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Formation flying is introduced as a new and innovative air transportation system for
long-haul commercial flight. With this paper the operational feasibility of formation flying is
addressed, both from a market demand and economic, as well as an air traffic control
perspective. Preiminary results of a case study indicate that operating a newly designed
aircraft that is optimized for formation flying could cut the fuel consumption over long-haul
flights in half compared to current state-of-the-art aircraft. Therefore, this air
transportation system provesto be a possible solution to the impending regulations and fines
regarding the reduction of CO, emissionsin aviation.

|. Introduction

HE aviation industry is confronted with more andrenatringent regulations on noise and emissiong Th

Lisbon 2020 Visioh introduced by the European Union states that #réan dioxide footprint of aviation
should decrease by fifty percent by the year 20&@pared to 2005. This goal is to be reached byragjrfor an
initial increase in fuel efficiency of 1.5 perceugr year until the year 2020. In addition, the @rié crude oil has
tripled since the year 2080which has put an enormous pressure on the ecenperformance of airlines.
Furthermore, the industry is expected to keep gmgwduring the next few decades, yet it is currenihglear
whether there will be sufficient capacity from anteaffic control and airport perspective. Theseai distinct need
for an innovative air transportation system thautes in significant reductions in emissions anddo operating
costs compared to current aircraft, while creatifigjgher capacity in the skies and minimizing ttiditonal strain
that is put on air traffic control.

The results of the research presented in thisrpapee that flying in formation over long-haul t#iaces with an
aircraft that is optimized for such flights has fhaential to revolutionize commercial air tranggay the year 2030
by overcoming many of the challenges that lie ahead

First, the concept of formation flying, its foundi principles and the requirements it imposes ocraft are
explained. Secondly, the feasibility of formatidgirig from a market point of view is considered.ofr this
research, potential markets and suitable flyingtasuare identified. An indication of what can bengd with
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formation flying is given in a preliminary case dy which then leads to conclusions and recomménabn the
subject.

1. Formation Flying

Both Lissamah and Hummél® have stated that birds can increase their rangeifisantly by flying in
formation. Theoretically speaking, this phenomeoould be translated to aircraft as well.

A. Fundamental aerodynamic principles

Aircraft can benefit from flying in formation by pitioning their wings in the upwash region of theling wake
vortices of a preceding aircraft. As such, the wimghe vortex experiences a decrease in dragallecally tilted
lift vector. Bos et af. give a detailed explanation of this drag reducti®milarly to flocks of birds, flying in the
upwash region of the vortex results in a reducitotine overall drag of the aircraft.

Unfortunately, there are also some unwanted siféetsfto flying in a vortex as discussed by Boalét If only
one wing flies in the upwash of a vortex a subshmoll moment about the longitudinal axis of th&craft is
induced due to the asymmetric lift. The accompagylrag reduction on one wing induces a yaw montaott of
these side effects need to be counteracted. Theesielcts can be compensated with a specially pgdigircraft,
such as the Formation Flyer presented by Dijkedsvam Nuneh

B. Basic operational setup

In practice, formation flying is executed by cregtia sort of hub in the sky. Aircraft that are estpd to more or
less be flying along the same route for the majarittheir flight can meet up and fly in formatioBach aircraft
takes off from its departure airport and flies stwwards a rendezvous point or hub. At this rendagwoint the
formation is put together and from here on theraiftdly together as one group along the trunk eout

To minimize the total fuel consumption of the graamqd to ensure safety by building in redundancyatiheraft
switch positions while flying along the trunk routds such, each aircraft is in the lead for partraf formation
flight. If there would only be one leader this aaft would need to carry substantially more fuelrttihe followers,
as the leader does not benefit from the formatinrcase of an emergency with the leading aircitedt followers
would not have sufficient fuel to complete theiglfit. For this reason each aircraft should be capatflying in the
lead for part of the flight and position switchéaypan imperative role in formation flight.

