Risk based decision support for
new air traffic operations
with reduced aircraft separation

Lennaert Speijker



Risk based decision support for new air traffic operations
with reduced aircraft separation

Proefschrift

ter verkrijging van de graad van doctor
aan de Technische Universiteit Delft,
op gezag van de Rector Magnificus Prof. dr. ir. Bdkkema,
voorzitter van het College voor Promoties,
in het openbaar te verdedigen op maandag 23 & @m 15.00 uur

door Leonardus Johannes Philippus SPEIJKER

wiskundig ingenieur
geboren te Haarlem



Dit proefschrift is goedgekeurd door de promotor:
prof. dr. R.M. Cooke

Samenstelling promotiecommissie:

Rector Magnificus, voorzitter

prof. dr. R.M. Cooke, Technische Universiteit Dgbitomotor

ir. F.J. Abbink, Algemeen Directeur, Nationaal Lt:xadn Ruimtevaartlaboratorium (NLR)
prof. dr. T.J. Bedford, Strathclyde University, &aw, Scotland

prof. dr. ir. A.W. Heemink, Technische UniversitBielft

prof. dr. T.A. Mazzuchi, George Washington UnivgrsiWashington D.C., USA

prof. dr. ir. J.M. van Noortwijk, Technische Unigéeit Delft

prof. dr. ir. M.J.L. van Tooren, Technische Univegis Delft

Dit proefschrift is mede mogelijk gemaakt door Heationaal Lucht- en Ruimtevaart-
laboratorium (NLR), de Technische Universiteit Detle Nederlandse Luchtvaart Autoriteit
(NLA) en Rijksluchtvaartdienst (RLD), de Europesen@nissie, EUROCONTROL, en de
United States National Aeronautics and Space Adination (NASA).

ISBN 90 806 3435 2



Summary /

o

Summary

With the steady increase in air traffic, the awatsystem is under continuous pressure to
increase aircraft handling capacity. The introdutf Reduced Vertical Separation Minima
(RVSM) during the en-route phase of flight implighait the capacity bottleneck within the air
transport system has changed from en-route towhedSerminal Manoeuvring Area (TMA)
around busy airports. The diversity of airport @fiems (departures, approaches, missed
approaches) and risk events (e.g. collision risdkenturbulence risk, third party risk, runway
incursion) implies that the safety assessmentwhnproposed air traffic operations in the
airport environment is quite complex. New safetyegsment methods are needed to assess
safety. In this respect, the two most capacitytlimgirisk events, addressed in this Doctoral
thesis, aravake vortex encountesnd thecollision risk between aircraft

Various new Air Traffic Management (ATM) systemsidhght procedures have been proposed
to increase airport capacity while maintaining shene (required) level of safety. Newly
proposed systems to cope with wake turbulence bmdinag reduction of wake vortex
separation minima include the ground based ATC-Wsftem (for air traffic controllers) and
the on-board I-Wake system (for pilots). An inceeasrunway capacity may also be achieved
by using parallel runways more effectively or bgideing new and advanced flight procedures.
For all the flight procedures evaluated in thistdaal thesis, International Civil Aviation
Organization (ICAO) standards and best practicesad@xist and new safety assessment
methodologies, incorporating the roles of the Aiaffic Controllers and pilots, are developed
and applied. Introducing and/or planning changebkéair transport system cannot be done
without showing that minimum safety requirementh be satisfied. This thesis therefore not
only deals with the safety assessment proces§ isrlalso with the setting of risk
requirements for the newly proposed ATM systemsthglat procedures.

The approach taken is to apply risk based decisiaking to support the introduction of new air
traffic operations and systems for reduced air@gfiaration in the airport environment. As
worldwide quantitative risk requirements for thevheproposed air traffic operations have not
yet been established, the question arises howstsashe level of risk which may be considered
acceptable. Evidently, a zero incident/acciderkt ¢cen not be realized and therefore risk criteria
will have to be developed. There are several furaiah questions that must be resolved:

« What is the safety level of the current air traffjgerations?

« Are the separation minima for the current air tcaffperations overly conservative?

e Can the current separation minima safely be reduced

* What are the requirements for the newly proposettaffic operations and systems?
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These questions require more comprehensive riglssisent models and risk criteria than
currently available. Therefore, to answer thesestijoies, several methodologies for the setting
of risk criteria are developed and applied to tifving safety studies:

=  Collision risk analysis of the usage of paralletways for landing;

=  Collision risk analysis of simultaneous missed apphes on converging runways;

=  Wake vortex safety assessment of single runwayoagpes;

=  Safety assessment of ATC-Wake single runway defess;tu

=  Safety assessment of the [-Wake single runway tperaith reduced separation.

The developed new and innovative methods all supporcommon rationales for acceptance
of a newly proposed air traffic operation, namehshowing that the number of risk events
does not exceed some pre-defined risk requirenmehfuathermore also does not increase with
the introduction of the new operation. The devetopsk assessment models are based on risk
metrics in terms of incident/accident probabilifges movement with, where possible, risk
requirements derived on the basis of historicatlenat/accident data.

It is shown that the current wake vortex aircrafi@ation minima, which depend on the aircraft
weight, are indeed overly conservative under aetanditions. Introduction of variable wind
dependent aircraft separation rules will enablegase of airport capacity, while maintaining
safety. Aircraft separation can be reduced safetyyided that new wake vortex prediction,
detection and avoidance systems — such as ATC-\(fakair traffic controllers) and I-Wake

(for pilots) — are implemented for operational usés also shown that specific missed approach
procedures, which take into account the local aifagout characteristics, may lead to an
increase of airport capacity. This is shown for Agndam Airport Schiphol runway 22.

The safety assessments have built sufficient cen@id in the operational use of the proposed
new ATM systems and flight procedures for the aggion of reduced aircraft separation in the
airport environment. The results from the collisitgk analysis studies have been used by the
Dutch Civil Aviation authority and Air Traffic Corl Centre, and were brought forward
successfully to the ICAO Obstacle Clearance Pdim.results from the wake vortex risk
analysis studies have been used to support thgrdasd also the setting of requirements for the
ATC-Wake and I-Wake systems and concepts of operalext step will be to complete the
validation process for the use of these systenmutiir the production of the Safety Cases
towards installation of these systems at airpartkia aircraft respectively. Trials at European
airports are foreseen as the ideal way forwardédhering the required data to complete the
local Safety Cases and realize the foreseen reductithe wake vortex separation minima.
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Samenvatting

Als gevolg van de toename van het luchtverkeet btduchtvaartsysteem onder druk om

meer vliegtuigen af te handelen. De introductie kl@inere verticale separatieafstanden (van
2000 voet naar 1000 voet) tijdens het en route wieede viucht impliceerde dat het capaciteit
knelpunt in het luchtverkeer verplaatst is naaludbthavens. De verscheidenheid aan
vliegprocedures (startend en landend verkeer, aentloorstarts) en de bijbehorende
veiligheidsrisico's, impliceert dat de veiligheidslordeling van nieuwe systemen en procedures
in de luchthavenomgeving vrij complex is. Er is éehoefte aan nieuwe methodieken voor het
beoordelen van de veiligheidsimplicaties van dexagestelde wijzigingen. De meeste nieuwe
vliegprocedures zijn gericht op het verminderen mammaal vereiste separatieafstanden tussen
vliegtuigen, zodat meer vliegtuigen kunnen wordigelaandeld. Om het minimum vereiste
veiligheidsniveau te blijven garanderen, zal vowoering van nieuwe systemen en procedures
aangetoond moeten worden dat risico’s als bijvaaltbbotsingen tussen vliegtuigen of
ongevallen als gevolg van zich achter vliegtuigewimdende tipwervels niet vermeerderd.

Nieuwe operationele concepten en systemen als ABReV{voor verkeersleiders) en I-Wake
(voor piloten) richten zich op verkleinen van denimaal vereiste tipwervel separatieafstanden.
Een capaciteitstoename kan echter ook bereikt waaider het ontwerpen van nieuwe
vliegprocedures voor het efficiénter gebruik varagialle landingsbanen. Voor alle procedurele
wijzigingen waarvoor de veiligheid in dit proefsifhwordt geévalueerd, geldt dat ICAO
standaarden en/of geaccepteerde veiligheidsmetterdi@og) niet bestaan. Daarom worden
nieuwe en innovatieve veiligheidsanalysemethodewikkeld en toegepast. Dit proefschrift
gaat, ter ondersteuning van regulerende instaméesns in op het vaststellen van veiligheids-
normen. Waar mogelijk, wordt hierbij gebruik gemiagdn historische data over ongevallen.

De aanpak gaat uit van de toepassing van op veitighisico’s gebaseerde besluitvorming, ter
ondersteuning van de (veilige) invoering van niemi@gprocedures en systemen voor kleinere
vliegtuigseparatieafstanden in de vliegveldomgevidigidat wereldwijde kwantitatieve
veiligheidsnormen voor de nieuw voorgestelde viregpdures en systemen nog niet bestaan,
doet zich de vraag voor hoe het acceptabele veilighiveau bepaald dient te worden.
Verschillende fundamentele vragen dienen hiert@mtveoord te worden:

« Wat is het veiligheidsniveau van de huidige vliegy@dures in de vliegveldomgeving?

e Zijn de huidige vliegtuigseparatieafstanden mokeéjconservatief?

« Kunnen de huidige vliegtuigseparatieafstandengeiirkleind worden?

* Wat zijn de veiligheidseisen voor de invoering véeuwe vliegprocedures en systemen?
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Het beantwoorden van deze vragen vereist andécearsalysemodellen en veiligheidsnormen
dan momenteel beschikbaar en gebruikelijk. Vandagrom hier een antwoord op te vinden,
verschillende nieuwe methoden voor het vaststeenrisico criteria zijn ontwikkeld. Deze
Zijn vervolgens toegepast in de volgende veilighstiddies:

=  Analyse van het botsingsrisico bij het gebruik panallelle banen voor landingen;

=  Analyse van het botsingsrisico bij doorstarts opvengerende landingsbanen;

= Veiligheidsanalyse van het risico op ongevallenrdipovervels achter vliegtuigen;

= Veiligheidsanalyse van de ATC-Wake operatie voartehd vliegverkeer;

= Veiligheidsanalyse van de I-Wake operatie voor ¢amtbiverkeer met kleinere separatie.

De nieuw ontwikkelde methoden en risicoanalysemedeaindersteunen twee algemeen
aanvaardde motivaties ter acceptatie van nieuvggatieraties en systemen, namelijk door aan
te tonen dat het risico op een ongeval niet hogedindan een maximaal aanvaardbare nénm
dat dit risico tevens niet hoger wordt dan momdriteegeval is. Alle ontwikkelde risico-
analysemodellen zijn gebaseerd op ongevalskanseatiggbeweging (landing of start) met,
waar mogelijk, veiligheidsnormen gebaseerd op higthe gegevens en data over ongevallen.
Er is aangetoond dat de vliegtuigseparatieafstagraiermomenteel met name gebaseerd zijn op
het gewicht van de betrokken vliegtuigen, daadwigkke conservatief zijn onder bepaalde
condities. Invoeren van nieuwe variabele weers&iblgke separatieregels zal de capaciteit van
vliegvelden veilig kunnen vergroten. Nieuwe opernagie systemen als ATC-Wake (voor
verkeersleiders) en I-Wake (voor piloten) dienenayen voor betrouwbare voorspelling en
detectie van tipwervels in de vliegveldomgevingidenok aangetoond dat geavanceerde
doorstart procedures, die rekening houden metgeeifieke banenstelsel van vliegvelden,
kunnen leiden tot een veilige capaciteitsvergrotiag vliegvelden (zoals Schiphol).

De uitgevoerde veiligheidsanalyses hebben al géd¢ielen veilige vergroting van de capaciteit
van het luchtverkeer. De resultaten van de botgsigsanalyses zijn door de Nederlandse
Luchtvaart Autoriteit en de Luchtverkeersleidindpgekt, en zijn daarnaast ook ingebracht bij
het ICAO 'Obstacle Clearance Panel’. De resultande veiligheidsanalyses van het risico op
ongevallen door tipwervels zijn gebruikt om de sgsteisen ten behoeve van kleinere
separatieafstanden vast te stellen. Het voorgesteitiverp van de ATC-Wake en |-Wake
systemen en de bijbehorende operationele concgptfheen duidelijke richting aan voor de
toekomstige operationele validatie voor het gebvailk deze systemen in de vliegveld
omgeving. Als volgende stap wordt voorzien het pogden van de lokale ‘Safety Cases’,
gebruikmakend van klimatologie data met betrekkotgle weersomstandigheden op de
beoogde vliegvelden. Installatie van ATC-Wake dapgielden en I-Wake in vliegtuigen, en
continuering van de deelname van Europese vlieguetth luchtverkeersleidingscentra in het
validatieproces is een noodzakelijke voorwaarddaekomen tot verdere capaciteitsvergroting.
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Chapter 1 /

Introduction @

1 Introduction

1.1 Scope

With the steady increase in air traffic, airponts ander pressure to increase aircraft handling
capacity. The introduction of Reduced Vertical Sapan Minima during the en-route phase of
flight implied that the capacity bottleneck wittthme aviation and air transport system will
change from en-route towards Terminal Manoeuvringg& (TMA) around busy airports. The
diversity of airport operations (departures, apphes, missed approaches) and risk events (e.qg.
collision risk, wake turbulence risk, third partgk;, runway incursion) implies that the safety
assessment of newly proposed flight procedurdsdrairport environment is quite complex.
New safety assessment methodologies are neededdssahe safety. The newly proposed
flight procedures aim to reduce the separatioradcss between aircraft at take-off and landing
without compromising safety. In this respect, thie thost capacity limiting risk events are
wake vortex encounters and the collision risk betwaircraft.

Figure 1-1 Wake vortex generated behind a heavy aircraft

Aircraft create wake vortices when flying, restngtrunway capacity (Figure 1-1). These
vortices usually dissipate quickly, but most aitpampt for the safest scenario, which means the
interval between aircraft taking off or landingesftamounts to several minutes. However, with
the aid of accurate meteorological data and prevesgsurements of wake turbulence, more
efficient intervals can be set, particularly whesather conditions are stable in time.

The ATC-Wake project aims to develop and build@ugd based wake vortex prediction,
monitoring, and alerting system for Air Traffic Gooilers that will allow variable wind
dependent aircraft reduced separation distancepm@ssed to the fixed distances presently
applied. Similarly, the I-Wake project aims to deyean aircraft on-board wake vortex
detection, warning and avoidance system. A comiainatf both is foreseen as the ideal way to
cope with the risk related to wake turbulence mdirport environment.
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An increase in runway capacity may also be achiéyeasing existing parallel runways more
effectively or by building additional parallel ruays. A reduction of the minimum parallel
runway spacing for independent parallel approaetessproposed by the Federal Aviation
Administration (FAA), provided usage of the PreaisRunway Monitor (PRM) system [27,
39]. For the safety assessment of the associatgd firocedure, evaluation of the collision risk
between aircraft is required. A recent study foeg®in improvement of the capacity at
Schiphol airport addresses the risk related to kamaous missed approaches on runways 19R
and 22, where a reduction of the Obstacle Clearaittade (OCA) would allow the use of
runway 22 in actual Cat | weather conditions.

For the newly proposed flight procedures, ICAO dtads and best practices do not exist and
therefore new safety assessment methodologieatsits, preferably incorporating the roles
of the Air Traffic Controllers and pilots, will ndgo be developed and applied.

1.2 Objectives

The overall objective of this thesis is to devedmw apply safety assessment methodologies to
support the safe introduction of newly proposedtm systems and flight procedures. A
variety of mathematical techniques, based on statinalysis and expert judgment, will be
developed for assessment of incident/accident Tisk.aim is to reduce the separation distances
between aircraft at take-off and landing withouthpoomising safety. Evaluation of separation
distances - imposed by wake turbulence and catlisak - has historically been conducted
using three approaches:

1. Experimental flight test data,

2. Historic operational data, and

3. Analytical models.

As the newly proposed flight procedures and systmsot yet in operation, this thesis follows
the third approach. The aim is to build sufficisafety confidence, enabling the decision
makers to decide on operational testing and/or direist implementation.

Introducing and/or planning changes to the airgpant system cannot be done without showing
that minimum safety requirements will be satisfiedthis respect, the risk requirements intend
to be compliant with the Eurocontrol Safety RegutatRequirements (ESARR 4) posed by
EUROCONTROL's Safety Regulation Commission (SRQjisTmeans that the setting of risk
requirements for risk based decision making isngpoirtant issue within this doctoral thesis.
Historical incident/accident data will be used wpsort the risk based decision making process.
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1.3 Approach: risk based decision making

The approach taken is to apply risk based decisi@king to support the introduction of new air
traffic operations and systems for reduced air@gfiaration in the airport environment. As
worldwide quantitative risk requirements for thevheproposed air traffic operations have not
yet been established, the question arises howstsashe level of risk which may be considered
acceptable. Evidently, a zero incident/acciderkt ¢cen not be realized and therefore risk criteria
will have to be developed. There are several fureshdatl questions that must be resolved:

1. Whatis the safety level of the current air trafifperations?

2. Are the separation minima for the current air tcafiperations overly conservative?

3. Can the current separation minima safely be reduced

4. What are the requirements for the newly proposettafiic operations and systems?

These questions require more comprehensive rigssiseent models and risk criteria than
available. Historically, safety assessments aendfased on experimental flight tests and
operational data analysis. This doctoral thesikasihtribute with new methods based on
mathematical modelling and risk based decision aipwhere the risk criteria for the risk
events will be expressed in suitable incident/aatidisk metrics based on historical data. To
increase airport capacity, the FAA has proposedbifiee Precision Runway Monitor (PRM)
system during independent parallel approachesoAgih safety analyses of the PRM system
have provided operational recommendations and remeints, collision risk during a
simultaneous missed approach was not previousiytifieal or assessed. To fill this gap, this
doctoral thesis will develop and apply new collisitsk assessment models. Wake vortex
research has generally focused on analysis of watex behaviour in different weather
conditions and on analysis of the impact on wal@entering aircraft. Wake vortex safety
related to newly proposed operations for reducentat separation was not previously
quantified or assessed in terms of incident/actidsk probabilities. To fill this gap, a new
Wake Vortex Induced Risk assessment (WAVIR) methmglowill be developed and applied.

Several methodologies for the setting of risk cidt&ave been proposed up to now. Some
methods worth mentioning for air traffic operatiars:

1. Air transport as safe as surface public transgogt failway or bus);

2. Expected passenger fatality rate in air traffic panable with population fatality rate due
to all causes;

Air crew risk of accidental death comparable withes occupations;

Current air traffic accident rates with a factoiraprovement;

Maintaining current air traffic accident statistics

Fitting in with present safety requirements forteaffic operations.

ook W
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These methods all support two commonly acceptéohiaes for acceptance of a newly
proposed air traffic operation / system by involwetgrest groups (i.e. pilots, controllers,
regulators), namely by showing that the numbeisif events:

= does not exceed some pre-defined, and agreed uglonequirement;

= does not increase with the introduction of a newiraffic operation.

Various novel and innovative safety assessmentodetbgies to derive risk criteria and to set the
appropriate requirements for the introduction of/aér traffic operations in the airport
environment are introduced in this thesis. The psed methods will be based on:

= Risk metrics in terms of incident/accident prokiéibg per movement;

=  Risk requirements derived on the basis of histbicident data.

The mathematical risk assessment models and tealdiébe developed and implemented into
the NLR Information System for Safety and Risk gsial (ISTaR). Where possible, models will
be validated with historical data or statisticalad@om simulation experiments.

1.4 Thesis outline

This Section 1 provides an introduction to the ryepvbposed air traffic operations for which
the safety will need to be assessed. Section 2 detl a reduction of the minimum required
parallel runway spacing for independent parall@rapches. In Section 3, an assessment of
collision risk between aircraft conducting a siranktous missed approach on converging
runways is given. Section 4 describes the developarad application of the Wake Vortex
Induced Risk assessment (WAVIR) methodology. Arsssent of the risk of a wake vortex
induced incident/accident during current practiogle runway arrivals and under different
weather conditions is given. Section 5 presenasarssment of wake vortex safety related to
single runway departures. The WAVIR methodologgxtended with a graph based model
structure, in order to evaluate the impact of hdzand system failures when ATC-Wake is
used. Section 6 presents an assessment of thef askake vortex induced incident/accident
related to the I-Wake single runway arrival openatiinder reduced separation (2.0 and 2.5 NM
between landing aircraft). Conclusions and reconttagans are given in Section 7. References
are contained in Section 8. The Appendix A contaidgscription of the mathematical models
used for the assessment of wake vortex inducedentfaccident risk.
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1.4.1 Collision risk related to independent parallel appoaches

An increase in runway capacity may be achievedduyguexisting parallel runways more
effectively or by building additional parallel ruays. An important factor for both is the
reduction of the minimum required distance betwaanallel runways used for independent
parallel approaches. The minimum required runwagisyy for independent parallel approaches
has already been reduced several times, therelbg tiy maintain the same required level of
safety. These reductions were induced by improyestagional procedures and technological
improvements. The latest reduction to 1035 m (3#0@pproved by ICAO as from November
9th 1995, was initiated by an airport capacity pangme developed by the Federal Aviation
Administration (FAA), and based on use of the Biea Runway Monitor (PRM) system.
Reducing the minimum required runway spacing withiaking other measures generally brings
along an enlargement of risks which must be avoidiled main risk is the risk of collision
between aircraft. In order to evaluate the risksteel to independent parallel approaches,
insight into the collision risk during all approattight phases, including intermediate approach,
final approach, and missed approach, is necessary.

Section 2 describes a probabilistic risk analyéthe collision risk between aircraft conducting
independent parallel approaches under Instrumetgdviglogical Conditions (IMC), thereby
using Instrument Landing System (ILS) procedurast HCAO standards and recommended
practices for simultaneous ILS approaches are itbestcrThe risk model, developed for
determination of the collision risk during idergifi hazardous flight phases is presented. In
order to assess the minimum required runway spaaisgitable risk metric is selected and a
Target Level of Safety is adopted. A number of acies with varying runway spacing and
different operational conditions are numericallalenxated. The worst case scenario is identified,
risk reducing measures are examined, and recomriiensidor a safe operation are given.

1.4.2 Simultaneous missed approaches on converging runway

The increase in air traffic implies that for bussparts, such as Schiphol, new flight procedures
are being developed. For some proposed proced@&6), regulations do not exist and a safety
assessment incorporating the role of Air Traffim@ol (ATC) and pilots is required. The

Dutch Civil Aviation Authorities (CAA) and the Lutverkeersleiding Nederland (LVNL)
propose to reduce the Obstacle Clearance Altitatiinway 22 from 350 ft to values less than
200 ft. This would allow the use of runway 22 inuad Cat | weather conditions, which will
support the optimization of arrival scheduling.

! The Obstacle Clearance Altitude (OCA) is the ldvedstude above the elevation of the relevant rapthreshold or above the
aerodrome elevation, as applicable, used in estab§ compliance with appropriate obstacle cleaamiteria.
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As a consequence, the point where a missed appi®athated, when the missed approach is
based on visibility conditions or un-stabilized egah, moves to a point further down the
approach for runway 22. Section 4 describes aanisltysis performed to quantify and evaluate
the risk of simultaneous missed approach procedureanways 19R and 22, up to and
including ILS Cat | circumstances. Runway 19R is ofithe primary runways for arriving
aircraft?, and is favourable because of noise restrictioiste minimum impact on the other
runways. Arrivals on runway 22 are not favourabithwespect to noise as the approach is right
across the centre of Amsterdam. Combined use ofat@R2?2 is therefore in principle limited to
inbound peak time periods and in general not altbdigring the night. The missed approach
procedure for runway 19R is straight ahead on ryriveeck, whereas the procedure for runway
22 prescribes a left turn with required track cleaaf)63°. For safety reasons, the turn may only
be initiated after completion of the initial misssoproach phase. As a consequence, in case of a
simultaneous missed approach on the runways 19R2rttie two aircraft missed approach
tracks might be close under certain non-favourabfelitions. Therefore, although the
procedure for runway 19R does not prescribe a tanmreality ATC often instructs aircraft
conducting a missed approach to initiate a turnydnam the nominal trajectory for runway 22.

Section 3 outlines the methodology to determinectiision between aircraft, and describes its
application to assess the safety of the independage of runway 22 as a Cat | ILS runway.
The new methodology uses 3 NLR tools ((Informatiystem for Safety and Risk Analysis
(ISTaR), Traffic Organizer and Perturbation AnalyZEOPAZ), and Flight track and Aircraft
Noise Monitoring System (FANOMOS)) in order to assthe collision risk between aircraft
conducting a simultaneous missed approach to Schiphways 19R (now 18C) and 22.

1.4.3 Wake vortex safety assessment of single runway apgaches

With the increasing air-traffic congestion probleaneund major airports, the problem of wake
turbulence has gained a lot of interest, both inUhited States of America (USA) and in
Europe. Research in the US by the National Aeracgand Space Administration (NASA)
was mainly focused on the development of an Aitasake VOrtex Spacing System (AVOSS)
and wake vortex advisory systems. In Europe, dimgoerators such as Frankfurt Airport are
spending large efforts in introducing new airpgrpeach procedures (e.g. the High Approach
Landing System/Dual Threshold Operation (HALS/DT@E)8]) in order to enable separation
distances between aircraft to be reduced whilénmietasafety. The current separation minima
based on aircraft maximum take-off weight, basjcsiem from the 70's.

2 In this doctoral thesis, the numbering of the Agrdam Schiphol runways is in accordance with timevay numbering in use
before the opening of the Polderbaan (in 2003)eNtwat Schiphol runway 19R (the Zwanenburgbaandvs indicated as 18C.
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Although experience obtained over the past 30 yiedisates that the wake vortex separation
minima are ‘sufficiently safe’, the current safédyel is unclear. Also there is a deficiency of
tools and methods for bringing into account neweltgyments in operational usage at busy
airports and the introduction of new bigger aircmatthe air transport system.

Therefore, in Section 4, the new Wake Vortex InduBesk assessment (WAVIR) methodology
Is presented, and applied to assess wake vortetydaf single runway approaches under
current practice flight regulations. In view of thecertainties and the difficulties in
understanding the wake vortex phenomena, a proftébapproach will be followed to

evaluate the safety related to different separatistances between landing aircraft on a single
runway. The probabilistic approach is based omehststic framework that incorporates sub
models for wake vortex evolution, wake encounted #ight path evolution, and relates the
severity of encounters to possible risk events il@dents/accidents). The impact of weather
conditions on wake vortex induced risk will be sadt] so as to show that a reduction of the
current separation minima — and consequently aredse of capacity — might be possible under
certain wind conditions (in particular crosswinaléor strong headwind).

New wake vortex detection, warning, and avoidalystesns (as being developed in ATC-Wake
and I-Wake) require actions from air traffic cofigos and pilots in case there is a discrepancy
between wake vortex prediction and detection infdram. The 'classical' WAVIR approach,
which originates from the S-Wake project, is ndeab account for human and system
performance. Therefore, the next Sections willddtrce additional ways of dealing with wake
vortex risks, taking into account operational hdgand system failures that can occur.

1.4.4 Safety assessment of ATC-Wake single runway depares

One potential approach to increase airport cap&ity reduce the separation time between
aircraft at take-off without compromising safetycorate meteorological forecasts and precise
measurements of wake turbulence enable more efficitervals to be set, particularly when
weather conditions are stable in time. With theaidmart planning techniques, these
adjustments can generate capacity gains of up%g ®hich has major commercial benefits.
ATC-Wake aims to develop and build an integratesteay for ATC that would allow variable
aircraft separation distances, as opposed toxbd fimes presently applied at airports. The
present separation of two to three minutes betwegarting aircraft is designed to counter
problems aircraft may encounter in the wake ofdaijcraft. For airports with ATC-Wake in
use, the aim is to reduce the time separation legtw@craft departing at single runways to 90
seconds for all aircraft types in the presenceufifcsent crosswind.

27



Chapter 1 el

Introduction <NLR

A

The overall objective of this study is to quantif possible safety improvements when using

the ATC-Wake system and to assess the requiredwirs values for which the “ATC-Wake

mode”, with reduced aircraft separation, can bdieghpThe wake vortex induced risk between

a variety of leader and follower aircraft, depagtimder various wind conditions, will be

evaluated. The ATC-Wake decision-support systerhheip air traffic controllers decide how

long the intervals should be. In the operationsiagle runway departures, two separation

modes are defined:

= The Baseline Separation Mode with ICAO wake vosgegaration minima;

= The ATC-Wake Separation Mode with (reduced) sefmarahinima that depend on the
weather conditions but do not depend on aircrakemartex category.

Section 5 outlines the methodology to assess wakewinduced risk during ATC-Wake single
runway departures. The methodology makes use of WRAW combination with a qualitative
analysis of the impact of failure and/or hazardsdutons related to the use of ATC-Wake.

1.4.5 Safety assessment of I-Wake single runway arrivals

A potential improvement of wake vortex safety im #Hirport environment is through installation
and use of a wake vortex detection, warning, amidance system on-board aircraft. The
fundamental part is a pulsed Light Detection anddRay (LiDAR) sensor system that measures
disturbances in the atmosphere and enables reafftirawarning of turbulent conditions.

Fifteen seconds or less prior to encountering areewake, the flight crew will receive a visual
and an aural WARNING alert. A CAUTION alert will iovided between 15 and 30 seconds
before encountering a wake vortex that stronger tha caution threshold. This I-Wake system
consists of a tactical and a strategic functiore #ctical function measures atmospheric
disturbances, and alerts the flight crew when armally severe wake vortex encounter is
expected. The strategic function predicts waketlona and estimates wake behaviour based on
information of generating aircraft and meteorolagjidata. The strategic information is
presented to the crew in order to raise the floghtv's wake awareness. Information about
possible wake hazards is displayed on the navigdiigplay in the cockpit.

Section 6 presents an investigation of wake vostdgty under reduced separation (2.0 or

2.5 NM between all aircraft) during the approact Emding phases of flight when using such
an |I-Wake system on-board aircraft. It is assurhatithe ATC-Wake system provides
predictions for the prevalence of circumstancesumdich operations with reduced separation
can take place. Wake vortex induced risk relatatiitotype of operation has first been assessed
qualitatively through a Functional Hazard Assesdrité]. Section 6 now presents a
guantitative risk assessment based on a combinatittre WAVIR methodology with a variety

of mathematical models for aircraft/pilot performarand I-Wake system performance.
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2 Collision risk related to the usage of parallel runways for landing

2.1 Introduction

The steady increase in air traffic imposes a needrihanced airport capacity. An increase in
runway capacity may be achieved by using existarglfel runways more effectively or by
building additional parallel runways. An importdattor for both is the reduction of the
minimum required distance between parallel runwesed for independent parallel approaches
[35, 38]. The minimum required runway spacing fatependent parallel approaches has
already been reduced several times, thereby ttgimgaintain the same required level of safety.
These reductions were induced by improved operaltimmcedures and technological
improvements. The latest reduction to 3400 ft (aped by the International Civil Aviation
Organisation (ICAO) as from November 9th 1995) wésated by an airport capacity
programme developed by the Federal Aviation Admiaion (FAA), and based on use of the
Precision Runway Monitor (PRM) system [27, 28, 39].

Reducing the minimum required runway spacing withiaking other measures generally brings
along an enlargement of risks which must be avoilfadn risk is the risk of collision between
aircraft. Accident data regarding collisions betwegcraft during parallel runway approaches
is not available. In order to properly evaluaterikks related to independent parallel
approaches, insight into the collision risk duraligapproach flight phases, including
intermediate approach, final approach, and mispptbach, is necessary. This enables the
identification of hazardous situations, and thevdgion of collision risk reducing measures. A
thorough collision risk analysis strongly suppdhts decision taking about building (additional)
parallel runways or defining specific approach andiissed approach procedures.

This study describes a probabilistic risk analgdithe collision risk between aircraft
conducting independent parallel approaches undemuiment Meteorological Conditions
(IMC), thereby using Instrument Landing System (llpocedures. The next Section 2.2 gives
the prescribed procedures and requirements fortsimaous ILS approaches to parallel
runways. Section 2.3 contains the identificatiom@tardous flight phases, identification of
suitable risk measures, and adoption of the Tdrgeg| of Safety (TLS). Section 2.4 describes
the risk model, developed for determination of¢b#ision risk. In section 2.5, a number of
scenarios, with varying runway spacing and undiéerdint operational conditions, are
numerically evaluated. The worst case scenarideistified, and risk reducing measures are
examined. The conclusions are given in Section 2.6.
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2.2 Requirements and procedures for parallel approaches

2.2.1 Required runway spacing for parallel approaches

In general, parallel runways can be used for fafferent modes of operations: independent
parallel approaches, dependent parallel approatttependent parallel departures, and
segregated parallel operations [30]. The first bwerations are illustrated in Figure 2-1 (note
that nmi denotes Nautical Miles). With segregatpeérations, one runway is used for
departures, while the other runway is used fowvalsi According to mode of operation and
weather condition, different runway spacings acpired to obtain the same level of safety.
Under IMC, dependent parallel approaches may noeohducted at runways spaced from
2500 ft to 3400 ft, whereas independent parallpt@gches are only permitted at runways
spaced more than 3400 ft. Over the last 30 ydaesninimum required runway spacing for
independent parallel approaches has been redueedemes. An overview of these
reductions is given in Table 2-1.

Table 2-1 Minimum required runway spacing for independent parallel approaches

Year Required runway spacing
1962 6200 ft
1963 5000 ft
1974 4300 ft
1995 3400 ft

These reductions were induced by improved operaltimmcedures and technological
improvements, such as new navigation and landietesys, and surveillance radar of higher
update rate and resolution. ICAO has approvedattast reduction to 3400 ft as from November
9th 1995, provided that certain conditions and ireguents are satisfied. One of these
requirements is usage of the PRM system, whiclraglar monitoring system intended to
increase utilization of multiple, closely spacedrgllel runways under IMC [27, 28, 39].

2.2.2 Required operational procedures for parallel appro@hes

According to available facilities (e.g. ground amboard equipment), a variety of instrument
approach procedures have been developed to guatefasafely to the runways during IMC.

In general, an instrument procedure may have figenents: arrival, initial, intermediate, final,
and missed approach. This study only considerseusfll.S, the presently most used
procedure. A detailed description of ILS procedwas be found in the PANS-OPS [32]. For
now, only the additional requirements for simulaue ILS approaches to parallel runways are
described.
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For independent parallel approaches radar sepanailima between aircraft on adjacent
localizers are not prescribed [30]. The approaamest be flown straight in, with turn on to the
localizer separated vertically by at least 1000 ffiis vertical separation has to be maintained
until the aircraft intercept their glide path a¢ thinal Approach Point (FAP). Separate radar
controllers have to monitor the approaches onca @ ft vertical separation is lost during ILS
procedures, and must intervene if any aircrafbiseoved to penetrate the No Transgression
Zone (NTZ). The latter is a corridor of airspacedied centrally between the two extended
runway centre lines, with width depending on, amotiger aspects, the surveillance system,
responding time of controllers, pilots and airgrafid lateral track separation [30]. If one
aircraft enters the NTZ, the aircraft on the adjadecalizer must be issued appropriate
instructions to avoid collision, such as turnshar initiation of a missed approach.

x 3 nmi nominal 4 nmi typical
<t—> <+
...... _'._l,.._ _'.._'._
> 3400 ft 2 nrm/ 2500 - 3400

...... _I__I._ _l._

X
X
INDEPENDENT DEPENDENT

Figure 2-1 Independent and dependent parallel approaches. Derived from source [18]

Other requirements for simultaneous ILS approathesarallel runways are a maximum
intercept angle with the localizer course of,3nhd nominal missed approach tracks diverging
by at least 3Q with turns 'as soon as practicable’ [30].

For dependent parallel approaches an in-betwegsmndis of 2 Nautical Miles (NM) between
aircraft on adjacent localizers is prescribed. Thégjonal separation brings along a minimum
required longitudinal separation of about 4 NM begw aircraft on the same runway track. As
the minimum longitudinal separation for independeaniallel approaches is about 3 NM, the
runway capacity when using dependent parallel ambres is significantly less than that for
independent approaches [39]. This clearly showintpertance of reducing the minimum
required runway spacing for independent parallpfaqches (see also Figure 2-1).
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2.3 Risk analysis

2.3.1 Identification of hazardous flight phases
This study considers the risks related to indepeinp@rallel approaches. Risks also present
during approaches to single runways are not takeraiccount. Such reference implies focusing
on the collision rislbetween aircraftThe consequences may be catastrophic: probatsyolo
both aircraft and death of passengers and crewliVidseof people living in the vicinity of an
airport may even be endangered. Evidently, hazardibuations may exist during flight phases
containing a relative high uncertainty about thenimal flight trajectory if the runways are
closely spaced. Two hazardous flight phases emerge:
= Alignment with the localizer:
A hazardous situation may exist if one (or botiprapching aircraft overshoots the ILS
localizer®, and deviates towards the adjacent runway, wigisibty an endangered aircraft
in its path.
= A dual missed approach:
A hazardous situation may exist if both approaclaingraft initiate a missed approach,
especially if the missed approaches are to baiadialong runway direction and/or if
there are strong crosswinds.

An aircraft might also be seriously endangered imake vortex developed by an aircraft
nearby. Up to now, the wake vortex has been igniorélae risk analysis of independent parallel
approaches. The gradual reduction of the minimugnired parallel runway spacing may raise
concerns, especially in case of strong crosswindis Section, the wake vortex problem is
also not taken into account.

