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Wing and Propeller Design for Alroraft

TECHMNICAL FIELD

i1} This disclosure generally relates {0 reducing drag on an aireraft,

BACKLGROUND

{2} An girerafl generates Lift by veducing the alr pressure on top of Hs wings and
increasing the air pressure underneath its wings as # travels through the air. The difference in air
pressure ailows the aircraft to v, An aireraft in flight typically bas wings that hit the air at an
angle of attack. An angled wing also generates 1ift by pushing down on the air directly beneath it.
This creates a dowoward rush of air directly behind the siveraft, This downward vush of air is
called “downwash” and it is left behind an aircrafl a3 It travels through the air. As air is pushed
down by the sircrafl’s wings, one or more frailing vortices or wing-irailing vortices may be
generated. Trailing vortices are circular patterns of rotating air left behind the wing as it

gengrates jift

i3 in particular embodiments, a wing and propelier design may reduce the power
required o propel an aircraft in flight. This may be achieved by reducing downwash and trailing
vortices that occur naturally on the aireraf’s wings. A reduction in downwash and trailing
vortices may in turmn reduce the overall drag on the aircraft. Reduction in drag may be
accomplished by an airerafl that comprises a number of propellers Ny, wherein each propelier
comprises a dlameter dyppp, bas a propeller efficiency Nppop, and is conﬁgured to absorb power
Porop to 1otale al a rate RPM 1o generate thrust for a flight speed V of the alreraft, A total power
Drotw absorbed by the propeliers may be spproximately Pppog % Nprop. The aircraft may also
include a wing having a circulation distribution, wherein the wing comprises a wingspan 8, The
drag I} on the aircraft may be approximately equal 10 Prorar ¥ Wrep/ V. Pinally, for Vand 5,

the cireulation distribution, dypgp. and RPM substantially minimizes .
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{4} in particular embodiments, an aircraft may comprise a horizontal wing having a
wingspan B. When the atrcraft is in flight, the horizontal wing may produce a trailing vortex with
a first induced velocity in a first divection. This trailing vortex may be a circular paitern of
rotating air left behind the wing as it generates 1ift. The aircraft may produce one or more of
these trailing vortices, The trailing vortices may cause downwash which in turn may cause drag
on the wing. To counter this effect, the aireraft may inclnde a plurality of propellers thal, when
penerating thrast, produce a propeller wake vortex with a second induced velooity in a second
direction, wherein the propeller wake vortex cancels out at least some of the wing trailing vortex.

{5 In an embodiment poep. 18 loss than 1450 watls.

{6} In an embodiment the atreraft, when in flight at an altitude above 40,000 feet,
matntains & flight epeed ¥V of 25 meters per second.

7 In an embodiment the aireraft, when in flight at an altiinde above 40,000 feet,
follows a particular path pattern that is one of a cirenlar path, an elliptical path, or a straight hine

path,

g

18} In an embodirent the wing circulation distribution follows a parabolic curve,

{8} in an embodiment the wingspan ¥ is between 30 and 60 meters,
{91 in an embodiment the horizonial wing 83 an aspect ratio of at least 10,
{
11}  In an embodiment the horizontal wing produces, when the ajrcrafl is in flight, a
wing trailing vortex with a first induced velocily in g first divection; and
at least some of the propellers, when geperating thrust, produce a propelier wake vortex with a
second induced veloeity in a second direction, wherein the propelier wake vortex cancels out at
ieast some of the wing tratling vortex.

{121  Inan embodiment the propellers rotate at an RPM of at least 5300

131 Inan embodiment the propeliers are affixed to the horizontal wing,

[14]  Inan embodiment Ny, 15 6

{151  Inanembodiment dygy 19 1.3 meters.

116] In an embodiment each propelier comprises a hub and each hub has g hub
diameter dpyp, whereln dyyp/ prgp = 0.2,

[17]  In an embodiment thrust is evenly distribuied ameong the propellers.
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18] The embodiments disclosed herein are only examples, and the scope of this
disclosure is not limited to them, Particnlar embodiments may include all, some, or none of the
components, clements, features, functions, operations, or steps of the embodiments disclosed
ahove. Embodiments according to the invention are in pariicular disclosed in the attached claims
directed to a method, a storage medium, a system and a computer program product, wherein any
feature mentioned in one claim category, ¢.g. method, can be claimed in another claim category,
e.g. systemn, as well, The dependencies or references back in the attached clalms are chosen for
formal reasons only, However any subiect matter resulting from a deliberate reference back to
any previous claims {in particular multiple dependencies) can be claimed as well, so that any
combination of claims and the features theveof are disclosed and can be claimed regardiess of the
dependencies chosen in the attached claims. The subject-matter which can be claimed comprises
not only the combinations of features a3 set ot in the attached claimos but also any other
combination of featurss in the claims, wherein each feature mentioned in the claims can be
combined with any other feature or combination of other features in the claims. Furthermore, any
of the embodiments and features described or depicted herein can be clabmed in 8 separate claim
and/or in any combination with any embodiment or feature described or depicted herein or with

any of the features of the attached claims,

BRIEF BESCRIPTION OF THE DRAWINGS

{191  FIG. 1A illustrates example trailing vortices produced by ap example wing of an
example atrerafl.,

28] FIG. 1B illustrates more detail related to cxample trailing vortices produced by an
exampie wing of an example airerafl,

21} FiG. 2 illustrates an example propeller wake vortex produced by an example
propelier of an example aircraft.

22} FIG. 3 illustraies example induced velocities produced by an example wing and
gxample propeliers.

1231 FIG. 4 iHlustrates an example giverafl,

24] PG, 5A illusirates an example normalized section profile of an example wing

cross section profife.



WO 2018/190922 PCT/US2018/013052

251 FIG. 5B illusirates an example Bt coefficient as a function of the angle of altack
£y, = fi{a) for a given section of an example wing.

