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Abstract: New knowledge in multidisciplinary methodology is presented in this article for the
design, aerodynamic optimization, and model validation of an adaptive wing prototype. The
optimization framework integrates the design, the finite element analysis, and the model validation. A
computational fluid dynamics model of the adaptive wing and the flow in its vicinity was developed
and validated with experimental metrics, such as the lift, the drag, and the lift-to-drag ratio. A
new genetic algorithm strategy was chosen to find the optimized airfoil shapes for the prototype’s
upper surface. The reliability of the proposed methodology was investigated through the design,
manufacture, and testing of a wing prototype proposed for the UAV S45. The experimental and
simulated results have shown a low drag production and a high lift-to-drag ratio of the adaptive
wing prototype that will translate into a reduction in fuel consumption and an increase in cruising
flight range and therefore into climate improvement.
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1. Introduction and Literature Survey

Aerodynamics and structures have motivated aircraft designers to apply new method-
ologies for reducing fuel consumption and increasing the cruising flight time of unmanned
aerial vehicles (UAVs). To improve wing efficiency, researchers have investigated lifting
surface optimal configurations by performing aero-structural optimization [1]. The aircraft
structure was designed to give optimum cruise performance while withstanding the critical
loads corresponding to other flight conditions. These studies in aerodynamic analysis
have shown that wing optimization should be considered as early as possible in the UAV
design process to optimize the overall performance [2]. It is expected that adaptive wing
technologies will become essential in the future of UAV design due to the development of
improved aeroelastic concepts in UAV structures and the introduction of new materials
with high strength and a high stiffness-to-weight ratio, such as polymer materials [3]. These
adaptive wing structures and new materials pose a considerable modelling challenge as
they involve highly coupled and nonlinear interactions between the aerodynamic and the
structural dynamics [4].

1.1. Wing Design Methodologies

The high level of interaction between the rigid-body dynamics and the structural
dynamics poses a significant challenge to a successful actuation of wing system design.
Aircraft structures must sustain significant loading variations when flying through turbu-
lence and must suppress catastrophic aeroelastic phenomena such as flutter. One of the
earliest works in the field of wing design was performed by Suzuki [5], who minimized
wing structural weight by designing the structure and the control system simultaneously.
An aeroservoelastic design framework was also presented by Haghighat et al. [6], who
considered the interactions between the aircraft structure and the control system. The
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structural and the control optimization were performed separately. The same authors also
considered maneuver load inaccuracies and their effects on optimum design.

In a traditional design process, the aircraft configuration is first designed, followed
by the control system design; this prevents the flight control system from affecting the
aircraft configuration [7]. It has been shown that by designing the aircraft configuration
and the actuation control system (for the adaptive wing) concurrently these two design
optimizations can improve aircraft performance [8].

A variety of modeling and simulation methods to implement and solve the wing
optimization problems are available in the literature. These methods can be classified
according to their level of fidelity or the degree to which a model or a simulation reproduces
the state and behavior of a real-world object [9]. For aerodynamic analysis, the fidelity levels
result from different simplification degrees applied to the Navier–Stokes (NS) equations,
from the Reynolds-averaged Navier–Stokes (RANS) down to the potential flow theory
methods, such as the vortex lattice method (VLM) and the lifting line theory (LLT) [10].

1.2. Adaptive Wing

The ability of a wing to change its shape during flight has been a significant area of
interest over the years for both researchers and aircraft designers. Moreover, the adaptive
wing can be used to further optimize an aircraft’s flight throughout all phases of its typical
flight mission by providing significant drag reduction during the climb, descent, and
cruise regimes. Flight tests have demonstrated that a 20% reduction in the overall drag of
an aircraft leads to an 18% reduction in fuel consumption [11]. The design of the active
aeroelastic wing was based on modifying the wing of an existing aircraft in order to make
it lighter and more flexible, thereby increasing the aircraft’s dynamic performance.

In 1980, with developments in morphing aircraft already a goal for both academia
and major aeronautics companies, Boeing modified an existing military aircraft with an
adaptive wing structure able to alter its curvature during flight, thereby optimizing its
aerodynamic performance for various flight conditions [12]. The Adaptive Wing project,
carried out by EADS (European Aeronautic Defense and Space Company), Airbus, Daimler,
and DLR (German Aerospace Center) [13], developed a compliant wing structure that could
redistribute external aerodynamic forces so that it could be morphed in predetermined
areas while remaining rigid to deformation in other areas. In 2001, researchers from NASA
Dryden Flight Research Center conducted several flight tests on a UAV equipped with
inflatable wings, whose curvature could be modified by adjusting the pressure input.

Other efforts in adaptive wing design have resulted in a variety of morphing concepts,
as reviewed by Sofla et al. [14], who combined conventional flap devices with morphing
technologies and presented promising aerodynamic gains. Since the early 2000s, adaptive
wings have been studied at our Laboratory of Applied Research in Active Controls, Avionics
and AeroServoElasticity (LARCASE) at the École de technologie supérieure (ÉTS). The
team has studied adaptive wing technologies in two large-scale projects of the Consortium
of Research and Innovation in Aerospace in Quebec (CRIAQ). Each of these projects has led
to the design and manufacturing of prototypes and their experimental wind tunnel tests.
Both projects, called CRIAQ 7.1 and CRIAQ MDO 505, were led at ETS in collaboration
with Bombardier, Thales, NRC-IAR, and École Polytechnique in Canada. In the CRIAQ 7.1
project [15–17], the deformation of the upper surface of a morphing wing was conducted
using “Smart Material Actuators” (SMA) to improve and control the laminarity of the
flow past a morphing wing in order to obtain drag reductions of up to 40%. The resulting
deformation made it possible to delay the flow transition on the wing. The CRIAQ MDO
505 project [18–20] was to design and validate a morphing wing with a morphing aileron
capable of delaying the flow transition at the upper surface of the wing. The prototype was
equipped with four electrical actuators to change its upper surface shape. This concept was
experimentally validated in the NRC-IAR wind tunnel.

In this article, we developed a multidisciplinary methodology that can consider the
interactions between structures, actuators, and aerodynamics. This methodology is capable
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of finding the geometry of an airfoil and its internal structure, which allows its shape to be
changed for aerodynamic performance maximization. This research covers the study of a
new adaptive wing prototype for the UAV S45 Balaam. The main objective of this adaptive
wing is to promote large laminar regions on its surface, thereby reducing drag over the
cruising flight phase.

A prototype wing with an adaptive leading edge and upper surface was developed
for this study. The flow response at the surface of the prototype wing was measured
with an aerodynamic scale. The adaptive wing prototype was manufactured in-house
using polymer, wood, and aluminum structures and rapid manufacturing techniques. The
position of the leading edge and the upper wing surface were simulated in order to generate
airfoils. An optimizer (a genetic algorithm) coupled with an airfoil analysis solver (XFoil)
was used to determine the aerodynamic coefficients (CL, CD ) and then to evaluate the
fitness function ‘lift to drag ratio’ of the generated airfoils. The validation data for the CFD
model were obtained during wind tunnel tests performed at the Research Laboratory in
Active Controls, Avionics and Aeroservoelasticity (LARCASE) at ETS University.

2. Research Objectives

The objectives for this methodology are:

(i) The design and fabrication of an adaptive wing prototype for the S45. The wing
prototype shape was optimized while acting on its controlled surfaces.

(ii) The generation and evaluation of the optimized airfoil shapes of the wing’s upper
surface in terms of the aerodynamic coefficients (CL, CD ) and fitness function ‘lift to
drag ratio’.

(iii) The validation of the adaptive wing with the area metric and adjusted R2 methods.

3. Wind Tunnel Instrumentation and UAV S45

The Open Return Subsonic Wind Tunnel, the unmanned aerial vehicle, and the aero-
dynamic balance, as well as the instruments used during wind tunnel tests, are described
in this section. The LARCASE laboratory at ETS owns the Price–Païdoussis Twelve-Meter
Open Return Subsonic Wind Tunnel, shown in Figure 1. This research apparatus, which
is used to test wings and diverse types of prototypes, makes it possible to safely perform
studies at various flow conditions.
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Figure 1. (a) The Price–Païdoussis Open Return Subsonic Wind Tunnel. (b) Pitot tube location (1) and
aerodynamic scale location (2).