2.3.2 Identification of suitable risk metrics

There is no single common metric of risk (or safetyhere are many different risk metrics
which may be used for quantification of the riskcoflision with an obstacle or between
aircraft. Some of the risk metrics that can be igpdior assessing the risk related to air traffic
operations are given in Figure 2-2. Note that,enegal, a collision may be regarded as a fatal
accident, losing adequate separation may be semmiasident, and the number of fatalities per
collision will likely involve all passengers ancear. Other risk metrics can often be derived. In
this respect, two types of commonly used risk rostaire individual risk metrics which are
based on the risk to an individual being exposeairigk on a regular basis, and societal risk
metrics which take into account the number of pgsgo be killed in a single event.

3 A localizer is the component of an Instrument LiagdSystem (ILS) that provides lateral guidancéhwéspect to the runway
centreline.
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Year

Flight
Aircraft Flight Hour

Number of Incidents
Aircraft Mile
Passenger Flight Hour
Passenger Mile
Passenger Flight

Take off or Approach

Number of Fatal Accidents Per
Number of Fatalities

Figure 2-2 Risk metric for air traffic operations (Source [3])

The suitability of a risk metric depends on, amotiter aspects, the system under

consideration, the available data and the requeedlts. In this respect, some considerations
leading to the selection of an appropriate riskrioetre:

The risk metric must be attractive and useful ffigr involved policy makers.

The risk metric must be able to represent the apresgces of possible decisions in an
appropriate way. In view of the steady increasairiraffic, this means that the collision
probability per year might be more suitable thangabllision probability per approach.
The risk metric must, if possible, not include gsithich are outside the scope of the
problem under consideration. The risk measure thesefore be restricted to the risk of
collision between aircraft, during the approacht péa flight only. Risk measures defined
in terms of accidents per flight hour or per mikevelled are not suitable, as the approach
takes only a relative small amount of time.

The risk metric must be used to derive the mininnaquired parallel runway spacing for
independent parallel approaches. For this usagepiesently not clear if and how to take
into account the risk to people living in the vigynof an airport, as airport surroundings
vary widely.

The risk metric must fit in with present safetyuggments. However, worldwide risk
criteria are not established for independent palrafpproaches. The ICAO single runway
approach safety requirement is defined in termrmaafimum probability of collision with
an obstacle per approach [31]. The FAA uses thesiool probability per approach for
independent parallel approaches [27]. EUROCONTR@&¥ dstablished Safety Regulatory
Requirements for evaluation of ATM related incideand accidents [78].

It seems not appropriate to apply societal risksuess for quantification of the risk
related to one part of a flight, as passengersceswl are exposed to risks during all parts
of a flight. Societal risk measures for aircrafsgangers seem only suitable for
quantification of the overall collision risk of kght.
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= In other fields (e.g. the fields of surface pulbtensport, hydraulics and civil engineering,
chemical processes, and the nuclear field) themgaesdency to use risk measures related
to a period of time more often.

=  Use of the collision probability per year bringsray the possibility that, by conducting a
small number of approaches, two parallel runwayh wihigh collision probability per
approach can be judged adequately safe. Espefmalbylots or crew, this high peak level
of risk will be unacceptable.

Considering the above, there may nobbhemost appropriate risk metric. Two suitable risk

metrics evolve for the safety analysis of two gdatalinways used for landing. Both are defined

with respect to the risk of collisidmetween aircrafonly:

=  The collision probability per approach: Commonlgdsup to now, for evaluation of the
risk during the approach part of a flight. It fitell within the present safety requirements
for air traffic operations, but does not take iat@wount an increase in runway capacity.

=  The collision probability per year (or its recipabcthe expected average time interval
between two collisions): Easy to interpret. It tak&to account the runway capacity, and
consequently the steady increase in air trafficaAsid to planning or decision making, it
may therefore be easier to use.

Both risk metrics will therefore be used in thicen.

2.3.3 Adoption of the Target Level of Safety

To determine the minimum required parallel runwagcing, a Target Level of Safety (TLS)

needs to be adopted. The TLS represents the Iéviekavhich is considered acceptable. The

acceptability of risk depends, naturally, highlytbe magnitude of the consequences. In

general, safety requirements are based on theglgrtbat an inverse relationship should exist

between the probability of occurrence and the madeiof its consequences. In our case, the

consequences could be catastrophic. A collisiowdan aircraft mostly results in loss of both

aircraft and death of all passengers and crewnandeven endanger the lives of people on the

ground. Evidently, a zero collision probability caot be realized. As, up to now, a worldwide

accepted TLS for independent parallel approachesbiayet been established, the question

arises how to assess the level of risk which magadmsidered acceptable. Several

methodologies for TLS assessment have been propgstdnow. Some methods worth

mentioning for air traffic operations are [24, 39]:

< Air transport as safe as surface public transgogt failway or bus);

» Expected passenger fatality rate in air traffic panable with population fatality rate due to
all causes;

e Air crew risk of accidental death comparable withes occupations;

e Current air traffic accident rates with a factoimaprovement;

* Maintaining current air traffic accident statistics

e Fitting in with present safety requirements forteaffic operations.
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Applying these methods does not necessarily letltetsame TLS. Moreover, they depend on
the selected risk metric. As a result, several pugtare difficult to apply in our situation. The
first three methods are usually based on the nuwitfatalities per distance or per time
travelled, which are both not suitable for the aagh part of a flight. With regard to the fourth,
the problem ariseshichsize of the target factor of improvement must dedu From the above
methods, the fifth and sixth seem most suitedHr $tudy. Note that different actor groups
(e.g. airlines, airport authorities, controllerwe, passengers or policy makers) may support
different methods. Airlines often support the fifgassengers the second, crew the third,
whereas policy makers often support one of thettmee methods.

Maintaining current air traffic statistics

Accident data regarding collisions between airadafing parallel approaches is not available.

We develop a method consisting of three steps:

=  Assessment of the accident probability per approach
The historical accideritprobability per approach at 'reasonable safe' peais, with more
than about 150000 movements per year, is estinaatéd 0’ [36].

=  Assessment of the fatal accident probability pgraeach:
The ratio fatal accidents : non-fatal accidentsf e order 1:4 [34]. This implies a
historical fatal accident probability per approattabout 10.

=  Account for the number of fatalities, and the loSswo aircraft:
The ri-criterion® is based on the assumption that accidents wiinestlarger number of
fatalities must correspond to atimes lesser probability. Assuming that a collisinay
bring along about five times more fatalities thareaerage fatal accident [22], and using
the ri-criterion leads to a TLS for the collision prolibiper approach of 119if c=1.5
and 4+10 if c=2.

Fitting in with present air traffic safety requirents

Safety requirements for independent parallel apgres are not yet defined. We develop a
method based on the Joint Aviation Requirement&jI#sk categorisation for ATGystems
which relates a number of hazard categories (cafdst, hazardous/severe, major, minor, no
effect) to a maximum probability of occurrence [38]collision between aircraft fits in the
catastrophic category, for which the maximum prdalgtof occurrenceper flight houris
‘extremely improbable’, and defined at’}@r initial cause Safety requirements specified per
flight hour are however not suitable for the apptopart of a flight.

4 An accident is defined as the occurrence of antemded ground contact outside the runway [36}eNloat this implies that
only external safetys being considered, e.g. a crash on the runwagtithcluded in the estimated historical accigeobability.

The parameter c can be used to quantify the dejr@e)voluntarity of the people being exposeatask, thereby assuming
that an involuntary risk requires a larger value.of
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The method now consists of three steps:

= Assess the maximum probability of collision pegfii:
Depending on the world region, the mean flight timay be estimated at 2 to 4 hours [34].
This implies a maximum probability of collision beten aircraft of 2e18to 4+10° per
initial cause.

= Account for the number of initial causes:
Assuming that there could be 1 to 5 initial causasling to a collision, implies a
maximum probability of collision between aircraft2y10° to 2¢10° per flight.

=  Assess the TLS for the collision probability pepagach:
Dividing the risk of collision equally between ttigee main parts of a flight (i.e. take off,
en-route, and approach) leads to a TLS of abotitda.0®.

Application of both methods does not motivate ttlepion ofone particularTLS. Problems
arising are a large number of numerical assumptoslack of statistical accident data, leading
to considerable uncertainty in TLS assessmentsmidthods suggest adopting a TLS ranging
between one collision in f@nd 16 approaches, i.e.

TLS erapproach J[1X107° 1x107° (2-1)

The TLS-area for the collision probability per yeaderived by assuming on average 200000
approaches per runway per year. This leads to ardh@ng between one collision in 500 years
and one collision in 5000 years, i.e.

TLS,eyea 0|2%107 ,2x107° (2-2)

As a consequence of the difficulties in TLS assesgnthe usage of a TLS as an absolute
boundary-line between safe and unsafe is hardstdyuBesides, the uncertainty in collision
risk assessments is often high, and sensitiveriatians in model parameters. The
determination of a safe separation standard iethier also subject to uncertainty. The TLS
concept does not really provide the means for takiis uncertainty into account. It is
recommended to examine the possibility of broadgtiie TLS concept, by investigating the
development of the ALARP (As Low As Reasonably Bcable) approach for use in aviation
risk management [29].

2.3.4 Definition of collision risk judgement scheme

In order to sethe TLS and/or broaden the TLS concept, policy makeust be consulted. In
order to already judge the acceptability of caltedecollision risk, a "collision risk judgement
scheme" is defined for usage in this study:
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= A scenario for which the collision risk is lowelatihthe lowest boundary of the TLS-area,
is judged adequately safe.

= A scenario for which the collision risk is highéanh the highest boundary of the TLS-area,
is judged unsafe. Collision risk reducing measunast be taken.

= A scenario for which the collision risk falls intiaeen both boundaries of the TLS-area, is
judged tolerable until the TLS has been set bycpatiakers. Besides, it is recommended
to investigate the feasibility of risk reducing regees.

2.4 Risk model

2.4.1 Overview of the risk model

A risk model is developed for the determinatioriief selected collision risk measures. The
airspace around the airport where the collisiok issevaluated is restricted to the intermediate,
final, and missed approach flight phases, therebyraing that the arrival and initial phases
bring along a negligible risk of collision.

The risk model consists of three parts. The fiest,gheconditionalcollision probability model,
developed by Couwenberg [26], describes how tautatke the conditional collision probability
between two aircrafjiventhe localizer interception times and types of afien (landing or
missed approach). The second part describes thmalitight trajectories and the probability
distributions for the deviations from the nominailit trajectories. The third part takes into
account the missed approach rate, dependency bebireeaft operations at adjacent runways,
initiation altitude of a missed approach, localizgerception times, and air traffic density in
order to derive the selected risk measures (cofliprobability per approach and per year). The
remainder of Section 2.4 describes these thres.parnore detailed description of the risk
model is given in Speijker [38]. The possibilityiafervention when blunders occur is not taken
into account. In reality, the collision risk migiierefore be somewhat smaller than calculated.

2.4.2 The conditional collision probability model
Four different combinations of operation$ are considered, consisting of a landing or missed

approach for aircraitand a landing or missed approach for airgrafhat isn' = (/]i ) ) with
n' =12 andp’ =12. The time dependent conditional collision probiabbbetween two aircraft

i andj given their localizer interception times and typésircraft operation (landing or missed
approach at a fixed altitude) is now denoted by

Peotision (t:/7") (2-3)

wheren" indicates the four possible combinations of typeperations.
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Let the flight trajectories of aircraifiandj be represented Ky, .y;, ;) and(¥;, y:, 2;),

where the three vector components give the longitddiateral, and vertical coordinates of the
geometric centres of the rectangular bounding bakesit the aircraft respectively. The
parameterslxi, d,i andd, represent the size of aircrafin accordance with the ICAO Collision
Risk Model (CRM) [33], the aircraft longitudinal giion and speed will be taken deterministic.
Let the stochastic moveme(X(t),Y (t),Z(t)} now represent the relative position between the
centres of the aircraftand;j, i.e.

X(@) = X - XY
Y() = Y -Y (2-4)
Zt) = Z2-Z',

Define thecollision areaof aircrafti andj by

oodl+qd oodl+d) odl gl
le — X X , le - y y ’ dlj -z z 2_5
X 2 y 2 z 2 ( )
Using the fact that a collision occurs when thera simultaneous overlap of the bounding
boxes in all of the three coordinate directionflibws that:

Protison 7 = P{|X (0] <di OV(0] <d 0[z(0] <} ],7u (2-6)

The pilot controls the aircraft approach positi@ng the navigation signals. The lateral

position and vertical position are assumed indepehas these are based on the (independent)
ILS localizer and glide slope navigation signalspectively. In case the stochastic aircraft
movements in the 3 directions are independent;ahéditional collision probability is equal to

Proison 7= P{[X (0] <al | xP[v(] <d} | xP{|zo] <al] , (2-7)

Using the deterministic character of the longitadlicoordinate [33], the following expression
for the conditional collision probability betweemd aircraft is stated:

Pratson (tpe7") =PV 8] <dti | <P|[2t,) <], x(t,)=0 (2-8)

where the passage tireis determined from the localizer interception tinaend the
deterministic velocities of both aircraft. Note tfagision (t, 7°) = 0, if x(t)20, Ct.

The lateral and vertical overlap probabilities b@ndetermined from the probability density
functions f, and fyi by convolution. For the lateral overlap holds:
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dl di o
P[|Y(t)|<dg] = J' f,(y)dy = J' '[fyti (y+u)f ; (ududy (2-9)

_dl>J/ _d'>J, —co

A similar expression can be derived for the vettisaerlap probability. Since the lateral overlap
probability is very small, equation (2-9) may b@agximated by

P[|Y(t)|<d3]= 2d} fy(0) = 2d} j fy (W, (Wdu (2-10)

—00

The vertical overlap probability can be considezabhd needs to be estimated by numerical
integration (e.g. using Simpson's rule).

2.4.3 Determining the flight trajectories

The airspace around the airport where the collisiglis evaluated is restricted to the
intermediate, final, and missed approach flightggisa The arrival and initial flight phases are
assumed to bring along a negligible risk and agectiore left aside.

The aircraft intercept their localizer at the Imediate Fix (IF). From the IF, the aircraft are
expected to fly along runway direction. During imediate approach the flight trajectory is
kept horizontal. From the Final Approach Point (FAdh aircraft descends with a glide path
angle of about 3 Several reasons may cause an aircraft to iniatéssed approach at any
altitude between the FAP and Decision Height (DHe missed approach path consists of a
curved part and a climb out part. From the Climh Boint (COP), the aircraft climb under a
constant climb out gradient. The missed approauatktdirection can only be changed from a
certain altitude, above the COP. The nominal flighjectories of aircraft approaching the
adjacent parallel runways are sketched in FiguBea&nhd satisfy the requirements for
independent parallel approaches, which are destiib8ection 2.2.

—+
—+ e
Top view Side view

Figure 2-3 Top-view and side-view of the nominal flight trajectories
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The probability distributions for the deviationsin the nominal flight trajectories during
intermediate approach are determined with datacieltl with the FANOMOS flight trajectory
registration system in August 1995 at Schiphol rap@6. The probability distributions for the
deviations from the nominal flight trajectory dugifinal approach and missed approach are
determined with a method developed by ICAO [31}. &o extensive description, see Speijker
[38] and Couwenberg [26]. The deterministic aircepieed, depending on aircraft category and
position, is given in Table 2-2, and satisfiesrtguirements defined in the PANS-OPS [32].

Table 2-2 Deterministic aircraft speed in knots

Aircraft Intermediate Final Approach Missed Approach
Category Approach
2000-1000 ft| 1000 ft-DH DH-1000 ft 1000-2000ft
A 120 95 70 90 100
B 150 120 90 110 140
C 190 150 120 140 200
D 230 170 140 160 230

2.4.4 Determining the identified risk metrics

To obtain the collision probability between twocaaft, the missed approach rate, dependency
between aircraft operations at adjacent runwaytstion altitude of a missed approach, and
localizer interception times are taken into accolihe conditional collision probability between
two aircrafti andj given their localizer interception timas,. andt’,. , is defined by

Peotiision (tioc) = i i P{”ij = Q7i :/7j )}' P con (tp 1/7” ) (2-11)
n

=ipi=1

With o=t )ioc - t 1oc @S the time difference between the localizer aaption times of aircraft
andi. The probabilitiesP”ij (with #'=1,2 andy '=1,2 ) give the probabilities of the occurrence
of the four combinations of type of operations:

oy =7 =) 212

These probabilities of occurrence are based omtheed approach rate and the dependency
between aircraft operations at adjacent runwayaolgethe stochastic missed approach rate by
Rwva, and letpgep represent the extent to which the operationsrofaiti andj are dependent,
where0 <pqep< 1. Full independency is given by.~=0, and full dependency pe=1. In the
latter case there are only two possibilities: a tarading or a dual missed approach.
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The probabilitiesP; (with 7'=1,2 andy '=1,2)), given realisationya of Rua andpaep, are
estimated by

Py (fwa s peed) = (1 peed (L~ wa)® + poep (1~ wa) ,77'=1 andy'=1

P ("wa s paed = (1~ paep (1- Tua) Twa n'=2 andy'=1 (2-13)
P”u' ("ma » pdep) = (1- paep (1- Mva) Fma n =1 andy 1=2
P”u' (rma » pdep) = (1- paep rva’ + Pdep M'mA n =2 andy =2

Let fr denote the probability density function of the seid approach rate anquep the best
estimate for the dependency parameter. The pr(irliM)iP”ij may now be stated as

1

Py = j Pi ("mas Paep) TRy, (fa)divia » ni =g n)vith n = 12andpi =12 (2-14)
r=0

In the absence of statistical data, the missedoagbrrate must be represented by a (subjective)
probability distribution elicited through the uskexpert opinion [25]. In this studfRya is
assumed to be Beta distributed with shape parasmiganddua , i.€.Rya ~ BetaPuya , Qua)-

For a motivation see Speijker [38]. The paramgtgrsandgua can be determined with a
procedure based on elicitation of two percenti3].[Next aspect is the initiation altitude of a
missed approach. As most missed approaches deadift or near DH [31], it is assumed that
missed approaches are to be initiated at 200&tDtH for ILS Category |.

To obtain the collision probability between twocaaft, the localizer interception times are now
taken into account. Considering tineependentise of the runways, it is assumed that the
localizer interception times are uniformly distribd.

Consequently,

Ti

1 j
PcoIIision =T_ J- PcoIIision (t)dt (2'14)

i t=o
with Tj; such that each possible passage point is takematount.

The collision probability per approadPyoision per approach &N be determined in a similar way by
taking into account the air traffic density as wéllmethod for determining the collision
probability per approach is described in Speijld&] |

The collision probability per yeaPqjision per year CaN be determined from the collision
probability per approach by taking into accountniienber of approaches per runway per year,
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n. Because of the fact thatlependenparallel approaches are being performed, a mutual
independence between the runway approaches masbmaed, i.e.

l:)collis.ion peryear =1-|1- F>collis.ion perapproach] " (2'15)

If Pcotiision per approacktd, this may be simplified by using first order eppmation:

l:)collision peryear =nx F>collision perapproach (2'16)

which is equal to the expected number of collisipasyear.

2.5 Numerical evaluations

2.5.1 Definition of a baseline scenario

In order to obtain a first, most likely, estimatiofithe collision risk related to independent
parallel approaches, a baseline scenario is defitngch satisfies the currently prescribed
operational procedures. Its main characteristies ar

Distance between runway thresholds,y@: The most interesting scenario is specified by
X¢=0 and ¥=1035 m (the minimum required parallel runway spggi

Traffic density: The time interval between aircrafiproaching a runway is 75 s.
Average number of approaches per runway per yéa0@, reflecting the fact that, in
general, during the night only part of runway cagyatay be utilized.

Aircraft speed categories: C and D, for aircraftraaching the adjacent runways.
Aircraft sizes: 70.5859.64x19.33 m, corresponding to a Boeing 747.

ILS Category: |, bringing along the largest unaetiaabout the glide path.

Localizer interception: The angle with the locatizeurse is betweerf @nd 30.
Intermediate approach altitudes: The aircraft apghing the adjacent runways are
expected to fly at altitudes of 2000 ft (right rusagy and 3000 ft (left runway).
Intermediate segment length: 5.0 km, in accordavittethe collected flight data.

Glide path angle: <3

Climb out gradient: 4.0 %.

Missed approach initiation altitudes: 200 ft, whistthe minimum required Decision
Height (DH) for ILS category I.

Missed approach turns: 3@ngle of divergence between the nominal missedoaph
tracks, with turns at an altitude of 500 ft.

Missed approach rate: Beta distributed stochasti@ble with shape parametgxs =1.17
andgua =84.66, corresponding to elicited median (50-ticestile) and 5-th percentile of
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0.01 and 0.001 respectively. A value of 0.01 (om&sed approach in 100 approaches) is
also used in the ICAO CRM [31] and in the PANS-QB8.

= Dependency parameteﬁadep: 0.30, derived by assuming that the main reasana flual
missed approach are turbulence and windshear (sak& [38]).

2.5.2 Numerical results for the baseline scenario

Based on the risk model, a computer program has inggemented in the NLR Information

System for Safety and Risk analysis (ISTaR). Wik tomputer program the baseline scenario

has been numerically evaluated. The main resuts ar

*  The calculated collision probability per approast3i6e10.

*  The calculated collision probability per year pemway is 7.2¢10.

=  The numerical values of both risk metrics fall vitithe defined TLS-areas, and may
therefore be judged 'tolerable’ until the TLS hesrbset by policy makers.

=  The probability of a near miss, which is definedassng 500 ft vertical and lateral
separation without colliding, is 7.44s@er approach, which implies that about 15 near
misses are expected to occur per year. This iswelkahigh and therefore worrying. Note
that it would be possible to validate these neasrprobability estimates with flight data,
once two runways spaced exactly 1035 m are usaddependent parallel approaches.

=  The maximum conditional probability of an aircrafttering a 2000 ft NTZ during final
approach is considerable, and equal to 1.47¥fr glide path interception.

=  The collision probability during intermediate apach is highest when passage occurs near
turn on to the localizer (magnitude about')LO

*  The collision probability during a dual missed agamh is in between about 4Qwhen
passage occurs near the turn altitude of 500 &)1411° to 10™ (when passage occurs at a
much higher altitude), and may be judged acceptailein case of an early turn.

=  The collision probability during final approach niaally reaches a magnitude of about
10° to 10%, which is relatively low compared with the mostzaalous phases during
intermediate approach (near ILS localizer intercapt a dual missed approach.

The collision probabilityduring final approachs already relatively low. Technological
improvements and improved operational procedueaslihg to further increased safety during
final approach, do therefore ngignificantly lower the collision probability pgear. To
increase the safety related to independent paggilgioaches, the relative high collision
probability near both turn on to the localizer avedr the turn altitude must be lowered.

Varying the lateral distance between the two paralinways, while keeping the other

parameters according to the baseline scenario,sti@at the collision risk increases with a
gradually higher rate if the lateral distance dases (Figure 2-4).
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Figure 2-4 Collision probability per year versus parallel runway spacing

Important numerical results, valid under baseliperational conditions, are:

=  Below about 600 m runway spacing, a collision istiiikely to occur every year. The
collision probability per year increases even fertifithe lateral distance is reduced.

=  Below 930 m runway spacing, the collision risk te@xa high and unacceptable level of at
least one collision in 100 million approaches (ne @ollision in 500 years).

=  Above 1270 m runway spacing, the collision riskiatt a low and acceptable level of at
most one collision in 1000 million approaches (oe @ollision in 5000 years).

Note that the currently required minimum paralleliway spacing of 1035 m (or 3400 ft) falls

within the 'tolerable area’ of the 'collision riskigment scheme'.

2.5.3 Sensitivity analysis

Sensitivity analysis shows to which model paransetiee risk measures (collision probability
per approach and per year) are sensitive. Varyiogeihparameters, while keeping the other
conditions in accordance with the baseline scenamiicates that the risk metrics are sensitive
to, especially, the nominal vertical separationmyimtermediate approach, the angle of
divergence between the nominal missed approackstrand the missed approach turn altitude.
The influence of other missed approach parametetiecollision risk is relative low, but will
be larger if the angle of divergence decreaseleomissed approach turn altitude increases. It
may even be considerable if missed approaches & initiated along runway direction. A
detailed sensitivity analysis, including numericaimputations, is found in Speijker [38].
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2.5.4 Collision risk reducing measures

The following metrics are currently prescribed BAD for simultaneous and independent

parallel approaches, for trying to maintain theuieed level of safety:

=  Atleast 1000 ft nominal vertical separation durintgrmediate approach;

= Atleast 30 angle of divergence between the nominal missedoapp tracks, with turns
‘as soon as practicable’;

= A maximum intercept angle with the localizer coun$&C .

In the following, the effectiveness of each of tinst two metrics is numerically evaluated,

while keeping the other conditions according toliheeline scenario. The impact of staggered

parallel runways on the collision risk is also detimed.

=  Nominal vertical separation during intermediaterapph:
According to Table 2-3, the risk decreases rapidlye nominal vertical separation
increases. With less than 500 ft, a collisionksllf to occur within 1 to 3 years.

Table 2-3 Effectiveness of increasing vertical separation during intermediate approach

Vertical Separation c,alision, per approach I:>collision, per year
0 ft 6.59:10° 1.00
500 ft 1.8510 3.09¢10"
750 ft 2.751C 5.48¢10°
1000 ft 3.6010 7.2010°

Evidently, at least 1000 ft nominal vertical sepiarais required. A separation of more than
1000 ft will reduce the risk even further. Howeube feasibility of this is rather questionable
as it probably lowers runway capacity significantly

=  Diverging nominal missed approach tracks, with $uas soon as practicable":
Table 2-4 shows that the risk decreases with augithdhigher rate if the turn altitude
decreases. A turn altitude above 500 ft may begddmacceptable.

Table 2-4 Effectiveness of decreasing turn altitude

Turn altitUde I:c)ollis.ion, per approach Pcollision, per year
500 ft 3.6010 7.20-10"
1000 ft 1.68+10 3.30:10°
1500 ft 1.84¢10 3.08¢10"
2000 ft 4.48¢10 5.92¢10"
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Table 2-5 shows that the risk decreases with augithdsmaller rate if the angle of divergence
increases. Worth noticing is that increasing thglewof divergence to more than°20 3¢
hardly reduces the collision risk any further.

Table 2-5 Effectiveness of increasing angle of divergence between missed approach tracks

Angle of divergence Bliision, per approach Peotiision, per year
0° 4.48¢10° 5.92¢10"
10° 2.45¢10° 4.89¢10°
20° 3.7510° 7.50¢10"
30° 3.6010° 7.2010

Clearly, at least 20to 3¢ angle of divergence is required, with turns 'amsas practicable’,
and not above 500 ft.

=  Staggered parallel runways:
Table 2-6 shows the risk for three longitudinataiees between runway thresholds, x
where a positive sign indicates that the 'left rapVis located ‘farthest away', and a
negative sign the opposite. The collision risk dases if xincreases.

Table 2-6 Effectiveness of staggering the parallel runways

Xd I:)collis.ion, per approach Pcollision, per year
-2000 m 1.38¢10 2.72:10°

Om 3.60-10 7.20-10"
+2000 m 1.53.18" 3.06¢1¢°

Parallel runways should, if possible, be built watime - as large as possible - longitudinal
distance between runway thresholds. Independeati@aapproaches must then be performed
such that the aircraft with the highest located KAgually at 3000 ft) approach the runway
located farthest away. It turns out that all thmeenerically evaluated measures are effective in
reducing the collision risk. Besides, although matnerically evaluated, it is reasonable to
expect that the collision risk decreases if thali@aer intercept angle decreases, especially with
lacking nominal vertical separation during interiage approach.
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2.5.5 Worst case scenario

The worst case scenario is specified on basidarige number of numerically evaluated

scenarios. Besides 1035 m parallel runway spaitggjain characteristics differing from the

baseline scenario are:

= Aircraft size: 95.680.0x20 m.

= Traffic density: The time interval between aircraiproaching a runway is 60 s.

= Intermediate approach altitudes: The aircraft apghhing the adjacent runways are
expected to fly at equal altitudes of 2000 ft.

=  Climb out gradient: 2.5%.

=  Missed approach tracks: along runway direction (iceturns specified).

Under these worst case operational conditionsgolission probability per approach is

1.38+10%, which is definitely unacceptable. A collisioneigen most likely to occur a couple of
times per year! Especially the lacking nominal ieaftseparation during intermediate approach,
and the insufficient nominal lateral distance dgrindual missed approach are responsible for
this unacceptable high risk of collision. The @tin probability is considerable when passage
occurs near turn on to the localizer (magnitudeuah6* to 10°%) or, in case of a dual missed
approach, when passage occurs above about 1a8adnitude about 10to 10°).

Numerical evaluations show that the collision rieluces into the defingdlerablearea of
[1x10°1x10®] by application of the following two measures:

= 1000 ft nominal vertical separation during intermagel approach;

= 30° angle of divergence between the missed approackstywith turns at 500 ft.

Varying the lateral distance between the runwagsvshthat increasing the parallel runway
spacing is not practicable in reducing the riskarngorst case conditions. Increasing the
runway spacing td240m reduces the collision probability per approazh.p+1¢°, and
increasing t&140m is necessary for reduction to 1.0°1.0

2.6 Conclusions

In this study a probabilistic risk analysis regagdthe risk of collision between aircraft
performing independent parallel approaches has theseribed. Two suitable risk metrics
evolved for the risk analysis of two parallel rurysaused for landing: the collision probability
per approach and the collision probability per yeafined with respect to the risk of collision
between aircraft. Application of two methods ford hssessment providétlS-areasdefining
ranges for the TLS used in this study:

TLSperapproach Df1x107° 1107 | or TLS qyeqr 0|2%107%,2x107° (2-17)
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Because of problems arising in assessment and o§#lge TLS, it is recommended to examine
the possibility of broadening the TLS concept. idey to sethe TLS and/or broaden the TLS
concept, policy makers must be consulted.

A risk model was developed and implemented forrd@teation of the collision risk.

Application of the risk model to a number of scéosrwith varying parallel runway spacing,

and under different operational conditions, shoted:

=  The collision probability between two aircraft dag considerable and unacceptable under
certain conditions, especially near turn on tolttwalizer and during a dual missed
approach;

=  Technological improvements and improved operatipnatedures, leading to an increased
safety during final approach, do regnificantly lower the collision probability per
approach.

Numerical evaluations showed that the following sugas are essential, and must be

prescribed, for trying to maintain the collisioskiat a low and acceptable level:

= Atleast 20 to 3¢ angle of divergence between the nominal missedoaph tracks, with
turns 'as soon as practicable’, and not abovet500 f

=  Atleast 1000 ft nominal vertical separation duringgrmediate approach;

= Some - as large as possible - longitudinal distéeteeen the runway thresholds of the
parallel runways. Besides, the approaches mustitbgrerformed such that the aircraft
with the highest FAP approach the runway locatdhést away'.

Provided that these measures are applied and asgtimait a TLS from the specified TLS-areas
is used, independent parallel approaches may lyefuddequately safe if the runway spacing is
greater than 1270 m, and unsafe if the spacingueid than 930 m.
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3 Risk analysis of simultaneous missed approaches on Schiphol
converging runways 19R and 22

3.1 Introduction

The increase in air traffic implies that for bussparts, such as Schiphol, new and advanced
ATM procedures are being developed. For some pexpA83 M procedures, ICAO regulations
do not exist and a safety assessment incorpordttengple of ATC and pilots is required. This
study concerns a risk analysis of simultaneouseadispproaches on runways 19R and 22,
where the Obstacle Clearance Altitude (OCA) of rap®2 is proposed to be reduced from 350
ft to values less than 200 ft. The current OCA%®® & has been established as from ILS
installation in 1993, when a ‘bend’ in the ILS ltizar signal just before 200 ft was noted.
According to Westerveld [46], the ILS localizerrsagd is of sufficient quality to allow the
proposed reduction of the OCA.

A reduction of the OCA may allow the use of runvizgyin actual CAT-l weather conditions,
which will support the optimisation of the arrivadheduling, in particular for forecasted CAT-I
conditions. However, a reduction of the OCA movesdecision point of making a missed
approach closer to the runway threshold. This affbct the distance between the prescribed
missed approach trajectories of runways 19R an&vBizh could result in an increase of the
collision risk. The primary objective of the resgacan be formulated as follows [40]:

The quantification and evaluation of the risksiofdtaneous missed approach procedures on
runways 19R and 22, up to and including ILS CAiFdurnstances.

The next Section 3.2 describes the currently pitesdr(missed) approach procedures for
runways 19R and 22, including requirements conogrttie usage of this runway combination,
the role of ATC and pilots. Section 3.3 deals wfth adoption of a risk criteria framework to
judge the acceptability of collision risk, includiidentification of suitable metrics and
assessment of safety requirements for the collisgkbetween aircraft. Section 3.4 describes
the extension of an existing risk model to enalelieednination of the collision risk. This
extended model is developed through an integraausthree NLR tools: ISTaR, TOPAZ, and
FANOMOS. In Section 3.5, sixteen representativaenades, with varying operational aspects,
will be evaluated and the worst case scenariobeilidentified. The role of ATC monitoring

and instructions and some possible future procédhemnges are investigated, thereby
examining the necessity of possible risk reduciegsures. Based on the numerical results and
the identified hazards, Section 3.6 contains tfetpariticality assessment of the proposed
reduction of the OCA to values below 200 ft, anthemperational feedback concerning the
necessity of (re)design of the proposed procedorasinways 19R and 22. The conclusions
and recommendations with respect to the safetgefrtdependent usage of runway 22 as a
CAT-I ILS runway will be given in Section 3.7.
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3.2 Identification of requirements and procedures

3.2.1 Schiphol runway combination 19R and 22

Runway 19R (recently re-numbered to 18C) is onth®fprimary runways for arriving aircraft.
The runway 19R is favourable because of noiseicdetrs and the minimum impact on the

other runways. Arrivals on runway 22 are not faatle with respect to noise as the approach is
right across the centre of Amsterdam. Combined@id®R and 22 is in principle limited to
inbound peak time periods, and in general not abbauring the night.

Figure 3-1 Schiphol runway lay-out (before opening of the Polderbaan)

3.2.2 Aircraft missed approach procedures

The missed approach procedure for runway 19Ragéir ahead on runway track, whereas the
procedure for runway 22 prescribes a left turmaok 160° MAG, i.e. the required track change
is 223°-160°=63° [45]. For safety reasons, the tnay only be initiated after completion of the
initial missed approach phase [32], which compreeaircraft type dependent task breakdown.
The manoeuvre during the initial missed approaadspmecessitates concentrated attention of
the pilot especially when establishing climb andraes in configuration, and it is assumed that
the guidance equipment cannot be fully utilised.rblguirements to change the flight direction
are acceptable in this phase. The initial apprqénetse may require up to 30-40 seconds (or 1.0
to 1.8 NM travelled) beforat the earliestateral navigation can be adjusted and the turn
initiated. Relevant missed approach rulemaking normally owaly a special case for the
initiation of a missed approach: no visual contaalecision height due to low clouds and/or
reduced visibility in fog. Although it can be arglthat low-visibility is the most critical reason
when considering obstacle clearance, there are otissed approach triggering reasons,
resulting in a variety of possible initiation aliites from DH to 2000 ft or more [41, 45].
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3.2.3 Air Traffic Control procedures

ATC is responsible for the safe and efficient mamagnt of air traffic on and around the airport

[47, 48]. Tower Control maintains control of thecaaft from the point that the aircraft is

established on ILS localiser until either the aiftr

= |eaves the runway and is transferred to the graamdroller, or

= initiates a missed approach and is transferregpocach control for new line up for
landing.

The tasks for the controller focus on final apptoaequencing, monitoring of the (missed)
approach, provision of a landing clearance andhduessary R/T communications. Usually two
different tower controllers manage the aircrafttom arrivals for 19R and 22, using different
frequencies for communication with aircraft condugta missed approach [41]. Pilots will not
automatically be aware of the other aircraft iitig a missed approach other than from visual
reference or when being informed by ATC. Althoulgl procedure for runway 19R does not
prescribe a turn, in reality ATC often instructeceaft conducting a missed approach on this
runway to also initiate a turn away from the norhingectory for runway 22 [43], and will also
provide instructions (e.g. “turn right”, “turn l&ft‘climb to”) to avoid collisions.

3.2.4 Differences between current and proposed procedures

This study focuses on the situation of runways 288 22, where the OCA for runway 22 will
be reduced from 350 to values below 200 ft. Thikuotion might allow a DH of 200 ft,
enabling the use of runway 22 in actual CAT-I weattonditions. The missed approach
procedure for runway 19R will not be changed, ptedithat an acceptable level of safety can
be obtained. It is also not expected that a changeocedure for runway 22 will have an effect
on ATC tasks / procedures or communication, or male an effect on the approaches to
runway 19R. Most important aspect is that the paimére a missed approach is initiatedien
the missed approach is based on visibility conddior unstabilized approacimoves to a point
further down the approach for runway 22 (the nofnilistance to threshold reduces from about
1.1 NM to 0.6 NM). The missed approach path fomram 22 will move closer to the missed
approach path for runway 19R, which is a factot thight increase the risk of collision.
Runway selection is based on meteorological datbhas a resolution of 100ft. The tower
supervisor will probably decideotto use the runway combination 19R/22 when a brakeund
base of 200 ft is reported, since the margin wWith200ft DH is too small. Therefore the lowest
(forecasted) ceiling for the selection of runwayaa2anding runway will be reduced from a
broken cloud base (BKj)lof 400 ft to BKN 300 ft, which is a factor thaight influence the
missed approach rate [41].

6 BKN denotes the altitude at which the clouds aokén. A BKN 400 ft implies a (forecasted) brokdéoud base at 400 ft.
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3.3 Risk criteria framework

3.3.1 Introduction

Up to now, the most commonly used risk criteriafeavork for the collision risk between
aircraft in the airport surroundings include:

= Asingle risk metric defined in terms of the cathis risk probability per approach;

= Arisk requirement based on the Target Level oe§afTLS) approach.

