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Flying Wings. A New Paradigm for Civil
Aviation?

Over the last 50 years, commercial aviation has been mainly based what is currently called the conventional layout, characterized by a
slender fuselage mated to a high aspect ratio wing, with afi-tail planes and pod-mounted engines under the wing. However, it seems that this
primary configuration is approaching an asymptote in its productivity and performance characteristics. One of the most promising
configurations for the future is the flying wing in its distinct arrangements: blended-wing-body, C-wing, tail-less aircraft, etc. These layouts
might provide significant fuel savings and, hence, a decrease in pollution. This configuration would also reduce noise in take-off and
landing. All this explains the great deal of activity carried out by the aircraft industry and by numerous investigators to perform feasibility
and conceptual design studies of this aircraft layout to gain better knowledge of its main characteristics: productivity, airport compatibility,
passenger acceptance, internal architecture, emergency evacuation, etc. The present paper discusses the main features of flying wings, their
advantages over conventional competitors, and some key operational issues, such as evacuation and vortex wake intensity.

Keywords: flying wing, blended-wing-body, conceptual design, civil aviation.

These improvements have resulted in an outstanding de-

1 Introduction el \ . ;
crease in direct operating costs. Flying has become an ordi-

Civil aviation has continuously been progressing since the
onset of commercial flights in Florida in 1916 and the ap-
pearance of scheduled international links just after the end of
the First World War [1]. To sustain and foster this progress, all

nary and popular way of travel in the rich countries [4], and a
similar societal transformation is occurring in the developing
countries led by the continuous decrease in air fares. Conse-
quently, the centre of gravity of civil aviation is changing [5-7].

branches of the aeronautical sciences and technology have
also experienced a breathtaking evolution. The contributions
of aerodynamics, structures, propulsion, avionics and materi-
als have been essential [2], and have been so impacting that
air travel has changed our notion of time and space, and our
way of life.

In the recent past the USA, in first place, and Europe, in sec-
ond place led the rankings. By around 2020, Europe will be
number one (as depicted in Fg. 2), and some years later the
Asia-Pacific Rim will overtake Europe in terms of revenue pas-

Many legendary airplanes have paved the way of civil avia- Y
tion. To mention but a few, let us arrange a short list: Douglas
DC-3, Lockheed Super Constellation, Boeing B707, Sud Avi-
ation Caravelle, Boeing B747, BAC-SA Concorde... —

However, a certain paradox has arisen in the midst of this it
development: an airplane enthusiast looking at the runways o
from an airport spectators terrace would see the same shapes :
nowadays as 30 years back. The vast majority of the flying ve-
hicles belong to the so-called conventional configuration [2].

<1}'1{L

Around 60 years ago, Boeing engineers created a new jet
airplane concept characterized by a slender fuselage mated to
a high aspect ratio swept wing, horizontal and vertical stabiliz-
ers attached to the rear fuselage, and pod-mounted engines
under the wing. The aircraft, named B47, was a bomber, de-
signed to fly at high subsonic speeds [3]. In subsequent years,
most engineers working around the world on new airliners
equipped with jet engines, to fly faster and higher, followed
the same concept. A variant, with pod-mounted engines at-
tached to the rear fuselage, soon appeared and was better
suited for small and medium-size transport airplanes. Both
the basic concept and the variant are still in use in current de-
signs at the beginning of the 21% Century (see Fig. 1). The
conservatism in maintaining the configuration over decades
contrasts sharply with the enormous efforts made in aerody-
namics, materials, propulsion, etc [2]. The average lift over
drag ratio in cruise has increased more than 30 percent since
the advent of jet airliners. At the same time, new alloys and
composite materials have reduced the structural weight by
nearly 40 percent in the same period. The engines have
halved their specific fuel consumption in the last five decades.

40 YEARS

Fig. 1: Great change and steadiness evolution in 100 years of
aviation
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Fig. 2: Evolution and geographical distribution of world air traf-
fic at the beginning of the 21*" Century in terms of revenue
passenger kilometres (RPK). On the left, data for year
2000 (3.3 trillion RPK). On the right, year 2020 (8.3 tril-
lion RPK)

senger-kilometres and air freight. Fig. 3 explains why: the
number of air trips per capita in rich countries hardly varies
with wealth; meanwhile a mild increase in per capita income
in the crowded poor countries (such as China, India, etc.)
translates into much higher air traffic demand.