The LARCASE wind tunnel consists of a centrifugal fan, a diffusing section, a settling
chamber, a contraction section, and a working section. The airflow can develop a maximum
speed of 0.18 Mach thanks to the engine and the double impeller centrifugal fan. The two
inlets at the opposite side of the rotor allow the air supply to increase the pressure flow, and
the 24 small propellers inside each inlet allow the fan to turn at a much higher speed than
fans with large blades. The engine and the centrifugal fan are located inside the soundproof
mechanical room that protects the wind tunnel from dust particles. The working section
is the most critical part of a wind tunnel as that is where the effects of the flow of the
wing prototypes are measured. An important step before testing is the calibration of the
test chamber that contains the studied model so that the flow conditions inside it can be
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monitored [21]. The main parameters to describe the flow in a wind tunnel are the total
pressure, the static pressure, the dynamic pressure, the temperature, the flow speeds, and
the Reynolds number [22]. These flow conditions can be monitored from the instruments
inside the test section. The diffusing section consists of a wide angle diffuser, a large settling
chamber, a contraction section, and a test section. The flow goes through a series of five
filters; the first is a honeycomb-shaped filter, and the other four are nylon square-shaped
filters positioned 0.5 m from each other, as shown in Figure 2. The settling section makes
it possible to straighten and to reduce the turbulence in the flow to a turbulence intensity
value of 1%.
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Figure 3 shows the different dimensions of the wind tunnel sections. Figure 4 shows
the design of the wind tunnel sections with the ANSYS ICEM CFD software. Figure 4
shows (a) the settling chamber section, (b) the inlet location, (c) the inner fluid where the
wind model is located, (d) the test section and diffuser, and (e) the outlet section.
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The S45 is an unmanned aerial vehicle (UAV) manufactured by Hydra Technologies, a
company based in Mexico. It serves in Mexico as a surveillance platform for the military,
law enforcement, and police agencies. The UAV S45 incorporates a monoplane design with
twin tail booms. The airframe is made of lightweight materials, such as carbon fiber, S-glass,
and Kevlar. The UAV S45 has the following dimensions: wingspan: 6.11 m; half wingspan:
2.70 m; length from the frontal rotor to the rear rotor: 1.93 m; and tail span: 1.36 m. Its
length from the frontal rotor to the tail is 3.094 m, and its wing surface is 2.72 m2. The
UAV’s materials are aluminum, titanium, and a composite material (carbon fiber, S-glass,
and Kevlar), and its weights are as follows: the operating empty weight (OEW) is 55 Kg;
the maximum takeoff weight (MTOW) is 69.4 Kg; the maximum landing weight is 66.50 Kg;
and its maximum payload, which is its carrying capacity, is 3.89 Kg. The engines are
twin-cylinder of 80 cc with a fuel capacity of 31 L. The main flight specifications of the UAV
S45 are its autonomy of 12 h, its maximal operating altitude of 20 000 ft, its operation range
of 120 Km, and its cruising speed of 50 kt (25.72 m/s). The UAV S45’s main characteristics
are indicated in Figure 5, which has numbers corresponding to the propulsion system (1–4),
the two Pitot tubes (12,13), and the 10 control surfaces (5–11,14–16).
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The Pitot tube measures the static pressure and the total pressure of the flow. The fluid
speed U can be determined by using the air density ρ and the difference between the total
pressure Pt and the static pressure Ps, as defined in detail in Section 5.4.

Temperature and humidity readings are important for calculating the air density and
its flow rates during experimental testing. The sensor used for measuring the temperature
is a thermocouple type-K wire with an accuracy of ±1 per degree Celsius. The humidity
sensor has an accuracy of ±2% at 25 ◦C. A multifunction data acquisition system from
National Instruments (USB-6210) was used to convert the physical forces into digital values
that can be interpreted and thus used by the software. The signal measurements were
acquired from the aerodynamic balance in order to obtain the signals (Fx, Fy) for the lift
and drag force values, respectively, of the adaptive wing prototype.

The measurements of two accelerometer and four actuators signals were performed by
a controller installed inside the wing prototype. A custom interface was created to acquire,
visualize, and save the aerodynamic balance and the controller data during the wind tunnel
tests. The recorded data were imported into the MATLAB software for analysis during the
post-processing phase of the project.
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4. Multidisciplinary Design, Analysis, and Optimization of an Adaptive Wing

The aerodynamic characteristics of the under-actuated airfoil (wing without actuators)
are determined by evaluating the aerodynamics coefficients Cl , Cd and the lift-to-drag ratio,
which are also the same parameters used to measure the performance of the new shapes
produced by the actuators inside the wing. The airfoil shape configurations are determined
through the activation of the actuators and by considering the effects of the actuators and
aerodynamic forces acting on the wing’s skin simultaneously. The shape of the initial airfoil
is defined through a set of parameters determined in the design and manufacturing phases.
The configuration and structural properties of the prototype wing’s inner structure and the
size of the actuators were used to generate a finite element model; in this way, the upper
surface of the FE model fit with the desired initial airfoil shape.

The values characterizing the structural properties are directly modified in the fi-
nite element FE model, thus allowing the structural and geometrical parameters to be
changed simultaneously.

The ability to improve the wing aerodynamic coefficients with internal actuators, and
for that system to withstand the aerodynamic forces, is dependent on the size, weight,
location, and properties of the wing structure. Additionally, it is necessary to design an
underlying structure with reduced stiffness to achieve the needed deformations. This
reduced stiffness, however, increases the probability of a structure being influenced by
aero-elastic effects (such as flutter).

These challenges drive the need for a multidisciplinary optimization method designed
from the early phases of the project, namely preliminary analysis and concept development.
The methodology presented in Figure 6 will be followed in this study.
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The optimization method consists in the coupling of XFoil with the genetic algorithm
(GA). The GA routine determines the best spline curve shape passing through the beginning,
the middle, and the end of the airfoil geometry. Thus, the coordinates of this spline
correspond to the new airfoil shape. These coordinate files (.dat file) are introduced in
XFoil to perform the aerodynamic analysis. The optimization method evaluated all of
the optimized shapes possible, with a ±5 mm vertical displacement of the actuators.
The optimization method can find the optimal shape with the corresponding actuators’
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displacements; the optimal shape corresponded to the optimal Cp curve where the transition
point was pushed toward the direction of the trailing edge. Delaying or holding back the
laminar-to-turbulence flow process has an important impact in drag reduction.

This optimization method allows the real structural deformation shape to be compared
with the predicted one given by the GA. When the best shape has been defined, the new
airfoil coordinates are tested in XFoil to determine whether the aerodynamic coefficients
are better, equal, or worse. The optimization method gives the maximal displacement of
the actuators as well as the shape coordinates of the new optimized airfoils.

4.1. Aerodynamic Constraints

The formulation of the aerodynamic constraints for new airfoils is based on the flight
conditions. In this paper, only the cruise flight phase of the UAV S45 will be covered. It
is assumed that during the cruise flight trajectory the distributions of the lift and drag
forces along the wingspan cannot exceed the limitations of the structural loads. The design
optimization procedure implicitly defines the following requirements:

(i) The under-actuated airfoil shape will achieve the same lift and drag coefficients as the
reference wing requirements;

(ii) The angle of attack will remain constant throughout the cruise flight phase;
(iii) The Cl and Cd improvement (variations) will be achieved through the adaptive system-

controlled variation of the airfoil shape;
(iv) Constraints ensure that the airfoil shape remains within the structural and geometrical

limitations of the wing prototype. For instance, the wing prototype will have a
minimal and maximal allowed vertical displacement (Amin, Amax) of ±5 mm;

(v) Based on the fitness function definition f = CL/CD, an airfoil can subsequently
be optimized to maximize this objective, and only the best aerodynamically, high-
performing new airfoil shapes are experimentally tested in the Price–Païdoussis
wind tunnel.

