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Abstract

High Altitude Long Endurance Unmanned Aerial
Vehicles (HALE UAVs) could provide an im-
proved service and/or flexibility at a reduced cost
over existing systems for a vast number of civil
patrol and surveillance applications.

However, at current state of the technology,
the design of HALE UAVs requires innovative
solutions for both the aircraft configuration as
well as the propulsion system. As a lower propul-
sive power as well as a light wing structural
weight is key drivers in the design of the UAV,
a joined wing potentially offers excellent syner-
gies for this design. After all, joining the tips of
the two sections of the wing significantly reduces
the induced drag as well as the structural weight
of the wing.

This paper presents the preliminary design of
a joined wing HALE UAV for an endurance of
one month at summer solstice. The estimation of
the take-off and empty mass as well as the aero-
dynamic characteristics of the UAV are given as
well as a detailed motivation of the selected mis-
sion specification.

1 Introduction

HALE UAVs could provide an improved service
and/or flexibility over existing systems for a vast
number of civil applications, ranging from bor-
der patrol and coastal surveillance over monitor-
ing of natural disasters, meteorology and cartog-
raphy to highly flexible telecommunication relay
stations. Airborne platforms that remain aloft for
weeks to months at altitudes between 15 and 22
km namely provide an advantage over satellite

systems in terms of reduced costs, increased flex-
ibility and higher precision.

Seen the wide range of applications for this
type of airplane, numerous studies have been ex-
ecuted in the near past after successful flights of
Pathfinder, Helios, Global Hawk and Global Ob-
server. The Shampo vehicle (ref. [7] and [8]) as
part the HELIPLAT program (FP V of the Eu-
ropean Commission), the European COST action
297, HAPCOS, funded by the European Science
Foundation (ref. [15]), the Pegasus platform de-
veloped by Verhaert Space and Qinetiq (ref. [2]
and [3]) and the Sun-H2 project funded by the
Walloon Region in Belgium (ref. [14]) are only a
few of the numerous examples that could be cited
here.

However, at the current state of technology,
the design of HALE UAVs poses many chal-
lenges and requires innovative solutions for both
the aircraft configuration as well as the propul-
sion and energy storage systems. To enable
a flight endurance in the order of weeks, the
propulsion system needs to be able to provide
the power for the flight day and night, which
leads to a very heavy fuel load when using a non-
regenerative system. If a regenerative system is
used however, the power train needs to be dou-
bled. One system is needed for the daytime and
a second one provides the power for the flight
throughout the night. As a consequence of this
unavoidable redundancy, a low propulsive power
is a key driver in the design. This entails the need
for a low UAV weight and a low flight speed.
As such, low Reynolds number aerodynamics be-
comes an issue in the design too.

The first section of the paper describes the de-



sign mission specifications. Then the selection of
the configuration of the HALE UAV is detailed.
Both the power and energy storage system as well
as the aircraft configuration are treated. Once the
selection is made the power and energy storage
system are sized, before going into more detailed
calculations of the aircraft characteristics. The
take-off mass, wing area and power required are
determined as well as the aerodynamic character-
istics of the wing.

2 Design Mission Specifications

The mission specifications for the design under
consideration are very critical. Selecting low
values for parameters as endurance and payload
mass and power will lead to a UAV that is only
able to fly a limited amount of different missions.
Too optimistic values will on the other hand lead
to a too challenging and potentially even unfea-
sible design at current technology. The selected
values for the mission specifications are given in
Table 1.

Table 1 Mission Specifications

Payload
Mass 50 kg
Volume 0.5 m?
Power 2 kW
Performance
Endurance | 1 month
Cruise Altitude | 15-22 km
Latitude 40 °N
Cruise Speed | 20-40 m/s

As shown in the table, a payload mass of 50
kg is considered, which lies in the lower range
of payload masses for UAVs suited for the civil
and commercial market (20 - 750 kg, ref. [11]).
The mass, volume and power for the payload are
selected to allow the installation of a SAR with
a resolution of about 1 m or an optical/IR sensor
with a resolution of about 0.1 m (ref. [13]).