The size of the airplanes is also entrained by this scenario.
Current airliners have an average size of 180 seats. Those

Air trips per capita

Per capita income

N
>

Fig. 3: Relationship between wealth and air traffic
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Fig. 4: Evolution of fleet and average size of jet airliners. The grey
area accounts for aging jets remaining, jets recycled and
jets required for fleet replacement. The white area above
represents fleet growth. Overall, around 16000 passenger
transport airplanes will be built between 2000 and 2020
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required to cope with the increasing demand will be close to
270 seats, as depicted in Fig. 4 [8].

On the other hand, the changes in the geopolitical sce-
nario are accompanied by changes in the perception of public
opinion in the USA and Western Europe, where a strong wave
of environment protectionism is putting under pressure and
detailed scrutiny all sources of noise and pollution including,
needless to say, civil aviation.

In the last two decades aeronautical engineers have re-
sponded with larger and more efficient airplanes to the strong
requirements for cheaper and more environment-friendly
aircraft. But the so-called conventional configuration is ap-
proaching an asymptote (see Fig. 5) about the size of the
Airbus A380.
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Fig. 5: Evolution of fuel efficiency of jet transport airplanes

Therefore aeronautical engineers have started to consider
unconventional aircraft in order to overcome the limits and
to achieve performance or operational improvements, in-
cluding drag reduction, increased useful load, diminishing
environmental impact, etc. The arrangements studied are
both strange and creative [9-12], as shown in Fig. 6.

Fig. 6: Unconventional configurations studied for future trans-
port airplanes
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Within this market and technology framework, one of the
most promising configurations is the flying wing in its differ-
ent concepts: blended-wing-body, C-wing, tail-less aircraft,
etc. It may provide significant fuel savings and, hence, a lower
level of pollution. Moreover, the engines are located above
the wing and the aircraft does not need high lift devices in a
low-speed configuration, which results in a quieter airplane.
This explains the great deal of activity carried out by the air-
craft industry and by numerous researchers throughout the
world to perform conceptual design level studies, to address
the problems and challenges posed by this layout.

This paper discusses the main features of flying wings and
blended wing bodies, their advantages over conventional
competitors, and some key operational issues, such as airport
operation, evacuation, and vortex wake intensity.

2 The arrangement of flying wings
and blended wing bodies

The flying wing concept is not new. It was used by Lippisch
and Horten in Germany in the 1930s and by Northrop on
prototypes flown in the 1940s [13], as presented in Fig. 7.
Some British firms performed interesting conceptual design
work during the 1950s on potential airliners with this config-
uration (see Fig. 8) [14].

et

[

Fig. 7: Northrop YB49 flying wing

Fig. 9: Plan view sketch of a 300-seat flying wing

Currently, researchers and designers are working on two
main configurations: a rather pure flying wing, FW, with
straight leading and trailing edges (depicted in Fig. 9); and a
blended wing-body arrangement, BWB, in which the body
adopts the shape of a much flattened fuselage mated to an
outer wing (see Fig. 10).

Fig. 10: Sketch of the blended-wing-body aircraft

The studies published cover most existing segments of
commercial aviation, from a one hundred seat delta wing
[15] to gigantic 1500 seat aircraft [10]. The great majority of
papers deal with the BWB layout [16-22], mainly due to its
growing capability which easily results in a family [23, 24]. It
has improved characteristics over conventional layouts, in
terns of aerodynamics, due to its relatively reduced wetted
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Fig. 8: Sketches of the all-wing Bristol 260 seats
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Fig. 11: Habitability inside a flying wing

area, and in terms of structural weight, due to its spanloading
effect.

However, the bulky inner body of BWB counter balances,
at least in part, these beneficial effects. The lift coefficient is
still relatively high [22] and the lift alleviation by payload and
main structure is only partial [21]. Pure flying wings behave
much better in these two key aspects [25-27]. However, to en-
able efficient use of the inner space they need to be larger
than a minimum size and to incorporate thick airfoils. More-
over, they can hardly form families in a similar sense to what is
common with conventional airliners.

