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R-WAKE  
WAKE VORTEX SIMULATION AND ANALYSIS TO ENHANCE EN-ROUTE 
SEPARATION MANAGEMENT IN EUROPE  

 

This REPORT is part of a project that has received funding from the SESAR Joint Undertaking under 
grant agreement No 699247 ǳƴŘŜǊ 9ǳǊƻǇŜŀƴ ¦ƴƛƻƴΩǎ IƻǊƛȊƻƴ нлнл ǊŜǎŜŀǊŎƘ ŀƴŘ ƛƴƴƻǾŀǘƛƻƴ 
programme. 

 

 

Abstract  

This report presents the deliverable D5.1 άSimulations Results Database and Separation Concept 
Developmentέ of the R-WAKE project.  

This D5.1 report has two main parts. The 1st part describes the meaning and purpose of the database 
generated using the R-WAKE System simulations tools and used in the WV-Encounters Hazard Study. 
This part of report, together with the associated package of database files that contain the 
simulation results, constitutes the third expected tangible outcome of the project (O3): ά5ŀǘŀōŀǎŜ ƻŦ 
simulation results that will provide enough evidence to propose new Separation Schemes for further 
wϧL ŀŎǘƛǾƛǘƛŜǎέ.  

The 2nd part of the report provides the discussion and elaboration of a set of proposals for Separation 
Scheme improvements in En-Route operations, based on the body of evidence available in the 
generated simulation data. That is, the R-WAKE Concept Development. This part represents the 
central subject for the Safety and Robustness Analysis project tasks 5.2, reported in deliverable D5.2. 
D5.1 part2 together with D5.2 constitutes the fourth expected tangible outcome of the project (O4): 
ά9ǾƛŘŜƴŎŜ-based proposal for either maintaining current Separation Standards or adopting new 
ƻƴŜǎέΦ  

The R-WAKE project addresses the SESAR 2020 Exploratory Research work-programme topic ER-07-
2015 - Separation Management and Separation Standards, within the area of Advanced Air Traffic 
Services (ATS). The R-WAKE project overall objective is to investigate the risks and hazards of 
potential wake vortex encounters in the en-route airspace, in order to assess potential 
enhancements for the Separation Standards and Separation Management methods in Europe. 
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1 Introduction 

1.1 Background and objectives 

Figure 1-1 highlights in yellow the position of this deliverable D5.1 in the overall project work logic. 
The deliverable D5.1 is the output of Task 5.1 Scenario Simulations, which consisted in using the R-
WAKE System (described in D4.2) to generate quantitative and qualitative evidence in support of the 
Safety and Robustness Analysis (Task 5.2 / deliverable D5.2) and the Results Assessment (Task 5.3 / 
deliverable D5.3).  

 

Figure 1-1. Context of Deliverable D5.1 in the Project Work logic 

WP3: SYSTEM DESIGN

D3.1 SYSTEM DESIGN REPORT
Step forward in D2.x: aspects: 
ü Research Approach, 
ü System Specification, 

ü (WIAM design prototype development)
ü Validation approach

WP5: SIMULATION & ANALYSIS

D5.2 SAFETY & ROBUSTNESS ANALYSIS REPORT

ü Micro-SRA: SEVERITY BASELINE (with Experts)
ü Macro-SRA: RISK FREQUENCY + MITIGATION Analysis

D5.1 SIMULATION DATABASE (PUBLIC)
ü Simulation Results database
ü Concept Development (separation schemes proposals)

D5.3 RESULTS ASSESSMENT REPORT

ü Knowledge and Concept Claims with CBA
ü ATM Feasibility & Fitness, VALS, R&I roadmap

WP2: CONCEPT DEFINITION

D2.1 SYSTEM SPECIFICATION REPORT

3) SYSTEM SPECIFICATION (FAST-TIME SIMULATOR)
ü Architecture, Models, Uncertainty Treatment
ü Integration and Interfaces

