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Abstract

This study presents the development of a tailless flying wing unmanned
aerial vehicle (UAV) optimized for low radar cross-section (RCS) and
enhanced aerodynamic stability. The design is based on Ludwig
Prandtl’s 1933 theory of induced drag minimization using a bell-shaped
lift distribution, implemented through geometric and/or aerodynamic
wing twist. By eliminating traditional vertical stabilizers and
redistributing lift along the span, the configuration naturally counters
adverse yaw and reduces dependency on active yaw control systems.
The result is a structurally efficient UAV capable of stable flight, high
payload capacity, and minimal radar signature. This makes it highly
suitable for defense applications such as intelligence, surveillance, and
reconnaissance (ISR), as well as strategic missions requiring endurance
and stealth. Simulation results confirm that the proposed configuration
achieves improved lift distribution, reduced induced drag, and
enhanced directional stability compared to conventional tailless
designs.

Keywords: Adverse yaw control; Stability; Bell-shaped lift distribution;
Radar cross-section; Tailless UAV; Payload capacity.
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1. Introduction

Tailless aircrafts face significant challenges in directional
stability due to the absence of vertical stabilizers. A
primary issue is adverse yaw, which occurs during roll
maneuvers when differential lift and drag between wings
cause the aircraft to yaw opposite to the turn.il In
conventional aircraft, this is corrected by a vertical fin;
however, in tailless designs as shown in Fig. 1, such
correction is achieved only by mechanical means and not
inherently. The study of Ludwig Prandtl’s 1933 theory of
bell-shaped lift distribution,2 Fig. 8 and 9 minimizes
induced drag and introduces a stabilizing yaw moment
by reducing lift toward the wingtips and generating a
small induced thrust component.sl This aerodynamic
method helps counteract adverse yaw without additional
control surfaces or drag-inducing mechanisms.

The tailless flying wing structure also supports RCS
reduction due to its smooth, continuous shape and the
elimination of protruding surfaces, 5! and by generating
lift throughout the body is capable of high altitude and
payload mission profiles.

2. Related work
2.1 Horten Ho 229 (Flying wing concept)
The Horten Ho 229 was a German jet-powered flying
wing developed during World War II. It featured a tailless
configuration with a blended wing-body design to reduce
aerodynamic drag and increase efficiency. The aircraft
used a delta wing shape to enhance high-speed
performance and maneuverability.(l

The flying wing configuration eliminated vertical
stabilizers, resulting in smooth surfaces that contributed
to a lower radar cross-section (RCS) as shown in Fig. 2,
providing early stealth characteristics. These design
choices aimed to make the aircraft less detectable by
enemy radar systems.

The Horten Ho 229 was intended for use as a stealth
bomber and reconnaissance aircraft. It had a wingspan of
16.8 meters (55.4 feet) and a length of 7.47 meters (24.6

feet). The top speed was approximately 1,000 km/h (621
mph). Stealth capability was achieved through its
aerodynamic layout and surface design, which reduced
radar detectability.[”!

2.2 Northrop Grumman B-2 Spirit (Stealth Bomber)
The Northrop Grumman B-2 Spirit is a modern flying
wing aircraft developed for low-observable, long-range
strategic bombing. The aircraft eliminates vertical
stabilizers and uses radar-absorbing materials (RAM)
along with shaping techniques to minimize radar cross-
section (RCS), as illustrated in Fig. 2. Stability and
control are maintained using an advanced fly-by-wire
control system, compensating for the lack of traditional
aerodynamic surfaces.