In payload-driven design the cabin area, around 1 m? per
passenger in three-class seating, is of extreme importance.
The cabin surface, S, is linked to the wing geometry as
follows:

cab»

Scab _
S J/(

wing planform, inner arrangement,
(1)
spar location, 4, 4, L ..2)
¢
where § is cabin area, A is aspect ratio, A is taper ratio and #/c
the relative thickness. It should be recalled that, by definition,
S=b%A.

The wing aspect ratio is ordinarily chosen as a compro-
mise among proper aerodynamic performance, minimum
gross weight and suitable area per passenger. Published val-
ues are typically around 6, clearly below those of conventional
jets, which fall into the 7-10 range.

Medium-size flying wings pose a crucial problem: habit-
ability, presented in Fig. 11. The torque box of the wing, i.e.
the space between the front and rear spars, is pressurised to
accommodate the payload. The minimum height in any place
of the cabin must be around 1.85 m, which implies either a
long chord or a thick airfoil. Large BWB are designed with
more than one deck, as in Fig. 12, and habitability issues al-
most disappear. In contrast, they exhibit a major drag penalty.

Fig. 12: Cabin and freighthold arrangement in a blended-wing-
-body aircraft

To avoid very high aerodynamic drag the relative thick-
ness has to be below a certain threshold. Eq. 2 shows the rela-
tionship among admissible wing thickness, #/c, cruise lift coef-
ficient, Cy,, cruise Mach number, M, and swept angle, A
[28].

In the former equation the drag rise is assumed to occur at
two cents above the cruise Mach number. With appropriate
values of intervening variables many FW and BWB designs
consider 17 percent thick airfoils in their studies.

Architecture of the flying wing

From the structural point of view, flying wings are ar-
ranged as dual entities: an unconventional inner wing with
a pressurised torque-box between the spars, for passenger
cabins and holds; and an outer wing with fairly conventional
architecture, including fuel tanks outboard of the cargo holds.

As the payload is located, completely or in part, inside
the wing or inside a lifting shape, the structure around the
payload must resist pressurization loads added to ordinary
bending and torque induced by the overall configuration.
The loads combine in a nonlinear manner and, under ex-
treme manoeuvres or gusts, produce high stresses and severe
deformation. The stress level has to be analyzed in terms of
fail-safe and damage-tolerance. Significant deformations may
in additions affect the operation of the flight controls and
equipment, the habitability of the cabin and the aerodynam-
ics of the external shape [29, 30].

Two main concepts have been studied for to enable skin of
these aircraft to resist all prescribed loads: a flat sandwich
shell and a double-skin vaulted shell. Fig. 13 sketches such
concepts. In both cases the resisting shells are helped by large
ribs, in order to carry on the concentrated shear forces, to
maintain the external aerodynamic shape and to contribute
to torsion stiffness. From the point of view of the passengers,
there is no major difference, since headroom and passages are
optimized to become almost equal. Structurally, however,
there are major differences.

In the thick flat sandwich shell, the skin has to be sized to
withstand all loads: pressurization, bending and torque; but

L (090 —01Cy ;) — (M, +0.02) cos™d A . 2) Fig. 13: Alternative structural solutions for the cabin area in fly-
¢ ing wings
© Czech Technical University Publishing House http://ctn.cvut.cz/ap/ 35
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its geometry is essentially the same as in conventional wings,
i.e. a nearly flat skin stiffened with stringers and held by ribs.
On the other hand, the external shape of the wing skin corre-
sponds to the airfoil that is selected. In all cases the upper and
lower skins are formed by quasi-planar panels. Resisting the
internal pressure with these planar panels is very inefficient
[29, 31], and thus this solution may lead to undesirable extra
weight.

