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Abstract The seamless trailing edge morphing flap is investigated using a high-fidelity steady-state

aerodynamic shape optimization to determine its optimum configuration for different flight condi-

tions, including climb, cruise, and gliding descent. A comparative study is also conducted between a

wing equipped with morphing flap and a wing with conventional hinged flap. The optimization is

performed by specifying a certain objective function and the flight performance goal for each flight

condition. Increasing the climb rate, extending the flight range and endurance in cruise, and

decreasing the descend rate, are the flight performance goals covered in this study. Various opti-

mum configurations were found for the morphing wing by determining the optimum morphing flap

deflection for each flight condition, based on its objective function, each of which performed better

than that of the baseline wing. It was shown that by using optimum configuration for the morphing

wing in climb condition, the required power could be reduced by up to 3.8% and climb rate

increases by 6.13%. The comparative study also revealed that the morphing wing enhances aerody-

namic efficiency by up to 17.8% and extends the laminar flow. Finally, the optimum configuration

for the gliding descent brought about a 43% reduction in the descent rate.
� 2023 Production and hosting by Elsevier Ltd. on behalf of Chinese Society of Aeronautics and

Astronautics. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

The aeronautics industry has a significant impact on green-
house gas emissions, as thousands of airplanes, ranging from

personal aircraft to commercial and military jets, fly every
day. This huge number of daily flights contributes to the emis-
sion of a large amount of CO2 into the atmosphere. This situ-

ation was demonstrated during the COVID-19 pandemic, as
satellite images show the CO2 emissions before and during
the pandemic; there was a considerable decrease in the CO2

emissions.1 According to the Carbon Global Project,2 the drop

http://crossmark.crossref.org/dialog/?doi=10.1016/j.cja.2023.10.024&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:ruxandra.botez@etsmtl.ca
https://doi.org/10.1016/j.cja.2023.10.024
http://www.sciencedirect.com/science/journal/10009361
https://doi.org/10.1016/j.cja.2023.10.024
http://creativecommons.org/licenses/by-nc-nd/4.0/


Seamless morphing trailing edge flaps for UAS-S45 using high-fidelity aerodynamic optimization 13
in flights dramatically reduced the Carbon emissions during
the worldwide lockdown compared to the other sources,
including surface transport and industry. Their findings indi-

cate that during the peak of world-wide lockdown (March,
April, and May 2020), the 75% reduction in air traffic
accounted for 60% of the carbon emission reduction, while

the surface transport accounted only for a 36% reduction (be-
ing the second after aviation), which is nearly half. Carbon
emission reduction is therefore one the highest-priority goals

in the aeronautics industry due to its undeniable impact on
the climate.

Following the main goal of green aviation, numerous pro-
jects both in industry and in academia, most of which are col-

laborative industrial-academics projects, have focused on
reducing CO2 emissions. Among these, at the flight trajectory
level, Airbus’ UpNext 3 is one of the most recent projects.

Their proposed ‘‘Fello’fly” concept offers a reduction of car-
bon emissions by at least 5% per trip according to operational
evaluations. However, most of the studies in green aviation are

at the level of aircraft design. These include aerodynamic,
propulsive, and structural aspects of aircraft, all of which are
inter-connected. For example, in aerodynamics, many studies

have been conducted on drag reduction, which leads to a
reduction in fuel and power consumption.

In aerodynamics, morphing wing technology has shown a
great potential to apply to next-generation environmentally

friendly aircraft, due to its success in improving aircraft perfor-
mance by reducing drag and fuel consumption, as well as in
reducing aircraft weight. 4,5 While most of these studies are still

at the conceptual level due to structural limits, ongoing
research in aerodynamics and at a structural level have shown
a promising future for this technology. Many morphing

approaches have been examined over the past few decades
from sweep,6 twist, 7,8 winglet, 9,10 and span morphing, 11 to
camber, 12–15 chord, 16 leading edge, 17–19 and upper surface
20–29 morphing. However, among these approaches, the trail-
ing edge morphing 30 has received considerable attention due
to its substantial influence in improving flight performance
and reducing fuel consumption. Beyond aerodynamic analysis,

structural analysis 31 as well as aerostructural analysis 32 for
the trailing edge morphing approach is developing more
rapidly than other morphing approaches, due to the high num-

ber of studies in this area. Different types of morphing mech-
anisms have been proposed, 33–40 some of which have been
prototyped and successfully wind-tunnel tested. 41–45

Numerous morphing mechanisms have been proposed at
the conceptual design level for different morphing configura-
tions, such as morphing leading edge, morphing trailing edge,
46,47 or morphing upper surface. However, few successful tests

have been reported at the flight test level. Among these, AFTI/
F-111 mission adaptive wing, 48 is the pioneering project, a
joint project of UASF, NASA and Boeing, in which a success-

ful flight test was performed by F-111 fighter aircraft equipped
with active camber morphing. Unfortunately, due to actuation
system complexity and weight penalties, the project was closed.

The Adaptive Complaint Trailing Edge (ACTE) project,
among the U.S Air Force Research Laboratory (AFRL),
NASA and Flexsys 49–51 is another flight test level project. In

the ACTE project, a Gulfstream III business jet equipped with
morphing trailing edge wings was tested at the altitude of
40000 ft(1 ft = 0.304 8 m), and it was the only practical test
of morphing wings in recent years. This work showed that this
technology was dependable after over 50 hours of flight tests,
and it documented its ability to improve aerodynamic
performance.

The potential benefits of trailing edge morphing in terms of
improving aerodynamic performance and thereby reducing
fuel consumption have been illustrated in recent studies.

Abdessemed et al. 52 compared morphing trailing edge flaps
to conventional hinged flaps, both in steady and unsteady con-
ditions to investigate the aerodynamic performance of real-

time morphing. They showed that the baseline wing with a
hinged flap and zero deflection caused an increase in drag
and a reduction in lift due to the spanwise and chordwise gaps.
The comparison of the morphing versus hinged flap showed

that morphing trailing edge increased the lift by up to 40%
at similar drag coefficients and improved the overall aerody-
namic efficiency by 45%. In Ref.53, the same authors evalu-

ated this morphing configuration in a 2D transient study
through dynamic meshing, and also analyzed the unsteady
behavior of morphing flaps. 54 They showed that 22% higher

lift was generated and a 25% drag reduction was achieved
for the morphing trailing edge flap, which led to a 40%
improvement in aerodynamic efficiency for pre-stall angles of

attack. In addition, the stall angle was increased by 2� com-
pared to that of the hinged flap. Several studies have been con-
ducted on NASA’s Variable Camber Continuous Trailing
Edge morphing Flap (VCCTEF) system. In Refs. 55, 56, Ting

et al. conducted aerodynamic and structural optimizations that
found a gain of 2%–16% in lift-to-drag ratio and up to a 8.4%
in drag reduction for a range of flight conditions.