1) BACKGROUND REVIEW
ü WVE in Airport/TMA OPS : RECAT (P6.8.1 / Pj.02-01)
ü WVE in En-Route OPS
ü Safety Assessment methods (P16.6.61 SRM, ESARR4)

2) CONCEPT DESCRIPTION & RESEARCH APPROACH
ü RWAKE Target Concept (long-term / short-term)
ü STEP-1: MICRO study : Severity baseline
ü STEP-2: MACRO study : Frequency and Mitigation

D2.2 SYSTEM VALIDATION PLAN REPORT
Reference Methodology and Scenarios  for System Calibration

ü Micro SYS-VAL PLAN
ü Macro SYS-VAL PLAN

D2.3 SCENARIOS DEFINITION REPORT
Methodology and Definition of Scenarios for Concept Research: 

ü Micro-study-Scenarios
ü Macro-study-Scenarios

WP4: SYSTEM DEVELOPMENT

D4.2 SYSTEM RELEASE 2 (DEMO + REPORT)

D4.3 SYSTEM VALIDATION REPORT
ü System Confidence Level (Models validity) = 

Assessment of error of simulation output VERSUS a Calibration 
Reference (with uncertainty treatment).

ü Generated  data appropriateness =completeness to 

perform Safety and Robustness  Analysis and CBA.

ü System Usability and Productivity Level =  time and 

persons need to perform each type of scenario.

ü Integrated Simulator Framework ςMicro & Macro
ü SRA Method with Risk Assessment Models
ü Concept Definition Update (Standard Dev Method & 

Study Scenarios)

D4.1 SYSTEM RELEASE 1 (DEMO + REPORT)

ü Micro System (WIAM) 
ü Micro-SRA Iteration 1 (EP1  & SM-v1)
ü (Macro) Integrated Simulator Integration (Partial)
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Task 5.1 consisted in four main sub-tasks, reported in this deliverable: 

i) Design of experiments: that is, planning the simulations in terms of the study 
parameters combinations for each research steps proposed in the methodology. This 
design was a key knowledge-driven task oriented to produce the most valuable 
simulation set, while keeping the combinatorial (number of simulations) manageable 
under the project scope. 

ii) Simulations execution: realization of the different experiments with the appropriate 
configuration and use of the simulations tool; 

iii) Analysis of the resulting simulation data and preparation of the data and charts in an 
appropriate format usable as input for the Task 5.2 Safety and Robustness Analysis and 
5.3 Results Assessment; 

iv) R-WAKE Concept Development proposal, that is, the elaboration of a Separation 
Schemes improvements proposal on the basis of the previous outputs, presented as 
main subject of work in Task 5.2 and Task 5.3. 

Achievements to project Objectives:  

The R-WAKE project has set 5 specific project objectives, each one linked to an expected tangible 
outcome, as summarised in Figure 1-2. Deliverable D5.1, which includes this report and a package of 
database files that contain the simulation results, constitutes the third (O3) tangible outcome of the 
project. The chapter about the Concept Development included in this report also constitutes an 
important part of the fourth outcome (O4), i.e., the new separation scheme improvements 
proposed, together with the safety and results assessment provided by D5.2 and D5.3 deliverable 
reports. 

 

Figure 1-2. The five tangible outcomes of the R-WAKE project 

V1 in WP4 prototype (D4.1)
V2 in WP5́s Micro-S&A.

The 5 tangible Project Expected Outcomes
(formulation following WP2/MS2 Review with SJU D2.1 assessment)

Database of Simulation Results that will provide 
enough evidences to propose new Separation 
Schemes for future further R&I activities;

Assessment of the feasibility and impact of 
the concept on ATM with an initial Validation 
Strategy and outline Implementation Plan.

Evidence-based proposal for either 
maintaining current Separation Schemes 
or adopting new ones;

WVE hazard Severity Baseline and 
Tolerability Matrix;

Simulator for testing different 
Separation Schemes;

O1

O2

O3

O4

O5

WP4 Integrated Simulator
+ WP5 use represents a validation 
exercise of the full framework.