As an example, previous research studies underfakehe Civil Aviation Authorities
proposed a risk criteria framework based on a mawirollision risk probability per approach
of between 18 and 10 [2, 49]. Research studies for the European Conomisad
Eurocontrol show a tendency to also investigategtissible application of:

=  risk metrics that convey the costs and benefitsoskible decisions more clearly, and
= risk requirements that are based on the As-Low-BasRnably-Practicable approach.
Risk (or safety) requirements are usually basethemprinciple that an inverse relationship
should exist between probability of occurrence mragnitude of its consequences.

3.3.2 lIdentification of suitable collision risk metrics
The suitability of risk metrics for the collisioisk between aircraft is studied [2, 41, 49]. A
rationale is developed and applied for evaluatirgduitability of possible risk metrics. Two
suitable risk metrics to regulate and control sain risk around the airport are proposed:
1. Collision probabilityper movement (i.e take off or landing):
Commonly used for evaluation of risk events dutimg approach and take off part of a
flight. It fits well within the present safety reigements for air traffic operations, but does
not take into account an increase in runway capacit
2. Collision probability per yeafor expected average time interval between 2eisats):
This metric takes into account the runway capaaity the steady increase in air traffic. As
an aid to planning and decision making, it migketréfore be more appropriate to use.
Economic riskmight be used as an informative metric to conwestsand benefits of possible
decisions more clearly [41]. Since economic risgpen to more than one interpretation, this
metric should not be used for regulation (i.e. antwls should be based on it).

3.3.3 Target Level of Safety (TLS) approach

The TLS approach is based on a division of thegwskinuum into two regions, where the TLS
provides the boundary value between safe and unsareS specifies a maximum acceptable
level of assessed risk (i.e. point estimate). S#vaethods for TLS assessment have been used
[49], and methods based on historical accident dat@metimes factored for improvement — are
most popular. Some existing and proposed TLS iaten are [41]:
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1. Existing TLS for collision with obstacles (ICAO-OCP
Maximum collision probability per approach of 1.@%1

2. Existing TLS for mid-air collisions (ICAO-RGCSP)

Maximum collision risk per flight hour per dimensiof 5x10°.

3. Existing TLS for aircraft accidents during all figphases (ICAO-AWOP)

Maximum aircraft accident risk of 1.0x1@er flight hour or 1.5xI0per movement.

4. Existing TLS for aircraft accidents during approaahd landing (ICAO-AWOP)
Maximum aircraft accident risk of 1.0x¥@er movement.

5. Existing TLS for failure conditions of individuateraft systems (JAR-25)

Maximum probability of occurrence per flight hodrlo0x10° per system failure
condition.

6. Proposed TLS for accidents with an ATM contribuigarocontrol-ESARR4)
Maximum probability of ATM directly contributing tan accident of a commercial air
transport aircraft of 2.5x0accidents per flight hour or 3.5x1@er movement.

Note that some applications of the TLS concept teayfirst and second) provide detailed

guidelines for the numerical method to be usedfsessment of the risk.

3.3.4 As-Low-As-Reasonably-Practicable (ALARP) approach

The ALARP approach is based on a banded assessfraégtision structure, which contains a
tolerable region bounded by maximally negligiblel amnimally unacceptable levels of risk.
Within the tolerable region the risk must be protebhe ALARP in order to be acceptable [51,
52]. Cost-Benefit Analysis (CBA) is a method thahde used to demonstrate that any further
risk reduction in the tolerable region is impraabite. Up to now, ALARP has mainly been used
in industries other than aviation (e.g. the chemiiéshore, nuclear and some transport
industries). Recently development of the ALARP apph has been investigated within the
context of RVSM in European Civil Aviation Confemn(ECAC) countries [51]. It was
concluded that for aviation there seems to be Be &@& replacing any accepted TLS with
ALARP. However, since most practical applicatioh®\bARP use fixed risk criteria like the
TLS to determine the ALARP region, there appedrg@rounds focombiningthe TLS and
ALARRP for aviation risk management for certain sésd An advantage of ALARP might be
that it provides a rationale for reduction and gation of risks.

3.3.5 Adoption of safety requirements

On behalf of the CAA, it was decided to judge theegtability of the estimated collision risk
by a relative comparison of the collision probabiper approach of the current and proposed
situation for runway 22. Moreover, the magnitudehef absolute risk value will be compared
with theEUROCONTROLproposed TLS for accidents with an ATM contribat{@8].
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3.4 Risk assessment model

3.4.1 Risk assessment methodology and tools

For the assessment of the collision risk relatesirtaultaneous missed approaches on Schiphol

runways 19R and 22, three NLR methodologies anid tre integrated and used:

* NLR’s Information System for Safety and Risk an&y$STaR);

= NLR’s Traffic Organization and Perturbation AnalyZeSimultaneous Missed
Approaches toolset (TOPAZ-SMA);

= NLR’s Flight Track and Aircraft Noise Monitoring Sgem (FANOMOS).

As the basis for the development of the collisiesk assessment model use is made of the

TOPAZ methodology to assess accident risks for Adpdrations [53, 58]. Note that the

TOPAZ-SMA toolset development is described in deteBlom et al. [42]. TOPAZ supports a

spiral development cycle that is of the form:

A. Design of an ATM operational concept.

B. Assessment of the ATM concept, resulting in a testefit overview.

C. Detailed analysis of the assessment results, iegult recommendations to improve the
ATM concept.

D. Review of ATM concept development strategy and plan

E. Backto A: adapted and/or more detailed ATM conckgsign using the results from C
resulting in a new or optimised ATM concept.

The TOPAZ methodology is based on a stochastic tiog@pproach towards risk assessment
and has been developed to provide designers ohaddaATM with safety feedback following
on a (re)design cycle, see Figure 3-2.

During the assessment cycle four stages are seglyenbnducted:

1. Identification of operation and hazards (upperlbefkes in Figure 3-2)
2. Mathematical modelling (right boxes in Figure 3-2)

3. Accident risk assessment (middle box in Figure 3-2)

4. Feedback to operational experts (lower left bokigure 3-2)
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Figure 3-2 TOPAZ risk assessment cycle

3.4.2 Identification of hazards

The main issues lie in the fact that, contraryltother published procedures at Schiphol, the

missed approach procedure for runway 22 is hobeguiure straight ahead on runway track and

prescribes a left turn to track 160 ° MAG at thesdéid Approach Point (MAPt). Humans

involved (flight crew and ATC) must act accordimgthe published procedures, nevertheless it

must be considered that the flight crew delaygdts, or chooses not to initiate a turn early in

the missed approach. Therefore reasons for not lgargpwith the published procedure were

identified:

= The ATCOD incident database of the LVNL [44] wagdiso derive baseline reasons in
relation to aircraft conducting a missed approathumways 19R and 22;

=  For the turning missed approaches, possible hazard®ll as the impact of these hazards
on the aircraft turning track (including locatiomere the turn will be initiated, turn radius,
and vertical climb performance) were assessed [41];

=  For the missed approaches straight ahead on rutmaely possible hazards were supple-
mented with hazards derived during previous NLR&@esh studies.

A brainstorm session was held, where represensati’dlLR, Dutch CAA, and LVNL

discussed possible hazards that might occur. Tlewiog relevant factors were noted [43]:

=  Although the missed approach procedure for runv@y does not prescribe a turn, in
reality ATC often instructs aircraft conducting &sed approach on this runway to also
initiate a turn away from the missed approach ngriajectory for runway 22;
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=  The Jeppesen approach plater runway 22 might lead to confusion of pilotsdacting
a missed approach. The fact that the ILS plate@stains information for a Non-
Precision Approach (NPA) procedure might lead totpiinterpreting the information
wrongly, e.g.:
= The MAPt and required turn can be interpreted asgecatedbeforethe DH;
s The visibility criteria may be interpreted as beagpal to 1200 m (applicable to the

NPA procedure) instead of the 1800 m applicabka¢dLS procedure;

=  Runway 22 has currently no ILS CAT-I approach amuaray lighting, but will be
equipped with stopbars in the near future.

=  The Jeppesen approach plates for runways 19R adiffe2from the AIP approach plates
on significant details, e.g. Jeppesen omits thetioging of specific procedures that apply
in case of a missed approach under communicatitumea

3.4.3 Missed approach model

A statistical model for the uncertainties aboutrthiesed approach flight phase has been
developed [41]. This model accounts for the spedifiture of the procedures for runways 19R
and 22, where the latter includes a turning trajgctvith turns ‘as soon as practicable’.

Probability distributions for the lateral and vettl deviations

For the straight missed approaches, the ICAO CRd daused [31]. However, for the rare
turning missed approaches, reliable data can nobtséned easily. Therefore, in co-ordination
with the CAA, it was decided to use FANOMOS turngigparture data — together with an
assessment of the impact of the main differencés twining missed approaches — to represent
deviations about the turning missed approach patbgeing the best feasible modelling option.
Schiphol departure data has been analysed usirmRI§dodness-of-fit tools [41].

Probability distribution for the missed approachiiing point

A statistical model for the missed approach turrmpont, representing a probability distribution
for the time required before lateral navigation baradjusted and the turn initiated has been
developed. This model is based on expert knowlefdairline) pilots at NLR.

An example of elicited duration times for the thskakdown of the Boeing 737/Airbus A320 is
given in Table 3-1. Task duration and sequencingedds on aircraft type, therefore similar
tables have been elicited to represent turn behavipilot flying other aircraft approaching
19R and 22 [41].

! An approach plate is an aeronautical chart thatalizes and explains the approach procedurefiedfis airport runway.
Jeppesen is a company that specializes in aeroabatiarting and navigation services, flight plargnipilot supplies.
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Table 3-1 Boeing 737 / Airbus A320 Missed approach task breakdown

Task Earliest possible time 50% 95% End
percentile | percentile | time
1: Decision to initiate missed approach T0 2 second3d seconds T1
2. Triggering go-around FD mode T1 1 second 3 second3 2
3: Thrust change for go-around T2 6 seconds 9 sacondT3
4: Adjusting pitch angle T1+ 1 second 4 seconds  cBrsas T4
5: Raising flaps for climb-out T1 + 2 seconds 6 selson 10 seconds  T5
6: Raising the gear T4 3secondls 10secgnds [T6
7: Engaging the autopilot T6 & passed 1000 fi 1300(ft 1600 ft T7
8: Turn, adjust lateral navigation T6 & passed 400 ff 600 ft 900 ft T8
9: Level off, adjust vertical navigatior)  passed atté of 2000 ftf 1700 ft 1900 ft T9
— (10% of climb rate)

Reasons and altitude for missed approach initiation

It is assumed that the statistics for the basekasons and likely altitude for initiation of a
missed approach is based on a combinatidg,@¥% at DH and 1004 % based on other
reasons. Table 3-2, which shows the reasons aglg kiktitude for initiation of a missed
approach, is used [41, 42]. Note that the columdgate the type of probability distribution
used. A Dirac density function is used in caseréason implies a Missed Approach (MA)
initiation at a specified altitude. For the otheasons, as the MA initiation altitude might vary, a
uniform distribution is chosen. For the paramaigra value of 20% is chosen.

Table 3-2 Reasons and probability density of height for initiation of a missed approach

Density type | Dirac | Dirac | Dirac Uniform Uniform
Reason Percentagel 100ff 300ft 600ft 600-1200 fL00-1200 ft
Runway occupied 27.2% 4.5% 22.7%
Unstable approach 20.4% 6.8% 4.5% 2.3% 6.8%
Turbulence 6.8% 4.5% 2.3%
Flap problems 13.6% 2.3% 4.5% 6.8%
Wind-shear 22.7% 11.39 6.8% 2.3% 2.3%
Weather 2.4% 2.4%
Other 6.9% 2.3% 2.3% 2.3%
Percentage 100% 22.6%  38.6% 9.1% 9.1% 20.6%
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Missed approach rates for runways 19R and 22

Reliable data on the percentage of executed meggeebaches is difficult to obtain, especially
with respect to particular airports or runways. LMB] mentions frequencies in the order of
0.001 to 0.002 per approach, on the basis of wadielLM data. During the brainstorm
session [43], it was noted that the rate for run@2yvill probably be higher than average,
because taxiing aircraft have to make a sharpwinen leaving this runway, i.e. the Runway
Occupancy Time (ROT) is relatively high. Withingtstudy, for the missed approach rates of
runways 19R and 22 reference values of 0.002 d@idr@spectively have been chosen.

Probability distribution for the aircraft verticatlimb performance

Since the majority of conflict situations is expatto occur after the aircraft have reached the

missed approach level altitudes, the following asphave been analyzed:

=  The elapsed time necessary for different aircrafilimb to final missed approach altitude;

=  The percentages of different aircraft that havenle&d to final missed approach altitude as
a function of distance from runway threshold.

3.4.4 Integration of mathematical models

For the integration of the mathematical modelsDiiramically Coloured Petri Net (DCPN)
approach is used. An advantage of this approaitfaidiuman factors issues, reaction times of
involved actors, and system performance can athbeeled and analyzed. A modular system
engineering type of representation for the douliksed approach scenario has been identified
by taking for each main functionality in the ATMes@rio one module, and additionally taking
for each aircraft in the system a module descrilimgrajectory. If an ATM module is aircraft
specific, then such a module is introduced for exdhe aircraft. Modules A refer to an aircraft
individually. Modules B may affect several aircrafn overview of these modules is:

Al Level of skill of pilot B1 Level of skill of Tower controller

A2  Level of performance of pilot not flying B2 Level of performance of Tower controller
A3 Level of performance of pilot flying B3 Surveillance

A4 Aircraft module B4 ATC system

A5  Aircraft airborne system B5 Communication, global

A6  Aircraft landing system B6 Navigation support, ground

A7  Cockpit display and computer B7 Level of maintenance, ground

A8  Type of weather B8 Runway degradation

A9  Navigation equipment aircraft
A10 Communication, local
All Level of maintenance, aircraft
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The ATM modules and their interrelations are degalah Figure 3-3. For the aircraft module a
RASMAR specific local Petri net representing theraft evolution is modelled.
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Figure 3-3 Functional representation of ATM modules and their interrelations.

3.4.5 Collision risk given a double missed approach

To determine the collision risk given a simultare@double) missed approach on runways 19R
and 22, a Collision Risk Tree (CRT) is constructadhe following, first the collision risk
concept is described, taking into account the ditseof different aircraft types that may
approach runways 19R (mainly Mediums and Heavied)22 (Lights and Mediums only).

Collision risk concept

Letu' := (X', yi, 2) andv := (X ,y!,Z) be the 3D location and 3D velocity of aircrafand
letx, yandz refer to the 3 dimensional axis systdratu’ :=u/ -u’ be the distance between
19R aircraft and 22 aircraff at timet and letv’ :=V{ - \{ be the relative velocity of 19R
aircrafti and 22 aircraftj at timet. DefineD" as the collision area ofuf'}, such thau’ O D’
means that aircraftandj have collided.
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The collision are®' is a rectangular box, defined ag, d'] x [-d,’, d'] x [-d;’, d,'],

with dil = (dg +d/ )/2 and where the parametet§ d, andd, represent the size of aircratft
respectively. The firshcrossing— occurrence of process} entering the are®' — defines a
collision. Following Bakker and Blom [50], the rigskexpressed as the expected nuntherof
incrossings, or collisions, between aircraft conithgca simultaneous missed approach on
runways 19R and 22 in an appropriate time-interval:

.
j " (t) dt (3-1)
0

whered'(t) is the incrossing rate between airciafnd aircraf§, which is defined as

A jim P! ODY,ul,, ODY)
ALO A

" (1)

In the sequel tim&;; is always parametrised such that there is a ribbligmall probability that
the aircraft pairi(j) collides after final timd.

Aircraft type combinations

Twelve aircraft type combinationd are considered, consisting of 3 airciiadn runway 19R

and 4 aircraff on runway 22. That ig’ = (¢, ), with ¥=1,2,3and«'=1,2,3,4.The 19R

aircrafti are heavy and medium weight aircraft, where Bo@®@ifyBoeing 747 is representative
for heavy aircraft, and Boeing 737/Airbus A320 &ukker 50 are representative for medium
aircraft. The 22 aircraftare medium and light aircraft, where Boeing 73748 A320 and
Fokker 50 are representative for medium aircrait, &wearingen Metro Il and Cessna 172 are
representative for light aircraft.

Conditional incrossing risk

Expressing the number of incrossings in equatieh)(&s a sum of the risks related to the
possible aircraft type combinations gives

E, _ZZJ'¢ (t)thP K (Ki,Kj)}

K'=1k1 =10
where ¢,)(t) is the conditional incrossing rate between aitdrahd aircrafi, defined as

jy D lim P! OD",ul,, 0Dk =4)
W =510 A
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The following equation is derived in [42], usind)]5

SIP) ” {f Pyt ey 0= 02 Il

k'=1kl=1c= X\YZr 'J [

0

—\/l i qii i ji j = gl
+I Ve Py jei ue,dg,v¢ |/()d\/C du/ dt EP{K —(/( K )}

3

SIDND I YA

k'=1 k! =10c=xy,2 (3-2)

with

[

AT
Ig(’():.[ J- {J-VE pu!jvg,tlk” @itj:'_ $we |K)dv”

0

0
+ J'—vg Py i i Ug 02 Ve |K)d\/'ci} dul dt (3-3)

—00

where p; ; W (y is the conditional probability density functiorr fine aircraft relative position

and velocity D, is equal to collision are®’ but without thec-th component, and.” is equal to
the aircraft relative positioq” without thec-th components = x,y,z Also, for an aircraft on
runway 19R and an aircrgfon runway 22, stopping timag for c=x,y,zare defined as follows

2]

7! émf{

Ct

By definition ofl ¥ () = > 11 (x) , collision risk given a double missed approackqsal to:

p - S0l e o4

3
collision \ double missedapproach z

M 1\4J>

The values for the probabilitieB{K” = (/(i K )} are derived from statistical FANOMOS data

giving the percentages of landing heavy/mediumtlatcraft on Schiphol runways 19R and 22.
Note that the TOPAZ evaluations of equation (3-#4)) ve executed for 16 key scenarios, each
producing a value for the collision risk given autite missed approach.
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3.4.6 Determination of collision risk metrics
Below a description is given of the mathematicalgedure to derive the collision probability
per approach and per year. They are expressecddratlis of collision risk given a double
missed approach, and other relevant missed appprackdure aspects. These are:
=  Missed approach rates for runways 19R and 22, ddnwithr,oz andr,, respectively;
= Dependency factgmsep, representing the extent to which missed appematitiation on
runways 19R and 22 are dependent, wherepQ. 1 andos=1 gives full dependency;
=  Probability metrics for the adherence to the phigitsmissed approach procedures:
= Probability that the missed approach on 19R isgtitaahead on runway tracker;
o Probability that the missed approach on 22 isgittsahead on runway tradk; .

In co-ordination with the Civil Aviation Authoritie 16 scenarios K {1,2,...,16} have been
selected. Thecenario dependewbllision probability per approach, Risk (k), isen by

RISk(k) = I:zzollision per approach(k) = Pdouble MA [Rzollision\ doubIeMA(k)

where the occurrence probability of a simultananissed approach is given by

Poouble Ma = (1= Pdep) MorT22 + £ Tor

The probability of a collision per approach is detmed by

l:::ollision per approach™ l:)double MA [ﬁ(l_ /]19R)(1_ /]22) RiSK— Tt /119R (1_ /122) Ris'%;T
+ (= Aor) RSk s + AgrAzoRisks ;s}

where the subscript of Risk indicates the execuioa straight missed approach (S) or turning
missed approach (T) on runways 19R and 22 resgdgtiv

To determine the collision probability per approémha given DH and given missed approach
level altitudes, therefore 4 scenarios need toumeemically evaluated with regard to the

collision risk given a double missed approach, gigiquations (3-1) to (3-4). To quantify the
current (DH=350 ft) and proposed situation (DH=20)08 scenarios are required. The next step
is to determine the collision probability per yeasing the runway statistics of runways 19R

and 22. Combined use of runways 19R and 22 isambjied duringpeaktime periods. Using
statistics on the total number of approaches, dividitonight, peak andoff peaktime periods
[44], the collision probability per year can beatetined by (note that N is determined by the
total number of approaches to runways 19R and 2p.[4

P

—1_M_ N
collision per year =1 [1 Pcollisionperapproact;l
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3.5.1 Definition of key representative scenarios
In close co-ordination with the CAA and LVNL, 16\kscenarios have been selected. These
scenarios are determined by four main procedupsas and are given in Table 3-3.
=  Decision Height at runway 22

=  Final Missed Approach Altitudes (FMAA)

=  Missed Approach
= ATC induced MA

Turn on 22
Turn on 19R

Table 3-3 Key representative scenarios

200 ft, 250 ft, 300aftd 350 ft
2000 ft andB000 ft

YES (turn as soon astigeble) or NO
YES (turn as soon agficable) or NO

Scenario| MA Turn on 19R DH runway 22  FMAA 19R / 22MA Turn on 22
1 YES 350 ft 2000 ft / 2000 YES
2 YES 300 fi 2000 ft / 2000 1 YES
3 YES 250 fi 2000 ft / 2000t YES
4 YES 200 fi 2000 ft / 2000 1 YES
5 NO 350 fi 2000 ft / 2000 1 YES
6 NO 200 fi 2000 ft / 2000 1 YES
7 YES 350 fi 3000 ft / 3000 1 YES
8 YES 200 fi 3000 ft / 3000 1 YES
9 YES 200 fi 2000 ft / 3000 1 YES
1C YES 200 fi 3000 ft / 2000 1 YES
11 YES 350 fi 2000 ft / 2000 1 NO
12 YES 200 fi 2000 ft / 2000 1 NO
13 YES 350 fi 3000 ft / 3000 1 NO
14 YES 200 fi 3000 ft / 3000 1 NO
15 NO 350 fi 2000 ft / 2000 1 NO
16 NO 200 fi 2000 ft / 2000 1 NO

o

In the current situation of the Schiphol convergingways 19R and 22, the DH of runway 22 is
350 ft, whereas in the proposed situation the DiHbeireduced to 200 ft. For both the current

and proposed situation the following cases canigiegduished (see also Table 3-4):
Aircraft approaching 19R and 22 make a straigtsseid approach;
Aircraft approaching 22 make a turning missed aagh and aircraft

Straight MA’s
Nominal Case

ATC Corrected Case

Turning MA's

approaching 19R make a straight missed approach;
Aircraft approaching 22 make a straight missed@ggh, and ATC

instructs missed approaching aircraft on 19R tieits a turn;
Aircraft approaching 22 make a turning missed apph, and ATC

instructs missed approaching aircraft on 19R to mdiiate a turn.
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Table 3-4 Current and proposed scenarios, with final MA altitudes of 2000ft
Current Proposed
DH on RWY 22 is 350ft DH on RWY 22 is 200ft
Straight MA’s scenario 15 scenario 16
Nominal Case scenario 5 scenario 6
ATC Corrected Case scenario 11 scenario 12
Turning MA's scenario 1 scenario 4

In addition to these scenarios, eight more scegavith be evaluated to also support other

possible changes in the missed approach procefiuramways 22 and 19R. These are:

= Decision Height on Runway 22 in between 350 ft 28d ft (e.g. scenarios 2 and 3);

=  Final Missed Approach Altitude on Runway 22 and/®R raise from 2000 ft to 3000 ft
(scenarios 7, 8, 9, 10, 13, 14).

It was shown that the probability of a collisiorr p@proach can be expressed in terms of
collision risk values given a double missed appind@etermined for the 16 scenarios), and in
terms of parameters which represent relevant miggprbach procedure aspects (see Section
3.4.6). The parameter values chosen are defin8gefjker [41] and given in Table 3-5 below.

Table 3-5 Parameter values for the missed approach procedure aspects8

MA procedure aspect Symbol Interval Reference| Worst | Best
value value | value

Pr{MA on 19R is straight} A1or [0,1] 0.2 0.9 0.1
Pr{MA on 22 is straight} A2z [0,1] 0.15 0.5 0.05
Missed approach rate 19R  rjor [1/1000,1/100] 0.002 0.01 0.001
Missed approach rate 22 I [1/200,1/50] 0.01 0.02 0.005
MA correlation factor Paep [0,1] 0.05 0.1 0.005

The collision probability per approach and per ywirbe determined for the reference value,
worst value and best value case, where it is asstinae these values are equal for the current
(DH = 350 ft) and proposed situation (DH = 200 8ubsequently a sensitivity analysis is
performed for the missed approach procedure paeameathere each of the parameter values is
varied between the best and worst values as givéable 3-5.

8 The first two rows indicate occurrence probalgttper missed approach. The third and fourth raW indicate occurrence
probabilities per approach. The fifth row assunied & simultaneous missed approach on runways A@Rais initiated.
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3.5.2 Collision risk given a double missed approach

The collision risk given a double missed approaoctietermined for all 16 key representative
scenarios, through 16 fold execution of the 3 steywedure:

1. Determination otonditional incrossing riskor each of the 12 aircraft type combinations;
2. Determination ofncrossing riskfor each of the 12 aircraft type combinations;

3. Determination otollision risk given a double missed approach

Step 1: Determination of conditional incrossingkris

Equation (3-4) is numerically evaluated using ti@PRZ-SMA toolset [42]. This leads to an
assessment of the risk that a missed approachicrgfiion runway 19R collides with aircraft
conducting a missed approach on runway 22. Fondh@nal casescenarios 5 (with DH = 350
ft) and 6 (with DH = 200 ft) the numerical resulbs each of the possible aircraft combinations
are given in Table 3-6 and Table 3-7 (these tgilegide estimates for the conditional
incrossing risk (calculated using equation (3-$)jnilar tables have been determined for the
other scenarios.

Table 3-6 Conditional incrossing risk values for scenario 5

Scenario 5 Missed Approach Straight on 19R; Missed ApproacimTan 22;

Final Missed Approach Alties are 2000 ft; DH runway 22 is 350 ft
Conditional Heavy 767/747 Medium 737/320 Medium F50
Incrossing risk on RWY 19R on RWY 19R on RWY 19R
Medium 737/320 on 22 9.3x%0 2.0x10° 1.6x10°
Medium F50 on 22 7.0x10 1.5x10° 1.1x10°
Light SW Il on 22 2.5x18 9.3x10’ 6.9x10’
Light C172 on 22 1.7x10 5.7x10’ 4.0x10

Table 3-7 Conditional incrossing risk values for scenario 6

Scenario 6 Missed Approach Straight on 19R; Missed ApproacimTan 22;

Final Missed Approach Alties are 2000 ft; DH runway 22 is 200 ft

Heavy 767/747 Medium 737/320 Medium F50

Conditional on RWY 19R on RWY 19R on RWY 19R
Incrossing risk
Medium 737/320 on 22 1.4x10’ 3.2x10° 2.5x10°
Medium F50 on 22 1.1x10’ 2.2x10° 1.8x10°
Light SW Il on 22 3.2x10° 1.1x10° 8.4x10’
Light C172 on 22 2.3x10° 7.8x10’ 5.1x10’
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The above tables show that the collision risk \sacensiderably for different types of aircraft

combinations approaching the runways 19R and 2hgears that the collision risk increases in
case of light aircraft conducting a missed appraacthunway 22. This is caused by the fact that
light aircraft climb quicker than heavy aircraft. fielation with the specific configuration of the

two runways 19R and 22, this implies that the ieattoverlap probability' is much higher for
the case with light aircraft (e.g. SW Il or C17®nhducting a missed approach on runway 22.

Step 2: Determination of incrossing risk
The values for the probabilitieB{K” = (/(i K )} representing the probabilities that each of

the possible twelve aircraft type combinations ocare derived from the statistical data for the
percentages of landing heavy/medium/light airooaftunways 19R and 22 as obtained from
FANOMOS The results are presented in Table 3-8.

Table 3-8 Probability distribution of the twelve aircraft type combinations

Aircraft type combination Heavy 767/747 | Medium 737/320 Medium F50
probabilities on RWY 19R on RWY 19R on RWY 19R
Medium 737/320 on 22 0.0935 0.166 0.166
Medium F50 on 22 0.0935 0.166 0.166
Light SW Il on 22 0.0165 0.029 0.029
Light C172 on 22 0.0165 0.029 0.029

Theincrossing riskvalues for each of the twelve possible aircrgfetgombinations can now be
determined by taking the entry-wise product of €a®8 with the conditional incrossing risk
values (e.g. Tables 3-6 and 3-7 for the nominaéd€ad he numerical incrossing risk value
tables for all 16 key scenarios are given in Bldraleg[42].

Step 3: Determination of collision risk given a dtaimissed approach

The collision risk given a double missed approaammow be determined by using equation (3-
4). Below the numerical results are presented aaogto the following procedural aspects:

=  Variations in Decision Height (DH) on runway 22;

=  Variations in turning versus straight missed apphes on 19R and 22;

=  Variations in missed approach altitudes.

Variations in Decision Height on runway 22

Table 3-9 and Figure 3-4 show the probability ab#ision given a double missed approach for
the scenarios with turning missed approaches dnrooways as function of Decision Height
(DH values are 200, 250, 300 and 350ft) with FM#tadle equal to 2000ft (i.e. scenarios 1-4).
The results shows that the risk decreases onlitbliépr an increasing value of the DH.
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Table 3-9 Impact of Decision Height of Runway 22 on conditional collision risk

Scenario DH on Runway 22 Collision risk
350 ft 9.0x10°
2 300 ft 9.3x10°
3 250 ft 1.0x10°
4 200 ft 1.1x10°

x10°  risk per double MA , both turning, level 2000ft
1.5 ‘ ;

o

0.5 . .
200 250 300 350

DH22 (ft)

Figure 3-4 Impact of DH runway 22 on conditional collision risk

Variation in turning versus straight missed apprbas on 19R and 22

For the four cases in Table 3-4 the collision galen a double missed approach with final MA
altitudes of 2000 ft are given in Table 3-10. Apeated, the risk is highest with straight missed
approaches on 19R and 22, and lowest with turniisged approaches on 19R and 22. The
latter can be seen in Table 3-11 with final MAtaliies of 3000ft.

Table 3-10 Conditional collision risk with final MA altitudes of 2000ft

Current Proposed
DH on RWY 22 is 350ft DH RWY 22 is 200ft
Straight MA’s 3.6x10° 3.6x10°
Nominal Case 1.7x10’ 2.3x10’
ATC Corrected Case 1.2x10 1.2x10’
Turning MA’s 9.0x10° 1.1x10°
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Table 3-11 Conditional collision risk with final MA altitudes of 3000ft
Current Proposed
DH on RWY 22 is 350ft DH on RWY 22 is 200ft
Straight MA’s - -
Nominal Case - -
ATC Corrected Case 1.2x10’ 1.2x10
Turning MA’s 9.0x10° 1.1x10°

The above two tables show that — for each of thasés - the impact of the proposed reduction
of the DH from 350 ft to 200 ft on the conditior@alllision risk given a double missed approach
is relative low. The numerical results also shoe/fibilowing:
=  The collision risk attains an unacceptably higtelavhen the approaching aircraft both
make a straight missed approach, and ATC doesitevene gtraight MA3;
=  The impact of ATC instructions — “turn right!” — &rcraft missed approaching runway
19Rin case of a precedifigtraight missed approach on runway B2considerable, and
can be seen as a very efficient collision risk oioly measureXTC corrected cage
= The impact of ATC instructions — “turn right!” — &rcraft missed approaching runway
19Rin case of a precedingirning missed approach on runway B2noticeable, and can
be seen as a measure to further reduce the collisio, if necessaryTurning MA’S;
=  The impact of raisinpothfinal missed approach altitudes from 2000 ft t0@B& is — with
the exception of th&urning MA’slow, and may be seen as a risk neutral change.

Variation in final missed approach altitude

Table 3-12 below shows the conditional collisiskrijiven a double missed approach for the
turning MA scenarios with proposed DH of 200 ftdamith varying final MA altitudes.

Table 3-12 Conditional collision risk with DH 22 is 200 ft, and varying final MA altitudes

Collision risk with
Scenario MAA 19R / 22 Turning MA on 19R and 22
4 2000 ft / 2000 ft 1.1x10°
8 3000 ft / 3000 ft 1.1x10°
9 2000 ft / 3000 ft 3.0x10%
10 3000 ft / 2000 ft 8.8x10"

o A preceding missed approach on runwayiplies that the missed approach on 19R is ieitiahortly after initiation of a
missed approach on runway 22 (simultaneously afatdthe aircraft on runway 22 reaches it finalsaid approach altitude).
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It turns out that the impact of increasimige of the final missed approach altitudes from 2000 f
to 3000 ft lowers the collision risk significantignd may therefore be implemented safely. The
collision risk is comparable in case the missed@ggh level altitudes of 19R and 22 are equal.

3.5.3 Collision risk per approach and per year

The collision risk per approach and per year aleutated for the current DH (350 ft) and the
proposed DH (200 ft), with final missed approaditwdes of 2000 ft, through execution of the
procedure described in section 3.4.6. Three vauegrovided — based on sensitivity analysis —
showing the uncertainty about the calculated refezeaisk value.

Table 3-13 Collision risk per approach

Current DH 5, = 350ft Proposed DH, = 200ft
Reference Value 1.3x10°® 1.3x10°®
Worst Value 6.4x10° 6.3x10°
Best Value 3.2x10° 3.2x10°

Table 3-14 Collision risk per year

Current DH 5, = 350ft Proposed DH, = 200ft
Reference value 1.3x10* 1.3x10°
Worst value 6.4x10" 6.3x10"
Best value 3.2x10° 3.2x10°

Subsequently a sensitivity analysis is performedtfe missed approach parameters, where
each of the parameter values is varied betweerabeéstvorst values as given in Table 3-5,
while keeping the other parameters in accordantdetive reference values.

The above tables and the sensitivity analysis shewvthe collision risk per approach and per
year are comparable for the current DH (350 ft) propposed DH (200 ft). This is due to the

fact that the distance between the points of ctaggzroach during a double missed approach is
more or less the same for the current and the geapprocedure. This implies that a reduction
of the OCA to values below 200 ft is risk neutrathin a broad spectrum of changes.

3.5.4 Impact of the assumptions

Some model assumptions have been adopted. To #éissesgpact of all assumptions on the
calculated collision risk, a qualitative analysidte expected direction and magnitude of the
impact of the assumptions has been undertakenovdrall conclusion of the analysis is that
most assumptions have a negligible effect on thaulzed risk. Assumptions that do have a
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noticeable impact (i.e. major or significant) aesgimistic, i.e. due to the model assumptions in
reality the collision risk is smaller than that@mahted. Noteworthy pessimistic assumptions are
that Traffic Collision Avoidance System (TCAS) isighed off and that pilots do not use see-
and-avoid. The first has a major impact, whereassétond has a significant impact under good
visibility conditions and a negligible impact intaal CAT-1 weather conditions.

Besides the model assumptions, a number of paresrtege been used to represent relevant
missed approach procedure aspects. Most imporéaateters are:
= Missed approach rates for runways 19R and 22, ddnwithr,9z andr,, respectively;
=  Probability metrics for the adherence to the pligiismissed approach procedures:

= Probability that the missed approach on 19R isgditaahead on runway trackeg ;

s Probability that the missed approach on 22 isgltiteahead on runway track, .
From the calculated worst, reference, and besevauthe collision risk — as given in section
3.5.3, Tables 3-13 and 3-14 — it is concluded tihede parameters have a significant impact.

The conclusion can be drawn that the magnitudéetbollision probability per approach is
less than the reference value calculated, provitietlthe following conditions are satisfied:

=  The missed approach rate for runways 19R is lems €h2 %;

=  The missed approach rate for runway 22 is less tharo;

=  The probability that the missed approach on rund@R is straight ahead is less than 0.2;
=  The probability that the missed approach on run&ays straight ahead is less than 0.15.

Note that — following Westerveld [46] — it is asseafthat the ILS of runway 22 functions well
below 350 ft. The risk of Controlled Flight Into ifain (CFIT) is therefore not considered.

3.6 Safety and operational feedback

3.6.1 Safety criticality assessment

To judge the acceptability of the collision risknias decided to execute a two-fold comparison

of thereferencevalue for the collision probability per approach:

=  Arelative comparison of the current and propostgon for runway 22;

=  An absolute comparison with tE&JROCONTROLproposed TLS for accidents with an
ATM contribution, i.e. 3.5x1® accidents per movement

It was shown that a reduction of the DH of runwayfidm 350 ft to 200 ft is risk neutral, and
that moreover the absolute value of risk is leas tiheEUROCONTROLproposed TLS. The
conclusion can be drawn that — provided that aetanditions are satisfied — the independent
use of runway combination 19R / 22 in actual CA¥elather conditions is adequately safe.
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This conclusion is also valid for the possible fetaituation, where the final missed approach
altitude is raised from 2000 to 3000 ft and/orwhed criteria for the use of runway

combination 19R / 22 is changed toward 20/7 kribhte. latter is expected to have a negligible
impact on the collision risk between aircraft agatuing the runway combination 19R and 22.

3.6.2 Key safety bottlenecks and criticalities

It is clear that — provided that certain conditi@ne satisfied — the proposed reduction of the
OCA of runway 22 to 200 ft may be judged adequagalfe. From a safety perspective, of
importance is to also locate the factors that doutte most to the collision risk. This might
allow for further safety improvements if apprectht&€he key safety bottlenecks are those that
might lead to either a missed approach executadybtrahead on track of runway 22 or might
lead to aircraft not conducting an ATC induced tamrunway 19R:

1. Reasons for aircraft conducting a straight misggat@ach on runway 22;

2. Reasons for aircraft not conducting an ATC inducgssed approach turn on runway 19R;
3. Reasons for aircraft not conducting an ATC induegsksed approach climb.

Investigation of the related causal factors coultVjple additional insight into the criticalities.