The B-2 features a flying wing configuration with an
integrated fuselage and wings. Its stealth capability is
achieved through the combination of RAM and
geometrical shaping. The fly-by-wire system enables
stable flight and precise maneuvering without
conventional vertical or horizontal stabilizers.ls]

It is employed for strategic bombing and covert
military operations, including Intelligence, Surveillance,
and Reconnaissance (ISR) in contested airspace. The
aircraft has a top speed of approximately 1,010 km/h
(627 mph), a range of 11,000 km (6,835 miles), and a
payload capacity of 18,000 kg (39,683 lbs). The radar
cross-section is approximately 0.1 m?.(58l

2.3 NASA Prandtl-D (Bell-shaped lift distribution
test)

The NASA Prandtl-D is a flying wing UAV developed to
experimentally validate Ludwig Prandtl’s bell-shaped lift
distribution theory.lsl The design features aerodynamic
twist along the span to reduce lift at the wingtips,
generating a small induced thrust component that
passively counters adverse yaw. This configuration
eliminates the need for traditional control surfaces by
providing inherent aerodynamic stability.

Fig. 1: Third iteration of the model.
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Fig. 2: Planform view showing minimum radar cross-section from front and side profiles.

The aircraft utilizes bell-shaped lift distribution in
Figs. 8 and 9 to minimize induced drag. Spanwise twist
reduces tip lift and creates a stabilizing thrust effect.
Stability and control are achieved passively through
aerodynamic shaping, without the use of active control
surfaces.

The Prandtl-D was developed for research in tailless
UAV and flying wing configurations, with particular
application to long-endurance unmanned flight. The UAV
has a wingspan of 25 feet (7.62 meters) and weighs 28
pounds (12.7 kg). Stability is maintained through passive
aerodynamic design.i4

2.4 Blended Wing Body (BWB) design
The Blended Wing Body (BWB) configuration integrates
the wings and fuselage into a single, continuous lifting
surface, eliminating the need for a conventional tail. This
design as referred in Fig. 3 reduces aerodynamic drag,
increases the lift-to-drag ratio, and improves fuel
efficiency. It has been studied for both military and
commercial aviation.l9

The BWB features a seamless wing-fuselage structure
that reduces drag and enhances lift. The aerodynamic

benefits make it suitable for applications requiring high
efficiency and long-range capability. The configuration
supports both cargo and passenger layouts in commercial
use, as well as strategic transport roles in military
applications.

For example, the NASA X-48B demonstrator had a
wingspan of 20.4 feet (6.2 meters), a gross weight of 523
pounds (237 kg), and used three small turbojet engines
providing a combined thrust of approximately 160
pounds (72.6 kg).n0 Performance parameters vary
depending on scale and mission requirements.

3. Research gap

Although flying wing designs have improved, there are
still important problems related to structure, yaw
control, and manufacturing accuracy. A major issue is the
structural difficulty of using high aspect ratio wings,
which are needed to apply bell-shaped lift distribution in
Figs. 8 and 9 and reduce induced drag. When the aspect
ratio increases, the bending moments at the wingtips also
increase. This requires stronger materials and added
reinforcement, which makes the structure heavier. High
aspect ratio wings also have lower torsional stiffness,

Plane Name i
Wing Span 1400 m i
®yProj. Span 1.300 m /i

fing Area 0.306 m? /
¥yProj. Area 0.297 n? |

Plane Mass 0.400 kg

wing Load 1.347 kg/m? -

Root Chord 0.380 m

HAC 0.25 m w
TipTuist 0.000°
Aspect Ratio 6.400
Taper Ratio 0.158
Root-Tip Sweep =  32.152°
NP = d{XCp.C1)/del = 0.265m
Mesh elements = 572

JMompnt. ref. location

V=
Alpha =
S Beta =

- L =

=

. Efficiency =
| CL/ed =

| tn =

4,00 n/s
3.000°
0.000°
0.298
0.005
0.926
62.043
-0.040
-0.000
0.000
0.271 n
0.236m

Fig. 3: Geometry of designed third iteration.
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making them more likely to face aeroelastic problems
such as flutter and divergence. For example, NASA’s
Prandtl-D, which was designed with bell-shaped lift
distribution, failed in field tests because the wing tips did
not have enough torsional strength.