The proposed approach developed at LARCASE to design an adaptive wing considers the
interactions between aerodynamics, structures, and control. This multidisciplinary approach
is used throughout the design and manufacturing optimization phases of the prototype.

The approach outlined in Figure 7 allows the wing prototype to be designed and
optimized with the aerodynamics requirements specific to the S45 cruise flight phase.
From these data, the airfoil aerodynamic coefficients are calculated and used as inputs by
the subsequent aero-structural optimization to determine the geometrical and structural
properties of the airfoil. The key feature of our approach is that the new airfoil shapes are
determined by the aero-structural optimization, the structural constraints of the actuators,
and the material properties.

4.2. Adaptive Wing Aero-Structural Analysis

A static aero-elastic analysis was performed to obtain the aerodynamic and structural
data of the studied model. The structural data include the displacements, stresses, strains,
and overall weight. Among the aerodynamic outputs, those of primary interest are the
lift and drag coefficients, noted as Cl , Cd, respectively, and the pressure coefficient Cp at
the wing upper surface. For the structural solution, the ANSYS software with a nonlinear
solver was used.

Design and manufacturing solutions seek to reduce the dynamic aero-elasticity effects.
The wing prototype materials are chosen to have high stiffness properties, which is a
solution to reduce the occurrence of dynamic instabilities and to delay the occurrence of
possible flutter-related phenomena.
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4.3. Adaptive Wing Actuation Design

The key aspect of the proposed method is that it takes advantage of the interaction
between the aerodynamic loads and the structural design of the internal actuators to
improve the airfoil’s performance. This section describes the wing structure, the actuators,
and the finite element modeling.

An adaptive wing was designed to be small and compact so that it could be installed
inside the UAV S45 wing; it achieves the required deformations via its distributed hinge-less
structure. The compression forces and twisting motions are supported by a redesigned wing
box, which allows the decoupling of aerodynamic loads in the spanwise and chordwise
directions. This adaptive wing model is designed using a structure composed of segments
of different thicknesses connected to its rear spar. When bent under the actuators’ force,
the space between the plate in the middle and the actuators on the upper surface is filled
with polymer foam and honeycomb structures with a high stiffness-to-weight ratio. The
compression modulus and dynamic fatigue are properties that assess the foam’s ability to
support external weight and to retain its reference shape. For instance, when the leading
and trailing edge are moving in the downwards direction the bottom half of the material
covering the plates will be compressed, while the upper half will be elongated. These two
actions lead to an increase in concavity for the inner part and an increase in convexity for
the upper part, and thus to an equivalent increase in camber.

Figure 8 shows the FEA of the angular position variation on the leading edge and
trailing edge produced by the actuation system. Both the leading and the trailing edge
surfaces must be able to move up to 30◦ in the upward and downward positions.

Figure 9 shows the FEA results measured in terms of stress (in MPa) on the actuation
system “arm” and “fixation” at different angular positions of the airfoil leading edge and
trailing edge. This evaluation was necessary to validate that the actuation system can
displace/move the leading edge and the trailing edge when the airflow is moving at a
speed of 30.1 m/s on the prototype surface.
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Figure 10 shows the bench test validation of the FEA results for the angular position
displacements of the leading edge and trailing edge. This bench test also allowed the
validation of the script code written by the main author, and it was used to control the
leading edge and trailing edge positions with a feedback signal from the accelerometer
inside the wing prototype.
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The UAV wing prototype’s actuation is achieved by four servo motor drives that
change the wing shape with the structural stresses applied to its polymer skin. The
advantages of this skin are the stiffness and the nonlinearity of the material behavior with
respect to the stress–strain and to the actuation level-produced force relationships. These
actuator motions were modeled in a 3D CAD that considers the results of the structural
finite element analyses found with ANSYS FEA software. The following section describes
the definition of the goals of the optimizer and the results of the optimization.

4.4. Airfoil Shape Optimization

A genetic algorithm (GA) was used for the generation of new airfoil shapes, starting
from their reference shape. This type of algorithm is used in computing to find true
or approximate solutions to optimization and search problems and is inspired by the
evolutionary principles of biology. The global functioning of genetic algorithms (GA)
follows five distinct steps [23]. In the first step, the initial population needs to be created
in order to reduce the calculation time. Each individual of this population is a potential
solution to the problem. In the second step, the individuals are evaluated in order to create
the next generation. The evaluation function is user-defined as the users determine which
individuals are selected. In the third step, new individuals are created. Once the best
individuals are selected, the new ones are created by “mutation” or “crossover”. In the
fourth step, the new individuals are added to the population, while the N best individuals
of this population are selected. Finally, the fifth step consists of iterating the previous steps
until the best solution is found. The evaluation function that defines the evolution of the
population is the “fitness function”. The GA follows the Darwinian evolution principle
via genetic selection and gives valid shapes for almost any combination of parameters
characterizing the (i) camber, (ii) location, and (iii) maximum thickness of the airfoils.
Certain combinations will be excluded; for instance, high curvature combined with a strong
trailing edge deflection can result in undesired airfoil shapes.

The optimization method used on the S45 airfoil is presented in Figure 11. This
method is focused on optimizing the upper surface part located between 30% and 67% of
the chord. This area was chosen because both the leading edge and the flap zone must not
be deformed. A MATLAB script was developed in-house to perform the airfoil optimization
by using the class/shape transformation (CST) method to parameterize the airfoil, the ABC
algorithm to optimize the shape of the airfoil, and the numerical 2D XFoil solver to run the
aerodynamics calculations. Another script was used to run the calculations with the PSO
and ABC algorithms and thus to allow the results given by each algorithm to be compared.
The optimization method was based on the previous work performed by Koreanschi, Subar,
Gabor, et al. [24].

The optimization is applied to the airfoil between 30% and 67% of its chord and is
limited to ±5 mm of displacement in the direction normal to the airfoil.

This study has also been conducted in previous projects at our LARCASE laboratory,
where we measured the flow transition point “displacement” in wind tunnel tests with
the use of very sensitive pressure sensors (Kulite XCQ_062), which were able to detect the
Tollmien–Schlichting frequencies (Project CRIAQ MDO 505).

A new numerical technique was developed at the LARCASE by Popov et al. [15];
it allows the detection of the transition point location using the pressure distribution at
the upper surface of the wing (Cp values); the first derivative of the Cp versus the chord
variation curve shows the laminar-to-turbulence transition point location using an inflection
point in the Cp curve.
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In our work, the Kulite sensor could not be installed on the wing prototype because it
required the drilling of holes on the prototype skin, and the thickness of the skin (of the
prototype) was too thin to keep the Kulite sensors “flush mounted”, meaning straight and
perpendicular to the skin surface.

The Cp variation with the chord was solved with the XFoil software, and the first
derivative of the Cp curves was obtained using MATLAB. Figure 12 shows the final particle
swarm optimized (PSO) airfoil, which has a transition point delayed to 0.3% of the chord.
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Figure 12. Pressure distribution (Cp) of the optimized airfoil PSO for AOA = 3 for a flow speed of
30.1 m/s.

Figure 13 shows the Cp derivative of a non-optimized (reference) airfoil, with an
inflection point located at 0.27% of the chord and the optimized PSO airfoil, with an
inflection point delayed to 0.3% of the chord.

The airfoil shape was optimized for angles of attack between 0 and 5 degrees. The
parameters used in these algorithms are the size of the colony, the maximum number of
iterations, and the number of variables, with the number of iterations fixed at 500.
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The aerodynamics conditions are fixed for each airfoil optimization at the cruise altitude
of the UAV S45 (2000 ft) and a flight speed of 30.10 m/s. The objective of the optimization is
to maximize the fitness function f = CL/CD, expressed as the lift/drag coefficients ratio,
which can be used as an efficiency or a performance factor of the airfoil shapes.