When the formation is approaching the destinatiopoats of the individual flights, aircraft can lea the
formation one by one. After break-off an aircradnceither continue on for a partial solo flightibcan commence
its descent into its destination airport.

C. Formation geometry and separation

While birds opt for an inverted-V-shaped formatibis is not the most ideal geometry for aircrafs ¢an be
seen in Fig. 1 this geometry is in fact impossfoleaircraft because it is not safe for the twewift directly behind
the leader to fly with a lateral separation of l&sn one wingspan. In addition, flying in the davash area of a
vortex should be avoided in all cases. Not onlysdibe downwash have a counterproductive effecheraircraft, it
is also not safe to fly in.

Aside from the inverted-V shape many more posditaimation geometries such as a simple line, a srgut
shape and an X-shape were considered. However tloalgo-called Echelon form depicted in Fig. 2 élstes the
lateral separation issue, while remaining cleahefdownwash area of the vortex.

Inverted V Echelon
Figurel. Inverted V formation geometry Figure 2. Echelon formation geometry
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Based on the work of Rossow and Jatasd that of Ginevski and ZhelanniRpboth concerning the stages of
vortex decay, the ideal separation distance betw&eraft in streamwise direction is determinedeas wingspans
or 500m (1640ft) in the case of the Formation Flyenereas the vertical separation due to vortexaylés around
15m (50ft). The lateral separation is dictated Iy ocation of the vortex of the preceding aircr&fompared to
current regulations, which impose a minimum latesgbaration of five nautical miles (9260m) and aimum
vertical separation of one thousand feet (300minicontrolled airspace, these decreased separasimmces would
have an enormous impact on the capacity of thpaes

From an aerodynamic point of view the drag reductiwreases as more aircraft are added to the fmmdrig.

3 indicates that this reduction stagnates arouacdymptotic value of eighteen percent.

18%

16%

14%

12%

10%

8%

%

A%

Parcentage of drag reduction per aircraft

i 2 31 4 5 6 7 & 9 10 11 12 13 14 15 1 17 18 19 20 21
Number of aircraft in formation

Figure 3. Theeffect of the number of aircraft in a formation on the drag reduction per aircraft®

Although drag reductions are achieved with aslii two aircraft in formation, the benefits areximal with
four aircraft or more. For safety reasons it isoramended that no more than around ten aircraftirflypne
formation, as this would mean that one formatideesaup a vertical block of five hundred feet okpace, or five
flight levels. In lateral direction the formatiorowld occupy ten wingspans, or around 500m (1640fthe case of
the Formation Flyer.

1. Market analysis

A. Air Traffic Forecast for 2029

In order to implement formation flying there shouild sufficient traffic along the same routes, sat thircraft
can easily be put together. The concept can onlsuigeessful if the additional distance that aitchafve to fly in
formation compared to direct solo flight, the sdlethdistance penalty, is kept to a bare minimuor. this reason a
thorough market analysis consisting of flight rautas well as traffic density along these routetorse.

Boeing?® foresees an overall increase in demand for aispartation according to the graphical represeniati
of forecasted revenue passenger kilometers (RRKh&or intercontinental connections in the yea2 2 Fig. 4.
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Figure 4. Revenue Passenger Kilometers (RPK) Forecast for major inter continental connectionsin
2029 compar ed to 2009%

Although there are several connections with a higiverage growth rate, the Euro— North America
connection is still expected to be the largest -haul market in 2029. As a starting point, the feiiy of
formation flying on this route is consider

B. Focuson North Atlantic market

Every day a set of twelve tracksx Eastbound and six Westbound — thealbed North Atlantic Tracks (NAT
is defined across the North Atlar based on weather conditions such as jet stredimsse tracl, of which an
example is given in Fig. 5, form type of multiple lane highwan the sky. Theyre to be followed by all aircre
flying along this route.

