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The main aim of this paper is to present a method for the conceptual
design of a flying wing unmanned aerial vehicle using open-source
software for rapid airfoil comparison and design and parametric geometry
design and analysis. After adopting the final geometry the aerodynamic
characteristics have been estimated including control derivatives. The
obtained results have been compared to the results for similar flying wing
projects to confirm that the presented method can give satisfying results.
As the calculated results indicated that UAVs possess adequate flying
qualities the prototype UAV was assembled using simple construction
methods consisting of a hot wire cut styrofoam structure reinforced with
plywood sticks, powered by a single pusher-propelled electrical BLDC
motor. Calculated flight polar was then compared with data obtained from
flight tests, verifying estimated stability and control characteristics of UAV
design. The flight test results show that UAVs are controllable without a
stability augmentation system, validating the use of methods described in
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1. INTRODUCTION

Unmanned aerial vehicles (UAVs) are usually designed
according to the requirements defined by a buyer or by
the market requirements estimated by the company that
is producing the UAV. Certification of the UAV system
should demonstrate that the system is safe for flight
according to the regulatory criteria [1-3]. The flying
wings are well known as the tailless fixed-wing aircraft.
Such design enhances aerodynamic characteristics by
reducing the drag compared to classic aircraft design,
eliminating drag caused by the fuselage, empennage,
and interference drag between wing and fuselage and
fuselage and empennage [4]. Despite the mentioned
advantages that make it possible to achieve very low
zero-lift drag coefficients, some of the main
disadvantages are that flying wings are prone to being
unstable and difficult to control if not well designed,
with the inherent airfoil pitching moment required for
stability canceling out some of the previously
mentioned benefits. Flying wings was a popular confi—
guration many years before the first successful flight
[5]. Special interest in this configuration happened du—
ring the Second World War [6-8]. The most successful
flying wing designs at that time were accomplished by
Jack Northrop [9] and Horten brothers [10]. This
aircraft configuration is still very popular. Many new
projects and PhD dissertations have shown special
interest in this configuration [11-16]. The best summary
of flying wing design is given in [17]. The book,
originally written in German language-discusses the full

Received: July 2024, Accepted: September 2024
Correspondence to: Dr Miodrag Milenkovi¢-Babi¢
Military Technical Institute (VTI) Belgrade,
Ratka Resanovica 1, 11030, Belgrade, Serbia
E-mail: miodragmbm@yahoo.co.uk

doi: 10.5937/fme2404556M

© Faculty of Mechanical Engineering, Belgrade. All rights reserved

Keywords: UAV, flying wing, conceptual design, flight test, aerodynamics,
stability, control.

range of tailless designs, from hang-gliders to stealth
bombers. It includes a detailed look and explanation of
the particularly significant design solutions. The
author's own experience in this field of flying wing
design has enabled them to explain and illustrate the
topic in a way that can satisfy the professional
aeronautical engineer's needs. It has been used as a
guide for the conceptual UAV design presented.

The initial UAV requirements have been given in
Table 1. Maximum UAV mass was estimated based on
experience and similar existing UAVs. The wing span
was defined by transportation requirements. The UAV
cruise speed has been defined by UAV mission requi—
rements. The main requirements were that it could coo—
perate with the existing small UAV developed in the
Military Technical Institute and small UAVs on the
market. This class of UAVs usually have cruise speed in
the range from 15 m/s up to 25 m/s.

Table 1. Initial UAV requirements

Flying wing configuration
Wing span <l.5m
Maximum mass of UAV <25kg
Length <Ilm

Cruise speed =20 m/s

Endurance >10 min
Engine Electrical BLDC

Stall speed <10 m/s

Initial endurance requirements were to have
sufficient time to test the system in possible cooperative
search and rescue missions. For this class of UAVs, the
electrical BLDC (brushless direct current) motor is a
well-proven solution. Finally, the stall speed has been
defined as the value that will enable the hand-launching
capabilities.
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2. UAV GEOMETRY

