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Abstract: The performance of a small reconfigurable unmanned aerial vehicle (UAV) is evaluated,
combining a multidisciplinary approach in the computational analysis of additive manufactured
structures, fluid dynamics, and experiments. Reconfigurable UAVs promise cost savings and effi-
ciency, without sacrificing performance, while demonstrating versatility to fulfill different mission
profiles. The use of computational fluid dynamics (CFD) in UAV design produces higher accuracy
aerodynamic data, which is particularly important for complex aircraft concepts such as blended
wing bodies. To address challenges relating to anisotropic materials, the Tsai–Wu failure criterion is
applied to the structural analysis, using CFD solutions as load inputs. Aerodynamic performance
results show the low-speed variant attains an endurance of 1 h, 48 min, whereas its high-speed
counterpart is 29 min at a 66.7% higher cruise speed. Each variant serves different aspects of small
UAS deployment, with low speed envisioned for high-endurance surveying, and high speed for
long-range or time-critical missions such as delivery. The experimental and simulation results suggest
room for design iteration, in wing area and geometry adjustments. Structural simulations demon-
strated the need for airframe improvements to the low-speed configuration. This paper highlights
the potential of reconfigurable UAVs to be useful across multiple industries, advocating for further
research and design improvements.

Keywords: unmanned aerial vehicle; reconfigurable; multi-mission; computational fluid dynamics;
additive manufacturing; finite element analysis

1. Introduction

At present, unmanned aerial vehicles (UAVs) are primarily used for data gathering,
remote sensing, and observation tasks in a variety of sectors, such as photography, logistics,
telecommunications, agriculture, search and rescue, disaster management, infrastructure
inspection, and entertainment [1–6]. They can provide safe operation in dangerous envi-
ronments and enable access to remote locations, normally at low cost. Recent advances
in wireless networks [7] and artificial intelligence [8] allow intense progress in sensing
and communication, and equivalent progress in the UAV mission capabilities is required.
Although the available software is capable of performing all types of tasks, normally a
different aircraft is required for each mission [9]. Therefore, a reconfigurable UAV can be
devised for different tasks, capable of performing them at high performance. This offers
a great advantage over systems designed for a single specific mission because different
setups can provide enhanced performance at different mission profiles. Moreover, the use
of a reconfigurable UAV has been seen to provide a 26% cost reduction with respect to
off-the-shelf products [10].
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The development of a family of reconfigurable UAVs includes the enhancement of
interchangeable components, such as wings, tails, engines, and payloads, improving the
performance of each type of mission and the overall flexibility of the family [11]. The goal
of the Switchblade UAV design is to combine the flexibility of reconfigurable vehicles with
the performance of optimized components, as envisioned in previous works [12,13]. The
Switchblade is a small unmanned aerial system (UAS) concept that adopts a hybrid role in
the form of two main aircraft variants for long-endurance, slow-flight, or long-range fast
operation. This is intended to provide a variety of mission profiles at a reduced cost.

Recent literature on UAV design revealed that when it comes to reconfigurability,
most cases refer to morphing wings, fixed-wing aircraft with VTOL capabilities, hybrid
multi-domain vehicles, or arrays of multiple UAVs connected to each other. A gap exists in
the design of modular reconfigurable UAVs envisioned for drastically different mission
requirements, and this work aims to fill it. Table 1 shows recent designs in the field and
how they compare to Switchblade with their key parameters.

Table 1. Comparison of recent (2020–2023) literature to the current project.

Paper Variant or
Type Manufacture Wing

Airfoil Materials Endurance Cruise
Speed Range L/D

Adawy [14] Fixed wing
Laser cut,

foam cutting E423
Balsawood
Plywood

Aluminum
14.5 m/s

Ayele [15] Inflatable
wing E180 Polyurethane blade

UV-sensitive woven material
0.34 h 158.21 m/s 13.8

Chu [16]

Max.
Extension 16 m/s 21.5

Transition N/A 17 m/s 19.9
Min.

Extension 18 m/s 19

Elelwi [17]

100%
span length

NACA 4412 51 m/s 102 km 23.76

125%
span length

NACA 4412 51 m/s 120 km 26.5

150%
span length

NACA 4412 51 m/s 130 km 29

175%
span length

NACA 4412 51 m/s 150 km 32.35

Gatto [18]
Active twist

control Laser Cut Variable
Balsawood
Plywood
Fiberglass

18–25 m/s 9.8–10.66

Goetzendorf-
Gabowski [19]

Fixed wing
VTOL S4062-095-87 1.5 h 22 m/s 14.3

Kim [20]

Multi-UAV
Array

Assembled
Components

N/A Various 0.17 h

Individual
UAV

Assembled
Components

N/A Various 0.17 h

Lu [21]

Air Off-the-shelf
Components

Carbon fiber 31.5 m/s 3.92

Water Off-the-shelf
Components

Carbon fiber Depth
50 m

Lyu [22]

Air Off-the-shelf
Components

Composite 0.17 h

Water Off-the-shelf
Components

Composite 0.37 h 0.5 m/s Depth
25 m
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Table 1. Cont.

Paper Variant or
Type Manufacture Wing

Airfoil Materials Endurance Cruise
Speed Range L/D

Santos LSHE 3D printed E171/E330 Nylon 12 CF 1.8 h 20.16 m/s 131 km 18.2
HSLR 3D printed E171//E182 Nylon 12 CF 0.49 h 33.62 m/s 59 km 16.2

Savastano [23] Flapping
wing AS-6091 Ultralight fabric 11 m/s 76

Wong [24]
Fixed wing

VTOL
Foam

cutting MH 78
polystyrene woven

glass fiber
4

The application of additive manufacturing methods in the aircraft industry is
widespread and offers many advantages in the production of parts, such as shortened
production cycle times, reduction in costs, lighter component weights, and even the global-
ization of the aircraft industry [25–27]. Additionally, 3-D printing can be used for efficient
production of wind tunnel models, a task that is usually time-consuming and costly [28–30].
Additive manufacturing has been used in the production and experimental evaluation of
wings in the transonic regime by [31]. Similarly, the concept of a bio-inspired morphing
UAV model has been manufactured and tested in [30]. In this work, one of the goals is
to take full advantage of additive manufacturing for prototyping and testing purposes;
however, there are still challenges related to the use of this technology for aircraft structures,
such as the low strength of fused deposition modeling (FDM) materials, anisotropy, porosi-
ties, manufacturing process variability, and imperfections that can be critical to thin-walled
features [32,33]. It is necessary to address these issues when designing aircraft structures
for safe operation and full life cycles.