36} FIG. 30 illusirates drag cocfficient as a function of the Lift coefficient {p =
ol ) for a given section of an example wing.

271 FIG. 6A iHustrates example parabolic circnlation distributions for an example
wing.

281 FIG. 68 ilhusirates example linear circulation distributions for an example wing.

291 FIG. 7A illustrates an example wing soction pitch angle for B = 60m and
V= 25m/s.

301 FIG. 78 illustrates an example wing section chord length for 8 = 60m and
V= 25m/s.

31} FIG. 7C iflustrates an example circulation glong an example wing span for
7 Hlmand Vo= 25 m/s.

331 FIG. 7D illustrates an example induced velocity for an example aireraft for
B=ohmand V =25 m/s

{33}  FIG. 7E illusirates an example propeller blade pitch angle for B = 60m and
Vo= 25m/s.

34] FIG. 8 tllustraies an example compnter system.

BESCRIPTION OF EXAMPLE EMBODIMENTS

351  When a plane flies, its wings create a “wingtip vortex” also referred to as a
“eratling vortex,” Trailing vortices are circular patterns of rotating air lefi behind a wing as it
generates 1ift, Tratling vortices cause induced drag and also reduce the effectiveness of the wing
to generate 1ift. These vortices can occur at other places on the wing besides just the wing tip,
Trailing vortices are associated with induced drag and downwash. Induced drag is an
aerodynamic drag force that ocours whenever 8 moving object redirects the airflow coming at it
This drag force occurs in alrplanes due io wings or a lifting body redirecting atr to cause L
When producing i, air below the wing is generally at a higher pressure than the air above the
wing, while air above the wing Is generally at 8 lower than atmospheric pressure. On a wing of

fintie span, this pressure difference causes air to flow from the lower surface wing root, around
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the wingtip, towards the vpper surface wing root. This spanwise flowing air combines with
chordwise flowing air, causing a change in speed and direction, which twists the auflow and
produces vertices along the wing trailing edge. Downwash iz the air that is deflected when i
flows arcund an airfoil,

1361  In particular embodiments, a wing and propeller design way reduce the power
required to propel an aircraft in fight. This may be achieved by reducing downwash and trailing
vortices that ocour naturally on the aircraf’s wings. A reducton in downwash and trailing
vorlices may in twn veduce the overall drag on the aireraft. Reduction in drag may be
accomplished by an aircraft that comprises a number of propeliers a mumber of propeliers Np,op.
wherein each propeller comprises a diameter dy,p, has a propeller efficlency upqy, and
configired to absorb power Pyrgy 10 rotate at a rate RPM 1o generate thrust for a flight speed V
of the aireraft, A total power Prgey absorbed by the propellers may be approximately porop X
Nprop. The aivcraft may also include a wing having a circulation disiribution, wherein the wing
comprises & wingspan 8. The drag D on the aircrafl may be approximately equal to
Protai % fprep/ V. Finally, for V and B, the civculation distribution, dygp,, and RPM
substantially minimizes £,

371 In particular embodiments, an aircrafl may comprise a horizontal wing having a
wingspan 8. When the atveraft is in flight, the horizontal wing way produce a trailing vortex with
a first induced velocity in a first direction, This trailing vortex may be a cireular patiern of
rotating air left behind the wing as it generates Hift. The aireraft may produce one or more of
these trailing vortices, The trailing vortices may cause downwash which in turn may cause drag
on the wing, To counter this effect, the aircrafl may include a plurality of propellers that, when
generating thrust, produce a propelier wake vortex with a second induced velocity in a second
direction, wherein the propeller wake vories cancels out af least some of the wing trailing vortex.
This second induced velocily may be understood to cause spwash on the wing. The upwash may
counter the downwash and may thus reduce the overall drag on the wing. Such a design may
result in a fixed-wing aircrafl propelled by propeliers that would fly at a specified speed and
provide a specified lift to support a specified weight including the weight of the craft and the

load it carries while maintaining power cfficiency.
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[38] FIG. 1A illustrates example irailing vortices produced by an example wing of an
example aircraft. A wing may produce one or more trailing vortices gs it travels through the air,
These trailing vortices may be located at the wing tips or at any other point along a wing or other
component of an aircraft. A trailing vortex may be a circular pattern of rotating air left behind the
wing as it generates Lift. If viewed from the tail of the plane, a trailing vortex on the left wing
may rofate in a clockwise direction, and a trailing vortex on the right wing may rotate in a
counier-clockwise direction. These two types of vortices, working together, may generate a
region of downwash behind the aircraft. Trailing vortices may be associated with induced drag
and downwash, which reduce the efficiency of an aircraft in fight and thus cause more power o
be consumed than if no induced drag or downwash were present. Induced drag may be a force
that eccurs whenever a moving object redirects the awrflow coming at i, Iis direction may be
substantially opposite the direction of the moving object.

1391 FIG. 1B ilustrates more detail related to example frailing vortices produced by an
example wing of an example aircrafl. As can be seen by the wings ilhustrated in FIG. 18, as the
wings fravel through the air when in flight, the wings may produce one or more trailing vortices,
These vortices may contribute to an induced velecity w or downwash on the wing, Induced
velocity w may be g consequence of the wing trailing vortices, Induced velocity w may be in g
direction substaniially opposite to the lifting force that the wing produces as it fravels through the
air, Associated with induced velocity w may be induced drag B, Induced drag & may bs a force
that ocowrs whenever a moving object redirects the airflow coming at it. Its direction may be
substantially opposite the direction of the yooving obiect. Because trailing vortices coniribute to
induced veloctty w, which in turn is associated with induced drag B, it follows that reducing or
eliminating some or all of the {railing vortices on the wing may reduce the induced drag £ on the
wing, and thus decrease the power required to fly the aircraft. One way to reduce the trailing
vortices may be to create a counter force to combat the trailing vortex. Because a tratling vortex
is a circular pattern of rotating air in a particular direction, creating a circular pattern of rotating
air in g direction that is opposite io the wing tratling vortex may cancel or reduce af least some of
the wing trailing vortex, As a consequence the induced velocity w and the induced drag & may
alse be reduced. To create a circular pattern of rotating air in a direction that is opposite {o the

wing trailing vortex, particular embodiments may provide one or more propeliers that rotate in a
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divection necessary 1o produce one or more such circular paiterns of rotating air. Although this
disclosure describes providing propellers in a particular manner, this disclosure contemplates
providing propeliers in any suitable manner.