Another flaw is active yaw instability. Since flying wing
aircraft do not have vertical stabilizers, they cannot
maintain yaw stability passively. Aircraft like the B-2
Spirit solve this using active systems. One method is split
brake-rudders, placed on the outer trailing edges of the
wing or by using winglets (Fig. 4). These can open on one
side to create yawing force. Another method is
differential thrust, where engine power is adjusted
between the left and right sides to change direction.
These systems work but require complex fly-by-wire
(FBW) control. This adds electronic dependence and may
reduce reliability, especially in environments where
electronics can be jammed or damaged.

Attaining the required bell-shaped lift distribution
demands precise aerodynamic or geometric twist along
the wing span. This necessitates maintaining extremely
tight manufacturing tolerances, often within sub-
millimeter precision, across large-scale composite
structures—a process that is both technologically
demanding and cost-intensive. Additionally, ensuring
structural continuity while integrating varying airfoil
sections along the span, Fig. 3 presents significant
engineering challenges. These factors collectively elevate
production costs and can lead to compromises in
aerodynamic performance if not addressed with high-
precision fabrication and assembly techniques.

4. Proposed methodology

The objective is to develop a modular, aerodynamically
stable tailless UAV architecture that integrates the bell-
shaped lift distribution concept from Prandtl's 1933
theoryie11 into a structurally optimized blended-wing
airframe (Fig. 3). This design avoids reliance on
mechanical yaw-control systems and mitigates the
structural drawbacks of high aspect ratio flying wings by

combining swept outer sectionsl”l with a low-aspect-ratio
central lifting body.

The airframe comprises three primary aerodynamic
zones. The central segment is a fuselage-integrated lifting
body!l with a low aspect ratio as seen at the center
section of Fig. 3, serving as the main load-bearing
structure. It accommodates internal payloads, avionics,
and power systems, while concentrating bending stresses
to preserve stiffness and reduce reinforcement in the
outer wings.

The outer wing sections are swept and of higher
aspect ratiol+11l as seen at the center section of Fig. 3, with
geometric washout achieved via twist and airfoil
variation. This configuration induces a bell-shaped
spanwise lift distribution,®l reducing lift at the tips and
generating an induced thrust component.i4l Adverse yaw
is passively suppressed, eliminating the need for vertical
stabilizers, drag rudders, or differential thrust.

Transition regions between the central body and outer
panels are aerodynamically blended® to reduce vortex
generation and maintain laminar flow. The blended-body
planformiizl minimizes RCS (Fig. 2) through continuous
curvature and the absence of upright surfaces. Structural
loads are concentrated in the central body, offloading
torsional stress from the slender outer panels.

Yaw and pitch control are achieved via integrated
elevons along the trailing edge. No dedicated yaw-control
surfaces are required as shown in Fig. 7. Stability
augmentation, if necessary, is limited to minimal
electronic correction, avoiding fully active fly-by-wire
systems.

The design is modular and scalable. The central body
and washout profile remain fixed, while outer wing span
and sweep may be modified to suit mission-specific
requirements.

5. Implementation stages

5.1 Stage 1: Determining the sweep angle for static
directional stability

Objective: To determine the optimal sweep angle (A)

Fig. 4: Second iteration of the model.
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that enhances static directional stability by leveraging
the differential lift distribution caused by sideslip in a
swept-wing configuration.

5.1.1 Effective angle of attack in sideslip

In a sideslip condition, the effective angle of attack (o)
varies along the span of a swept wing. For a given sideslip
angle (B), sweep angle (A), and nominal angle of attack
(a), the effective angle of attack at a spanwise location y
is given by:

sinacosf ) (1)

(xeff(YJ=arCtan (cosacosﬁcosA—sinBsinA
where,

a = nominal angle of attack

B = sideslip angle

A = sweep angle

This general expression accounts for the complete 3D
velocity components relative to the swept wing section
and is derived without small-angle or linear
approximations. It reflects the variation of effective angle
of attack across the span, which contributes to
differential lift and resultsin rolling and yawing moments
that influence directional stability (Fig. 7).