As the main envisaged applications for this
HALE UAV are forest fire monitoring and the
use as an airborne communication relay station,
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an endurance of one month at summer solstice at
40° Northern Latitude was selected. This gives
the UAV a reasonable flexibility in terms of oper-
ation without being overly demanding. In periods
with a lower sunlight intensity, a mission of about
one month would nonetheless still be possible if
the payload mass and power required would be
reduced. However, this will probably require the
use of a new, expensive sensor developed specif-
ically for this application. This approach was for
instance taken in the Pegasus project to reduce
the overall aircraft mass (ref. [3]).

The cruise altitude is chosen between 15 and
22 km for several reasons. First of all, it places
the aircraft well above the civil aviation airspace,
leading to an easier operation of the UAV and
presumably also an easier certification. After
all, integration of UAVs into the traffic-controlled
airspace is still a critical issue hindering the cer-
tification of any type of UAV (ref. [11]). A high
cruising altitude furthermore leads to a wider area
coverage. At 10 km altitude, the horizon is sit-
uated at about 250 km while at 20 km altitude
the horizon lies at 500 km from the aircraft (ref.
[4]). From 17 km altitude, an area of about 300
km diameter would be covered for communica-
tion transmission with the proper irradiation dia-
gram for the onboard antenna (ref. [7]).

The main reason for adopting the chosen
cruise altitude is all things considered the occur-
rence of lower mean wind speeds. As shown on
Figure 1, a low wind speed can be found between
15 and 25 km altitude. The ceiling was nonethe-
less set to 20 km to keep the aircraft size and wing
area within reasonable limits. During the night
phase, a glide down to 17 km is permitted to re-
duce the amount of energy needed for the night-
time propulsion. After all during the glide phase,
only the power of the payload and avionics needs
to be provided which could significantly reduce
the size and mass of the energy storage system
required for the night-time flight phase.

3 Configuration selection

Below, first the choice of the type of propulsion
and energy storage system is elucidated. Then
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the reasons for selecting a joined wing are given.

3.1 Propulsion and energy storage systems

Principally, several types of propulsion system
would be feasible for the UAV, ranging from a
classical piston engine based propulsion system
to a system based on solar energy and an en-
ergy storage system for the night flight,...Seen
the relatively high endurance, using only a non-
regenerative propulsion systems can be ruled out
with currently available technology. Even when
using hydrogen as a fuel, an excessively high fuel
mass would namely be needed to obtain an en-
durance of 1 month. Therefore, only a system
based on solar energy will be considered.

The main disadvantage of a solar panel based
system is the need for a double power generating
system. During the day, the energy derived from
the solar panels is used to propel the UAV. At
night, however, an additional system is required.
This night-time system could consist out of bat-
teries or a regenerative fuel cell/electrolyser. Re-
lying on the energy from the sun furthermore
makes the power available during the day depen-
dent on both the time of the year for the mission
as well as the latitude and altitude of the foreseen
flights. This could lead to a reduced operational
flexibility.
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3.2 Joined Wings

One of the prime drivers in the design of a HALE
UAV is the minimization of the power required
during the flight. A low cruise speed therefore
needs to be adopted. As a low speed, high al-
titude flight is envisaged a large wing area is
needed. To reduce the induced drag, a high aspect
ratio furthermore needs to be adopted. Seen the
importance of these drivers, a joined wing was
considered in this study.