1407 FIG. 2 illostrates an example propeller wake vortex preduced by an example
propelter of an example aireraft. If viewing the propelier from the front, the propelier may rotate
in a clockwise direction, and may produce a propeller wake vortex that alsoe rotates iIn a
clockwise direction. H placed on an aircraft’s left wing, & propeller rotating in g clockwise
direction may reduce or cancel the wing trailing voriex produced when the left wing travels
through the air. This may be because the alrerafl’s left wing produces a wing trailing vortex that
totates in a counter-clockwise direction when viewing the wing from the front. Likewise, on the
opposite wing, the right wing, a propeller rotating in a counter-clockwise direction may reduce or
cancel the wing trailing vortex produced when the right wing travels through the air. This may be
because the alrcraft’s right wing produces a wing trailing vortex that rolates in g clockwise
direction when viewing the wing from the front. Although this disclosure describes generating a
propeiler wake vortex in a parficular manner, this disclosure conternplates generating a propeller
wake vortex in any suitablie manner.

1411 FIG. 3 ilustrates example induced velocities producad by an example wing 310
and example propeliers {(not shown). In particular embodiments, & horizontal wing 310 produces,
when the aircrafl is in flight, wing tratling vortices 328 and 340 with a first induced velocity w in
a first divection. The direction of w in the illustration of FIG, 3 is substantially dowmward,
opposite the direction of the lifiing force produced when the wing is in fight. Wing 310 may
have one or more propellers affixed o it In this example, two propeliers may be affixed to wing
310, one near either tip. In this example, the propellers are not shown, but their propelier wake
vortices 330 and 350 are shown. The propellers, when roiating, may generate propelier wake
vortices 330 and 350 that rofate in g direction opposite to the rofation of the wing irailing
vortices 320 and 340. Propeller wake vortices 330 and 350 mayv cancel out gt lesst some of the
wing trailing vortex, In particular embodiments, this cancellation roay resull in a veduction in the
first induced velocity w because of 8 second induced velocity w that is in an opposite direction
the first induced velooity w. In this example, the second induced velocity w may be substantially

upward. Becauvse the first indoced velocity w has been reduced, the induced drag & may also be
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reduced. Because there is less drag on the aireraft, the sivrcrall may require less tolal power prag
when in flight than it would reguire without the cancellation effect described above, In particular
embodiments, the propellers on the right side of the aircraft may need 1o rotate in the oppusite
direction of the propellers on the left side of the aircraft. Even though the propellers spin in
apposite directions, they may nonstheless generate thrust in the same direction. This may be
accomplished by designing propellers on one side of the aircraft to have the opposite propetiier
blade pitch 840, as the propeliers on the other side of the airerafl. Although this disclosure
describes generating a propeller wake voriex in g particular manner, this disclosure contermplates
generating a propeller wake vortex in amy suttable manner.

(421  In particular embodiments, a total power Preey absorbed by the propellers is
approximately Purop X Nppep. In particular embodiments the total thrust to overcome any Wing
drag may be evenly distributed among the propellers, the magnitude of the propelier blade pitch
Burap for each propeiler may be the same, and the propellers may rotate at ihe same RPM. The
propeller RPM may be sufficiently high thet the unsteady offect of the flow induced by the
propellers in the flow field cuside their wakes downstream may be negligible. In particular
erabodiments, the aircraft may have g wing having a circuslation distribution, wherein the wing
comprises a wingspan . In particular embodinents, when the aircraft is in flight, the aircrafl
may experience a drag D that is approximately equal © Proraqr X Mprap/ V. Al least part of the
this drag D may be induced drag caused by downwash, which in torn may be caused by one or
more wing trailing vortices, The propellers may rotate in such a direction that their wakes cause
wpwash on the wing, This may reduce the downwash due to the wing's wake, and thus may
reduce the induced drag of the wing. For a given section of the wing, the section’s 1ift cosfficient
as a function of the angle of attack £, = £, {2} and the section’s drag coefficient as a function of
the 1ift coefficient £ = fp{{,) are shown in FEGS, 5B and 8C.

143]  In particular embodiments, for a given V7 and a given B, the circulation
distribution, dypgp. and RPY substantially minimizes D, In particular embodiments, the
combination of parameters that substantially minimizes D may be B = 60m, V = 25 m/s, wing
circulation distribution 602 (as shown in FIG. 6A), dprep = L5m, and RPM =500, In

particnlar embodiment, when D is reduced using the above parameters, the total power Progs
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required to fly the aircraft may be less than 1430 watts, In particulay embodiment, additional
constraints may be applied, such as constraints on the wing span, flight speed, flight altitude, eic.
If additional constrainis are applied, the total power Pea required to fly the atrersft may
increase. As an example and not by way of limitation, if a constraint on the wingspan 5 i3
applied such that B < 40, the total power Prgey vequired to fly the alrerafl may be less than 2200
watts, Although this disclosure describes a particular combination of parameters applied o an
atrerafi in 2 particular manner, this disclosure conteraplates any sutiable combination of
parameters applied 1o an aireraft in any suiisble manner.