The outstanding development of computational fluid dynamics (CFD) software and
computational resources in the last couple of decades has benefited the aircraft indus-
try [34–36], and by association, UAV designers [37]. CFD methods are increasingly used
in the early stages of UAV design, with varying fidelity depending on the level of devel-
opment [15,38]. Extensive analyses with RANS, URANS, and DES simulations have been
performed on an unmanned combat aerial vehicle (UCAV), resulting in accurate prediction
of vortical flow over a delta wing configuration [39]. Determination of the dynamic stability
characteristics of an aircraft—a task that is normally difficult to predict with numerical
simulations and usually accomplished empirically or experimentally—was successfully
executed in [40], where CFD results had great correlation with flight test data. Dynamic
stability derivatives for an airfoil were obtained in [41], also with a good correlation of
experimental data. Even the use of active and passive flow control methods applied to UAV
performance enhancement has been studied in computational frameworks [42–44]. The
use of higher fidelity CFD models and simulations for the Switchblade UAV is critical to
obtain higher accuracy aerodynamic data and to evaluate the performance of both variants:
low-speed high-endurance (LSHE) and high-speed long-range (HSLR). Moreover, in this
study, CFD work serves to inform the structural analysis and wind tunnel experiments by
giving essential input to FEA studies and is a basis for comparison to experimental results.

The design of a UAV is a complex process, involving different disciplines such as
aerodynamics, propulsion, structural integrity, stability and control, electronics, communi-
cation, and manufacturing techniques. Moreover, the reconfigurable nature of Switchblade
promotes the integration of conflicting features in the same system, i.e., high-speed long
range and low-speed high endurance. Therefore, a multidisciplinary collaboration is ap-
plied to the project, combining design and numerical analysis to enhance the performance
and safety of the different modules in both aerodynamic (CFD) and structural (FEA) criteria.
Finally, wind tunnel testing of the different configurations provides experimental validation
and the comparison with computational models to provide a more complete understanding
of the system. The methodology used here is an extension of a previous work [12] and is
explained in Section 2.1.
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1.1. Background

Previous design efforts have been made to develop a family of unmanned aerial vehi-
cles that inherit a unique reconfigurability feature to allow multiple missions of different
regimes using the same unmanned aerial system (UAS). This UAS is to be referred to as
‘Switchblade’ and offers a vehicle with a modular framework assuming one of four variants
based on the mission requirements. The scope of the Switchblade project is to obtain a
balance between flight performance and wide-mission adaptability, providing an economic
advantage in that only a single UAS is needed by an operator.

The conceptual design framework for Switchblade was previously conducted in [12].
Considering a variety of missions in commercial sectors in which UAVs are utilized, as
shown in Table 2, three different mission profiles were studied to examine the required flight
performance, resulting in four distinguishable UAV variants (Figure 1). In surveillance and
inspection-type missions, Switchblade is loaded with a high-resolution camera payload,
contained in its transparent nose and weighing up to 0.3 kg. For inspections, the UAV is
required to accumulate up to 30 min in hover, which was considered in the conceptual
design phase for battery sizing. In delivery missions, the fastest variant (HSLR) is deployed,
carrying a payload of up to 0.5 kg. The VTOL capability is crucial in this application to
reduce the space needed for take-off and landing. The HSLR variant without VTOL is
also able to perform surveillance in time-critical situations, reaching points of interest in a
shorter time due to its 66% higher cruise speed.

Figure 1. Switchblade multi-mission variants.

Table 2. Initial mission performance requirements, adapted from [12].

Mission Performance Range Cruise Mach VTOL Payload Weight

Surveillance LSHE 200 km 0.06 No Camera 3.93
Delivery HSLR-VTOL 100 km 0.1 Yes Package 4.66

Inspection LSHE-VTOL 37 km 0.06 Yes, 30 min Camera 4.50

The Switchblade UAS consists of a blended wing body (BWB) acting as the common
module among all UAV variants, connecting to wing modules. Tailless aircraft have
many advantages over traditional aircraft, such as lower weight and drag, smaller cross
sections, and higher aerodynamic efficiency [45]. Figure 1 shows the Switchblade family
concept. The ‘parent’ UAV variant is the high-speed long-range (HSLR) variant which is
prioritized in the design process due to its higher cruise speed and, thus, higher propulsion
demand. The low-speed high-endurance (LSHE) variant is the ‘child’ variant, where its
propulsion demand is automatically satisfied. Both variants can be enabled for vertical take-
off and landing (VTOL) by exchanging their vertical stabilizer with two removable fins that
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contain electric motor propulsion units. All of the modules are integrated into a Pixhawk
flight controller system, chosen for its vast open-source documentation and configuration
flexibility. It recognizes the given module combination to adjust flight control parameters
accordingly, i.e., in the case that HSLR-VTOL is the current setup, the flight controller loads
the appropriate settings for a vertical take-off and landing high-speed flight.

1.2. Research Objectives

The overarching goal of this work is to push the boundaries of reconfigurable design
with consideration to the aerodynamics and structural integrity of two UAV variants
designed with functional 3-D printed materials and with significantly different cruise
speeds. Both the HSLR and LSHE variants utilize the same BWB, and the notion of
reaching a reconfigurable design ‘boundary’ is defined in this study as when one of the two
variants begins to perform considerably sub-optimally during simulated flight. This notion
is discussed throughout the computational and experimental results. The performance
criteria considered are: (i) the aerodynamic efficiency and (ii) the structural minimum factor
of safety (FoS) and deformation.

The first objective is to carry out a refined CFD analysis of the UAV variants, giving
continuity to the work performed during the conceptual design phase in [12]. This is
accomplished by more detailed geometries, larger fluid domains, and finer meshes. The
second objective is to identify maximum stress locations and magnitudes through FEA.
Considering that the Switchblade prototypes are manufactured by advanced 3-D printing
processes almost in their entirety, it is crucial to acknowledge that manufacturing imperfec-
tions or defects may occur and that high stresses are identified and mitigated. However,
the use of newly introduced commercial materials, such as carbon fiber-reinforced nylon,
may present a challenge to aircraft prototyping because UAV structures can be very thin at
certain locations, and, therefore, particularly susceptible to manufacturing imperfections
that reduce the strength and/or stiffness [33].

Finally, the third objective is to test the Switchblade prototypes in a wind tunnel. In
this investigation, the main experimental results sought are aerodynamic coefficients at
static angles of attack. The secondary aims are to assess the control surface and propulsion
performance. A modular half-body model is used to test the LSHE and HSLR wing designs.
One particular challenge is the complex geometry of the wings, in which each configuration
contains three different airfoils throughout the wing. Additionally, most of the empirical
formulations for aerodynamic parameters are developed for large-scale aircraft, and the
lower Reynolds number of UAVs in the laminar and transitional flow regime may cause
the empirical and computational results to be less accurate than expected, making wind
tunnel testing even more important.