As it is mentioned in [17] perfect aircraft design still
does not exist. So, it is impossible to design an ideal
flying wing UAV and the selection of the geometry and
airfoils will always have some pros and cons. The main
reason for this is that airfoil and wing geometry must
accomplish different tasks that provide different UAV
solutions [17]. All aircraft or UAVs need to have the
lowest possible drag and a high lift-to-drag ratio in
cruise configuration. The aircraft must be trimmed at a
minimal speed and must be controllable in all flight
regimes [13, 17, 18]. As it is well known, the airfoil that
has the best lift-to-drag ratio at some angle of attack
possesses negative pitching moment characteristics [19].
In order to trim the flying wing aircraft elevon (which
functions as an elevator and an aileron) control surface
deflection is necessary [14]. This additional deflection
negatively affects airfoil characteristics and this is the
reason why it is more complicated to design and
optimize flying wing configuration than classical tail
after configuration.

Despite all of the above-mentioned flying wing
UAYV configurations being very popular in the last 20
years [20-23]. One of the most important benefits of
small UAV systems is take-off by catapult or hand
launching take-off. It removes the problem of designing
take-off aircraft configuration and aircraft controls that
exist in civil aviation. Eliminating this problem, the
flying wing UAV configuration becomes very popular
and interesting solution for some problems in military
and civil applications. As it is mentioned in [24] larger
wing span is always the best solution for better
aerodynamic efficiency. It enables a higher wing aspect
ratio and higher lift curve slope. So, the starting wing
span was chosen to be 1.5 m. After a few iterations
initial UAV wing geometry was defined with the data
given in Table 2.

Table 2. Initial UAV wing geometry

Wing span 1.5m
Wing root chord 0.42 m
Wing tip chord 0.28 m
Aspect ratio 4.286
Taper ratio 0.667
Mean aerodynamic chord 0.355m
Surface area 0.525 m’
Leading edge swept angel 25 deg

For the defined wing geometry, the lift force
coefficient has been estimated by the equation:

L___mg (1)

CL=L-= .
aS  0.5pV2S

For a maximal UAV mass of 2.5 kg and predefined
speed limit range from 8 m/s to 20 m/s the estimated lift
force coefficient should be in the range from 1.19 to 0.2.
The estimated required maximum lift force coefficient
is in good agreement with the state-of-the-art data given
in [22, 23]. The estimated value of 1.19 is just a few
percent less than 1.25 given in [22]. The stall speed was
defined with the assumption that a speed of 8 m/s is the
maximum speed that can be delivered to the UAV by
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hand launching. The corresponding Reynolds numbers
are 176 000 and 425 000. In this manner, the input data
for wing airfoil analysis have been defined, in order to
design a configuration that performs well both in stall
conditions and in cruise conditions.

3. AIRFOIL SELECTION

The airfoils play a most important role in the aircraft
design and optimization. Airfoil data can be found at
[25] and an excellent summary of the low-speed airfoil
data is given by Michael Selig et al. [26]. Flying wing
airfoil optimization is very good summarized in the
work of [27-29]. The most popular tools for airfoil
analysis and modification at low Reynolds numbers are
probably XFOIL [30] and XFLRS5 [31]. In this paper,
the XFLR5 has been used to analyze airfoil charac—
teristics. The airfoil should be selected so that it has the
lowest possible drag coefficient in the given cruising
conditions, and on the other hand, it should have the
highest possible lift coefficient in the take-off and
landing conditions. This will provide the lowest possible
take-off and landing speed. For the purpose of airfoil
selection, a list of 56 (Table 3) airfoils that are used or
were used on aircraft of this type has been considered.

Table 3. List of possible airfoils for wing geometry

Airfoil name

TL 56 HS-144 MEG 64

TL 55 HS-132 Mdhwk
Sipkill HS-130 KN 198117
SD 7003 HS-120 KN197957
S 5020 HS-117 jwl-097

S 5010 HS-8 jwl-065

Roncz Low Drag HS-7 HS-190
PW 106 HS-6 HS-164
PW 75 HS-5 HS-160
PW 51 HS-522 E182
Phoenix HS520 Clark YS
NACA 23112-75 Goe-765 CJ-25(2)09

MH 64 Fx 66-H-80 CJ 3309
MH 62 Fauvel F2 CJ 2309
MH 60 Fauvel 14% CJ5
MH 49 EMX-07 BW 05 02 09
MH 46 EH 1.5/9 AR 2610-S80
MH45 E186 AR 2411-S77
MH 44 E184