Tracks A to G Westbound

Tracks U to Z Eastbound — -~

Figure5. Westbound and Eastbound North Atlantic Tracks (NAT)
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Due to regulations and safety measures a mininseparation of five
nautical miles (9260m) in horizontal direction atitbusand feet (300m)
vertical direction musbe maintained in uncontrolled airspz This limits the
capacity of the NAT. Nevertheless, there are abtuaany aircraft more or les
in the same place at the same time, which is iistiin Fig. 6" depicting two
aircraft on the same track but oifferent flight levels.

To get a good idea of the traffic density across NMorth Atlanti, flights
between four major European airports (Amsterdananifurt, London ani
Paris) and seventeen cities along the East coasbih America were sorte
according to their departure timéhese European airporaccount for almost
seventyfive percent of the traffic across the North /mtic.

Figure 7 illustrates thatp to thirty aircraft per hour flWestbound along
the NAT every single day. During theseak hours composing formations
should be feasible. At quieter times with only taiccraft per hour, it may nc
be so beneficial to fly in formation, dependingtbe circumstance:

Given the fact that Boeilexpectsthe demand for travel between Europe
and North America to nre than double by the year 2(, as presented in Fig.

Figure6. Two aircraft on

4, it is safe to say that there is a sufficient taffow to be able to efficientl different flight levelsalong the
compose formations. same NAT* (used with
permission)
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Figure 7. Westbound aircraft density along the NAT* throughout the day from November 22-29, 2010

In order to minimize the distance penalties forfiglhts considered, while aligning as many majaparts
across North America as possible, three sepai@tksiwere dened as shown in Fig. §he East Coast takes up the
vast majority of the flights towards North Ameridafurther distinction can be made between a Southack (1)
and a Northern track (2). Track 1 attraabout two thirds of the East Coast traffic,emas Track 2 accommoda
one third. From here on out track one was chosea foore detailed case stut
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Figure 8. Formation flying tracks between Europe and North America

C. Global implementation

Further research aime demand for air traffic and tlfrequency of flight movements between city paitadi¢o
the conclusion th&brmation flying can be implemented as a globalasgt. With carefully designe tracks such as
those presented in Fig. 9 masgjor cities in he world can be reached with a distance penaligvbéive percent
There are currently sufficient flight movements rgjothese tracks to make formation flying possibiamf an
operational point of view. As the fligfrequency is only expected to increagesufficient aircraft flow along
route should not be an issue.

Figure 9. Formation flying tracks from Europeto all major citiesin theworld
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IV. Casestudy

In order to get an initial estimate of the benefifsformation flying in practice a case study wame. This
analysis also highlighted any vulnerabilities whinhy be encountered when executing the concept.

A. Setup

A case study was set up with seven flights takemfflight schedules in November 2010. The flightsedl in
Table 1 were chosen such that a rendezvous potuit @asily be reached by all aircraft around thmesaime.
Furthermore, a variety of destinations is includediemonstrate that formation flying can be widietyplemented
and is not only relevant for destinations whichagy close to each other.

During the formation flight the group of aircraft expected to be fully autonomous. Only one or &ivoraft
stay in touch with air traffic control. The inforthan is then shared with the whole group. In additio increasing
the capacity of the airspace, the workload of tingraffic control services is kept within moderat even when
more aircraft are flying than is currently the case

Table 1. Flight schedulefor case study

Departure Airport

Arrival Airport Flight Number Departure Time (CET)

Frankfurt (FRA) Washington (IAD) LH418 13:00
Amsterdam (AMS) Newark (EWR) CO71 13:20
Paris (CDG) Boston (BOS) AF332 13:30
Paris (CDG) New York (JFK) AF6 13:30
Paris (CDG) Atlanta (ATL) DL21 13:30
Paris (CDG) Newark (EWR) AF18 13:40
London (LGW) Orlando (MCO) VS15 14:00

For all but one of these flights the distance pgrialbelow one percent, as is calculated in T@ble