2. Materials and Methods
2.1. Multidisciplinary Approach

The development of the UAV family began in the conceptual design framework shown
in a previous work [12]. Part of that framework is contained in the flowchart of Figure 2.
The initial inputs are parameters related to the different missions to be accomplished,
such as range, cruise speed, payload, and the use of vertical take-off and landing (VTOL),
as discussed in Section 1.1. They are used to generate different aircraft configurations
capable of achieving the missions. A minimum number of modules is extracted from the
configurations, such as wings and stabilizers, and, in the product platform planning phase,
are modeled and analyzed with low-order methods, considering performance and failure
criteria. An in-depth explanation of the modular product platform planning method is
presented in [10]. The result is the initial aerodynamic sizing of a minimum number of
feasible variants and the starting point for high-order analysis. The aircraft geometries are
modeled with CFD (Section 2.2) and improved iteratively until the desired performance
is achieved. The structural design follows the establishment of an external geometry,
and the airframe is analyzed with FEA (Section 2.3) taking inputs from CFD simulations.
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The structure is improved iteratively until factors of safety are acceptable. The feedback
loops in the disciplines of aerodynamics and structures ensure that high-order methods
correct decisions taken from low-order solutions. After that, models are manufactured and
prepared for wind tunnel experimentation, as in Section 2.4. The experimental results are
then compared to CFD to validate the model. Ultimately, a prototype is manufactured for
flight testing.

Figure 2. Multidisciplinary approach.

2.2. Computational Fluid Dynamics Studies
2.2.1. CFD Geometries

The wing geometries used for the CFD studies were based on two main variants—low-
speed high-endurance (LSHE) and high-speed long-range (HSLR)—according to the multi-
mission ideas explored in the conceptual design phase (Figure 1). Although Switchblade can
be enabled for vertical take-off and landing (VTOL), this analysis focuses on the standard
forward flight configurations. Within these two variants, different CAD versions were
created to analyze the effect of geometry complexity on aerodynamic results. The “clean
wing” versions consist of the center blended wing body (BWB) geometry connected to its
respective wing panels depending on mission type—LSHE or HSLR. The “actual wing”
versions consist of the same center body geometry but are connected to wing panels that
contain motor nacelles and winglets, and, therefore, more closely resemble the aircraft
in its final configuration. For nomenclature reasons, the “clean wing” models and their
associated geometries are named LSHE and HSLR, while the “actual wing” versions are
named LSHEWN and HSLRWN. The “W” and “N” refer to “winglet” and “nacelle”,
respectively. Figure 3 shows the geometries used for the CFD simulations.
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(a) (b)

(c) (d)

Figure 3. (a) LSHE; (b) HSLR; (c) LSHEWN; (d) HSLRWN.

The reconfigurability of Switchblade signifies that some airfoils are shared between
different variants. The center body is designed from an MH 81 reflex airfoil, modified
to attain a maximum thickness ratio of 20% for increased internal volume required for
electronics. The interface between the center body and the wing panel—the wing root—was
designed with a symmetric airfoil, and each wing panel has a different wing tip airfoil.
Both variants have reflex airfoils at the wing tip, with LSHE having a more significant
reflex to compensate for its lower wing sweep. The airfoils used in each variant and wing
characteristics are shown in Tables 3 and 4, respectively.

Table 3. Wing airfoil characteristics.

UAV Variant Location Airfoil Thickness, %c Camber, %c CDo

LSHE Root Eppler 171 12.28 0 0.008
LSHE Tip Eppler 330 11 2.1 0.01
HSLR Root Eppler 171 12.28 0 0.008
HSLR Tip Eppler 182 8.5 1.2 0.007

Table 4. Wing characteristics.

UAV Geometry S [m2] A Span, b [m] Sweep, Λ Taper Ratio, λ

LSHE 0.476 9.7 2.15 7.8° 0.53
HSLR 0.309 6.6 1.43 24° 0.35

LSHEWN 0.488 9.5 2.15 7.8° 0.53
HSLRWN 0.324 6.3 1.43 24° 0.35

In preparing the wing geometries for meshing, some practices were followed to ensure
that mesh generation would run smoothly, therefore facilitating convergence and good
results. Rounding the wing trailing edges into fillets was revealed to be critical in improving
mesh quality, and a radius value between 0.2% and 0.4% of the local wing chord was used,
depending on the geometry. Sectioning surfaces into areas separated by leading and trailing
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edges and chord regions improved meshing by providing the software with edges to seed
element nodes.

In each case, half of the aircraft wing body was analyzed, taking advantage of the
symmetric flow field to reduce the time to achieve a converged solution. The size of the
fluid domain needs to be sufficiently large so that the far field of the fluid surrounding the
wing does not interfere with the physical flow phenomena close to the wing. To achieve
this, the fluid domain dimensions were defined using the recommendations from [46]
to have at least 25 body lengths around a three-dimensional aircraft. The fluid domain
consisted of a half-elliptical volume with a semi-major axis of 26 m and a minor axis of
26 m, illustrated in Figure 4. These dimensions have increased dramatically since early
CFD simulations were conducted. The nose of the airplane is located at the center of the
semi-major axis and faces the upstream direction, towards the elliptical surface.

Figure 4. Fluid domain in CFD simulations.

2.2.2. CFD Meshes

The CFD studies performed after the conceptual and preliminary analyses in [12]
were characterized by finer meshes with a drastic increase in the number of cells in the
fluid domain. This was completed primarily to generate a better discretization of the
regions close to the wall boundaries. Whereas in the conceptual study, the mesh size was
below 3.4 million cells, in this study, some meshes surpassed the 15 million cell mark.
This was accomplished, in part, by utilizing mosaic-meshing in ANSYS fluent meshing.
This meshing method incorporates poly-hexcore cells and is characterized by filling the
bulk volume geometry with hexahedral elements while filling areas with more complex
geometries, especially near the wing surface, with polyhedral elements. Mosaic mesh is able
to connect the hexahedral and polyhedral elements to one another, thereby incorporating
the best parts of each element into every section of the geometry [47]. The result is a more
efficient mesh that carefully resolves the boundary layers, capturing flow variables more
accurately. Emphasis was given to first-cell height at the wall boundaries, with the goal
of obtaining y+ values in the order of one to accurately resolve the viscous sub-layer, a
practice well discussed by [46,48]. To estimate the first cell height, Equations (1a) to (1d)
were used

Rex =
ρV∞L

µ
(1a)

C f =
0.026

Re
1
7
x

(1b)
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τw =
C f ρV2

∞

2
(1c)

∆S =
y+µ√

τw
ρ ρ

(1d)

where Rex is the Reynolds number, ρ is the air density, V∞ is the free-stream velocity, L is
the reference length (the mean aerodynamic chord), µ is the air dynamic viscosity, C f is
the skin friction coefficient, τw is the wall shear stress, and ∆S is the first cell height to be
determined. From these calculations, the estimate of the first cell height was approximately
0.01 mm. To reduce the mesh cell count, a value of 0.05 mm was implemented. From the
first cell at the wall, 25 to 30 inflation layers were created, depending on the final number
of cells in the model.

To the extent possible, meshes were generated with at least a hundred cells across
the minimum chord length (excluding the winglet), a guideline based on common CFD
practices. This meant computing the average face size for the wall boundaries from
the mean aerodynamic chord of both variants and making adaptations to reduce the
computational cost of calculations. Details about the meshes used in the CFD work are
presented in Table 5. Wall faces refer to the number of polygonal faces generated on the
aircraft surface. The mesh quality measure used was orthogonal quality. Figure 5 shows a
mesh example for the HSLRWN geometry.