In a joint project between NASA and Boeing, Urnes and
Nguyen 57 investigated the VCCTEF system for future trans-
port aircraft, that improved aircraft performance in terms of

lift and drag, while reducing aircraft weight and increasing
its maneuverability, including rolling performance. Their work
showed that a VCCTEF system could accomplish two perfor-

mance objectives: (A) efficient high lift capability for take-off
and landing, and (B) cruise drag reduction through the control
of the flexible wing twist shape. A multidisciplinary optimiza-
tion was also conducted on a VCCTEF system by Lebofsky

et al. 58, through which the drag reduction was obtained by
reducing the wing stiffness.

Woods et al. 59 introduced a compliant morphing flap tran-

sition section (sealing the gaps between wing main body and
flap) by addressing the side-edge gaps in the spanwise direc-
tion. They showed that in the absence of transition, a strong

vortex emerged near the gaps; however, with a transition sec-
tion, the downstream roll-up vortex disappeared. CFD simula-
tion results also showed that by using complaint transition
section, lift was increased, drag was reduced and a 7% increase

in lift-to-drag ratio was obtained. To reduce lift-induced drag,
Ninian and Dakka 60 simulated and compared the trailing edge
morphing flap with a conventional wing flap. Their compar-

ison of a non-optimized morphing wing with a conventional
wing showed an increase in lift of up to 10.8% and a lift-to-
drag ratio improvement of up to 13.6% for the optimized mor-

phing wing. They also performed an experimental acoustic
analysis and showed that using a morphing wing decreased
the noise level up to 50% in comparison to using a conven-

tional wing. The effects of deploying spanwise morphing trail-
ing edges on wings were also studied in Refs. 61–63.

Lyu and Martins 64 used the gradient-based optimization to
perform a multipoint optimization for an adaptive trailing
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edge wing. Drag reductions of 1% in a morphing trailing edge
wing at off-design conditions and of 5% at on-design condi-
tions were obtained. They computed the cruise fuel consump-

tion for different fight phases and found that by using the
morphing trailing edge, nearly 1% fuel consumption reduction
could be obtained.

A new morphing trailing edge design concept was intro-
duced by Communier et al. 65, in which the deformation was
performed by use of small vertical incisions. The comparison

of aerodynamic coefficients revealed that this morphing design
achieved a lower drag coefficient than that of a conventional
design. They also showed that the morphing trailing edge
had a higher lift-to-drag ratio and outperformed a hinged flap

for angles of attack ranging from �10� to 10�.
Bashir et al. 66 investigated the shape optimization of an

UAS-S45 airfoil by evaluating the morphing at the trailing

edge at the leading edge. For the morphing leading edge, the
lift coefficient was increased by 21% and the stall angle was
delayed by 3�. For the trailing edge morphing, by considering

drag minimization as an objective function, they found a 26%
gain in lift coefficient and an 8% gain in maximum lift coeffi-
cient, compared to the baseline airfoil. They also showed that

trailing edge morphing improved the endurance by approxi-
mately 10.25% compared to that of the unmorphed airfoil.
Dumont 33 proposed a trailing edge morphing mechanism that
applied two flexible surfaces on the wings’ lower and upper

surfaces. This morphing approach was applied to both the
flaps (inner wing) and the ailerons (outer wing). By performing
a gradient-based optimization, Dumont obtained a 2.6% gain

in the objective function as well as a 0.595� reduction in angle
of attack.

To eliminate the gaps between flaps and the main wing con-

figuration, Khorrami et al. 67 patented an elastic morphing
structure for the side edges of the trailing edge flap. This struc-
ture significantly reduced the aeroacoustic noises associated

with the discontinuities of side edge gaps without compromis-
ing an aircraft’s cruise efficiency. This innovative configuration
was capable of elongation in a chordwise direction, bending
and twisting as needed, and when not deployed, it conforms

to the chordwise cross-section of the flap’s side edge. In an
experimental study, Rivero et al. 68 evaluated the FishBack
morphing configuration with a hinged flap and the baseline

airfoil; they found a lower drag penalty for the morphing con-
figuration with a similar lift coefficient that led to a greater lift
to drag ratio, that gave from 50% to 200% improvement over

the baseline airfoil.
The above-mentioned studies are just some of the recent

noteworthy studies on the morphing trailing edge. In this
study, the aim is to achieve a high-fidelity optimization of

the Seamless Morphing Trailing Edge (SMTE) flap for most
of the flight conditions (climb, cruise, descent) of the whole
flight envelope. To the authors knowledge, no optimization

has been conducted on a morphing seamless flap to maximize
the flight performance made possible by this morphing config-
uration. This present study is conducted on an UAS-S45, an

unmanned aerial system that was designed and manufactured
by Hydra Technologies, a Mexican company. This UAS-S45
is mainly designed for surveillance and reconnaissance mis-

sions. Multiple morphing studies have been conducted on this
UAS-S45 at our Research Laboratory in Active Controls,
Avionics and Aeroservoelasticity (LARCASE), as shown in
Fig. 1, and its aerodynamic model has been extensively stud-
ied. 69

In this paper, the seamless morphing flap was optimized

using a high-fidelity gradient-based methodology that uses
the discrete adjoint method on the three main flight phases
of the whole flight envelope, including climb, cruise, and des-

cent, with the specified objective functions for each flight con-
dition. For the climb condition, the aim was to find the
optimum deflection of the SMTE flap to maximize the climb

rate, for the cruise flight, the main purposes were the range
and endurance maximization, and for the descent flight, the
main objective was to reduce the descent rate by the morphing
of the SMTE flap.