44}  FIG. 4 illustrates ap example aireraft 400, To reduce drag and thus reduce the
amount of power required to propel an atreraft, in particular embodiments, an aircrafl may
comprise a number of components with particular dimensions arranged in a particular
arvangement. A number of propellers 410-460 Ny, may be provided. Esch propelier 410-460
may have a diameter dpyop, @ hub diameter dy, ., 2 propeller blade pitch 8y, & propeller chord
length Cppop and a propeller efficiency Ny, The propeller etfiviency may be used to caleulate a
total POWEE Prgpe tequired io fly the airerafl. Each propeller may be configured to absorb power
Purop- LHis may allow the propeller to rotate at a rate RPM o generate thrust for a flight speed V
of the atreraft, When rotating at a rate RPM, the propeller may have g tangential velocity, The
tangential velocity may be used to derive the strength of the cirenlation of the propeller wake
vortex. Once the circulation strength is determined, the induced velocities at the wing sections
close to the propeller wake vortices may be calculated. The strength of the shed wake vorlex
systern along the wing span may be derived based on the conservation of the circulation of the
voriex system, gy} = - ﬁi:g}j As an example and not by way of limitation an aircrafl may te
designed with the following design parameters: required It 7 = 4,000 N, altitude of flight: H
= 6,000 fi; flight speed: V' = 25 w/s; wing spane 8 = 40 m; wing cross section profile: MACA
2410 {(Lift coefficient (L = B8 is selected for the design, angle of attack & = 6° and diag
coefficient £, = .0079). The normalized section profile of such a wing cross section profile is
shown in FIG. 3A. The section’s it coefficient as a function of the angle of attack and the
section’s drag coefficient as 2 function of the iff coefficient are shown in FIGK, 5B and 8C,

respeciively, In pariicular erobodiments, when the aircraft is flying above a threshold altitude
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{e.g., 40,000 fest), the alrcraft may maintsin a flight speed of 25 m/s. In particular embodiments,
flight speed may mean wind speed and not absolute ground speed. As an example and not by
way of limitation, if the aireraft is flving into & 10 n/s headwind, to maintain a wind speed of 25
m/s, the absolute ground speed of the aircraft may be 15 m/s. As another example and not by
way of limitation, if the aircraft is flying with a 10 m/s tailwind, to maintain a wind speed of 23
my/s, the absolute ground speed of the aircraft may be 35 m/s. The example aircraft may further
include the following design parameters: a circulation distribution form of the wing section at the

wing tip ¥y = 0.6, and a circulation distribution form of the wing section along the wing span
X . 2y , . . ,
yi¥{yy= L0+ (¥ ~ 1) (—-én) , where y is the position along with wing span. The example

aircraft may further include 6 propeliers with 2 blades each, with dyrpp, = 1.5 m, dpyp = 03 m.
The propellers may be located along the wingspan in the following locations: Yprppy =
+60.3 (—?) {for propellers 430 and 440), Vprppe = 0.7 (—ii) {for propellers 420 and 450 and
Yprops = 10 @) {for propeliers 410 and 460). As an example and not by way of limitation, a
propeiler efficiency for the above design may be fyrep = 0.835. Although this disclosure
describes combining particular parameters in a particular manner, this disclosure contemplates
combining any suitable parameters in any suitable manner.

[45] In particular embodiments, several parameters associated with the aircrafl 400
may be varied. As examples and not by way of limitation, the flight speed V may be V =
(15,20,25,30m/s; the wing spas B may be B = (30,40, 50,60 m; the propeller diameter
Horop may be 1O mor 1.5 m, with dyyy /dprop = 0.2; an RPM between 800 and 2400 rotations
per muinute; and any one of several different wing circulation distributions Y{(y). FIG, 6A
illnstrates five example parabolic circulation distributions 601-605. FIG. 6B illustrates 6 linear
cireulation distributions 606 - 611, In particular embodiments, one or more design parameters
may be fixed. As an example and not by way of limitation, fixed parameters may include:
required 1t {e.g., 4,000 N); required altitude (e.g., 60,000 fi.}; the wing cross-section profile
{e.g., NACA 2410, the number of propellers ny,qp (6.8, 6 propellers); the number of blades on
the propellers {e.g., 2 blades per propeller); the locations of propellers along the wing span (e.g..

see propeller positions in previous paragraph); and the thrust allocation among the propellers
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{e.g., even allocation where every propelier has the same pitch angle and rotates with the same
RPAM), Although this disclosure describes varying particular parameters in a particular manner,
this disclosure contemplates varying any suitable parameters in any suitable manner,

467  FIG. 7A illustrates an example wing section pitch angle for B = 60m and
¥ = 25 m/s. The plot on the left represents the pitch angle for a design with dpgp = 15 m,
The plot on the right represents the pitch angle for a design with dypop = 1.0 m. The horizontal
axis represents the location v along the wing of an abreraft {e.g., alrcraft 400}, Although this
disclosure describes particular pitch angles for particnlar locations along a wing, this disclosure
contemplates any suitable pitch angles for any suitable location along a wing,

[47] FIG. 7B illustrates an example wing section chord length for 8 = 60m and
V = 25 m/s. The plot on the left represents the cord length for a design with dpppp = 1.0m.
The plot on the right represents the chord length for a design with oy = 1.0 m. The horizontal
axis represents the location v along the wing of an aircraft {e.g., sircraft 400). Ahbough this
disciosure deseribes particular chord lengths for particular locations along a wing, this disclosure
contemplates any suitable chord length for any suitable location along a wing.

[48] FIG. 7C illustrates an example circulation along an example wing span for
B = 60m and ¥V = 25 m/s. The plot on the lefl represents the cirevlation for a design with
dprop = L5 m. The plot on the right represents the circulation for a design with dy,, = 1.0
The horizontal axis represenis the location y along the wing of an aijreraft {e.g., aireralt 400}
Although this disclosure describes particular civeulation distributions for particular locations
along a wing, this disclosure contemnplates any suitable circulation distributions for any suitable
iocation along a wing.