5.1.2 Lift curve slope reduction due to sweep
The lift curve slope (%) of a wing is influenced by its
aspect ratio (A) and quarter-chord sweep angle (Aq/4).
For a swept wing in incompressible flow, the lift curve
slope is reduced from the two-dimensional airfoil value
(ap) due to both three-dimensional finite wing effects and
sweep.

ﬂ _ agcosA1/4

da 1+i—g

(2)

where,
ag = two-dimensional lift curve slope (per radian)
A = wing aspect ratio
A1 /4 = quarter-chord sweep angle
*For an infinite swept wing, the lift curve slope reduces
to:
dcy,
Einﬁnite (3)
This expression accounts for the effective reduction in
angle of attack and dynamic pressure experienced by
each airfoil section due to sweep, as well as the spanwise
lift distribution effects due to finite aspect ratio. It leads
to a more gradual increase in lift with angle of attack.

=aCoS2 A /4

5.1.3 Induced rolling moment and yawing moment
The differential lift and drag distributions along the span
of a swept wing result in both rolling and yawing
moments. These arise due to variations in effective angle
of attack caused by sweep, twist, and sideslip.

5.1.3.1 Rolling moment

Journal of Collective Sciences and Sustainability

The rolling moment (L) generated by differential lift
distribution is given by:

L= [}/ CLlyae(y)) q,, c(y) dy 4)

where,
y = spanwise coordinate,
CL(yae(y)) = local section lift coefficient,

q,.= % pVZ = freestream dynamic pressure,

c(y) =local chord length.

This moment arises as the product of lift force and its
moment arm about the roll axis. It stabilizes the aircraft
against sideslip by generating an opposing roll.

5.1.3.2 Yawing moment

The yawing moment (N) arises due to the sweep-induced
lateral component of lift and the longitudinal component
of drag. It is given by:

b2
N= j [ac)-

b/2
xc6) CL(%etr(¥)) sin(A(y))+y Cp (v.aes(y)) cos(A(y))] a,,
c(y)dy (5)
where,

Xqc (y) = quarter-chord x-location at spanwise station y,
Xcg = X-location of the center of gravity,

Cp(yae(y)) = local section drag coefficient,

A(y) =local sweep angle.

The first term reflects the yawing moment due to
spanwise lift components at a distance from the CG, while
the second term captures yawing due to drag forces at
outboard span stations.

These integrals can be evaluated numerically or
approximated under linear assumptions for analytical
design.

5.2 Stage 2: Determining the planform, aerodynamic
center, and center of gravity

Objective: To design a balanced wing planform that
ensures the aerodynamic center (AC) and center of
gravity (CG) are optimally positioned to achieve desired
static stability and control.

5.2.1 Planform Geometry and Mean Aerodynamic
Chord (MAC)

Mean Aerodynamic Chord (MAC): The Mean
Aerodynamic Chord (MAC) is a fundamental parameter
used to define the average chord length weighted by
aerodynamic effect, as implemented in the final planform
in Fig. 3. For a trapezoidal wing with root chord c,,,; and
tip chord cyp,, the MAC is calculated as:

2 2
E_ 2 Croot*Croot"Ctip* Ctip

(6)

3 Croot *Ctip
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where,

Croot = root chord length

Cyip = tip chord length

This expression accounts for the chord variation along
the span and is valid for any symmetric trapezoidal wing
geometry. Itis derived from first principles by integrating
the square of the local chord along the span and
normalizing by the wing area.

Aerodynamic Center (AC): For a symmetric airfoil, the
aerodynamic center is located at 25% of the MAC from
the leading edge.

5.2.2 Center of Gravity (CG) calculation

CG Calculation: The CG is the weighted average location
of all mass elements in the aircraft. For components i
with mass m; and distance x; from a reference point, the
CGis:

2m;X;

Xe6= S (7)

Component Masses:

Wil’lg Mass: mWingzpmaterial'SWing'tWing

Payload Mass: mpayload:ppayload'Spayload'tpayload
Propulsion System Mass:
mpropulsionzppropulsion'Spropulsion'tpropulsion
where,

p = density of the material,

S = surface area,

t = thickness of the component.