Conversely, the double skin vaulted solution divides the
load carrying responsibility into two major components: side-
-by-side inner cylindrical segments, similar to narrow-body
sections, to resist pressurization; and a conventional outer
skin to bear the additional loads. The ribs are very large and
provide load distributing paths and a joint inner to outer skin.
Some researchers indicate that this solution is lighter and also
superior due to its load diffusion and fail-safe features [24, 30,
32]. Such a construction is also claimed to be well suited to
prevent fatigue crack propagation and to increase buckling ri-
gidity. However, other designers argue that if a rupture occurs
in the inner vaulted skin the cabin pressure would have to be
borne by the outer skin which, therefore, has to be sized to
carry that load too [21]. Obviously this would imply a great
deal of extra weight. As an additional point in this contro-
versy, let us recall that common fuselage structures are sized
to resist quite large ruptures; up to 1.86 m? (20 sq ft) accord-
ing to FAR-JAR 25.365 [33, 34]. Consequently, if the inner
vaulted skin takes equivalent responsibility as the fuselage
structure in conventional airplanes, the rupture or pressuriza-
tion loss becomes of secondary importance. Moreover, the
available space between the skins may be used to accommo-
date various items of equipment as will be mentioned later.

Selecting one of these two structural solutions is an open
issue, and the critical decision on it affects manufacturing,
wiring and maintenance, among other relevant aspects. No
estimations exist yet on the influence of such concepts on di-
rect operating costs, and it is not easy to speculate about the
possible pre-eminence of one of them. The decision will likely
depend on the size and number of decks of each aircraft.

Independently of the chosen solution for the skin, the best
cabin arrangement seems to be a set of parallel bays, slightly
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Fig. 14: Three-class seating in a flying wing. The two outer bays
are symmetrical
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shifted longitudinally following the wing’s sweptback (see
Fig. 14). Once this concept is established the best layout to
maximize the number of passengers abreast with the mini-
mum width is a 3-by-3 disposition, since it requires only one
aisle per bay. This means a narrow body-like size. The cabin
width of the current Boeing narrow body fuselages is 3.53 m
and the analogous figure for Airbus is 3.70 m. This last must
be considered a minimum, since FW and BWB are designed
to fly much longer ranges than any A320 or B737 and, there-
fore, should offer roomer cabins. Such an arrangement pro-
vides enough flexibility for three-class seating [24, 27], as
shown in Fig. 14, corresponding to a 300-seat class FW. In
larger aircraft there can be more bays, the bays may be more
stretched and the overall capacity can easily reach 800-1000
passengers [21, 23, 24].

First class and business travellers occupy the central bays
to benefit from improved comfort levels in rough flights, al-
though recent investigations indicate that unpleasant rolling
accelerations could be counterbalanced by smoothed ma-
noeuvres and multimedia equipment [35].

Needless to say, these aircraft comply with suitable stan-
dards concerning access, evacuation and on board services.
The doors must be arranged to allow passengers to board and
leave the aircraft independently of galley servicing and clean-
ing. Furthermore they have to be equipped with ramp slides,
provisions for ditching, etc. Several symmetrical couples of
type A doors are located on the sides of the front corridor,
through the front spar and leading edge, and some symmetri-
cal pairs are located at the rear, through the second spar and
trailing edge. In some conceptual designs all galleys, toilets
and wardrobes are located at the rear of the cabin for aesthetic
and operational reasons. This arrangement of exits and ser-
vices is very efficient and improves emergency evacuation.

As in any other airliner, on board services include galleys
(one area per 100-120 passengers), toilets (one per
40-50 passengers), overhead lockers for passengers’ light
baggage, stowage for mail, duty-free items or passengers’
coats, new in-flight services, etc [36].

These roomy aircraft have few problems with accommo-
dating all equipment and installations required on board:
electrical, air conditioning, emergency oxygen, avionics, fuel
tanks, de-icing and anti-icing, auxiliary power units, etc. For
example, the non-pressurized leading and trailing edges pro-
vide precious spaces close to the cabin bays as does the space
between the inner and outer skins in the double vaulted shell
architectural solution.