Due to the reduction of the strength of the tip
vortices, a joined wing configuration leads after
all to a very low induced drag. As was shown
by Wolkovitch in ref. [12], a significant increase
in the wing Oswald efficiency factor can be ob-
tained with a joined-wing. Wolkovitch shows
that a span efficiency factor as high as 1.4 or 1.5
could be obtained with the proper vertical sepa-
ration of the wing, as shown on Figure 2.
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Fig. 2 Joined wing Oswald efficiency factor
(ref. [12])

Besides the significant reduction in induced
drag, a joined wing configuration also leads to a
low structural wing weight due to the high stiff-
ness in both bending and torsion of the closed box
that is formed by joining the two sections of the
wing. This is particularly attractive for this ap-
plicaton seen the relative importance of the wing
weight in the overal weight build-up of the air-
craft. According to ref. [12], a joined wing fur-
thermore leads to a high maximum lift coefficient
and a low wetted surface area, which reduces the



parasite drag of the aircraft.

For a solar powered HALE UAV application,
both sections of the wing need to be swept so that
the upper wing does not block the direct radiation
of the sun falling on the lower wing. As such, the
wing structural weight slightly increases and the
efficiency of the control surfaces is reduced.

4 Propulsion system and energy storage sys-
tem dimensioning

During the day, the solar panels need to provide
the energy for the avionics and payload, for the
propulsion of the UAV and to recharge the en-
ergy storage system, which can consist out of
rechargeable batteries or a regenerative fuel cell
with hydrogen, oxygen and water tanks. Fig. 3
shows a block sketch of the propulsion and en-
ergy storage system. Below, first the power re-
quired from the energy system during the day and
the night will be determined. Then the different
components of the system will be dimensioned.

Avionics & Payload

rgo B8 Propoter
® ®

Energy Storage
System

Fig. 3 Block sketch of the UAV energy system

4.1 Energy storage system dimensioning

The amount of energy to be stored will be deter-
mined first. Then batteries and a regenerative fuel
cell system will be compared.

4.1.1 Amount of energy to be stored

The energy storage system needs to hold all en-
ergy required for the flight during the night. The
power for the propulsion of the UAV as well as
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for the avionics and payload needs to be deliv-
ered by the storage system throughout the night.

The power required to fly the aircraft Py, can
be calculated as

Vv

Psy =
sy T]prop ‘neng

SwlC €l
g Ow ( Do+ m)
(1
where V is the flight speed of the UAV [m/s],
Nprop the propeller efficiency, g the dynamic
pressure [Pa], S, the wing area [m?], Cpo the
zero-lift drag coefficient [—], Cr, the lift coeffi-
cient [—|, AR, the wing aspect ratio [—] and e the
Oswald efficiency factor.

At 20 km and 30 m/s, a power to fly of 6.75
kW is obtained for an engine efficiency M, of 95
% and a propeller efficiency M., of 85 %. For
the same engine and propeller efficiency at 17 km
and 25 m/s, a power of 5.95 kW is needed.

The payload power is given in Table 1 and
amounts to 2 kW. The avionics power on the
other hand is calculated as 1.2 W per N of avion-
ics mass, which is taken as 3 % of the take-off
mass (ref. [7]). This results in a P, of 2.23
kW.

For a night flight of 11 hours, the amount of
energy to be stored Eg,, yields 98.7 kWh.

4.1.2 Energy storage system

Two main options exist for the energy storage
system: rechargeable batteries and a fuel cell
based system. When reusable batteries are used,
the mass of the batteries M}, can be calculated
from the following expression:

Egor
Espec : (1 _nd)

Mpa = 2)

where Ej ), is the specific energy or energy den-
sity of the battery [kWh/kg| and n, the discharge
rate of the battery, which is defined as:

. Es - Eu
= ES

Nd

where E; is the amount of energy stored in the
battery and E, the amount of useful energy that
can be withdrawn from the battery.



According to ref. [6], Li-ion and Li-Po batter-
ies have an energy density between 100 and 190
Wh/kg. In the Pegasus project, however a proto-
type Li-S battery is used with an energy density
as high as 370 Wh/kg (ref. [3]). Using the later
value and an M, of 0.3 for a total amount of en-
ergy required of 98.7 kW h for a night-time opera-
tion at summer solstice, a battery mass of almost
380 kg is obtained.