5.2.3 Neutral Point (NP) and static margin

Neutral Point (NP): The neutral point is the longitudinal
position about which the pitching moment coefficient
remains constant with changes in angle of attack. It
represents the boundary between static stability and
instability and, for an aircraft to be statically stable, the
center of gravity must lie ahead of the neutral point.

For a complete aircraft, the NP is given by:

b (1.2)
Ay da
where,

Xac = aerodynamic center of the wing,

(8)

XNp=Xact

Syl . .
Vy= % = tail volume ratio,
ag, a,, = lift curve slopes of the stabilizer and wing,

respectively,

Z—; = downwash gradient (effect of wing on tail angle of

attack).

For an isolated wing, the NP coincides with the
aerodynamic center. Its exact location for a swept
trapezoidal wing is given by:

b/2 1 di
12 (e e dy

b/2 dey(y)
o5 e 4y

9)

XNP=XACT

where, X g(Y)=XLE root+ |y|tanA g - longitudinal position of

6 | gr-journals.com

the leading edge at spanwise station y,

c(y)=cr-(cc) g

trapezoidal wing,

- local chord length at y for a

% - local lift curve slope at y,
b - total wingspan,
Cp, C; - Yoot and tip chords, respectively.
Static Margin (SM): The SM is the distance between the
CG and NP, normalized by the MAC:
SM= 2N (10)

C

A positive SM indicates a statically stable aircraft, as
verified in the stability analysis (Fig. 5 and Fig. 7).

5.3 Stage 3: Airfoil selection, washout
implementation, and lift distribution optimization
Objective: To design a wing with a reflexed airfoil
configuration and a washout distribution that minimizes
induced drag and ensures stable aerodynamic
performance, utilizing Prandtl’s 1933 solution for lift
distribution.

5.3.1 Airfoil selection: reflexed airfoils

Reflexed airfoils are used in flying wing designs to
achieve  pitch  stability,131  with  performance
characteristics shown in Fig. 5 and Fig. 6, without a
horizontal stabilizer. These airfoils generate a negative
pitching moment at zero lift, which helps maintain pitch
stability through aerodynamic means.l1l In addition to
stability, reflexed airfoils can improve aerodynamic
efficiency by reducing drag at higher angles of attack.
This is achieved by delaying the onset of flow separation.
For design, several factors must be considered. The
camber line of the airfoil must be shaped to produce a
negative pitching moment at zero lift.['3] The thickness-
to-chord ratio should be moderate, as demonstrated by
the NACA 2412 and MH60 airfoils in Fig. 6 to provide a
balance between structural strength and aerodynamic
performance. Also, the airfoil must be compatible with
the operating Reynolds number range, which for small
UAVs is typically between 10° and 10° Performance
outside this range can lead to reduced efficiency or loss of
control.

5.3.2 Washout implementation

Washout is the reduction in the angle of attack from root
to tip along the span of the wing and is responsible for the
lower angle of attack being created at the tipi*t13linducing
a thrust component.

Twist Distribution: The twist angle (0) at a spanwise

location y can be defined as:
e(Y):eroot'% '(eroot'etip) (11)

where,
0.00: = twist angle at the root,
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Fig. 7: Static stability of third iteration model.
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B4p = twist angle at the tip,

b = wingspan.

This washout is analyzed by performing a VLM and LLT
(Vortex Lattice Method, Lifting Line Theory) analysis to
evaluate the aerodynamic characteristics and ensure that
the washout distribution leads to the desired lift
distribution and stability.

5.3.3 Prandtl’s bell-shaped lift distribution (1933
Solution)

Prandtl proposed an alternative lift distribution in 1933,
known as the bell-shaped lift distribution,11 which also
achieves minimum induced drag but produces different
rolling moment characteristics-particularly beneficial for
tailless aircraft and flying wings.