Table 2. Calculation of distance penalties

Total distancewith Total Distance Point- Penalty Distance Penalty

formation flying [nm] to-Point [nm] [nm] [%0]
FRA-IAD 3,553 3,546 7 0.2
AMS-EWR 3,198 3,177 21 0.7
CDG-BOS 3,005 2,997 8 0.3
CDG-JFK 3,170 3,158 12 0.4
CDG-ATL 3,846 3,819 27 0.7
CDG-EWR 3,185 3,171 14 0.4
LGW-MCO 3,904 3,782 122 3.2

B. The Formation Flyer

To demonstrate the full potential of this air
transportation system all flights are performechvilie
Formation Flyer concept aircraft by Dijkers and van
Nuner. This aircraft, shown in Fig. 10, was designed |
for long-haul commercial flight and has a maximum
capacity and range similar to the Boeing 787-8. The
Formation Flyer is equipped with an integrated @lob
Navigation Satellite System (GNSS) and Inertial
Navigation System (INS) to ensure millimeter-to-
centimeter accuracy of relative positioning. THiswas

Figure10. The Formation Flyer concept
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the aircraft to fly within minimal separation dietaes of each other. Furthermore, there are sekidAR sensors
mounted near the wings and the nose of the ainal¢tect vortices. The side effects of flyingaimortex with only
one wing, as is the case in an Echelon formatioa, cmunteracted by a larger-than-average and stalist
enhanced tail (yaw moment) and morphing wings (ntiment). The presence of tail-mounted open-rogor j
engines result in a twenty percent decrease indaesumption, whereas the noise they produce &dsd towards
the ground by the horizontal tail surface. The timraof the engines also ensures a clean winglip lienefit from
flying in the upwash of a vortex. The designerghaf concept are confident that the technology reduio equip
this aircraft will be available by the year 2030l iy all, significant fuel savings due to both thaghly efficient
engines and the benefit of flying in formation lemada much lighter structure than comparable st&tbe-art
aircraft.

C. Execution of formation flight

The seven aircraft departing from Amsterdam,
Frankfurt, Paris and London form a formation
above Shannon, Ireland before continuing as on
flock of aircraft across the Atlantic Ocean, as

shown in Fig. 11. During this formation flight o __w*wff"}m
several switches are performed according to thi oS
timeline in Fig. 12 on the next page. During a Lﬁi“

switch maneuver the leading aircraft turns away =,
from the formation and slightly slows down, until ~ **°

it can take the last position in the Echelon. As$ th g

point the LIiDAR vortex detection system will

have to locate the vortex of the preceding aircrafi

for the wing to be positioned correctly. Figure1ll. Thetransatlantic routeflown by aformation
Once the aircraft are nearing Boston the first of seven aircraft

aircraft leaves the formation and commences its

descent into Boston. The same happens in New Mfotk/dashington. After Washington two aircraft remaiich
continue to fly in formation until they reach Claté, North Carolina. At this point the formationrebks up and
both aircraft continue their flight solo to Atlaread Orlando, respectively.

It is interesting to note that according to thenfation flight plan in Fig. 12 the aircraft fly average of two
thirds of their flight in formation. By optimizinthe composition of formations the percentage offligat that is
flown in formation can be increased, thereby desirgpthe total fuel consumption of the aircraft.this case this
could be achieved by replacing the flights to Atteand Orlando with two flights going to the BosteNew York —
Washington area.

Composing the formations and optimizing this precgsould be done by a newly established “Formdtlgimg
Authority”. This authority could be responsible fdefining new regulations concerning formation tlig for
instance including break-off procedures in casemoérgency.
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D. Results: fued consumption

In order to quantify the effect formation flyingshan the daily operations of an airline the amairitiel
consumed by each of the seven aircraft during sagment of their respective flight is calculatedirlg
these results the total fuel savings for each @ircan be found, as well as their effect on thel twost of a
flight and the aircraft's emissions.