2. Methodology

Eliminating the gap between the wing and its edge flaps gave
many advantages in terms of reducing the flow turbulence
around the junctions by extending the laminar flow, reducing
drag and noise, and thus, generating more lift force. Therefore,

sealing the gaps in trailing edge flaps, which are considered the
main control surfaces on a wing, and generating a smooth flap
deformation will unquestionably improve the wings’ aerody-

namic performance. In this study, the SMTE flap is studied
for the whole flight envelope for the UAS-S45 by finding the
optimum deformation for each flight condition. Fig. 2 illus-

trates the SMTE flap. As indicated, the SMTE flap covers
30% of the chord length and 41% of the wings’ semi-span
by including the transition sections.

Given that the main goal of this study is the aerodynamic

optimization of the SMTE flap, a high-fidelity optimization
is conducted to obtain the optimum morphing configuration
for SMTE flaps in different flight conditions, including climb,

cruise, and descent. This optimization is performed separately
for each flight condition with its specified objective function.
Gradient-based optimization coupled with the discrete adjoint

method in conjunction with the high-fidelity flow solver Open-
FOAM. This process generates the UAS-S45 wing design using
the Free-Form Deformation (FFD) parametrization method.

The following sections describe the overall framework used
in this paper.

2.1. Gradient-based optimization- IPOPT optimizer

The optimization problems solved by using the gradient-based
method are generally expressed in the following form:

min
x2Rn

fðxÞ ð1Þ

where the optimum value of fðxÞ is found by calculating the
partial derivatives or gradients of design variables, which leads
the search directions to the optimum possible values of fðxÞ.
Some algorithms, such as gradient descent, which is the basic
algorithm of the gradient method, only requires the first
derivatives of the function of interest (Jacobian matrix),
whereas other algorithms also require the second derivatives

(Hessian matrix). While there are many gradient-based algo-
rithms, the most suitable algorithm is determined according
to the optimization problem, including whether it is linear or

nonlinear, constrained, or unconstrained, etc. In this study,
the optimization problem is a nonlinear constrained problem



Fig. 1 Morphing studies on UAS-S45 conducted at LARCASE.

Fig. 2 Schematics of a SMTE flap.
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that contains equality and inequality constraints. The algo-

rithm established in this study is the Interior Point Optimizer
(IPOPT), first developed by Wächter and Biegler in 2006 70

and applied to solve nonlinear and continuous constraint
problems. In this method, the line searches are based on filter

methods. The IPOPT optimizer employs the Automatic Differ-
entiation (AD) technique to find the first and second deriva-
tives of the objective function (Jacobians and Hessians,

respectively); however, quasi-Newton methods, such as the
Broyden-Fletcher-Goldfarb-Shanno algorithm (BFGS) are
used, when the second derivatives are not available. The gen-

eral form of problems solved by the IPOPT method is 71
min fðxÞ
subjected to : LB � g xð Þ � UB

�
lb � x � ub

ð2Þ

where x are the design variables, fðxÞ the objective function,
g xð Þ the constraint function, and LB and UB denote the lower
and upper bounds for the constraint function, respectively.

Likewise, lb and ub represent the lower and upper bounds
for the design variables, respectively.

2.2. DAFoam optimization framework

The optimization methodology performed in this study takes
advantage of a high-fidelity framework, known as the object-
oriented discrete adjoint with OpenFOAM, in which the

high-fidelity flow solver OpenFOAM is used in the optimiza-
tion loop. This process produces results that are more accurate
than those obtained by low-fidelity solvers, such as XFOIL or

XFLR5, which are generally used in aerodynamic optimiza-
tion. Discrete adjoint implementation in OpenFOAM was pro-
posed by Towara and Naumann in Ref. 72, where they have

used an AD for the computation of derivatives. However,
the use of the AD considerably increases the computation cost
for a simple problem, thus rendering the AD inappropriate for

shape optimization. To extend the Discrete Adjoint (DA)
implementation in OpenFOAM for solving optimization prob-
lems, the DAFoam optimization framework was developed by
MDO laboratory team at Michigan University. 73 In this opti-

mization framework, the adjoint equation’s partial derivatives
were computed using the accelerated Finite Difference tech-
nique (FD) rather than an AD method, this is accomplished

by making discrete adjoint based optimization in OpenFOAM
a feasible process, even for optimization problems with a
higher number of design variables. In this optimization frame-
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work, a high-level interface was established to compute the dis-
crete adjoint derivatives by the solvers in OpenFOAM. For
different solvers in OpenFOAM, the DA implementation dif-

fers in the: (A) residual and state variable vectors; (B) Jacobian
matrix; and (C) method for the calculation of residuals.73

Three child classes (sub-class) were therefore created to specify

the above three variations, as well as another child class for
specifying the turbulence state variables in OpenFOAM. 73

This interface thus allows the adjoint derivative to be com-

puted using any steady-state flow solver in OpenFOAM.
In this optimization framework, a high-level interface was

established between the OpenFOAM layer and Python
libraries, where the former consists of the flow solver ‘‘sim-

pleFoam”, the adjoint and the graph coloring solvers, while
the latter consists of three libraries for mesh deformation
and optimization setup: ‘‘pyGeo” for the parametrization of

surface geometry and geometric constraints computations,
‘‘pyWrap” for the deformation of volume mesh and
‘‘pyOptSparse” for the optimization (See Refs.73, 74 for

details). Fig. 3 illustrates the overall optimization process,
where the OpenFOAM and Python layers are specified with
different colors.

2.3. Discrete Adjoint (DA) method

The Discrete Adjoint (DA) method uses discretized Navier-
stokes equations to obtain the adjoint terms by differentiating

the discretized equations. In optimization problems with high
number of design variables, the computation of partial deriva-
tives of the design variables is a very expensive and demanding

task. The DA method is a reversed method, which can circum-
vent this demanding task and therefore, can highly reduce the
computation time and cost by placing the dependency of par-

tial derivatives on the state variables, rather than on the design
variables. In other words, the most time-consuming part of
gradient calculations, which are dependent on design variables,

is replaced by adjoint equation calculations, which are depen-
dent upon the state variables. The number of state variables is
noticeably lower than the number of design variables, thereby
a huge amount of computation time is saved.
Fig. 3 Overall optim
Consider f ¼ fðx;xÞ as an objective function, where x and
x are the design and state variables, respectively. The compu-
tation of the total derivatives of f is expressed as follows:

df

dx
¼ @f

@x
þ @f

@x
� @x
@x

ð3Þ

where @x
@x

is the only term that depends upon the number of

design variables; however, this dependency can be avoided

by assuming that the residuals of governing equations must
be satisfied, that is R x;xð Þ ¼ 0, and therefore the derivatives
of residuals with respect to x are also equal to zero.

dR
dx

¼ @R
@x

þ @R
@x

� @x
@x

¼ 0

or
@x
@x

¼ � @R
@x
ð@R
@x
Þ�1

ð4Þ

By combining Eqs. (3) and (4) through the mutual term dx
dx
,

one obtains:

df

dx
¼ @f

@x
� @f

@x

@R

@x

� ��1
@R

@x
ð5Þ

In Eq. (5), the term @f
@x

@R
@x

� ��1
is considered as the adjoint

vector w, computed by solving a linear equation, called the
adjoint equation (Eq. (6)).