Once the optimization has been performed by each algorithm for each angle of attack
between 0 and 5 degrees, it is possible to compare their results. The CL/CD are analyzed
and compared in Figure 14, where we can observe that the optimized airfoils have improved
efficiency for the angle of attack (AOA) between 2◦ and 4◦. The CL/CD values for the
AoA = 3◦ were improved by 21% and 26% with the ABC (long dash line) and the PSO (short
dash line) algorithms, respectively, when compared to the reference airfoil shape (solid line).
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The aerodynamic shape optimization method described in Section 5, coupled with
the aero-structural analysis method presented in Section 5.2, together with the airfoil
parameterization in Section 5.4, allows for aero-structural optimized airfoil shapes with
increased performance.

5. Adaptive Wing Design and Manufacturing
5.1. Adaptive Wing Design

This section describes the design of the adaptive wing on which the surfaces controlled
by the actuators are to be installed. The most effective way to alleviate the associated
problems with controlled or actuated surfaces is to design the stiffest possible wing box
structure, without exceeding the wing weight limitation. The main parameters, such as
airfoil section, wing planform area S, wing chord length c, wingspan b, aspect ratio A, and
thickness-to-chord ratio t/c, have to be found at the early stages of the aircraft design. For
the design of the prototype, the basic wing parameters were defined by the original S45
wing structure, as shown in Figure 15.
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The wing box design depends on the location and material properties of the spars, ribs,
and skin. The prototype wing box should have reinforced spars to support the actuators’
push and pull forces. As a single spar cannot sustain the prototype structural stress, another
spar was added to the wing box. Wing design approaches indicate that for a two-spar
wing, the front spar should be located at between 12 and 17% of the chord if the rear spar is
located at between 55 and 60% of the chord [25]. The main reason for these spar locations
is to support the pressure distribution and improve the aero-elastic characteristics of the
wing prototype.

As described in Section 5, we need to install four actuators to change the airfoil shape.
These actuators need support arms to apply their forces to the control surfaces. Therefore,
two support ribs for the actuation are needed. In addition, three more ribs are needed to
stiffen the front and rear spar relative distortions and to prevent skin buckling, which could
lead to an increase in the critical stress threshold of the skin material.

5.2. Adaptive Wing Structural Analysis (FEA)

The structural modeling of the prototype wing is accomplished by using the finite
element method (FEM) and ANSYS software. This section describes the selection of the
element types, the FEM solid modeling, the part connection, the mesh generation, and
the boundary conditions. The most commonly used element type in aerospace is two-
dimensional (2D), as the industry is mostly dealing with thin-walled structures. Almost
every main structural part can be modeled using this type of element. One-dimensional-
type elements on the other hand also have applications for connecting beam-like struc-
tures [26,27]. Two-dimensional-type elements are generally chosen for the design of thin-
walled structures such as the polymer skin for the wing considered here. The thicknesses of
the other parts in the wing box could also be reduced and modeled with 1D-type elements,
but for the spars, it was determined that they be modeled using 2D-type elements to obtain
more accurate results in the bending responses. The last sets of structural parts are the
ribs, which are used to increase the torsional stiffness of the wing structure and to stabilize
the skin panels. The resultant stress levels on the ribs, except for the concentrated stresses
around the fasteners, are assumed to be very low compared to the stresses on the spars and
the skin [28]. Hence, 1D-type elements were assigned to the ribs.
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The modeling of the structural parts was conducted by generating surfaces. First, the
geometrical model of the composite skin was generated. Second, the surfaces representing
the wing box were generated. Third, the ribs were generated in three sections by location.
The first section was located at the leading edge section up to the location of the first spar.
The second section was located in between the two spars. The last portion starts at the
second spar and continues until the trailing edge.

The spar and rib surfaces can be meshed using a meshing technique called ‘Iso-
Meshing’, whereas complex surfaces such as the skin and the wing box can be meshed
using the ‘Paver Meshing’ method [29,30]. The Iso-Meshing method creates elements that
have the same angles between edges, but Paver Meshing only keeps the global element
edge length defined for the meshing approximately the same, and then, it creates non-
symmetrical elements.

There were two sets of connections for the wing. The first one was the connection
between the spars and the skin, and the second one was the connection between the ribs
and the skin. All the necessary edges for the defined connection sets have been associated
with the related surface. The resulting geometry is shown in Figure 16.
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The purpose of the FE model property updating is to integrate the components of a
structure model and their properties. A wing mesh model becomes a structure composed
of spars, ribs, and skin, which has specific mechanical properties, material properties, and
other information, in addition to the geometrical information. Shape optimization is solved
at each iteration. The mesh and the FE model are updated at the same time in the process of
the optimization iterations, causing a new round of meshing and physical property loading.

The FE methodology presented in this section allows (i) the generation of the FE
model through a CATIA design template. The template interface can achieve rapid model
modifications and improvements. (ii) It allows the mesh segmentation of the spars, ribs,
and skin, which are divided and meshed separately inside the FE model. (iii) The FE
properties and model analysis are loaded on the wing structure after iteration.

The FE model developed in this section was manufactured in-house and is presented
in Section 5.3.
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5.3. Adaptive Wing In-House Manufacturing

The new wing design must replace the actual rigid wing of the UAV S45; therefore,
the new design must have the same span length, a tip chord length of 0.40 m, a base chord
length of 0.65 m, and an approximate weight without any instruments of 4.5 kg. The design
of the adaptive wing structure has the same internal structure as a rigid wing in the sense
that it consists mostly of spar and rib structures. The difference between a rigid wing
and an adaptive wing structure is the configuration of the wing box structure to support
the actuators.

Rigid wing structures rely on ribs to support the skin and maintain their airfoil shape.
In the case of the proposed adaptive wing prototype, the rib structures have to change
forms, allowing additional shape variations. These ribs are also intended to support the
chordwise bending moments occurring through the pressure differential between the upper
and lower surfaces. Furthermore, the ribs provide the sliding mechanism that allows the
leading and trailing edge structures to change their shape, as shown in Figure 17. The
additional torsional loads are supported by spars located as specified in Section 5.1.
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To manufacture an adaptive wing prototype with improved performances compared
to those of the original S45 wing, it is necessary to consider not only the flight phase
conditions of the UAV, as presented earlier, but also the additional loads of the actuators.
The fabrication of the wing parts requires CAD files and a program supported by Windows
operating systems, as well as scripting capabilities. The ANSYS software package allows
the CAD design to be exported into files of a format (Step files) that can be used by the
FEA and CFD programs. The manufacturing of the adaptive wing was carried out in
several stages.

As the scope of this thesis is the design and fabrication of a prototype, further descrip-
tions are given below.

The flexible upper surface or skin used on an adaptive wing prototype must support
the surface pressures resulting from the flow over the wing while allowing a controlled
wing shape change. Compensation for the additional loads is included in the design of the
adaptive wing structure. To obtain the desired optimized shapes, the polymer skin material
is incorporated in the design and fabrication of the adaptive wing to allow for a precise
and smooth transition during the shape changes. The skin material must have the required
structural properties for the flight conditions of the UAV S45 and be able to sustain the
original rigidity while allowing a quick transition and a very good recovery force, as the
skin must return to its original shape when the adaptive wing system is not functioning.
A material with increased modulus and toughness is desired so that the transfer of the
surface pressure can proceed with minimal skin deflection. In order for the polymer skin
to be stretched to a new configuration, while activated, a specific polymer material with a
well-suited modulus value is needed.
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Other factors for the selection of the wing skin material are the yield and ultimate
strengths, thermal resistance, stiffness, and density. Moreover, the manufacturability, cost,
and availability are important factors. Finally, polycarbonate polymer was chosen for the
prototype upper surface (skin). The material properties [31] and dimensions are shown
in Table 1. The mass ratio is calculated with the equation shown in the last row. A more
detailed equation for the mass ratio (µ) is shown here:

µ = Density fluid × foil length/Density foil × foil thickness = 1.225 × 150 mm/1200 × 1.02 mm = 0.15.

Table 1. Polycarbonate polymer properties of the prototype skin.

Skin Properties

Material Polycarbonate polymer

Young’s Modulus E 2.38 GPa

Poisson ratio v 0.38

Density ρm 1200 kg/m3

Mass ratio µ µ = 1.225 × 150/1200 × 1.02 = 0.15

The optimal design of the wing structure involved restrictions for the actuators and
a skin support mechanism. These restrictions included the need to house the actuation
components within the rib structures to ensure no interference with the skin support
structure designed to slide on the rib surface, as shown in Figure 18.
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Figure 18. Adaptive wing prototype instrumentation and sensors.