14%]  FIG. 7D illustrates an example induced velocity along an example aircrafl for
B = 60m and V = 25 m/s. The plot on the left represents the induced velocity for a design with
Aprop = 1.5 m. The plot on the right represents the induced velocity for a design with dy,gy, =
1.0 w1, The horizontal axis vepresents the location y along the wing of an aireraft {e.g., aircrafl
4003, The parameters i, and u, may be the cornponents of the induced velocity due o the vortex
systems shed from the wing and the propellers. In particelar embodiments, the confribulions

the vertical induced velocity component by the wing and the propellers may also be taken into
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consideration. The propeller wakes may have a significant effect on the induced velocity on the
wing and thus the design of the wing section plich angle and the cord length. Although this
disclosure describes particular circulation distributions for particular locations along a wing, this
disclosure contemplates any suitable circulation distributions for any suitable location slong 8
wing.

{567 FIG. TE illustrates an example propelier blade pitch angle for 8 = &60m and
V = 25 m/s. The horizontal axis may be the non-dimensional radius of the blade section v
normalized by the propeller radins R, where R = dy,,,/2. Using the propeller blade piteh
angles as illustrated in FIG. 7E, the propeliers’ wake vorlices may cancel at least some of the
downwash effect on the wing, thus reducing the wing resistance. Although this disclosure
deseribes particular propeller blade pitch angles at particular locations v along a propelier, this
disclosure contemplates any suitgble propelier blade pitch angles at any suitable location v along
a propeller,

iS11  In particular embodiments, the wing span B may have a significant effect on the
design of the wing and propeller. In particular embodiments, particular combinations of
particular parameters may lead to greater or lower power consumption by the aircraft while in
flight. As an example and not by way of limitation, the total power required o fly an awcraft

with varying wingspans B at varying flight speeds ¥ may be summarized in the following table:
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Table 1: Power Values for Different Combinations of Vand 8

¥ {m/s) ¥ {m/s} LV (mds) ¥ {m/s}
¥ {m} R 20 /s 25 m/s 30 m/s
30 m 6355 W 4232 [IOW 3062 W
40m w283 W 214 W 216 W
S0m IR0 W 1790 W 1695 W 687w
60m 1667 W ddTw MITW 1445 W

52}  As shown in Table 1, the combination of J and B that leads to the lowest power
consumption i3 ¥V = 25 m/s and F = 60 m. For ¥ and 8 values in the Table 1, the following
design parameters may be set: wing circulation may be set at distribution number 2, propeller
diameter may be 1.5 m, and propeller RFM may be 500, With V = 25 m/s and 8 = 60 m, this
may lead to a total power consumption of 1417 watis, Power consumption values may be
measured for other combinations of parameters, inchuding, e.g., wing distribution number versus
wingspan; propeller RPM versus wingspan; flight speed and wing distribution; or any other
suitable combination. Although this disclosure describes measwring power consumption in 8
particular manner, this disclosure contemplates measuring power consurnption in any suitable
MANNET,

1331 In particular embodiments, when the airerafft is flying at an altitude above 40,000
feet, it may be at “cruising altitude.” Cruising altitude may be between 40,000 feet and 70,000
feet, When the aircrafl is in flight above 40,000 feet, it may follow a circular path, an elliptical
path, or a siraight Hine path. For actual operation of the aircraft, the aircraft may fly within a
vicinity of a target reference point fixed on the ground; the aircraft may play as near as
practicable to the reference point. During operation, the aircraft may need to make turns to keep
its flight within a specified range of the reference point. Because of this, the flight speed may
change. This may mean the aireraft may fly at a speed different from the design flight speed
{e.g., V = 25 m/5) for a portion of the total flight time. The energy efficiency may be reduced
{and thus the required total power may increase) with the aircrafl is flying at an off-design speed.
Selection of the flight path and the flight speed may affect the total energy consurnption by the

atrcraft, If the aircraft is flving in a circular path, the aircraft may fly in a circle about the
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reference point. The distance of the craft 1o the refbrence point may remain constant {or
substantially constant), This may enable the aircraft {o fly at the design speed {e.g., ¥V = 25 m/s)
with high energy efficiency {e.p.. less than 1450 watis). Furthermore, the flight radins may be
sufficiently large so that it may be assumed that the aiveraft may be flying slong a straight Hne.
In particular embodiments, the alreraft may follow an elliptical, rather than circular, pattern. An
eiliptical pattern may be desirable in windy conditions. In particular embodiments, the aireraft
may follow a substantially straight-line path, only turning at the end of the designated line
segment, and then tracing the same path it just flew, s0 85 o remain relatively close to the
reference point. In particular embodiments, the energy efficlency and the total energy
consumption of the aircrafl may depend on weather conditions and selection of the flight path
patierns, Yariation in wind speed may result in reduction in the energy efficiency of the aircrafl,

1541 In perticular embodiments, a control system may be installed on the sirerafl,
which may be configured to change the wing’s pitch angle (e.g., angle of atiack} in real time in
order 1o adapt to the change of the wind conditions. As an example and not by way of Hmilation,
the control system may use some or all of the compeonents and systems illustrated and deseribed
by FIG. § and the accompanying discussion. Although this disclosure describes providing a
control system in a particnlar manner, this disclosure contemplates providing a control system in
any suitable manner,

[83] Fi. 8 illustraies an example computer system 800, In particular emnbodiments,
one or more computer systerns 800 perform one or more steps of one or more methods deseribed
or illustrated herein. lo particular embodiments, one or more computer systems 800 provide
functionality described or illustrated herein, In particular embodiments, software running on one
or more compruter sysiems 800 performs one or more steps of one or more methods described or
Hustrated  herein or provides functionalily described or illusirated herein,  Parlicular
embodiments include one or more portions of one or more computer systems 800, Herein,
reference to a compuler system may encompass a computing device, and vice versa, where
approprigte. Moreover, referepce {0 a compuier systenm may encompass one of more computer
systems, where appropriate.