@R

@x

� �T
w ¼ @f

@x

� �T
ð6Þ

In Eq. (6), Finite Difference method (FD) is used for the
computation of the partial derivatives; however, to accelerate
the computation time, the graph coloring method 75 is used,

in which the Jacobian matrix is divided into subgroups in spec-
ified colors so that at least one of the elements in adjacent rows
is zero, and thus elements in multiple columns located in the

same group are perturbed at the same time. The objective
and residual computation is done only once (see Ref. 74 for
details) in this graph coloring approach, in contrast to the reg-

ular FD method, which the number of iterations for the com-
putation of the objective and residuals reaches to millions
(approximately more than 10 million for 3D problems). After
the computation of partial derivatives, the PETSc library
ization framework.
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(toolkit for advanced optimization in Python) is used to solve
the adjoint equation to find the adjoint vector w. Finally, the

last step is the computation of @f
@x

and @R
@x

in Eq. (5), which are

obtained by using the Brute-Force FD approach. Ultimately,
the total derivative of f can be obtained by replacing the partial

derivatives of the objective function @f
@x

� �
and the residuals @R

@x

� �
as well as of the adjoint vector w in Eq. (6), as follows:

df

dx
¼ @f

@x
� wT @R

@x
ð7Þ

The DA procedure considerably reduces the number of iter-
ations and thus, the computation time, making the optimiza-

tion problems with high number of design variables (wing or
full aircraft) feasible.

2.4. Free-Form Deformation (FFD)

Wing model is generated before the optimization process and
the technique used for parametrization has a substantial
impact on the final optimization results. Covering a large

design space with a small number of design variables could
lead to an effective parametrization. 76 The FFD technique is
part of the Soft Object Animation (SOA) algorithms, 77 which

are considered among deformative parametrization tech-
niques. The FFD parametrization was developed by Sederberg
and Parry 77 in 1986, since then, several modifications have

been added to this algorithm, that are applied to real engineer-
ing problems, 78–80 in particular to aerodynamic shape opti-
mization. 81 In the earliest model, the control points on FFD
block were defined through tri-variate Bernstein polynomials;
77 however, subsequent models have introduced tri-variate
Bezier, and NURBS polynomials. 78–80 In the FFD
parametrization, the studied body (aircraft or its components,

such as wing) is embedded inside the FFD block, and any
modification in the control points of this block deforms the
inner body shape. For 3D wing or aircraft optimization prob-

lems, in which the design variables are of the order of 102, con-
structive parametrization techniques, such as NURBS, Bezier-
PARSEC, and CST, which are commonly used in 2D opti-
mization problems, are not feasible due to the high number

of design variables. However, since the FFD method considers
the geometry variations rather than the geometry itself, 82 the
number of design variables becomes almost irrelevant, thus

making it the best technique for optimization problems with

numerous design variables. For instance, let g
�
be the baseline

geometry and D�G the geometric change or variation, so that:

�Gdefomed ¼ g
�þD�G ð8Þ

During the aerodynamic optimization, the geometric change

DG
�

includes all types of variations, including twist, camber,
thickness, shear, and planform deformation, as indicated below:

D�G ¼ d�G twist þ d�G camber þ d�G thickness þ d�G shear

þ d�G planform ð9Þ
Depending on the morphing approach, these variations are

controlled by defining the degree of freedom to the FFD con-
trol points. For instance, in trailing edge morphing, the only

required variation is the camber ðd�G camber > 0Þ; therefore, all
other variations are confined to zero deformation

(d�G twist ¼ d�G thickness ¼ d�G shear ¼ d�G planform ¼ 0Þ.
In this paper, the FFD block is represented through the tri-
variate B-spline volume, which is defined below:

V
!

u; v;wð Þ ¼
XNu�1

i¼0

XNv�1

i¼0

XNw�1

i¼0

Ni;mu
uð ÞN

j;mv
vð ÞNk;mw

wð ÞQi;j;k ð10Þ

where Ni;mu
, Nj;mv

, and Nk;mw
are the basic functions, mu ;mv,

and mw are the degrees of freedom and Qi;j;k is the initial block.

To map the parameter space (the FFD control points) to the
physical space (the embedded geometry), the Newton search

method 83 is applied to the initial embedded object given by

P
!

u; v;wð Þ.

P
!

u; v;wð Þ ¼
XNu�1

i¼0

XNv�1

i¼0

XNw�1

i¼0

Ni;mu
uð ÞN

j;mv
vð ÞNk;mw

wð ÞQi;j;k ð11Þ

Using Eq. (12), the basic functions are calculated in all

directions:

Ni;lu ¼
0; ui � u � uiþ1

1; otherwise

�
and

Ni;mu
uð Þ ¼ u�ui

uiþmu�1
�ui

Ni;mu�1
uð Þ þ uiþmu�u

uiþmu�uiþ1
�ui

Niþ1;mu�1
uð Þ

ð12Þ

By obtaining the new coordinates of the embedded body
(wing), the new B-splines volume is calculated and is replaced
by the initial volume given in Eq. (11).