T5.1: Simulations execution 
implementing the DoE and 
Study Scenarios

T5.2: Safety & Robustness 
Analysis

T5.3Results Assessement

Key contributing task
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1.2 Scope and Structure 

Chapter 1 (this one) introduces the deliverable in the project context.  

Chapter 2 presents an overview of the system and research approach applied to analyse the risk of 
wake vortex encounter (WVE) in en-route, and to propose new separation scheme improvements. 

The core contents of this report follow structured in two main parts: 

¶ Part-1 (chapter 3) presents the detailed description of the simulation database, including 
the database structure description, and the first level of data analysis for each of the 
research steps as summarised in chapter 2.  This part represents the basis for the WVE 
Hazard Study that supports the following Part-2. 

¶ Part-2 (chapter 4) provides the description of the Concept Development performed, in 
terms of a new Separation Scheme Improvement Proposal, together with an illustrative set 
of application-oriented use cases of the concept. This part represents the basis for the 
targeted R-WAKE Concept Safety and Robustness Analysis, further elaborated in deliverable 
D5.2, and it also represents an important input for the overall concept results assessment 
and cost benefit analysis reported in deliverable D5.3. 

1.3 Intended Readership 

The report addresses several aspects of the project, involving two main reader profiles.  

¶ ATM expert: involved in concept definition, research approach, study scenarios, results 
assessment; 

¶ Simulation expert: involved in development and operation of the simulation models and the 
integrated simulator; 

The sections of main interest for each profile are:  

¶ For the WV Simulation expert: Part-I (chapter 3) 

¶ For the ATM expert: Part II (chapter 4); 

1.4 Glossary of Terms and Acronyms in use 
This section recalls the main terms and acronyms in use in the document.  More extended glossary in 
use in the project are in baseline reports (D2.1, D3.1). In general, the use of terminology in the 
project tries to be consistent with the SESAR Integrated Dictionary available at: 
http://www.eurocontrol.int/lexicon/lexicon/en/index.php/SESAR  

1.4.1 Acronyms table 

 Acronym Description Group 

 CIR  Conditional Individual Risk Safety  

 D-PWS Dynamic Pair Wise Separation ATM 

 DRM Dynamic Risk Model Safety 

 EN Enabler (European ATM Master Plan data element) ATM 

http://www.eurocontrol.int/lexicon/lexicon/en/index.php/SESAR
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 E-OCVM European Operational Concept Validation Methodology ATM 

 EP Expert Panel Research Method 

 ESARR European Safety Regulatory Requirements Safety  

 ESARR2 Reporting and Assessment of Safety Occurrences in ATM Safety  

 ESARR4 Risk Assessment and Mitigation in ATM Safety 

 EVAIR Eurocontrol Voluntary ATM Incident Reporting Safety 

 FIR Flight Information Region ATM 

 FL Flight Levels ATM 

 FLAS Flight Level Allocation Scheme ATM 

 HMI Human Machine Interface Simulator  

 MTF Maximum Tolerable Frequency Safety 

+ MWS Minimum Wake Separation  

 OIS Operational Improvement Step (European ATM Master Plan 
data element) 

ATM 

 PSC Project Safety Case Safety 

 PWS Pair Wise Separation ATM  

 RQ Research Question Research Method 

 RSM Radar Separation Minima ATM 

 RVSM Reduced Vertical Separation Minima ATM 

 RWC Reasonable Worst Case Safety 

 SAC Safety Criteria Safety  

 SAM Safety Assessment Methodology (Eurocontrol´s) Safety  

 SAME SAM Easy (Eurocontrol´s) Safety 

 SAR Segregated Airspace Risk Safety  

 SCN Scenario Research Method 

 SDF Scenario Configuration Definition File  Simulator 

 SER System ECAC-wide Risk Safety  

 SM Severity Matrix Safety 

 SMI Separation Minima Infringement ATM 

 SMR Separation Minima Reduction ATM 

 SMUP Severity Matrix with Upset Parameters Safety 

 SO Safety Objective Safety  

 SR Structured Routing ATM  

 SR System Release Simulator 

 SRA Safety and Robustness Analysis Safety 

 SRM Safety Reference Material (from SESAR´s P16.1.6) Safety 

 STEP Research Step Research Method 

 TC Test case Research Method 

 TLS Target Level of Safety Safety 

 TM Tolerability Matrix Safety 

 TRS Traffic simulator Simulator 

 TTP Traffic Planner & Simulation  Simulator 

 USC Unit Safety Case Safety 

 VTC System Validation Test Case Simulator 

 WEPS Wake Encounter Prediction & Severity (part of TRS) Simulator 
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 WERF Wake Encounter Region Finder (part of TRS) Simulator 