3.6.3 Measures to improve and monitor safety
Although the proposed reduction of the OCA from &30 values less than 200 ft is risk
neutral, the following recommendations are provittetirther improve the level of safety:

Design the new AIP approach platessuch a way that current possible confusionilotgon
the position of the Missed Approach Point, requingd, and visibility criteria is alleviated:
=  Turning missed approach:
For a missed approach following a precision apgrpaens may be prescribed at a
designated Turning Point (TP) or altitude/heightasrsoon as practicable’ [32]. For non-
precision approaches a MAPt must be specifiediiamd must commence at a designated
TP (i.e. the MAPt) or at a specific altitude/heighihe present approach plate identifies a
turning point for the LOCalizer (LOC) Glide Slopaserviceable (GS u/s) approach. No
specific guidelines are given for turn initiaticor the ILS approach, it may be assumed
that the turn should be initiated ‘as soon as prabte’. Noteworthy is that the LOC GS u/s
MAPt liesbeforethe point where the Decision Altitude (DA) is csed on a full ILS
approach. It is recommended that:
= The words ‘as soon as practicable’ are added #oMA following an ILS approach;
= To avoid possible confusion, the MAPt for the LOS Gfs approach should lie
behind the point where the ILS GS intersects the WAh a DH of 195 ft, this means
that the MAPt for the LOC u/s should lie not eartizan 0.6 NM before the runway
threshold.
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=  Required visibility:
Presently, the required visibility for the ILS peature is higher than for the LOC GS u/s
approach. This might lead to confusion for pilatsriarginal visibility conditions. It is
recommended to either decrease the required vigifol the ILS approach or, just to
avoid this confusion, increase the required vigibfbr the published non-precision
approach.

Monitor the FMS missed approach coding by diffegatabase manufacturers

Missed approach segments are routinely coded iRltgbt Management System (FMS) to aid
lateral navigation in a missed approach segmer&.cbing of the missed approach may pose
some problems for database manufacturers becaiseda as practicable’ is not easily
translated into a FMS waypoint. Because of them@tkcriticality of the initiation point of the
missed approach from runway 22, the CAA is encaedidg specifically monitor the FMS
implementation of the published missed approachgatore by the different database
manufacturers.

Monitor the reasons and circumstances related wsad approaches

The reasons and circumstances that may lead tafingitiating a missed approach as well as

the missed approach rate are aspects that areebtaincertain. It is therefore recommended

that ongoing safety monitoring activities — sucliresATCOD data base of Air Traffic Control

the Netherlands (the LVNL) — are continued, pogsiblbe extended with the following:

= Information about position of missed approach atitin (altitude / distance to threshold);

= Information about the position of initiation of arm (time after initiation of missed
approach or altitude or distance from / passedkiuid)

= Information about the reason for initiation of assed approach.

Furthermore, the LVNL may explicitly request aifftr@xecuting a missed approach from
runway 22 to submit a company report, which camn the analyzed.

3.7 Conclusions and recommendations

3.7.1 Conclusions

A probabilistic safety assessment of the colligisk related to simultaneous missed approaches
on Schiphol converging runways 19R and 22 has bagted out, focusing on the proposed
reduction of the OCA of runway 22 from 350 ft tdues less than 200 ft. This reduction will
allow a DH of 200 ft, enabling the use of runwayi22ctual CAT-I weather conditions.
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Two suitable risk metrics — collision probabilitgrpmovement and per year — have been
identified. On basis of a review of safety requiesns, some guidelines on how to judge the
acceptability of collision risk results have beéreg. An existing risk model has been extended
to enable determination of the collision risk betwaircraft simultaneously conducting a
missed approach on runways 19R and 22. This medkdieloped through an integral usage of
3 NLR tools: ISTaR, TOPAZ, and FANOMOS. Applicatitm16 scenarios showed that:
=  The collision risk may attain an unacceptably Higrel under certain conditions, e.g.
when aircraft on 19R and 22 both make a straighsed approach, and ATC does not
intervene;
=  ATC monitoring and instructing — “turn right!” oclimb to!” — to aircraft conducting a
missed approach on runway 18Rcase of a precedingraight missed approach on
runway 22is required. It is explicitly stated that such ATrGtructions ar@ot necessary
in case of a precedinmgrning missed approach on runway.22

Provided that the identified risk reducing measuaresapplied, the proposed reduction of the
OCA of runway 22 to 200 ft is risk neutral withirbeoad spectrum of missed approach
procedural aspects, and may be judged adequafelyTdas conclusion is also valid for the
situation where the final missed approach altitisd@ised from 2000 to 3000 ft.

3.7.2 Recommendations

Although the proposed reduction of the OCA from &50 200 ft is risk neutral, the following

recommendations are provided to further improvedkiel of safety:

1. Design the new AIP approach plates in such a watydinrent possible confusion of pilots
on the position of the MAPt, required turn, andhilgty criteria is alleviated,;

2. Monitor the FMS missed approach coding by diffedatabase manufacturers;

3. Monitor the reasons and circumstances in relabanissed approaches on 22, e.g. through
yearly inspection of the ATCOD incident databaséhefLVNL.

It is also recommended that Dutch interest grougsuds internally and agree upon a risk
criteria framework to regulate and control collisigsk around Dutch airports.
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4 Probabilistic safety assessment of wake vortex separation
distances for single runway arrivals

4.1 Introduction

During the last four decades overall system sdfty. accident risk per flight hour) of the
United States National Airspace Systems (NAS) &edBuropean Air Transport System has
improved despite the growth in number of operaticorsducted [59, 63]. This has been
achieved primarily through the introduction of imaged technology in the cockpit and in Air
Traffic Control which has improved safety at a riatexcess of the rate of growth in operations
[74]. Researchers have concluded that as theaaisportation system reaches its capacity
limits, the introduction of new technology to impeooverall network system safety yields
diminishing returns. Instead the next lever to iovyer safety is through improving airspace
“flow” safety in the presence of increased volumd aomplexity.

The evaluation of the safety of the airspace flowlves the evaluation of the accident risk in a
system that exhibits stochastic behavior. For exepamalysis of safe wake vortex separation
distances for the procedures proposed by NASA la@dFrAA [66] require the analysis of the
effect of wake vortex, generated by lead airceait encountered by trailing aircraft for a given
arrival (departure) procedure. The analysis reguirelusion of stochastic models of wake
vortex evolution, wake vortex encounter, and aft{p#ot response. The analysis must be
conducted for a heterogeneous mix of aircraft unlifézrent weather conditions flying flight
paths with statistical variations [68]. Traditiormplantitative safety methods, designed for
evaluation of technologies/products, such as thét Faee Analysis (FTA) and Failure Modes
and Effects Analysis (FMEA), are not easily applire the dynamic stochastic nature of the
system behavior, and the absence of historic datafe-events [57, 70]. Qualitative safety
methods, such as Hazard Analysis, provide a fatinate of risk prediction, but are inherently
based on the assessments of experts. As a consegegaluation of wake vortex separation
distances have historically been conducted usiregthpproaches: (1) experimental flight test
data, (2) historic operational data, and (3) afdymodels [11].

NLR has developed a quantitative method for wakéexosafety analysis (WAVIR), which is
based on Probabilistic Safety Assessment (PSA)ly8isaand simulation of the airspace flow
safety is conducted through Monte Carlo simulatioinsre-events that are precursors to
accidents. WAVIR has been used by NLR to evaluatkewortex separation standards for the
European S-Wake research program [10, 62]. WAVI&Ss being used in the European
projects for ground based wake vortex prediction @etection (ATC-Wake) (Section 5) and
cockpit instrumentation for wake vortex detectiord @voidance (I-Wake) (Section 6).
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Figure 4-1 Wake vortices generated by a Boeing 747 aircraft

This study describes the WAVIR tool for evaluatmfrwake vortex separation distances
between fleets of heterogeneous aircraft approgansingle runway under different
operational, weather, and wind conditions. Seddi@provides an overview of wake vortex
separation procedures during approach and lan8iection 4.3 provides a historic account of
how separation distances have been determine@ id.1®. Section 4.4 presents the newly
proposed wake vortex risk requirements and illtistneof the method to derive safe and
appropriate separation minima. Section 4.5 desetifbe WAVIR tool. Section 4.6 provides the
main results from the probabilistic safety assessrae carried out in the S-Wake project. A
comparison of the main results with incident/acotd#ata obtained at Heathrow airport is
included in Section 4.7. Finally, Section 4.8 pd®s the conclusions and recommendations.

4.2 Wake vortex separation standards

Wake vortices are a natural by-product of lift gated by aircraft and can be considered (or
viewed) as two horizontal tornados trailing afte tircraft. A trailing aircraft exposed to the
wake vortex turbulence of a lead aircraft can eigpee an induced roll moment that is not
easily corrected by the pilot or the Autopilot. AEEparation standards, designed for the worst-
case scenario, have been introduced to ensuretigpendathout a wake vortex hazard. During
application of these static separation standardsglinstrument Flight Rules (IFR) operations,
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no fatal accidents have been reported in the B853. Wake vortex separation standards have a
significant impact on airport departure and arrcapbacity especially at the busiest hub airports
[67]. For this reason the National Aeronautic apdc Administration (NASA), the Federal
Aviation Administration (FAA), as well as severalifepean agencies have been developing
technologies and procedures for increased arrivéhidgparture flows at airports through
reduced separation standards without an impachfetys[66].

Figure 4-2 Wake vortices generated by a Boeing 727 aircraft

Reduced separation standards are largely madéliedsiincreased understanding of the
impact of ambient weather conditions on wake vottarsport and decay. Modern models of
wake vortex behavior show that with calm winds andatmospheric turbulence, wake vortices
last significantly longer than vortices in high aspheric turbulence conditions [71]. Currently
three concepts of operation are under considerayiddASA and the FAA [66, 67] to improve
runway flow capacity by reducing separation diséengnder certain conditions. The near-term
procedure involves modification of the rules asated with closely spaced parallel runways
[55] to enable dependent parallel runway arrivaragions with parallel runways separated by
less than current standard (2500 ft) under weathieditions that favor reduced wake vortex
separation. Mid-term procedures involve modificatod separation distances for departures
under weather conditions that favor reduced wak&exaseparation. Long-term procedures and
systems to execute dynamic separation distancdsaaesl on measurements of existing weather
conditions [60, 69, 71, 97].
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4.3 Determining wake vortex separation

4.3.1 History of wake vortex separation minima in the Unied States

Prior to the introduction of large wide-body jetsake vortex upsets or turbulence encounters

by a trailing aircraft were considered to be “pregsh” or “jet wash” and not considered a

flight hazard. The introduction of large wide-badybojet aircraft with increased weight and

wingspan in the late 1960’s changed this percegiahinitiated the detailed analysis of wake

vortices and their impact on trailing aircraft.rmd 1969 a series of flight test experiments were

conducted by Boeing and the FAA to generate detailtormation on the wake vortex

phenomenon [65]. By using smoke towers and proairgaft (Boeing 737-100, Sabre F-86,

NASA CV-990) the wake vortices of a Boeing 747 ariloeing 707-320C were characterized.

This data provided the basis for wake vortex sdjmaraules adopted by the FAA:

= VFR rules — following aircraft remain above of ttight path of the leading aircraft, and

= |FR rules — minimum radar-controlled wake vortega®@tion distances were established
for the following aircraft based on the weight lnétlead and follow aircraft.

Although under IFR rules aircraft were categoribgdveight, the data from these studies
identified that a more technically correct way stadlish categories of aircraft is by wingspan
of the trailing aircraft [73, p. 8]. This was cotiered impractical to implement and was dropped
in favor of categorization by weight. With a fewceptions, weight exhibits relatively good
correlation with wingspan. Several adjustmenthiowake vortex separation distances have
been made during the 1980's and 1990's. It shoelddied that separation distances have
usually been increased with as main exception actezh from 3 NM to 2.5 NM spacing for
similar sized aircraft and short runway occupameyes.

4.3.2 Current practice regulations for single runway arrivals

In current ATC operations, there is no exchangafaofmation concerning wake vortices
between aircrew and ATC. Control practices are ¢thasel CAO recommendations and national
regulation. ICAO separation minima between aircaat based on Maximum Take-Off Weight
(MTOW) of the involved aircraft, distinguishing egpries Light, Medium, and Heavy.
National regulation exists in USA and United Kingd¢UK). Different provisions governing
wake turbulence separation minima are publishelCBO, and depend on the wake turbulence
category of the leading aircraft and the equipnasmailable to them to provide separation [32,
79, 103]. ICAO makes a clear distinction betweemrad IFR separation minima and wake
turbulence induced separation minima. AccordintheolCAQO Air Traffic Services Planning
Manual [103], wake vortex separation minima aresttuce the wake vortex hazard. Figure 4-3
provides the ICAO wake vortex separation minimasiogle runway arrivals.
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Figure 4-3 ICAO Separation Minima for Single Runway Arrivals

These separation minima should be applied to diricréhe approach and departure phases of
flight in the circumstances when an aircraft isragiag directly behind another aircraft at the
same altitude or less than 300 m below; or bottrair are using the same runway or parallel
runways separated by less than 760 m. Wake turbellsgparation is not provided to Visual
Flight Rules (VFR) arrivals, nor to IFR on visug@lpsoach. In these cases it is up to the pilot to
provide adequate spacing from preceding arrivindegrarting aircraft.

4.3.3 Classical Methodologies for Determining Separatioistances
Three methodologies have been used to define espération standards [65]:
=  Experimental Flight Test

=  Historic Operational VFR data analysis

=  Analytical modelling.

Experimental Flight Test

The original separation distances for IFR wereldistaed based on the “worst case” wake
vortex turbulence measurements from the flightdestcribed above, at high altitude with low
ambient turbulence [65]. Due to the expectation tih@ increased ambient turbulence would
disrupt the wake vortices, the actual distance®whghtly reduced versions of these “worst
case” distances.
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Historic Operational (VFR) Data Analysis

The approach uses the fact that safe operatiors eessistently conducted between 1976 and
1994 by aircraft pairs operating under “see-andeiWsFR separation rules at separation
distances below the IFR separation distance regokatThis data was used as the basis for the
reduction of the separation distance between ditighter than the B757 to 2.5 NM.

Analytical Modeling

An alternative procedure for determining safe safpam distances was developed during the
1980’s using a probabilistic approach for a paiaio€raft used as a normalizing condition [65].
First, a wake vortex hazard model was used to askeghreshold strength of a vortex that is
hazardous for a trailing aircraft. Second, vodegay measurements were processed to give an
empirical model for vortex decay expressed as hahility of the vortex strength remaining
above a given value as a function of wake vortex &nally, data from these two models were
combined to determine the probability of a hazasdemcounter for a given separation time.

If the separation distance for the most commonbuagng aircraft pairs can be considered to
be “safe” (based on historic data from 1976 to }98en safe separation distances of other
aircraft pairs can be computed using these modhls.method is distinct from the other two,
because it accepts that a zero encounter prolyaBiliinrealistic and therefore resorts to
establish a probabilistic level of safety. As teation system reaches the capacity limits
induced by current separation standards, the irapoet of understanding the impact on safety
risk of different separation standards and procegiotust be addressed. There are several
fundamental questions that must be resolved:

1. Whatis the safety level of the current standards?

2. Are the standards overly conservative?

3. Can the standards safely be reduced?

These questions cannot be answered with previoglsiand require more comprehensive
models and analysis than can be provided by thevapbes listed above.

4.4 Newly proposed wake vortex risk based policy making

4.4.1 Wake vortex risk requirements

WAVIR is developed as a safety management toaldqulating and controlling wake vortex
induced risk on the basis of incident/accident pesbability assessmefllowed by a
comparison with risk criteria. This requires theelepment of a probabilistic relation between
the occurrence of wake vortex encounters and trerigeof accidents and incidents. For incident
and accident investigation purposes, ICAO consetpidefinitions are: accident, serious
incident, non-serious incident, and non-determineitients. For safety assessment purposes,
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the JAA has defined severity classes for adveraditions: catastrophic, hazardous, major, and

minor. These two classification schemes have beetbmed into a classification of wake vortex

induced consequences as follows:

1. Catastrophic accidentircraft encountering a wake hits the ground, Itiespin loss of life;

2. Hazardous accidenthe wake vortex encounter results in one or noordoard fatalities or
serious injuries (but no crash into the ground);

3. Major incident the wake vortex encounter results in one or mareserious injuries, but no
fatality, on-board the encountering aircraft;

4. Minor incident encounter results in inconvenience to occupanitscoease in crew workload.

A method to derive safe and appropriate separatioima for different operational and
weather/wind conditions is now introduced. Thismoeltis based on:

=  Risk metrics in terms of incident / accident praligds per movement;

=  Risk requirements derived on the basis of histbintadent data from Heathrow airport.

Risk requirements based on the Target Level oft$§fé.S) approach are proposed. It should
be noted that the use of the As Low As Reasonatalgtieable (ALARP) approach was also
considered. However, the usage of ALARP is notmauended for considering the issue of
wake vortices because it is a small proportiorhefdverall landing risk. The approach followed
in reference 4 is largely based on historical da&sylting in the proposed TLS values for the
risk event probabilities p&ueuedmnovement given in Table 4-1. Note that the TLSugdbr
catastrophic accidents is based on the assumpi@d 2% of the landing risk is due to wake
vortices and that about 50% of landing movemerdsjaeued.

The usage of the conceptaiieued landings proposed. This concept is defined as a pair of
aircraft with the following aircraft separated frahe leading aircraft by a distance less than the
appropriate wake vortex minima for the pairing pBusM. This definition can be used for
airports with single runway operations (e.g. Lon@atwick), independent parallel operations
(e.g. London Heathrow), and closely spaced depénmeallel runways (e.g. Frankfurt airport).

Table 4-1 Risk requirements (per queued aircraft movement)

Risk event Proposed Target Levels oafety
Catastrophic Accident x90°
Hazardous Accident xa0’
Major Incident 1.810°
Minor Incident 5.8 10*
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The method proposes that all four risk requiremarggo be satisfied, i.e. the most stringent
requirement will determine the required separatidmma. This approach supports two
commonly accepted rationales for acceptance ofsyn@oposed wake alleviation system (or
procedure) by involved interest groups (i.e. piletntrollers, regulators), namely by showing
that the number of wake vortex induced risk events:

= does not exceed some pre-defined, and agreed uglonequirement;

= does not increase with the introduction of a newidrocedure.

4.4.2 lllustration of method to derive safe separation miima

Figure 4-4 illustrates the proposed risk basecdcpatiaking procedure to derive safe and
appropriate separation distances for different aji@mal and weather conditions. It is proposed
that the most stringent of the four requirementsmeines the required separation minima [10].
Note that the derived separation minima (as detexchivith WAVIR) currently refer to the
minimum separation distanedong the entire arrival pathAirports might relate the required
separation minima to specific points (e.g. theghatd or the Outer Marker).

Example WAVIR result: Incident/Accident Risk versus Separation
for a Medium Jet behind a Large Jumbo Jet; Average weather conditions, no wind
10
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Figure 4-4 Risk management procedure to derive safe and appropriate separation minima

4.5 WAke Vortex Induced Risk assessment (WAVIR) tool

The WAVIR tool was developed by NLR [3, 4, 10, BpEcifically to improve the ability to
address the issues outlined at the end of theoseghiove. In view of the probabilistic nature of
aircraft arrival and departure flows, the wake ganphenomena, and pilot's response to wake
vortex encounters, WAVIR uses a probabilistic appto This approach enables an assessment
of the safety level related to different separatisstances and under various operational,
procedural, weather and wind conditions. The malate incorporated in the WAVIR toolset

as in the screenshot shown in Figure 4-5 [10] Aqgeendix A for the mathematical details).
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The WAVIR toolset is composed of the following 4 diodes:
= Flight Path Generation;

=  Wake Vortex Evolution;

=  Wake Vortex Encounter;

=  Separation Distance Prediction.

Flight Path Generation (FLIGHT_PATH):

This module generates the lateral and verticahflgath trajectories, and airspeed, for the lead
and trailing aircraft on arrival and approach. Tlight path trajectories are computed using
samples from probability distributions. The comypigtaalso takes into account profiles and
speeds associated with the published arrival proesd ATC speed control, aircraft dependent
Final Approach Speeds. This module also computesieseparation distance and time as
function of the longitudinal position. It generateput data that is used by the Wake Vortex
Evolution and the Wake Vortex Encounter models

Wake Vortex Evolution (VORTICES):

This module performs Monte Carlo simulations of ¢éwelution of a wake vortex pair generated
by the lead aircraft. The wake vortex is computed PD crossplane or ‘gate’ (perpendicular to
the flight track) at several locations along thght path. The computation takes into account
probability distributions of the lead aircraft ptosin and speed (from FLIGHT_PATH
Generation) as well as probability distributionsnaid and weather conditions. Using the
actual separation information (from FLIGHT _PATH)etwake vortex data is analysed at the
time the trailing aircraft sequences the gatestfie@ same longitudinal position).

Wake Vortex ENCOUNTER:

This module combines the wake vortex data (from W@HES) and probability distributions of
the trailing aircraft position and speed (from FHG_PATH). Monte Carlo simulations are
performed with the Wake Vortex Encounter model. @atad metrics for encounter severity
are roll control ratio, maximum bank angle, anaglogheight. The encounter classification is
currently based on maximum bank angle and encoatiterde.

Separation Distance Prediction (RISK):

This module computes separation minima on basisecimum acceptable level of risk. The
WAVIR tool currently identifies potential wake vert risk events as follows:

=  Minor Incident;

= Major Incident;

= Hazardous Accident;

=  Catastrophic Accident.
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Wake Vortex encounters that result in a loss offeliarger than the initial altitude of encounter
are considered to be Catastrophic Accidents. Alkoencounters are classified in one of the
other three potential risk events.
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Figure 4-5 Screenshot of WAVIR tool (SPINEware [75] provides middleware)

How to Use WAVIR
WAVIR has been used in the European S-Wake projegssess the safety level of current

practice single runway flight operations. A safaggessment is carried out in nine steps:

1.

Define the “Gates” on the Flight Pafho represent the wake induced risk along the
aircraft flight path, a set of relevant longitudipasitions along the proposed aircraft flight
pathx is determined, where the instantaneous risk \eilelaluated. In each of these
‘gates’, the wake evolution and wake encounter ktans will be performed.

Initialize Flight Path Evolution Generatd@amples of aircraft (lateral and vertical)
position and speed in the selected gates (seee~ga) are obtained with the flight path

evolution model. Speed profiles representing theraft movements are also needed as
input for this model (Figure 4-7 represents therait speed profiles at Heathrow airport).
Initialize the Wake Vortex Generatdrhe input parameters for the probabilistic wake
vortex evolution model are specified. These corddisteterministic stochastic parameters.
The stochastic parameter distributions are basesipirical data and/or state-of-the-art
literature. Crosswind and headwind needs to beifsgbcas well as the atmospheric
conditions (through the Eddy Dissipation Rate anghBVaissalla frequency). Figures 4-8
and 4-9 represent the atmospheric conditions athirtma.
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Figure 4-6 Approach glide path safety corridor with an example selection of gates

Profiles for the approach speed for aircraft on Heathrow approach (no headwind)

- Large Jumbo Jet (like B747)
Widebody Jet (like A300)
Special Medium (like B757)
Medium Jet (like A320)
Regional Jet (like F100)

Medium Turbo Prop (like F50)
Light Turbo Prop (like Beech 99)

Indicated Air Speed (in kis)
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Figure 4-7 Aircraft speed profiles

EDR frequency distributions obtained from FDR data
measured at various height levels at London Heathrow

—— z=7asm
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Figure 4-8 Frequency distribution of Eddy Dissipation Rate at various height levels
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NZ frequency distributions at various height levels
obtained from UK Met Office Modelling for London Heathrow airport
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Figure 4-9 Frequency distribution of Brunt-Vaissallafrequency at various height levels

4. Run Wake Vortex Generatdvionte Carlo simulations are run with the wake e®rt

evolution model for the case that the wake vorseyenerated when the leading aircraft
has longitudinal positior. Lateral and vertical positions, strength, and cadbus of the
vortices are computed as a function of time. Tiselte are analyzed at the time instant
when the vortices have the same longitudinal caratd as the follower aircraft. This time
instant has been computed with the flight path @i@h model, which incorporates the
wind speed in longitudinal direction (i.e. influenof head- / tailwind on aircraft ground
speed). The time instant also depends on the jiredcseparation distance or time. This
analysis is repeated for the various prescribedrsgipns (distances or times).

5. Compute Wake Vortex Flow Field for Lead Aircraftezdch of the Gatesising a
dedicated probability density fitting proceduretthacounts for dependencies between the
lateral and vertical position, the strength, arel¢bre radius of the wake vortex pair, the
joint distribution of the wake vortices positioftrength, and core radius is obtained in each
of the gates. This step is repeated for each spratandard to be evaluated, and
provides the probabilistic wake vortex flow fieldhind the lead aircraft at all the gates.

6. Compute Wake Vortex Encountéfionte Carlo simulations are carried out to sinmaithie
wake vortex encounter. In this step the joint disiion from step 5 is used and
distributions of the position of the follower aia¢r are used. Samples of the follower
aircraft (lateral and vertical) position and spéethe selected gates are obtained with the
flight path evolution model. Encounter metrics sashmaximum bank angle, altitude of
encounter and loss of height are obtained. Thisstevides the encounter severity
probabilities in the different gates (for eachlad specified separations). The simulated
encounters are classified into four categoh®eak, Moderate, Seve@dExtreme
according to the attained maximum bank angle vessgsunter altitude.
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Encounter severity diagram
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Figure 4-10 Encounter severity classification scheme

Example encounter results
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Figure 4-11 Example wake encounter simulation results

7. Compute Incident/Accident Risk Curvéshe wake-induced incident/accident risk due to a
wake vortex that is generated when the leadingadtre/as at position is evaluated. This

step provides the instantaneous risk curves (mimdent, major incident, hazardous
accident and catastrophic accident) showing thetoirailing aircraft along the proposed
aircraft flight track. As an example, Figures 4-12-15 show — for each of the defined risk
events, i.eminor incidentmajor incident, hazardous accident, and catastro@ucident

— the instantaneous risk as a function of distdrora the runway threshold (in average
weather conditions). The results clearly show tHat single runway arrivals - the highest
risk occurs near the runway threshold.
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Instantaneous Minor Incident Risk; Baseline scenario: B737 behind B747
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Figure 4-12 Instantaneous minor incident risk along the glide slope

Instantaneous Major Incident Risk; Baseline scenario: B737 behind B747
Average weather conditions, no wind
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Figure 4-13 Instantaneous major incident risk along the glide slope

8. Compute Incident/Accident Risk Per MovemeTie wake-induced incident/ accident risk
is obtained by integrating oveithe risk obtained in Step 7. This step, which eeted
for different prescribed separation standards, iges/the four incident/accident risk
curves as functions of the separation distance.
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Instantaneous Hazardous Accident Risk; Baseline scenario: B737 behind B747
Average weather conditions, no wind
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Figure 4-14 Instantaneous hazardous accident risk along the glide slope

Instantaneous Catastrophic Accident Risk; Baseline scenario: B737 behind B747

i Average weather conditions, no wind
10 r 7
—e— 2Nm
3Nm
—6— 4Nm
1672 |- : : —— 5Nm
—o— BNm
@
o 107 |
O
0
{=2)
22
B
i
0
=%
(=]
@
o
=
=
<
@
=
B i
107 "% i i i I i i i i i i i i i I i
0 -2 -4 -6 -8 -10 -12 -14 -16 -18 -20 -22 -24 -26 ~-28 -30

Longitudinal position relative to threshold [km]

Figure 4-15 Instantaneous catastrophic accident risk along the glide slope

9. Assess Minimum Required Separation Distaggplication of a risk management
procedure — based on the requirement that allTe& values should be fulfilled —

provides the required separation minima under diffeoperational, weather and wind
conditions. Figure 4-4 illustrates such end resulfit;ined for a Boeing 737 landing behind
a Boeing 747.

88



Chapter 4 P
Probabilistic safety assessment of wake vortex separation distances for single runway arrivals <NLR

4.6 Wake vortex risk assessment of single runway arriva

4.6.1 Description of scenarios

For a variety of wind conditions, the wake vortagiced risk has been analyzed. The impact of

crosswind, head- and tailwind has been assessed femriety of leader and follower

combinations. The aircraft are assumed to follo® degrees glide path from ILS glide path

intercept to touchdown. The lateral and verticaligiion from the nominal flight path is based

on the ICAO-CRM. Nominal aircraft speed profiles apecified by (see also Table 4-2):

= the airport dependent speed at the Outer Marker) (DM is prescribed by ATC,;

= from OM to the Deceleration Point (DP), the spewdiriearly decreasing to the aircraft
dependent Final Approach Speed (FAS);

= from DP until touchdown, aircraft dependent speecbinstant and equal to the FAS.

Table 4-2 Aircraft types for single runway arrivals

>
# | Name _ v 5
0 S § 'r|
> S Q Q >
O S © 2 n
0 S = o =
> | 22 | 2 g
- & 3 3
=
1 | Large jumbo jet H 245000 60.0 150
2 | Wide body jet H 130000 45.2 135
3 | Medium jet M 60000 36.0 138
4 | Regional jet M 34000 30.0 128
5 | Medium turbo prop M 20000 30.0 106
6 | Light turbo prop L 4000 14.0 100
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Figure 4-16 Nominal approach speed profiles
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Analysis of wake induced risk is done in a numiddoogitudinal positions up to about 7.5 NM
from the runway thresholds, i.e. up to about 250fght (see Table 4-3).

Table 4-3 Longitudinal positions where wake vortex severity is evaluated and their relation
between distance to runway threshold and height along the glide path

Label x1 X2 x3 x4 X5 X6 X7
Distance (m) 0 200 400 1000 2000 7408 13813
Distance (NM)| 0.00 0.11 0.22 0.54 1.08 4.00 7.46
Height (m) 16 26 37 68 121 404 740
Height (ft) 52 86 120 223 395 1324 2425

Position x6 and x7 correspond to the OM and FARPoadon Heathrow. The other points are
taken close to the runway threshold, since theaagien is that the wake vortex induced risk is
highest near the runway threshold.

Especially a combination of cross- and tailwinéxpected to be dangerous. Strong headwind
will be beneficial for the relative vertical positi of encountering aircraft and the wake vortex.
Tailwind has an opposite effect: vortices will bantsported in the same direction as the
follower aircraft is flying thereby decreasing trertical distance between vortex and aircraft.
There is no need to analyse strong tailwind condj since runways are usually approached
with headwind conditions. Wind scenarios are giweRigure 4-17.

10
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Headwind [kts]

Figure 4-17 Investigated head- and crosswind scenarios

Frequency distributions of Eddy Dissipation RatBRg and Brunt- Vaissalla frequency at
various height levels have been determined usimglaon Heathrow meteorological data from
UK Met Office [10]. The EDR data comes from pro@ss&light Data Recordings (FDR) data
(also collected in S-Wake) and the Brunt-Vaissfi#guency data is obtained with a model
representing the London Heathrow climatology. Fégu4-8 and 4-9 show the frequency
distribution of the Eddy Dissipation Rate and thrarB-Vaissalla frequency at various height
levels along the approach glide path. This has heed in the Sarpkaya wake evolution model.
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Note that two encounter models are available, ttertfled Roll Control Ratio model (ERCR)
and the Reduced Aircraft Pilot Model (RAPM). Theceaft dependent parameters that are
required by the ERCR and RAPM model are determioed number of generic aircraft types.
In the current study, the ERCR has been appli@dtapute the roll control ratio and the
maximum bank angle. The RAPM was used to verify @alibrate the ERCR model.

4.6.2 Risk assessment results

An initial safety assessment showed that the impB&ITM procedural aspects on wake vortex
risk is relatively small [10]. This is due to thact that the largest risk contribution evolves from
possible encounters near to the runway threshatti @G@nsequently a small impact of e.g.
different glide path angles, different glide slapiercept altitudes). This implies that changes in
ATM procedures at present will not allow safe reducof wake vortex separation distances
without the use of new wake vortex avoidance syst@ihe results also indicate that to enhance
capacity, weather and wind conditions favourablestiuce risk in the runway threshold area
should be exploited. An extended safety assesswastmade, focusing on impact of weather
with the atmospheric conditions according to thatlver climatology of Heathrow (see Figures
4-8 and 4-9). This safety assessment was furtleeiséad on the impact of wind conditions.
Different head-, tailwind and crosswind conditiomsre considered. Results are given below.

Safe separation distances behind a Large Jumbo Jet

The wake vortex induced risk for four different &goof follower aircraft: a Large Jumbo Jet, a
Medium Jet, a Regional Jet, and a Light Turbo Rsajetermined. Application of the S-Wake
risk management framework provides safe separdigiances under different wind conditions.
The Figures 4-18 to 4-21 show the safe separatgtartes for a Large Jumbo Jet, Medium Jet,
Regional Jet, and a Light Turbo Prop (all behingege Jumbo Jet). Note that the yellow line

indicates the current prescribed wake vortex séiparaninima for the aircraft combination
under consideration. The purple line indicatesrfiuar separation minima (always 2.5 NM). It
appears that the situation with a small crosswintl /s is most unfavourable. As can be seen,
in addition to crosswind (drifting of the vorticeat of the flight corridor), also strong
headwinds are efficient in reducing the risk tddaler aircraft. For most scenarios, the results
show that the current separation minima are seffici
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Safe separation distance overview for Large jumbo jet behind a Large jumbo jet Safe separation distance overview for Regional jet behind a Large jumbo jet
under different crosswind and head/tailwind combinations under different crosswind and head/tailwind combinations
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Figure 4-18 Safe separat|0n distance for a Figure 4-20 Safe separat|0n distance for a
Large Jumbo Jet behind Large Jumbo Jet Regional Jet behind Large Jumbo Jet
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Figure 4-19 Safe separation distance for a Figure 4-21 Safe separation distance for a
Medium Jet behind Large Jumbo Jet Light Turbo Prop behind Large Jumbo Jet

Safe separation distances behind a Medium Jet

The wake vortex induced risk for four different &goof follower aircraft: a Large Jumbo Jet, a
Medium Jet, a Regional Jet, and a Light Turbo Ratippehind a Medium Jet) is determined.
Application of the risk management framework pr@ddafe separation distances under
different wind conditions. The risk analysis shoviieat radar separation can be applied for
Medium Jet and Large Jumbo Jet follower aircrattarrall wind conditions. The Figures 4-22
and 4-23 show the safe separation distances feggooRal Jet and a Light Turbo Prop
respectively. Again, in addition to crosswind, sydheadwinds are also very efficient in
reducing the risk to follower aircraft. In generde results show that the current separation

minima are sufficient.

92



Chapter 4 P
Probabilistic safety assessment of wake vortex separation distances for single runway arrivals <NLR

A

Safe separation distance overview for Regional jet behind a Medium jet Safe separation distance overview for Light turbo prop behind a Medium jet
under different crosswind and head/tailwind combinations under different crosswind and head/tailwind combinations
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Figure 4-22 Safe separation distance for a Figure 4-23 Safe separation distance for a

Regional Jet behind Medium Jet Light Turbo Prop behind Medium Jet

Most unfavourable wind conditions

To analyse the wake vortex induced risk relateghfavourable wind conditions in more detail,
Figures providing the safe separation distancesgecific unfavourable wind conditions are
given below. A variety of follower aircraft behio leader aircraft have been analysed. Note
that the green crosses in the Figures below inglitest prescribed wake vortex separation
between the aircraft combination under considenatitost unfavourable is a combination of
small crosswind (1 m/s) with a negligible to sntehdwind (of 2 m/s). More specifically, it
appears that without crosswind and with negligh#ad- or tailwind, the current ICAO
separation minima behind the Large Jumbo Jet nmghsuffice.

Safe separation distance overview for crosswind 1m/s and headwindOm/s Safe separation distance overview for crosswind 1m/s and headwind2m/s
for different leader and follower AC combinations for different leader and follower AC combinations
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Figure 4-24 Safe separation distance for a Figure 4-25 Safe separation distance for a
small crosswind of 1 m/s crosswind of 1 m/s and a headwind of 2 m/s
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Favourable wind conditions

To analyse the wake vortex induced risk relatefdvourable wind conditions in more detail,
Figures providing the safe separation distancesgecific favourable wind conditions are
given below. A variety of follower aircraft behio leader aircraft have been analysed. Most
favourable are a crosswind higher than 2 m/s arad&brong headwind of more than 10 m/s.

Safe separation distance overview for crosswind 2m/s and headwindOm/s Safe separation distance overview for crosswind Om/s and headwind10m/s
for different leader and follower AC combinations for different leader and follower AC combinations
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Figure 4-26 Safe separation distance for a Figure 4-27 Safe separation distance for a
crosswind of 2 m/s headwind of 10 m/s and no crosswind

Unfavorable Wind Conditions for Reduced Wake Vor&eparation

Figures 4-24 and 4-25 provides the safe separdistances for a light crosswind of less than
2 m/s (3.7 knots). The WAVIR computed safe sepamadistance is also shown in each cell in
Tables 4-4 and 4-5 with the ICAO standard in pdresgs.

Table 4-4 Safe separation distances for a small crosswind of 1 m/s and no head- or tailwind.
WAVIR computed safe separation distance (ICAO standard separation distance)

Lead Large Jumbo Jet Medium Jet
Follow

Large Jumbo Jet 4.25 NM 2.5 NM
(4.0 NM) (3.0 NM)

Medium Jet 6.5 NM 2.5 NM
(5.0 NM) (3.0 NM)

Regional Jet 5.0 N\M 3.25 NM
(5.0 NM) (3.0 NM)

Light Turbo prop 6.5 NM 3.5NM
(6.0 NM) (5.0 NM)
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Table 4-5 Safe separation distances for small crosswind of 1 m/s and headwind 2 m/s. WAVIR
computed safe separation distance (ICAO standard separation minima)

Lead Large Jumbo Jet Medium Jet

Follow

Large Jumbo Jet 4.5 NM 2.5 NM
(4.0 NM) (3.0 NM)

Medium Jet 6.5 NM 2.5 NM
(5.0 NM) (3.0 NM)

Regional Jet 6.5 NM 3.0 NM
(5.0 NM) (3.0 NM)

Light Turbo prop 6.5 NM 3.75 NM
(6.0 NM) (5.0 NM)

It appears that the WAVIR computed safe separatistance increases slightly with a small
headwind as compared to the situation without heathilwind. This is due to the fact that the
vortices rebound in the area close to the grounth Wsmall headwind, the rebounding
vortices will move closer to into the flight pathtbe follower aircraft. The situation with a
small tailwind of 1 m/s is not shown, but the WAVtRmputed safe separation distances are
more or less the same as the safe separationaistahown in Table 4-5.