P
!new u0; v0;w0ð Þ ¼

Xnu
i¼0

Ni;mu
u0ð Þ;Nj;mv

v0ð Þ;Nk;mw
w0ð ÞQnew

i;j;k ð13Þ

In Eq. (13), Qnew
i;j;k are the coordinates of the control points

after deformation, through which the new coordinates of the

embedded object are obtained, given by P
!new. The sensitivity

of the points inside the FFD block can be obtained as
follows:84

@P

@x
¼ @Q

@x
� @P
@Q

ð14Þ

where x is the design variable, P ¼ P
!

u; v;wð Þ are the coordi-

nates of the embedded body, Q ¼ Q
!

u; v;wð Þ are the coordi-

nates of the FFD control points and @P
@Q

is the shape

function. Two important factors should be noted before the
optimization process. Firstly, the topology of the FFD block
should be defined. The FFD block should be body-fitted,

meaning that it should not be too large or far from the design
surface, as the gradients received by the optimizer should be on
the same order of magnitude during the optimization. Sec-
ondly, the number of control points is case-dependent, and it

should be chosen depending on the studied case. In our previ-
ous work,85 we showed how control points impacts the final
optimization results and computation time. Therefore, this

aspect should be considered before starting the optimization
process. In this study, two types of FFD blocks are created,
one corresponding to the trailing edge section (red block)

and the other one corresponding to the rest of the wing (blue
block) (see Fig. 3). Since we are studying trailing edge morph-
ing, the deformation of the wing is confined to upward and

downward deflections of the flap along the span. The number
of control points for two blocks are 30 and 6 in the spanwise
and chordwise directions, respectively, which corresponds to
the total number of 360 FFD control points for the whole



Fig. 5 FFD blocks after deformation.

Table 1 Specific goals and objective function for each flight

condition.

Flight

condition

Goal Objective

function

Climb Increasing climb rate min CD=C
3=2
L

Cruise Increasing range (flight

distance)

max CL=CD

Increasing endurance (flight

time)
max C

3=2
L =CD

Gliding

descent

Reducing descent rate min CD=C
3=2
L

Table 2 Characteristics of each flight condition.

Flight condition Speed

(kt)

Altitude

(ft)

Reynolds number(106)

Climb 65 0 1.2
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wing. Fig. 3 shows the UAS-S45 wing embedded in FFD

block. For a wing with SMTE flap, the control points on the
flap section are free to move in the upwards and downwards
directions, the rest of control points are confined to zero deflec-

tion, and thus only 52 out of the 360 control points are active
(Fig. 4). Fig. 5 shows the FFD block after morphing, in which
the flap is morphed along with the block deformation.

2.5. Optimization methodology

2.5.1. Solver-agnostic setup

This study seeks the optimum configuration of the SMTE flap
for the whole flight envelope, including climb, cruise, and des-
cent. Therefore, each flight condition has different objective

functions, that are characterized by specific goals, as summa-
rized in Table 1.

As indicated in Table 1, each flight condition has a different
objective function, and in the cruise flight, the optimization

process requires two different objectives, range, and endur-
ance. Depending on the flight mission objective, the SMTE
flap will have different configurations; for instance, if the

UAV’s mission objective relies on its long-distance flight, then
the optimum wing configuration will be set according to the
range maximization (Table 1), otherwise, if longer flight time

is the mission objective, then the wing morphs to its optimum
shape according to the optimum endurance configuration.
Each flight condition is optimized according to its flight char-

acteristics, including the angle of attack, altitude, and speed,
and finally, the constraints and objective function. Table 2
indicates the details of each flight condition and Fig. 6 illus-
trates the main flight envelope for the UAS-S45.

Although the objective function for each flight condition is
different, the overall optimization framework is the same for
all of them. The number of geometric design variables (FFD

block and control points) and geometric constraints remains
the same for all optimization processes; however, the objective
function is unique to each flight condition. Table 3 shows the

overall optimization setup.
The above optimization setup is used for each flight condi-

tion by simply changing the objective function according to

Table 1. A total number of 24 optimizations are performed
to find the optimum configuration of SMTE for the whole
flight envelope of the UAS-S45.
Fig. 4 FFD blocks for UAS-S45 wing.

Cruise - range 55 15000 0.7

Cruise - endurance 55 15000 0.7

Gliding descent 55 15000 0.7
2.5.2. Flow solver setup

As mentioned earlier, in this optimization framework, flow
equations are solved using a high-fidelity solver, OpenFOAM,
to extract the state variables and update the objective function

in each iteration (Fig. 3). The whole flight envelope is in the
subsonic regime. The incompressible Navier-Stokes equations
are solved with the steady state solver ‘‘simpleFoam”. The tur-

bulence model chosen for this study is Spalart-Allmaras (S-A)
model. The grid is generated in ICEM-CFD using a hexahe-
dral structured grid (Fig. 7). Except for the boundary, to which
the wing is attached and has ‘‘symmetry” boundary condition,

the rest of the boundaries are defined as the ‘‘inletOutlet”. In
this boundary condition, when the fluid flows into and out



Fig. 6 Whole flight envelope of UAS-S45.

Table 3 Overall optimization setup for each flight condition.

Function/variable Description Total

number

Objective function

max/min f f: Objective function for

each flight condition

(Table 1)

4

w.r.t:

Y FFD control points 360

Subject to:

CL � CLmin Constant function 1

ainitial = afinal Constant angle of attack 1

v � vinitial Volume constraint

�150 mm � Dy � 150 mm Design variable bounds 52

Dyupperz¼3 ¼ Dyupperz¼15
Linear constraint 52
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of the domain, the boundary condition alternates between
‘‘fixed value” and ‘‘zero gradient”, respectively.

3. Results and discussion

The results obtained from the optimization are presented in
four sections, each of which represents a set of flight conditions

(climb, cruise, descent) with its specified objective function.
For each flight condition, the aerodynamic properties of the
wing with SMTE flap are compared with those of the baseline

wing. A comparison is also drawn between an SMTE flap and
a hinged flap on the full UAS-S45 in the cruise flight.
Fig. 7 Illustration of structured surface and
3.1. Climb condition

In a climbing flight, which accounts for the first phase of the
whole flight envelope, the main goal is to increase the altitude,
in other words, to turn the aircraft’s kinetic and internal

energy into potential energy to overcome the aircraft’s weight.
During a straight and level flight, the required energy is pro-
vided by the engines at a specified speed; however, to increase

the potential energy (altitude) at the same speed, extra power is
required; the amount of this added power determines the rate
at which the altitude is increased.86 The added power is the dif-

ference between the power required for level flight and the
engine’s available power. Fig. 8 shows the balance of the aero-
dynamic forces for the UAS-S45 in climb condition.