By dividing a flight into various solo and formatisegments, thereby taking into account whetheoor
the aircraft is benefitting from a vortex, a vegog approximation of the total fuel consumptiorigrmation
is obtained. As the Formation Flyer has two contiitg factors when it comes to fuel savings, naniliyng in
formation and the open-rotor jet engine, the efedaach of these is treated separately as welliamilative. In the
calculations twenty percent in fuel savings wetettd to the engine, whereas the drag reductiantdulying in
formation is accountable for an 18% decrease ihdoesumption. Additional savings are obtained Ksato lighter
aircraft structure that is needed when less fuetia¢o be stored.

The baseline for comparison is the fuel consumptiba conventional aircraft on the most optimaetctory
(i.e. the shortest distance) between city paire ddnventional aircraft used as a reference hdaheistate-of-the-art
Boeing 787-8, which has a very similar range arghcay to the Formation Flyer.

In Table 3 the total fuel consumption for eachHtign the formation is presented when a conventiona
aircraft flies solo and direct, and the FormatidyeF flies in formation. The results indicate thdgspite a slight
increase in distance flown, the Formation Flyerti@nsportation system consumes an average offtifty percent
less fuel than what is considered to be the magtdfiicient long-haul aircraft that is on the metrkn 2011.

Table 3. Fuel consumption comparison between a conventional aircraft flying point-to-point and the Formation
Flyer flyingin formation

Flight FF Open-Rotor Jet fuel Conventional fuel used Difference FF ORJ Savingsvs.

used [kq] [kq] 1] Conventional solo
[%]

VS15 27,301 59,068 31,767 53.78%
DL21 27,039 59,410 32,372 54.49%
CO71 24,123 53,391 29,268 54.82%
AF18 24,056 53,334 29,278 54.89%
AF6 23,974 53,210 29,236 54.94%
AF332 23,285 51,671 28,386 54.94%
LH418 25,707 56,872 31,166 54.80%
Average 25,070 55,280 30,210 54.65%

E. Results: economic and environmental benefits

While the Formation Flyer would no doubt be morgensive to purchase than a conventional aircrad, t
amount of fuel that can be saved with this coneamild have a tremendous impact on the operating afothe
aircraft. In the case study considered each airseafes an average of thirty metric tons of fudlich translates to
around USD24,000 per flight using the jet fuel pria January 2011. Based on the assumption thairaraft
performs six hundred flights between Western Eurapé the East Coast of the United States in ong yeia
would result in annual savings of USD14.4 millicgr @ircraft.

An industry whose success is now more than eveerddgnt on fuel prices could thrive under the ecaoom
benefits offered by formation flying. Not to mentiahe early compliance with the regulations setewerely limit
CO, emissions from 2050 on. When adopting this conegpines could reap the benefits of becoming more
environmentally friendly while saving millions obtiars.
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V. Conclusionsand recommendations

This research proves that there is sufficient dehtanglobally implement formation flying as a newda
innovative air transportation system. By using Floemation Flyer aircraft by Dijkers and van Nuhémel savings
of more than fifty percent are within reach, thgreteeting the Lisbon 2020 Vision requirements far year 2050
in 2030. Fuel savings of in this order of magnitweguld result in massive cost savings for airlinéstthermore,
the work load on air traffic control authoritiesrisduced, as a flock of two to ten aircraft in anfation can be
considered as one block.

To further increase the potential gain of the cphdermations could be composed with aircraft withints of
origin and points of destination as close togeti®possible, respectively. As such the portiorhefftight that is
flown in formation increases. For example, a foiorabf aircraft with flights from Amsterdam, BrusseParis and
London to New York would be even more efficientrthhe formation used in the initial case study.

Some kind of formation flying authority should bstablished, which receives flight plans from aeknand
plans formations. In addition, a clear set of powes and regulations should be set up to deal déghto-day
operations, as well as any irregularities.

Based on the conclusions presented above it iigasto further investigate formation flying andw it could
revolutionize long-haul air travel. Especially dretlevel of aerodynamics there is a lot of worlbéodone, as the
effects of side wind, aircraft maneuvers and vorteandering have been omitted in this research.
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