Attaching the skin to the upper wing surface can result in a torsional strength increase
for a wing. In the case of this adaptive wing structure, since the skin will change between
the rigid and the elastic state, the inner and lower wing structure was sized to compensate
for losses in its torsional strength. The manufacturing of the adaptive wing prototype was
achieved with a safety factor of 2.0, which is a recommendation by Mehta et al. [22] for
wind tunnel testing. The images of the prototype inside the Price–Païdoussis wind tunnel
are given in Figure 19.
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5.4. Dimensional Analysis with Buckingham’s Theorem

The “dimensional analysis method” solved with the aid of “Buckingham’s theorem”
can be a very powerful tool for understanding complex wind tunnel tests [32,33]. Bucking-
ham’s theorem is used to analyse the relationships and interactions between the fluid flow
and the wing prototype during wind tunnel tests. The physical unit of mass (Kg), the time
(s), the length (m), and the temperature (K) are represented by the independent variables
M, T, L, and Θ, respectively.

The forces (lift and drag) are determined by the relationships between the 11 input
variables, 7 of them defining the fluid, and 4 of them defining the adaptive wing model, as
shown in Table 2.

Table 2. Variables for the analysis of the adaptive wing.

Variables for the Analysis on the Adaptive Wing Prototype Dimensions

(I) Input variables representing the fluid in the wind tunnel
(1) Density (ρ)
(2) Fluid velocity (U)
(3) Dynamics viscosity of the fluid (µ)
(4) Temperature of the fluid (t)
(5) Static pressure of the fluid (Ps)
(6) Dynamic pressure of the fluid (Pd)
(7) Total pressure of the fluid (Pt)

ML−3

LT−1

ML−1 T−1

Θ
M L−1 T−2

M L−1 T−2

M L−1 T−2

(II) Input variables representing the adaptive wing prototype

(1) Wing chord (c)
(2) Angular displacement of the leading edge (LeadingEdge)
(3) Angular displacement of the trailing edge (TrailingEdge)
(4) Angle of attack of the wing (AOA)

L
non-dimensional
non-dimensional
non-dimensional

(III) Output variables representing the wind tunnel results
(1) Lift force
(2) Drag force

MLT−2

MLT−2

The Bernoulli Equation (1) allows the expressing of the subsonic fluid velocities (U)
with three pressure variables (static, dynamic, and total pressure) and one fluid density (ρ)
variable. The three pressure variables can be reduced and their effects expressed by the
variable U magnitude.

U =

√√√√2
(

Pdym

)
ρ

where Pdym = (PT − Ps) (1)
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The fluid temperature (T) affects the dynamic viscosity (µ) and the density (ρ) values of
the air during wind tunnel tests. The value of the temperature variable (t) is used to define
the density and the dynamic viscosity of the air at which the tests will be conducted; there-
fore, the variable (T) can be reduced in this analysis. The four variables (PT , Pdym, Ps, T) can
be excluded from the list of 11 input variables, as their effects are expressed as independent
variables (U, ρ). The aerodynamic forces (drag and lift) can be expressed as a function of
seven independent input variables, as shown in Equation (2).

Force (Lift, Drag) = f {ρ , U , µ , c, LeadingEdge, TrailingEdge, AOA} (2)

To find the relationships between these seven variables and their effects on the drag
and lift forces considered as output (Table 3), we have to use the Buckingham theorem in
Equation (2).

Table 3. Variables for the lift and drag analysis.

Variables Specified for the Analysis of the Adaptive Wing Prototype Dimensions

(I) Input variables representing the fluid in the wind tunnel

(1) Density (ρ)
(2) Fluid velocity (U)
(3) Dynamics viscosity of the fluid (µ)
(4) Wing chord (c)
(5) Angular displacement of the leading edge (LeadingEdge)
(6) Angular displacement of the trailing edge (TrailingEdge)
(7) Angle Of Attack of the wing (AOA)

ML−3

LT−1

ML−1 T−1

L
non-dimensional
non-dimensional
non-dimensional

(II) Output variables representing the wind tunnel results

(1) Lift force
(2) Drag force

MLT−2

MLT−2

We can observe in Table 3 that all seven input variables and the two output variables
can be defined by these three M, L, T physical dimensions. The theorem makes it possible
to find the number of π terms (symbolized by the Greek letter π1 , π2 , etc.) needed to
define the relationships between the input and output variables, which in this case are the
drag and lift forces. The first step of the theorem is to remove the number of dimensional
parameters from the input and output variables. The non-dimensional input or output
variables are excluded in the analysis. For the lift force analysis, there are only four input
variables and one output variable. The removal of the physical dimensions from the
variables gives a minimum of two π terms for the lift force, as shown in Equation (3):

4 input variables + 1 output variable − 3 physical dimensions = 2 π terms (3)

Next, we separate the dimensional independent input variables and the input variables
containing all three physical dimensions (M,L,T), as shown in Table 4.

Table 4. Independent, dependent, and output variables of lift.

Independent Variable
Dimensions

Dependent Variable Dimensions
and Output Variable of Lift

Density (ρ) ML−3 Dynamics viscosity (µ) ML−1 T−1

Fluid velocity (U) LT−1 Lift force (F) MLT−2

Wing chord (c) L

The independent variables of the physical dimensions are matched to reduce the lift
force (F) physical dimensions; therefore, the first term found is shown in Table 5.
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Table 5. Dimensional analysis first term found.

Reduction with the variable: ρ (F)
(ρ)

= MLT−2

ML−3 = LT−2

L−3

Reduction with the variable: U2 (F)
(ρ)(U2)

= LT−2

T−2 L2 L−3 = L
L−1

Reduction with the variable: c2 (F)
(ρ)(U2)(L2)

= L
L L L−1 = non dimensional

First π term result: π1 = F
ρ v2 l2

Only using the independent variables of the physical dimensions to match and reduce
the dynamic viscosity (µ) physical dimensions, the second term is found and shown in
Table 6.

Table 6. Dimensional analysis second term found.

Reduction with the variable: ρ (µ)
(ρ)

= ML−1T−2

ML−3 = T−1

L−2

Reduction with the variable: U (µ)
(ρ)(U)

= T−1

L−2 L T−1 = 1
L−1

Reduction with the variable: c (µ)
(ρ)(v)(l) =

1
L−1 L = non dimensionnel

Second π term result: 1
π2

=
µ

ρ v l → π2 =
ρ v l

µ

The first term π1 is associated with the force produced by the wing surface versus
the dynamic characteristics of the fluid. This dimensional term is associated with the lift
coefficient Cl .

The second term π2 is the ratio between the fluid inertial forces and the viscous forces
inside the fluid. This term is associated with the Reynolds number (Re), and it is essential in
wind tunnel testing because it allows the comparison of the fluid flow conditions between
the full-scaled wings and the scaled-down models. The Buckingham theorem allows the
finding of the relationship between the two π terms, which are thus proportional between
the coefficients of the forces of lift and drag and the Reynolds number. The relationship is
shown in Equation (4), where ∅ is the angle of the leading edge and the trailing edge.

F
ρ v2 l2 = ∅

(
ρ v l

µ

)
(4)

5.5. Dynamic Similitude with the Reynolds Number

The flow conditions for a prototype wing (wingprot) and the UAV S45 original wing
(wingref) can be reproduced if all the relevant parameters have the same values. The
Reynolds numbers of the prototype and the original wing have to be equal to reproduce
the aerodynamics forces and pressure coefficients during wind tunnel testing.

wingprot

{
ρ v l

µ

}
= wingre f

{
ρ v l

µ

}
(5)

The wingref has a chord length of 0.52 m and a cruising speed of 25.72 m/s.
The wingprot built in-house has a chord length of 0.445 m, which is smaller than wingref

due to the test section size and the maximum size of a model for wind tunnel tests, to
reduce the “blockage effect”, as described by Mehta et al. [22].