For the fuel cell system an energy density of
500 Wh/kg is adopted for an efficiency of 55%
both when working as a fuel cell or as an elec-
trolyser. According to ref. [7], this represents a
technology level currently available on the mar-
ket and comprises the regenerative fuel cell as
well as the storage tanks for hydrogen and water.
This leads to a fuel cell system weight of 198 kg,
or about half of the weight of the battery system.

Only the fuel cell system will thus be retained
from here on, as it furthermore represents a tech-
nology that is far less mature than batteries and
therefore still holds the promise of a possible
large weight reduction in the future.

4.2 Solar panel dimensioning

The dimensioning of the solar panels depends on
the duration of the night-time operation, which
is defined here as the time during which the so-
lar panels do not provide sufficient energy for
the payload, avionics and propulsion of the UAV.
This depends on its turn on the efficiency of the
photovoltaic cells 1, as shown on Figure 4. The
figure shows the energy available from the sun
at summer-solstice for a latitude of 40°N at ap-
proximately 20 km altitude (ref. [5]), the energy
available from the solar panels and the energy re-
quired for the flight.

Based on references [9] and [16], a value of
20 % is taken for the efficiency of the solar panels
which represents a silicium monocrystalline tech-
nology. A surface weight of 0.6 kg/ m? is adopted
for this technology (ref. [9]). With this efficiency,
approximately 12 hours of the day can be consid-
ered as day-time operations (Fig. 4). On top of
that, the panels provide sufficient energy for two
hours of operation of the payload and the avion-
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Fig. 4 Available solar energy, available energy
from the photovoltaic cells and energy required
for the flight

ics during the night. The total amount of energy
to be supplied by the panels is therefore

Pnight 10
Epy =12-Py,+11- 24+—)-P,
v day ¥ etarc " < " nFc> ag;

where the night-time operation is taken as 11 hrs,
with a glide phase of 20 to 17 km of 1 hr, just
after sunset. With an electrolyser efficiency Mrc
of 55%, a total amount of around 290 kWh needs
to be stored.

Integration of the curve of the energy avail-
able from the fuel cell from Figure 4 shows
that the photovoltaic cells can deliver about 2.11
kW h/m? at summer-solstice. After adoption of a
margin of 5% on the energy provided by the cells
a total surface area for the photovoltaic cells of
approximately 145 m? is found, which leads to a
mass of 87 kg for the PV cells.

5 Conceptual design of the HALE UAV

The HALE UAV conceptual design is based on
the method laid down in ref. [10] and the mission
profile given in Fig. 5. As shown on the figure,
the aircraft cycles every day between a cruising
altitude of 17 km at night and 20 km at day to
reduce the energy stored for the night flight. Be-
low, first the take-off and empty mass of the air-
craft will be determined. Once the take-off mass
is known, the performance constraints are eval-



uated and the matching plot is set up. In a last
subsection, the final wing layout is determined.
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Fig. 5 Mission profile for the HALE UAV

5.1 Determination of the mass of the UAV

Roskam proposes in ref. [10] to use an empirical
relationship between the aircraft empty weight
and its takeoff weight for the initial sizing cal-
culations which has the following form:

log|yWg = A+ B-log;oWro “4)

where coefficients A and B are determined from
statistical data. In reference [10], the coefficients
are proposed for several aircraft types. Data for
HALE UAVs are nonetheless not present. Based
on data available from open literature, the coef-
ficients for HALE UAVs are derived, leading to
(ref. [1]):

A =-0.2927 B=1.165

For this particular aircraft the take-off weight
simply consists out of the empty weight together
with payload weight Wpy, and propulsion and en-
ergy storage system weight Wrc (no crew and no
fuel, as the hydrogen is included in the propul-
sion and energy storage system weight).