3 Advantages of the flying wing

One of the claimed advantages of flying wings is weight
saving, in terms of both maximum take-off weight, MTOW,
and trip fuel, TF These and other main weights can be esti-
mated at conceptual design level as follows. By definition, the
maximum take-off weight to perform a specified mission is

MTOW =OEW + PL +TF + RF (3)

where OEW is the operating empty weight, obtained from an
empirical correlation between OEW on one side, and MTOW
and wing size on the other side, analogous to the procedure
described in [37] for OEW, MTOW and fuselage size; PL
stands for payload; TF represents the fuel burnt during the

http: ctn.cvut.cz/ap
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flight and RF the reserve fuel. Both this last named and the
consumption in take-off, climb, descent and landing can be
considered as known fractions of the actual weight in each
phase [38]. The fuel burnt in cruise, W, is computed using
the Breguet range equation [28, 37, 38]

R=KIn _m , “4)
i = Weer
where R is range, W, the initial weight in the cruise phase, and
K a range parameter assumed constant and defined as
K=—=" 5
D ®)
J
Eq. 5 shows how the range parameter incorporates the in-
fluence of cruise speed, I/ the specific fuel consumption, ¢;,
and the average lift over drag ratio in cruise, L/D.
The average lift over drag ratio of a jet airliner in cruise is
about 92 to 95 percent of the maximum [37]. This last can be
expressed as

(£j _|mAep | S ©)
D max 4Cf Swet ’

where ¢p is the average friction coefficient (mainly depend-
ent on the Reynolds number) over the exposed area, Sy .
Since flying wings have a lower aspect ratio but also a lower
friction coefficient (due to its larger chord and, hence, larger
Reynolds number) [37] the key point is the smaller relative
exposed area. This is easily observed in Fig. 15.
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Fig. 15: Lift over drag ratio and aerodynamics of various types of
aircraft

So the lift over drag ratio of flying wings in cruise is about
20-25 percent larger than for jet transports. Eq. 6 includes
the product mA¢ that comes from the non-lift dependent
part of the drag polar, as explicit in Eq. 7.

it
TAp’

CD :CDO +

™)

Quantifying these effects, most databases suggest Cpy val-
ues in the range of 0.014-0-020 for common jets [28, 37,
38-40] but fall to 0.008-0-010 in flying wings and similar

control (LFC) can be introduced over part of the exposed area
[41-43] the non-lift dependent term decreases up to
0.007-0.008 with L/D almost reaching 30 [27].

An uncommon characteristic of flying wings is that they
have to cruise at higher altitudes than conventional jets, be-
tween 41000 and 47000 ft in the various steps of long flights.
This fact deserves some explanation. The lift coefficient for
maximum range must be [44]

CLcr = \jﬁCDO TAp 8)

where f is a parameter related to the Mach number depend-
ence of the specific fuel consumption [44]. For current high
by pass ratio turbofans it is about 0.6. This results in Cy .
around 0.5 for conventional airliners and some 0.3 for flying
wings.

In cruise, lift must balance weight; i.e.

We =L :gpch(Q:rCLch’ )

where y is 1.4, and p.,. and M, are the pressure and Mach
number at cruise conditions, respectively. Egs. 8 and 9 can be
rearranged as follows:

2 We /S

pa =2t
¢ yMgr ﬂCDO‘T[A(p

Flying wings are foreseen with cruise wing loading around
2000-3000 Pa, instead of 4000-6000 Pa of conventional air-
liners. So, with the same Mach number, lower Cpyy and much
lower wing loading than conventional airliners, the flying
wing must fly at a higher altitude (as indicated in Fig. 16) to
benefit from its intrinsic design features.

(10)
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Fig. 16: Relationship between wing loading and cruise altitude

The engines are sized following four common require-
ments [37—40]: cruise capability, take-off field length, landing
field length and second segment climb. A suitable design
value for thrust over weight ratio is 7 ,/W,,= 0.25, which in-
cludes an allowance for the thrust lapse from static take-off
to high subsonic, high altitude cruise conditions. Interest-
ingly most designs do not consider high lift devices for field
manoeuvres, due to the relatively low wing loading of flying
wings.

Closely related to the very good aerodynamics just men-
tioned, the specific range, i.e. the distance flown per unit fuel
mass burnt, is defined as

. . dR VL1
concepts. This means cruise /D around 23-25 [21, 26, 27], w = oW (11)
slightly above 20 percent over current jets. If laminar flow ‘j
© Czech Technical University Publishing House http://ctn.cvut.cz/ap/ 37
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Fig. 17: Specific range for a 300-seat flying wing, designed at M, ,;,, = 0.8, in terms of actual cruise Mach number, cruise altitude and rela-

tive weight to MTOW

For a given aircraft the specific range can also be ex-
pressed as a function of the flight conditions, according to
Eq. 12

dR

7:f(M7h’77)7

T (12)

where 7 is the relative weight with respect to MTOW.