Solving the dynamic similitude Equation (5) gives a flow velocity for the wind tunnel
tests of 30.10 m/s, as shown in Equations (6) and (7).

vprototype × 0.445 m = 25.72
m
s
× 0.52 m (6)

vprototype = 30.10
m
s

(7)
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For the CFD simulations, the flow speed will be set precisely at 30.10 m/s. The wind
tunnel test flow speed will be set at 30.1 m/s. The flow speed was measured with a pressure
sensor connected to a Pitot tube with a sensor accuracy of ±0.05 m/s.

6. Adaptive Wing CFD Model

In this section, a simulation model must be designed and meshed for CFD calculations.
The first step consists of the design of the geometry of the adaptive wing prototype in
Figure 20 and that of the wind tunnel, as shown in Figure 3 in CATIA V5. The second
consists of the geometries meshing using structured and unstructured mesh sizes on the
model’s surface, and the last step is the use of CFD solver to find the lift and drag forces [34].
A robust mesh model of the adaptive wing prototype was designed using an ANSYS ICEM
mesh generator. The mesh volume of these two objects consists of a finite number of
polygons composed of triangle and quad elements. Quad polygons have a better topology
(how the polygons are connected to the flow around them) and a better resolution of the
flow boundary conditions.

Appl. Sci. 2023, 13, 1799 21 of 32 
 

6. Adaptive Wing CFD Model 
In this section, a simulation model must be designed and meshed for CFD calcula-

tions. The first step consists of the design of the geometry of the adaptive wing prototype 
in Figure 20 and that of the wind tunnel, as shown in Figure 3 in CATIA V5. The second 
consists of the geometries meshing using structured and unstructured mesh sizes on the 
model’s surface, and the last step is the use of CFD solver to find the lift and drag forces 
[34]. A robust mesh model of the adaptive wing prototype was designed using an ANSYS 
ICEM mesh generator. The mesh volume of these two objects consists of a finite number 
of polygons composed of triangle and quad elements. Quad polygons have a better to-
pology (how the polygons are connected to the flow around them) and a better resolution 
of the flow boundary conditions.  

For a wind tunnel CFD model, there are five boundary conditions that must be 
specified during the mesh design, and as well as in the CFD Solver: (i) the “inlet bound-
ary condition”, which is the surface where the flow is initiated, mainly when the flow 
speed in one of the axes (x, y, z) is specified; (ii) the “outlet boundary condition”, which is 
the region where the flow attains a fully developed state and where no change in velocity 
or direction occurs far from the model disturbances; (iii) the “wall boundary condition”, 
which defines the appropriate flow condition near the walls (inside the wind tunnel test 
chamber and at the surface of the model); (iv) the “Constant pressure boundary condi-
tions”, which are used when the inlet pressure is known and when the outlet pressure 
can be determined; in an open circuit wind tunnel, the outlet pressure is the atmospheric 
pressure; and (v) the “symmetric boundary condition”, which is calculated when the 
same physical conditions exist on two sides of a model.  

The designed CADs (step files) of the adaptive wing prototype and of the wind 
tunnel were imported to the ANSYS ICEM meshing software. The meshing process in-
cludes the (i) design of an initial mesh, followed by an evaluation of its quality and the 
boundary conditions specifications; (ii) the improvement and repairing of the mesh 
holes, discontinuities, and space between its cells; (iii) the generation of the volume mesh 
using triangle and quad elements and the refining of the mesh density close to its 
boundary layer; and (iv) the exportation of the final mesh to the CFD solver.  

 
Figure 20. CFD model of the adaptive wing prototype. 

A mesh with an optimum grid resolution had to be refined along the model’s sur-
face. The fluid at the wing model surface, named “Inner_fluid”, and the flow inside the 
wind tunnel have to be simulated together. The generated grids have coarse regions, and 
it was achieved using the octree method with “Tetra Cell”. It was re-meshed using the 
Delaunay refinement mesh technique. The octree method allows the design of regular 
internal mesh geometry and does not require an initial mesh to be implemented. The 
Delaunay technique allows for a smoother mesh and a better accuracy in representing 
complex shapes. 

A “grid sensitivity” study was conducted to determine the mesh density required to 
produce final results of acceptable fidelity. Grids of varying resolution were tested using 
the flight test number 22 (leading edge at −5° and trailing edge at −10°), the angle of attack 
of 3°, and the Reynolds number of 5.89 × 105, corresponding to a flow velocity of U = 30.10 
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For a wind tunnel CFD model, there are five boundary conditions that must be
specified during the mesh design, and as well as in the CFD Solver: (i) the “inlet boundary
condition”, which is the surface where the flow is initiated, mainly when the flow speed in
one of the axes (x, y, z) is specified; (ii) the “outlet boundary condition”, which is the region
where the flow attains a fully developed state and where no change in velocity or direction
occurs far from the model disturbances; (iii) the “wall boundary condition”, which defines
the appropriate flow condition near the walls (inside the wind tunnel test chamber and
at the surface of the model); (iv) the “Constant pressure boundary conditions”, which are
used when the inlet pressure is known and when the outlet pressure can be determined; in
an open circuit wind tunnel, the outlet pressure is the atmospheric pressure; and (v) the
“symmetric boundary condition”, which is calculated when the same physical conditions
exist on two sides of a model.

The designed CADs (step files) of the adaptive wing prototype and of the wind tunnel
were imported to the ANSYS ICEM meshing software. The meshing process includes the
(i) design of an initial mesh, followed by an evaluation of its quality and the boundary
conditions specifications; (ii) the improvement and repairing of the mesh holes, discontinu-
ities, and space between its cells; (iii) the generation of the volume mesh using triangle and
quad elements and the refining of the mesh density close to its boundary layer; and (iv) the
exportation of the final mesh to the CFD solver.

A mesh with an optimum grid resolution had to be refined along the model’s surface.
The fluid at the wing model surface, named “Inner_fluid”, and the flow inside the wind
tunnel have to be simulated together. The generated grids have coarse regions, and it was
achieved using the octree method with “Tetra Cell”. It was re-meshed using the Delaunay
refinement mesh technique. The octree method allows the design of regular internal mesh
geometry and does not require an initial mesh to be implemented. The Delaunay technique
allows for a smoother mesh and a better accuracy in representing complex shapes.
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A “grid sensitivity” study was conducted to determine the mesh density required to
produce final results of acceptable fidelity. Grids of varying resolution were tested using
the flight test number 22 (leading edge at −5◦ and trailing edge at −10◦), the angle of
attack of 3◦, and the Reynolds number of 5.89 × 105, corresponding to a flow velocity of
U = 30.10 m/s. The wall parameter y+ < 1 was maintained regardless of the tested grid [35].
The variations of Cl , Cd and Cl/Cd are shown in Table 7. It can be observed that the results
change significantly for the first three grid resolutions (Grid 1, 2, and 3); after the fourth
and fifth grid resolutions (Grid 4 and 5), the mesh density does not significantly affect the
results of the aerodynamics coefficients.

Table 7. Grid sensitivity results.

Grid
Density Quantity of Cells Cl Cd Cl/Cd

1 900,542 0.02489 0.00920 2.70
2 1,325,584 0.02435 0.008665 2.81
3 1,854,000 0.02313 0.007896 2.92
4 2,258,477 0.022869 0.007584 3.02
5 3,524,648 0.022855 0.007545 3.03

There is a 1% error between the grid 4 and 5 results and a mesh size reduction of
1.266 million cells for grid 4, compared to the grid 5 density. Based on the Table 7 results,
the grid 4 density will be used for all the adaptive wing simulations.

Figure 21 shows only the mesh volumes of the adaptive wing model. The main
motivation for determining these grid sensitivity results is to reduce the computational
time while obtaining accurate results.
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The boundary conditions are required in CFD simulations to solve the differential equa-
tions for the fluid volume. An inlet surface allows the air mass to flow into the domain of the
test velocity of 30.10 m/s, while a pressure outlet surface allows the air mass to flow out of
this domain. Slip walls were imposed on the sides of the far field to improve the solution
convergence, and a no-slip wall was enforced at the surface of the wing model to obtain a
fluid velocity at its surface equal to zero. The simulation implicit solver had a time step size of
0.001 s, which was considered necessary for numerical stability, for which 400 total time steps
were conducted to a converged solution at the residual target of 1 × 10−5 for all the flow and
turbulence variables.