Wro = WE +Weargo = Wg +Wp +Wre  (5)

The propulsion and energy storage system weight
Wrc can be expressed as:

8" tnight

Wrc =
Espec ‘NFC

: (Pfly +Pav,pl) (6)
The take-off mass in this simplified model thus
depends on the values chosen for the wing area
Sy, the wing aspect ratio AR,,, the cruise speed
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V, and the Oswald efficiency factor e and the
specific energy and efficiency of the energy stor-
age system Ej,. and Nrc and propulsion system
(Meng and Mpyop). As such, an iteration is required
to establish is final value. After iteration a Wypo
of 6240 N is obtained for a Wg of 3990 N and
Wre of 1760 N.

5.2 Performance constraints for the UAV

The required wing area will depend on the per-
formance requirements imposed on the UAYV, its
drag polar and its take-off weight and is deter-
mined from the so-called matching plot. The
different requirements considered for the initial
sizing of the UAV are briefly reviewed first and
the expression that relates the wing and power
loading for the requirements is given. Then the
drag polar is established before finally all require-
ments are grouped in the so-called matching plot,
leading to the final value of the wing area and
propulsive power.

5.2.1 Performance requirements

In the initial sizing step, only three requirements
have to be met by the UAV: the stall speed
requirement, a maneuvering requirement and a
maximum cruise speed requirement. Below, all
3 will be briefly reviewed.

Obviously the UAV has to fly at a speed
greater than the stall speed. An upper limit to
the wing loading Wro/S,, is therefore imposed as
function of the adopted Cy, qx and the stall speed
V.

@ < pVSZ
Sw T 2

The maximum lift coefficient is set here at 1.2,
a reasonably high value seen the low Reynolds
numbers at which the wing will operate. In the
choice of the stall speed, several factors need
to be taken into account. The stall speed itself
needs to stay moderate or the propulsive power of
the UAV will be excessive. After all, the design
cruise speed needs to be higher than the adopted
stall speed by a certain margin. This margin is
set here to 4 m/s at 20 km and 6 m/s at 17 km.
These are namely the speeds of the gusts that can

: CL,max (7)



be encountered at these altitudes. If the aircraft
encounters a sudden gust from the tail to the nose,
it will just not stall. If the stall speed is chosen too
low, on the other hand, the required wing surface
will be too high, leading to a heavy UAV as well.
At 20 km, a stall speed of 25 m/s is chosen here
whereas at 17 km, the stall speed is 20 m/s. This
leads to a minimal wing area of approximately
190 m? as will be shown later on.

As the UAV will be loitering above a certain
area, a maneuvering requirement is also imposed
to ensure that the aircraft has a minimal sustained
turn rate. Here a turn rate of 20 degrees per sec-
ond is adopted which results in a load factor n of
approximately 1.5. The power required for ma-
neuvering is then determined through:

o _y.
Wro

W/Sw Sw q TCARW€> ®)

P (q-CD,O W on 1

5.2.2  Choice of the nominal cruise speed

As the choice of the cruise speed has a significant
influence on the weight and the required power
of the UAV, a more detailed study was executed
before the final values are fixed. As the cruise
phase is a loiter phase the speed leading to a min-
imal required power is obtained when flying at a
lift coefficient of

CL=1/3-Cpo- (TARye) )

As shown by the expression, the optimum lift co-
efficient only depends on the wing aspect ratio,
for a given Cp . This is illustrated on Figure 6.
The figure shows the power required to fly at an
altitude of 20 km in function of flight speed for
different wing aspect ratios.

The figure clearly shows that a strong reduc-
tion in the power required can be obtained by
an increase in aspect ratio. However, increas-
ing the aspect ratio for a given wing surface area
Sy, leads to a higher wing span and a lower wing
chord. A large wig span leads to a heavier wing
as the wing root bending moment increases. The
chord reduction is however even more important
as it leads to low Reynolds numbers for the wing,
which might reduce the maximum lift coefficient
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different AR,,

and also increase the zero lift drag of the wing.
As a compromise, a wing aspect ratio of about
30 is adopted here, which is in line with values
from Global Hawk, Helios and other HALE UAV
studies (ref. [2], [7] and [8]).