1561 This disclosure coniemplaies any suitable number of computer systems 300, This

disclosure contemplates computer system 800 taking any suitable physical form. As example and
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not by way of limitation, computer system 8990 may be ag embedded computer systom, g sysiemn-
on-chip {8CC), a single-board computer system (SBCY (such as, for example, a computer-on-
module ({COM) or system-on-module (SOM)}, a desktop computer system, a laptop or notebook
computer sysiem, an interactive kiosk, & mainframe, a mesh of computer systems, a mobile
telephone, g personal digital assistant (PDA), a server, a tablet compoler system, an
augrnented/virtual reality device, or a combination of two or more of these. Where appropriate,
computer system 800 may include one or more computer systoms 800; be unitary or distribuied;
span muliiple locations; span multiple machines; span multiple data centers; or veside in a cloud,
which may include one or more cloud components in one or more networks, Where appropriate,
one or more cornputer systems 800 may perform without substantial spatial or temporal
Himitation one or more steps of one or more methods deseribed or illustrated herein. As an
example and not by way of limitation, one or more computer systems 800 may perfortn in real
tirne or in bateh mode one or more steps of one or more methods described or Hlustrated herein.
{ine or more compuier systems 800 may perform at different thnes or at different locations one
or more steps of one or more methods described or illustrated herein, where appropriate.

I87]  In particular embodiments, computer system 800 includes a processor 802,
memory 804, storage 806, an input/ouiput (1/0) interface 804, a communication interface 816,
and a bus 812, Although this disclosure describes and tllustrates g particular computer aysiem
having a particular number of particular components in 8 particular arvangement, this disclosure
contemplates any suitable compuier system having any suitable number of sny suitable
components in any suitable arrangement.

58] In particular embodiments, processor B0Z includes hardware for execuling
instructions, such as those making up a computer program. As an example and not by way of
limitation, to execute instructions, processor 302 may retrieve {or fetch) the instructions from an
internal register, an inlernal cache, memory 804, or storage 806; decode and execute ther; and
then write one or more results to an internal register, an internal cache, memory 804, or storage
806, In particular embodiments, processor 802 may include one or wore internal caches for data,
instructions, or addresses. This disclosure contemplates processor 802 including any suitable
mumber of any suitable internal caches, where appropriate. As an exaniple and not by way of

limitation, processor 802 may include one or more instruction caches, one or more data caches,
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and one or more transiation lookaside buffers (TLBs), Instructions in the instruction caches may
be copies of insiractions in memory 804 or storage 806, and the instruction caches may speed up
retrieval of those instructions by processor 802, Data in the data caches may be copies of data in
memory 804 or storage 806 for instructions executing at processor 802 to operate on; the results
of previous instructions execwied at processor 802 for access by subsequent instructions
executing al processor 02 or for writing to memory 8§04 or storage 806; or other suitable data,
The data caches may speed up read or write operations by processor 802, The TLBs may speed
up virtual-address translation for proceasor 802, In particular embodimenis, processor 802 may
include one or wore internal registers for dats, instructions, or addresses. This disclosure
contemnplates processor 802 including any suitable number of any suitable internal registers,
where appropriate. Where appropriate, processor 802 may include one or more arithmetic logic
units (ALUs), be a multi-core processor; or include one or more processors 802, Although this
disclosure describes and illusirates a particular processor, this disclosure contemplates any
suitable processor,

591 In particular embodiments, memory 304 includes main memory for stornng
instructions for processor 802 to execnte or data for processor 802 to operate on. As an example
and not by way of limitation, computer system 800 may Ioad instructions from storage 806 or
another seurce (such as, for example, another computer system 800) {o memory 804, Processor
802 may then load the instructions from mermory 804 to an internal register or internal cache, To
execute the instructions, processor 802 may retrieve the instructions from the internal register or
internal cache and decode them, During or after execution of the instructions, processor 802 may
write one or more results {(which may be intermediate or final resulis) to the internal register or
internal cache. Processor 802 may then write one or more of those resulis to memory 804, In
particular embodiments, processor 302 executes only instructions in one or mors internal
registers or internal caches or in memory 804 {(as opposed to storage 806 or elsewhere) and
operates only on data in one or more internal registers or internal caches or in memory 804 (as
opposed to storage %06 or elsewhere). One or more memory buses (which may each include an
address bus and a data bus) may couple processor 802 1o memory 804, Bus 812 may include one
o1 more memory buses, as described below. In particular embodiments, one or more memory

management units (MMUs) reside between processor 802 and memory 804 and facilitaie
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accesses to memory 804 requested by processor 802, In particular embodiments, memory 804
inciudes random access memory {RAM), Thic RAM may be volatile memory, where appropriate
Where appropriate, this RAM may be dynamic RAM (DRAM) or static RAM (SRAM).
Moreover, where appropriate, this RAM may be single-ported or multi-ported RAM, This
disclosure contemplates any suilable BAM. Memory 804 may include one or more memories
804, where appropriate. Although this disclosure describes and ilfustrates particular memory, this
disclosure contemplates any suitable memory,

i68] In particular embodiments, storage 806 includes mass storage for data or
instructions, As an example and not by way of Hmitation, storage 806 may include a hard disk
drive {HDD), a floppy disk drive, flash memory, an optical dise, a magneto-optical dise,
magnetic tape, or a Universal Serial Bus (USB) drive or a combination of two or more of these,
Storage 806 may include removable or non-rernovable {(or fixed) media, where appropriate.
Storage 806 may be internal or external to computer system 800, where appropriate. In particular
embodiments, storage %06 is now-volatile, solid-state memory. In particuley embodiments,
storage 806 includes read-only memory (ROM), Where appropriate, this ROM may be mask-
programmed ROM, programmable ROM (PROM), crasable PROM (EPROM), electrically
erasable PROM (EEPROM), electrically alterable ROM (EAROM), or flash memory or a
combination of two or more of these, This disclosure contemplates mass storage 806 taking any
suitable physical form. Storage 806 may include one or more storage control unils {acilitating
communication between processor 802 and storage 306, where appropriate. Where appropriate,
storage 806 may include one or morve storages 300, Although this disclosure describes and
iHlustrales particolar storage, this disclosurs contemplates any suitable storage.

