PROJECT FINAL REPORT

Grant Agreement number: 284741

Project acronym: RECREATE

Project title: REsearch on a CRuiser Enabled Air Transport Environment
Funding Scheme: Collaborative project

Period covered: from 01-08-2011 to 31-01-2015

Name, title and organisation of the scientific representative of the project's
coordinator™:

Mr Dipl.-Ing. Stephan Zajac

R&D Engineer

Department Flight Physics and Loads

National Aerospace Laboratory - NLR

Tel. +31-88-511-4410

Fax +31-88-511-4210

E-mail: stephan.zajac@nir.nl

P.O. Box 153, 8300 AD Emmeloord, The Netherlands

Project website address: www.cruiser-feeder.eu

! Usually the contact person of the coordinator as specified in Art. 8.1. dbifuet Agreement.



RECREATE - Final publishable summary

Executive Summary

Al dm in the simulated cockpit of an @akerr | i

ner

above us. By pushing a series of buttons, | have started the final, automated approach toward

the refueling boom, through which 30,000
- These words in an Aerospace America article by Philip ButtehAHayes impressively
summarize the highlights of 3.5 years of focussed researcthenew cruiserfeeder

concept of air transport, which has the verified potential to significantly reduce fuel
consumption. The results laid out in this summary haea bddely presented in papers to the
scientific aerospace community and via the media to the general public.

Starting out with the earlier assessments of the benefits of efeesdr operations which had
pointed out the aerial refuelling concept as@using concept, thREsearch on a CRuiser
Enabled Air Transport Environment (RECREAT|itDject has been able to show in a
consolidated, congruent manner that civittakair refuelling(AAR) can be implemented in

an airworthy and economically and ecolmly beneficial way. A number of research
methodologies coming from different fields and institutes were employed to cover the basic
guestions about the feasibility of what could be a complete renewal of the existing air
transport systenThe research pject conducted by nine Europegsearch institutes,
universities and small business partrserscessfully concluded in January 2015.

Due to the complexity of analysing a whole transport system and based on the choices and
assumptions made for a compansonly a range for thieiel reduction can be given. The
conservative, aircrafiesign driven and bottommp derivation amounts to 11% fuel reduction,
including also the fuel used by the tanker aircraft. The statisticatidem specification

shows an upper range of 23% fuel reduction. Implementing AAR on a large scale will enable
more longrange pointo-point services and thus lead traffic away from existing hub airports
and towards regional airports. This in turn also leads to local econongeqences.

Besides fuel reductions, there are also similar advantages of weight reductions. For a word
wide system, we can think in terms of a s
capacities€.g. 200 to 300) and range capabilitiegg( 20007 3500 nm). With AAR, the

benefits increase as the total (refuelled) range increases. This will allow a greater flexibility to
cope with fAthind and fAthickd routes aroun

From a design point of view, the conventional military refuellingfigomation would be
replaced by a forwardwept boom configuration which has been shown to be the most
promising option, for safety, economical and passenger comfort re&sotier thecivil
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tankes needto befairly small, capable of refuelling@ 3 cruisersThe tanker radius is
between 500 1000 nm (2 2.5hours of flight). So a civil tanker is very different from a
military tankerwhich is usually designed for teg endurancand multiple roles.

Future research required for making civil AAR a reality should include the pbocef

realistic business cases for air transport organisations, aircraft fuel providers and other
stakeholdes. Regarding airworthinesa,roadmap for civil certificatiohas been developed
Technical research should focus on the design of automated flight control systems and on the
airworthiness of the forward swept boom configuration, including ground and flight test
demonstrations.
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Project Context and Objectives

Introduction

Current forecasts estimate a growth above 4% in worldwide €ic tpar year for years to

come.lt is widely agreed that an equivalent rise of fe@hsumption and C{emissions in

aviation will not be acceptable. Current aircraft and propulsion technology developments as
well as major stegghange contributions to fuel burn reduction are required for the second half
of this century. A major step m@pme from breakthrough technology development or a
radical change in operations. One radical change in operations to alleviate the rise in fuel
consumption and C{emissions are cruiséeeder operations.

The definition of the cruisefieeder concept sted that the payloadpassengers and/or cargo

is transported for the largest part of the way by one transport aircraft, called the cruiser.
During flight, a midair contact with another aircraft is initiated. This second aircraft, the
feeder, either jais the cruiser physically for a large part of the journey, or couples for a
limited time to exchange passenger, cargo and/or fuel. Such a contact can take place one or
several times during one journey. An obvious special case of cfaedgr operationsgir-to-

air refuelling (AAR), has been studied in the past. Estimations of the attainable reduction in
fuel burn was shown in reseangteceding this projeci.hese estimations suggested further
in-depth research to underghe data with refined analysis.

The European Union 7th Framework Programme funded pieestarch on a CRuiser
Enabled Air Transport Environme(RECREATE)has beeronducted byhe followingnine
European research institutes, universities and small business partners

1 Nationaal Luchten Ruimtevaartlaboratom NLR (The Netherlands, RECREATE
coordinatoy,

Deutsches Zentrum fir Luftund Raumfahrt DLR (Germany),

Totalférsvarets Forskningsinstitut FOI (Sahem),

Technische Universitat Miinchen TUM (@wny),

Delft University of Technalgy DUT (The Netherlands),

The Queen's University of Belfast QUB (United Kingdom),

Zurich University of Applied Sciences ZHAW (Switzerland),

Dr Rajendar Kumar Nangia (United Kidgm),

Nuclear Research and Consultancy Group NRG (The Netherlands).

=4 =4 =4 4 4 -8 -4

From 01August 2011 until 31 January 2Q15&e feasibility of cruisefeeder operation
conceptdas beemstudied, aiming at assessing the implications of a recreation of air transport
operations.



Top level objective

The top level objective of the RECREATE rasgh is to demonstrate on a preliminary design
level that thecruiserfeederconcept can comply with airworthiness requirements for civil
aircraft. For convenience of the reader, a generic angbromess orientated definition of
airworthiness is: the aliy of an aircraft or other airborne equipment or system to operate
without significant hazard to aircrew, ground crew, passengers (where relevant) or to the
general public over which such airborne systems are fléwatear perspective of compliance
with airworthiness requirements icanditio sine qua nofor further research and
development of this otdf-the-box concept The subsequent Scientific and Technological
(S&T) objectives are:

1. to substantiate on@nceptual angrdiminary design level that viable and acceptable
concepts exist focruiserfeederoperations;

2. to identify and qualify the necessary procedures and steps and required facilities to
assure airworthiness ofuiserfeederoperations;

3. to confirm that the reported benefitsatiiserfeederoperations are coisent with
the refined analysis and high fidelity simulation.

To achieve the S&T objectives, a collaborative research éffarbeemronducted with
respect to

1 preliminary aircraft design dedicatedduiserfeederaircraft,

1 the means ofompliance to satisfy airworthiness requirements enablimigerfeeder
aircraft,

1 automatic flight controandflight simulation dedicated toruiserfeederaircratft.

Scientific and technological methodology

The scientific and technolagal methodology chosen for the RECREATE research consists of
three integrating and three disciplinary research activities. The three integrated research
activities and the three disciplinary work packages supporting the integrated work packages
are listecbelow. An evolutionary delivery approach has been adopted, with two iterates
(initial and final) for the disciplinary activities and three iterates (initial, updated and final) for
the integrating activities.

Objectives of WP1: Concept for cruiser-feederoperations

First, a baseline concept of operations is established, the baseline being a conventional air
transport withoutruiserfeederoperations. Starting from this baselineraiserfeeder



concept of operations is defined, analysed and used toagesgstem requirements and other
requirements, for instandke Top Level Aircraft Requirements.

Objectives of WP2: Airworthiness of cruiser-feederoperations

Civil aircraft adapted for use in military aio-air refuelling operations are airworthy,

providing a starting point for research on airworthiness of futneserfeederoperations.
Applicable regulations and user requirements are studied and derived, and all potentially
necessary means of compliance are being identified. A high level Fundétiared and

System Safety Assessment ouiserfeederoperations is being made, finally leading to

safety and airworthiness validation means of compliance with airworthiness requirements that
are applicable toruiserfeederoperations.

Objectives of WP3: Benefits ofcruiser-feederoperations

Starting with the analysis of the chosen baseline and based on data generated in the other
RECREATE work packages, environmental, dispatch reliability and economic delta analyses
are conductedlhe investigation othese potential benefits is essential for any future
consideration of this operations concept.