The CFD Fluent software was used to solve the adaptive wing model mesh, as de-
scribed previously. The data obtained experimentally were compared with the “steady
state” analysis results (simulations), but the errors and uncertainties were beyond the 10%
validation metric limit, which will be explained in detail in Section 8.

A rigid wind model, with no moving parts, in a laminar flow regime can be accurately
predicted by the steady state Navier–Stokes equations by assuming, at simulation conver-
gence, that the local speeds do not vary with time. In the case of an adaptable wing, the
simulations have to be solved in a transient state analysis. A transient state allows for an
accurate representation of flow behavior. The flow turbulence intensity was kept at 1%
and therefore at the same turbulence levels as in the Price–Païdoussis wind tunnel tests.
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Selecting an accurate turbulence model for an accurate representation of wall-bounded flow,
mild to important flow separation and recirculation, and flow transition is a challenging
aspect in CFD simulations. The presence of a wing prototype with actuated/controlled
leading edge and trailing edge surfaces generates additional turbulence characteristics to
the flow regime in the test section.

Four RANS models were tested with the CFD solver: Spalart–Allmaras (SA), K-epsilon
(K-ε), K-Omega (K-ω), and the shear stress transport (SST). The Spalart–Allmaras model is
a single-equation model involving wall-bounded flows and a low Reynolds number [36].
The SA model produced an absolute error of 20% compared to the experimental loads.
The K-epsilon two-transport equation model solves for kinetic energy k and dissipation
ε, where dissipation is the rate at which the velocity fluctuations dissipate [37]. It uses
coefficients that are found empirically, and it was found that the K-epsilon model is accurate
for unsteady flow regimes. The absolute errors with the experimental loads were within
the 10% validation limit. The K-Omega is a two-variables model, used to obtain the kinetic
energy k and frequency ω. This model allows for a more accurate near-wall treatment
and demonstrates superior performance for wall-bounded and low Reynolds number
flows and for predicting transition [38]. The absolute errors between the experimental
and the simulated loads were within the 10% validation limits. The shear stress transport
(SST) model is a variant of the standard K–Omega model; it combines the original Wilcox
k-Omega model for use near walls and the standard K-epsilon on the regions far from the
walls [39,40]. This model has been proven to offer high accuracy on the boundary layer
regions, but it does not converge to a solution quickly. Therefore, the initial conditions
of the simulation were solved with the K-Omega model to improve the conversion rate.
The absolute errors between the experimental and the simulated loads were below the 5%
validation limits. The adaptive wing model was simulated with the SST model.

7. Experimental Data and Model Validation

The CFD models do not always reproduce data accurately, and there are many sources
of errors in the simulation results. Due to these errors, model verification and validation is
a research requirement to obtain accurate simulations with quantified uncertainties [41,42].
The 2012 ASME committee provides a useful validation approach for cases when experimen-
tal data are available. Even though no specific metric is imposed, the guide recommends
using a single metric to better quantify the difference between the simulation and the
experimental data. The metric must measure the difference between the experimental out-
comes and the simulation outcomes; it should be equal to zero if the outcomes are identical,
and it should provide a coherent numerical value expressing the model’s accuracy and
adequacy. The area metric method proposed by Ferson et al. [43] allows the comparison of
the simulation results with the experimental data.

Table 8 presents the S45 wing parameters and flow conditions allowing the calculation
of the aerodynamics coefficients of the lift and drag and the lift-to-drag ratio. Conse-
quently, it would be possible to compare the S45 performances with the wing prototype
experimental data.

The 29 wind tunnel tests results (lift and drag forces) are presented in Table 9, and they
show a very good agreement with the simulation values. The wind tunnel tests are sorted
by the angular position of the adaptive leading edge. In total, 29 wind tunnel tests were
performed, and the two forces of lift and drag were measured by the aerodynamic scale.

7.1. Residual Analysis of the Lift and Drag Forces

The observed and predicted lift and drag quantities were very close, as shown in the
residual errors in Table 10. As mentioned in the ASME validation guidelines, a simulated
CFD model should be able to predict up to 85% of the experimental output, with less than
5% error [44]. This means that for this project with 29 simulation and wind tunnel tests
(Table 9), the validation guidelines require (29 × 85% = 24.6) that at least 24 simulations
results have 5% or less difference (error) with the experimental data.
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Table 8. Aerodynamic parameters of the S45 reference wing.

Flow Conditions

Velocity Flow (m/s) 30.1
Density air (kg/m3) 1.225

Temperature (◦C) 22

Wing structure

Wingspan (m) 0.495
Wing chord (m) 0.455

Wing surface (m2) 0.2252

Experimental data

Lift force (N) = 1.942
Drag force (N) = 0.644

Cl = 0.022869
Cd = 0.007584
L
D = 3.02

Table 9. Experimental and simulated data of the adaptive wing prototype.

Test

Adaptive Wing Surfaces Experimental Simulation

Leading Edge Trailing Edge Wind Tunnel CFD Model
(Degrees) (Degrees) Lexp (N) Dexp (N) Lsim (N) Dsim (N)

1 0 0 1.942 −0.644 1.5885 −0.6457
2 −5 0 1.839 −0.67 1.4504 −0.6637
3 −10 0 1.676 −0.736 1.3584 −0.6817
4 −15 0 1.484 −0.84 1.2723 −0.8780
5 −20 0 1.359 −0.865 1.1917 −0.8960
6 5 0 2.011 −0.618 1.7083 −0.5690
7 10 0 2.197 −0.678 1.8239 −0.5510
8 15 0 2.254 −0.713 1.9474 −0.7460
9 20 0 2.26 −0.729 2.0792 −0.7750

10 0 −5 2.293 −0.701 2.0833 −0.4341
11 0 −10 2.769 −0.759 2.5740 −0.5186
12 0 −15 3.506 −0.908 3.0948 −0.6004
13 0 −20 4.199 −1.046 3.6680 −0.6780
14 0 −25 4.784 −1.135 4.3163 −0.7687
15 0 −30 5.502 −1.295 5.0620 −0.8469
16 0 5 2.029 −0.604 0.9018 −0.2779
17 0 10 1.142 −0.549 0.3660 −0.1897
18 0 15 0.216 −0.45 −0.2298 −0.1040
19 0 20 −0.532 −0.404 −0.9080 −0.0286
20 0 25 −1.222 −0.296 −1.6913 0.0501
21 0 30 −1.811 −0.243 −2.6020 0.1420
22 −5 −10 1.43 −0.988 2.0148 −0.6457
23 −10 −15 2.971 −1.165 3.1309 −0.4750
24 −15 −20 4.182 −1.306 4.2898 −0.9360
25 −20 −30 4.987 −1.131 5.2796 −0.9540
26 5 10 2.441 −0.734 2.5712 −0.5455
27 10 15 1.051 −0.486 1.1005 −0.6457
28 15 20 −0.201 −0.468 −0.2096 −0.6637
29 20 30 −0.724 −0.349 −0.7706 −0.6817
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Table 10. Residual values of the experimental and simulated lift and drag forces.

Test Residual Lift
(N)

Residual Drag
(N)

1 0.35 0.00
2 0.39 −0.01
3 0.32 −0.05
4 0.21 0.04
5 0.17 0.03
6 0.30 −0.05
7 0.37 −0.13
8 0.31 0.03
9 0.18 0.05
10 0.21 −0.27
11 0.20 −0.24
12 0.41 −0.31
13 0.53 −0.37
14 0.47 −0.37
15 0.44 −0.45
16 1.13 −0.33
17 0.78 −0.36
18 0.45 −0.35
19 0.38 −0.38
20 0.47 −0.35
21 0.79 −0.39
22 −0.58 −0.34
23 −0.16 −0.69
24 −0.11 −0.37
25 −0.29 −0.18
26 −0.13 −0.19
27 −0.05 0.16
28 0.01 0.20
29 0.05 0.33

The residuals of the lift and drag forces are defined as the differences between the ob-
served values during the wind tunnel tests and the estimated values by the CFD simulation.
Mathematically, the residual r of a specific value is the difference between the observed
response value y and the predicted response value ŷ. The residuals should be scattered
randomly and centered on zero throughout the range of the fitted values. The non-random
pattern in the residuals indicates a calibration error or a bias during the experimental tests
or an inadequate model. The Fluent simulation accurately captures the interaction of the
adaptive wing model with the fluid, as shown in the values of the residuals in Table 10.