Favorable Wind Conditions for Reduced Wake Vortepa&ation

Table 4-6 and Table 4-7 provide the safe separdiigiances for a sufficiently strong crosswind
(larger than 2 m/s, 3.7 knots) and for a stronglherad of at least 10 m/s (18.5 knots)
respectively. Note that the safe separation distaomputed by WAVIR is much lower than
those in Figures 4-24 and 4-25.

Table 4-6 Safe separation distances for a crosswind of 2 m/s (3.7 knots). WAVIR computed
safe separation distance (ICAO standard separation distance)

Lead | Large Jumbo Jet Medium Jet
Follow

Large Jumbo Jet 2.5NM 2.5NM
(4.0 NM) (3.0 NM)

Medium Jet 2.5NM 2.5 NM
(5.0 NM) (3.0 NM)

Regional Jet 2.5NM 2.5 NM
(5.0 NM) (3.0 NM)

Light Turbo prop 2.5 NM 2.5NM
(6.0 NM) (5.0 NM)
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Table 4-7 Safe separation distances for a headwind of 10 m/s (18.5 knots) and no crosswinds.
WAVIR computed safe separation distance (ICAO standard separation distance)

Lead | Large Jumbo Jet Medium Jet
Follow
Large Jumbo Jet 25 NM 2.5 NM
(4.0 NM) (3.0 NM)
Medium Jet 2.5NM 2.5 NM
(5.0 NM) (3.0 NM)
Regional Jet 2.5NM 2.5 NM
(5.0 NM) (3.0 NM)
Light Turbo prop 2.5NM 2.5 NM
(6.0 NM) (5.0 NM)

4.6.3 Initial estimate for the minimum required separation distance
The results of the quantitative safety assessnféhecurrent practice are also visualized in
Figure 4-28. A Large jumbo jet and Medium jet asder AirCraft (LAC) were combined with
Large jumbo jet, Medium jet, Regional jet, and Liglrbo prop as Follower AirCraft (FAC).
Crosswind was varied between 0, 1, 2, and 4 nifmtaltitude, assuming a logarithmic profile
with height. Evaluated separation distances (atuhe/ay threshold) were 3.0, 4.0, and 5.0NM.

Single Runway Arrivals: Safe separation per aircraft combination and crosswind condition

25

WAVIR assessed safe separation minimum [NM]

om/s
— 1m/s
2mis
4m/s

1OVY4 - 1OV
€0V4 - LOV1

$Ovd - LOV1
90v4 - 1OV
1OVY4 - €0V

€0V4 - €OV
POV4 - €OV

9OV - €OV

Figure 4-28 Overview of WAVIR assessed separation minima for single runway arrivals
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In case reduced wake vortex separation would bkegjp all aircraft combinations, Table 4-8
indicates safe separation minima for certain cras$intervals. Please note that these are
indicative numbers that do not take into accoumenainty in the crosswind conditions, safety
margins and other factors that may influence saf&igo, it is assumed that these separations
may only be applied in case the ATC-Wake systerd @peration) is used, and the system
components meet certain performance requiremesgs3peijker et al. [13, 15]).

Table 4-8 Indicative separation per crosswind interval for single runway arrivals

Proposed separation (the largest value in a row applies)
Crosswind Wake vortex induced | Radar separation | Runway Occupancy time
interval separation minima minima (ROT) minima
us<2mls ICAO 2.5 NM aircraft/runway dependent
2= U< 4m/s 2.5 NM 2.5 NM aircraft/runway dependent
4 m/s < u 2.0 NM 2.5 NM aircraft/runway dependent

4.7 Comparison with wake encounter data
NATS has been collecting voluntary pilot reportscei 1972. However, it is not known how
close the reported rate of encounters is to theahcate of encounters. In addition, only limited
information is available from the reported encoummtin the severity of the encounters. As a
result, these data are not reliable enough fomapcehensive assessment of the current wake
vortex safety levels around major airports. S-Widezefore also aimed at developing,
implementing and validating an algorithm for theécmoatic processing of Flight Data
Recordings (FDRs) from all incoming British AirwagBA) aircraft at London Heathrow [62].
This algorithm was developed by NLR and is now kna@as WAVENDA. An initial validation
of this Wake Vortex Encounter (WVE) detection algon was performed by NATS, which
shows that it can successfully identify WVEs frdigtit data. Subsequently, an extensive data
collection was performed for incoming flights atridon Heathrow. It covered a one-year
period from September 2001 to August 2002. A dedadiverview of this data collection
activity is provided in De Bruin [62], but it inalied:
=  The collection of segments of FDR data from flight8A aircraft into London Heathrow.

In total 30,000 FDR flight segments were succelsfdthered.
=  The application of WAVENDA to the collected FDR dategments in order to:

a) create a limited set of parameters (including melegical data along the flight path)

for each successfully processed FDR output segment;
b) detect the occurrence of WVEs in the processed &lput segments (about 210)
and, in that case, store a more extended set afrgders for further analysis.
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=  The storage of all these data in the Heathrow Bate (HDB). This enables correlation
between FDR meteorological data and ground basé¢elondogical data, determination of
actual radar separations between trailing airenadk identification of the wake generating
aircraft and the local atmospheric conditions waai'VE is detected.

The WVE results from the statistical analysis offD)which were conducted by NATS using
the HDB database, focused on investigation oficelahips between vortex encounter
parameters and situational parameters such aséparation and wind vector. As an example
of the preliminary WVE results, Figure 4-29 showdan-view of the London Heathrow area
(covering all four approach corridors) with thedtions of the WVEs detected by WAVENDA
(light purple dots). The radar tracking locatiofishee WVE aircraft are shown as well (dark
blue dots). Clearly, WVEs occur both along the flight path and along flight segments
joining onto the ILS path.
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Figure 4-29 Top view of London Heathrow area, with radar flight tracking (dark dots) and WVE
positions detected by WAVENDA from FDR data analysis (light dots)

Analysis of voluntary pilot reports
The additional analysis of voluntary pilot repdds WVES, as performed in S-Wake [62], did
produce two interesting results useful as compansith the above risk assessment results:

Result 1 The rate of WVES appears to increase rapidly ksgere 4-30) when aircraft are
spaced more than 10 to 15 seconds below the sigpansinimum. The likelihood of an
encounter is relatively constant when the separasi@above the minimum. The precise weather
conditions (e.g. level of turbulence) for all theseounters are unknown but the crosswinds are
generally below 3 - 4 m/s for heights below 4,00&&eResult Zbelow).Result 1does
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therefore confirm that the current separations@sged in terms of time) have been set at
appropriate levels, at least for the meteorologicaiditions in which WVES are reported.
Indeed the separation is insufficient to eliminatg¢Es completely even for separations much
larger than the ICAO minima. This suggests thatctimeent ICAO minima might not always
suffice in certain meteorological conditiofi@esult 1does not, however, exclude the possibility
that significantly smaller (but safe) separatioreszossible under certain weather conditions:
seeResult 2for example.
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Figure 4-30 Relative WVE Rates (WVE rate for nominal separations normalised to 1) for
Voluntary Reported Encounters

Result 2:For leader and follower aircraft established ongle slope, the rate of WVESs is
considerably reduced when the crosswind is abaxréieal level (about 3 to 4 m/s). Figure

4-31 shows the distributions of crosswinds at enteruand also the overall crosswind
climatology at Heathrow as derived from the FDRad&ts far as possible, the reported
encounters relate solely to incidents where batllde and follower aircraft were established on
the ILS at heights less than 4,000ft. Although saangtion must be applied to the information
from voluntary pilot reports, Figure 4-31 clearhyosvs that the size of the crosswind seen at
Heathrow is higher than the crosswind experientetheounter for much of the timBesult 2
also supports one of the main conclusions i.e.gbparations can potentially be reduced
substantially for crosswinds above a critical leficause vortices would be transported out of
the approach corridor). Section 4.6 suggests kieactitical level may be as low as 2m/s. If
vortices are to be avoided for distances furthexyafrom threshold (where the approach
corridor is wider) greater crosswinds will be raedi (as the statistical data analysis suggests).
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_ OCrosswind at Encounter

BCrosswind Distribution at LHR (0ft - 4000ft)
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Figure 4-31 Crosswind Distribution for Voluntary Reported Encounters compared with the
London-Heathrow crosswind climatology

In the ‘WAKke Vortex Evolution and wake vortex ENGaer’ (WAVENC) project, a statistical
analysis of the European Turbulent Wake Reportiog (ETWIRL) reported wake encounters
was made [104, 105]. Exploring the ETWIRL data-b@géh about 120 reported cases) enabled
a preliminary statistical analysis to be made ef¢bnditions during wake encounter. As shown
in Figure 4-32, most encounters occur during ther@gch phase (at reasonable low altitude)
and/or in light cross-wind conditions. Combiningstmformation with the other statistical data
leads to the conclusion that WAVENDA detects fewamters at low altitudes [S-Wake, 62].

25

20

15

Count

0

Altitude of Encounter (Feet)

Figure 4-32 Statistical analysis of ETWIRL data-base (120 samples) with flight data recordings
of wake vortex encounters (Source: [104, 105])
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4.8 Conclusions and recommendations

4.8.1 Conclusions

With the steady increase in air traffic, therensuagent need to use existing and newly
proposed technologies in an efficient way. Thislgtdescribes work undertaken in WP4
“Probabilistic Safety Assessment” of the projediVake for the European Commission. The
study comprises a quantitative safety assessmewdls# vortex induced risk related to single
runway approaches under current practice flightileggns. A probabilistic approach has been
followed to evaluate wake vortex induced risk retato different separation distances between
landing aircraft on a single runway. The model usdahsed on a stochastic framework that
incorporates sub models for wake vortex evolutiwake encounter, and flight path evolution,
and relates severity of encounters to possibleavghts (incidents/accidents) that might occur.

The Wake Vortex Induced Risk assessment (WAVIRhoeblogy has been applied to study,
for single runway approaches, procedural aspectsrenimpact of weather and wind
conditions. An extensive risk assessment — witfedihit aircraft landing behind a Large Jumbo
Jet and a Medium Jet — has been carried out. Thadhof weather and wind conditions (e.g.
turbulence, stratification, crosswinds and head:tariwinds) and procedural aspects (e.g. glide
slope intercept altitudes, navigation performaigtiee path angles, steep descent approaches)
on incident/accident risk has been evaluated. iBkeassessment results show that the largest
runway capacity improvement might be achieved tghoexploiting favourable wind

conditions, in particular in the area close tortieway threshold, where wake vortex risk
mitigation measures are most effective. The residis show that procedural changes that only
have an effect further along the glide slope (&i€eper approaches for smaller aircraft,
different glide slope intercept altitudes, increhee decreased navigation performance) are not
sufficiently effective to reduce the wake turbulemisk related to single runway approaches.

A risk management framework (consisting of riskrégerisk metrics, and risk requirements)
has been proposed. The risk requirements are loased Target Level of Safety approach, and
are derived using historical incident data on dottske encounters. The framework has been
reviewed by the FAA and EUROCONTROL within the frauof their Action Plan 3 "Air traffic
modelling for separation standards”, and has bsed in the ATC-Wake project as well.

4.8.2 Recommendations

From a safety and capacity perspective, it is gfdrtance to locate those factors that contribute
most to the incident/accident risk related to wakéulence. For this reason, a sensitivity
analysis has been carried out, and the major fyxdame:
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=  The highest wake vortex induced risk is clearlyated near the runway threshold. This
implies that - to reduce the risk - weather bagediption, monitoring and warning
systems should focus on weather and wind effecs the runway threshold.

=  The risk is most sensitive to wind conditions. Tinigplies that an increase of runway
capacity might be possible if reliable and stalvkdjctions of wind conditions over a time
period of 20 minutes or more (necessary from amatjmmal point of view to allow
scheduling for approach with prescribed separatioima) can be made. In this respect,
crosswind and strong headwinds are most favoutabterease runway capacity.

With respect to validation, it is recommended talgse the data collected within the Heathrow
Data Base (HDB) in more detail. So far, only padits of encounter data have been analysed
and compared with the results from the probaluliséifety assessment. Further validation
activities shall focus on specific elements ofitigividual sub-models (e.g. wake evolution in
ground effedt thereby taking into account validity, applicéyiland limitations of these sub-
models (e.g. the wake encounter models dorad$perform wellclose to the ground The

relation between encounter severity (bank anglsugeloss of height) and the four risk events is
a key element that needs to be further validateld adtual encounter data as well, possibly
using a validated aircraft performance model azlbgped for Eurocontrol [87].

Acknowledgements

The author acknowledges the European Commissioprfstiding (part of) the funding for this
study. The author is especially grateful to the m@nts and suggestions of Anton de Bruin (the
S-Wake coordinator), Gerben van Baren (both NLRY, &@imon Mason (NATS). The author is
also grateful to NASA (Wayne Bryant, Fernando Rixesi) and the George Mason University
(George Donohue, Lance Sherry, John Shortle) ®jdimt contribution to DASC 2004 [11].

102



Chapter 5 P
Safety assessment of ATC-Wake single runway departures <NLR

5 Safety assessment of ATC-Wake single runway departures

5.1 Introduction

With the steady increase in air traffic, airponts ander continuous pressure to increase aircraft
handling capacity. One potential approach is teicedhe wake vortex separation distances
between aircraft at take-off without compromisirdesy. The ATC-Wake project aims to
develop and build an integrated system for Air ficafontrol (ATC) that would allow variable
aircraft wake vortex separation distances, as aaptsthe fixed times presently applied at
airports. The present separation of two to thrasuteis between departing aircraft is designed to
counter problems aircraft may encounter in the wafldarge aircraft. For airports with ATC-
Wake in use, the aim is to reduce the time seperditween aircraft departing at single
runways to 90 seconds for all aircraft types inghesence of sufficient crosswind.

The overall objective of this study is to quantifie possible safety improvements when using
the ATC-Wake system and to assess the requiredweind values for which the “ATC-Wake
mode”, with reduced aircraft separation, can bdiegpThe wake vortex induced risk between
a variety of leader and follower aircraft, depagtimder various wind conditions, will be
evaluated. For the risk assessment of the ATC-Vdakarture operation with reduced
separation, three issues have to be considered:

* The controller working with ATC-Wake will warn thglot about a potential wake vortex
encounter, in case an ATC-Wake alert is raised.

e If an ATC-Wake system component provides wrong @elvihere is a higher risk on the
presence of severe wake vortices. Consequences evigh be catastrophic when reduced
separation is applied and a light aircraft encagrsesevere wake of a heavy aircraft.

* The separation time will vary along the flight tkaand will usually not be exactly the same
as the separation time advised by the ATC-Wakeegyst

Introducing and/or planning changes to the ATMaystannot be done without showing that
minimum safety requirements will be satisfied. Tlili be supported by a quantitative safety
assessment, based on the WAVIR methodology anddabfdee Appendix A and Section 4).
The effect of failures of ATC-Wake system composetd hazards related to the ATC-Wake
operation will be investigated in a qualitative wayth the assumption that failure and/or
hazard conditions with severe consequences muesttbemely improbable [78].

Section 5.2 describes the ATC-Wake single runwgadere operation. Section 5.3 describes
the risk assessment methodology. Section 5.4 ecensadescription of the simulation scenarios.
Risk assessment results are presented SectioGéction 5.6 presents the conclusions and
recommendations. Appendix A provides the mathembtimdel used for the risk assessment.
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5.2 Single runway departure operation

5.2.1 Current practice regulations ad recommendations

In current ATC operations, there is no exchangafaofmation concerning wake vortices
between aircrew and ATC. Control practices are ¢thasel CAO recommendations and national
regulation. ICAO separation minima between aircaaét based on Maximum Take-Off Weight
(MTOW) of the involved aircraft, distinguishing egpories Light, Medium, and Heavy [32, 79,
103]. National regulation exists in the USA and WBAO non-radar separation minima for
take off, as applied to aircraft operating behidjkr aircraft are presented in Table 5-1. The
separation is 3 minutes in case the take off imfam intermediate position on the runway. In all
cases, it is up to the pilot to decide whetherairta initiate the take off (start of roll).

Table 5-1 ICAO non-radar separation minima

Aircraft category Non-radar separation minima
Leading aircraft | Following aircraft Departing
HEAVY MEDIUM 2 minutes
LIGHT 2 minutes
MEDIUM LIGHT 2 minutes

Separation minima of 3 minutes for departing aftapply in case of:

= take-off from an intermediate part of the same rayor

= take-off from an intermediate part of a parallelway separated by less than 760 m, see
Figure 5-1 below.

3 minutes

Figure 5-1 Three minutes separation for departing aircraft
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5.2.2 The ATC-Wake departure operation

The objective of the ATC-Wake project was to depedod build an innovative platform with

the aim of optimizing safety and capacity. Thefplath serves as a test bed to assess the

interoperability of the ATC-Wake system with exigtiATC systems currently used at various

European airports, to assess the safety and cajragitovements that can be obtained by

applying the system in airport environments, aneMaluate its operational usability and

acceptability by pilots and controllers [12, 13, 18, 17, 20, 54]. The ATC-Wake operation

consists of two phases that can be summarisedlaa$d54]:

= Planning Phase or Sequencing: wake vortex prediétitormation is used together with
aircraft separation rules to establish the depaeguence;

= Tactical Phase: wake vortex detection informatienused to prevent wake vortex
encounter during the take-off phase (up to thea#ride initial climb).

In the ATC-Wake operation for single runway depaas,itwo separation modes are defined:

=  The baseline mode with ICAO wake vortex separatiorfima,

=  The ATC-Wake separation mode with (reduced) seiparatinima that depend on the
weather conditions but do not depend on aircrakenaenrtex category.

For departures, ATC-Wake operations will starhatleginning of the taxi phase and finish at
the end of the initial climb phase, including th#iation of the first turn. Wake vortex
prediction and detection will cover those areasrefiee risk of encountering a wake vortex is
expected to be relatively high, see Table 5-2.deéartures this concerns the area
encompassing rotation points (second half of timevaey) and the area encompassing the first
turn in the climb phase (note that noise abatempe@edures might be applicable).

Table 5-2 Wake vortex prediction and detection areas

Type of Area Description Position and Size

Departure Area 1Area encompassing rotation pointeosition: 2% half of the runway

Length: 2000m

Height: 100 ft
Departure Area 2Area encompassing first turn in | Position: at 10 NM from runway

climb phase, e.g. noise abatemeptength: To be determined
procedures Height: 3000 — 6000 ft

The risk of wake vortex encounters exist if thewft have the same rotation point or if the
second aircraft takes off after the rotation paiinthe first aircraft. The case that a light or
medium aircraft encounters a wake vortex genetiayatie departure of a heavy aircraft can for
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instance occur when an intermediate runway takésgferformed by a medium or light aircraft.
Important wake vortex detection and prediction sitbat are to be considered are listed in
Table 5-2. The detection is performed along themsibn of the runway axis and approximately
up to a distance of 10 NM from the runway.

Heavy Aircraft

Light Aircraft A

Figure 5-2 Departure rotation points and climb profiles

In this study, it is assumed that the first tutkketaplace at about 10 NM from the runway,
mainly due to noise abatement procedures. As radiagement procedures are airport
dependent, so is this location where the first tan be initiated. Furthermore, this location
may vary per Standard Instrument Departure (Sl@)dapend on the aircraft climb rate.

The ATC-Wake departure operation will influence thkes and responsibilities of the involved
actors. Identified actors are ATC supervisor, tmeudd Controller, Tower Controller and the
aircrew. Table 5-3 presents an overview of theseraevith their current responsibility and
their specific and/or additional role in the ATC-Wésasingle runway departure operation.

Table 5-3 Overview of human actors in the ATC-Wake departure operation

Actor Current Responsibility Specific/additional Role in ATC— Wake

ATC supervisor Monitors ATC tower and Decision on arrival and departure rate to be agplie

ground operations.

Ground Controller| Sequences departures Use wake vortex detection information to optimise

(GND) according to landings. departure sequencing.

Tower Controller |In charge of final approach, |Uses wake vortex detection information (now cast)
(TWR) landing and takeoff phases. | monitor safe separations between aircraft in the
departure phase (up to the first turn) using aevort
vector (display of wake vortex). On basis of wake
detection information, the aircraft separation time

between departures can be increased.

106

—



~

Chapter 5
Safety assessment of ATC-Wake single runway departures <NLR
i
Actor Current Responsibility Specific/additional Role in ATC— Wake
Aircrew Overall responsible for a safel Judges ATC instructions and, if considered saf#, wi
and efficient flight. attempt to comply, taking into consideration adittas

that may influence the safe continuation of thghfli

In case of incompliance, the pilot should file poe

to explain his rationale.

Note that an initial climb out profile is chosen titwe aircrew from various options. Noise
abatement procedures do not overrule the climipmfiles as this would have a direct effect on
the safe operation of the flight. It is assumed #&iBC-Wake mode is only applied for
departures if radar identification of aircraft isadable at less than 1 NM from the runway.
When the ATC-Wake separation mode is in operaticggparation of 90 seconds (wake vortex
transport out of runway area confirmed by detegtmmtween two departures is envisaged. This
separation time should take into account the piisgibf intersection take-offs. The following
chronological order can be identified for the ATGiKeé operation for single runway departures:
1. Based on meteorological conditions and runway goméition, the ATC-Wake system will

advise the ATC supervisor about applicable separatiode for a certain runway and
associated validity period.

The ATC supervisor decides on the separation malde,taking into account runway
configuration and conditions. In case of ATC-Waked®, the ATC supervisor decides on
the separation time between two consecutive dejgsttu

The Ground Controller determines the departure essogitaking into account Air Traffic
Flow Management (ATFM) slots, departure routesnblout speeds, and in addition wake
vortex prediction information.

The Tower Controller uses wake vortex detectionrimiation (now cast) to monitor safe
separations between aircraft in the departure pfugsto the first turn) using a vortex
vector (display of wake vortex). On basis of waketex detection information separation
time between departures can be increased.

<— Typical Distance : 10 NM ——>

Figure 5-3 Example of vortex vectors for departures
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The ATC-Wake system will include four main specffienctional) components (see Table 5-4
and Figure 5-4), which will also interface with seal existing ATC system components.

Table 5-4 ATC-Wake System Components

Determines applicable separation mode (ICAO or ATC-Wake mode)
ATC-Wake . - X . . .

and advises about minimum aircraft separation distance. The advisory
Separation Mode |includes expected time for future mode transitions, and an indication of
the aircraft separation minimum applicable

Planner
ATC-Wake Predicts for individual aircraft the WV behaviour (“Wake Vortex Vector”)
in the pre-defined departure area(s). The Wake Vortex Vector (WVV) is
Predictor part of the critical area potentially affected by the wake vortex.

Detects for individual aircraft WV position, extent (“vortex vector”) and —

ATEEES DEiEEr if possible — also its strength in the critical departure area.

Alerts ATCO in case of :
« significant deviation between WV detection and WV prediction

ATC-Wake

Monitoring and
. information which raises the risk of WV encounter
Alerting

» failure of one or several WV components

The ATC-Wake system will interface with existing 8Bystems, as shown in Table 5-5.

Table 5-5 Existing ATC Systems interfacing with ATC-Wake components

Provides the traffic situation picture and automated support for various

AL Al ATCO tactical roles (Approach, Tower).

Flight Data Keeps track of flight information and updates, in particular flight plan,

. the trajectory prediction, ETA and ETD, aircraft type and equipment
Processing System J yp yp quip

Provides and maintains the air traffic situation picture using all available

SUREENES S detection means (radars, air-ground data links)
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Figure 5-4 ATC-Wake Operational System and its functional flow during the departures

5.3 Risk assessment methodology

Evaluation of wake vortex separation distances Iésterically been conducted using three

approaches: (1) experimental flight test datah{&)poric operational data, and (3) analytical

models. As the ATC-Wake system and operation lisirsthe design phase, this study follows
the third approach. The intention is to build stiéfint safety confidence, enabling the decision
makers to decide on operational testing and imphéatien. A probabilistic safety analysis is
conducted for a traffic mix of aircraft departingder different weather conditions flying flight
paths with statistical variations, taking into agabstochastic models of wake vortex
generation, wake vortex encounter, and aircrafif@ihd controller responses. For the risk
assessment of the ATC-Wake departure operatioee thmain issues have to be considered:

e The controller working with ATC-Wake will warn th@lot about a potential wake vortex
encounter, in case an ATC-Wake alert is raised.

« If an ATC-Wake system component provides wrong @lvihere is a higher risk on the
presence of severe wake vortices. Consequences evigh be catastrophic when reduced
separation is applied and a light aircraft encagrgesevere wake of a heavy aircraft.

* The separation time will vary along the flight tkaand will usually not be exactly the same
as the separation time advised by the ATC-Wakeegyst

The WAVIR methodology is used to assess wake vanmwced risk in the case of failure of
one or more ATC-Wake components. In this case, alcewortex avoidance manoeuvre is
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performed by the aircraft/pilot. The uncertaintyflight path and speed of involved aircraft are
modeled in the flight path evolution model. The moahflight trajectories are based on the
EUROCONTROL Base of Aircraft Data (BADA, Revisior63[106]. The uncertainty about
the flight trajectories is based on statisticallgsia of aircraft departing at Schiphol airport.eTh
resulting probability distributions of aircraft sssband position are used in the Monte Carlo
simulations with the wake vortex evolution and wakeounter models. The resulting
probabilities of an encounter in a predefined enteuseverity class are used by the risk
prediction model to come up with incident/accidesi probabilities. The predicted risk
associated for each of four pre-defined risk evémtsor incident, major incident, hazardous
accident, and catastrophic accident) is the endltreba WAVIR assessment for a specific
scenario. These risk numbers can then be compatiedisk requirements to judge whether or
not an evaluated scenario is safe. Risk eventitefis and risk requirements have been defined
during the S-Wake project (Section 4). The assestoig¢he wake vortex induced risk is
carried out with the risk assessment model destiilbb@ppendix A. The effect of failures of
ATC-Wake system components and the hazards refiatbe ATC-Wake operation are
investigated in a qualitative way, with the assuopthat failure conditions with severe
consequences must be extremely improbable and rfaitore conditions may be probable [78].
Variations in the initial aircraft separation tiraee not considered in this study (see [107]).

5.4 Description of scenarios

The setup of the simulation scenarios focuses d@wartices generated during departures,
such that the vortices of the leader aircraft emegported into the flight path of the follower
aircraft. Basically, only the first 10 NM after &loff is considered, without initiation of a turn
within this area. A scenario is defined by all gagameters and variables in the WAVIR tool-
set. Basically, the scenarios only differ in thecatied 'assessment parameters":

* Generator — follower aircraft combination;

» Crosswind;

« Lift off point;

e Initial aircraft separation time.

Table 5-6 Assessment parameters for the Single Runway Departure (SRD) operation

Assessment Scenarios

1 through 96 97 through 192 193 through 288
Leading A/C LAC1 LAC3 LAC7
% g Follower A/C FAC1,4,5,8 FAC1, 4,5,8 FAC1,4,5,8
§ ‘uE“a Lift Off Point LAC Early, Late Early, Late Early, Late
§ £ | Lift Off Point FAC Early, Late Early, Late Early, Late
<= (Cross)wind [m/s] 0,1,2,3,4,5 0,1,2,3,4,5 0,1,2,3,4,5
Separation [s] 60, 90, 120, 150, 180 | 60, 90, 120, 150, 180 | 60, 90, 120, 150, 180
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Table 5-7 Aircraft characteristics (from EUROCONTROL BADA, Revision 3.6)

# | Name =
— = — £ s p I B < 2 <
o | 2pZ |25 | 3 o6 2o | 2o
g | 2SS | 825 | @ s 52 | o
02 = 98B S &5 03 55
Q i o2 = g < =] = %’ BN T >
= g o e " B E) % 3 = =&
[— on — ~— o z = Iz‘ =
1 | Large jumbo jet H 372000 300000 60 186 140 149
2 | Wide body jet (1) H 287000 208700 60 157 117 125
7 | Wide body jet (2) H 181400 150000 45 164 122 136
3 | Medium jet M 68000 58000 36 168 125 131
4 | Regional jet M 43090 38000 30 148 110 110
5 | Med turbo prop M 20820 18000 30 132 86 92
8 | Light Business Jet L 6025 6000 16 122 90 90
6 | Light Turbo Prop L 4700 4100 14 123 79 83

The rotation points for the different aircraft tgpgepend on several factors, including take off
weight, engines, wind, air temperature and pressunsvay characteristics, and thrust settings.
A de-rated take off, using the extra available targf a runway, is often applied by the pilot to
minimize the load on the engines (to increase fifeitime). The following is assumed (see

also Table 5-8):
The Minimum Lift Off Point is smaller than the Takif Length, and estimated for a non
de-rated take off using expert opinion.
The Maximum Lift Off Point of an aircraft departiigestimated using expert opinion, i.e.
operational expert interviews.
The Take Off Position of leader and follower ar¢hbequal to the Runway Threshold.

Table 5-8 Estimated lift off points of different aircraft types (at Schiphol runway 24)

Take Off | Early Lift Off Point | , -3t€ Lift Off Point
# Name CAT Length (non-derated take off) (e.g. using intersection
take off or derated)
1 | Large Jumbo Jet H 3320 2100 3000
2 | Wide Body Jet (1) H 2925 2000 2700
7 | Wide Body Jet (2) H 2700 1900 2500
3 | Medium Jet M 2500 1500 2300
4 | Regional Jet M 1715 1200 2200
5 | Medium turbo prop M 940 700 1800
8 | Light Business Jet L 727 600 1600
6 | Light Turbo Prop L 506 400 1400
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Figure 5-5 shows the vertical profile for differéppes of aircraft, where the longitudinal axis
specifies the distance from threshold. It is assuthat the aircraft follow a 'nominal’ climb
profile, as specified in BADA 3.6, i.e. in realitiye climb rate could be higher or lower than
used. These aircraft speed profiles and climb mtegenerated using the BADA, which
provides Federal Aviation Regulations (FAR) Také Gfngth, True Air Speed (TAS) and rate
of climb for a specified flight level. Combiningdgke numbers, one can compute height and
longitudinal position as a function of time forfeifent kinds of aircraft performing a departure.

Departure paths

7000 -

= | arge jumbo jet
- \Wide body jet
Medium jet
Regional jet
Medium turbo prop
= |ight turbo prop
- \Wide body jet (2)
= |ight business jet

6000

T

5000

T

4000

3000

Vertical position [m]

2000

1000

0 i i i i i i i
18000 16000 14000 12000 10000 8000 6000 4000 2000 0

Longitudinal position [m]

Figure 5-5 Vertical profiles of departing aircraft types based on the BADA database

The vortex pair behind the generator aircraft islated as two line vortices with a vortex
spacing, a vortex strength, and a core-radius. & hasameters do depend on the wingspan,
weight and speed of the generator aircraft. Evotugf the vortex position is modeled
according to Corjon & Poinsot [76, 77]. This inchsdimage vortices and secondary vortices
making the vortex pair to diverge and rebound tieaiground respectively. The decay function
as defined by Sarpkaya [80] is used. Input parammete Brunt-Vaissalla frequency N and
Eddy Dissipation Rate EDR. Simulations are perfatiog a two-dimensional data set of
Brunt-Vaisala frequencies and EDR values represgitie climatology of London Heathrow at
different height levels. Information on this climiigy was provided by UK Met Office [9, 10].
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Two encounter models are available, the Extenddid@mtrol Ratio model (ERCR) and the
Reduced Aircraft Pilot Model (RAPM) (see Appendix Ahe aircraft dependent parameters for
the ERCR and RAPM model are determined for a nurabgeneric aircraft types. In this
study, the ERCR has been applied to compute theawtrol ratio and the maximum bank
angle. The RAPM was used to verify and calibraeeERCR model. Wind is simulated
assuming a logarithmic wind profile up to an alfituof 1000 ft. Above 1000 ft the wind is
assumed to be constant (this is more or less éwlith a logarithmic wind profile). The surface
roughness is 0.03 m, which is representative fpereeric airport environment. The wind value
is specified at 10 m altitude. Analysis of wakeuodd risk is done in a number of longitudinal
positions up to 10 NM from the runway thresholdthwa focus on the critical areas: the area
close to the ground and the area encompassingrshéufn in the climb phase.

5.5 Risk assessment

5.5.1 Qualitative risk assessment

The risks associated with the ATC-Wake operatioreHzeen identified with the NLR

Qualitative Safety Assessment (QSA) methodologyalnous brainstorming sessions with

operational experts, hazards have been identifi@dciould occur in the considered operation.

Identified potential safety bottlenecks for ATC-Véatteparture operations are:

=  Supervisors may not follow the advice of the ATCR&&eparation Mode Planner and
tend to deviate to the unsafe side, for examplefficiency reasons;

=  Controllers may not comply with the prescribed sapan and give a take-off clearance
too early, for instance due to a timing error;

=  Controllers may not pay sufficient attention to tisualisation tool and react properly on
an alert, because tower controllers are used t& based on their outside view.

Table 5-9 provides an assessment of the effetteoAT C-Wake system component failures.
Individual classifications are based on the assigmghat other failure conditions do not occur.
A simultaneous failure of two system componentdadaggravate the situation. Failure
conditions with severe consequences must be extyemprobable and minor failure
conditions may be probable [78]. A potential saisgue is that shortly after take off, at low
altitudes, it will not be feasible for the pilot tiorn away from the vortex of a preceding aircraft.
Provision of up-to-date meteorological now-casiimfgrmation to ATCOs is crucial in order to
support the pilot to prepare for a potential wakeoginter in case of a sudden change of wind.

It appears that the Monitoring and Alerting syst&md Meteorological Forecast and Now-
casting systems are crucial and sufficient accusacyreliability shall be guaranteed.
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Table 5-9 Effect of main ATC-Wake system/operation failure conditions

o

The air traffic situation
provided by the surveillance
systems is wrong or
inaccurate. The controllers will
most likely not be aware that
the wrong leader aircraft type
(or associated data) is used in
the ATC-Wake Predictor and
on the HMI.

Predictor, causing improper
functioning. The predicted
Wake Vortex Vector will be
wrong, and an alert might be
generated on the basis of
false information. Most likely a
transition will be made to the
ICAO Separation Mode. There
will be an increase of
workload of ATC.

Description Effect Classification |Comment

Pilot/aircraft not able to turn | An unfavorable change of MAJOR — The wake vortex is

timely: weather (not enough SERIOUS stronger closer to the

The pilot/aircraft is not able to |crosswind) is passed on by INCIDENT generating aircraft. An

timely perform an avoidance |the controller to the pilot. The encounter with 90

maneouvre, after it is pilot is prepared for a potential seconds separation will

requested by the controller. severe wake encounter, and result in more severe

This could occur in case of a | may be able to control the consequence than in

warning when the aircraft is situation. Nevertheless, ICAO Mode. The pilot

still in initial take off, i.e. control problems in close is prepared for a Wake

limitations in bank angle will proximity to ground could Vortex Encounter.

apply. occur for light aircraft.

Controller does not provide [An unfavorable change of SERIOUS The wake vortex is

a timely warning to the weather (not enough INCIDENT stronger closer to the

pilot: crosswind) is not passed on to generating aircraft. An

ATCo does not provide a the pilot. The pilot will be encounter with 90

timely warning to the pilot, for |unprepared for severe seconds (i.e. reduced)

example because he does not |turbulence, i.e might separation will result in

hear an aural warning or experience control problems more severe

misses a visual warning. ATC- [in close proximity to the consequence than

Wake provides an alert, but ground. under ICAO

ATCo is not aware of it and separations.

does not ask the pilot to

initiate a turn.

Loss of Monitoring and The controllers will not receive | SERIOUS The wake vortex is

Alerting Function: an alert in case ATC-Wake INCIDENT stronger closer to the

The ATC-Wake Monitoring separation is no longer generating aircraft. An

and Alerting system is not suitable. The aircraft may encounter with 90

operational and provides no encounter severe turbulence seconds (i.e. reduced)

function. The controllers, not [which may lead to control separation will result in

being aware of it, are problems in close proximity to more severe

expecting the system to warn |the ground. consequence than

in case of a discrepancy under ICAO

between prediction and separations.

detection information.

Faulty or Inaccurate WV Incorrect information is SIGNIFICANT — Alert is generated

Model Estimation: passed to the ATC-Wake MAJOR because there is a

The predictions of wake Predictor, causing improper INCIDENT discrepancy between

vortex locations and/or functioning. The predicted prediction and

strengths made by the WV Wake Vortex Vector will be detection information

Model, on the basis of aircraft [wrong, and an alert might be (unlikely to occur at low

data and meteorological data |generated on the basis of altitudes if Meteo

are inaccurate/wrong. false information. There will Nowcast and Predictor
be an increase of workload. are working).

Faulty or Inaccurate Air Incorrect information is SIGNIFICANT The ATC-Wake

Traffic Situation passed to the ATC-Wake INCIDENT separation Mode is

based on a worst case
combination of a
Heavy leader aircraft
and a Light follower
aircraft.