Objectives of WP4: Conceptual and preliminary design

The requirements needed for a viable and acceptable airworthy concept will likely lead to new
aircraft designs. For this reason, conceptual aircraft design is required for both the feeder,
cruiser andaerial transferboomsystem This conceptual desigarefined in a subsequent
preliminaryaircraft design phase. For theliminaryaircraft designs, armerod/namic

database omizing, performance andtability & control will be created on the preliminary

design level.

Objectives of WP5: Automatic flight control

Cruiserfeederoperations need to be highly automated if they are to function globally. The
designof anautomatic flight control systermm important as well as understanding

requirements and limitations of the systemcruiserfeederoperations three bodies are

involved, feeder aircraft, transfer boom and cruiser airasdifich areto be controlled as one
comected system. This is a challenge especially in all weather conditions. To understand the
requirements of the distributed control system, models accounting for turbulence and
elasticity are needed. A conceptual and preliminary design is made of a mdylaliomatic

flight control systenand ahumanrmachine interfacéor the pilots of the cruiser and the

feeder aircraft



Objectives of WP6: Flight simulation

In order to develop a multi body cooperataugomaticflight control system flight smulation
models are implemented to identify criticaderactions, such as for instance due to
atmospheric gust or wakertex interaction of the leading aircraft. Finally, flight simulation
modelsareused for the identification of human facs. This is important in order to verify
that the proposed manoeuvres are acceptable regarding safety and pilot workload.

Main Scientific and Technological Results

Al 6m in the simulated cockpit of anrtaakerr | i ner
above us. By pushing a series of buttons, | have started the final, automated approach toward
the refueling boom, through which 30,000 pou
- These words in an Aerospace America article by PhilipeBubrthHayesimpressively

summarize the highlighof 3.5 years ofocussedesearch into this new concept of air

transportwhich has the verified potential ®gnificantly reduce fuel consumptiohhe

results laid out in this summary have been wigegsented in papers to the scientific

aerospace community and via the media to the general fplease also refer to the

dissemination activities summarized below)

Starting out with the earlier assessments of the benefits of efeesdr operationshich had
pointed out the aerial refuelling concept as a promising concept, the RECREATE project has
been able to show in a consolidated, congro®arnerthat civil airto-air refuelling can be
implemented in an airworthy and economically and ecologitaheficial way. A number of
research methodologies coming from different fields and institutes were employed to cover
the basic questions about the feasibility of what could be a complete renewal of the existing
air transport system.

Due to the complexity of analysing a whole transport system and based on the choices and
assumptions made for a companisonly a range for thieiel reduction can be given. The
conservative, aircrafiesign driven and bottommp derivation amounts to 11% fuel reduction,
including also the fuel used by the tanker aircraft. The statisticatideym specification

shaws an upper range of 23% fuel reduction. Implementing AAR on a large scale will enable
more longrange poirtto-point services and thus lead traffic away from existing hub airports
and towards regional airports. This in turn also leads to local econongequences.

Besides fuel reductions, there are also similar advantages of weight reductions. For a word
wide system, we can think in terms of a seri
capacities€.g. 200 to 300) and range capabilitiegg( 20007 3500 nm). With AAR, the



benefits increase as the total (refuelled) range increases. This will allow a greater flexibility to
cope with fAthind and fAthickd routes around t

From a design point of view, the conventional military refuellingfigomation would be
replaced by a forwardwept boom configuration which has been shown to be the most
promising option, for safety, economical and passenger comfort re&sotier thecivil
tankes needto befairly small, capable of refuelling@ 3 cruisersThe tanker radius is
between 500 1000 nm (2 2.5hours of flight). So a civil tanker is very different from a
military tankerwhich is usually designed for teg endurancand multiple roles.

Future research required for making civil AAR a reality should include the ptocef

realistic business cases for air transport organisations, aircraft fuel providers and other
stakeholdes. Regarding airworthinesa,roadmap for civil certificatiohas been developed
Technical research should focus on the design of automated flight control systems and on the
airworthiness of the forward swept boom configuration, including ground and flight test
demonstrations.

In the following part, the research results are presgraedork packagea more detailThe
individual results have als@bn presented during the final meeting in Amsterdam on 29
January 2015. These presentations have been added in Appendices A thraliges&arch
results have been reported in the corresponding WP reports (24 deliverables).

WP1: Concept for cruiser-feeder operations

The objective of this integrating activihas beero develop, iterate, select and describe two
cruiserfeeder concepts, for further study. One chosen concept is realizable in the distant

future (at least 50+ years from now), the other ephtiowever is expected to be realizable in

the mediuraterm (within 20+ years from now). This concept requires development and
acceptance of new airworthiness regulations,

First, a conventional baseline withouticerfeederoperation habeendefined to compare
the benefits of future cdablelepts with todayods

Tablel: Baselineconcept

Cruiser
Capacity 250 passengers
Range 5000 nm
Specific fuel con 0.525
sumption




Given the broad definition of cruiséeeder open#ons, iterations conducted at the start of this
activity involved a large diverging number of crui$eeder concepts. In a subsequent
convergence sweep, two capts were down seteed for further investigatiorThe first final
concept is civil auto-air refueling, of which the overall characteristics are showmable2:

Table2: First final concept: Airto-air refuelling as special case of cruiskreder operations

Cruiser Feeder

Capacity 250 pasengers Fuel offload capacity| 35000 Ib / 3 con
tacts

Range 25003000 nm Range / edurance 500 nm / ~4 hours

MTOW 100000 kg AAR envdope < 240 ft, Mach <
0.8

Specific fuel con 0.525 AAR proceadure 20 min

sumption (5 min wet contact)

Concepts with transfer of payload and passengers based on engines burning chemical fuel

have been shown not be economically feasible, as the overall weigbtsyfsttem and thus

the total amount of fuel burnt are too high. However, if the cruiser can be propelled by a

nuclear power source, the efficiency is very high compared to the reference case, even if the

total weight of the system is higher. Although thelear cruiser cannot be shown to meet

arworthh ess requirements wi tdepthaslicanyalasedifoestudyn ol o g
because it cannot be excluded that new nuclear physics will be discovered and confirmed in

the future. The second final amept Table3) concerns a nuclear gelled cruiser where the

transfer of passengers and cargo is done via a life supporting containenisracha

Table3: Second final concept: cruiséeeler with nuclear propelled cruiser

Cruiser
Capacity 1000 passengers
MTOW 900000 kg
Range / 60000 nm / 1 week

endurance
Cruise speed |M=0.8

Docking speed | M =0.7

Cruise altitude | > 36000 ft

Payload transfe| Single container station
concept (100 passgers each

The two studied concepts address loiggance air travel but with very different techniques.
Table4 shows the level of detail in which both concepts have been studied during the project.
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Table4: Level ofaircraft design applied to two concepts

WP AAR Orbiting Nucl

WP 1 Conce|X X

WP2 Airwor X (x) To some ¢

WP3 Benefi X (x) To some ¢

WP4 Design|Concept De¢Concepti ghh on
Preliminar)

WP5 Contro|(X (conventi-

WP6 Simula(X (conventi-

WP7 Dissem|X X

The AAR concept, as outlined iheg WP1repors, is clearly within reach for aviation if the
industry and concerned legal bodies decide to gotims direction. As for the orbiting
nuclear concept it is not within reach anytime soon but the concept, as such, has great
potential.

AAR can play an important role dealing with the sustainability challenge aviation faces. If the
final operational ariserfeeder concept presented in this report is introduced on today’s
system as it is, it has the potential of bringing large benefits:
1 Reduce fuel burn and direct @@mission by 120%, depending on the assumptions
made for the analysis.
1 Local environnenti Noise and local air quality will be better or on the same levels as
today.
The number of movements and aircraft will increase; however, the total mass of the system
will be significantly lower. Operational constraints on tlistem with present traéf load,
such as scheduling, workload on feeder bases and impact from weather hazards (mainly
turbulence), seem managealftggurel gives a visual impression of the performed traffic
simulations of the entire tfat taking place today within 48 hours.