The non-dimensional lift distribution in terms of angle 6
is:

L) _4

2 (sin(8)-sin(36)) (12)

where,

L(0) is the local sectional lift,

L is the total lift,

0 is a spanwise location angle defined by:

b
y="3 cos(08), 6¢€[0,m]

b is the total wingspan.

In lifting line theory, this corresponds to a specific
combination of Fourier coefficients:

1
B.=1, B3:-§, B,=0 forn#1,3

By setting B,=0 for n>3, induced drag remains minimized
under the fixed wingspan and lift constraint, but the
resulting lift distribution reduces tip loading and rolling
moments.

Prandtl’s bell-shaped lift distribution was later found
to be advantageous in designs like the Horten flying wing.
The key difference from the elliptical lift distribution is
the reduced lift at the wingtips, leading to lower vortex
strength and reduced roll-yaw coupling.

5.4 Stage 4: Fluid simulation, design finalization, and
integration

5.4.1 Fluid simulation for aerodynamic testing
Objective: To perform fluid simulations for induced
drag, downwash, and lift distribution, ensuring the
optimized aerodynamic characteristics of the design are
validated before physical testing.

The computational fluid dynamics (CFD) simulation
setup is carried out using suitable software platforms
such as ANSYS Fluent, OpenFOAM, or XFLR5. These tools
are selected based on availability and compatibility with
the modeling requirements, producing results as shown
in Figs. 8, 9 and 12 of the tailless UAV configurations. A

Interpretation:
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Fig. 8: Inviscid bell distribution.
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Fig. 9: Viscous bell distribution.

refined mesh is generated to capture the geometric and
aerodynamic surface features of the wing and its
surrounding flow field. Mesh density is increased near
critical regions such as the leading edge, trailing edge,
and wing tips to accurately resolve vortex structures,
pressure gradients, and boundary layer behavior.

Boundary conditions are defined to reflect realistic
flight scenarios. The inlet boundary is set with a free-
stream velocity corresponding to the desired flight
condition. At the outlet, a pressure outlet boundary is
applied to allow airflow to exit the computational domain
smoothly. All surfaces of the wing are treated with a no-
slip wall condition to simulate realistic flow interaction
with the solid boundary.

Flow parameters are assigned based on the targeted
flight regime. These include setting the Mach number,
Reynolds number, and angle of attack in accordance with
the expected operating envelope. These inputs ensure
that the simulation reflects the aerodynamic behavior of
the design under practical conditions, enabling
assessment of lift distribution, induced drag, and flow
separation patterns.

Simulation Parameters: To identify negative downwash
(i.e., upwash at the tips) and to minimize induced drag
Cp, , the following aerodynamic relationships are

employed:

a) Induced drag (Lift-induced drag calculation):
The general expression for the induced drag coefficient,

Journal of Collective Sciences and Sustainability

without assuming elliptical lift distribution, is derived
from Prandtl’s lifting line theory:

2 b/2
3L ea T ) wi(y) dy

Cp,= (13)
where,
I'(y) is the circulation distribution along the span,
w;(y) is the downwash velocity at spanwise location y,
given by:

_ L pb2dry)/dy 4o

Wi (Y)_ At f—b/Z vy d

S is the wing planform area,
V., is the freestream velocity.

(14)

The lift coefficient is related to the circulation
distribution as:
2 b2
Cu=g [/ T (v) dy (15)

For wings with **elliptical lift distribution®*, the
downwash becomes spanwise constant, and the induced
drag coefficient simplifies to the classical expression:
__«
Di™ AR (16)
where,

b? . .
AR= < is the aspect ratio,

e is Oswald’s efficiency factor (typically 0.7-1.0).
This formulation, both general and approximate, is used
to evaluate aerodynamic efficiency as shown in Fig. 10.

b) Downwash calculation
The downwash at each spanwise location y is determined
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by the distribution of circulation I'(y) shed from the
trailing edge. For a swept wing with variable airfoil
geometry, the general expression derived from Biot-
Savart law is:

W)= 3 L)y (17)
The corresponding induced angle of attack at spanwise

location y is:
wi(y)

o (y)=" (18)
The effective angle of attack becomes:
r(y)=ag(y)cosA(y)- 22 (19)

and the local circulation, incorporating sweep effects,
becomes:

[(y)=3Vecary) (agy)-%2) cosA(y)  (20)

Lift Distribution: Use XFLR5 or similar tools to simulate
the lift distribution, ensuring results match the optimal
pattern shown in Figs. 8 and 9 along the span of the wing.
Ensure that the distribution follows the optimal Prandtl’s
solution, 11l with a reduced lift toward the wingtips.

c) Iterations and validation
The simulation process involves multiple iterations
wherein the wing twist distribution and airfoil sectioning
are adjusted to achieve the target lift distribution and
minimize induced drag. Each iteration includes
evaluation of the flow field, with particular attention to
vortex shedding behavior and vortex-induced drag, to
verify that the configuration supports low-drag, stable
flight. Modifications are made incrementally based on
observed aerodynamic performance metrics until the
simulation output aligns with the predefined criteria.

In addition to general aerodynamic validation, the
effects of downwash are assessed to understand their

impact on the flow structure and pressure distribution.
This includes analyzing how the wing’s trailing flow
interacts with any downstream control surfaces or
structures, such as a tail section if present, to ensure that
induced flow does not degrade stability or control
effectiveness.

5.4.2 Structural design finalization

After validating the aerodynamic characteristics, the
structural design is finalized. The wing is divided into
panels based on the final aerodynamic shape illustrated
in Fig. 3. Each panel must follow the airfoil geometry and
the twist distribution across the span. The wing skin is
designed accordingly, using lightweight and high-
strength materials such as carbon fiber composite or
fiberglass, which provide the necessary strength-to-
weight ratio for UAV applications. Internally, the wing
includes a structural skeleton made up of formers or ribs
that define the airfoil shape and provide mechanical
strength. These internal members are constructed from
materials like aluminum alloy or carbon fiber, and they
are spaced at regular intervals to maintain structural
integrity and preserve the aerodynamic profile.

Once the skeleton is complete, the skin panels are
applied using adhesive bonding methods. Care is taken to
align each panel precisely along the aerodynamic surface
to ensure smooth transitions between them, minimizing
drag and maintaining the aerodynamic performance
established.

5.4.3 Prototype testing (free-glide tests)

Objective: To validate the aerodynamic characteristics
and structural integrity through free-glide tests.
Procedure: Initial testing involves performing free-glide
trials using the prototypes similar to those shown in Figs.

......

Fig. 10: Aerodynamic efficiency of third iteration model.
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4 and 1, with an additional ballast installed to simulate
the weight of onboard electronics and payload. These
tests are designed to evaluate whether the aircraft can
maintain stable, unpowered flight. During each trial, the
glide path is observed and recorded to identify any
deviations from the expected trajectory. Deviations are
used to inform necessary adjustments to the airframe
geometry or control configuration.

Tests are conducted under calm weather conditions, free
of significant crosswinds or gusts, to ensure that
environmental factors do not affect the assessment. The
aircraft’s response to small, deliberate perturbations is
observed to assess its inherent stability and control
behavior in an unpowered state.

Feedback: Data obtained from the gliding tests, including
glide path characteristics and stability metrics, are used
to refine the design. Modifications may include adjusting
the geometric washout or selecting alternate airfoil
sections to improve stability or performance as required.

5.4.4 Integration with electronics and propulsion
unit

Objective: To integrate the necessary flight control
electronics and propulsion unit for powered flight.
Procedure: The integration phase begins with the
installation of a flight control unit (FCU) capable of
managing aircraft stability in pitch, roll, and yaw. For the
tailless configuration, the control surfaces must be
configured to produce minimal drag while ensuring
sufficient authority over the flight axes. Inertial
Measurement Units (IMUs) and a GPS module are
incorporated to provide real-time data for navigation and
control.