All the airfoils have been analyzed by XFLRS
software. As it is mentioned earlier there is no single
airfoil that has the best desired characteristics. The
designer must choose one of the possible good solutions
that have pros and cons. The two possible choices for
conditions presented in this paper were MH 60 and SD
7003. The output XFLRS data for these two airfoils is
given in diagrams (Figures 1-3). As it can be concluded
from the airfoil data presented in the just mentioned
diagrams, the SD 7003 airfoil has better lift force
capabilities, but on the other hand, has a higher pitching
moment coefficient. In order to trim the aircraft, it will
require greater control surface deflection than the MH
60 airfoil. Taking all the mentioned into account it was
decided that MH 60 airfoil is the optimal solution for
the flying wing design.
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Figure 1. Lift force coefficient vs angle of attack
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Figure 2. Airfoils polar

4. UAV GEOMETRY DEFINITION AND ESTIMATION
OF UAV AERODYNAMIC CHARACTERISTICS

As it is well known, the flying wing aircraft are blended
wing body aircraft and that means that defined wing
geometry needs to be changed in order to put equipment
in the UAV airframe. In order to fulfill these requi—
rements, the initial wing geometry has been changed to
enable the installation of equipment (flight control
computer, RC receiver, battery, BLDC motor, and
camera).

The final UAV geometry has been defined in Open
VSP software [32]. After a few necessary modifications
Figure 4. shows the conceptual design flying wings
UAV model. As can be seen from Figure 2, the
maximum lift force coefficient of MH60 airfoil is 1.1 at
a low Reynolds number. In order to have sufficient lift
force at low airspeed the wing surface area has been
increased by 10.86%. The final UAV geometry has been
defined with the mean aerodynamic chord of 0.464 m,
wing span of 1.5 m, and wing surface area of 0.582 m’.
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Figure 4. Flying wing UAV geometry from Open VSP

The evaluation of UAV aerodynamic design has
been done by calculated methods and software tools that
are in detail described in [33, 34]. The maximum lift
force coefficient of 1.011 has been estimated and the
corresponding minimum airspeed needed for UAV to
produce sufficient lift with maximum UAV weight is
8.25 m/s. This value is in excellent agreement with the
predefined value of 8 m/s that should enable the hand-
launching capabilities. The numerically estimated value
of 1.011 is in excellent agreement with the CFD results
for UAV flying wings given in [35, 36].

5. UAV DRAG POLAR

UAV drag polar has been estimated by using the
software Open VSP and analytically by the data given
in [37]. Parasite drag force coefficient estimate by Open
VSP is 0.01547 and excellent agreement with the theo—
retical result of 0.01683 from [37] has been obtained.
Analytically calculated drag polar data has been given
in Figure 5. The estimated results are in excellent cor—
relation with the graphically presented results for drag
force coefficient vs angle of attack given in [36].

Unfortunately, the parasite drags force coefficient could

not be exactly determined from the presented diagram

given in [36]. The most precise estimation from the
presented diagram in [36] suggested that the parasite

drag force coefficient has a value in the range of 0.015
to 0.016.

6. UAV FLIGHT TESTING

In Figure 6 the UAV is shown during the take-off phase
after successfully hand launching. The prototype UAV
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during flight tests had a mass of 1.5 kg. In the first few
tests, it was decided to test UAV stability and control
characteristics.

cl UAV analitically calculated polar
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Figure 5. Flying wing drag polar

In the following phases of UAV development, the
UAV structure will be greatly improved (composite
fiber-reinforced foam instead of the foam and plywood
combination), additional equipment (optoelectronic
payload, military-grade flight computer, larger battery)
will be fitted, resulting in increased mass, which will be
closer to initially defined 2.5 kg.