11
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Figure 1: Transatlantic and Europ€hina scenarian traffic simulation

It has previously been outlined thatiation faceshe dilemma thashort flights which are the

most common are ¢ghcause of the congestions whereas long flights burn most of the fuel and

hence have the largest environmental impact. With continued urbanisation and more

megacities on earth, the use of air transport should be reserved for long distance travel where

no aher viable options exist. Followirthe Intergovernmental Panel on Climate Change

(IPCQO), high speed rail can substitute shdidtance air travel up to 800 km and in some case

even up to 1500 km (a good example today is Beiji8fpanghai). This is ondear way of

mitigating greenhouse emissions from air travel and also alleviate noise and air pollution

probl ems which many of the worl dbés megacitie

Apart from major fuel and weight savings on long flights, AAR has the potentialuoedde

number of short flights since the smaller, more efficient, Adk&sers inherently give an

opportunity to serve more point to point connections. Tauset a new i ntercontir
topoi nt connectiono -§iroend atdodawkiag notéorfaw) i n a A mi d
intercontinental connections, will of course be an easier business case with smaller efficient
RECREATE cruisers as compared to the larger baseline cruiser. Every new long distance
point to point conne ¢otsome degree. The poterdiadand e A hub t
sensitivities going from a hubspoke system to more point to point connections has been

studied in WP3.

A complete removal of the hedpoke system in the near term is not realistic, but for the
future the system has be pushed away from the big hub solutidys for technical

development oéir-to-air refuelling concept, other novel fuel transfer configurations with the
tanker behind the cruiser (or nogentreline setips) can improve aircraft efficiency, system
performance and safety. In WP4 some of these ilaae beemxploited. Civil AAR should
alsonot be viewed in isolation. A possible introduction of alternative fuels would also benefit
AAR as well as other novel operational concepts like formation flying fa@rasrcraft which

also could be used together with civil AAR.

12



WP2: Airworthiness of cruiser-feeder operations

The objective of this integrating activibys beento develop a route towards airworthiness of
cruiserfeeder operations. Bringing two aiaft in close vicinity of one another in mair,

either for docking or for feelling, is potentially dangerous. Today, no civil certification
regulations concerning cruiséreder operations exist. However, the airworthiness of such a
concept must be edilished along the guidelines of the current regulatory system of the safety
of civil aircraft operation and with an equivalent level of safety.

Based on the concepts of operations described, a Functional Hazard and System Safety
Analysis of the selectettuiserfeeder conceptisas beenperformed to map all hazards not
covered by current airworthiness regulations, for both criigsgter conceptsJsingthe
operational scenarios relevant for collision risk, performance, availability and integrity
requirenents for the functions of the diw-air refuelling system have been determinkd.
schematic for this system modelling is showifrigure?2.

Initiate approach End

>
yes yes yes yes | state

T T [ [

Figure 2: Schematiof safety system model

These were input for the system design which has been performed in other RECREATE Work
Packages. Simulations based on physical models of tie aiir refuelling system have been
performed in WP5 for the most critical collisioskiscenarios to verify that the -&g-air

refuelling system design meets the safety requirementscbdlbsion risk related hazards of

the receivettanker have been identified and safety measures to mitigate these hazards have
been proposed.

Collision 1isk related hazards for the nuclear cruisieuttle concept are similar to those for
the conventional fuel receivéanker concept. Nonollision risk related hazards of the
nuclear propelled cruiser have been identified and safety measures to mitigateabrards
have been proposed.

As a second important stegn approach for the certification ofwaorthiness of civil cruiser
feeder operationisas beemleveloped taking into account existing military regidas for

aerial refuelling. An evaluatioof the exising EASA Certification Specifications and Ac
ceptable Means of Compliance for Large AeroplanesZ&8mendment 11) has been made,
resulting in an overview of applicable specifications and sgatifins to be amended for

13



cruiserfeeder opeitzons. Following the evaluation, an approach to certificehas been
proposed. Because of their similarity of operations this approach has been based on the
regulations covering automated landing, the EASAAY80 (All Weather Operations)rhe
similarity lies in the olpective to achieve an accurate and safe approach to a specific position.
The amended regulations andc&ptable Means of Compliance (@8VO AMC) cover the
required safety level, the considered conditioggarding aircraft, operations and

environment, the performance requirements, performance denmmstiad failure

conditions.

Simulationshavebeenused to get quantified data for these models, for normal operation and

for the most critical scenarios:

1 For wind shear or turbulence emexer the most critical situation is the station keeping
position with the boom almost connected or just disested (boom very close to cruiser)
and a sudden upward movement of the cruiser.

1 For system failures the most critical situation is the stdemping position and a sudden
engine failure, with or without the boom almost geated or just disconnected.

It has to be noted that real ground and flight testing to demonstrate the safe operation of
nuclear propulsion is not justifiable due to thkarent risk of the release of radioactivity.
Here, the development of high fidglsimulation with a very high level of confidence far
beyond the current statd-the-artwill be required.

Finally, a tentative future roadmap for certification ofairrefuelling of commercial air
transport aircraft has been provided. The roadmap describes the steps that must be taken to
formally establish regulations and acceptable means of compliance.

WP3: Benefits of cruiserfeeder operations

The objectie of thisintegrating activity habeento analyse economic benefits, dispatch
reliability and enviromental effects of cruisdeeder operations using the defined baseline as
reference. The impact on fuel consumption, exhaust emissions, local noiseiprodnd
shareholder valubave beerstudied.

Benefits analyses of the updated concept indicate a range of fuel and mass savings for the
cruiser aircraft for cruisefieeder concepts in which only fuel is transferred (BjgRemark

that it is a challenge for an optized conventional configuration cruiser to be as efficient as
an aircraft optimized for long range,dagise of the relatively larger fuselage and fixed weight
of some of the equipment, furnishings €n the conservative side, fuel savings for the
cruiser only- derived bottorrup by aircraft designamount to around 21% for one refuelling.
With two refuellings, this value could be increased, and further invéstigaon the effect of
thrustto-weightratio and reerve fuel are ongoing. From this benefit the fuel consumed by
the tanker(s) has to be subtracted. If the tanker is very efficient with a fueliraticatio fuel

14



given / fuel consumedequal to 8, the tanker reduces the total efficiesfdjne cruiseifeeder

C/F

combination by about-6%. In case of a more realistic tanker with a fuel ratio of 4, the

impact of the tanker is a redian by about 1612%. A lower bond of fuel saving is in the

order of 11%, which is still a huge fuel saving gared to nowadays standards in the

industry. On the optimistic side and based on adimpn, statisttal approach, an upper bond

of 23% fuel saving for the cruiséeeder combination has been calculated previously.
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Figure 3: Fuel savings for single cruiser routes antfetent cruiser design ranges

The environmental impact next to the reduction of fuel burn and thye@dsions has been
studied as well. A consequence
long range passenger aircraft is a reduction of noise at the departure/arrival and hub airports,
which are mostly located in densely populated areas. A noise reduction in turn leads to

8000

5000

of

s nsa |

economic benefits through reduced noise fees and a rise in propleitynear existing

airports. The noise impact through the additional heavy load near the required tanker bases
has not been investigated. The tanker bases are assumed to be located in sparsely populated

areas, where noise is not of a great influence.

er

To examine the insertion of the cruisireder concept into a representative air traffic scenario
based on the Star Alliance fleet, route optimization is conducted to account for interactions

between cruiser and feeder weights and efficiencies, locationsefderf bases, feeder radius

of operation and cruiser route modifications. Feeders with higher efficiency achieve the best
results in the traffic simulations at a feeding capacity of 2 or 3 refuelling, with operations
conducted close to the feeder base. Hmrethere is significant variability in these findings,
with less optimal findings when considering those routes serviced on EwApearoutes in
contrast to transatlantic routes. Small disruptions to refuelling operations can largely be

absorbed duetinefficient use of feeder aircraft at a number of the feeder bases, but large

scale unplanned disruptions can have a significant impact, resulting in multiple failed

operations and severe impact on the network stability.
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The increased ground traffic ladth airport and refuelling bases raises challenges for dispatch
reliability with increasing number of flights and the impact on local communities. As
highlighted in the traffic simulations, dispatch reliability must now also account for the
refuelling ogeration delay and the impact on ground handling capability of both minor
disruptions requiring diversions of aircraft to alternative refuelling positions and
accommodating additional aircraft landings in the event of major disruptions resulting in
abortedoperations.

AAR has been shown to be beneficial in terms of fuel reduction compared-tAiRreven
when considering a network based on more pwhutoint connections, less on a habd
spoke system. Implementing AAR on a large scale will thus alsdeenatve longrange
point-to-point services and thus lead traffic away from existing hub airports and towards
regional airports, with the related economic andrenmental consequences.