 WIAM Wake vortex encounter Interaction Aircraft Model Simulator 

 WVE  Wake Vortex Encounter Simulator 

 WVS Wake Vortex simulator  Simulator 

 WXS Weather simulator  Simulator 

Table 1-1 Table of acronyms in use 
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2 Overview 

This chapter is an executive summary that outlines the following main aspects of the project: 

a) The high-level research question of the project; 
b) The R-WAKE System developed as research enabler; 
c) The research approach, in terms of research steps to build and structure the claims 

supporting evidences; 
d) The design of experiments (DoE), that is, the plan of simulations and use of the system to 

generate the research data base, taking into account the research steps requirements; 
e) The description of the simulation database structure delivered together with this document, 

publicly available. Detail database contents description is provided in chapter 3; 

2.1 High-level research question of the project 

Due to the improvements in the navigation and surveillance systems the current separation 
standards used to separate air traffic in en-route operations, i.e., 5 NM in the horizontal plane and 
1000 ft in the vertical, could be over-conservative in some cases. The identification of those cases 
and the consequent reduction of separation minima could lead to significant increments in the 
airspace capacity while the safety levels would be as high as today with the old navigation and 
surveillance systems. 

On the other hand, due to the denser traffic levels in Europe and to the presence of bigger aircraft 
sharing the sky with smaller aircraft, the risk of severe wake vortex hazards has increased 
significantly over the recent years. In this sense the current en-route separation standards could in 
some cases be protecting insufficiently the traffic against the wake vortex hazards (e.g., wakes can be 
sometimes encountered 25NM or more behind a generating airplane). 

Upon this situation, this project has set the following application-oriented research question:  

'What Separation Minima reductions can be applied in specific and clearly defined operational 
conditions to increase airspace capacity while keeping or enhancing the current safety levels 
and taking into account the risk of severe en-route WVE hazards?' 

2.2 The R-WAKE System  

As research enabler the project proposed and developed the R-WAKE System, conceived as a 
framework of methods and tools to generate qualitative and quantitative evidence of the WVE 
hazard risks supported by air traffic in en-route operations. Such framework is used to generate the 
early evidence of a safety case and a business case in support of new en-route separation 
enhancement proposals. The framework is structured in three layers as presented in Figure 2-1: 
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¶ LAYER-1 refers to the R-WAKE Concept Definition process, in terms of research approach, 
study scenarios identification and scoping of ATM needs and opportunities addressed. This 
layer can be understood as the researcher end-to-end 'user process' on top of the R-WAKE 
System.  

¶ LAYER-2 refers to the methods for the analysis of safety and robustness, including the 
development of risk models to assess the WVE hazards, in support of the validation 
processes related to the proposals of new separation standards; and 

¶ LAYER-3 refers to the set of simulation and assessment tools to generate the quantitative 
and qualitative evidence in support of the above process layers. Such tools include the micro- 
and macro-model simulators, historical traffic and incident/accident datasets, literature 
reviews, and expert judgement panels. 

The R-WAKE System comprises the layer 2 (SRA) and layer 3 (simulation tools). The simulation 
databases supplied with this deliverable are the outputs of the simulators (green arrows in layer L3) 
that represent quantitative evidence for the safety and robustness analysis (SRA in layer L2), and the 
project results assessment (layer L1). The design of experiments (DoE) has been steered from layer 
L1 taking into account the final purpose of the project and the needs of the SRA. 