(a) (b)

Figure 5. (a) Mesh at symmetry boundary; (b) mesh at wall boundary close to the nacelle.

Table 5. Mesh summary.

Model Cells Nodes Wall Faces Quality Face Size Inflation

LSHE 9.9 × 106 22.1 × 106 2.6 × 105 0.20 2 mm 30
HSLR 15.5 × 106 34.9 × 106 4.1 × 105 0.11 1 mm 30

LSHEWN 6.1 × 106 14.1 × 106 1.8 × 105 0.11 3 mm 25
HSLRWN 15.0 × 106 34.0 × 106 4.6 × 105 0.19 1 mm 25

2.2.3. CFD Turbulence Method and Flow Conditions

The turbulence model used for the simulations was the k-ω shear stress transport
(SST) model. It was chosen for its capability to accurately model boundary layer flow
and non-sensitivity to free-stream conditions [49]. The k-ω SST model provides a hybrid,
robust approach to turbulence formulation as it uses the k-ω model in the near-wall region
and incorporates the k-ε model in the free-stream far field. However, the k-ω model
can be sensitive to inlet velocity boundary conditions leading to inaccurate turbulence
formulation [50]. To avoid this issue, the k-ω SST model switches to the k-ε model in the
far-field regions of the fluid domain. This model solves two transport equations that are
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dependent on the turbulent kinetic energy, k, and the specific turbulence dissipation rate,
ω, shown in Equations (2) and (3), respectively [51].

∂

∂t
(ρk) +

∂

∂xi
(ρkui) =

∂

∂xj

(
Γk

∂k
∂xj

)
+ G̃k − Yk + Sk (2)

∂

∂t
(ρω) +

∂

∂xi
(ρωui) =

∂

∂xj

(
Γω

∂ω

∂xj

)
+ Gω − Yω + Dω + Sω (3)

Here, Γk is the effective diffusivity of k, G̃k is a generation term for turbulence kinetic energy
due to mean velocity gradients, Yk is the dissipation of k, and Sk is a source term. Γω is the
effective diffusivity of ω, Yω is the dissipation of ω, and Dω is a cross-diffusion term.

For the steady state, the inlet conditions were adjusted with flow velocity set at
33.62 m/s for the high-speed design cruise speed and 20.16 m/s for the low-speed model.
The inlet turbulence intensity was set at 1%, a reasonable amount for undisturbed atmo-
spheric conditions. The outlet condition is set at a gauge pressure of zero. Convergence
criteria were applied to the residuals to improve the simulation time and results. The
convergence requirement for the velocity components, k, and omega residuals was set to
10−5, and the continuity residual was set to 10−3. For the monitored quantities—lift, drag,
and pitching moment—the convergence criterion was set to 10−3.

2.3. Finite Element Analysis Studies

The challenges with 3-D printed materials arise from the lack of consistency, and
3-D printed materials can differ from model to model due to variables such as printing
direction and fill density. For instance, in Gu et al’s publication on composite structures,
there is an increased risk due to the complexity from high anisotropy and a variety of failure
modes [52]. For simplicity, the Von Mises failure criterion is commonly used on 3-D printed
materials, however, it assumes the material to be isotropic [52]. In this study, the Tsai–Wu
failure criterion was more suitable since 3-D printed and composite materials are inherently
anisotropic, and Tsai–Wu is a generally acceptable failure criterion for anisotropic materials.
The FEA analysis was performed using ANSYS to identify stresses and locations where the
wing is more likely to fail.

2.3.1. FEA Geometry

In the FEA investigation on the reconfigurable UAV design, it is important to highlight
the key techniques used in modeling the geometry for the static structural analysis in the
ANSYS workbench. The solid model of each variant (LSHE and HSLR) was provided by
Stratasys, and, from these models, the internal structure, wing skin, and winglets could be
modeled for the static structural simulation. The models were shelled out, and an internal
structure was designed with ribs and shear webs. The CAD drawing of the prototype
manufactured is shown in Figure 6a. The wing module connects to the center body via
two tubular carbon fiber spars and is locked in place with a spring mechanism. The wing
structure analyzed is shown in Figure 6b.

(a) (b)

Figure 6. (a) HSLR assembly detail; (b) HSLR wing structure.
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2.3.2. Material Properties

Nylon 12 CF was used for 3-D printing and testing of the Switchblade aircraft. This
material consists of a polymer matrix (nylon) containing short carbon fibers predominantly
oriented in the print bead direction. For the finite element analysis of the aircraft, the
material was modeled as a representative volume element (RVE) in ANSYS with Material
Designer, which calculated the elastic constants necessary for the orthotropic material.
Figure 7a shows the macrostructure of the printed material surface, which was used as a
basis for modeling the RVE shown in Figure 7b.

(a)

(b) (c)

Figure 7. (a) Printing direction relationship with stress components; (b) surface profile taken at
10× magnification, scale bar is 140 µm; (c) representative volume element.

The material strength limits were obtained from Stratasys [53]. Nylon 12 CF properties
differ depending on its printing direction, therefore when modeling the material in ANSYS,
its property directions were defined similarly to composite laminates, where 1 is the
fiber direction (or the print bead direction), 2 is across fibers (same as the print layering
direction), and 3 is the out-of-plane direction (or across the beads). This was performed
to allow for orientation of the material according to the way it is printed throughout the
structure components.

Considering the orthotropic properties of the nylon 12 CF material, it was critical that
a failure criterion better suited to this material was used in the setup model in ANSYS. The
chosen failure criterion was the Tsai–Wu criterion of composite materials. Chen et al. [54]
have used the Tsai–Wu failure criterion in their analysis of a 3-D printed bracket made of
polylactic acid. The Tsai–Wu failure criterion is introduced in Equation (4)

H1σ1 + H2σ2 + H11σ2
1 + H22σ2

2 + H66τ2
12 + 2H12σ1σ2 < 1 (4)

where the constants H1, H11, H2, H22, H66, and H12 are dependent on the strength terms of
the material in many directions, as seen in Equations (5a) to (5f). σ1 is the normal stress in
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the printing bead direction, σ2 the normal stress across the beads and in-plane, and τ12 the
plane shear stress.

H1 =
1

(σT
1 )ult

− 1
(σC

1 )ult
(5a)

H11 =
1

(σT
1 )ult(σ

C
1 )ult

(5b)

H2 =
1

(σT
2 )ult

− 1
(σC

2 )ult
(5c)

H22 =
1

(σT
2 )ult(σ

C
2 )ult

(5d)

H66 =
1

(τ12)
2
ult

(5e)

H12 = − 1
(σT

1 )
2
ult

(5f)

In the Tsai–Wu H-constants, (σT
1 )ult and (σC

1 )ult, are the ultimate tensile and compressive
strengths of a composite lamina in the fiber direction “1”, respectively. (σT

2 )ult and (σC
2 )ult

are the ultimate tensile and compressive strengths in the direction across the fibers “2”, and
(τ12)ult is the ultimate shear stress of the lamina.