Figure 6. Flying wing UAV during take-off phase

The way to evaluate whether an aircraft or UAV
possesses adequate stability characteristics is through
the change of the pitching moment with respect to the
lift force coefficient. For UAV to be stable this
derivative should be negative. For tailless aircraft or
UAVs, it is well known that the center of gravity has to
be forward of the aerodynamic center [14, 17, 38]. The
center of gravity position has been defined in such a
way that the static stability margin of flying wing UAV
had the value of -0.0967 or 9.67% of the mean
aerodynamic chord. This value has been chosen based
on the previous experience with the aircraft Lasta [39-
42]. As it is shown in [39] the longitudinal stability
reserve by the single tractor propeller at high engine
power settings should be greater than 6% of the mean
aerodynamic chord. Destabilizing effects of both high
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angle of attack and high propeller thrust are present
when the aircraft is propelled by a single-engine tractor
engine. As the flying wing is a pusher-propelled UAV it
was concluded that a longitudinal stability reserve of
9.67% of a mean aerodynamic chord should be
sufficient to provide adequate longitudinal stability
characteristics. It must be mentioned that a static margin
of 10% is acceptable only for small UAVs that operate
at low airspeed. As mentioned in [12, 14] the larger the
static margin, the larger the deflection of the elevator
angle to trim the aircraft or UAV for the given lift force
coefficients. Large aircraft or UAVs with high airspeed
will have smaller static margins to decrease trim drag.
Modern flight control computers and fly-by-wire
systems augment the basic aircraft or UAV stability and
enable adequate flying qualities.

Before flight testing the control surface design has
been done. The experience of the previous flight tests of
flying wing UAV models and the successful develop—
ment of UAVs have been used to estimate initial elevon
geometry. The relative elevon chord has been defined
with a value of 25% and a relative span of 66.67%. The
change in pitching moment coefficient with the changes
in elevon (elevator power or elevator effectiveness)
deflection has been estimated by using open-source
software [32]. The value of -0.554 1/rad has been
estimated. The estimated elevator power is quite small
compared to the standard tail configuration. It is the
consequence of a relatively small distance from the UAV
center of gravity to the elevon hinge line. This is the main
reason why the MH 60 airfoil has been chosen despite its
slightly worse characteristics than the SD 7003 airfoil. On
the other hand, estimated aileron effectiveness, or aileron
power that is a variation in the rolling moment coefficient
with the change in aileron deflection has the value of 0.32
1/rad. The typical values of this derivative range from 0.1
to 0.25 1/rad. As flying wings have just elevon to control
rolling and pitching motion, the larger relative control
surface area has been necessary than the standard aileron
confi—gurations. The excellent agreement with the
estimated data by the analytical method given in [43] has
been reached (-0.5588 1/rad, 0.303 1/rad).

7. FLIGHT TEST RESULTS AND DISCUSSION

The flight test data has been obtained by Blackbox
flight data recorder tools [44]. The sample rate was 32
Hz. Flight test results for the flying wing prototype
UAV are provided in the diagram (Figures 7 to 11). In
the diagram (Figures 7 and 8), the GPS speeds and
altitude of the UAV during flight have been given. The
battery voltage and current consumption are given in the
diagram (Figure 9). It can be evident that for a speed
greater than 30 m/s, the current consumption is between
36 A and 40 A, and for a speed of 20 m/s (cruise speed),
the current consumption is less than 10 A. This data will
be used to define the final battery capacity according to
the required endurance.

In Figure 10 the UAV attitude during the flight test
has been given and in Figure 11 elevon flight control
deflection is shown. Combining diagrams (Figures 8§
and 11) it is possible to obtain elevon control deflection
vs GPS speed. It is shown in the diagram (Figure 12).
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Figure 7. UAV GPS speeds during the flight test
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Figure 9. UAV voltage and current consumption during the
flight test

The experimental results for the flying wing UAV
prototype shown in the diagram (Figure 12) indicated
that for trimming the UAV in a level flight at a speed
greater than 10 m/s the flight control deflection is
usually less than 12 deg. Additional elevon deflection is
necessary for maneuvers (lateral-directional control) or
to compensate propeller torque effect.