Figure 7 gives the power required for the as-
pect ratio of 30 at altitudes of 17 and 20 km.
Based on this diagram, the nominal cruise speeds
will be fixed. At 20 km, it is shown that the re-
quired power increases rapidly for cruise speeds
higher than 25 m/s. To keep a reasonable margin
with respect to the stall speed, a value of 30 m/s
is adopted, resulting in a power required of ap-
proximately 5.5 kW and a lift coefficient of 0.83.
At 17 km, the cruise speed is on the other hand
set to 25 m/s resulting in a power required around
6.0 kW at a C;, of 0.81. As 6.75 kW was used
in the sizing of the solar panels, a small addi-
tional ’reserve’ energy of approximately 8.5 kWh
is available for emergency or when excessive ma-
neuvering is required. A part of this energy will
be used in the daily morning climb from 17 km
up to 20 km altitude.

5.2.3 Drag polar

Following the guidelines from ref. [10], a
parabolic drag polar is adopted in this work:

2

C
Cp=C — L 10
D D’O+7t-ARw-e (10)
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Fig. 7 The power required at 17 and 20 km for
AR,, =30

so only the Oswald efficiency factor e and the
zero-lift drag coefficient Cpo need to be esti-
mated. As no correlations were found in lit-
erature for this specific application, the zero-
lift coefficient was derived from performance
data available for other UAVs of the same type
(ref. [1]) and a value of 0.018 was found.

The Oswald efficiency factor is on the other
hand determined from reference [12]. As shown
on Figure 2 (ref. [12]), the span efficiency factor
depends on the vertical separation between the
wings and the height of the winglets. Seen the
high aspect ratio of the wing (30) and the impor-
tant wing area (190 m?), a span of around 75 m is
namely obtained. The height to span of the wing
is thus limited to 0.17, the lowest value indicated
on the figure. The winglet height is limited to 60
% of the vertical separation of the wing, yielding
an Oswald efficiency factor of 1.2.

The drag polar is then given by:

Cp = 0.018+0.0088 - C}

5.2.4 Matching plot

As all necessary data has been obtained, the
matching plot can be drawn. It is given on Fig-
ure 8. The full lines on the figure represent the
requirements at 20 km altitude while the dashed
lines indicate values for 17 km altitude. The
black dot gives the design point for the UAV. For
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20 km altitude, a maneuver speed of 30 m/s was
adopted whereas the maximum cruise speed was
set at 37.5 m/s. For 17 km, these speeds are 25
respectively 30 m/s. The stall speeds were taken
as 25 and 20 m/s for 20 respectively 17 km alti-
tude as indicated before. As shown on the figure,

—— manoeuvre
800 —— max. cruise e T
— stall -

200

0 10 20 30 40 50 60
Wing loading (W/S) [N/mz]

Fig. 8 The matching plot for the HALE UAV

the selected stall speeds give a similar wing area
for both altitudes. The power required is clearly
set by the maximum cruise speed requirement.
The final design point is given by:

Wro N P N
CORL N EA RPN,
With the take-off weight of the aircraft deter-
mined previously, this leads to a wing surface
area of 189 m? and a take-off power of 10.85 kW.

The 10.85 kW power will be provided by 8
electric motors with a maximum power of around
1.6 kW, weighing approximately 5.2 kg each.
Each motor drives a 2 bladed propeller which has
a blade power loading of about 32 kW /m? and a
diameter of approximately 18 cm (ref. [1]).

5.3 Wing design

As a relatively ambitious maximum lift coeffi-
cient was set to determine the stall speed and as
the wing design is critical to the success of the
HALE UAV under consideration, a preliminary
assessment of the airfoil selection and wing plan-
form choice is made below.



