wakes for
different aircraft types, even for the same wemid span. They are due to variations
in e.g. wing loading, aspect ratio and landing dp&ait it is difficult to proof this
since the data sets (e.g. from measurement cangpaigimLidar) are not large
enough to discriminate between these kind of difiees mainly due to scatter
resulting from variations in weather conditionseThct that no large variations have
been observed between flying aircraft might alsbdate that a ‘low vortex design’ is
not obvious.

Measuring techniques have advanced significantly r@sult of the programs
mentioned above, notably full scale wake charazaéion with Lidar, and sub-scale
tests in the towing tank and the catapult facililpfortunately, full scale tests
generally show a significant spread in the resiiis to variations in weather
conditions although some corrections are possibt®mpensate this.
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C-Wake A340 flight tests 2002

2002]

FULASEI T

Mormalized circulation vs. time

Figure 11-1: Lidar measurements of the decay ofevostrength behind an A340. The
vortex strength is expressed here as the averagedlation in a ‘ring’ around the
vortex core divided by the initial circulation. Thiene is made dimensionless with a
characteristic timed, the time needed for the vortex pair to move daavdsvover a
distance equal to the spacing of the two vorticesound half a minute in this case).
The different colours indicate different weathermlgulence) conditions, indicating a
large effect of the atmospheric turbulence (resolt$ained by DLR during the C-
Wake campaign in 2002 at Tarbes, France).

Over the last years the computer simulations ofitheelopment and decay of
vortices, even including the weather conditionsehadvanced significantly (e.g. see
section 4) and allow a detailed evaluation of te&ils of the vortex development.

Hence in principle the tools are available to $emd how wake vortices can be
reduced by design. There are some alleviation quadkat are pursued:

» The distribution of the load along the wing span ba varied to effect the
distances between the vortices (when they arerclogether they will decay
faster) or to create multiple vortices that can eneasily be de-stabilized (see
below).
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Theory and experiments show that a double paioohter-rotating vortices
lead to a situation where one vortex wraps itseltiad the other one. This
turns out to be a very efficient mechanism to gist& (take the energy out of)
the vortex. But one has to pay a price to genenath a multiple vortex
system: special wing shapes are required thattaffeqerformance and the
low speed design. A careful trade-off is requirad & is not clear if this really
pays off.

Figure 11-2: Crow instability as observed behin@aeing 747 at cruise altitude
(FL350) estimated to be at about 9 nm behind therait. This instability

manifests itself as an oscillation in the vortideading finally to a ‘connection’
and the formation of vortex rings. (courtesy of Karwal, test pilot NLR).

Instabilities in the vortex precede its final dastion. The most well known
example is the Crow instability that can easilyobserved in clear skies. Can
the wing be designed such that these stabilitie$sasoured? This is not to be
excluded e.g. by the generation of external turméethe deployment of
spoilers or changes in the tail section that effieetvortex shed by the tail.
This may be called ‘vortex management’ and stuiie¢kis direction are
continuing.

One step further is an active triggering of thedbdities. This is an ‘old’
concept that seems to work but with an aircratgration problem. It works
for a single vortex pair but it is not very effeiin this case. To be more
effective one needs multiple vortex systems.
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Figurell-3: Large Eddy Simulations (LES) of theefof aileron oscillations on
the wake stability. With an oscillating aileron gy part of the figure) the so
called Crow instability has been enhanced, leadm@ faster decay. The ‘rings’
around the vortices are indicative of the interaati between atmospheric
turbulence and the vortex as part of the decay @sec(calculations by Greg
Winckelmans, UCL).

Although research so far has not been very suaddaasfiesigning ‘low vortex’
wings, research in this area should continue. Sgpeeific recommendations can be
made:

» future research should consider both ‘proof of conept’ and applicability,

» the study of multiple vortex systems (its generatimand stability
characteristics) should be further pursued,

» fundamental studies on stability, temperature effets, external turbulence,
axial flow in the core of the vortex . . . . shoul@dontinue since new
alleviation concepts might result from a better un@rstanding of the
physics (such studies are ongoing in the FAR-Wakegect).
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ACARS
ADREP
AIM
AMAM
AMDAR
ASAT

ASRS
ATCO
ATM

CFD
CONOPS
CREDOS

CSPR
DRVSM
DWA
ECCAIRS

EDR
ESARR
ETWIRL
FDR

HALS/DTOP

HMI

IFR

ILS

IGE

IMC

LES
LIDAR
NOWVIV
OGE
P2P

PDF
P-VFS

QAR
RVSM
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Aircraft Communications And Reporting System
Accident/Incident Reporting

aerodynamic interaction model
Arrival Manager
Aircraft Meteorological DAta Relay

Airspace Simulation and Analysis for TERPS

(developed by FAA / ATSI)

Aviation Safety Reporting System

Air Traffic Controller

Air Traffic Management

Computational Fluid Dynamics

Concepts of Operation

Crosswind Reduced Separations for Depafipegations (recently
approved European Research program)

Closely spaced parallel runway’s

Domestic Reduced Vertical Separation Minimum

Detection, Warning and Avoidance

European Co-ordination Centre for Aviatinoident Reporting
Systems

Eddy Dissipation Rate (to characterize tunhcdg

Eurocontrol Safety Assessment Regulatory Reent
European Turbulent Wake Incident ReportiragL

Flight Data Recorder

High Altitude Landing System/ Dual Thresth Operations
Human Machine Interface

Instrument Flight Rule

Instrument Landing System

In Ground Effect

Instrument Meteorological Conditions

Large Eddy Simulations

Light Detection And Ranging

Nowcasting Wake Vortex Impact Variables (ééped by DLR)
Out of Ground Effect

Probabilistic Two-Phase wake vortex decay em$port model
(developed by DLR)

probability density function (or distribution)

Probabilistic Vortx Forecast System (devetbpyg an international
team for ‘Transport Canada, further developed by JUC
Quick Access Recorder

Reduced Vertical Separation Minimum
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RYW Runway

SHAPe Simplified Hazard Area Prediction model (deped by DLR)
SMP Separation Mode Planner

SODAR Sonic detection and ranging

SOIA Simultaneous Offset Instrument Approach

TBS Time Based Separatons

TLS target level of safety

VESA Vortex Encounter Severity Assessment (devesddpy Airbus)
VMC Visual Meteorological Conditions

WakeScene Wake Vortex Scenarios Simulation (deeeldyy Airbus / DLR)

WAVIR Wake Vortex Induced Risk assessment (devaldpeNLR)

WSVBS Wirbelschleppenvorhersage- und beobachtustemsy(Wake Vortex
Prediction and Monitoring System

WSWS Wirbelschleppen-Warnsystem (Wake Vortex Wayt8gstem)
WTR Wind Temperature Radar

wv wake vortex

WVAS wake vortex advisory system

RASS Radio Acoustic Sound System

I's.15 Averaged cirvculation between 5 and 15 meter ftloenvortex centre
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