2.3.3. FEA Meshes

A quadrilateral-dominant mesh was used to discretize the wing geometry, with a
target mesh size of 3 mm in the wing surface. This size was chosen specifically to bring
the FEA mesh close to the CFD surface grid on the wing, facilitating the interpolation of
the pressure data into the FEA model. The mesh for the high-speed long-range aircraft is
shown in Figure 8. Mesh information for both variants is summarized in Table 6.

(a) (b)

Figure 8. (a) HSLR Surface FEA Mesh; (b) HSLR internal structure.

Table 6. FEA Mesh Summary.

Aircraft Model Target Size Elements Nodes Min. Quality Average Quality

LSHE 3 mm 180,647 157,269 0.041 0.893
HSLR 3 mm 157,401 132,626 0.044 0.887

2.3.4. Load and Boundary Conditions

To determine loading in the FEA simulation, V-n diagrams of the HSLR and LSHE
models were constructed, considering a positive limit load factor of 3, within the acceptable
range described in FAR Part 23 [55]. Loading cases in this work were limited to positive G,
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symmetrical maneuvers. The geometry of the aircraft and design performance parameters
were used to calculate points of interest for the analysis using Equation (6)

VA =

√
2nmax(

W
S )

ρCL,max
(6)

where VA is the corner speed for each variant, and nmax is the limit load factor considered.
W is the aircraft weight, S is the wing reference area, and CL,max is the maximum lift
coefficient. The maximum speed VD was considered as 1.5× cruise speed, also following
FAR Part 23 guidance [55]. The V-n diagrams for each variant are shown in Figure 9. From
the V-n diagram data, the speed and angle of attack at each flight condition were calculated.
The results are elaborated on in Table 7.

Figure 9. Maneuver diagram for Switchblade variants.

Table 7. V-n diagram results for HSLR and LSHE variant.

Variant Analysis Point Airspeed [m/s] Angle of Attack [◦] CL

HSLR A VA = 34.42 12.0 0.584
HSLR D VD = 50.43 3.2 0.272
LSHE A VA = 26.75 11.0 0.619
LSHE D VD = 30.24 6.4 0.549

These parameters are then used as inputs in a dedicated CFD simulation to generate
the pressure field over the wing surface. The resulting pressure data are directly imported to
the FEA simulation with interpolation to be used as a pressure load over the wing surface.

2.4. Wind Tunnel Experiments

The CFD analysis allows for a good prediction of aerodynamic coefficients but de-
mands confirmation; this is accomplished through wind tunnel testing. The flying wing
concept adopted may also pose a challenge from a stability viewpoint, and control surface
tests can show whether each variant is stable. Additionally, in the Switchblade project,
where advanced prototyping techniques are widely used, it is invaluable to test the air-
frame strength and stiffness, observing how it reacts to consistent forces provided in a wind
tunnel setting.

The experiments were conducted in the National Wind Institute (NWI)’s closed-loop,
subsonic wind tunnel at the Reese Technology Center. The test section is 1.2 m tall and
1.8 m wide, large enough to accommodate the aircraft half-model in its true scale, as shown
in Figure 10a. The half-model is attached to a circular splitter plate and connected to an ATI
9150 Net Gamma 6-DoF load sensor with a resolution of 0.025 N for the lift and drag forces
and 0.00125 N-m for the pitching moment. Figure 10b shows the center body, attached to
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the load cell through slotted holes, which allows the UAV model to be installed in different
longitudinal positions so the aerodynamic center can be identified. Figure 10c shows a
schematic of the components of the system. The setup is also equipped with an Arduino
microcontroller and servo for setting the elevon at different deflection angles.

2.4.1. Aerodynamic Center Finding Procedure

The aerodynamic center position was estimated analytically prior to wind tunnel
testing; however, as seen in Figure 11, there is a great variation of the moment about that
position with the angle of attack. Illustrated in Figure 10b are the slots used to move the
model forward and back to determine the location of the aerodynamic center. By finding
the point where the pitching moment remains constant as the angle of attack changes, the
center is known. Although this was possible with the HSLR variant model, the limitations
on the center body slots did not allow the exact placement of the aerodynamic center
in the LSHE variant. In that case, the most forward position was used for all force and
moment measurements.

2.4.2. Lift, Drag, and Moment Measurements

The objective of this experiment was to gather data on the lift and drag forces, as well
as the pitching moment, which ideally should remain constant for the linear regime. The
airspeed was set to each variant’s cruise condition, with load cell data acquired using a
National Instruments DAQ model 6353 with a sampling rate of 1000 Hz for a 30 s sample.
The static angles of attack were set manually using a pitch link and a digital protractor with
an error of ±0.1◦. The ranges of the angle of attack were from −2◦ to 17◦ for HSLR and
from −2◦ to 14◦ for LSHE, with increments of 1◦.

(a) (b)

(c)

Figure 10. (a) Wind tunnel setup with HSLR variant; (b) wind tunnel center body; (c) experimental
setup schematics.
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2.4.3. Elevon Effectiveness and Trimming Procedure

Since Switchblade is a tailless aircraft, its neutral point location is the same as the
aerodynamic center. This may have implications for stability and control that are better
understood when running trimming experiments around the cruise condition for each
variant. Ideally, there must not be a need for great control surface deflection to trim the
tailless aircraft due to the reflex airfoils used. The experiments to find the cruise trim
condition and necessary deflections on the wing control surface were required to evaluate
its effectiveness. For these, the aircraft was fixed to the load cell at the longitudinal position
that best approximated its aerodynamic center (hence, its neutral point) and commands
were given to the wing-mounted servo to deflect the elevon at various angles to record the
pitching moment coefficient.

2.4.4. Thrust Experiment

A thrust experiment was performed to compare the installed thrust with the available
propeller performance data and to estimate the endurance and range for each variant.
The propeller used was the APC 10 × 7 electric. For this experiment, measurements of
the generated thrust, motor rotational speed, and free-stream velocity were recorded. As
shown in Figure 10, the power supply is connected in series with a current sensor, which
is then connected to the electronic speed controller (ESC) housed in the motor nacelle.
The ESC receives signal input from an Arduino microcontroller outside the wind tunnel.
The RPM sensor, connected to two phases of the motor, provides instant measurement of
rotational speed, an important parameter for establishing the advance ratio J = V∞

nφ , where
V∞ is the free-stream velocity, n is rotational speed, and φ is the propeller’s diameter.