A fly-by-wire system is implemented to manage stability
and dynamic response in real-time, ensuring reliable
control without mechanical linkage systems. The

propulsion unit is selected based on the required thrust-
to-weight ratio. For this class of UAV, the system typically
comprises compact brushless motors and high-efficiency
propellers. The propulsion system is connected to the
FCU, enabling coordinated control of throttle and
aerodynamic surfaces for stable powered flight.

After integration, ground tests are conducted to verify
that all electronic systems function correctly. This is
followed by powered testing to validate that the
propulsion unit is operating in synchronization with the
control system. Control software parameters are then
calibrated and fine-tuned based on performance under
different flight conditions.

6. Result

Three iterations were carried out to evaluate the
capability and feasibility of the proposed plan. Two
airfoils in Fig. 6 were selected for the final design: NACA
2412 at the main body and MH60 at the wing tips to
incorporate geometric twist and washout. The first
iteration (Fig. 11) focused on testing static stability and
overall balance while refining the planform. In the second
iteration (Fig. 4), the planform was revised and winglets
were added at a 72° angle to improve directional stability
through circulation. This version was designed for hand
launch to observe stability behavior. The third iteration
as shown in Fig. 1 was developed entirely using
simulation tools and CFD analysis. According to the
simulation data, a bell-shaped lift distribution was
achieved in both inviscid in Fig. 8 and viscous flow in Fig.
9 conditions, also shown in the coefficient of pressure
plot in Fig. 12. As shown in Figs. 5 and 7, the aircraft
exhibited static stability without a tail, confirming the
feasibility of tailless flight. Additionally, the aerodynamic
performance of the airfoils and the overall design showed
high lift-to-drag ratios at angles of attack below 7° as in

} S

Fig. 11: First iteration of the model.
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Fig. 12: CP plot showing bell distribution.

Figs. 6 and 10. This third design in Fig. 2 was later
modified into a radio-controlled prototype as shown Fig.
1 and featured a blended wing configuration with
incorporated washout.

7. Conclusion

This study successfully demonstrates the feasibility of a
tailless flying wing UAV optimized for low radar cross-
section and aerodynamic stability using Prandtl’s bell-
shaped lift distribution in Fig. 12. Through three design
iterations in Fig. 11, Fig. 4 and Fig. 1, the final
configuration employed geometric twist using NACA
2412 and MH60 airfoils (Fig. 6, Fig. 5), to achieve a stable
lift distribution with reduced induced drag (Fig. 10). CFD
simulations confirmed bell-shaped lift behavior in both
inviscid and viscous flows (Fig. 8 and Fig. 9), and verified
that the design remains statically stable without a
vertical tail (Fig. 7). The aircraft also exhibited high lift-
to-drag ratios below 7° angle of attack, validating
aerodynamic efficiency (Fig. 10). The final prototype
incorporated a blended wing configuration with washout
and was realized as a functional radio-controlled
platform (Fig. 3 and Fig. 1). These results confirm that
passive aerodynamic control through spanwise load
redistribution can reduce reliance on active yaw
stabilization systems, making this approach viable for ISR
and stealth missions where structural simplicity and low
observability are critical (Fig. 2). Despite these promising
results, several challenges must be addressed for real-
world deployment. The implementation of precise
geometric twist and spanwise airfoil variation requires
tight manufacturing tolerances, particularly in composite
structures, which can significantly increase fabrication
complexity and cost. Moreover, the absence of vertical

12 | gr-journals.com

stabilizers limits passive yaw damping, necessitating
robust control algorithms and redundant sensor systems
to maintain directional stability under crosswind and
turbulence. Structural flexibility and aeroelastic effects,
such as wing twist under load or flutter, must also be
carefully analyzed and mitigated during scaling. Future
work should focus on system-level integration,
hardware-in-the-loop testing, and flight validation under
diverse conditions for full-scale deployment.
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