i61]  In particular embodiments, VO interface 808 includes hardware, software, or both,
providing one or more inlerfaces for communication between computer systerm 800 and one or
more VO devices. Computer system 800 may include one or more of these VO devices, where
appropriate. One or move of these VO devices may enable conymunication between a person and
computer sysiern 800, As an example and not by way of Hmitation, an O device may inchude a
kevboard, keypad, microphone, monitor, mouse, prinfer, scauner, speaker, still camera, stylus,
tablet, touch screen, irackball, video camera, another suitable /0O device or a combination of two

or more of these. An O device may include one or more sensors, This disclosure contemplates
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any suitable VO devices and any suitable VO interfaces 08 for them, Where appropriate, VO
interface 808 may include one or more device or software drivers ensbling processor 802 to
drive one or more of these IO devices, VO interface 808 may include one or more VO interfaces
808, where appropriste. Although this disclosure deacribes and illustrates a particular 1O
interface, this disclosure contemplates any suitable VO interface,

(62} In particular embodiments, communication interface 810 includes hardware,
software, or both providing one or more interfaces for communication {such as, for example,
packet-based communication) between computer system 800 and one or more other computer
gysterns 800 or one or more networks. As an example and not by way of limifation,
comumunication interface 810 may include a network interface controller (MNIC) or network
adapter for communicating with an Ethernet or other wire-based network or a wireless MNIC
{(WNICY or wirgless adapter for communicating with a wireless network, such as a3 WEFI
network. This disclosure contemplates any suitable network and any suitable communication
interface 810 for i, As an example and not by way of Lmilation, computer systemm 800 may
communicate with an ad hoc network, a personal area network (PAN), g local area network
{LAMD, a wide arca network (WAN), 2 metropolitan grea network (MAN), or one or wore
portions of the Inlernet or a combination of two or more of these. One or more portions of one or
more of these networks may be wired or wireless, As an example, compuier sysiem 800 may
conutunicate with a wireless PAN (WPAN) (such as, for example, a BLUETOOTH WPAN), a
WI-FL network, a WEMAX network, a cellular telephone network (such as, for example, a
Global System for Mobile Communications (GSM) networl), or other suitable wireless network
or a combination of two or more of these. Computer svatemy 800 may include any suitable
communication interface 810 for any of these networks, where appropriate. Conmymunication
imerface 810 may include one or more commupnication interfaces 810, where appropriate,
Although this disclosure deseribes and iHustrates a particular communication interface, this
disclosure contemplates any suitable communication interface.

1631  In particular embodiments, bus 812 includes hardware, software, or both coupling
components of computer system 800 to each other. As an example and not by way of limitstion,
bus 812 may include an Accelerated Graphics Port (AGP) or other graphics bus, an BEnbanced

Industry Siandard Architecture (FISA)Y bus, 3 front-side bus (FSB), a HYPERTRANSPORT



WO 2018/190922 PCT/US2018/013052
19

(HT) interconnect, an Indusiry Standard Architecture (ISA) bus, an INFINIBAND interconnect,
a low-pin~count {LPC) bus, a memory bus, a8 Micro Channel Architecture (MCA) bus, a
Peripheral Component Interconnect (PCE bus, a PCI-Express (PCle) bus, a serial advanced
technology attachment (8SATA) bus, a Video Electronics Standards Association local (VLB) bus,
ot another suitable bus or a combingtion of two or more of these. Bus 812 may include one or
more buses 812, where appropriate. Although this disclosure describes and illustrates a particular
s, this disclosure contemplates any suitable bus or interconnect,

(64]  Herein, a compuler-readable non-transitory storage medivm or media may mmclude
one or more semiconductor-based or other integrated cirenits (1Cs) (such, as for example, field-
programmmable gate arrayvs {(FPGAS) or application-specific ICs {ASICs)), hard disk drives
{HIE3s), hybrid bard deives (HHEs), optical discs, optical disc drives {QDDs), magneto-optical
discs, magneto-optical drives, floppy diskettes, floppy disk drives (FDDs), magnetic tapes, solid-
sigte drives (38Ds), RAM-drives, SECURE DIGITAL cards or drives, any other suitable
computer-readable non-transitory storage media, or any suiiable combination of two or more of
these, where appropriate. A computer-regdable non-transifory storage mediwm may be volatile,
non-volatile, or a combination of volatile and non-volatile, where appropriate.

{657 Herein, “or” is inclustve and not exclusive, unless expressly indicated otherwise
or indicated otherwise by context, Therefore, herein, “A or B” means “A, B, or both,” unless
expressly indicated otherwise or indicated otherwise by context. Moreover, “and” is both joint
and several, unless expressly indicated otherwise or indicated otherwise by context. Therefore,
herein, “A and B” means “A and B, jointly or severally,” unless expressly indicated otherwise or
indicated otherwise by context.