3. Results and Discussion
3.1. CFD Aerodynamic Results

In the first CFD simulations, the clean wing versions—LSHE and HSLR—were ana-
lyzed to obtain all aerodynamic coefficients and lift-to-drag L/D ratios, a direct measure
of aerodynamic efficiency. Figure 11 shows the results for the clean wing versions of the
aircraft. The lift coefficients show expected trends, where the LSHE has a lift-curve slope
of 0.078, which is greater than the HSLR slope of 0.070. This difference in aspect ratio is
associated with LSHE’s having a slender wing with a smaller sweep. The stall angle of
attack for the HSLR variant is approximately 11 degrees, with a very smooth stall behavior,
as expected in low aspect ratio wings. Meanwhile, the LSHE variant shows an interesting
behavior at α = 8◦. The lift grows linearly up to that point, after which there is a sudden
loss in the lift and recovery at α = 9◦. Past this angle, the lift grows non-linearly, a trend
shown in other aerodynamic coefficients; there is great increase in the drag generated for
the LSHE variant and a drastic change in the pitching moment. The maximum L/D ratio is
19.68 for LSHE, at α = 6◦ and 17.86 for HSLR, at α = 6◦ as well. The base drag coefficient
for both variants is very similar, approximately 0.014 for LSHE and 0.013 for HSLR.

To investigate the reason for the loss in lift seen in the low-speed variant, pressure
fields were plotted for the clean wing at α = 8◦, where the lift coefficient is still within the
linear portion of the graph, and α = 9◦ for comparison. The results are shown in Figure 12.
The pressure plot shows that at the higher angle of attack, the pressure distribution at
the interface between the wing panel and the center body becomes more homogeneous,
increasing the pressure closer to the leading edge of the wing. Such a phenomenon is an
indication that flow separation occurs in this condition, which is revealed in the turbulence
plot shown in Figure 13.
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(a) (b)

(c) (d)

Figure 11. (a) CL vs. α; (b) drag polars; (c) CM vs. α; (d) L/D vs. α.

Figure 12. LSHE suction side pressure field comparison: left: α = 8◦, right: α = 9◦.

While at α = 8◦, the turbulence intensity does not reach above approximately 3%.
However, at α = 9◦, it surpasses the 5% mark, indicating a highly turbulent state. This may
be caused by the change in curvature between the center body and the wing at that location
on the UAV.
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Figure 13. LSHE turbulence intensity at span location y/b = 14%: top: α = 8◦, bottom: α = 9◦.

The second set of simulations involved analyzing the more detailed versions of the
wings, those with winglets and motor nacelles. The nacelles are expected to add drag
penalties to the aircraft, and it was uncertain whether the first winglet designs created
during the conceptual design phase would provide a perceivable benefit in aerodynamic
efficiency. The first simulations were run with the LSHEWN model, with the lowest cell
count. The results show good agreement with the data previously obtained for the clean
wing, achieving the same lift curve slope at the linear section of the graph and a similar lift
decrease past that section. However, for the LSHEWN version, this drop in lift is smoother
than what is observed for the LSHE.

The CFD analysis for the high-speed variant with winglet and nacelle revealed similar
trends in the aerodynamic coefficients associated with flow separation facilitated by the
nacelle. However, in this case, the change in lift generation was not as abrupt as seen in
the low-speed variant. There is no decrease in lift coefficient value with the angle of attack,
but, rather, a change in the lift curve’s slope. These results are also shown in Figure 11. The
drag coefficients and drag buckets of all wings are very similar up to CL = 0.4. Then, there
is a significant change in the drag, as seen in the drag polar. For the same lift coefficient,
the drag on the HSLRWN wing is much higher than for the LSHEWN wing, due to the
flow separating earlier on the former. These differences are reflected in the lift-to-drag
ratios seen in both variants. While the maximum L/D for HSLRWN is approximately 16.5,
at α = 5◦, LSHEWN attains an L/D of 19.0, at α = 6◦, or a 15.1% higher aerodynamic
efficiency. The lift coefficients for the cruise condition for LSHE and HSLR are 0.412 and
0.204, respectively, which indicates that the LSHE variant operates very near its optimal
point. The HSLR variant, however, is operating approximately at an L/D ratio of 12.5,
which is 24.3% less than desired. Considering this, it is necessary to further reduce the wing
dimensions and planform area accordingly. The pitch moment coefficients in Figure 11
show even greater differences between variants because the aerodynamic center location
of the wing with the center body was uncertain, having been estimated with the simple
graphic method [56]. The complex geometry of the center body, as well as the use of three
different airfoils across the total span of the aircraft, makes it difficult to estimate the correct
aerodynamic center location accurately. Wind tunnel experiments were used later to find
this location.

Similar to the analysis performed on the clean wing low-speed geometry, pressure
plots for the detailed wings were created to show what causes the changes in lift production
on the top suction surface of the aircraft. Figure 14 presents those results. The low-speed
variant shows a big region of homogeneous pressure around the motor nacelle at α = 9◦.
When comparing this pressure plot with Figure 12, it is suspected that the addition of
the nacelle results in two separation regions: one associated with the wing center body’s
interface and the other associated with the nacelle alone. On the high-speed variant,



Aerospace 2023, 10, 684 18 of 29

however, the pressure change region is much smaller at α = 6◦. This difference may be due
to the smaller aspect ratio of this wing, which produces flow re-circulation from the wing
tips to reduce separation.

Figure 15 shows turbulence intensity plots at certain wing span locations where
the pressure change is significant. They indicate that high turbulence occurs in the low-
speed high-endurance aircraft, with values of 6% and 5% at y/b = 14% and y/b = 43%,
respectively. For the high-speed long-range aircraft, turbulence levels can reach 9%.

(a)

(b)

Figure 14. (a) LSHEWN suction side pressure field: left: α = 7, right: α = 9◦; (b) HSLRWN suction
side pressure field: left: α = 5◦, right: α = 6◦.

Observing the CFD results, it is necessary to make further changes to the high-speed
variant in order to operate near its maximum efficiency point. Flow separation occurring
past the linear portion of the lift coefficient graphs was investigated further, using wind
tunnel experiments to confirm the aerodynamic results and to determine if the flow behav-
iors are similar. The simulations did not include propeller downwash effects, which can
have a very important role in energizing the flow, keeping it attached to the wing.
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(a)

(b)

(c)

Figure 15. (a) LSHEWN turbulence intensity at y/b = 14%: top: α = 7, bottom: α = 9◦; (b) LSHEWN
turbulence intensity at y/b = 43%: top: α = 7◦, bottom: α = 9◦; (c) HSLRWN turbulence intensity at
y/b = 42%: top: α = 5◦, bottom: α = 6◦.