Regarding economigenefits achievable in a cruiskereder configuron, evaluation of the
configuration to include realistic route and demand analysis confirms that the economic
viability of the concept is tied to the correct implementation of the underlying feeder network
in order to maximise benefit. Transformatiorntteé network to the cruiséeeder enabled
environment without consideration a¥ailable seat milesignificantly reduces the

profitability (and hence viability) of the concept, and in order to match previous revenue
generation levels without passing aduial costs onto passengers, additional aircraft are
required which in turn reduces the environmental and cost benefits achievable over the
baseline to approximately 14% and 12% respectively. However, improved scheduling of
cruisers to match feeder availlgtly may significantly enhance these cost benefits through
enabling better utilisation of feeders capable of multiple refuelling exercises, and in particular,
enable the adoption of new concepts such as the point to point network. It has been shown
thatwith the use of AAR, the increased fuel burn associated with the additional routes
serviced can be reduced significantly, and a significant increasailable seat milewithin

the network can be achieved without a corresponding proportional incregserational

cost.

WP4: Conceptual and preliminary design

The objective of this activithias beento conduct conceptual and preliminary design iterations
of dedicated cruiser and feeder aircraft accordirtgvtcthe chosen concepts

1. Theaerial refuelling concept where passenger aircraft (the cruisers) receive fuel
from tanker (the feeders)

2. Thepassenger exchange concepvhere one large dimensions aircraft with nuclear
propulsion (the cruiser) exchanges passengers in flight, with various shuttle aircraf
(feeders), by means of pleaded containers.

16



Families of cruiser and feeder aircraft are generated as well as refuelling boom designs. The
generated design data is used in support of the benefits analysesyththaiess analyses
and the autmaticflight control system development.

Cruiser and feeder aircraft specifically designed and optimised for their task have been shown
to increase the benefits achievable bytaiair refuelling. The gain results on the one hand
from the fact that a lorgange cruiser aircraft designed for a specific range including
refuelling will have a reduced Operating Empty Weight (OEW) as it will be designed for a
smaller Maximum Fuel Weight (MFW) and thus a smaller Maximum Ta#a&Neight

(MTOW). Design studies of logrrange passenger aircraft able of being refuelled have been
performed with conceptual and preliminary design tobite design work on aircraft and
refuelling systems has demonstrated that aerial refuelling for civil aircraft is technically
feasible. Inded, it is standard in military operations. From an engineering point of view no
showstopper has been identified. However the developments (refuelling system, tanker,
engines) would require huge investments, drastically reducing the economic viabilgy of th
concept.

It has been shown thtte tanker design has a huge impact on the overall efficiency. Current
military tankers, however, are not optimized for the refuelling task but are converted cargo
and passenger aircraft. Dedicated tanker design stualesshown the agntages of a joint
wing tanker concept.

The initial conceptual design phase lead to optimistic results compared to the following
preliminary design work. This can be attributed mainly to the following factors:

1 In the conceptual sizinghd design process constant empty mass fractions have been
assumed, which are valid for lomgnge aircraft but not for the short/medium range
refuelled aircraft. More realistic values deducted from the preliminary design work
should be in the order of 0t&é 0.6 for the refuelled designs.

1 Similarly, we assumed an L/D ratio of 19.9, equivalent to-@rge aircraft. This
assumption is invalid if the aircraft wing size is properly reduced for the more
lightweight refuelled aircraft. This leads to a an inseeaf the relative importance of
the fuselage drag. The preliminary design results indicate that, depending on the
number of refuellings, the L/D ratio should be one to two points lower.

1 For flight control reasons the refuelling had to be scheduled duaegé altitude. Each
refuelling therefore requires a descent and climb segment which leads to an additional
fuel consumption of about 0.5 to 1% per refuelling operation.

Therefore, the results of the more accurate preliminary design work are less apénust
show lower reductions in fuel consumption for the cruiser aircraft than the initial estimations.
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Based on all findings, we estimate the overall fuel savings for the cruiser alone to range
between 15 and 20% of the block fuel. The alternate con€staged flights would lead to
fuel savings in the order of 10 to 15% but would need no tanker aircraft.

Adding the fuel consumption of the tanker aircraft reduces the fuel saving s for the aerial
refuelling concept by about 5%, leading to overall savbegs/een 10 and 15%.

A tradeoff study showed that a natonventional, inverted receivainker configuration is
beneficial and essentially the more viable configuration. Such a configuration increases the
safety of the paenger aircraft from possibleldris from the tanker or figelling boom after a
collision, removes possible passenger discomfort due to flying in the tanker wake and limits
the amount of extra pilot training required to the much smaller number of tanker pilets. Fur
thermore, the passger aircraft need a minimum of refurbishment for the new manoeuvres,
and thus have a minimum loss of cruise efficiency, while the costly surplus thrust
requirements and supporting equipment lay with the smaller number of tankers.

\—F0

Figure 4: Forward extending boom concept.d@&irg passenger aircraft up and left

A number of different concepts for a forwardexling boom have been studigdl big chat

lenge lies in the controllability and aeroelastic stgbibr this conceptPreliminary

aeroelastic analysis results show that a design space free from static and dynamic aeroelastic
instabilities exists.

Preliminary design with aerodynamic CFD compiotas for a refuelling boorhas been done

for the conventional cdiguration.An aerodynamic database was created containing the
results of about 800 computations for a number of relative boom position parameters and the
contr ol fHedaionfaagese Fhis preliminary aircraft design daéasupporedthe
development of aautomated flight control system.

Several design studies have investigated the nuclear cruiser concept in cooperation with the

Nuclear Research and Cortsumicy Group NRG. A pressurized container exchange concept
was adopted for thedflight trander of passengers, crew, cargo and consumables, se& Fig.
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Prefilled container with pax Detail of the Cruiser belly
leaving the Cruiser (Cruiser not shown for clarity)

Pax exit containerand take a
seat in the Cruiser cabin

Empty container

T-guide
Feeder

Prefilled container with pax
entering the Cruiser Prefilled container leaving
the Cruiser and loaded on the Feeder

Figure 5: Container exchange concepi fpassenger and cargo transfer

On a conceptual basis, weight estimations, aeraahyc esign and design of a nuclear
propulsion system for the cruiser aircraft were performed; se® Fbga conceptual design
sketch. Opions for a Brayton cycle and a Rankine cycle prsjoum system were stiedl.

Cruiser

Top View
Lower Deck

Figure 6: Conceptual design of a nuclear cruiser aircraft

WP5: Automatic flight control

An early asessment showed that successful crifiseder operations will requiutomatic

flight control systems for the cruiser @iaft, the feeder aircraft and the refuelling bowom

enable automatic conduction of tinmnoeuvreo achieve an adequate level of safety and
availability. The objective of this activitwasto developthis autenated inflight refuelling

system, includingensor suites with redundaneasurement technologjextuators and
controllers, and to model that system in a realistic simulation environfrtemtvork had to
consider, extend and comply with the airworthiness requirements defined in WP2 as well as
the operationatoncepts elaborated in WP1.

It could be demonstrated that aer&fuellingof civil transport aircraft as one possible
concept of cruisefeeder operations is viable and safe. Since manual control is no option with
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respect to the high levels of safetydaavailability an automatic flight control system was
developed, comprisintipe following main components

1 Cruiserfeeder operations and maneuver design: An approach maneuver was designed
that accounts for operational and regulatory aspects. The envisaged approach
trajectory starts at the minimum separation that is reduor independently
controlled flight and leads to a very close proximity in range of the fuel transfer boom.
Tasks related to the automation system to be performed by the cruiser and feeder
pilots were defined, which allowed a realistic evaluation efatitomatic flight control
system by piloted simulations conducted in the scope of work package 6.
Requirements were put on thefuellingboom envelope and system design, which
were used as basis for detailed boom design in the scope of WP4.

1 Sensor seldion andsensor data fusion algorithms: Adequate sensors were selected
for relative position estimation between the aircraft as well as between the boom tip
and the receptacle. An exhaustive sensor suite was defined comprising inertial
measurement unitspde phase DGPS receiver, radio frequency ranging transponders
and electreoptic sensors. The sensor suite along with the sophisticated sensor data
fusion algorithmsged tohighly accurde measurementgquired for close formation
flight with high availability and integy, i.e. sensor faults are reliably detected and
excluded, leading to high confidence in the estimated variables.