5.3.1 Wing airfoil

The airfoil chosen for this HALE UAV is the
DAE 21, which has also been used on SHAMPO
(ref. [7]). The profile has a high maximum lift co-
efficient and has been optimized for a Reynolds
number of 375000. The maximum thickness over
chord ratio of the profile is 11.78%. The profile
lift and drag characteristics have been assessed
with XFOIL and the results are given on Figure 9
for various Reynolds numbers.
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Fig. 9 The lift and drag coefficients for DAE21

5.3.2  Wing planform

The selection of the joined-wing planform is
mainly set by two criteria: the minimum allow-
able Reynolds number which will set the sur-
face distribution between the lower and the upper
wing and the shade of the top wing on the low
wing which determines the wing sweep.

As the maximum chord for both sections of
the joined-wing is obtained by allocating half of
the total wing area to each section, the front and
aft section of the wing will consist of half the to-
tal wing area or 94.5 m?. As the overall wing as-
pect ratio and thus the wing span have been fixed
to keep the induced drag low, all geometric char-
acteristics have been determined. The wing taper
ratio is namely selected as 1 in order not to de-
crease the Reynolds number even further. After
all, with the current design, a Reynolds number
of approximately 325000 is obtained at 20 km,
whereas at 17 km the Reynolds number of the
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wing lies around 375000. The chord of both sec-
tions of the wing is 1.255 m.

The wing sweep is a compromise between
wing weight, increasing with increasing sweep,
and the amount of sunlight blocked by the upper
wing. If no sweep is used, the upper wing will
block the direct sunlight for the lower wing dur-
ing a considerable portion of the day and a signif-
icant amount of energy will be lost for the solar
panels of the lower wing. Knowing the evolution
of the sun around the hemisphere, the amount of
energy lost can be determined as a function of the
wing sweep (ref. [1]). Selecting a sweep angle
of the front wing Ar of 15° and of the aft wing
Ay of 10° gives a reduced electricity production
of about 1.9 hours during the day (in the early
morning and late evening). It is therefore consid-
ered a good compromise between wing structural
weight and energy lost. The amount of energy
lost is furthermore minimized by covering almost
the complete surface of the aft upper wing with
solar panels. As only 135 m? of solar panels was
required, the front wing only has 45 m? of solar
panels.

With the planform and airfoil fixed, the 3D
maximum lift coefficient can be determined. Us-
ing the methods from reference [10], a value
slightly higher than 1.2 is obtained. The previ-
ously selected value for the maximum lift coeffi-
cient has thus been obtained.

5.4 Vertical tail design

As the joined wing requires no additional hori-
zontal tail, only the vertical tail needs to be sized.
Its surface is determined using the classical tail
volume coefficient approach (ref. [10]). The vol-
ume coefficient is taken as 0.4 and the taper ratio
of the tail is set to 0.1 as this yields a tip chord
equal to the wing chord. The tail height is set by
the vertical separation of the wing (13.03 m) so
all parameters are fixed. The vertical tail surface
area is 83 m?.

6 Conclusions and future work

As shown, the adoption of a joined-wing config-
uration for a HALE UAV leads to several inter-



esting synergies. Not only will the Oswald effi-
ciency factor be increased to values in the order
of 1.2, the wing structural weight will be reduced
too, seen the stiffness added by closing the wing
box’. As the low power requirement, a key driver
for HALE UAVs, leads to low cruise speeds and
high wing surfaces, the joined-wing potentially
offers a significant benefit for this particular ap-
plication.

In a next step, a more detailed assessment of
the aerodynamic and structural characteristics of
the wing will be made. The refined results will
then be used to iterate on the overall design of
the UAV. A preliminary view of the HALE UAV
is given in Figure 10.

Fig. 10 A preliminary view of the joined-wing
HALE UAV
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