114



Chapter 5

Safety assessment of ATC-Wake single runway departures

~

o

A

Description Effect Classification |Comment
Faulty or Inaccurate Meteo | Incorrect information is SERIOUS The wake vortex is
Now-casting Information: passed to the ATC-Wake INCIDENT stronger closer to the
The now-cast meteorological | Predictor, causing improper generating aircraft. An
conditions are inaccurate or functioning. The predicted encounter with 90
wrong. The controllers will transport of the vortices is seconds (i.e. reduced)
most likely not be aware of a [wrong. An unfavorable separation will result in
sudden unfavorable change of | change of weather (not more severe
the wind. enough crosswind) is not consequence than
detected. The aircraft may under ICAO
encounter severe turbulence, separations.
which could lead to control
problems close to ground
Wake Vortex outside No wake vortex information is | SIGNIFICANT It could take a few
Detection Range and/or passed to the ATC-Wake INCIDENT minutes before the
Scanning Volume: The wake | Detector, causing improper transition to ICAO
vortices generated by the functioning. As the ATC Mode is made. The
leader aircraft are not supervisor and the air traffic aircraft already lined up
detected, when they are controllers will likely become for departure will
outside the scanning volume | aware quickly that there will receive their take off
of the ATC-Wake Detector. As | not be an alert, a transition will clearance later.
the WV detection information |be made to the ICAO
suddenly disappears, there is | Separation Mode. There will
an indication and ATCos will [ be an increase of workload of
be informed of the failure. ATC.
Faulty or Inaccurate Incorrect information is used | SIGNIFICANT - Alert is generated
Detection of the Wake by ATC-Wake Detector, MAJOR because there is a
Vortices: causing improper functioning. |[INCIDENT discrepancy between

The wake vortices generated
by the leader aircraft are
inaccurately or not detected,
because of a failure of the
ATC-Wake Detector.

Wake Vortices are not or
inaccurately detected. There
will be an alert if the Wake
Vortex Vector generated by
the ATC-Wake Predictor
indicates a potential wake
encounter. There will be an
increase of workload.

prediction and
detection information.
This is unlikely to occur
at low altitudes if
Meteo Nowcasting and
Predictor are working.

5.6 Quantitative risk assessment

5.6.1 Wake vortex induced risk
Figure 5-10 shows the wake vortex induced riskeims of incident/accident probability per
departure, for a separation time of 90 second$(mothead- or tailwind). Note that LAC
denotes the leader aircraft and FAC denotes th@ifet aircraft (the numbering is in
accordance with Table 5-7). Risk assessment rdsultsoss wind conditions of 0, 1, 2, 3, 4,
and 5 m/s are provided in Figures 5-11 until 5% [ Initial aircraft separation times of 60, 90,
120, 150, and 180 seconds are all evaluated. Aingrgrtant departure specific and aircraft

dependent parameter is the lift-off point. Therefaris noted once more that in the assessment

a distinction has been made between early andiftavéf of the aircraft. Logically, a variation
of lift-off points results in a variation of depare tracks. When the follower aircraft lifts off
early behind a leader aircraft that lifts off latiee departure path of the follower aircraft well
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exceeds that of the leader aircraft, and as a qoesee the associated risks are low. To stay on
the conservative side, the risk results are maxdchizver the variation in lift-off points of the
different departing aircraft types before derivthg wake vortex induced risk results provided

in this Section 6. The full details of the quaritita safety assessment are provided in Speijker
et al. [84], in which the impact of the lift off g on risk is also analysed. In this study, tha ai

is to derive safe separation times for departurestherefore the worst case combination of
leader and follower lift off points is consideregkh interesting finding is the fact that e.g. Light
Business Jets behind a Large Jumbo Jet could alwagsparated with just 60 seconds (see e.qg.
Figure 5-17, in Section 5.6.2). This is explaingdhe fact that this aircraft usually takes off
earlier, which implies that its flight path well@eds that of the leading Large Jumbo Jet.

As an example, Figures 5-6 until 5-9 present tie@ent/accident risk curves for a Regional Jet
departing under different crosswind conditions lead- or tailwind) behind a Large Jumbo Jet.

Risk versus separation with TLS Risk versus separation with TLS

for vortices generated by a Large jumbo jet and encountered by a Regional jet for vortices generated by a Large jumbo jet and encountered by a Regional jet
Reference crosswind 0mvs; headwind Om/s; SRD_LAC1_FAC4_cwOmps_hwOmps; Reference crosswind 2mv/s; headwind Om/s; SRD_LAC1_FAC4_cw2mps_hwOmps;
10 10"
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Figure 5-6 Risk with crosswind 0 m/s Figure 5-8 Risk with crosswind 2 m/s
Risk versus separation with TLS Risk versus separation with TLS
for vortices generated by a Large jumbo jet and encountered by a Regional jet for vortices generated by a Large jumbo jet and encountered by a Regional jet
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Risk in case of 90s separation per aircraft combination and crosswind condition
Crosswind condition Om/s
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Figure 5-10 Overview of risk results in case of 90 seconds separation
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Risk in case of Om/s crosswind per aircraft combination and reference separation
Reference separation 60s
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Figure 5-11 Overview of risk results in case of 0 m/s crosswind
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Risk in case of 1m/s crosswind per aircraft combination and reference separation
Reference separation 60s
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Figure 5-12 Overview of risk results in case of 1 m/s crosswind
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Risk in case of 2m/s crosswind per aircraft combination and reference separation
Reference separation 60s
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Figure 5-13 Overview of risk results in case of 2 m/s crosswind

120



Chapter 5 P
Safety assessment of ATC-Wake single runway departures <NLR

Risk in case of 3m/s crosswind per aircraft combination and reference separation
Reference separation 60s
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Figure 5-14 Overview of risk results in case of 3 m/s crosswind
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Risk in case of 4m/s crosswind per aircraft combination and reference separation
Reference separation 60s
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Figure 5-15 Overview of risk results in case of 4 m/s crosswind
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Risk in case of Sm/s crosswind per aircraft combination and reference separation
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Figure 5-16 Overview of risk results in case of 5 m/s crosswind
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5.6.2 Initial estimate of the minimum required aircraft separation time

An initial estimate of the minimum required sepanatimes for various leader and follower
aircraft combinations and for various crosswindditons is provided in Figure 5-17 on the
basis of the risk assessment results sketchedciing&.6.1.

Single Runway Departures: Safe separation per aircraft combination and crosswind condition

Om/s
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2m/s
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120 —

90 —
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Figure 5-17 Overview of WAVIR assessed safe separation minima for the SRD operation

Taking into consideration that ATC-Wake Mode shdugdapplied to all aircraft combinations,
Table 5-10 indicates safe separation minima falagecrosswind intervals (these are indicative
numbers that do not take into account uncertaimthé crosswind conditions, safety margins
and other factors that may influence safety). Thlseparations may only be applied in case
ATC-Wake is used, and the system components meferpence requirements that follow
from Table 5-9. Reduced separation of 90 secongstrmapplied when crosswind exceeds 3
m/s, while 60 seconds separation can be appliddasitsswind above 5 m/s.

Table 5-10 Indicative separation per crosswind interval

Crosswind interval Proposed wake vortex separation
0< w< 2mis ICAO
2< U< 3m/s 120s
3< U< 5m/s 90s
5m/s< w 60s
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5.7 Capacity improvements

A first estimation of the potential capacity impements has been established through the use
of analytical models based on aircraft spacingugquemodels, and sequencing approximation
methods for the arrival and departure flows. Téblel shows departure throughput in case of
ICAO separation and in case of ATC-Wake separation.

Table 5-11 Expected throughput for the ATC-Wake SRD operation

ATC-Wake Single Runway Departure operation
Crosswind | Separation| Throughput Probability of Throughput per
interval [aircraft/hour] | crosswind in interval® | crosswind interval
O<uc<l1 ICAO 37.8 0.080 3.0
1<u=<2? ICAO 37.8 0.208 7.9
2<U=<3 ICAO 37.8 0.206 7.8
3<u<4 90s 38.9 0.164 6.4
4<u<5 90s 38.9 0.118 4.6
5<u<6 60s 40.0 0.081 3.2
6<u=<8 60s 40.0 0.053 2.1
8m/s< u. 60s 40.0 0.090 3.6
Expected throughput [aircraft/hour] 38.6
Change compared to ICAO reference situation 2.1%

Runway throughput improves when the ATC-Wake sy&tparation is used. Depending on the
occurrence of favorable crosswind conditions, ttoegase in runway throughput is estimated at
about 2% for the ATC-Wake SRD operation at a gerarport with average wind conditions.

5.8 Conclusions & recommendations

With the steady increase in air traffic, airponts ander continuous pressure to increase aircraft
handling capacity. One potential approach is taicedhe wake vortex separation distance
between aircraft at take-off and landing withoutnpoomising safety. The European
Commission Information Society Technologies prog€C-Wake has designed an integrated
system for Air Traffic Control that would allow vable aircraft separation distances, as
opposed to the fixed distances presently appliedrports.

Introducing and/or planning changes to the ATMaystannot be done without providing
sufficiently validated evidence that minimum safetgguirements will be satisfied.

10 A crosswind climatology based on about 400,008e0kations at about 10 m altitude at 3 large Ewao@érports is used
[109]
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Therefore, this study has quantified the possiafetg improvements to be obtained by
installation of ATC-Wake. This includes an asses#roérequired crosswind values for which
reduced aircraft separation can be applied. Theewaktex induced risk between a variety of
leader and follower aircraft, departing under vasiavind conditions, has been evaluated with
the Wake Vortex Induced Risk assessment (WAVIRhwaology and toolset [83]. For the
ATC-Wake departure operation with reduced separatiso more issues have been considered:
* The controller working with ATC-Wake will warn thglot about a potential wake vortex
encounter, in case an ATC-Wake alert is raised.
e If an ATC-Wake system component provides wrong @elvihere is a higher risk on the
presence of severe wake vortices. Consequences evigh be catastrophic when reduced
separation is applied and a light aircraft encagresevere wake of a heavy aircraft.

The present separation of two to three minutes éatvdeparting aircraft is designed to ensure
that aircraft will not encounter wake vortices afde aircraft. For airports with ATC-Wake in
use, the present study indicates that the timeratpa between aircraft departing at single
runways might be reduced to 90 seconds for altairtypes in the presence of sufficient
crosswind. Indicative separation minima dependardrosswind conditions have been
determined. As these separation minima do notgexiunt for crosswind uncertainty, the
setting of requirements for the ATC-Wake system ponents was further investigated. This
was done through a qualitative analysis of thecefbé failures of ATC-Wake system
components. It was concluded that the Monitoring Aterting system and Meteorological
Forecast and Now-casting systems are crucial affidisat accuracy and reliability shall be
guaranteed. During the validation activities, itsvemncluded that both real (measured) data and
a sufficiently validated aircraft performance anyghamics model fodeparturesare not yet
available. It is therefore recommended to exteredahbll known AMAAI toolset (developed for
EUROCONTROL) for the analysis of in trail followirajrcraft during arrivals with a module
dedicated to departure operations [86, 87].

A full Safety Case for ATC-Wake departures shabadccount for the local weather

climatology and ATC/pilot procedures for wake varteitigation. In view of this, actual
implementation of the ATC-Wake operation at Eurepaiports is envisaged around 2010 at
the earliest. It is recommended to involve airgarthorities and ATC centers for gathering the
required data to build the Safety Case. Followasgearch is foreseen to be performed as part of
the CREDOS project, which is a logical successthécATC-Wake project.
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6 Safety assessment of the I-Wake single runway arrival operation
with reduced separation

6.1 Introduction

Aircraft createwake vorticeswhen taking off and landing, restricting runwayaeity. These
vortices usually dissipate quickly, but most aitpapt for the safest scenario, which means the
interval between aircraft taking off or landingaftamounts to several minutes. With the aid of
accurate meteorological data and precise measutsmiwake turbulence, more efficient
intervals can be set, particularly when weathed@@ns are stable in time. The EC projéct
Wakehas designed an on-board wake vortex detectiomimgaand avoidance system for the
flight crew, which helps to minimize the probalilthat an aircraft encounters a wake vortex.
An |I-Wake system could be useful as safety neaseaeduced separation is applied, e.g.
through use of an ATC-Wake system with reduced waktex separation in case of crosswind.

The main objective of this study is to provide HWake system with an assessment of wake
induced risk levels for the approach phase whenaed aircraft separation (2.0 or 2.5 NM
between all aircraft) is applied. Such analysid kél performed for different aircraft types and
various wind conditions for reduced separationpacific objective is to support the setting of
requirements for the use of I-Wake. Aspects todresiclered are e.g. the time for caution and
alert and the |I-Wake system capabilities (sucthasorizontal and vertical scanning view, the
angle of regard, the wake vortex detection rangd)the initiation of a missed approach.

For a quantitative assessment of the wake vorexced risk related to the I-wake single

runway arrival operation with reduced separatiberé are three main issues to consider:

= If one or more I-WAKE system components provideramng or erroneous advice, there
will be a higher risk on the presence of (severaewortices. The consequences might be
CATASTROPHIG in case reduced aircraft separation (e.g. 2.0.NM) is applied.

=  The pilot has to initiate a wake vortex avoidan@peuvre, in case an I-Wake
warning/alert is raised. Usually, the pilot wilitiate a missed approach and/or turn away
from the wake vortices detected by the I-Wake systa-board the aircraft.

=  The separation distance between leader and follgames along the approach, and after
missed approach initiation the vertical distandsveen leader and follower increases.
However, a missed approach will not be feasibleay low altitudes (below 200 ft).

Section 6.2 describes the I-Wake single runwayalrdperation, for which an assessment of
wake vortex induced risk levels will be provide@c8on 6.3 describes the risk assessment
methodology, which is based on integration of tassical’ WAVIR methodology with a
missed approach model and a causal model for#alke system failure probability. The
simulation scenarios are specified in Section Bigk assessment results are presented and
discussed in Section 6.5. Finally, Section 6.6 jules the conclusions and recommendations.
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6.2 |-Wake system and main functionalities

The primary purpose of the I-Wake system is to migé the probability that an aircraft
encounters a wake vortex. The system has a taatichh strategic function. The tactical Wake
Vortex Detection, Warning and Avoidance (WV DWANftion is to provide a caution and/or
alert to the flight crew for impending encountergy( within 30 seconds) with hazardous wakes.
This is achieved by recognising atmospheric distnde patterns for wake vortices using
onboard sensors. The crew is alerted by both veu@laural cues when a wake hazard is
detected. The strategic WV DWA function is to irage the flight crew’s situational awareness
of local wake hazards. Hazards are predicted agidtbverity estimated with a mathematical
model on-board aircraft. This model uses currerdther data, actual aircraft positions and
aircraft characteristics such as weight and wingsgasurrounding aircraft. Information about
possible wake hazards is displayed on the navigdligplay in the cockpit (see Figure 6-1).

Tactical
alerts

Own alc

i Detection

I HMI

Other
alc data

IR RRRENN

Strategic

Model alerts

Wake vortex DWA systemI

Figure 6-1 Schematic representation of the main functions of the WV DWA system

A schematic representation of ttaetical WV DWA functiors shown in Figure 6-2.
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Airspeed

Caution

A 4 alerts

Measurement Interpretation PFD
- of > of Sound

disturbances measurements system

- Warning
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W ake
strength

Figure 6-2 Schematic representation of the tactical wake vortex DWA function
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The fundamental part of the wake vortex detectidhiwthe tactical function is a sensor that
physically and independently measures disturbaincige atmosphere. The sensor for wake
vortex detection will be a pulsed Light DetectiarddRanging (LIiDAR) system, fixed to the
lower part of the fuselage at the front of the raific The initial I-Wake system design proposes
a LIDAR detection range for wake vortex induced @tpheric disturbances between 800 and
2400 meters. The LiDAR will scan a volume of aiffriont of the aircraft with an adjustable
angle of regard. The field of view of the scannimgroposed to be about 6° wide and about
1.5° high. The signals received from the sensopeseessed to determine if there is a possible
wake vortex within the scanning volume. This preceses attitude and airspeed information
from the own aircraft. The strength of a wake woméll be estimated. Fifteen seconds or less
prior to encountering a severe wake (i.e. a wakedhkceeds the predetermined warning
severity threshold) the flight crew will receivevigual and an aural WARNING alert. The
visual warning will be displayed on the Primaryghli Display (PFD). The initial I-Wake
system design proposes that a CAUTION alert wilpbzvided between 15 and 30 seconds
before encountering a wake vortex that has an atgiinstrength that is in excess of a
predetermined caution threshold. CAUTION alertsase given both visually (on the PFD)
and aurally by a synthetic voice. Alerts can beceflad or inhibited on the master warning
panel. A schematic representation of shategic WV DWA functioils shown in Figure 6-3.
aircraft

Prediction and Navigati
estimation Advisory avigation
module info Display

Figure 6-3 Schematic representation of the strategic wake vortex DWA function

Info of
generating

The strategic wake vortex DWA function is basedhamake vortex model, which is contained
in the prediction and estimation module. The wadiex model requires information about the
wake generating aircraft, such as position, trajgctairspeed, weight and wingspan. It also
requires meteorological data to determine transpaitdecay characteristics of the wake
vortex. Both aircraft data and meteorological deead to be data-linked to the aircraft. In
principle all wake hazards that are relevant toatineraft are made available on the Navigation
Display (ND) in the cockpit. Information that cae ketrieved is the calculated location of the
wake, and the estimated wake severity. The tintéyteat of the wake vortex is displayed on the
PFD. The system shall indicate its operationakstatparticular, the Wake Vortex DWA
system will show if it is switched on or switcheffl. dt will also indicate known system failures,
at least those of the detection unit.
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6.3 Risk assessment methodology

6.3.1 General approach

This Section provides the risk assessment methggdtor assessment of wake induced risk
levels for the I-wake single runway arrival opesativith reduced aircraft separation (2.0 or 2.5
NM between all aircraft) is applied. Such analysil$ be performed for different aircraft types
and various wind conditions for reduced separa#ofurther objective is to support the setting
of requirements for the I-Wake system Aspects todsesidered are e.g. the time for caution and
alert, the horizontal and vertical scanning vidwe angle of regard, the wake vortex detection
range and the minimum wake vortex severity thregshal initiation of a missed approach.

For a quantitative assessment of the wake vortxded risk related to the I-wake single

runway arrival operation with reduced separatiberé are three main issues to consider:

= If one or more I-Wake system components provideang or erroneous advice, there will
be a higher risk on the presence of (severe) wakices. The consequences might be
CATASTROPHIG in case reduced aircraft separation (e.g. 2.0.NM) is applied.

= The pilot has to initiate a wake vortex avoidan@npeuvre, in case an I-Wake warning/
alert is raised. Usually, the pilot will initiatenaissed approach and/or turn away from the
wake vortices detected by the I-Wake system onebtier aircraft.

=  The separation distance between leader and follgames along the approach, and after
missed approach initiation the vertical distandsveen leader and follower increases.
However, a missed approach will not be feasibleag low altitudes (below 200 ft).

The risk assessment methodology will integratédiassical’ WAVIR methodology (see also
Appendix A) with a missed approach model and aalamsdel for the I-Wake system failure
probability. The 'classical' WAVIR methodology, whioriginates from S-Wake [9, 10], is used
to assess wake vortex induced risk in the casdaifume of one or more of the I-Wake system
components. In this case, no wake vortex avoidarar@oeuvre is performed by the
aircraft/pilot and a ‘worst case’ assessment ofiis&lent/accident risk is obtained.

6.3.2 Wake vortex detection, warning, and avoidance probaility

De Jong et al. [88] provides a Functional Hazarde&sment (FHA) of the I-Wake system used
in conjunction with a ground based ATC-Wake systlming the approach phase of flight. The
FHA revealed a number of possible consequencdaiafres) of the I-Wake system:

= Unexpected encounter of a wake vortex;

= Inappropriate ATC-Wake separation mode;

= Attempt to operate at the edge of safety;

=  Crew confusion;
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= Initiation of an unnecessary evasive action;
= Incorrect crew awareness of wake vortex hazards;
=  Crew disregarding the wake vortex DWA system.

Of these possible consequences, the only eversifadasas MAJOR (with a potentially even
more severe consequence in case of a very smathfiflying at low altitude behind a large
aircraft) is the inexpected encounter of a wake vdttdkis event will be used as basis for the
construction of a causal model to assess the ordba&ake failure probability. The core of
this causal model is based on a failure of onearerof the I-Wake system components. In
addition to the failure probabilities of the I-Wakgstem components, the performance of the
on-board LIDAR system itself is incorporated. Theulting causal model, explaining the
dependencies between the main influencing fac®sketched in Figure 6-4.

IWake
DWA Failure

/ (1) N
. e
.A!r.craﬂ Plllut:}ot able lcll T .I Wnkti o Loss of WV DWA
initiate missed approach onitoring and Alerting Tactical Function
(10) Failure )
@)
R
Faulty/Inaccurate Improper Model Improper Detector
Aircraft Data Pre(llcllon Pelfommnce
(6)
Faulty or Inaccurate Faulty or Inaccurate Wake Vortex Outside Inaceurate or Faulty
WV Model Estimation Meteo Nowcasting Detection Range/Scanning Detection of Wake Vortices
() 1] 2) (1)

Figure 6-4 Causal model for the I-Wake system/operation

The nodes in this causal model have the followixglanation:

- |-Wake DWA Failure (11)epresents the probability distribution of airtigifot not able to
perform the I-Wake detection, warning and avoidama@oeuvre when required.

- Aircraft/Pilot not able to initiate missed approa€tn): represents the probability of an
aircraft/pilot not able to initiate an evasive aot{missed approach) when needed.

- |-Wake Monitoring and Alerting Failure (9fepresents the probability of not providing a
timely warning to the flight crew when one shoulidiven. As a result, no evasive action
is possible and the pilot reacts later to a waleenter when one should occur.
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- Loss of WV DWA Tactical Function (8gpresents the probability of loss of the WV DWA
tactical function. There are 2 possibilities: 1)ated loss: crew is aware (there is a clear
indication of DWA function loss) and the pilot wiikely increase separation, and 2)
undetected loss: crew is not aware (there is rer ahelication of DWA function loss).

- Improper Model Prediction (7)xepresents the probability that the predictiongvake
Vortex locations and strength, as used in the |-8\&kstem, are inaccurate/wrong.

- Faulty/Inaccurate Aircraft Data (6)represents the probability that the aircraft dasaysed
in the I-Wake system, is inaccurate/wrong. As altegcorrect information is used,
causing improper functioning of the I-Wake system.

- Inaccurate or Faulty WV Model Estimation (5¢presents the probability that the WV
model locations and/or strengths predictions, asl irs the I-Wake system, are wrong/
inaccurate. As a result, incorrect informationsgd, causing improper functioning.

- Inaccurate or Faulty Meteo Nowecasting (4¢presents the probability that the
meteorological nowcasting data, as used in the k&\&ystem, is inaccurate or wrong. As a
result, incorrect information is used, causing iogar functioning of the I-Wake system.

- Improper Detector Performance (3epresents the probability that the on-board WV
detection system (LiDAR) performs significantly $eban the flight crew expects (while
they are not aware of the inaccuracies). As atr@going (or even no) alerts are given.

- Wake Vortex Outside Detection Range/Scanning Vo{@nespresents the probability that
the on-board WV detection system (LIDAR) does reiedt the wake vortices of the
leading aircraft, because these are outside thmswavolume of air ahead of the aircraft.

- Inaccurate or Faulty Detection of Wake Vortices (Epresents the probability that the on-
board WV detection system (LIDAR) does not detegkevwortices of the leading aircraft,
when these are inside the planned scanning voldiraie ahead of the aircraft.

6.3.3 Aircraft flight trajectory model

The aircraft intercept their localizer at the Imediate Fix (IF). From the IF, the aircraft are
expected to fly along runway direction. During imbediate approach the flight trajectory is

kept horizontal. From the Final Approach Point (FAdh aircraft descends with a glide path
angle of about 3 Several reasons may cause an aircraft to ingiatéssed approach at any
altitude between the FAP and Decision Height (DHie I-Wake single runway arrival

operation assumes that prior to encountering arsavake, the flight crew will receive an I-
Wake warning/alert, after which the pilot may decid initiate a missed approach. The purpose
of such manoeuvre is to increase the vertical Wggtdetween (severe) wake vortices generated
by the leader aircraft and the follower, therebyimizing the probability that an aircraft
encounters a wake vortex. The missed approachcpatlists of a curved part and a climb out
part. From the Climb Out Point (COP), the aircdifnb under a constant climb out gradient.
Important are the determination of the (maximurtijuade loss during the curved part of a
missed approach and the time needed from initiaiffamissed approach to the COP.
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Initiation of the missed approach involves exeautib several tasks by the crew, during which
the aircraft first loses height and then as a oqusece of adjustments of the flight controls
attains an ascending trajectory. The height lasd ¢mined) during a missed approach is
determined with a model based on the dynamic oeldietween the flight path anglend the
pitch anglef. This dynamic relation can be expressed as th@fivlg transfer function [110]:

(s _ % Na

0s) s+ % Ny

where g is the gravitational acceleration arid the True Air Speed (TAS) of the aircraft. The
normal acceleration sensitivity, nis defined as the "steady state normal accéerahange

(6-1)

per unit change in angle-of-attack at constanséred" [110]. It can be approximated by:

CLa
Ng = C (6'2)

L

whereC,, is the lift curve slope an@, is the lift coefficient. During rectalinear flighthe latter
is equal to:
mg

¥, pv?s

(6-3)
wherep is the air densitynis the mass, anflis the wing area of the aircraft.

The pitch anglégdepends on the elevator deflecti@n, according to the following transfer
function (constant speed, short period approximafibl1]:

2 MsC
&(s) =Kq w with = |—— L9 (6-4)
e (9) s?+2{ ws+w? C 13t

wherewandd are the short period frequency and the dampinficieat in the dynamic
missed approach model respectively. Other new petexsiare the pilot (pitch) gaiKd), static
margin Ms ), dimensionless inertial radiuk (, and the mean aerodynamic chogd.(

The time needed to adapt the initial pitch an@lgf) to final pitch angle &or) is estimated by

TMA curve — HCOP ;HMAP (6-5)

where the commanded pitch ratg is assumed constant during the full curved phit®
missed approach. This formula can also be usestitnate the distance flown until the COP.
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6.3.4 Risk assessment model and toolset

Definetyer andt.auion as the time of alert and the time of cautionadqotential wake vortex
hazard respectively. The associated positions almaflight track are denoted By.: and
Xeauion - The LIDAR detection distance is specified [y , x5 |, wherexhE" denotes the
minimum detection distance angf;] denotes the maximum detection distance. Definé-the
Wake system detection capabilities further viafttlewing three parameters:

Yrov  LIDAR horizontal field of view;

Zov LiDAR vertical field of view;

Znor LIDAR angle of regard.

In the detection phase, where, 0 xPET | xPET | and an alert may be provided on the basis of
wake detection information, thecan window'is determined via the position of the aircraft and
the I-Wake system detection capabilities. In thedfmtion phase, where a caution may need to
be provided, there is some uncertainty becausetualavake vortex detection information is
available. It is assumed that this uncertaintyeigltwith by defining acaution bounding box'

as a percentage (larger than 100%) of the siZeeo$d¢an window dt= te, .

Due to potential failure conditions of the I-Wakest&m components, it can not be assumed that
the I-Wake system will always be functioning. Defithe failure probabilities for the I-Wake
subsystem components as constants, which are iggeif setting requirements for the
maximum allowable failure probabilities to be viif during the I-Wake system life cycle.

Peap  Failure probability for I-Wake inaccurate (or faglaircraft data

Pwv  Failure probability for I-Wake inaccurate (or faglivake vortex model estimation

Pene  Failure probability for I-Wake inaccurate (or kg meteorological now-casting data

Pro Failure probability for I-Wake inaccurate (or fagltetection of wake vortices

Pt Failure probability for loss of the overall wakertex DWA tactical function

Assume now that the caution procedure is operdtior@ase:

e The Correct Aircraft Data is used (iR:ap = 0);

e The Wake Vortex Model Estimation is correct (Pewy = 0);

* The Meteorological Now-casting system is workingreotly (i.e.Penc = 0).

Assume furthermore that the alerting procedurgéerational in case:

e The on-board LIiDAR detection system is working eactly (i.e.Prp =0);

e There is no loss of the overall wake vortex DWAdtion (i.e.P .t =0);

* The wake vortex is inside the scanning volume efdh-board LiDAR system.
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It is assumed that the pilot reaction time, in oafsan alert, depends on the fact whether or not a
caution has been given. In case of a previousaautie pilot will react quicker to an alert.

After an alert, the pilot may decide to initiatengssed approach, but only in case the actual
height of the aircraft is above the Decision Hei@itl). The pilot may also decide not to

initiate a missed approach depending on e.g. thdigtion of the wake vortex strength.

The I-Wake single runway arrival operation to biéofwed implies the following:

1. If the follower aircraft position is predicted te ithin the wake vortex bounding box of

(at least one of) the vorticemd the caution procedure is operational, a cautiaivien.

If the follower aircraft detects a wake vortex (iak least one of the vortices is within the
LiDAR scanning volumeandthe alerting procedure is operational, an alegiven.

If an alert is given and the aircraft is above [@Hmissed approach may be initiated. The
reaction time of the pilot depends on the fact Whebr not a caution has been given.

If a missed approach is initiated, the aircrafitfioses height and then as a consequence of
adjustments of the flight controls attains an adoentrajectory. The height loss (and
gained) is determined with the missed approach fraeseribed in detail in section 6.3.3.

The risk assessment model is integrated withilNthe WAke Vortex Induced Risk assessment
(WAVIR) toolset. Figure 6-5 provides a result froine execution of the VORTICES module.
The scanning window is used to estimate the prdibabf an alert and a missed approach.

vertical position [m]

| — IWake detection window ‘

lateral position [m]

Vortices generated by a Large jumbo jet at x=—1000m, encountered by a Medium turbo prop
at x=-1823m with 3.0NM separation; Elapsed time at encounter 79s; 97% of vortices alive;
Reference crosswind 1m/s; headwind 0m/s; Project3_LAC1_x01sub2_FAC5_s3.0NM_cwlmps_hwOmps
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strength [mzfs]
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Figure 6-5 Simulated wake vortex positions and strengths, 90 % confidence interval about the

aircraft position (circle) and scanning window at the gate where alert should be given
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Figure 6-6 shows the WAVIR Graphical User InterféG&)I) dedicated to the specification of
the parameters for the assessment of the I-Wakéesianway arrival operation. The LiDAR
detection system parameter setting (and the camimupdate thereof) is shown in the Figure in
the top-right of the GUI. Note that other paramettings (e.g. for the VORTICES, the
ENCOUNTER, and the RISK PREDICTION modules) arecifi in other GUIs, which are

not described in detail this thesis (an up-to-d&#eVIR User Manual is available via NLR).

- ADefine |- Wake parameters
e Lidar vertical angle. 1.5; Lidar angle of regard: ~3; Lidar fange: (800,2400]
Specification of |-Wake parameters Example posiion x=-1000m, Assumed aircraf speed 150ks
LIDAR vertical angle [ieg) 15 | ‘ = Caution verical range
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Figure 6-6 WAVIR Graphical User Interface for the specification of I-Wake parameters
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6.4 Description of scenarios

6.4.1 General description

I-Wake aims at final approach operations with saefian distances below current ICAO wake
turbulence radar separation minima in favourablather conditions. It is an aim of the current
study to determine conditions under which reducaelewortex separation of 2.5 NM (or even
2.0 NM) is feasible in terms of acceptable wakdeorisk and acceptable missed approach
rate. These conditions imply the setting of requigats for the I-Wake system and operation.
This will be done on the basis of final approachnseios for the combination of a large jumbo
jet followed by a medium jet, regional jet, and edium turbo prop. The identification of
conditions under which 2.5 NM (or even 2.0 NM) miwnim separation may be feasible is based
on a sensitivity analysis for selected assessnaanpeters in the model of the I-Wake single
runway arrival operation. The generic scenario s the final approach of a leader and
follower aircraft, both descending along the IL$hpiom Final Approach Point (FAP) to
Runway Threshold (THR). A missed approach is onitjated after the I-Wake system detects
a potentially dangerous wake vortex, and can hmiad at any height above 200 ft.

6.4.2 Set up of the simulation scenarios

The set up and results of the quantitative risksssent of the I-Wake operation are obtained
using the quantitative risk assessment methodadeggribed in Section 6.3. The assessments
have been performed for the situation without tbe of an I-Wake system, and also for the
proposed I-Wake operation. Basically, the focusnishe setting of the requirements for the I-
Wake system. Therefore, the scenarios differ ingbgessment parameters' listed in Table 6.1.
In total, 24 scenarios have been assessed. THferedt follower aircraft are considered: a
Medium Jet (FAC 3), a Regional Jet (FAC 4), andexdMm Turbo Prop (FAC 5). A Large
Jumbo Jet (LAC 1) is simulated as wake vortex geoeircraft. Separation distances of 2.0,
2.5, 3.0, and 4.0 NM (between all aircraft) haverbeonsidered. The crosswind is varied
between values of 0, 1, 2, 3, and 4 m/s (measurgd @ altitude with no head- or tailwind).

The aircraft are assumed to follow a 3 degreegath from ILS glide path intercept to
touchdown. The glide path intercepts the runway ®afleyond the runway threshold
(corresponding to a Reference Datum Height (RDHyaft). From previous quantitative
studies for single runway arrivals, it appeared tha risk is highest close to the runway
threshold, i.e. close to the ground. It is expethed this will also be the case for the I-Wake
operation and it is therefore that the safety asseat will focus on the last 4 NM of the
approach. A simulation scenario is further defibgall the parameters and variables in the
WAVIR toolset (including the extension with the s@sl approach model from Section 6.3.2).
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Table 6-1 Assessment Parameter Matrix (1)

o

Scenario | LAC | FAC [ Vert. Angle | Lat. Angle| Angle of Regard | Detection distance | Time of Alert | Failure probabilities | Bounding box
1 1 3 15 6.0 -1.5 800 - 2400 15 0.001 100
2 1 3 3.0 6.0 0 400 - 2400 10 0.001 100
3 1 3 15 3.0 -1.5 200 - 2400 7 0.001 100
4 1 3 15 6.0 -15 800 - 3200 20 0.001 100
5 1 3 3.0 3.0 -3.0 800 - 2400 15 0.001 100
6 1 3 15 6.0 -3.0 800 - 2400 15 0.001 100
7 1 3 3.0 6.0 -1.5 200 - 3200 7 0.001 100
8 1 3 15 6.0 -3.0 800 - 2400 20 0.001 100
9 1 3 15 6.0 -1.5 800 - 2400 15 0.001 150
10 1 3 15 6.0 -15 800 - 2400 15 0.001 200
11 1 3 15 6.0 -1.5 800 - 2400 15 Nil 100
12 1 3 3.0 12.0 -3.0 800 - 4800 15 Nil 100
13 1 4 15 6.0 -1.5 800 - 2400 15 0.001 100
14 1 4 15 6.0 -3.0 200 - 2400 7 0.001 100
15 1 4 15 6.0 -3.0 800 - 2400 15 0.001 100
16 1 4 3.0 12.0 -3.0 800 - 4800 15 0.001 150
17 1 4 3.0 12.0 -3.0 200 - 2400 7 0.01 150
18 1 4 15 6.0 -1.5 800 - 2400 15 0.1 100
19 1 5 15 6.0 -15 800 - 2400 15 0.001 100
20 1 5 15 6.0 -3.0 200 - 2400 7 0.001 100
21 1 5 15 6.0 -3.0 800 - 2400 15 0.001 100
22 1 5 3.0 12.0 -3.0 800 - 4800 15 0.001 150
23 1 5 3.0 12.0 -3.0 200 - 2400 7 0.01 150
24 1 5 15 6.0 -1.5 800 - 2400 15 0.1 100

As mentioned before, the aircraft are planned llovioa 3 degrees glide path from ILS glide

path intercept to touchdown. The lateral and vertieviation from the nominal flight path is

based on the ICAO-CRM. Nominal aircraft speed fesfare specified by (see Figure 6-7):

= the airport dependent speed at the Outer Marker)(tBM is prescribed by ATC;

= from OM to the Deceleration Point (DP), the speelihiearly decreasing to the aircraft
dependent Final Approach Speed (FAS);

= from DP until touchdown, aircraft dependent speecbinstant and equal to the FAS.

Indicated Air Speed (in kis)
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Figure 6-7 Nominal approach speed profiles
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A

Analysis of wake vortex induced risk is done in kbvegitudinal positions listed in Table 6-2.

Table 6-2 Longitudinal and corresponding vertical nominal positions for arrivals

Longitudinal positions for the arrival operation
x1 X2 x3 x4 x5 X6 X7 X8 x9 x10
X [m] 0] -300f -900] -2000| -3000| -4000f -5000] -6000| -7408]-10000
[NM] 0,0 -0,2 -0,5 -1,1 -1,6 -2,2 -2,7 -3,2 -4,0 -5,4
Vertical positions for the arrival operation
z [m] 16 31 63 121 173 225 278 330 404 540
[ft] 52 103 206 395 567 739 911] 1083| 1325| 1771

Initiation and execution of a missed approach
The I-Wake operation is based on the initiatioa ofissed approach in case an I-Wake
warning/alert is raised. After missed approachatidn the vertical distance between leader and

follower increases (note that a missed approanbtieasible at altitudes below 200 ft).

Table 6-3 Aircraft and missed approach parameters

Pilot reaction time

Light | Medium | Regional | Medium Wide Large

Turbo Turbo Jet Jet Body Jumbo

Prop Prop Jet Jet
Mass 4000 20000 34000 60000 13000( 245000
Wingspan 16 30 30 36 45 60
Root chord 3.70 3.40 5.00 6.50 11.40 17.00
Tip chord 0 0 0 0 2.70 0
Wing Area 29.60 51 75 117 317.25 510
Mean Aero Chord 1.85 1.70 2.50 3.25 7.05 8.50
Initial pitch angle -1 -1 0 2 2 3
Final pitch angle 15 15 15 18 18 18
Pitch rate 2 2 2 2 2 2
Lift curve slope 55 6 5.7 5.7 5.0 5.9
Static margin 0.35 0.35 0.35 0.35 0.35 0.35
Inertial pitching moment 24000 330000 1700000 3000000 10530000 42000000
Inertial radius 1.324 2.389 2.828 2.176 1.277 1.540

It is assumed that the pilot initiates a misseda@ggh after receiving a WARNING alert from
the I-Wake system. No action will be taken by tiletm@fter receiving a CAUTION alert. The
reaction time of the pilot on a WARNING alert, I&=aglto initiation of a missed approach, is
2 seconds in case a prior CAUTION was given anelc®misds in case no CAUTION is given.
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A

Fixed and actual separation

The separation is assumed to be fixed at the runlwraghold. Separation distances of 2.0, 2.5,
3.0, and 4.0 NM will be evaluated (this separatipplies to all aircraft combinations). Due to
differences in speed profiles, actual separationgathe flight path will vary.