By assuming constant speed (no acceleration), summing
these forces along the climb angle (cÞ gives:
T�D ¼ Wsin c ð15Þ

To obtain the power, Eq. (15) is multiplied by the velocity
as follows:

TV�DV

W
¼ Vsin c ð16Þ

where TV and DV are the available power (Pav) and the

required power (Preq), respectively. Therefore:

Pav � Preq

W
¼ Vsin c ð17Þ

As shown in Fig. 9, Vsinc is the vertical velocity of the air-

craft and contributes to the rate of climb (dh=dtÞ. As men-
tioned in Section 2, the main goal in climb phase is to
increase the rate of climb, and, given that an aircraft’s weight
volume mesh with hexahedral elements.



Fig. 8 Aerodynamic force balance around UAS-S45 in climbing

flight condition.

Fig. 9 Illustration of rate of climb as vertical velocity.
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(WÞ and available power (PavÞ are constant, the only variable
is the required power ðPreqÞ (as given in Eq. (17)). Therefore,

by reducing the required power ðPreqÞ, one can increase the

rate of climb.

In level and straight flight, the required power is obtained
from the Eq. (18): 86

Preq ¼ 2W3

qS

� �1=2
CD

C
3=2
L

ð18Þ

where W is the aircraft weight, q the atmospheric density, and
S the surface area. In climb, due to the climbing angle, the lift

force is equal to Wcos c; however, in this study, to use the level
flight assumption (L = W), the small angle assumption 86 is
used, where the angles below 15� are considered, or where

cos c � 1. The minimum limit of this assumption is c = 5�,
where cos c ¼ 0:9962; and its maximum limit is c = 15�, where
cos c ¼ 0:9659, for which the maximum error is within 5%. In

this study, the optimization of climb condition is performed
for c = 5�, at which the level flight assumption has the least
error, 0.38%.

In Eq. (18), to reduce the required power, one can simply

minimize the CD

C
3=2
L

term, through which the required power is

minimized (Eq. (18)) and the climb rate is increased (Eq.
(17)). Therefore, the objective function to solve this optimiza-

tion problem is defined as the minimization of CD

C
3=2
L

, leading to

the goal in the climb condition, i.e., decreasing the Preq (Eq.

(18)) and increasing the climb rate. Table 4 shows the opti-
mization results obtained for the UAS-S45 wing in the climb

condition. Note that the deflection in the downward direction
is assumed positive.

It is found that the required power (PreqÞ decreases 3.8%

using the downward morphing of the flap, which leads to an
increase in climb rate according to Eq. (17). In this case, where

the weight of the UAS-S45 is nearly 49 kg and the Pav ¼ 8 kW,
if we assume Preq is 5 kW, then the rate of climb becomes 61.2
m=s (Eq. (17)). However, by minimizing Preq by up to 3.8%,

the climb rate for the UAS-S45 wing equipped with an SMTE
flap becomes 65.2 m=s, equivalent to a 6.13% increase in the
climb rate (Table 4).

3.2. Cruise flight

In this study, the cruise flight objective function is divided into
the optimization of range and of endurance. The optimization

is performed according to the mission objective. If the mission
objective is to cover a long-distance flight, then the SMTE flap
will have the optimum shape according to the range objective

function; and if the mission objective is to increase the flight
time, the optimum shape will be based on the endurance objec-
tive function, as shown in Table 1.

3.2.1. Range optimization

For a propeller-engine aircraft, the range is calculated accord-
ing to Eq. (19):

R ¼ � gp
cp

� CL

CD

ln
W1

W2

� �
ð19Þ

where gp is the propulsive efficiency, cp weight-specific fuel

consumption and W1 and W2 are initial and final aircraft
weight, respectively.

According to Eq. (19), the only aerodynamic term that
impacts the flight range is the lift-to-drag ratio, thus by
increasing this ratio, the range will be increased. Therefore,

the objective function in terms of range improvement is the
maximization of the lift-to-drag ratio. Our results obtained
from aerodynamic parameters, including lift, drag and lift-to

drag-ratio show the need to deploy an SMTE flap, due to its
substantial improvement of aerodynamic performance over
clean wing and a wing with deflected hinged flaps (Fig. 10).

As shown in Fig. 10(c), the overall aerodynamic perfor-

mance of the wing with SMTE flap has increased compared
to hinged flap configuration. By considering the diagrams of
the lift and drag coefficients separately, it is evident that this

improvement is mostly due to the excessive lift generation of
the SMTE flap (Fig. 10(a)). While the drag with SMTE flap
is more than that of the hinged flap at some of the angles of

attack (Fig. 10(b)), this drag penalty is compensated by the
excessive lift generation, which results in the overall improve-
ment of the aerodynamic efficiency by up to 33% and 17.8%

compared to clean wing and hinged flap, respectively
(Fig. 10(c)). It is also shown that by increasing the angle of
attack, the optimized flap deflection decreases and approaches
to zero deflection, becoming similar to the performance of the

baseline wing configuration. Note that the angle of deflection
of the hinged flap is taken from that of the optimized
SMTE flap to draw a precise comparison

(AODHinged ¼ AODOpt: SMTEÞ.
In fact, a deflecting flap during cruise flight is not efficient at

every angle of attack, hence the SMTE flap performance is
only efficient for a limited range of angles of attack. As shown
in Fig. 10(c), after a = 2.5�, the performance of the wing with

SMTE flap degrades compared to that of the clean wing; how-
ever, for the wing with a hinged flap, the maximum best perfor-
mance is only up to a = 1�. This means that the morphing flap

can perform in an extended range of a (a = 0� to 2.5�) com-
pared to the hinged flap, for which better efficiency compared



Table 4 Comparison of UAS-S45 wing with and without an SMTE flap in climbing flight.