Fig. 17 presents the specific range for a 300-seat class fly-
ing wing. The results show that the optimum altitude for the
maximum range of this precise flying wing is around 45000 ft,
as already indicated. This maximum, as a function of altitude,
is rather flat; which means that the loss of range is almost
negligible provided the flight remains between 41000 and
47000 ft. The sharp decline seen on the right hand side of the
plots is due to a sudden risen subsonic drag.

Estimating the fuel consumption in the short duration
phases of the flight (take-off, landing, etc) and integrating the
specific range over the duration of the mission yields the
payload-range diagram. A two — or three step — cruise is
commonly defined in long flights to match altitude with
decreasing wing loading. Fig. 18 presents the PL-R diagram
of the 300-seat class aircraft mentioned above. Although not
fully optimized, it may be close to future practice of FW opera-
tion. In the case of LFC, a hypothesis has been introduced. To
be conservative in the PL-R estimation it is assumed that the
LFC equipment fails completely during the last three hours of
flight, in parallel to the conditions and extra fuel allowances
required for current ETOPS (Extended range Twin OPera-
tions) [45]. Hence Fig. 18 shows three different diagrams: one
corresponding to FW without LFC; another with LFC but
keeping the same MTOW of the original aircraft (which is
not sound since the mission range is not maintained); and
another diagram with the same mission specifications but
reduced MTOW.

38 © Czech Technical University Publishing House
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Fig. 18: Payload-range diagram of a flying wing (thin line), an
LFC flying wing with the same MTOW as “forme con-
cepto” (dashed line), and an LFC flying wing with the
same mission range

Obviously the payload-range diagram is a boundary of all
possible routes. The utilization of a given airplane is quite dif-
ferent in distinct companies. Thus, Fig. 19 depicts a histo-
gram of routes flown with A340-300. The dual mode is char-
acteristic of current practice by airlines: they use the aircraft in
many medium-to-long range stages, as well as in some dense,
short steps to increase annual utilization and profits [46].
FW show greater operational flexibility for exhibiting lower
empty weight and much lower fuel consumption, thus mak-
ing route planning easier and more efficient.

Taking all fuel burnt during the flight of an LFC flying
wing, the resulting consumption is 14.6 g/pax.km or 1.82
1/pax.100km, somewhat lower than the Airbus A380 [47] and
comparable to the consumption of fully occupied efficient
cars [27].

Table 1 collects the main performances of flying wings and
common airliners of the 300-seat class. It shows the great ad-
vantages of flying wings both in fuel efficiency and in take-off
and landing field lengths.

http: /ctn.cvut.cz/ap,
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Fig. 19: Worldwide utilisation histogram of the A340-300

Table 1: Summary of field and trip performances of flying wings
and conventional airliners

A330-200 | B777-200 | Flying wing | LFC FW
Sion (M) 2390 2310 1860 1930
Sy (m) 1600 1550 1320 1350
Fuel eff. 21.5 23.5 19.8 14.6
(g/pax.km)

4 Some operational aspects of the
flying wing
This section is devoted to three meaningful aspects of

airplane operation: on-ground manoeuvres and servicing,
emergency evacuation, and vortex wake effects.

No major differences are found when studying run-
way/taxiway movements or airport terminal operations of

Fig. 20: On ground servicing of the B767-200

© Czech Technical University Publishing House

Sector length (nm)

unconventional aircraft, such as flying wings or blended-
-wing-bodies, provided they fit within the newly defined 80 m
box and the landing gear track is smaller than or equal to
14 m [48]. These limits are very restrictive for large BWB, fre-
quently designed with a wingspan greater than 100 m and
landing gear track near 20 m. It should be noted that all
major airports have already made major modifications to ac-
commodate the A380 and other potential ultra high capacity
airplanes [49], and no further major works can be justified in
the mid-term future.