1 Guidance and control: Automatic flight control laws for the cruiser, feeder, and the
boom were developed. A decoupled approach was chokertriliser controller is
based on the standard PID concept and tuned with emphasis on tracking performance.
The developedefuellingboom controller is based on exact linearization of the
constrained boom system where the boom hinge point motion is toydée tanker
motion. The combination of cruiser control laws for relative position control and boom
control laws for engagement of the connection between the aircraft has proven
functionality for the considered cruiskreder scenario.

1 Mode selection anghase transition: A finite state machine was developed and
implemented that ensures a safe and predictable behavior of the couplecfeadiser
system during all phases relevant for a successful and safe conduction of automated
aerialrefuellingof civil transport aircratft.

1 Supervision: Algorithms were developed that monitor control and navigation
performance as well as external disturbances. Based on geometric and stochastic
parameters, these algorithms ensure a timely abort in case of system nuadfuocti
exceedance of admissible external disturbance levels.

All the afore mentioned components were implemented in an exhaustive simulation

environment, also considering effects of the correlated wind turbulence field and aircraft
elasticity.A screenbot of such a simulation is sha in Figure?7.
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Figure 7: Simulation of refuelling manoeuvre

Using this simulation environment it could be demonstrated that asfuallingcan be
auomatically conducted. For project RECREATE it had not only to be successfully
demonstrated but also safety had to be proven according to the findings of WP2. It could be
shown by simulation that a collision between the aircraft, which is the most-eafe|

event, is less probable than specified in the safety requirements derived in WP2. For that, a
special simulation method was applied (subset simulation) since conventional Monte Carlo
simulation is not feasible for calculating the very low probaesdiassociated to the examined
events. In general the sensitivity of the safety simulation results is the higher the lower the
probability is. Especially for the case where a probability af was proven only minor
changes in the aircraft models midgad to considerable differences in the resulting
thresholds. However, the objective of project RECREAMESto prove that close formation
flight could be conducted safely according to civil certification specifications. Although the
simulation models didot exactly represent a special type of aircraft, all contributing
subsystems were simulated to a reasonable extent. This allows the conclusion that with
similar configurations the considered safety requirements could be complied by using the
control, navgation, and supervision algorithms developed, implemented, and tested in the
scope this work package.

The knowledge gained in the scope of WP5 concerning feasibility, safety, and also the results
of the piloted simulations conducted in the scope of Wé&&d on the developed automatic

flight control system provide a good baseline for possible next steps, especially the
demonstration of automatic close formation flight by flight tests. Additionally, the introduced
sensor suite, data fusion, and safetyuation algorithms can be directly applied to different
aircraft configurations discussed in the scope of WPA4.
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WP6: Flight simulation

The objective of this activity has betn firstly, verify the developed models and flight
control systems in flightimulator experiments. Secondly, the impact of the humachine
interface and contributing human factors, such as pilot workload, on the safdianid re
execution of the refuelling manoeuvres are assessed by professional airline pilots.

Two researclilight simulators have been adapted to conduct these ciuib-aiir refuelling
manoeuvres. The developed simulation models and thenatic flight control systemsere
integrated in the redime simulation environments of the research flight simusaadMNLR
and DLR, GRACE Generic Research Aircraft Cockpit Environmentgpectively GECO
(Generic Experimental Cockpit).

A HumanMachinelnterface (HMI), which consists of the information displays and control
mechanisms available to the pilots in twekpit, has beedevebped Figure8).

Figure 8: HumanMachine Interface for refuelling manoeuvres in the System Display

During the experiments these two flight simulators were riandaupled mode, the tanker
aircraft being modelled in GECO and the cruiser aircraft in GRACE. The required connection
of several host computers in two countries was made via internet usirgabesbDistributed
Interactive Simulation connection (DIS).

The experiments are split in two phases, the first of which has been conducted by four crews
of profesional pilots from two major European airlines in 2013. This first phase of
experiments focussed on the evaluation of the nominal procedures ohadluwee phases,

and also included a forced abort manoeuvre due to a too high approach speed.

The evaluation is based on the feedback by the pilots on the diegsker concept as a whole,
the opertional procedure, the Humavlachine Interface and recomnuations for
improvementAll pilots who flew the experiments reported that they had thgression that
air-to-air refuelling of civil aircraft, can be performed within present day safety levels with
such a highly automated flight control system. They aldicated that the proposed-torair
refuelling manoeuvre does not require specific additional skills from the piatis.the
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results of the successful first phase of simulator sessions, the operational concept and the
developed flight control and mdoring system#$as beeimmproved. For example, additional
and improved information on the refuelling procassoffered to the pilots in the cockpit.

The improved concetas beemrvaluated in the phase 2 flight simulation experimduatgg
eight exgriment days between September 30th and October 16th 2014

Thesephase 2 simulation experimemtsludedmore complex nm@oeuvres, and nenominal
and emergency condition

In the second part of the experiment dalys,experimerat scenarios were flown.hese
scenarios included a couple of critical situations where pilots needed to closely observe the
manoeuvre and decidehetherthe safety of the operation was still maintained. The following
conditions were introduced during the different experiment sicena

1 Light turbulence
Increasing turbulence up to moderate
Engine failure on the cruiser aircraft
Engine failure on the feeder aircraft
Refuelling system malfunction, decreasing fuel flow until complete blockage
Failure of the Estimated Safety Margin icator during the approach
Very low visibility, only anticollision lights visible at close range
Uncommanded speed brake deflection on cruiser aircraft during refuelling
Multiple failures introduced one after the other, Relative Position Indicator oerfeed
aircraft, Estimated Safety Margin indicator, refuelling system and engine failure on
feeder aircraft

= =4 4 -4 48 8 8 2

The most important question of the experintead beenvhetherthe pilots feel that the

RECREATE system that was presented in the simulation willigecsufficient safety and the

required level of control when it will be implemented in real I&er all the experiment runs

and during the debrief at the end of the experiment day the pilots rated the overall acceptance

of the presented RECREATE systbetween 6fi Some i mpr ovement needed
AVery acceptabledo. The average rating from a
and 7.4 for the feeder pilots. With an average rating betweénA f ew | mpr ove ment

neededeon Acncde pdhisishal veryogood result and this shows that all pilots feel that

the presented RECREATE system can really work when it will be implemented in real life.

Besides the acceptance of the RECREATE system it is also important that the work load of
the pilotsremains within acceptable limits and preferably comparable to present day levels.
From the selected concept where the cruiser approaches the feeder from behind it is clear that
the workload of the cruiser pilots would be higher than the workload of ¢éderf@ilots. The

ratings from the pilots confirmed this.can be concluded that the workload of performing the

air refuelling operation with the RECREATE system and procedures is comparable or less
than present day approach and landing operations. Tdis poted that it was very easy to
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learn how to operate the RECREATE system and monitor the execution of the automated
approach and station keepirkggure9 gives an impression of the view of the tanker and the
markers on the tker aircraft, seen from the cruiser cockpit during refuelling

Figure 9: View from the cruiser cockpit of the safety indicators on the tanker aircraft

The safety of the operation wasaohoaverage |
couple of experiment runs some pilots rated
during scenarios where deliberately multiple systems were failed simultaneously. This is not a
realistic condition but a test case to see the iggaof the pilots to extreme situations. There

has not been a single experiment run where the safety of the operation actually got
compromisedilt can be concluded that the safety of the operation under realistic conditions

was at least satisfactory.

In 97% of the experiment runs the cruiser pilots indicated that they had sufficient control over
the automated RECREATE system and the aircraft when required. During the debrief even
100% indicated that in general they had sufficient control. Overall it canrmduded that if

the systemsareworking properlythe pilots had sufficient control of the RECREATE systems
and their aircratft.

The overall conclusion of the humanthe-loop evaluations of the presented RECREATE
concept is that all pilots that paipated in the experiments believe that this concept can be
implemented in real life and can be operated by the pilots from the cruiser and the feeder
aircraft while maintaining the required safety levels and with an acceptable workload for the
pilots. Theyalso indicated that little training will be required to get used to the operation of

the automated execution of the air refuelling by the RECREATE sy§ieonurse some

aspects still need to be improved before actual implementation on an aircraftnajono

issues were identified that would be hard to solve. It would be very interesting to investigate if
this RECREATE concept can be developed further towards actual implementation.
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Potential Impact an d Main Dissemination Activities

When considering agbential implementation of such a complete restructuring of the
intercontinental longange air transport system, as the one proposed in this feasibility study,
the huge task of informing relevant groups becomes evidédi.had the objectivéo create
impact of the RECREATE project on a European (and global) scale through focussed
dissemination of the RECREATE project outcome to the aeronautical science community,
advisory groupspolicy makersandnot in the least the general public, as the potentiakufer
this service.