3.2. FEA Results

The results were obtained for maximum load factor conditions: at corner speed with
maximum CL angle of attack, and for dive speed, or the highest speed that the aircraft
should experience. Figures 16a,b show the factor of safety (FoS) plots for LSHE at corner
speed and HSLR at dive speed, respectively. Computing factors of safety based on the
Tsai–Wu failure criterion for each of the cases revealed that LSHE is very close to its strength
limit in both conditions, with the FoS being 1.09 and 1.16 for the corner and dive speeds,
respectively. The HSLR variant presents a much higher FoS due to its lower aspect ratio
wing, despite the higher operating flight speeds. The FoS for that variant is 2.61 for corner
speed and 2.48 for dive speed.
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It was found that, in all of the load cases studied, the minimum factor of safety occurs
in the same region of the aircraft, the front spar where it meets the nacelle. Due to its
printing orientation, the internal structure is stiffer than the wing skin in the Y direction,
which explains the higher stresses in the spar. In addition, the rounded nacelle contour
in the spar acts as a stress concentration, contributing to peak stress at one of the sides of
the nacelle. Figure 17 shows the plot of the stress component S1 in the internal structure
for LSHE corner speed and HSLR dive speed cases. The corresponding maximum stresses
are summarized in Table 8. The maximum wing tip displacements, δtip, are 25.4 mm for
the low-speed variant and 8.8 mm for the high-speed variant. The higher displacement on
the low-speed aircraft was expected, given its greater wingspan, although higher speed
operation would subject the aircraft to excessive deformation and stresses leading to a
prohibitive factor of safety.

The reaction forces were computed to check the accuracy of the imported load in each
case since it consists of the pressure data interpolated from the CFD mesh into the FEA
mesh. These reaction forces can be converted into the lift being produced in the condition
under analysis, as shown in Table 8. LR is the lift calculated from the reaction forces RX and
RZ, and Ltrue refers to the actual lift in the flight condition, calculated from aerodynamic
coefficients in Figure 11. The reaction lift is 8.3% higher than the actual lift in the LSHE
dive case, and 6.2% higher in the HSLR corner speed case.

(a)

(b)

Figure 16. Factors of safety: (a) LSHE corner speed; (b) HSLR dive speed.
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Table 8. FEA results summary.

Load Case FoS Spar S1,max [MPa] δtip [mm] RX [N] RZ [N] LR [N] Ltrue [N]

LSHE, corner 1.09 40.7 25.4 2.53 −65.51 129.6 132.4
LSHE, dive 1.16 38.2 24.2 5.05 −71.57 143.4 132.4

HSLR, corner 2.61 14.3 8.3 2.60 −70.50 139.0 130.8
HSLR, dive 2.48 15.1 8.8 1.40 −65.58 131.1 130.8

(a)

(b)

Figure 17. Internal structure S1 stress component: (a) LSHE, corner speed; (b) HSLR, dive speed.

3.3. Experimental Results

The aerodynamic results are shown in Figure 18. The lift coefficient curves in (a)
indicate the LSHE variant produces more lift than its counterpart. The maximum lift
coefficient, CLmax for this variant is 0.97, at α = 13◦, whereas, for the HSLR variant, it is 0.91,
at α = 14◦, a 6.1% smaller CLmax. The design lift coefficients for cruise speed on HSLR is
0.21, at an angle of attack of α = 2.0◦, while, on LSHE, it is 0.42, at α = 4.0◦. The difference
in the shapes of the lift coefficient curves is in accordance with wings that have different
aspect ratios, with the lower aspect ratio HSLR variant having a smoother stall region, as
well as a higher stall angle of attack.

The drag polars in Figure 18b show that both variants produce similar drags up to
CL = 0.48. For a higher CL, where induced drag effects predominate, the LSHE variant
produces less drag due to its higher aspect ratio. The base drag coefficients for LSHE
and HSLR are 0.016 and 0.015, respectively. The lift-to-drag ratio curves in Figure 18c
indicate the LSHE variant has a maximum L/D of 18.2, or 12.6% higher than HSLR, with
an L/D = 16.2. At its cruise speed, LSHE operates with an L/D = 15.9, which is 29.9%
more aerodynamically efficient than HSLR at its cruise speed, with an L/D = 12.3. Due
to its higher cruise speed, the high-speed variant operates further from its maximum
L/D, around 24.2% less than optimal, which indicates the aircraft should have its wing



Aerospace 2023, 10, 684 22 of 29

area reduced accordingly. The low-speed variant operates closer to the maximum L/D,
although 12.5% less than optimal.

The pitching moment coefficients are shown in Figure 18d. For the HSLR variant, it
does not change considerably with angle of attack for the linear range in the lift curve. Past
α = 13◦, CM decreases abruptly due to stall propagation effects throughout the wing. This
behavior shows the aircraft pitches down during stall, which is a desirable tendency. The
LSHE variant presents considerable change in CM with angle of attack due to the point of
measurement lying behind the aerodynamic center of the aircraft. This is demonstrated by
the positive slope of the CM vs. α curve.

When comparing the experimental and computational results at cruise angles of
attack, HSLR and LSHE produce a 26.9% and 18.8% higher CL than predicted with CFD.
This difference increases at higher angles, with the CL for HSLR and LSHE being 52.6%
and 57.7% higher at α = 12◦. The drag coefficient remains very similar at the lower CL
region of Figure 18b, with HSLR showing a 19.0% higher CD than the CFD results at cruise
conditions, whereas the LSHE experimental results show a 33.6% higher drag. Above
CL = 0.4 for HSLR and approximately 0.6 for LSHE, the drag from the experiments is much
smaller, since the early separation shown in the CFD model does not occur. This causes the
lift-to-drag ratio of the variants to diverge past α = 5◦ (HSLR) and 7◦ (LSHE).

(a) (b)

(c) (d)

Figure 18. Experimental results. (a) CL vs. α; (b) Drag polars; (c) CM vs. α; (d) L/D vs. α.

The experimental aerodynamic coefficients show a considerable difference from the
CFD results, which can be attributed to the challenges in modeling turbulence accurately—
particularly in transitional flow. The reduction in the lift slope predicted from CFD is not
present in the experimental data, which points to the k-ω SST model’s tendency to over-predict
flow separation regions [57]. The inlet boundary condition assumptions and flow domain size
in the CFD analysis also contribute to the difference in results. The decay of turbulence from
the inlet to the aircraft results in very low turbulence intensity at the free stream close to the
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aircraft, as opposed to real conditions experienced in the wind tunnel [58]. The CFD incoming
flow, as shown in Figures 13 and 15, is perfectly laminar upon reaching the aircraft geometry,
while recent measurements from a different work have shown that the streamwise turbulence
intensity at the center of the test section is 1.2% at an average flow velocity of 10.85 m/s [59].
Higher-than-expected turbulence intensity delays flow separation in the wind tunnel model,
leading to higher lift coefficients for both variants and separation phenomena of different
behaviors from the CFD results. Wind tunnel experiments on a 2-D wind turbine blade have
shown that higher inlet turbulence intensity can result in a lift increase of up to 46.2% [60],
suggesting that this effect is at play in the wind tunnel tests, in combination with the increased
3-D effects from the finite wings, leading to a higher CL and CD.

The control surface effectiveness in trimming is shown in Figure 19. The elevon
deflection angle is defined as positive for a pitch-up attitude. For the HSLR variant, the
elevon is capable of trimming the aircraft with a deflection of δe = 3◦, and it can provide
a wide range of CM, from approximately −0.10 at δe = −19◦ to 0.08 at δe = 25◦. For the
LSHE variant, since its neutral point could not be found, a positive pitching moment exists
at δe = 0. Trimming the aircraft in this condition would require a deflection of δe = −2.4◦.
The elevon is capable of providing a minimum CM of −0.03, which is not as low as with
the HSLR variant. However, it is believed that the pitch-down moment would be higher if
measured at the adequate location. In future experiments, the center body must be altered
to allow more travel for load cell adjustment.