The difference in left and right elevon deflection
during horizontal straight flight defined aileron
deflection necessary to compensate propeller-motor
torque. During the take-off phase, the maximum
differential deflection of the elevon has been less than 3
degrees. It is the consequence of relatively higher
aileron power than the typical values. For detailed,
lateral-directional flight control analysis the data from
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the dissertation given in reference [45], and papers [46-
48] should be used. This is especially important and
necessary to apply in the terminal stages of the flight
and in cases of all asymmetries that may arise, such as
sudden gusts of side wind, sudden failure of one of the
engines in multi-engine aircraft, recoil due to the effect
of weapons, asymmetrically placed cargo, or aircraft
damage, etc.

= ysi (d
Phi theta (deg) — - phi (deg) theta (deg) -+ psi (deg) psi(deg)
80 450

400

350

Figure 10. UAV attitude during the flight test
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Figure 11. UAV elevon flight control deflection during the
flight test
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Figure 12. Elevon flight control deflection vs GPS speed

The flight test RC operator did not have any problem
operating the UAV in FPV (first-person view) mode
during flight testing. This confirms that UAVs possess
adequate stability reserves and elevon power that enable
adequate flying quality. This is an excellent result for
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the first flying wing UAV prototype design. It should be
noted that during the flight phase, it was evident that
UAV is very sensitive to the lateral wind. To improve
the lateral-directional flying quality during the landing
flight phase the winglets at the tip chord could be added
as the vertical tail surfaces.

8. CONCLUSION

The flight-testing data indicates that at low airspeeds the
longitudinal stability reserve of 10% of the mean
aerodynamic chord will provide adequate stability
characteristics of flying wing UAV. The results
suggested that the authority of the control surfaces
provides adequate stability and control of the UAV
without the need for a stability augmentation system.

The method for flying wing design presented in this
paper has proved to be time efficient when testing many
different airfoils and design parameters, providing
reliable results that show good comparison with
obtained flight test data. The method provided fast and
precise results of the stability and control characteristics
that can be easily estimated in the preliminary design
phase. The obtained are in good agreement with the
flight test data and the data given in currently available
literature [22, 23, 35, 36]. It will be used in future
aircraft and UAV projects in VTL

In the next phase of UAV development, it is
necessary to integrate domestic flight control computers
and to test the developed flight control law [49] in order
to verify final UAV capabilities [50].
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KOHIENTYAJIHA JIN3AJH BECIIMJIOTHE
JIETEJIMIE THUIIA JIETERE KPWUJIO U JIETHA
HNCIIMTUBAIBA

ML.J. MunenkoBuh-baouh, /I.A. UBkoBuh,
B.I'. Octojuh, B.3. loBaTtoB, M.C. Tpudxosuh,
B.JI. AuTonuh

I'maBHa cBpxa oOBOr paga je JOa Tpe3eHTyje
METOJOJIOTY]y 3a KOHIENTyallHH Iu3ajH OecHIIoTHE
JeTennie  Tuma  Jietehe  Kpuiao — KOpHIIhemem
OecrutaTHUX COGTBEPCKUX ImporpaMa 3a mopelherme
KapaKTEepUCTHKa aeporpoduia U HUXOB JU3ajH Kao U
copTwep 3a mNapamMerapcKu MOJEIOBame IUMEH3H]ja
JeTenuie W aepoIuMHaMHuKy —aHanmzy. Ilocie
neduHuCcamba (pUHATIHE reoMeTpuje JieTenuile u3palhena
j€ TPOTOTHIl OJl CTHPOIOpPA MCEYEHOI' BPEJIOM >KHIIOM
0javaHoT INIMEPOM MOTOKBEHOT jeHoMomopHuM BJII]
€JIEKTPOMOTOPOM Ca IOTHCHOM eyncoM. YmopeheHa je
[popayvyHCKa moJiapa JICTeIHIE ca Pe3yITaTUMa JIETHUX
ACIUTABaka W BepU(UKOBAaHE Cy CTAOMIHOCHE U
yhpaBJballke KapakTepucTuke Jnerenuie. OCTBapeHH
pe3yJiTaTu mokasyjy Ja ce JIETEIUIOM MOXKe YIIPaBJbaTH
0e3 moTpebe 3a kopumhemeMm cucTema 3a ToBehame
CTa0MJIHOCTH 4YMME Ce TOTBplyje BalMIHOCT OIKCaHEe
METOJIOJIOTH]E Y OBOM pajy.
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