[66] The scope of this disclosure encompasses all changes, substitutions, variations,
abierations, and modifications 1o the example embodiments described or illustrated herein that a
person having ordinary skill in the art would comprehend, The scope of this disclosure is not
limited {0 the example embodiments described or iHustrated herein, Moreover, although this
disclosure describes and illustrates respective embodiments herein as including particular
components, elements, feature, functions, operations, or steps, any of these ernbodiments may
include any combination or permutation of any of the components, elements, features, functions,

operations, or steps described or llustrated anywhere herein that a person having ordinary skill



WO 2018/190922 PCT/US2018/013052
20

in the art wonld comprehend. Furthermore, reference in the appended claims io an apparatus ot
systerm or a component of an apparatus or system being adapted to, arranged lo, capable of
configured to, enabled 1o, operable to, or operative to perform a particular function encompasses
that apparstus, system, component, whether or not it or that particular function is activated,
turned on, or unlocked, as long as that apparatus, system, or component is so adapted, arranged,
capable, configured, enabled, operable, or operative. Additionally, although this disclosure
describes or illustrates particular embodiments as providing particular advantages, particular

embodiments may provide none, some, or all of these advantages.
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WHAT IS CLAIMED IS;

i. An aircraft comprising:
a number of propellers Ny, wherein:
each propeller
comprises a diameter dyp gy
has g propeller efficiency Hgyqp: and
is configured to absorb power Py,qp Lo rotate at a rate RPM to generate
thrust for a flight speed V of the aircraft; and
& total POWET Prarqr sbsorbed by the propellers is approximately Pprop ® Nprops
a wing having a circulation distribution, wherein the wing comprises a wingspan ¥,
a drag D that is approximately equal 10 Prorar ¥ Norep/ Vs and

for ¥ and &, the circulation distribution, dp. 5y, and RPM substantially minimizes 2,

2. The aircraft of Claim 1, whereln Prorg; 15 less than 1450 watts,

3. The aircraft of Claim 1, wherein the aircraft, when in flight at an altitude above 40,000

feet, maintains a flight speed ¥V of 25 meters per second.

4. The aircraft of Claim 1, wherein the ajrcraft, when in flight af an altitude above 40,000
feet, follows a particolar path pattern that is one of a circular path, an elliptical path, or a straight

Hne path,

]

. The aircraft of Claim 1, wherein the wingspan B is betwesn 30 and 60 meters,

6. The atrcraft of Claim 1, wherein the horizontal wing as an aspect vatio of at least 10

7. The aircraft of Claim 1, wherein the wing circulation distribution follows a parabolic

CUrve,
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8. The aireraft of Claim 1, wherein the horizontal wing produces, when the afreraft is in
flight, 2 wing trailing vortex with a first induced velocity tn g first divection; and

wherein at least some of the propellers, when generating thrust, produce a propeller wake
vortex with a second induced velocity in a second direction, wherein the propeller wake vortex

cancels out at least some of the wing trailing vortex.

8. The afrerafl of Claim 1, wherein the propeliers rotate at an RPM of at least 300,

10, The atreraft of Claim 1, wherein the propellers are affixed 1o the horizontal wing.

11. The aireraft of Claim 1, wherein Ny, o 18 6.

12. The aiveraft of Clalm 1, wherein dp,op 18 1.5 meters,

13, The atreraft of Claim 1, wherein each propelier comprises g hub and cach hub has a

hub diameter dyyy, and wherein dyy, /gy = 0.2,

14, The aircraft of Claim 1, wherein thrust is evenly distributed among the propellers,

15, An aireraft comprising:
a number of propellers Ny, wherein:
each propeller:
cormnprises a diameter dygn;
has a propelier efficiency #y,qy; and
is confignred to absorb power Py, 10 rotate at 4 rate APM o penerate
thrust for a flight speed V of the airorafl; and
a total poOWer Proeq; absorbed by the propeliers is approximately Pprop % Noprop)
a2 wing having a circulation distribution, wherein the wing comprises a wingspan 5|

a drag I that is approximaiely equal 10 Prag % Bprop/ Vs and
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for ¥ and B, the circulation distribution, dyy gy, and RPM substantially minimizes D,

16, The aircraft of Claim 15, wherein Ppgeg 15 less than 1450 watts,

17. The aircraft of Claim 15 or 16, wherein the aireraft, when in flight at an aliitude

above 40,000 feet, maintains a flight speed V of 25 meters per second.

18. The aircraft of any of Claims 15 to 17, wherein the aireraft, when in flight af an
altitude above 40,000 feet, follows a particular path pattern that is one of a circular path, an

elliptical path, or a straight line path.

19, The aircraft of of any of Claims 15 1o 18, whereln the wingspan B is between 30 and

60 meters.

20. The airerafl of of any of Claims 15 to 19, whereln the horizontal wing as an aspect

ratio of at least 10,

21. The aircraft of of any of Claims 15 fo 20, wherein the wing circulation distribution

foltows a parsbolic curve.

22. The aircraft of of any of Claims 15 to 21, wherein the horizontal wing produces,
when the aircrafl is in flight, a wing trailing voriex with a first induced velocity in a first
direction; and

wherein at least some of the propellers, when generating thrust, produce a propeller wake
vortex with a second induced velocity in a second direction, wherein the propeller wake vortex

cancels out at least some of the wing tratling vortex,

23, The aircrafl of of any of Claims 15 1o 22, wherein the propellers rotate at an RPM of

at fegst SO0
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24, The aircraft of of any of Claims 13 to 23, wherein the propellers are affixed to the

horizontal wing.

25, The aircraft of of any of Claims 13 to 24, wherein Ny is 6.

26. The aircraft of of any of Claims 15 to 25, wherein dypqy, 18 1.5 meters,

27. The aircraft of of any of Claims 15 to 26, wherein each propeller comprises a hub and

each hub has a bub diameter dy,,y, and wherein dyyp /dyrgy = 0.2,

28, The aircraft of of any of Claims 15 1o 27, wherein thrust is evenly distributed among

the propeliers,
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