Wake vortex evolution model parameters

The vortex pair behind the generator aircraft islelled as two line vortices with a vortex
spacing, a vortex strength, and a core-radius. & pasameters do depend on the wingspan,
weight and speed of the generator aircraft. Evoitudf the vortex position is modelled
according to Corjon & Poinsot. This includes im&getices and secondary vortices making the
vortex pair to diverge and rebound near the graesgdectively. Parameters concerning
secondary vortices are:

= strength of the secondary vortices as a fractiadh@&trength of the primary vortices; and
= rebound height

A secondary vortex appears as soon as the prinvaitgxvhas decreased to a certain altitude: the
rebound height. For the rebound height a fixed ealu0.6<b, will be used, wherég, (= dyi ) is

the wingspan of aircraft i. The strength of theosetary vortex is a fraction of the strength of
the primary vortex. This fraction is drawn from@iform distribution between 0.3 and 0.7.

Meteorological input parameters

e Brunt-vaisala frequency (N)

« Eddy Dissipation Rate (EDR)

Simulations have been performed for a two-dimeradidiata set of Brunt-Vaiséala frequencies
and EDR values representing the climatology of lamdleathrow at different height levels.
Information on this climatology was provided by Wketeorological Office (UK MO).

EDR frequency distributions obtained from FDR data

2 o . .
measured at various height levels at London Heathrow N frequency distributions at various height levels

obtained from UK Met Office Modelling !or London Heathrow airport

°
&
2
E
°
©

0.4

Empirical Cumulative Distribution
Empirical Cumulative Distribution

i i i
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| |
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EDR [m?/s%] x10°

Figure 6-8 Frequency distributions for the London Heathrow climatology
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Decay model

The decay function as defined by Sarpkaya will edu Input parameters are the Brunt-Vaisala
frequency N and the Eddy Dissipation Rate (EDR).

Wind input parameters

=  Wind velocity

= Altitude of measurement

=  Roughness coefficient

Wind will be simulated assuming a logarithmic wiprdfile up to an altitude of 1000ft. Above
this altitude the wind is constant. The surfaceghmess is 0.03 m which is representative for an
airport environment. The wind value is specified@im altitude. In this study , it is assumed that
there is no head- or tailwind (i.e. only the crosslwelocity is specified).

Wake encounter model parameters

Two encounter models are available, the Extenddid@®atrol Ratio model (ERCR) and the
Reduced Aircraft Pilot Model (RAPM). The aircraftgendent parameters that are required by
the ERCR and RAPM model are determined for a nurabgeneric aircraft types. In the
current study, the ERCR has been applied to contpateoll control ratio and the maximum
bank angle. The RAPM was used to verify and catiébtiae ERCR model.

WYV DWA causal model parameters

The following failure probabilities for the nodesdausal model are to be specified:

- Inaccurate or faulty aircraft data

- Inaccurate or faulty wake vortex model estimation

- Inaccurate or faulty meteorological now-castingadat

- Inaccurate or faulty detection of wake vortices

- Loss of overall wake vortex DWA tactical function

In this study, it is mostly assumed that all thitufa probabilities are equal to 0though
values like 1G or even 10 are also considered. A more detailed analysibefrhpact of these
failure probabilities on the overall I-Wake Detectj Warning, and Avoidance probability is
provided in Angeles Morales [107].

Risk prediction model parameters

To obtain incident/accident probabilities for agjivime separation between leader and
follower aircraft, the risk prediction model deveda within S-Wake is used. This model
includes a definition of risk events (Minor IncideMajor Incident, Hazardous Accident and
Catastrophic Accident), a probability transitiontrhafrom encounter severity classes to risk
events, and the associated risk requirements (Theyel of Safety).
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6.5 Risk assessment

6.5.1 Overview of the risk assessment results

The next sub-sections present the risk assessemuity for each of the 24 scenarios defined in
Table 6-1. To analyse the impact of the assesspaammeters and to assess the lowest possible
risk achievable for the I-Wake single runway arrieaeration, it is firstly assumed that missed
approaches may be initiated at any height afterl@m is provided by the I-Wake system.

Risk assessment results for a Medium Jet landihtnbea Large Jumbo Jet under crosswind
conditions of 0, 1, 2, and 3 m/s (with no headtadwind) are provided in Figures 6-9 until 6-
12. Separation distances of 2, 2.5, 3, and 4 NNh different crosswind conditions, are
evaluated. Results without the I-Wake system aogiged in grey, whereas the colours provide
the incident/accident risk estimates in case &ake system is used. Note that the scenario (in
accordance with Table 6-1) is indicated on thezumtal axis.

Figures 6-13 and 6-14 provide the incident/accidisitestimates, under different crosswind
conditions, for a Medium Jet behind a Large Jundiondth 2 and 2.5 NM separation distance
respectively. The incident/accident risk estimdbesa Regional Jet (scenarios 13 — 18) and a
Medium Turbo Prop (scenarios 19 — 24), both apgrogcand landing with 2 and 2.5 NM
separation behind a Large Jumbo Jet, are providegyures 6-15 and 6-16 respectively.

An initial estimate for the minimum required sepEnadistances for a Medium Jet landing
behind a Large Jumbo Jet is given in Figure 6-1¥indtial estimate for the minimum required
separation distances for a Regional Jet (scenhBes18) and a Medium Turbo Prop (scenarios
19 — 24), both landing behind a Large Jumbo Jefiviesn in Figure 6-18. Note that the coloured
bars denote the crosswind (at 10 m altitude).

The intermediate results of the above incidenttedi risk assessments are discussed in Section
6.5.5. It is important to realize that after timelgtection of a dangerous wake vortex, the pilot
may initiate a missed approach. However, one shaallize that a missed approach is usually
not appreciated from a capacity point of view asalicraft will have to approach the airport
once more. Therefore, a requirement might nee teeb on the maximum allowable missed
approach rate (e.g. 0.01 or 0.001), for examplerdy initiating a missed approach in case the
vortex strength exceeds a certain threshold. Swuelshold can be placed on e.g. the vortex
strength, the roll control ratio, or the maximurtaated bank angle. The relation between these
factors is estimated using the Extended Roll CofRetio (ERCR) model, see Appendix A. The
impact of not initiating a missed approach beloe Erecision Height (usually 200 ft) on the
lowest achievable wake vortex induced incident(eai risk is analysed also in section 6.5.5.
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6.5.2 Wake vortex induced risk for different crosswind canditions

I-Wake results: Risk in case of Om/s crosswind per scenario and separation distance
(Results without I-WWake system in grey)
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Figure 6-9 Risk in case of 0 m/s crosswind for scenarios 1-12
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I-Wake results: Risk in case of 1m/s crosswind per scenarioc and separation distance
(Results without I-Wake system in grey)
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Figure 6-10 Risk in case of 1 m/s crosswind for scenarios 1 - 12
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I-Wake results: Risk in case of 2m/s crosswind per scenarioc and separation distance
(Results without I-Wake system in grey)
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Figure 6-11 Risk in case of 2 m/s crosswind for scenarios 1 - 12
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Wake results: Risk in case of 3m/s crosswind per scenarioc and separation distance
(Results without I-Wake system in grey)
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6.5.3 Wake vortex induced risk with reduced aircraft sepaation

[-‘WWake results: Risk in case of 2NM separation per aircraft combination and crosswind condition
(Results without |-Wake system in grey)
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o

[-Wake results: Risk in case of 2.5NM separation per aircraft combination and crosswind condition
(Results without I-Wake system in grey)
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Figure 6-14 Risk in case of 2.5 NM separation for scenarios 1 - 12
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I-Wake results: Risk in case of 2NM separation per aircraft combination and crosswind condition

(Results without I-Wake system in grey)
Crosswind 0.0m/s at 10m altitude

10" - : :
10-2 L 2y s xx % i o Koy ¥ x\m ¥ K ¥
O ; : vy .
10* F gg g? gg Jf &?gg&@% ................ % .....
10-5 i
10"
10"

10™ i i I i i i

10
10
10
10
10

10

10"

10
10

10"1 [ : D — "
107 L

10

10"

.2
-4

-6

U —

-2

. Crosswind 2.0m/s at 10m altitude

-

i x ,{ M

e
8
B

o

.0

® Minor Incident Risk

©  Major Incident Risk

0  Hazardous Accident Risk
¢  Catastrophic Accident Risk

G| OUBUROG 99 o
0Z OLBUR2S |

LZ OLBURDS | @

€Z OLBUR2S |

¥z oueusag | @1 M

g1 oleuass —3 B
Al OUeURDS . @ 1}

¢l oleUads _ﬁ :
¥ OLIBUR2S 42
/| OLBUR2G 43’

9] OLEBUSIS L%
ZZ OLBURIS

Figure 6-15 Risk in case of 2 NM separation for scenarios 13 - 24

149

o



Chapter 6

Safety assessment of the I-Wake single runway arrival operation with reduced separation <NLR

[-Wake results: Risk in case of 2.5NM separation per aircraft combination and crosswind condition
(Results without I-Wake system in grey)
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Figure 6-16 Risk in case of 2.5 NM separation for scenarios 13 - 24
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6.5.4 Initial estimate of the minimum required aircraft separation distances

An initial estimate for the minimum required sep&ma distances for a Medium Jet landing
behind a Large Jumbo Jet is given in Figure 6-1vindtial estimate for the minimum required
separation distances for a Regional Jet (scendBies18) and a Medium Turbo Prop (scenarios
19 — 24), both landing behind a Large Jumbo Jefivien in Figure 6-18.Note that the coloured
bars denote the crosswind (at 10 m altitude). Resuthout I-Wake are provided in grey.

I-Wake results: Safe separation per aircraft combination and crosswind condition
(Results without I-Wake system in grey)
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Figure 6-17 Minimum required separation distances with I-Wake (scenarios 1 - 12)

I-Wake results: Safe separation per aircraft combination and crosswind condition
(Results without I-Wake system in grey)
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6.5.5 Discussion of the results

The incident/accident risk assessment results geo\vin the previous sub-sections lead to the

following observations:

» There is almost no decrease in risk in scenar@asd37, due to small alerting time of 7
seconds. This implies that about 15 seconds iethgeeferred as I-Wake time of alert.

« There is a large decrease in scenario 12 riskialtiee large lateral angle of the I-Wake
detection system. This implies that a wide latargjular view is very beneficial.

« Reducing the failure probabilities of the I-Wakat®m components further thani@.g.
compare scenario 11 with scenario 1) has almosffect. Apparently it suffices to design
the I-Wake system components such that a maximilordarobability of 10 is achieved.

«  When comparing scenarios 13 - 18, the largestiéskease occurs in scenario 16. Again
this is most likely due to the large lateral andlete that the same angle is used in scenario
17, but here in combination with an alerting tini& seconds, which — apparently — is too
low for timely wake avoidance. The same holds tmmsrio 23 as compared to scenario 22.

« The detection probabilities are relatively high migs threshold and lower further away
from the threshold. Note that high detection prdlitads will certainly imply high missed
approach frequencies which are unacceptable froairpart efficiency point of view.

« Scenarios 1to 12 (Medium Jet landing behind aédignbo Jet) would need to provide
the same results, when looking at the results withising the I-Wake system. The variation
in the grey symbols therefore represents the uaiogytinherent to WAVIR calculations.

WAVIR assessed safe separation distances when Ugitadke system never exceed the results

without using I-Wake. The largest reduction is oted in:

e Scenario 6. This is probably due to the combinabibangle of regard (-3 degrees) and
lateral angle (6 degrees) resulting in a risk rédacalso further away from the threshold.

e Scenario 8. This is probably due to the combinabibangle of regard (-3 degrees) and
lateral angle (6 degrees ) resulting in a risk ofidn also further away from the threshold
as well as a alerting time of 20 seconds which iples/more time to avoid the vortices.

« Scenario 12. This is due to the large lateral diste@ngle (12 degrees).

« Scenario 16. This is due to the large lateral diste@ngle (12 degrees).

» Scenario 22. This is due to the large lateral diste@ngle (12 degrees).

Aspects to be considered for the setting of requénats for the I-Wake single runway arrival
operation are, besides the minimum crosswind fdueced separation, e.g. the time for caution
and alert, the horizontal and vertical scanningwyigngle of regard, wake vortex detection
range and the minimum wake vortex severity thregshal initiation of a missed approach.
However, before these aspects can be dealt withcend assessment is made in order to
analyse the impact of not initiating a missed apphobelow the Decision Height (i.e. 200 ft).
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Table 6-4 Assessment parameter matrix (2)

scenario | Lac | Eac Vert. Lat. Angle of | Detection | Time of Failure Bounding Vortex
Angle | Angle | Regard distance Alert probabilities box threshold
25 1 3 1.5 12.0 -3.0 800 - 2400 15 0.001 100 70
26 1 4 1.5 12.0 -3.0 800 - 2400 15 0.001 100 40
27 1 5 1.5 12.0 -3.0 800 - 2400 15 0.001 100 30

The parameters in Table 6-4 have been chosen Batthe I-Wake system capabilities provide
the lowest risk reduction without setting un-retidisind non-achievable requirements on the I-
Wake system development. Figure 6-19 presentsitial stimate for the minimum required
separation distances for a Medium Jet, Regionabdeta Medium Turbo Prop (all landing
behind a Large Jumbo Jet), in case this optimabk&\setting is used. Note again that the
coloured bars denote the crosswind (at 10 m a#jtudesults with I-Wake are provided in grey.

I-Wake results: Safe separation per aircraft combination and crosswind condition
(Results without |-Wake system in grey)
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Figure 6-19 shows the major impact of not initigtanmissed approach below the Decision
height of 200 ft. In fact, the use of I-Wake sed¢meeduce the wake vortex induced risk only
slightly as compared to the current practice. Tldnmeason for this is the fact that the largest
risk during single runway arrivals occurs nearnimaway threshold (see Section 4). Therefore,
the use of I-Wake would be most beneficial at \evy altitudes, where the probability of
encountering a (rebounding) wake vortex is highdatortunately, at altitudes below 200 ft it is
also more difficult to initiate a missed approatherefore, the operational use of I-Wake seems
to have only minor impact on the wake vortex indudek during single runway arrivals (and,

as a consequence, I-Wake use provides low potdatiedduction of the separation minima).
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6.6 Conclusions and recommendations

Aircraft createwake vorticeswhen taking off and landing, restricting runwayaeity. These
vortices usually dissipate quickly, but most aitpapt for the safest scenario, which means the
interval between aircraft taking off or landingaftamounts to several minutes. The EC project
I-Wakehas designed an on-board wake vortex detectiomimgaand avoidance system for the
flight crew, which helps to minimize the probalyilthat an aircraft encounters a wake vortex.
An |-Wake system could be very useful as a ‘safetly in case reduced wake vortex separation
is applied in the airport environment. The |I-Wakegke runway arrival operation assumes that
a missed approach is initiated after the flighticreceives an alert indicating that the aircraft
will likely encounter a severe wake vortex. Waketer induced risk related to the I-Wake
operation with reduced separation has been assgsatthtively through a Functional Hazard
Analysis (FHA) [88]. This study has now algoantifiedthe wake vortex induced incident/
accident risk through the use of the WAVIR methodgl| extended with an aircraft/pilot

missed approach model and a causal model for¥ake system failure probability.

The assessment of wake induced risk levels foagipeoach phase when reduced aircraft

separation (2.0 or 2.5 NM between all aircrafgpgplied has been performed for different

aircraft types and various wind conditions. Aspecissidered are e.g. the time for caution and

alert and the I-Wake system capabilities (sucthasorizontal and vertical scanning view, the

angle of regard, the wake vortex detection rangefther main factors considered are:

= If one or more I-WAKE system components provideramng or erroneous advice, there
will be a higher risk on the presence of (severajewortices. The consequences might be
CATASTROPHIG in case reduced aircraft separation (e.g. 2.0.NM) is applied.

=  The pilot has to initiate a wake vortex avoidan@peuvre, in case an I-Wake
warning/alert is raised. Usually, the pilot wilitiate a missed approach and/or turn away
from the wake vortices detected by the I-Wake systa-board the aircraft.

=  The separation distance between leader and follgames along the approach, and after
missed approach initiation the vertical distandsveen leader and follower increases.
However, a missed approach will not be feasibleay low altitudes (below 200 ft).

The use of I-Wake seems to reduce the wake vantixcied risk only slightly as compared to
the current practice. The main reason for thikésfact that the largest risk during single
runway arrivals occurs near the runway threshae Gection 4). Therefore, the use of I-Wake
would be most beneficial at very low altitudes, whhe probability of encountering a
(rebounding) wake vortex is highest. Unfortunatalyaltitudes below 200 ft it is also more
difficult to initiate a missed approach. Therefdtes operational use of I-Wake seems to have
only minor impact on the wake vortex induced riskidg single runway arrivals (and, as a
consequence, I-Wake use provides low potentialdduction of the separation minima).
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7 Conclusions

7.1 General overview

With the steady increase in air traffic, the awatsystem is under continuous pressure to
increase aircraft handling capacity. The introdutiof Reduced Vertical Separation Minima
(RVSM) above ‘Flight Level 290" implied that thep=city bottleneck within the air transport
system has changed from en-route towards the Tatifanoeuvring Area (TMA) around

busy airports. The diversity of airport operatigdspartures, approaches, missed approaches)
and risk events (e.g. collision risk, wake turbgkemnisk, third party risk, runway incursion)
implies that the safety assessment of newly prapd3avl systems and flight procedures in the
airport environment is quite complex. New safetyegsment methods are needed to assess
safety. In this respect, the two most capacitytimgirisk events, addressed in this Doctoral
thesis, aravake vortex encountesnd thecollision risk between aircraft

Various new ATM systems and flight procedures Hasen proposed to increase airport
capacity while maintaining the same (required) lefeafety. Newly proposed systems to cope
with wake turbulence and allow a reduction of waigex separation minima include the
ground based ATC-Wake system (for air traffic coliérs) and the on-board I-Wake system
(for pilots). An increase in runway capacity magaabe achieved by using parallel runways
more effectively or by designing new and advandigtitf procedures. For all the new air traffic
operations evaluated in this Doctoral thesis, IC#@nhdards and best practices do not exist and
new safety assessment methodologies, incorporttentples of the Air Traffic Controllers and
pilots, are developed and applied. Introducing anglanning changes to the air transport
system cannot be done without showing that minirsafety requirements will be satisfied.
This thesis therefore not only deals with the gadasessment process itself, but also with the
setting of risk requirements for the newly proposdd/ systems and flight procedures.

The approach taken was to apply risk based decmsaking to support the introduction of new
air traffic operations and systems for reducedraftseparation in the airport environment. As
worldwide quantitative risk requirements for thevieproposed air traffic operations have not
yet been established, the question arises hows&sashe level of risk which may be considered
acceptable. Evidently, a zero incident/acciderkt c&n not be realized and therefore risk criteria
have been developed. There are several fundantgréations that have been resolved:

* What is the safety level of the current air traffjgerations?

« Are the separation minima for the current air tcaffperations overly conservative?

« Can the current separation minima safely be reduced

* What are the requirements for the newly proposettaific operations and systems?
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These questions require more comprehensive riglsasgent models and risk criteria than
currently available. Therefore, to answer thesestijoles, several methodologies for the setting
of risk criteria are developed and applied to tifving safety studies:

=  Collision risk analysis of the usage of parallaiways for landing;

=  Collision risk analysis of simultaneous missed apphes on converging runways;

=  Wake vortex safety assessment of single runwayoagpes;

=  Safety assessment of ATC-Wake single runway deygs;tu

=  Safety assessment of the I-Wake single runway tiparaith reduced separation.

7.2 Main contribution to knowledge

The main focus has been the development of sagésgsament methodologies with the aim to
reduce aircraft separation minima. Historicallyglsmethods are based on experimental flight
tests and operational data analysis. This doctbegis has contributed with new methods based
on mathematical modelling and risk based decisippasrt, where the risk criteria for the risk
events have been expressed in suitable incideitéadaisk metrics based on historical data.

Coallision risk analysis studies

To increase airport capacity, the FAA has propassof the Precision Runway Monitor
(PRM) system during independent parallel approaf2iés28, 39]. Although safety analyses of
the PRM system have provided operational recomnigmdaand requirements, collision risk
during a double missed approach was not previayusintified or assessed. To fill this gap, this
thesis has developed and applied new collisionassessment models. It has been shown that
the collision risk between aircraft conducting musitaneous missed approach can indeed be
considerable, and needs to be addressed to ehsiisatety is not jeopardized. A limitation of
the modelling approach is that the possibilityrdgérvention when blunders occur was not taken
into account. Therefore, to be able to also copgk stich human factors issues (e.g. ATC
monitoring and instructions and pilot reactioneg TOPAZ methodology has been extended
and applied for analysis of the collision risk agyisimultaneous missed approaches to
Amsterdam Airport Schiphol converging runways 18Bvw indicated as 18C) and 22.

Collision risk analysis of the usage of parallehways for landing

An increase in runway capacity may be achieveddiyguexisting parallel runways more
effectively or by building additional parallel ruays. In order to evaluate the risks related to
independent parallel approaches, insight into tiéson risk during all approach flight phases,
including intermediate approach, final approacld eaissed approach, is necessary. Section 2
describes a probabilistic risk analysis of theisih risk between aircraft conducting
independent parallel approaches under Instrumetgdi@ogical Conditions (IMC), thereby
using Instrument Landing System (ILS) proceduresuiable risk metric and a Target Level of
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Safety have been adopted. Various scenarios witlingarunway spacing and different

operational conditions have been evaluated. The o@iclusions from the risk analysis are:

=  The collision risk probability can be considerahial unacceptable under certain
conditions, especially near turn on to the localered during a dual missed approach.

=  Technological improvements and operational procesfocusing on increased safety
during final approactonly do not significantly lower the overall collisiorskibetween
aircraft conducting independent parallel approaches

Independent parallel runway approaches may be fudgeeptably safe if the runway spacing is

greater than 1270 m and unsafe if the spacingsstlean 930 m, provided that there is:

= Atleast 20 to 30 degrees angle of divergence kaiwlee nominal missed approach tracks,
with turns to be executed ‘as soon as practicaind not above 500 ft;

=  Some longitudinal distance between the paralleivaynthresholds, where the aircraft with
the highest Final Approach Point approaches theayriocated ‘farthest away’.

Collision risk analysis of simultaneous missed agghes on converging runways

Section 3 concerns a risk analysis of simultanewigsed approaches on Amsterdam Schiphol
converging runways 19R and 22, where the Obstdelar@nce Altitude (OCA) of runway 22
was proposed to be reduced from 350 ft to 200His &llows the use of runway 22 during
actual Category | weather conditions, and suppaptisnization of the arrival scheduling. A
collision risk model has been developed for assessof various missed approach procedures
on runway 22, with possibly a left turn after coetn of the initial missed approach phase.

Numerical evaluations show that the collision ms&y attain an unacceptably high level under
certain conditions, especially when approachingraft on runways 19R and 22 both make a
straight missed approach, and ATC does not intervEar trying to maintain the collision risk
at a low and acceptable level, some risk reduciaggures are identified. In particular, ATC
monitoring and instructing — turn right! or climb! - to aircraft conducting a missed approach
on runway 19R in case of a previous straight misggmoach on runway 22 is required.
Provided that these identified measures are apghedoroposed reduction of the OCA of
runway 22 to 200 ft is risk neutral within a bragzbctrum of missed approach procedural
aspects, and may be judged adequately safe. Thi$usion is also valid for the possible future
situation, where the final missed approach altitigdaised from 2000 to 3000 ft.

Wake vortex risk analysis studies

Wake vortex research has generally focused on sisal§ wake vortex behaviour in different
weather conditions and on analysis of the impaatiake encountering aircraft. Wake vortex
safety related to proposed operations for reduepdrstion was not previously quantified or
assessed in terms of incident/accident risk prditiabi To fill this gap, a Wake Vortex Induced
Risk assessment (WAVIR) methodology was developeldagplied. WAVIR has received
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significant interest worldwide, and other orgarimas have followed with similar methods. The
Airspace Simulation and Analysis for Terminal lnstient Procedures (ASAT) tool, which is
used by the FAA, has been extended to assessdhahility of a wake encounter behind a
variety of leader aircraft and under different vixmtconditions. Airbus has now developed a
Vortex Encounter Severity Assessment (VESA) todiliol allows assessment and comparison
of aircraft reactions and effects of vortex encemmbehind various aircraft. DLR has
established the WakeScene (Wake Vortex Scenanmosl&ion) Package to assess the relative
encounter probability behind different wake vorg@nerating aircraft. However, so far, the
WAVIR methodology is still the only method that &hes explicit modelling of the role of both
pilots and air traffic controllers working with nesystems for reduced aircraft separation.

Wake vortex safety assessment of single runwayappes

Both in Europe and in the United States, the falétgiof increasing runway capacity through
reduced wake vortex separation distances betweenafiiin the arrival and departure flows is
being investigated. Traditionally three methodsehbgen used to determine safe wake vortex
separation distances: (i) flight test experimefiishistoric operational data, and (iii) analytica
models. Section 4 describes the development theeWaktex Induced Risk assessment
(WAVIR) methodology and its application, within Sake, to assess the safety of single
runway wake vortex separation distances. The mesiults of the S-Wake project show that an
increase in runway throughput might be achievedudin exploiting favorable wind conditions
(sufficiently strong crosswind and/or strong head¥i It is further motivated that this can only
be achieved through the use of new and advancemkptmof operations with appropriate
decision making tools for air traffic controllemsdapilots. Both in Europe and the United States,
such proposed Concept of Operations for reduce@ wakex separation depends heavily on
the use of wake vortex prediction and detectioarmfation, with explicit roles and
responsibilities for the pilots and controllers kiog with such wake avoidance systems. This
has therefore led to the design of the ground bA3&tWake system and the on-board I-Wake
system, the topics of Sections 5 and 6 of thisatatthesis respectively.

Safety assessment of ATC-Wake single runway degsirtu

One potential approach to reduce the wake vortearagion distance between aircraft at take-
off is by utilizing the ATC-Wake system and opevatl concept designed to allow variable
aircraft separation distances, as opposed toxkd fiistances presently applied at airports.
Section 5 has quantified the possible safety imgmmants to be obtained by installation of
ATC-Wake and use during the departure phase dftflihis includes an assessment, with the
WAVIR tool-set, of required crosswind values foriethreduced aircraft separation can be
applied. For the ATC-Wake departure operation wétifuced separation, two more issues have
been considered: 1) the air traffic controller withrn the pilot about a potential wake vortex
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encounter in case an ATC-Wake alert is raised,2yiiidan ATC-Wake system component
provides wrong advice, there is a higher risk anglresence of severe wake vortices.
Consequences might be catastrophic in case ohidircraft following a heavy aircratft.

For airports with ATC-Wake in use, Section 5 intiisathat the present separation of two to
three minutes between aircraft departing at theesamway might be reduced to 120, 90, or
even 60 seconds for all aircraft types in the presef sufficient crosswind. As these indicative
separation minima, dependent on crosswind conditida not yet account for crosswind
uncertainty, the setting of requirements for theCAWake system components was further
investigated. This was done through a qualitativayssis of the effect of failures of ATC-Wake
system components, assuming that failure conditigtissevere consequences must be
extremely improbable and minor failure conditionsynbe probable. It was concluded that the
Monitoring and Alerting system and Meteorological&cast and Now-casting systems are
crucial and sufficient accuracy and reliability bl guaranteed.

Safety assessment of the I-Wake single runway tipenraith reduced separation

Another potential improvement of wake vortex safatyhe airport environment is through
installation and use of a wake vortex detectiomnivey, and avoidance system on-board
aircraft. The fundamental part is a pulsed Lightdagon and Ranging (LIDAR) sensor system
that measures disturbances in the atmosphere aitesreal-time forewarning of turbulent
conditions. Section 6 presents an investigatiowale vortex safety undeeduced separation
(2.0 or 2.5 NM between all aircraft) during the eggeh and landing phases of flight when
using such I-Wake system on-board aircraft.

The I-Wake operation assumes that a missed appiwadliated, after the flight crew receives
an alert indicating that the aircraft will likelyjeounter a severe wake vortex. Wake vortex
induced risk related to the I-Wake operation wétiuced separation has been assessed
qualitatively through a Functional Hazard Analy@t$iA) [88]. This study has now also
guantifiedthe wake vortex induced incident/ accident riglotigh the use of the WAVIR
methodology, extended with an aircraft/pilot miss@groach model and a causal model for the
I-Wake system failure probability. The assessmémtake induced risk levels for the approach
phase when reduced aircraft separation (2.0 oNRI%etween all aircraft) is applied has been
performed for different aircraft types and variaviad conditions. Aspects that have been
considered are e.g. the time for caution and alaitthe I-Wake system capabilities (such as the
horizontal and vertical scanning view, the angleegfard, and the wake vortex detection range).

The use of I-Wake seems to reduce the wake vantixced risk only slightly as compared to
the current practice. The main reason for thikesfact that the largest risk during single
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runway arrivals occurs near the runway threshaltlofiving S-Wake). Therefore, the use of I-
Wake would be most beneficial at very low altitudekere the probability of encountering a
(rebounding) wake vortex is highest. Unfortunatalyaltitudes below 200 ft it is also more
difficult to initiate a missed approach. Therefdtes operational use of I-Wake seems to have
only minor impact on the wake vortex induced riskidg single runway arrivals (and, as a
consequence, I-Wake use provides low potentialdduction of the separation minima)

7.3 Impact of the main results

The new mathematical methods all support two comratianales for acceptance of a newly
proposed air traffic operation, namely by showingtthe number of risk events does not
exceed some pre-defined, and agreed upon, riskreegent and furthermore also does not
increase with the introduction of the new operatibime developed risk assessment models are
based on risk metrics in terms of incident/acciggobabilities per movement, with risk
requirements derived on the basis of historicatient/accident data. It has been shown that the
current wake vortex aircraft separation minima,ahtdepend on the aircraft weight, are indeed
overly conservative under certain conditions. ldtrction of variable wind dependent aircraft
separation rules will enable increase of airpopacity, while maintaining safety. Aircraft
separation can be reduced safely, provided thatwese vortex prediction, detection and
avoidance systems - such as ATC-Wake (for airitrafintrollers) and I-Wake (for pilots) - are
implemented for operational use. It has been shbwainspecific missed approach procedures,
which take into account local airport runway layowill lead to an increase of airport capacity.

The safety assessments have built sufficient cenfid in the operational use of the new
proposed ATM systems and flight procedures forajyglication of reduced aircraft separation
in the airport environment. The results from th#ision risk analysis studies have been used
directly by the Dutch Civil Aviation authority arir Traffic Control Centre, and were brought
forward successfully to the ICAO Obstacle Cleardmagel. The results from the wake vortex
risk analysis studies have been used directlytferdiesign and the setting of requirements for
the ATC-Wake and I-Wake systems and their assat@iacepts of operation. It has been
shown that both are promising concepts for increpaircraft handling capacity in the airport
environment. As a result of the wake vortex sasttylies, new concepts of operations for
reduced wake vortex separations are now beingaialidin Europe (under co-ordination of
EUROCONTROL) and the United States (under co-otinaof the FAA and NASA). Trials
at European airports are foreseen as the ideafavrasard for gathering the required data to
complete the local Safety Cases realize the restucti the wake vortex separation minima.
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Appendix A WAKke Vortex Induced Risk assessment (WAVIR)

A.1 Introduction

To determine the probability of occurrence of eatthe defined wake vortex induced risk
events (see Section 4.4.1), a safety assessmewet madquired. In view of the uncertainties
and the difficulties in understanding of the waketex phenomena, it is proposed to follow a
probabilistic approach. This probabilistic methbadgld enable evaluation of wake vortex
safety under various operational and weather ciamgit It should also be possible to evaluate
the current practice as well as promising new cptscesuch as new operational improvements,
aerodynamic aircraft designs, or weather relatpdrstion minima. The approach should be
able to handle both single runway and dual or tyosgaced parallel runways. Considering
these requirements, three probabilistic sub maalelsntegrated within a stochastic framework:
=  Wake vortex evolution model

=  Wake encounter model

=  Flight path evolution model

For the evaluation of wake vortex induced risks ihecessary to develop a mathematical model
to characterise wake vortex induced incident/actigeobabilities. This is done as follows. In
section A.2, an overview is given of the safety elbdg relations and dependencies. Section
A.3 introduces the main notations. In subsectiofh, A.stochastic model for the wake vortex
severity prediction is presented. Subsequentlgulysection A.5, this model is extended with a
stochastic wake encounter model to predict thearadl loss of height of the following aircraft,
resulting in an assessment of encounter sevedty $&ction A.6). Section A.7 presents a
stochastic dynamical incident/accident predictiaydei to assess the selected risk metrics.

A.2 Overview of the modelling relations and dependencse

The incident/accident risk, in terms of minor irend, major incident, hazardous accident, and
catastrophic accident probability, provides theinfation necessary for regulatory authorities
to judge the acceptability of risk. However, pilotew and passengers will have a different
perception of safety (in relation to actual enceumntvith wake vortices). Therefore, to also
support the acceptability of risk assessment reswitpilots/crew and passengers, the concept of
encounter severity is introduced. Clearly, the nfeevere” the encounter, the larger the
incident/accident risk. The issue of appropriateoaimter severity metrics (or hazard criteria)
has been studied for many years [9, 64, 65, 8598499]. The following two metrics have
been chosen to classify individual encounters:

= Maximum attained bank angle;

=  Encounter altitude.
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To assess the numerical values of the selectednaskics (in terms of risk event probabilities
per aircraft movement (e.g. per approach or peadere), an incident/accident prediction
model is proposed (see Section A.7). It describelscharacterises the probabilistic relation
between individual (simulated) encounters and itteaf an incident or accident. The relations
and dependencies between the different sub-modelsualised in Figure A-1.

. Vortex Encounter Risk event
Flight path . .
evolution Seve“ty Seve“ty classes
model
Extreme Extreme Catastrophic
accident
EXPOSURE g g Hazardous
Initial parameters evere evere ‘Accident accident
Runway configuration [:> .
prediction )
Procechiral aspects Ma]OI
Aircraft types Moderate Moderate model ‘
Human factors Incident
Weather i
Separation distance Weak Weak Minor
incident
Wake vort . .
‘Weather class & vortsy Aerodynamic | |Pilot encounter
. evolution
climatology model model
model

Figure A-1 Overview of modelling relations and dependencies

A.3 Notations
A situation of a sequence of aircraft, which flyrd an airport, is assumed. For the position
and velocity components of aircrafthere is a proces(sgi YL ZL X, Y, 2 ) In addition,

o Wy o Wi

there are process ) for the wind speed components, and also for therot

main meteorological components (including atmosigharbulence and stratification effects)
together defining the ambient weather conditiorisigdocally on aircraft

A.4  Wake vortex severity prediction

The left and right centres of the vortex at monsmhich are generated by aircrafit moment
t, are represented by two field$™(t,s) andd’* (t,9), with s> 0, each of which assumesz
values inlR%. At momentt+s, the strengths of the left and right vortices @ generated by
aircraftj at moment are represented by the two fielS (t,s) and/ ™ (t,s), each of which
assumes strength valued® At momentt+s, the core radius of the left and right vorticestth

i+

are generated by aircrafat moment are represented by two fieldg;e(t,s) andrg,.(t,s),each

of which assumes valuesIR. Note that it is assumed that the x co-ordinatied from the
flight path evolution model (using the relationgwi, s, and aircraft speed profiles). To shorten
the notation, the components are placed into & Rinvalued fieldy'(t,s):
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x'(ts) =co|umn{5”(t,s), o't (t,s) ri(t,s), Mi*(t,s), rc{)‘re(t,s),rc‘(;e(t,s)} (A-1)

Research is ongoing for many years to improve wifféal equations for the motion and decay
of the components of the joint fiejd(t,s). Widely known equations in current literature tre
ones given by Corjon & Poinsot [76, 77, 95], whiak largely based on those of Greene [90]
and Liu [91]. Recent European research activitietude work on the validation of different
decay models and the simulation of probabilistikeveortex behaviour under different weather
and wind conditions [3, 4, 7, 10, 11, 96]. Wheniagdn extension for the wind velocity in
direction, these equations are of the form:

) (y(9016) (#2)

where/7 ! (s)denotes local external influences such as the Voical {Wiyt, W, Wit} at

momentt, the local Briint-Vaissalla frequenby(t+s), the Turbulent Kinetic Energy (which
depends on the Root Mean Square (RMS) velocitgrobspheric turbulencgs!(t+s)) and/or
the Eddy Dissipation Rate(t+s).

To define the solution of the differential equatfons= 0, the components gf'(t,0) (the initial
boundary conditions) have to be characterized. khown that [77, 98]:

0, (t0)=y! b}
5% (t0)= 2z (A-3)

-1

i (Xt] - Wi,t)

with by the initial spacing between the primary vortextoesym' the mass of aircraft g the
gravitational acceleration, agl, the local air density.