 

Figure 2-1. The three-level hierarchy of the project: concept development, assessment methods and tools 

The kernel of layer 3 is the model-based fast time integrated simulation framework, consisting of 
the following components, as depicted in Figure 2-2: 

¶ WIAM: WVE Interaction Assessment Model  

¶ TRS: Traffic Simulator, which consists of: 
o TRS.TP: Traffic and Trajectory Planner & Simulation  
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o TRS.WERF: Wake Encounter Region Finder  
o TRS.WEPS: Wake Encounter Prediction & Severity Assessment  

¶ WXS: Weather Simulator  

¶ WVS: Wake Vortex Simulator  

 

Figure 2-2. R-WAKE System - integrated simulation framework ɀ high level architecture 

 

2.3 Research approach: micro-analysis and macro-analysis steps 

Table 2-1 recaps the list of the study parameters identified in D2.1 System Specification, which may 
affect the severity and risk of the WVE hazard.  

Generator aircraft Encountering aircraft 

Á Aircraft type 
Á Gross weight 
Á Speed 
Á Track and Heading 
Á Altitude 
Á Wing loading 
Á Flight path angle 

Á Aircraft type 
Á Gross weight 
Á Speed 
Á Track and Heading 
Á Altitude 
Á Wing span 
Á Flight path angle 

Atmospheric/Weather situation Encounter contextual situation 

Á Wind 
Á Temperature 
Á Air density 
Á Atmospheric Turbulence (Eddy 

Dissipation Rate) 

Á Surrounding traffic 
Á WV age and sink rates 
Á WVE geometry 
Á Encountering aircraft excess thrust (to 

counteract WVE upset) 

Table 2-1. Parameters identified that may affect the severity of a WVE (from D2.1) 

R-WAKE Scenarios to Study:  
Research Questions towards the R-Wake Concept proposal
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To tackle the high dimensionality of the addressed research question, the generation of evidence in 
R-WAKE is approached in two main research steps, as illustrated in Figure 2-3:  

¶ Research Step 1, or micro analysis, in which micro-models of wake vortex and aircraft have 
been used to simulate the interaction of aircraft encountering wake vortices and to assess, 
together with qualitative expert judgement, the severity of upsets, thus establishing the 
severity baseline in form of a severity matrix.  
 

¶ Research Step 2, or macro analysis, in which macro-models of wake vortex and macro- or 
micro- models of aircraft include different sources and levels of uncertainty, and the level of 
risk supported by traffic is quantified. This is done for the individual risk supported by a 
single aircraft under given certain conditions, and for the airspace systemic risk at 
sector/region level, or at ATM system level. 

 

Figure 2-3. R-WAKE research steps: high-level workflow with the simulation tools (updated from D3.1) 

The macro-analysis (Research Step-2) is further split into two sub research steps, labelled Step 2.1 
(CIR assessment) and Step 2.2 (SAR/SER assessment), illustrated in Figure 2-4: 

Step 2.1 (CIR assessment): Taking as input the severity matrix resulting from Step1, the 
Conditioned Individual Risk (CIR) profiles are calculated through multiple experiments that 
address different conditions of aircraft-pair, weather, atmosphere, encounter geometry and 
separation distance between aircraft. For each case, the reasonable worst-case (RWC) has 
been identified, e.g., the maximum severity within a 95% confidence interval that an 
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encountering aircraft could experiment under the conditions of the encounter and under the 
consideration of uncertainties that may affect the wake vortex position and rotational 
energy. Plotting the severity class of the encounters simulated at different separation 
distances results in the Suspected Hazard Area (SHA) as depicted in Figure 2-5. The 
generated CIR database contains the SHA information for each aircraft-pair, geometry, 
weather and atmospherics condition, and this constitutes the Pairwise Risk Map of 
reasonable worst-case severity, which is included in this deliverable (database). For practical 
use it is presented as a matrix table in which a CIR is calculated for each cell, containing the 
RWC severity baseline for each type of encounter condition (elaborated in point 3.3.7).  
 