Configuration c(�Þ Flap deflection

(mm)

CL CD
CD

C
3=2
L

Required power

(%)

Climb rate

(%)

S45 + SMTE flap 5 18.4 0.75342 0.03493 0.05341 �3.8 + 6.13

Clean wing 5 0 0.61797 0.02697 0.05552

Fig. 10 Comparison of aerodynamic performance of wing with SMTE flap, hinged flap, and baseline wing configurations for various

angles of attack.
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to baseline wing is limited to a = 0 to 1�. Fig. 11 compares the

UAS-S45 wings with deflected SMTE and hinged flaps.
In addition, Fig. 12 illustrates the whole UAS-S45 equipped

with an SMTE flap on the right wing and a hinged flap on the
left wing to obtain a good comparison in terms of the pressure

variations, detailed in Figs. 12(a)–(c).
The pressure coefficient distribution in both chordwise and

spanwise directions in Figs. 12(a)–(c) clearly show the pressure

peaks around the gaps for the hinged flap, whereas for the
SMTE flap, these pressure peaks have been eliminated, leading
to very smooth pressure variations. These pressure peaks occur

mainly because of the spillage of the flow from the pressure
side to the suction side due to the presence of the gaps; for
the hinged flap, this flow mixture acts as a flow control mech-
anism at higher angles of attack, where the flow on the pres-
sure side mixes with the separated flow on the suction side

and then reattaches to the separated flow.
In addition, both the chordwise and the spanwise pressure

diagrams (Figs. 12 (a)–(c)) show that for the SMTE flap, the
pressure gap between the upper and lower surface of the wing

is more than that of the hinged flap, which leads to the
increased lift generation. This increase in pressure coefficient
is due to the seamless transition section, whose contribution

in the flap deformation increases the lifting surface of the wing.
In contrast, for the hinged flap, these sections are solid unde-
formed parts of the wing, which have no contribution to the

flap deflection. Elimination of the gaps in the SMTE flap
extends the laminar flow on the upper surface of the wing,
whereas for the hinged flap, the low-pressure contour is
stopped at the start of the gap (Fig. 13(a)). The laminarity of



Fig. 11 Comparison of SMTE flap (right) with hinged flap (left) for cruise flight.
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the flow is preserved up to the tip of the trailing edge for the
SMTE flap (Fig. 13(a)). The bottom part of the pressure con-
tours (Fig. 13(b)) also illustrates the difference in the pressure

gaps between the SMTE and the hinged flap. As shown, for the
SMTE flap, the maximum pressure is concentrated on the bot-
tom surface of the whole flap due to the elimination of the gaps

and the flap’s smooth deformations.
The seamless characteristic of the SMTE flap enhances the

flow’s steadiness and diminishes its turbulent behavior due to

the elimination of the gaps. As shown in Fig. 14(a), the gap
in the hinged flap causes a downwash or spillage in the flow,
similar to the wing tip downwash. Figs. 14(b) and (c) clearly

show the difference of the flow behaviors on these flaps, as
the vorticity contours indicate the recirculation of the flow
between the gaps in the hinged flap, while in the SMTE flap,
this recirculation disappears, and the boundary layer is more

stable. The creation of the downwash (by the hinged flap)
decreases the effective angle of attack of the wing, and thus
the lift, wherein the seamless effect of the SMTE flap elimi-

nates both recirculation and downwash.
Therefore, by considering the aerodynamic advantages of

the SMTE flap versus the hinged flap, the efficiency of the

seamless morphing flap in improving aerodynamic perfor-
mance is obvious.
3.2.2. Endurance optimization

As another objective function of the cruise condition, the

endurance mainly concerns the flight time, as most of the flight
time is dedicated to the cruise flight condition. Depending on
the engine type, the relation of the endurance to the aerody-

namic properties differs. For a propeller engine, the endurance
equation is defined as follows:

E ¼ � gp
cp

ffiffiffiffiffiffiffiffi
2qS

p CL

3
2

CD

1ffiffiffiffiffiffiffi
W2

p � 1ffiffiffiffiffiffiffi
W1

p
� �

ð20Þ

where gp is the propulsive efficiency, cp is the weight-specific

fuel consumption, and the only aerodynamic term affecting

the endurance is C
3=2
L =CD, which is called endurance efficiency,

where the lift generation is of higher priority than the drag
reduction. By considering Eq. (20), the objective function for
the endurance optimization of an SMTE flap is the maximiza-

tion of the C
3=2
L =CD term. Having proven the superiority of the

SMTE flap over the hinged flap in the previous section, here
the purpose is to find the optimum configuration of an SMTE

flap for maximum endurance.
Figs. 15(a)–(d) show the aerodynamic properties obtained

with the SMTE flap after the optimization. These properties

are compared to those of a clean wing, i.e., with no flap
deflection.

The optimum aerodynamic properties of an SMTE wing
for maximum endurance are obtained for different angles of

attack (Fig. 15). As shown in Figs. 15 (a) and (b), with flap
deformation in the downwards direction, both lift and drag
are increased; however, the increase in lift is more than that

of the drag increase, and considering the endurance efficiency,

C
3=2
L =CD, the influence of lift is higher than that of drag; there-

fore, the final aerodynamic performance is improved com-
pared to that of the clean wing. However, the endurance
efficiency diagram (Fig. 15(c)) shows that the morphing config-

uration loses its performance as the angle of attack increases
up to the a = 7�, after which the performance of both wings
becomes the same, and past this angle, the clean wing performs

better than the wing with an SMTE flap. In other words, after
a = 7�, there should not be any flap deflection, since after
a = 7�, the retracted wing has its optimum endurance config-

uration. It should also be noted that since this is a cruise flight
condition, smaller angles of attack are considered, and it is
obvious that the maximum endurance occurs at the a = 0�,
where it is 61.2% higher compared to the clean wing with

retracted flaps. According to UAS-S45 manual, the cruise
angle is almost 2�, for which the endurance is increased by
26.78% with an SMTE flap (Fig. 15(c)).

In the same way as range, in the endurance, the deforma-
tion of the SMTE flap also approaches to zero deflection as
the angle of attack increases (Fig. 15(d)). In addition, the span-

wise pressure coefficient also shows a smooth variation trend
near the SMTE flap, as shown in Fig. 16. At the a = 11�, there
is nearly no variation in the pressure coefficient, on both
wings’ upper and lower surfaces, thus indicating that the mor-

phing wing performs like the baseline wing in terms of aerody-
namic forces.

3.3. Gliding descent

The last flight condition studied in this paper is the non-
powered gliding descent. In a space shuttle, non-powered or

gliding descent is a normal flight condition, with no engine



Fig. 12 UAS-S45 equipped with an SMTE (right) and a hinged flap (left), with their pressure coefficient distribution presented in both

chordwise a and b, and spanwise c directions.

Fig. 13 Pressure contours of a UAS-S45 with a hinged flap and an SMTE flap.
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Fig. 14 Vorticity contour comparison of UAS-S45, with hinged flap, and SMTE flap.

Fig. 15 Performance of wing with an SMTE flap vs clean wing for different angles of attack.
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Fig. 16 Spanwise pressure coefficient for UAS-S45 wing with

SMTE flap.
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power involved in the whole distance from the orbit to the

landing lane; a good equilibrium of the lift, drag and weight
is used for landing the shuttle without any need for propulsive
forces. Sailplanes are another example of gliding descent.