Next, the moment in time that (the longitudinal ifoa of) an aircrafti reaches the wake
generated at longitudinal position(by aircraftj) is characterised. To do so, it is assumed that
the longitudinal wind speed component is heightesielent and constant at a certain height, and
denoted byvi(yt (2). Then that moment in time is a stopping tinefjroed by [3]:

Z'E :Z')ﬂ+inf{S>oiz>O‘Xirj+s=X+SWiTi(Z)} (A-4)
S, Z
with
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It is furthermore assumed that the airspeeds d¢f &iocraft inx direction are bounded and either
both strictly positive or both strictly negative. view of this, this equation means that } is a
monotonous process. Hence,Rfhvalued stochastic procesg’{}, which represents the
properties (of the vortices generated by airg)atiat are used to characterise the risk imposed
to aircrafti, can be defined as follows:

PURD U RIEEY (A-6)
The decay of the vortex circulation strength degemuthe ambient atmospheric conditions
such as e.g. stratification, turbulence, and winebs. Several deterministic wake vortex decay
models have been given in literature. Those of G#¢80], Donaldson & Bilanin [92], and
Sarpkaya [80, 81, 82] have been implemented. Alel®use the same decay model for
atmospheric stratification, but differ in the mdadwej of atmospheric turbulence effects. In the
model of Greene an additional (weak) viscous deéeay is employed. Table A-1 gives an
overview of the decay terms of the wake vorticasegated by aircraft |.

Table A-1 Wake vortex decay terms of the different models

Model Viscous Interaction | Stratification Turbulence
Donaldson & dr i r
— =-040] () —
Bilanin none dt qrms( ) bo
2
Sarpkaya none ar _AND (z-2 a_ S o exp{— &t}
dt by d Tg Ts

dr ar _ . r

Greene P -1.045W...Cp i —O.41qr‘mS(t)b—0

Proper values for the model constants have beanediefnainly on the basis of LIDAR wake
data. Model constams is defined asA, = 77/4* 173* 209* b3 = 2.83976" b7 andz is the initial

height of the vortex (the flying altitude of the keagenerating aircraft)yses.is the wake vortex
descent speed an@} the viscous drag coefficient € 0.2). The Brunt-Véissalla frequenby
characterises the stability of the atmospheric damnlayer. It is directly related to the vertical
temperature gradient:

) ai
NI = | 9407 (A-7)
g! dz

Here 8’ is the so-called potential temperature in the aphere acting on aircraft j. The root-
mean-square velocitynms (t+s)) is equal tov 2TKE, in whichTKE is the Turbulent Kinetic
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Energy. In Sarpkaya’s model, the paramé€lgis a constant (it was taken equal to 0.45 as
proposed by Sarpkaya) afgdepends on the Eddy Dissipation Rateqr EDR). It should be
noted that the decay rate due to stratificatiarei® initially (z=2) but then increases with time.
On the other hand the decay rate due to turbulsreegest initially (for the Donaldson &
Bilanin model the decay rate is proportional'tand therefore largest initially, for the Sarpkaya
model the exponential term is equal to 1 initiahd then decays). For the effect of crosswind
on vortex decay, a simple model proposed by Cat. ¢83] can be used. The model assumes
that the decay of the vortex with opposite-sigrtiedy in comparison with the crosswind shear
is accelerated by applying a couple in the oppastese to the vortex circulation:

dr 2
ot = _ECDVUCWObO (A-8)

where Gy is the viscous coefficient caused by the crosdwimdg; is the crosswind shear.

The following characterisation for the vortex coadius at the moment in time that the aircraft
reaches the vortices generated at longitudinatipast (by aircraftj) is adopted [76, 77]:

i = i 1 i i i
rcore,rg B max{ Fcore 0 80\/r0,,xj (Tx Iy )} (A-9)

with Feore.0 the initial radius of aircrafts vortex cores.

The vortex pair can be non-symmetric, with possilifierent intensities and radii, and can
induce a non-zero bank angle. For a pair with gsteengths and radii, the Burnham-Hallock
profile of tangential velocity as a function of thistanced,. to the vortex centre is:

. rrjijir d
VIid)=—- | ————ve (A-10)
g, i Ve 2T (rcjore‘ TE )2 + dVCZ

Alternatively, a Lamb-Oseen tangential velocityfpeocan be used:

IES

2
M=
. i d
VI o(d,)=—" |1-exd -1.2564 — ve A-11
g'rg( vo) 2md,, {(r] i )ZJ ( )

core T,

The velocity field resulting from the pair is theotor sum of the velocity fields of each vortex,
which consists of a side-wash and down-wash velacimponent.
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A.5 Wake encounter severity prediction

For computing a metric of the wake encounter sgvarivake encounter model is to be used. In
WAVIR two models of different complexity are avdila. A short description of the models

and their assumptions and limitations is giverhimnext sub-sections. At the moment, the
models only take into account the effect of thengrivortices. Extension of the models to also
include the effects of the secondary and mirrotizes is to be further investigated.

A.5.1 The Extended Roll Control Ratio Model (ERCR)

The Extended Roll Control Ratio (ERCR) model comagufor a given wake induced rolling
moment an estimate of the maximum wake induced bagle. It is based on the one Degree
Of Freedom (1-DOF) roll model of Tatnall [85]. Thal-control ratio is the wake induced
rolling moment divided by the available roll-coritpmwer for a given position of the aircraft
with respect to the wake vortices. The wake induc#ithg moment ,is computed with a
simplified analytical model as defined by Tatnale wing span of the aircratﬂyt) and the
wing planform (Taper Ratiol{z' ) and Aspect Ratio®' ))are taken into account, but
aerodynamic effects on the fuselage and the tehces are neglected. The vortex flow field is
defined with a Burnham-Hallock type vortex pairrtex circulation strength(), vortex core
radius €.ore ) @and the initial lateral distance between thdiges (Jjo =1/ dyi) are user
controlled input parameters. The roll control powgecomputed from a simplified formula.

The aircraft is assumed to be aligned with the wakéices (zero wake intercept angle) and
therefore does not move with respect to the waktces (frozen aircraft position). The
duration of the encounter has therefore to be dichih order to prevent infinite roll. However,
Tatnall derived a table of suitable (aircraft tygependent) wake encounter duration timgs T
such that the 1-DOF model predicts equal maximuhargles as with a more elaborate 3-DOF
model. So the aircraft type dependent wake encodnt@tion time J implicitly accounts for

the dynamic aspect of the encounter. In the WAMbRligation these maximum duration times
are also used. This is probably not fully justifibécause not only the most severe (vortex
centred) encounters (for which the model has besigded) but also weaker encounters
(aircraft positions relatively far from vortex cgjelay a role in the wake encounter severity
metrics. Using the vortex encounter timg & pilot response timegI'and the aircraft roll
characteristics (max roll control power, rolling ment of inertia), formulas are obtained for the
roll rate pti , the bank angle' and the maximum bank angi,.. in: (Without control input).

The maximum bank angle is the most important oudptie Tatnall model [85], but the roll-
control ratio (RCR) is an output too and can alsabed to classify the encounter severity. The
pertaining equations (A-12) are:
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Py =K—1[C:F<,V(eKzt ~)-H(t-Ty )k —1]
2

~CremadH TR 1) ~H (=To () ~1)

) K, et —1 eKz(t_Tv) -1
=—=|C -t|-Ht-Ty) —————(t-T,
Kz[ R,v( K2 J ( V)[ K2 ( V)

(A-12)
eKz(t_TR) -1 eKZ(t_TF) -1
~Cremax| H=Tg) K—_(t =Tg) |-H({t-Tg) . —(t-Tgy
2 2
KlCRvTV
q) . = -
max,nf K2
HereK; andK; are aircraft dependent constants which, for dir¢raare equal to:
L 4elv))Pdy)® N |
Kll - 2t \V't y , K2| =K1ICI,TJI _y (A_13)

ALl v

wherev, denotes the three dimensional velocity (airspe@qnlyg,i is the roll damping coefficient
of the aircraft (note thaC, ; <0), AR is the Aspect Ratid,, the inertial rolling moment, and the
roll control capability G ¢ maxiS assumed equal to 0.0{5 [85]. This is based on a minimum
requirement and therefore a conservative estinaateal roll control power capability may be
larger, leading to lower roll control ratio RCRpractice and smaller maximum bank angles. In
the above equations sub-fix f denotes the follovdimgraft.H is the Heaviside step function:

1 x=0

H(X)={0 «<0 (A-14)

The finish timeT for the control input, i.e. when the bank angle tedsrned to 0, is given by:

whereé is the roll control ratio (RCR):

Cr i
'3 o (A-16)

R, c,max

Worst case conditions are assumed: the wake ereringpircraft is placed (instantaneously) in
the centre of the (non-decayed) wake generatimgadir assuming a rather small vortex core
radius (O.OZ&Iyj ). The vortex induced rolling moment coefficient&nd the vortex encounter
duration time T are taken according to Tatnall [85]. A rather conagve pilot reaction time

= 0.6 seconds is assumed. A summary of the RoltrGloRatios (RCRs) and maximum bank
angles is given in Table A.2. The relation betwtentwo wake encounter severity metrics is
also visualised in Figure A-2. The higher the Ribintrol Ratio (RCR), the less becomes the
influence of the controls on computed maximum aoigle (compare® ., andPmay ing)-
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Figure A-2 Relation between roll control ratio and maximum bank angle
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Table A-2 Summary of computed RCR and maximum bank angles with ERCR model

Follower Leader

Medium Jet (= 244.3) Large Jumbo Jet I[= 550.5)

T, RCR | ®pax Proaxint | Tv RCR Prax Prax.inf
Light TurboProp | 0.72 | 5.18| 84.5 109.9 0.72  9.67 .272| 205.2
Regional Jet 0.89| 242| 252 37.9 095 4.72 60.5 978.
Medium Jet 1.00 | 2.02| 126 31.9 1.1 3.88 36.3 67.4
Large Jumbo Jet 1.08 1.76 8.0 19.7 1.78 2.81 278 165

A.5.2 The Reduced Aircraft/Pilot Model (RAPM)

For the characterisation of how the proceg§}{induces a roll and loss of height proces¥'§

for aircrafti, the reduced aircraft/pilot model developed in 8ké/is used [89, 100, 101]. It
consists of a flight dynamics model for the simiglatof the aircraft response and a pilot model
for simulation of the pilot behaviour during wakertex encounters. The model provides:

=  Vertical position (i.e. loss of height), verticgleed & acceleration;

= Lateral position (i.e. sideslip) and lateral accatien,;

= Bank angle, roll rate and roll acceleration;

=  Pitch angle and pitch rate;

= Yaw angle (i.e. ILS localizer deviation), yaw rated yaw acceleration.

Aircraft flight dynamics model

Let the bank angle, pitch angle, and yaw angleaahent s during the encounter which starts at
moment t, be represented by the three fiefdiss), 8 '(t,s) and¢ '(t,s) (Where s=0 denotes the
beginning of the wake encounter). Let the body-addisrate (pti ), pitch rate q:) and yaw rate
(r.) now be defined by:

. dg, . dg/
= t [ t A-17
Ot at i 4t ( )

. dﬂl
[
Pt dat

Also, let h' denote the height of aircraftiuring the encounter, i.é = zti”ij , where the
encounter severity is evaluated from the moméi,nbnwards. To shorten the notation, the
above components are placed into the jhtvalued field?' (t,s), characterising the rolling

process induced on aircraft

I (t,s) écolumn{hi(t,s), y'(t,s) @ (t,s) 6'(t,s) ¢ (t,s)} (A-18)
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Differential equations for the components of thatjdeld 9! (t,s) are given in Escande [101],
and are of the form

0.9, 9909 _ 53, 9,0 (947 (9) (A-19)
ds ds

with &@'(s) denoting the local external influences sucthagauto)pilot response time, aircraft
characteristics (e.g. airspeed, wingspan, aspgctabthe wing, horizontal tail, vertical tail,
mean aerodynamic chord, mass, moments of inegiaggnamic derivatives), glide path angle,
angles of attack and sideslip, heading angle, nudeliéection, air density. The aileron
deflectiony/’ (s) is influenced by the pilot behaviour and allowsake into account the actual
reactions from the pilot to the roll upsets expecid when encountering the vortices.

To define the solution for the above differentiglation for &0, the components &' (t,0) and
dd" (t,0)/dt (the initial boundary conditions) haveh® characterised. It should be noted that the
moment s=0 corresponds to the momehthat a wake generated at longitudinal positidoy
aircraftj will arrive at the longitudinal position of airdta.

It is known that the initial state of the aircraftn be represented by [101]:

N t0=2z,,
Y €0 =y,

¢ t0)=0 (A-20)
6 t0)=a

i
t+ry

<0 =Fy
with ati”E and 'Bti+r2 denoting angle of attack and angle of side slifh@ttime of encounter.

Pilot behaviour model

For the characterisation of the rolling processiget! on aircraft, an appropriate model of the
pilot behaviour during wake vortex encounters soakquired. The pilot behaviour and its
effect on the aircraft is modelled through a sdechtrossover model for the inceptor deflection

or aileron deflectiony, [100]:
n o1 .
B |+Kp EET} g (A-21)

_ ffLocYa_dzYb _ex
S

with the so-called pilot (roll rate) gaikg), pilot lead time Tead), aircraft lag time Tag), and

equivalent time delayr{) being the four tuning parameters representingttatation of the
pilot model to the different dynamics (of aircraft
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The six constants a, b, ¢, d, e and f are to bermted on the basis of the latter three tuning
parameters (pilot lead time, aircraft lag time aadivalent time delay) [100, page 25]. Note
that the pilot lead-time is determined throughubke of a pilot activation time (representing the
initial time with the pilot not responding) and alert bank angle (allowing the pilot inactive /
not responding as long as the bank angle excudsies not exceed a prescribed value).

The input of this model is the bank angle eﬁqf, which represents the difference between the

commanded bank angle and the actual bank anglarlZlduring an approach the pilot tries to
establish wing levels, so that the commanded bagleds zero. Henceﬁqd = qd . This pilot

model can be integrated into the aircraft flighbdgnics differential equation model.

A.5.3 Comparison of the ERCR and RAPM Model

A comparison of computed maximum bank angles ferBRCR and the RAPM model, as a
function of the initial aircraft position in the W, is shown in Figure A.3. The results are for a
Regional Jet behind a Large Jumbo Jet configurdti@ke circulation strength is equal to 300
m?/s). The wake intercept angle was assumed equakto

Max bankangle ERCR: b=60m. [=300m%s
2680 . z

200 - : - ¢

1EQ -

140 i 1 i i
-60 -40 -20 1+ 20 4G EQ

Max bankangls RAPR: b=E0m, T=200mes

220+ : ! .
) |0 ] = F 0o

200 e - : ;"

180} : : i

180

140 i i i |
-80 -40 -20 4] 20 40 B0

Figure A-3 Comparison between computed maximum roll angles for ERCR and RAPM models,

as a function of (initial) aircraft position in the wake. Regional jet (wingspan 30m) in the wake of
a 60m span aircraft having a wake circulation strength of 300 m?/s

The difference between both results is relativeiyak. Note that simplifying assumptions are
made on the initial aircraft attitudes, becauseetlauations are made in gate planes at fixed
longitudinal positions and, as a consequence, dhex and aircraft positions are defined
independently. Further improvements might be redlisy developing a wake intercept model,
which defines more realistic wake intercept routes.
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A.6  Wake encounter severity classification

To support the acceptability of risk assessmeniiteby pilots/crew and passengers, the
concept okencounter severitiias been introduced. The following two metricsenbgen chosen
to classify individual encounters:

=  Maximum attained bank angle excursion;

=  Altitude at which the encounter occurs.

NASA determined encounter severity boundariesnmseof maximum bank angle, where the
boundaries under IFR conditions remain constanaitdudes above 350 ft, but decrease with
lower altitudes [94, 99]. It was e.g. noted thataximum roll angle of more than 7 degrees is
perceived by pilots as hazardous at altitudes 6ff26r less, whereas roll angles as large as 15
— 20 degrees seem acceptable above 200 ft. Fan#igsis of incident reporting data, NATS
have introduced three encounter severity categfiry:

=  Category A for a roll angle of more than 30 degrees

=  Category B for a roll angle of more than 10 degma®sless than 30 degrees;

=  Category C for a roll angle of less than 10 degrees

These classification schemes are now combinedaimi@wly proposed categorization with four

encounter severity classes as follows:

1. Extreme aircraft disturbance resulting in temporary datdoss of control, with an
increased possibility of a catastrophic acciderttase of an encounter close to the ground.

2. Severeaircraft disturbance resulting in a severe maximbank angle (possibly higher than
30 degrees) and a critical flight state, wherepilat initiates a go around with considerable
corrective recovery actions required, and an irsgdgossibility of a hazardous accident.

3. Moderate aircraft disturbance with approach limits likelyceeded, resulting in a moderate
maximum bank angle (possibly in between 10 ande}peaks), where the pilot initiates a go
around without exceptional skills required, andrammeased possibility of a major incident

4. Weak a slight to moderate aircraft disturbance (norapgh limits exceeded), resulting in a
weak maximum bank angle (less than 10 degreed),ooitsiderable pilot action required,
can be experienced. An increased possibility ofreormincidentwith moderate disturbance.

with the aim to establish some kind of probabitisélation with the four defined risk events
that are proposed for policy making of wake voiteduced risk. It is now assumed that the

threshold boundaries are defined as functionsefitbximum bank angle, and are dependent on
the height at which the following aircrafencounters the wake, i.e.

&WeakEnc(h) < &ModEnc(h) < &SevEnc(h) <&ExtrEnc(h) (A-ZZ)
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It is furthermore assumed that:

=  The threshold boundaries of the four encounterriigw@ategories are constant above a
certaincritical crash-into-terrain heighth..; (e.g. the height of 350 ft as determined for

Instrument Flight Rules (IFR) conditions by NASA&Yom the above categorisation, it
follows that @, ,e..(h) = 10° and @, ., (h) = 30° for h>h ;.

=  The lower threshold boundary of tiléeak Encounter Category constant and
independent of the encounter height. The valuaadh ghat aircraft disturbances caused by
regular air turbulence (i.e. small bank angle)rareclassified as being related to a wake
encounter.

= There is an increased probability of Bxtreme Encountein case the encounter occurs
below the critical crash-into-terrain height.,; . Clearly, for such encounter heights, the

threshold boundaries for the four encounter sgvedtegories decrease with altitude.

Thus the four tests that lead to a classificatibimdividual (simulated) wake encounters into
the wake encounter severity classes are (A-23):

Weak Encounter: BueaendN) < ‘mta){gzj}‘ < Puogenh) , tO[T 70 +T, ]
Moderate Encounte Dogenh) < ‘mta>{¢i}‘ < @gefn) O[T 4T ]
Severe Encounte Oeoenfh) < ‘mta>{¢i}‘ < Peerdn) L O[T+ T, ]
Extreme Enounter &)ExtEnc(h) < ‘mta>{¢f}‘ O+ T, ]

A.7 Incident/accident prediction

The incident/accident prediction model relatesseerity of individual wake encounters to the
severity of the possible risk events, e.g. throagiobabilistic relation that includes the initial
encounter altitude. The encounter severity proliasilare related to accident/incident
probabilities via a transition probability matriréprobability distributions for the loss of
height. These probability distributions enable assent of the catastrophic accident risk
probability, on the basis of the assumption thatltfss of height shall be larger than the initial
encounter altitude. In order to also assess ther tiinee risk eventdinor Incident Major
Incident andHazardous Accidejta transition probability matrix is defined. Theatrix gives
the fractions of the simulated wake encountersrigtlt in the three (non-catastrophic) risk
events, provided that the loss of height is leas the initial aircraft altitude at the start of an
encounter. The probability distributions for thedaf height during an encounter (and
consequently height above ground at the end ohaaunter) are to be determined using wake
encounter simulations with the Reduced/AircrafoPilodel (RAPM).
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As an example, Table A-3 shows tN#eak encountsrwill most likely result in ainor

Incident whereasSevere EncounteendExtreme Encountensiay result in d&azardous
Accident Appropriate values for the transition probalsktican be determined using encounter
data from incident/accident data collection adtgit(such as being collected at Heathrow
airport). Note that, in the following, it is alsesaimed that certain transition probabilities are
zero (see also Table A-3). For example, Weak Eneosiwvill never result in a Major Incident
or Hazardous Accident and Extreme Encounters willen result in a Minor Incident. The
values in Table A-3 are elicited through experigunent [61]. Further study on appropriate
values in the Table A-3 is recommended.

Table A-3 Transition Probability Matrix (individual elements are denoted by eg Pra . g))

Risk Event| Minor Incident| Major Hazardous | Catastrophic
Encounter Severity Incident Accident Accident
Conditional event Loss of height smaller than emter altitude | Loss of height is
Weak 1.0 0 0 larger than the
Moderate 0.6 0.4 0 initial aircraft
Severe 0 0.6 0.4 encounter altitude
Extreme 0 0.2 0.8 (i.e. crash)

The risk metrics to be characterized are:

1. Probabilityp"Min.nc of a minor incident of aircraft(induced by the vortices of aircrt
2. Probabilityp"Ma,-.nc of a major incident of aircraft(induced by the vortices of aircrjt
3. Probabilityp’hazacc0f @ hazardous accident of aircriafinduced by vortices of aircrgf
4. Probabilityp’canccOf @ catastrophic accident of aircraftnduced by vortices of aircrgit

Let's start with the characterization @dtastrophic accident riskAs long as the aircraift
encountering the vortices of aircrafs able to maintain position above ground, thedelw no

reason for a catastrophic accident. Or, the maxirhaight loss of aircraftshall be less than its
initial encounter height. Lely, denote the height of aircraftluring the encounter. Then

Plaiace =1- Pr{ hi >0, Dt} (A-24)
Theinstantaneous catastrophic accident r{gkterms of probability at moment t) is defined a

pgatAcc (t) = Pr{ htI = 0} (A'25)
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Evaluation yields
Lanee (1) = 1= p, () dh (A-26)

where p, (h) denotes the density b .

To evaluatecatastrophic accident risk terms of probability per movement, the instaetaus
risk is integrated over the entire aircraft movetr(erg. approach or departure):

0

ii 1 Tinov ii
p(J:atAcc = m I p(J:atAcc(t) dt (A’27)

whereT,,,, denotes the time-duration of the aircraft moventerg. approach or departure).

Alternatively, it is also possible to evaluate taastrophic accident per movement through the
use of themaximumnstantaneous risk over the entire aircraft movsmee.

Pcatace = mtax pgatAcc(t) (A-28)

The subsequent characterizationrfinor incidents, major incidentandhazardous accidents
follows a similar approach, but is however based two-dimensional requirement on the bank
angle and the height loss of aircriafluring the encounter. Since these two stochaatiables

are dependent, their joint probability density fiime is used. The encounter severity
classification scheme defined in section A.6 i® aised to assess the other three risk metrics.

Let's proceed with the characterizationnaihor incident risk Provided that the aircraft is able
to maintain position above the ground, it is nosussed that aveak encounteor amoderate
encountemight lead to aninor incident Let &WeakEnC(h) : &ModEnc(h) and &SevEm(h) denote the
height dependent threshold boundaries of the wee@unter class, then equation (A-29) is:

pRAinlnc = I:)T(VVEAKaMINOR) Pr{ Ot { @NeakEnc(hit) < ‘ﬂl‘ < @wodEnC(hit) } n {hls >0, DS} }

+ Pr(mop - MINOR) Pr{ 0t: { Gaodenc(h}) < ‘(/4" < @euendnt) } 0 { N} >0,0s} }
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Theinstantaneous minor incident rig terms of probability at moment t) is definesi(a-30):

pli\j/IinInc (t) = PT(WEAK—»M'NOR) Pr{{zo\NeakEnc(hti) < ‘@ ‘ < EoModEnc(hti) } n {hIS > O' DS}}
+ I:)T(MODQMINOR) Pr{[zoModEnc(hti) < ‘(4‘ < EOSevEnc(hti) } n {hIS > O’ DS} }

Evaluation yields
o &ModEnc(h)
Mininc (t) = Pr weak_ minor) .[ .[ Py 4 (h,g)dgdh
h=0 wzhlveakEnL(h)
© %SevEnL(h)

+ Pr(mob_ minoR) J- .[ Py 4 (h,@)dgdh

h=0 W%ModkEnc(h)

(A-31)

Wherephli d(h,qa) denotes the joint density dh,q, Py (h) denotes the marginal density
function of the height'; and pd (w) denotes the marginal density function of bank exgjl.

To evaluateminor incident riskin terms of probability per movement, the instaetaus risk is
integrated over the entire aircraft movement (@pgproach or departure):

ii 1 Tmov i
ij _ ij _
Mininc — T .[0 Mininc (t) dt (A 32)

mov

whereT,, denotes the time-duration of the aircraft moventerg. approach or departure).

From aminor incidentpoint of view, the critical moment in time and t&sociated point along
the aircraft flight path are defined via:

f\lalinlnc = argmtax pR/Iinlnc (t) (A'33)

Let's proceed with the characterizationnadjor incident risk Provided that the aircraft is able
to maintain position above the ground, it is nosussed that anoderate, severe or extreme
encountemight lead to anajor incident Let @, .(), @s..c.(h) and @ ...(h) denote the
height dependent threshold boundaries of the as®olcencounter classes, then (A-34) is:

pE/Iajlnc = I:)TONEAKHMAJOR) PI’{ Ot :{ a\/lodEnc(hit) < ‘(4" < aSevEnc(hit)} n {hls > O'DS} }
+ Pr(sev_ maoR) P"{ Ot { Gsevencht) < ‘ﬂi‘ < Geaenc (M) } 0 {hs >0, DS}}

+ Pr(ext - maIOR) Pr{ Ot { @xenc(h}) < ‘(‘{i‘} n {hg >0,0s} }
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Appendix A P
Wake Vortex Induced Risk assessment (WAVIR) <NLR

A

Theinstantaneous major incident rig terms of probability at moment t) is definesi(A-35):

pEAajlnc OE PT(MOD_.MAJOFQ Pr{{(_”ModEnc(hti) < ‘@‘ < EUSevEnc(hti)} n {h; > 0, DS}}
+ PT(SEV—' MAJOR) Pr{{EDSevEnc(hti) < ‘ﬂl‘ < (_ﬂExtEnc(hti) }n {hé > (, DS}}
* Prexr— mason Pr{[&ExtEnc(hti) <|d|}n{h >0, DS}}

Evaluation yields
) ©  Psevendh)
Phaine (1) = Provo umon | [ Py 4 (h@)dgah
h=0 g=@y4enc(h)
)

*+ Pr(sev_ mason j _[ Py 4 (h,@)dadh (A-36)

h=0 ¢=gg.endh)

tPioawon | | Py (h@)dah

h=0 g=ge,ienh)

Wherephli d(h,qa) denotes the joint density dh,q, Py (h) denotes the marginal density
function of the height'; and pd (w) denotes the marginal density function of bank exgl.

To evaluatanajor incident riskin terms of probability per movement, the instaetaus risk is
integrated over the entire aircraft movement (@pgproach or departure):

ii _ 1 Tmov ii
pl\l/lajlnc - ﬂ .[0 pl\J/IajInc (t) dt (A'37)

whereT,,, denotes the time-duration of the aircraft moventerg. approach or departure).
From amajor incidentpoint of view, the critical moment in time and th&sociated point along
the aircraft flight path are defined via:

l:Alalajlnc =arg mtax p:{/lajlnc (t) (A_38)

Let's proceed with the characterizationhaizardous accident rislProvided that the aircraft is
able to maintain position above the ground, itas/rassumed thatsevereor extreme

encountemight lead to dazardous accidentet g, . (h) and @, ...(h) denote the height
dependent threshold boundaries of the associatamiater classes, then equation (A-39) is:
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Appendix A P
Wake Vortex Induced Risk assessment (WAVIR) <NLR

A

Pliazace = Pr(sev-. HAzARDOUS Pr{ Ot { @sevendht) <‘44" < Gevenc(h) } 0 {hg >0, DS}}

+ Pr(ext . HAZARDOUS Pr{ 0 t:{ Gxenc(h}) < ‘(4 ‘} n {hg>0,0s} }

Theinstantaneous hazardous accident rjgkterms of probability at moment t) is definexl a

p:LazAcc (t) = I:)T(SEV-. HAZARDOUS Pr{{(_oSevEnc(hti) < ‘(4‘ < q_oExtEnc(hti) } n {hé > Ou DS}} (A 40)
+ I:)T(EXTQHAZARDOUS Pr{{&ExtEnc(hti) < ‘@‘ } n {hls > O’ DS}}

Evaluation yields

© &ExtEnc(h)
:LazAcc (t) = PT(SEV—» HAZARDOUS j I ph‘I ’m‘ (h’ w)dwh
h=0 wz%SevEn&h) (A_41)

+Prexrmanoovs || Py (N@)dgah

h=0 g=geendh)

wherephti d(h,w) denotes the joint density dh,q, phg (h) denotes the marginal density
function of the heighi', and P, (qo) denotes the marginal density function of bank augl.

To evaluatdhazardous accident risk terms of probability per movement, the instaetaus
risk is integrated over the entire aircraft movetr(erg. approach or departure):

ii 1 Tov ii
plLazAcc = ﬂ IO plLazAcc(t) dt (A'42)

whereTy,, denotes the time-duration of the aircraft moventerg. approach or departure).
From ahazardous accidergoint of view, the critical moment in time and th&sociated point
along the aircraft flight path are defined via:

f\ElazAcc = argmtax pEIazAcc(t) (A'43)
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Acronyms and abbreviations

Acronyms and abbreviations

A320
AGARD
AIAA
AIP
ALARP
AMAAI
AMJ
ATC
ATCO
ATCOD
ATC-WAKE
ATFM
ATIO
ATM
AOM
AVOSS
AWOP
B707
B737
B747
BA
BADA
BKN
C172
CV990
CAA
CBA
CAT
CFIT
COP
CR
CRM
CROSS
CRT
DA
DASC

Airbus A320
Advisory Group for Aerospace Research anddlgyment

American Institute of Aeronautics and Astrorni@s

Aeronautical Information Publication
As Low As Reasonably Practicable

Aircraft Models for Analysis of (ADS-B basedp-trail following

Advisory Material Joint

Air Traffic Control

Air Traffic COntroller

Air Traffic COntrol incident Database
Air Traffic Control Wake Vortex Safety an@apacity System
Air Traffic Flow Management
Aviation Technology, Integration and Operation
Air Traffic Management
Aircraft Operational Manual

Aircraft Vortex Spacing System

All Weather Operations Panel

Boeing 707

Boeing 737

Boeing 747

British Airways
Base of Aircraft Data
Altitude at which the clouds are broken
Cessna 172

Convair 990
Civil Aviation Authorities

Cost Benefit Analysis

Category

Controlled Flight Into Terrain

Climb Out Point

Contract Report

Collision Risk Model

Control, Risk, Optimization, Stochastics Sgdgtems
Collision Risk Tree
Decision Altitude

Digital Avionics Systems Conference
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Acronyms and abbreviations

DCIA
DCPN
DH
DNV
DOT
DP
DTOP
DWA
EC
ECAC
EDR
ERCR
ESARR
ETA
ETD
ETWIRL
EUROCONTROL
F50
F86
F100
FAA
FAC
FANOMOS
FAP
FAR
FAS
FCOM
FDR
FHA

FL
FMAA
FMEA
FMS
FORTRAN
FTA
GND
GS
HALS

Dependent Converging Instrument Approaches
Dynamically Coloured Petri Net

Decision Height

Det Norske Veritas

U.S. Department of Transportation
Deceleration Point

Dual Threshold OPeration

Detection, Warning, and Avoidance

European Commission

European Civil Aviation Conference

Eddy Dissipation Rate

Extended Roll Control Ratio

EUROCONTROL Safety Regulatory Requirements
Estimated Time of Arrival

Estimated Time of Departure

European Turbulent Wake Reporting Log
European Organisation for the SafetgioNavigation
Fokker 50

North American F-86 Sabre

Fokker 100
Federal Aviation Administration

Follower Aircraft

Flight track and Aircraft Noise Monitorirgystem
Final Approach Point

Federal Aviation Regulations

Final Approach Speed

Flight Crew Operational Manual

Flight Data Recorder

Functional Hazard Assessment

Flight Level
Final Missed Approach Altitudes

Failure Mode and Effects Analysis

Flight Management System

Formula Translation/Translator

Fault Tree Analysis

Ground controller

Glide Slope

High Approach Landing System
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Acronyms and abbreviations

HDB
HMI
IASC
ICAO
ICAS

IFR
ILS
IMC
IST
ISTaR
I-WAKE
JAA
JAR
KLM
LAC
LiDAR
LOC
LOP
LVNL
MA
MAG
MAPt
MTOW
NAS
NASA
NATS
ND

NM
NLR
NTZ
NPA
OCA
OCP
OM
PANS-ATM
PANS-OPS
PFD

Heathrow Data Base

Human Machine Interface

International Aviation Safety Conference
International Civil Aviation Organization
International Congress of Aeronautical Sciesnce
Intermediate Fix

Instrument Flight Rules

Instrument Landing System

Instrument Meteorological Conditions
Information Society Technologies

Information System for Safety and Risk analys
Instrumentation for on-board wake vortex DWA
Joint Aviation Authorities

Joint Aviation Requirements
Koninklijke Luchtvaart Maatschappij

Leader Aircraft

Light Detection And Ranging system

Localizer

Lift Off Point
Lucht Verkeersleiding Nederland

Missed Approach

Magnetometer Instrument

Missed Approach Point

Maximum Take Off Weight

National Airspace System

National Aeronautics and Space Administration
National Air Traffic Services Ltd.

Navigation Display

Nautical Mile

National Aerospace Laboratory

No Transgression Zone

Non Precision Approach

Obstacle Clearance Altitude

Obstacle Clearance Panel

Outer Marker

Procedures for Air Navigation Services i Araffic Management

Procedures for Air Navigation Servicespei@tions
Primary Flight Display
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Acronyms and abbreviations

PRM
PSA
QSA
RIT

R&D
RAPM
RASMAR
RCR
RDH
RGCSP
RMS
ROT
RVSM
RWY
SID
SW Il
SRC
SRD
TAS
TCAS
THR
TLS
TMA
TOL
TOP
TOPAZ
TP
TWR
UK

USA
VFR
WAVENC
WAVENDA
WAVIR
WV
WVBC
WVE
WVV

o

Precision Runway Monitor

Probabilistic Safety Assessment

Qualitative Safety Assessment

Radio / Telephony
Research and Development

Reduced Aircraft Pilot Model

Risk Analysis of Simultaneous MAs on convagRunways 19R/22
Roll Control Ratio

Reference Datum Height

Review of the General Concept of SeparatoelP
Root Mean Square

Runway Occupancy Time

Reduced Vertical Separation Minimum
Runway

Standard Instrument Departure

Swearingen Metro Il

Safety Regulatory Commission

Single Runway Departures

True Air Speed

Traffic Collision Avoidance System

Runway Threshold

Target Level of Safety
Terminal Manoeuvring Area

Take Off Length

Take Off Position

Traffic Organization and Perturbation AnalyZe
Turning Point

Tower Controller

United Kingdom

United States of America

Visual Flight Rules

Wake Vortex Evolution and Wake Vortex Enctem
Wake Vortex ENcounter Detection Algorithm
WAKe Vortex Induced Risk assessment

Wake Vortex

Wake Vortex Behavior Classes

Wake Vortex Encounter
Wake Vortex Vector
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Articles and Conferences

All the work presented in the doctoral thesis of Bpeijker has been carried out under contract
to and/or with key customers of National Aerospaaboratory NLR. The results have been
published and presented at various conferencémifidld of aviation safety and risk analysis.
The customers have all granted NLR permission Wigluthe results. The details and
acknowledgements to the co-authors of the techpigalications are provided in the following.

Section 2 has been carried out under contractsd@adry the Civil Aviation Authorities the
Netherlands over the period 1995 — 1997. This staly published by NLR as TP-97183,
entitled"Collision risk related to the usage of parallelnways for landing,'with authord_.J.P.
Speijker, M.J.H. Couwenberg, H.W. Kleinge[d@]. The study was presented by Mr. Speijker at
the International Aviation Safety Conference (IAS@97), Rotterdam, 27 - 29 August 1997.

Section 3 has been carried out under the RASMARrachawarded by the Civil Aviation
Authorities the Netherlands. This study was puleigshy NLR as TP-2000-644, entitléfisk
analysis of simultaneous missed approaches on Bahgpnverging runways 19R and 22"
with authord_.J.P. Speijker, H.A.P. Blom, G.J. Bakker, A.K.¥al, G.B. van Baren, M.B.
Klompstra, E.A.C. KruijsefR]. The study was presented by Mr. Speijker atéth
International Conference on Probabilistic Safetggssment and Management (PSAMG6) [8].

Section 4 is based on work carried out under tN#aRe contract awarded by the European
Commission (EC), contract number G4RD-CT-1999-000%®s study was also published by
NLR as TP-2003-248, entitle®-Wake Final Report for Work Package 4, ProbatidiSafety
Assessment'with author..J.P. Speijkef10]. Part of the S-Wake study has also been ptede
at the 22 International Congress of Aeronautical Scienc€48 2000), in Harrogate, and the
23 Digital Avionics Systems Conference (DASC 2004t Sake City, Utah.

Section 5 is based on work carried out under th€AWake contract awarded by the European
Commission (EC), project number IST-2001-34729ufmary paper has been published by
NLR as TP-2006-465 for the ESREL 2006 (in the Pedaegs asSafety assessment of ATC-
Wake single runway departurestith authord_.J.P. Speijker, A. Vidal, and R.M. Codké]).
The ATC-Wake results will also be published in doeirnal of Air Traffic Contral

Section 6 results from work carried out as pathefNLR basic research programme, on the
basis of the final results of the I-Wake contragtieded by the European Commission (EC),
under contract number G4RD-CT-2002-00778. A summaper has been published by NLR
as TP-2006-532, entitlé@afety assessment of the I-Wake single runwayadmperation with
reduced separation'with authord_.J.P. Speijker, G.B. van Baren, R.M. Cofk#|.
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