In order tocommunicate theesults to the aeronautical sciences commuantyto policy
makers atotal of 24 scientific papers have been publisheauthoritativeinternational
conferencegRoyal Aeronautical SocietyRAeS AIAA, ICAS, DLRK and others)
throughout the project run timklore than 20 additiongresentations were given at various
opportunitiesand to various audiencés.g.RAeS,NATO RTO, AirTN Forum university
studentyby members of the project consortium.

Scientific pubications of the RECREATE project

1 K. de Cock, R.K. Nangia: Research on a CRuiser Enabled Air Transport Environment
(RECREATE), AVT-209 Workshop 2012.

1 F. Morscheck: Tanking Strategies for Transatlantit@air refueling operations,
DLRK 2012.

1 R. McRobers, J.M. Early, F. Morscheck, M. Price & B. Korn: Implication of Tanker
Mission Concept on the Benefits Evaluation of a Civil-#aAir Refuelling Transport
System, AIAA Aviation 2013.

1 G. La Rocca, M. Li, M. Chiozzi: Feasibility study of a nuclear powétedded wing
body aircraft for the Cruiser/Feeder concept, CEAS 2013.

1 D. Lobl, F. Holzapfel: High Fidelity Simulation Model of an Aerial Refueling Boom
and Receptacle, DLRK 2013.

1 F. Morscheck: Analyses on a Civil Air to Air refueling Network in a Traffic
Simulation, ICAS 2014.

1 G. LaRocca, P. van der Linden, M. Li, EImendorp: Conceptual Design of a Passenger
Aircraft for Aerial Refueling Operations, ICAS 2014.

1 D. Lobl, F. Holzapfel: Simulation Analysis of a Sensor Data Fusion for Close
Formation Flight, AIAA GNC 2014.

1 H.S.Timmermans, G. La Rocca: Conceptual Design of a Flying Boom fetoAir
Refueling of Passenger Aircraft, ICCMSE 2014.

1 R. McRoberts, J.M. Early , M. Price: Improving Feasibility of Point to Point
Operations Through Civil Aerial Refuelly, AIAA Aviation 2014.
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S. Zajac, K. de Cock: Overview of the Research on a Cruiser Enabled Air Transport

Environment (RECREATE) project, RAES AAC 2014.

1 T.Martensson, R. Nangia: Towards Design of Efficient Crefismrder Concepts for
Civil AAR, RAES AAC 2014.

1 T. van Birgelen: Airto-Air Refuelling of Civil Air Transport Aircraft a Certification
Approach, RAES AAC 2014.

1 F. Morscheck: Interference Liability of a civil Air to Air refueling Traffic Network,
RAES AAC 2014.

1 M. Li, G. La Rocca: Conceptual Desigf JointWing Tanker for Civil Operations,
RAES AAC 2014.

1 L. Manfriani, M. Righi: Aerodynamic Design of a Boom for Aio-Air Refuelling,

RAES AAC 2014.

1 W.W.M. Heesbeen, D. Lobl, J. Groeneweg: Human Aspects eioAir Refuelling
of Civil Aircraft - A Humanin-the-Loop Study, RAES AAC 2014.

1 J. Wang, D. Loébl, T. Raffler, F. Holzapfel: Kinematic Modeling and Control Design
for an Aerial Refueling Task, RAES AAC 2014.

1 H.S.Timmermans, G. La Rocca: Feasibility Study of a Forward Extending Flying
Boom for Passengdircraft Aerial Refuelling, RAES AAC 2014.

1 M. van Lith, H.G. Visser, H. Hosseini: Modeling an Operations Concept for
Commercial Airto-Air Refueling Based on a Vehicle Routing Problem Formulation,
ICAS 2014.

1 L. Manfriani, M. Righi: Aerodynamic Modellingf a Refuelling Boom, ICAS 2014.

1 D. Lobl, F. Holzapfel: Closetloop Simulation Analysis of Automated Control of
Aircraft in Formation Flight, DLRK 2014.

1 R. McRoberts, J.M. Early, F. Morscheck, M. Price, B. Kdranker Mission
Implication on a CivilAeriaRe f uel | i ng Transport, Systemos
Journal of AircraftVol. 52/Issue 101/01/2015pp.320-328

1 D. Lobl, F. Holzapfel: Subset Simulation for Estimating Small Failure Probabilities of

an Aerial System Subject to Atmospheric TurbulenceAAAMFM 2015.

Furthermorea dedicated session of the cruits¥der concegtasbeenorganized within the
framework of the Applied Aerodynamics Conference 2014 of the Royal Aeronautical Society
A total of nine presentations, containing the intedtiaee results of all work packages, were

given during this sessioithe conference was held in Bristol on22 July 2014The

resulting papers have been published in the proceedings of the confédémmeghdifficult

to measureattention to the Cruisd-eeder concept and the outcome of the RECREATE

project has certainly been drawn by this successful session which was attended by aerospace
scientists and managers from universities and companies worldwide. Useful discussions took
place following the premtations. It has also received some attention by international
journalists.
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The final phase 2 of the flight simulator experiments in the research simulators of NLR and
DLR, GRACE and GECO has been the climax of the research conducted in the RECREATE
project, with the work of all work packages (but especially that of WP5 and 6) contributing to
these experiments. The experiments were completed in October 2014. This was taken as
opportunity to draw attention of the general public to the final results of BEACR by

publishing a press release on 27 October 2014.diit@stly resulted in four majoand several
smallarticles in newspapers and technical magazemredin two radio interviewswith

RECREATE researchers

During the project run time, a total of b8wspaper and magazine articles in English, Dutch
and German have been publish&dree radio interviews were given on Dutch radio stations.
A website with complete coverage of the dissemination efforts and two videos produced by
NLR and presented via Ydube help to generate awareness of the concept for a broad
public. It can be concluded that the dissemination activities of the project results have been
very successfukspecially in the Dutch press afwd the (Englishspeaking aeronautical

science comunity.

Public Project Website

All publishable outcome of the RECREATE projects is also being disseminated via the public
RECREATE homepagevww.cruiserfeeder.euContact information is also availablia the
webpage.
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REsearch on a
CRuiser Enabled Air

Transport Environment
SEVENTH FRAMEWORK

WP1 _RECI‘.CATE)
Concepts for
PROGRAMME

cruiser/feeder operations

The research leading to these results has received funding from the European Union Seventh
Framework Programme (FP7/2007-2013) under grant agreement n° 284741.

This publication reflects only the authors' views. The European Union s not liable forany use that
may be made of the information contained therein.
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Objectives ;:::::.-.r;)

To substantiate through a collaborative research effort that viable and
acceptable concepts for cruiser/feeder operations exist.

» Partners involved
— DEUTSCHES ZENTRUM FUR LUFT - UND RAUMFAHRT (DLR) 6 PM
— TOTALFORSVARETS FORSKNINGSINSTITUT (FOI) 5 PM
— TECHNISCHE UNIVERSITAET MUNCHEN (TUM) 1 PM
— TECHNISCHE UNIVERSITEIT DELFT (DUT) 2 PM
— DR RAJENDAR KUMAR NANGIA (RKN) 10 PM
— NUCLEAR RESEARCH AND CONSULTANCY GROUP (NRG) 3.1 PM

The research leading to these results has received funding from the European Union Seventh
* * Framework Programme (FP7/2007-2013) under grant agreement n°® 284741.
* * This publication reflects only the authors’ views. The European Union is not liable for any use that may
L3 e be made of the information contained therein.
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cruiser/feeder concept? C.

Cruiser Feeder

Concepts
|
No transfer Transfer of Alrto/Air
of payload Payload :
(fueI‘i)f reyquired) (fuel if):equired) Refueling

E

Direct Transfer

g

Container
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Conclusions initial .::::::::7
assessment (2012)

Based on efficiency considerations accounting for technology
levels, environmental impact, fuel and weight savings we noted:

Traditional designs based on
Cruiser Feeder engines burning kerosene with

Concepts

transfer of payload cannot be

& 4 mon  seen as viable.
The overall weight of the aircraft and

the total amount of fuel burnt is too
high.

The only viable concept design is
to transfer only fuel for this type of
aircraft.