Figure 19. Pitching moment coefficient vs. elevon deflection.

The thrust experiment shows that the installed thrust is lower than available data
measured for the same propeller in [61], with the difference being up to 23% at J = 0.6.
The results are shown in Figure 20. Assuming the difference in thrust is due to installation
effects and the wind tunnel environment, the experimental data were used as a starting
point for propeller efficiency estimates. Due to limitations in the setup, higher advance
ratios were not tested. To evaluate the installed thrust at higher advance ratios, CT was
considered to be 23% lower than the available data. An extensive experimental database
on small propellers is found in [62].
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Figure 20. Thrust coefficient vs. advance ratio, comparison with available data [62].

At cruise, the thrust coefficient required from the aircraft and the advance ratio are
given by

CT =
D

ρn2φ4 (7)

J =
V∞

nφ
(8)

substituting the advance ratio into CT and writing the drag as a coefficient lead to

CT =
CDSJ2

φ2 (9)

Using this equation is an iterative process, since choosing a value for the advance ratio, J,
allows for the calculation of the thrust coefficient at cruise but not necessarily will CT match
the real performance of the propeller at such advance ratio. Moreover, each Switchblade
variant has a different cruise drag, wing area, and advance ratio due to different cruise
speeds, which will result in different propeller efficiencies ηp. Using this equation for HSLR,
J = 0.74 and CT = 0.013; for LSHE, J = 0.68 and CT = 0.023. Propeller efficiencies at those
conditions are 58% and 68%, respectively.

The aircraft performance was evaluated in terms of the endurance and range for both
variants by using the equation for electric propulsion derived in [63]:

E = R1−m
t

[
ηtotVC

1
2 ρV3

∞SCD0 + (2W2k/ρV∞S)

]m

(10)

where E is the endurance in hours, Rt is the battery hour rating, m is a discharge parameter,
and ηtot is the total efficiency of the propulsion system. V is the voltage, and C is the battery
capacity in Ampere-hour, where a capacity of 10 Ampere-hours is used on the Switchblade
calculations. On the bottom of the equation, aircraft parameters are used, such as base
drag CD0, weight W, and the slope of the drag polar at cruise condition, k. The results from
Equation (10) are shown in Table 9.

Table 9. Endurance and range by variant.

Variant Flight Speed [m/s] Endurance [h] Range [km]

LSHE 20.16 1.80 131
HSLR 33.62 0.49 59
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The low-speed high-endurance variant has an endurance of 1.8 h, enabling it to attain
a range of 131 km. The high-speed long-range aircraft has a reduced endurance due to
its lower propeller efficiency and suboptimal L/D ratio at cruise. At a higher speed, the
power drawn from the battery is higher, thus reducing the operating time. In this case, the
endurance and range are 0.49 h and 59 km. Despite the lower endurance, the HSLR variant
is capable of operating outside of the flight envelope of the LSHE, as shown previously
in Figure 9. This signifies that it can sustain a 66.7% higher cruise speed for time-critical
tasks without exceeding the load limits established in the maneuver diagram. Additionally,
to obtain a better performance from a higher speed flight, the HSLR variant must be
further modified to bring its operating point closer to the maximum L/D ratio. This can be
attained by resizing its wing, causing it to fly at higher angles of attack, and, therefore, at
higher efficiency.

4. Conclusions

This paper presents a multidisciplinary analysis of a reconfigurable UAV intended for
multiple missions, consisting of computational design, numerical simulations in CFD and
FEA, and wind tunnel experiments for validation. Previous studies by the authors have
indicated, on a conceptual level, that reconfigurable unmanned aircraft have the potential
to disrupt the UAV industry by offering significant cost reduction and supply chain benefits
due to fewer airframe parts. These benefits increase with the number of UAV variants in the
system, however, design challenges and performance trade-offs become more numerous.
Designing each variant to operate in cruise at its peak aerodynamic efficiency was shown
to be challenging to achieve, in part due to the complex aerodynamics of the blended wing
body, which is difficult to model analytically prior to CFD analysis.

Both the CFD and the experimental results revealed that the low-speed high-endurance
Switchblade variant operates off-optimally aerodynamically, and the high-speed long-
range variant especially would benefit from a design iteration to adjust its wing geometry
and reduce planform area. The CFD underestimated lift for most of the angles of attack
examined and overestimated the drag for higher angles due to flow separation effects that
are not indicated in the wind tunnel experimental results. Control surface effectiveness
was also evaluated via experimental testing, showing that both variants can be trimmed
for cruise flight. Propulsion experiments provided an estimate of how much the installed
thrust differs from propeller data, serving as a basis to calculate endurance and range for
both Switchblade variants. The low-speed high-endurance (LSHE) aircraft has an estimated
flight endurance of 1 h and 48 min, with a maximum range of 131 km. The high-speed
long-range (HSLR) variant shows an endurance and range of approximately one half-hour
and 59 km, respectively. Although this variant operates off-optimally, it is able to sustain
speeds beyond the flight envelope of its counterpart safely. Further design improvements
can cause both variants to operate at maximum efficiency.

In the finite element studies, the 3-D printing material Nylon 12 CF was modeled
with orthotropic properties, and the Tsai–Wu failure criterion for composites was used.
The simulation showed that the HSLR variant operates safely in both critical loading
conditions, namely corner speed and dive speed, with factors of safety (FoS) of 2.61 and
2.48, respectively; in the same flight conditions, the LSHE variant operates with lower FoS,
1.09 and 1.16. This indicates that improvements in the airframe are necessary to account for
the higher aspect ratio of that variant.

Moreover, the research sheds light on the design challenge of modular aircraft for
optimal performance, exploring high-order computational methods for the analysis of
a concept from product platform planning. A similar approach can be applied to other
vehicles or products that benefit from rapid prototyping and multiple combinations for
distinct performance. Some examples are planetary rovers and habitats, electrical and
urban mobility vehicles, medical prostheses, and wind turbines. The research revealed
some limitations in accurately modeling flow separation on a 3-D blended wing body
using CFD, as evidenced by its over-prediction in comparison with experimental results.
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This, combined with the challenge of modeling the blended wing body analytically in the
conceptual phase, opens room for improvement in future studies. It is recommended that
the conceptual design framework be served by more sophisticated techniques, such as
the vortex lattice method (VLM) or a surface vorticity flow solver. These tools, although
still low-order, would be able to provide a better starting point for a combined high-order
computational analysis. Another possibility would be to add a structural aspect to the
wind tunnel experiments, to provide the structural design discipline with an extra source
of correction. Future studies will focus on understanding the unsteady aerodynamics and
stall of the UAV under dynamic pitch oscillations using load sensing and particle image
velocimetry (PIV) techniques.
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