¶ Step 2.2 (SAR/SER assessment): Based on the CIR Risk Map of RWC, the Systemic Area Risk 
(SAR) and/or the Systemic ECAC-wide Risk (SER) profiles can be calculated for a given traffic 
demand in a given airspace area (SAR), or in the full ECAC area (SER). The SAR/SER represents 
the 'systemic risk', i.e., how often each of the individual conditioned cases identified in the 
risk map actually occur in a given airspace. The systemic risk will depend on the traffic 
demand (traffic patterns), traffic mix, and on the effectiveness of the ATM barrier model 
under analysis. Note that ESARR4 regulation sets the safety objectives on the systemic risk, 
which typically should be guaranteed by ANSPs at their airspace regions of responsibility.  

 

 

Figure 2-4. R-WAKE research step 2 (macro):  intermediate risk assessment steps for CIR and SAR/SER. 
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Figure 2-5. Risk Maps of Reasonable Worst Case (RWC) - Suspected Hazard Area (SHA) per Severity Class 

2.4 Design of experiments: Plan of simulations and simulators use  

With the overall R-WAKE purpose of generating the evidence body to answer whether the current 
separation standards for en-route can be maintained or not, and if there is margin to reduce them, a 
set of simulation exercises have been designed following the research steps, referred also as design 
of experiments, DoE. Some are oriented to characterise the WVE hazards, and some to quantify the 
level of systemic risk in the ATM, with the current standards (Unit Safety Case) and with the new 
proposed standards (Project Safety Case). Table 2-2 below summarise the simulation tasks and its 
purpose for the safety analysis task. Figure 2-6 depicts the 5 study areas in which the DoE is 
structured. Chapter 3 provide the detailed description of each performed study. 

Simulation Task  Purpose for Safety Analysis task  

[Step-1] Micro-Upset  

Micro simulations with WIAM for 
the analysis of the Upset and 
Severity Baseline development 

To assess the severity of different types of upsets that aircraft 
may potentially experiment during a WVE, and generate an 
absolute safety baseline (severity matrix) 

[Step-2.1] Macro-CIR  

Macro simulations with WEPS of 
conditioned individual pairwise 
encounters for the analysis of CIR. 

To assess the risk supported by a follower aircraft given that 
certain event conditions are true (i.e., the CIR for each aircraft 
pair, geometry at a given V and H separation distance applied). 

To find opportunities for separation reduction between aircraft 
pairs, while maintaining or improving current safety levels. 

[Step-2.2] Macro-SAR/SER  

Macro simulations with the full 
integrated simulator of regional 
traffic for the analysis of SAR  

To find the systemic risk at sector and ECAC level (i.e., the SAR 
and SER). 

To find opportunities to group the aircraft in different 
categories of a new separation standard that potentially 
increases the capacity and efficiency, while maintaining or 
improving current safety levels. 

Table 2-2 Overview of the proposed set of simulation and analysis tasks (scope of Task 5.1 and Task 5.2) 

SHA-YZ  (dHO, dV)  SHA-XY (dHL, dHO)SHA-XZ (dHL, dV)

X:dHL

Y:dHO

Y:dHO

Z:dV

Z:dV

X:dHL

Z:dV

Y:dHOX:dHL

Z:dV

X:dHLY:dHO

Y:dHL

X:dHOZ:dV
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Figure 2-6. Five different areas of study to analyse with the R-WAKE System 

 

Overall tools workflow 

The R-WAKE System simulation tools related for each simulation task is: 

1. Micro-Upset tools: WIAM module (with the new 'WV generator' feature). 
2. Macro-CIR tools: WEPS within the Integrated Simulation Framework, that integrates the 

WIAM module, the WVS tools, and the Severity Matrix of Upset Parameters resulting from 
micro-analysis task. 

3. Macro-SAR tools: the Full RWAKE software framework, together with synthetic traffic data 
generated from historical records 

Figure 2-7 illustrates the mapping of the research steps against the components and tools of the R-
WAKE System (defined in D4.2). 
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Figure 2-7. R-WAKE research approach and tools workflow   
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