With respect to servicing unconventional airplanes, there
are no relevant issues that could delay or pose serious diffi-
culties to their entry into service. As a basis for comparison
Fig. 20 shows the busy on-ground servicing of a conven-
tional medium-size airplane, the B767, with many vehicles
around the aircraft to enable a complete turn-around in about
45 minutes.

In the case of a medium size flying wing belonging to the
300-seat class, presented in Figs. 9 and 14, the rear doors can
be installed through the rear spar and trailing edges. They are
used for cabin cleaning and galley servicing. In this situation
passenger services, cargo/baggage handling and airplane ser-
vicing can be done simultaneously with the usual overlap of
activities, as shown in Fig. 21. Interestingly, the loading and
unloading of passengers in airport piers requires the finger’s
floor to be positioned about 5 m above the ground for me-
dium-size wide bodies, but at a moderate height of around
3 m through the leading edge of the flying wing. Container
loading is also performed in the front part, but at a distance
from the passenger doors. The doors of the cargo compart-
ments are at similar height, around 2.5-3.0 m, in all cases.
Waste draining is performed below the central part of the
wing and fuel refilling is carried out below the outer part of
the wing. It is evident that the situations in Figs. 20 and 21 are
very similar.

Emergency evacuation is another issue in the future oper-
ation of any aircraft. It is always a major issue, particularly in
large airplanes or when the configuration is unusual. Very lit-
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Fig. 21: On ground servicing of a 300 seat flying wing

tle has been published about this point on flying wings.
The only aspect frequently included in conceptual design
drawings is that the doors/exits are located in the leading
edge. This location entails many problems, such as the need
for structural reinforcements to assure integrity in crashes
or object strikes, or provisions to avoid cabin flooding
after ditching. Exits through the trailing edge pose fewer
problems, but they require a great deal of engineering
imagination.

To improve survivability after crashes, emergency land-
ings, etc, the airworthiness authorities require manufacturers
and operators to meet a number of design and performance
standards related to cabin evacuation. One of the most impor-
tant regulations, albeit controversial, is the 90-second rule,
which requires a demonstration in any new or derivative type
airplane that all passengers and crew members can safely
abandon the aircraft in less than 90 seconds, with half of the
usable exits blocked, minimum illumination provided by floor
lighting, and a certain age-gender mix in the simulated occu-
pants [33, 34].

The only objective of the demonstration is to show that
the airplane can be evacuated in less than 90 seconds under
the aforementioned conditions. Therefore, it only provides a
benchmark for consistent evaluation. It cannot represent acci-
dent scenarios, nor is intended for system optimization.

Since demonstrations are costly and dangerous, various
computer models have been developed by the airworthi-
ness authorities, airplane manufacturers and independent
researchers to gain insight into and understanding of the
evacuation process. However, all models have significant limi-
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tations. The results reported here are obtained with a seat-
-to-exit assignment algorithm that can be combined with
various rules to minimize the total distance travelled by all
passengers along their escape trajectories [50].

Fig. 22 shows the suitable evacuation routes and the con-
nections among various areas in the 300-seat class flying wing
considered in this paper [27]. The innermost bay has no front

Fig. 22: Evacuation corridors and exits of a flying wing

door since the leading edge there is distorted by the nose
bullet cockpit. According to the rules, only half of the exits can
be used in the 90-second trials. Several scenarios have been
analysed. The worst results correspond to the case where the
usable exits are the two front doors on one side of the plane
of symmetry, and the rear door on the other side. Table 2
summarises the results of the evacuation analysis in this con-
dition and shows a fairly unbalanced situation. In this case the
average distances are acceptable, but the maximum distance
appears rather long for a passenger escaping through the
rear exit. Moreover, the outermost front door seems to be
empty in comparison to others, but in a real trial some of the
passengers approaching the inner front door would escape
through the nearby empty door, since there would be no
queue most of the time. These results closely resemble those
of airplanes with a slightly higher capacity, like the A340-300,
DC10-30 or L1011-200 [50]. Therefore the flying wing con-
figuration suffers a certain penalty for the extra wide cabin
layout, but without posing any remarkable problem in terms
of passenger flow rate or total evacuation time.