4
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Conclusions initial .::::::.:TD
assessment (2012)

Cruiser Feeder
Concepts
Notransfer | | Transter o However, if the Cruiser can be
b | | e,
T propelled by a nuclear power
source the efficiency parameters
Direct Transfer Container are Vel'y high Compared to the used
e reference case even if the weight of
// - - -
gl the system is higher.
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Level of ambition on ::::::::7
selected concepts

ATYT Y AT

Orbiting Nuclear
Cruiser

WP 1 Concept
WP2 Airworthiness
WP3 Benefits
WP4 Design

WP5 Controle
WP6 Simulation
WP7 Dissemination

X
X
X

Concept Design and
Preliminary Design

X (conventional AAR)
X (conventional AAR)
X

34
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(x) To some extent
(x) To some extent
Concept Design only



21:st Century Network ;:::::-—7
Long distance travel via hubs {__
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Concept of operations (CONOPS)::::AT:)
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for the cruiser feeder system

« Mission — Long flights

70%

60% -
50% -
40% A
30% -
20% -
10% A

0% -

Flights departing from Europe
(entire flight distance) —

61-120 121-180

min. min.
Flight duration in hours

<=60 min.
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Concept design ARECREATE
cruiser/feeder )

Operations

Transfer
System’ Mission

Cruiser | Feeder
, strategy
Feeder Operational
constraints
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Concept description of orbiting  nccncare
nuclear powered cruiser (1) C )

Feeder1
Interception Feeder2
<S ) / points 5 )
Feeder 1 Base
/ '\ e \\\ // . Feeder2 Base

SN

Climb to
11000 m
N | ; / \
ISP Cruiser Route g -
N Cruiser e

,/ Sea Level \

Take-Off
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Concept description of orbiting "
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nuclear powered cruiser (2) ",)

Aircraft and systems design:
* Hybrid propulsion
+ Two concepts being analyzed for )
nuclear propulsion.(Brayton and
Rankine
* Reactor safety systems bt
* Impact design
+ Coolantinertia
« Aircraft design process — -
+ Emergency operations design

Operations and infrastructure:
+ Airfield requirements

+ Maintenance

+ Post-crash operations

* Nuclear flight routing

T. Schuwer, Design of a nuclearpropulsion 3 P
systemfor large passenger aircraft. MSc e iy =
thesis, Delft, 2014. X — R ' . s |
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Cruiser

250 passenger
capacity

Design Range
2500-3000 nm

Max Take Off

Specific Fuel
Consumption
(SFC) 0.525

Weight 240 000 Ib

P
AT AT AT
anLunLonAIl o

Feeder

AAR procedure - 20 minutes including a

wet contact for five minutes

Fuel transfer system

Offload capability -
35000 Ib total fuel, able
to refuel a Cruiser, up to
three times

Flight profile — Two to
Three hours total flying
time. Least the better
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Many dependencies
* Fuel savings are dependent on:

— Design of aircraft (cruiser and tanker)

— Fuelling strategy
» How many refuels per tanker and mission?

» Whereis the optimal geographical position to refuel?
— Half way of the cruisers track?
— Close to the tanker base?
— Somewhere in-between?

— Scheduling and timing of the rendezvous between
cruiser and tanker.
— Operational constraints
» Refuelling envelope (speed, altitude and weather hazards)
» Capacity at cruiser and tanker airports
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Method ")

* We have built knowledge with analytical methods and
traffic simulations. Stepping up from simple scenarios to
global simulations with thousands of flights.

» Trade offs has to be made between design and
operational constraints.

14
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Feeder Strategy
Trade-off results

* To have a reasonable
workload on tanker
airports, three refuels
per tanker is the best
choice.

* For the lowest fuel burn in
the system re-fuelling
usually takes place
close to the tanker base
(meaning that most
cruisers make a detour for
refuelling)
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Capacity aspects of  anccaean®
cruiser/feeder operations (_
, Seats and speed required to maintain a capacity of 297 500 seatkm/hour
e 650 700 750 800 850 900 sm:?:mm 1000 1050 1100 1150 1200 1250
The RECREATE cruiser is smaller and more efficient!
Loss in transport capacity? More movements needed? -
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Weight versus design range for a 250;:::.—.:;75
passenger AAR cruiser <

®

X is the Range Parameter
(representing tech level, higher is better,)

Xl
————— 15 00

Weight Ib [106]
3

o0 T Tl1lo T T T T ' T -
O 1000 Lood %000 4ot %00 Gooe Yoo Saco %o A
Design Range [nm]

The RECREATE cruiser is small and very efficient!
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AAR vs Baseline

Fuel consumption

1,4

1/Citypairs served

—Baseline

Tons in the air Nr of Aircraft
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Cruiser/feeder design  snccacaret
versus operations ( )

Operations

Transfer
System Mission

Cruiser ] Feeder
strategy

Feeder Operational

constraints
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Operational constraints _LD

Refuelling envelope
Significant weather
Contingency planning
Turbulence

Air Navigation Service
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Refuelling envelope ::::::::7
Mach < 0,8 and < FL260 C_

Access power from cruiser flying in
the downwash from the tankeris
very limited at cruise altitude.

Higher control authority on the boom
at lower altitude.

Descending from cruise to < FL260
and back = loss 1 % fuel savings.

Refuelling < FL260 decrease risk of
encountering turbulence while
refuelling.

Vertical separation between cruising
and refuelling aircraft (ATC).
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» Technical failures and/or dangerous events caused by
weather during refuelling is the main concern.

* Weather impact

— Poor Visibility
— Lightning

— In-flighticing W W W
A A

— Turbulence

K

Clouds

Cumulonimbus clouds

Clouds with temperature below freezing
Clouds, Jetstream, mountain waves. ..
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Significant Weather SIGWX
Contingency planning
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AT T n-v-

Valid12 UTC 21JUL2014
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- No turbulence

72°N
& s — S5 NN * Light turbulence
R
——
-
64°N -
-
-
= -~
- -
L=
56°N e
R
=
48°N e
—
40°N
80°wW 60°W 40°W 20°W 0° 20°E

AMDAR = Aircraft Meteorological Data

CAT is non-convective turbulence at high altitude and caused by
either the Jet Stream (Kelvin-Helmholtz Instability) or mountain

waves

» Several forecasting indices exist:
TI1, TI2, Brown, Dutton, VWS, HWS, GTG, GTG2
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Frequency distribution-':::r-:mﬁ
30 years data (ERA40)(_

TI1>12:107 s TI2 > 12°107 s
DJF
64°N |
56°N |
48°N I %
32°N & +

JIA [ JIA

B0°W 40°W 20°W 0° 20°E
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Frequency distribution:n::::ari
30 years data (ERA40)C_

Ti1 > 2107 s'along LATITUDE 64.5°N Ti1 > 2107 s* along LONGITUDE 30°W
DJF DJF

150

200

& 250}
F—

S 300f
2 350
£ 400
a

------ 450 :
5775 -36 -1425 75 29.25 59875 37.25 43.75 5025 56.75 63.25 69.75F {0
Longitude [°] Latitude [°]
JIA i JIA

-36 -1425 75 2925 M, 588.75 37.25 4375 50.25 56.75 63.25 69.75
Longitude [°] Latitude [°)
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Air Navigation Service C.

« Standard flight planning like
today. New separation rules
(allowing for zero separation
in the refuelling area and
responsibility and liability
issues.

— Procedures for setting up
“refuelling area of the day” (like
NAT OTS)

— ATM planning tools for
optimising tanker scheduling

— New software in the on-board
Flight Management Systems
(FMS) dealing with increases
weight during flight.
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Environmental aspects (‘)
of AAR operations

Noise (local
effect)

Capacity Mission setup Emissions
Transport el Minimizing Fuel Env;ronmcetental (Local Air
demand burn ot Quality)
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« Lower absolute noise
levels (smaller cruisers),
average noise levels
about the same.

 Lighter AAR cruisers
with smaller engines will
(in general) emit less
particles (Depends on
emitted substance and
phase of flight)

30
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* Main benefit is the
saving in CO,. It is
proportional to fuel
savings.

* Non CO, emission and
contrails.

— Reduction per flight
compared today,
however more flights
expected...
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Conclusion environmental -

impact - AAR

Noise (local
effect)

Capacity Mission setup :
Tran minimizing Fuel Env;;,c])gérlngntal
demand burn

Contrails - ' Local Air Quality
) . : —— Baseline
= AAR

Non CO2 Global CO2 - Global

60
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The full potential of an AAR systeme..