The residuals for the lift and drag forces appear to be random and distributed above
and below the 0 error values, respectively. The differences between the experimental
and the predicted values are independent and normally distributed, following a normal
law with a mean value equal to zero and a very low variance. The residual values were
calculated from the values shown in Table 10. The sum of the residuals shows that they are
symmetric around the “zero” value.

7.2. Validation Method Durbin–Watson Test and Adjusted R2

Figure 22 shows a quartile graph in which the drag residuals follow a line (at 45 degrees),
indicating that its “different” values are distributed according to a normal law. The Durbin–
Watson test predicts whether there is correlation in the order of appearance of the residuals
for the drag force; given that the probability is 0.016% and less than 0.05%, there is evidence
of correlation at a confidence level of 95%. We can reject the H0 hypothesis (H0 = there is
no correlation between the residual drag values). The data show in Figure 23 show that the
residuals for the lift force follow a normal distribution, and the histogram graph indicates a
leftward bias.
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Linear regression analysis with adjusted R2 is a statistical process that focuses on the
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values. The predicted and observed data are numerically sorted from small to large; the
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a 45◦ slope is added to the plot where the dispersed data are shown. This line represents
the ideal outcome where all the predicted values are 100% identical to the observed values.
The magnitude of the correlation between the response and the predicted values can be
quantified by calculating the adjusted R2 (R-squared) of the model. This value denotes the
proportion of the variance in the experimental data, which is predicted by the model data.
An adjusted R2 of 1 indicates that the model predicts all the experimental data perfectly,
but in the real world, the models are never perfect, and the adjusted R2 values may take
any value from 0 to less than 1.

This method shows in Figure 24 that the model predicted the lift and drag forces
values within the 95% bounds for the linear regression method. The adjusted R2 values are
0.9986 for the lift and 0.9945 for the drag forces, thus indicating that the predictions of the
variance for the lift force are 99.86% and 99.45% for the drag force, as accounted for by the
model predictions and as seen in Figures 22 and 23, respectively.
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To validate a statistical hypothesis on a group of data, if we set H0 as the observed
values and the simulated values from the same population, it is possible to assess at a
confidence level of 95% whether this hypothesis is rejected or accepted. The weakness of
this type of validation is that it is qualitative and not quantitative. This type of validation is
mostly used to reject a model rather than to validate it at a high level of confidence [47].
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The adjusted R2 for the drag forces are strong and indicate that 87.24% of the exper-
imental data can be explained by the model. The Durbin–Watson test makes it possible
to check the correlation between the observed drag values and the simulated drag values.
In this case, the test has a p-value much lower than its 0.05% threshold, which indicates a
strong correlation. This hypothesis test does not reject H0; so, the model is adequate for
estimating drag forces. The adjusted R2 for the lift forces indicates that the model represents
97.27% of the observed data. For the lift forces, the hypothesis test shows that there is a
strong correlation between both results values, while the hypothesis H0 cannot be rejected
with a confidence level of 95%.

The validation tests were conclusive, thus indicating that the CFD model can simulate
lift and drag forces at a 95% confidence level. The drag force residuals appear to have an
autocorrelation, possibly due to the non-linearity of the range of observed values. These
experimental values have an uncertainty of ±0.04N, estimated at a confidence level of 95%.

The simulation model of the adaptive wing prototype was validated by the Durbin–
Watson and adjusted R2 tests, and it can be used to obtain accurate aerodynamics lift and
drag forces.

7.3. Validation Method of the Area Metric for the Drag and Lift Forces

The area metric is the method recommended by ASME in their validation guidelines
as being well-suited for the experimental research [48,49]. This method does conclude that
a model is accepted or rejected, and it also allows the model validation to be quantified. The
area metric method uses the cumulative probability of the observed data and the simulated
values and calculates the integral (using the trapezium method) obtained for the surface of
the observed values and the simulated values. The difference in the surfaces (between the
curves) gives the value of the quantified metric in the same units as the analyzed data.

Comparing the curves obtained from the physical experiments with those given by the
mathematical models is an important technique used by researchers to determine whether
a model adequately represents the physical phenomena. This method allows the validation
of a simulation model when only a limited number of experimental values can be measured,
which is an advantage over the other validation methods.

Due to its quantitative measure of the discrepancy between all the data available
(predicted data and observed data), the area metric offers an important advantage compared
to classical validation methods; it is considered objective and robust [49] in producing a
graphical representation of the discrepancy in the same physical units as the experimental
data, and this makes it possible to evaluate the differences across the full range of prediction
results while considering simulation uncertainties.

The area metric is calculated with the cumulative distribution function (CDF) of the
experimental data and that of the model data. Both CDFs are step functions. Figures 25 and 26
illustrate the mismatch between the prediction distribution (shown in the “red” line) and the
experimental data (shown in the “blue” line), with the area metric shown as the grey shaded
area. This metric response has a value of 0.056N for the drag force. With the area metric, it is
possible to check the adequacy of the model locally (on a specific point of the experimental
test) or globally, by evaluating the difference value of 1.44N, for the lift forces.

The model validation process was conducted using three methods recommended by
the ASME. The residuals, the adjusted R2, and the area metric validation methods agree
that the CFD model accurately estimates the lift and drag forces of the adaptive leading
edge wing prototype. The model gave a 98% prediction rate, which is above the prediction
rate of 85% recommended by ASME.
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8. Conclusions

The study of the current "state of the art" of adaptive wings systems capable of
improving the overall performance at subsonic speeds of UAVs was investigated as part of
the literature review of this paper. It is thought by the authors that the present validation
methodology on adaptive UAV wings will further improve the knowledge in this field. In
this paper, a new validation methodology was developed to improve UAV aerodynamic
performance during the cruise flight, by means of the model design, fabrication, simulation,
and model validation of an adaptive wing prototype for the UAV S45. An adaptive wing
was designed and validated using the proposed multidisciplinary methodology to find
its optimized wing shapes that are able to improve the lift and drag performance during
cruising phase. The main objective of this article was to develop a validation framework
for an adaptive wing.

Aircraft design disciplines, airfoil shape optimization, computational simulations, and
wind tunnel tests were integrated into this framework. The CFD models allowed us to
obtain the aerodynamic performances of the wing equipped with an adaptive leading edge
and trailing edge.

The verification and validation of the CFD model with an accurate mesh grid and the
area metric method were successfully performed. The simulation results obtained, with
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the specific flow conditions defined in the wind tunnel tests, accurately agree with the
experimental studies.

The authors have used the term “New knowledge” in the abstract as we believe that the
MDO methodology and the CFD model validation presented in this study both correspond
to “a novel research outcome” on improving the performance of adaptive wings.

The results of the adaptive wing system can be seen in Figure 27, where the lift-to-
drag ratios can increase compared to the S45 original wing shape value of L/D = 3. The
wind tunnel results show the efficiency of the adaptive wing prototype in producing less
drag and more lift, resulting in higher L/D values, depending on the configuration of the
actuators. This prototype wing can produce an important lift-to-drag ratio without extra
fuel consumption from the UAV’s engine. The L/D = 7.5 for test #21 is at the maximum
displacement of the actuators but within the safety structural parameters of the prototype.
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The low drag production and high lift-to-drag ratio (efficiency factor) of the adaptive
wing will translate into a reduction in fuel consumption and an increase in the S45 effective
range. Adaptive wing systems for UAVs are a promising technology and have become
a major solution for multipurpose flight operations because they allow the aerodynamic
potential of UAVs to be optimized by adapting the wing to several flight conditions, and
they also result in climate improvement by fuel consumption minimization.
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