Table 2: Evacuation results of a 300-seat flying wing

N°of evacuees | X .., (m) | X . (m)
Outer front exit 54 5.3 8.9
Inner front exit 132 6.3 10.3
Rear exit 138 10.7 18.5

http: /ctn.cvut.cz/ap,




Acta Polytechnica Vol. 47 No. 1/2007

Table 3: ICAO aircraft separation rules. For all combinations not, shown the minimum 3 nm or 79 s applies

Leader aircraft (MTOW) Follower aircraft Separation (nautical miles) Time delay (s)
(V=70 m/s)
Heavy (>136000 kg) Heavy 4 106
Heavy Medium 5 132
Heavy Light 6 159
Medium (<136000 kg) (>7000 kg) Light 5 132

Regarding the third topic, all airplanes in flight produce
an intense wake, mainly characterized by a pair of counter-ro-
tating vortices, originating at the wing tips. The wake thus
tormed is very severe, with induced velocities higher than
those found in natural atmospheric turbulence. This phe-
nomenon obliges a certain time and distance separation to be
mentioned between aircraft in take-off and landing manoeuv-
res, imposing a limit on the number of movements per
runway. Table 3 indicates aircraft separation in the terminal
area in a low-speed configuration [51].

The initial circulation of the aircraft wake, 0, is practi-
cally maintained over a very long distance downstream. It can
be computed under the hypothesis of an elliptic spanwise lift
distribution as

4w

Ty= s 13
0= Vb (13)

where W is weight (equal to lift), V' speed, b wingspan and p air
density.

Following the Hallock-Burnham model [51, 52], one of
the most realistic for describing the evolution of the vortex
wake, the maximum tangential velocity is achieved at the
radius of the vortex core. This radius enlarges downstream by
diffusion and, hence, the maximum tangential velocity decays
approximately as indicated by the following expression:

T 20 (VT
v@max:4 0 = 0 > (14)
ar, o\ «x

where 7. is core radius, and x the distance downstream.

Fig. 23 represents the evolution of the maximum tangen-
tial velocity for an A330, a B777 and a 300-seat flying wing

—— A330-200
35.0 —=— UFW

30.0 b —e— B777-200ERGB
25.0

20.0 \i\.\
15.0 -

10.0 T —a a ]
5.0
0.0
0.0 2.0 4.0 6.0 8.0 10.0

X (nautical miles)

Fig. 23: Downstream evolution of the maximum tangential speed
(in metres per second) in the wake produced by a flying
wing at take-off
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[53] in take-off. The relative positions are exactly the same in
landing. The B777 always exhibits the most intense wake,
and the FW300 the least powerful vortices. The results show
that the flying wing, which due to its weight belongs to the
heavy aircraft category (W>136000 kg in Table 3), could be
considered within the medium category in terms of airport
operations; i.e. time and distance separation, and this could
increase the number of operations at airports.

5 Conclusions

The flying wing, in its different arrangements, is one of
the most promising and efficient configurations envisaged to
face the increasing demand for air traffic and attenuate the
impact produced by so many aircraft operations. This config-
uration, already studied in the 1930s and 1940s, is presently
receiving a great deal of attention because of its potential ad-
vantages over conventional competitors in field, its cruise
performances and its greater environment-friendliness.

Current interest focuses on the so-called blended-wing-
-body layout, in which the fuselage is substituted by a much
flattened body that coalesces with a conventional outer wing,
and a rather pure flying wing, with straight leading and
trailing edges. Not only very large but also medium-size air-
craft, similar in passenger capacity to common wide bodies,
exhibit a remarkable improvement over conventional air-
planes in field and cruise performance, as well as in emissions
and noise. The flying wing configuration may better exploit
emerging technologies such as laminar flow control, vectored
thrust or active stability, taking even these advantages even
further.

There are also many open issues: the structural arrange-
ment around the cabin; emergency evacuation; large size ef-
fects (beyond the 80 m box or the 14 m lading gear track);
passenger acceptance of an uncommon cabin layout; vertical
accelerations in gusty weather or roll manoeuvres; etc.

Taking into account the very positive results published by
many researchers all over the world, and the level of difficulty
of the still open questions, the flying wing could become a new
paradigm for commercial aviation and could enter into ser-
vice within the next decade.
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