« Whatis the effect of the interaction between
continental and intercontinental travel?

» The smaller more efficient AAR-cruisers inherently
gives opportunity to serve more point to point
connections.

|t will also be easier for the airline companies to make
a business case for new point to point connections
compared to the today”s larger baseline cruiser

61
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A recent example...
Suggested routes from a commonly used Swedish internet travel site: 34

lowest price (2), shortest travel time (1), longest stay (1)
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Time, environmental impact and cost.t

Stockholm - Seoul

12000 Stockholm - Dubai - Seoul
..E 11000 Stockholm - Doha - Seoul
£
B 10000 -
8 ¢
§ 9000 | Stockholm - Munich - Seoul
g i @ Stockholm - Seoul
.: 8000 | Direct
i @

Stockholm - Helsinki - Seoul

8 10 12 14 16 18 20
Travel time [h]
Lowest price about double travel time and flown distance — does this make sense? 35
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An upcoming example C,

Stockholm - Norfolk (No direct traffic)
Stockholm - Amsterdam - New York - Norfolk

Stockholm - New York - Norfolk 3 )
Stockholm - Frankfurt - Washington - Norfolk =~ 8

36
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Expected improvements from

cruiser/feeder operations

AT A DrEATF
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1/Citypairs served

Environmental impact

Fuel consumption

s

Tons in the air

LTO:s

Nr of Aircraft

w— Baseline
= AAR Today

s AAR TOmorrow

(for the same transport capacity per unit of time)
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Conclusions _C,)

* The two studied concepts address long-distance
air travel but with very different techniques.

 The AAR concept, as outlined in this report, is
clearly within reach for aviation if the industry
and concerned legal bodies decides to go in this
direction.

 As for the orbiting nuclear concept it is not within
reach anytime soon but the concept, as such,
has great potential.

38
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The future or history?
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Conclusions AAR 'C‘)

Replacing today”s intercontinental air transport system (as
it is) with AAR can reduce fuel burn and direct CO,
emission by 10-20%.

Number of movements and aircraft will increase, however,
the total mass of the system will be lower.

Operational constrains on the system with present traffic
load seems manageable (scheduling, workload on feeder
bases and impact from weather (mainly turbulence)

Local environment — better or same (Noise, LAQ)
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Conclusions AAR —C‘)

AAR can play an important role dealing with the sustainability challenge aviation
faces. Short flight has to be mitigated to other transport modes as far as possible.
AAR will give large benefits (fuel, direct CO, emissions and mass) and for long
flights where no viable option exists

* The smaller more efficient AAR-cruisers inherently gives opportunity to serve
more point to point connections.

+ It will also be easier for the airline companies to make a business case for
new connections compared to the larger baseline cruiser

» A variation of AAR cruiser size (200-300 pax) and AAR design ranges (2500-
3000 nm) must be allowed for in order to optimize savings.

« Other, novel transfer configurations (tanker in front, or non centerline) can
improve aircraft efficiency, system performance and safety

+ Civil AAR should not be viewed in isolation. Other new concepts of air
operations and new technologies can be used together with civil AAR
(formation flying)
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Thank you for your attention

42
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WP2- Airworthiness assessment of cruiser-
feeder operations

AT~ AT

Amsterdam -I\L\.Ilhnlj
28-29 January 2015

SEVENTH FRAMEWORK
PROGRAMME

The research leading to these results has received funding from the European Union Seventh
Framework Programme (FP7/2007-2013) under grant agreement n° 284741.

This publication reflects only the authors' views. The European Union is not liable for any use that
may be made of the information contained therein.
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Safety considerations of cruiser -srzcrear:
feeder concepts )

o Air-to-airrefuelling and mid-air docking are potentially hazardous.

o To allow future cruiser-feeder operations, safety of air-to-air
refuelling and mid-air docking must be assured with an equivalent
level of safety compared to today’s operations.

Probable

Unacceptable

Probability Remote
of

Acceptable

Mmor Magor  Hazardous Catastrophic
Severity of Fallure Condition Effects

CS 25 AMC 25.1309

USAF
o No commercial air transport regulations covering air-to-air refuelling

and mid-air docking exist.

o New or amended airworthiness, operations and flight crew licencing
regulations and acceptable means of compliance are required.

2
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Objectives of WP2 = _nicreate P

o First, assess the feasibility of safe cruiser-feeder
operations by performing a system safety analysis and
proposing safety measures.

o Subsequently, identify the required new or amended
regulations and acceptable means of compliance for
certification of cruiser-feeder operations.

o Finally, identify the steps that need to be taken to
establish the regulations.
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Two cruiser-feeder concepts —

Cruiser-shuttle

concept
Exchange of passengers
fuel, cargo, crew

Docking system with
trapeze and containers

Cruiser with nuclear
propuslion

74

Receiver-tanker concept
Exchange of fuel using a controllable boom
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Safety analysis of receiver-tanker __ ___ _.__ <
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concept c-

Safety and operational reliability objectives

A description of the receiver-tanker technical system components
and their collision risk-related functions as well as its operation
(operational scenarios) is provided.

Based on the operational scenarios, performance, availability and
integrity requirements for the functions of the technical system
components have been determined

Simulations based on models of the technical system design have
been performed in WP5 for the most critical scenarios to verify that
the air-to-air refuelling system design provides the required
performance to achieve the required safety and operational reliability.

Non-collision risk related hazards of air-to-air refuelling have been
identified, and safety measures to mitigate these hazards have been
defined.
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Safety and operational reliability _._ . ..«
objectives )

» Top level function of receiver-tanker concept:
— Transfer of fuel from tanker to receiver.

« Catastrophic failure conditions related to air to air refuelling must
have a probability of occurrence smaller than 10-° per flight hour.

« Auvailability of the air to air refuelling function must be such that the
receiver is able to achieve its operational reliability (e.g. 99%) target

taking into account refuelling failures.

» |tis assumed that air to air refuelling contributes 10% to the
operational unreliability of the cruiser and consists of 10 contributing
factors. Therefore each contributory factor must have a availability of
at least 99.99%.

6
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Performance requirements - flight
control system RECREAT 7

Control authority of the tanker ' =
and cruiser shall be sufficient :
to keep the tanker position and
speed relative to the cruiserand A <
and angular movements of R Spelir ey ’ Elevator
tanker and cruiser < certain 4

limits, if wind shear and
turbulence levels remain within certain limits.

7
(‘round Spoiler
#Z Aitbrake

Airbrake /Ruddcr

In case of engine or flight control system failures the control authority
shall be sufficient for a safe abort maneuver.

If the wind shear or turbulence level is greater than certain limits
during any air to air refueling phase control authority shall be
sufficient for a safe abort.

The tanker shall be designed with sufficient control authority to cope

with the downwash and up wash of the cruiser. 0’
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Performance requirements - autopilot s

Autopilot accuracy shall be sufficient to keep the tanker position and
speed relative to the cruiser and the attitude and angular movements

of tanker and cruiser < certain limits, if wind shear and turbulence
levels remain within certain limits.

13
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Performance requirements —relative
position determination system = “““"7

» The optical sensors/ transponder based relative position
determination system accuracy shall be sufficient to keep the tanker
position and speed relative to the cruiser and the attitude and angular
movements of tanker and cruiser < certain limits, if wind shear and
turbulence levels remain within certain limits.

+ Ifthe optical sensors/ transponder based relative position
determination system fails, an abort shall be possible using the less
accurate GNSS based position determination system.

14
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Performance requirements — boom flight
contrOI system nNELNnoMAg 7

The boom control authority shall be sufficient to steer the boom towards the
receptacle without hitting the cruiser outside the safe zone around the
receptacle, and without hitting the safe zone around the receptacle in such
a way that boom structural failure occurs, if the tanker position and speed
relative to the cruiser and the attitudes and angular movements of the
tanker and cruiser are within certain limits.

In case of boom control system failures, the boom shall be retracted without
hitting the cruiser outside the safe area around the receptacle, or hitting the
safe area around the receptacle in such a way that it causes boom
structural damage.

If the tanker position and speed relative to the cruiser and the attitudes and
angular movements of the tanker and cruiser > certain limits during station
keeping, the boom shall stop connecting or shall be disconnected, and shall
be retracted without hitting the cruiser outside the safe zone around the
receptacle, and without hitting the safe zone around the receptacle in such
a way that boom structural failure occurs.

15
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