Nonetheless, non-powered descent is not a normal flight con-
dition for most aircraft, and it most often only occurs because
of engine failure which calls for emergency measures. In this

critical situation, the pilot’s highest priority is to have more
time to prepare for an emergency landing or to restart the
engine; therefore, reducing the descent rate is the only option
for extending the descent time.

In gliding descent, only the aerodynamic forces will guaran-
tee the safety of the aircraft; therefore, establishing a suitable
equilibrium among these forces is decisive. The only forces act-

ing on the aircraft in the gliding descent are the lift, drag and
weight, where the latter is almost non-variable (if overlooking
the fuel weight), and only the lift and drag forces remain as

crucial aerodynamic forces. This means that by choosing the
optimum angle of attack and angle of deflection for the air-
craft, the descent time can be extended, or in other words,
the descent rate can be decreased as much as possible. In the

same way as for the climb condition, in gliding descent, the
small angle assumption is considered (angles between �5�
and �15�); however, since this is a descent condition, only

the negative values in this range are considered. Fig. 17 shows
the UAS-S45 in gliding descent condition with the aerody-
namic forces acting on it.

The equilibrium of aerodynamic forces along the trajectory
reflects the relationship between drag and weight (Eq. (21)),
Fig. 17 UAS-S45 in descent flight conditions with
and in the perpendicular direction, given the small angle
assumption (cos c � 1), we have L ¼ W.

�DþWsinc ¼ 0 ð21Þ
By replacing W with L and multiplying all terms by veloc-

ity, the following equation is obtained.

Vsinc ¼ DV
L

or
dh
dt
¼ VCD

CL

ð22Þ

Using the small angle assumption, the velocity becomes:

V ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
2W

qSCL

s
ð23Þ

Finally, by replacing Eq. (23) in Eq. (22), the ultimate equa-
tion for the descent rate becomes:

dh

dt
¼

ffiffiffiffiffiffiffiffi
2W

qS

s
� CD

C
3=2
L

ð24Þ

Eq. (24) indicates that by minimizing the aerodynamic term

CD=C
3=2
L , which is the objective function, the descent rate is

decreased; therefore, the objective function is defined as the

minimization of CD=C
3=2
L .

The values of CD=C
3=2
L are studied for a number of four dif-

ferent angles of descent, from �5� to �8� (all are within the
small angle assumption range) to find the best angle of descent
as well as the best angle of deflection for the SMTE flap versus

the clean wing. Fig. 18 shows the optimization results of the
UAS-S45 wing with an SMTE flap, where the objective func-

tion (CD=C
3=2
L ) is minimized for different angles of attack.

As illustrated in Fig. 18, for all angles of attack the morph-
ing flap deformation has minimized the descent rate compared

to a wing with no flap. Evaluating the reduction of the rates of
descent, the maximum reduction belongs to c= �5�, with its
43% reduction in the descent rate, which is nearly half the nor-

mal descent rate. However, the minimum descent rate belongs

to c = �6�, where CD= C
3=2
L




 


 ¼ 0:1; meaning that, although

the maximum minimization occurs at c ¼ �5� (43%), it is
not the minimum descent rate among the studied angles of

attack (CD= C
3=2
L




 


 ¼ 1:1Þ. Therefore, c = �6� is chosen as

the optimum angle of descent, at which the minimum descent
its aerodynamic forces and descent trajectory.



Fig. 18 Comparison of descent rate between a clean wing and a

wing with an SMTE flap.

Fig. 19 Optimum configuration of a UAS-S45 wing equipped

with an SMTE flap for gliding descent flight.

Fig. 20 Pressure coefficient variations around a wing with an

SMTE flap and around a clean wing at c =¼ �7�:
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rate occurs. It can be deduced that by an optimum deforma-

tion of the SMTE flap in the gliding descent condition, an effi-
cient equilibrium of aerodynamic forces is produced to reduce
the descent rate as much as possible. Note that since the lift

coefficient in descent is negative, the absolute value of the lift
is used in Fig. 18. Unlike the previous flight conditions, e.g.,
climb and cruise, where the optimum deformation of the
SMTE flap was in the downwards direction, in descending

flight, due to the negative angle of descent, the optimal defor-
mation of the flap is oriented in the upwards direction, and as
the descent angle increases, the deformation also increases in
the upwards direction (Fig. 19). Note that for better illustra-
tion, the absolute value of lift coefficient is represented, since
in descent flight the generated lift is always negative.

In addition, Fig. 20 shows the pressure coefficient varia-
tions around a wing with an SMTE flap and for a clean wing
at c ¼ �7�. The pressure coefficient variations indicate a pres-

sure gap, through which the magnitude of negative lift force
increases and since the variation of drag due to flap deflection

is not high, the ultimate objective function, which is CD=C
3=2
L ,

is decreased, thus accomplishing the goal of reducing the glid-
ing descent rate.

4. Conclusions

This study investigated the seamless morphing trailing edge

flap (SMTE flap) for the whole flight envelope of a UAS-
S45, including climb, cruise, and gliding descent, each of which
have their unique specific flight characteristics. The main

objective of this study was to find the optimum configuration
of the SMTE flap for these three flight conditions with their
corresponding objective functions and goals.

For the climb condition, the goal was to find an optimum
configuration to increase the climb rate compared to that of
the clean wing configuration, and this goal was accomplished
by decreasing the required engine power to its minimum rate.

The results showed that by decreasing the required power to a
minimum rate by up to 3.8%, the climb rate could increase by
6.13%.

The cruise flight condition had two objectives, range, and
endurance improvement, depending on the flight mission
objective. The goal was to increase both the range and endur-

ance, and to find the optimum SMTE flap configuration for
each of them. Regarding the range improvement, the SMTE
flap was compared with the hinged flap configuration in terms
of aerodynamic performance, and it was shown the SMTE flap

out-performed the hinged flap in many aspects. These aspects
included extending laminar flow on wing upper surface,
improving the flow stability by restricting its turbulence behav-

ior, and improving the aerodynamic performance by generat-
ing excessive lift by sealing the gaps in the transition
sections, increasing the lift-to-drag ratio by up to 17.8% com-

pared to the hinged flap, and by up to 33% compared to the
clean wing configuration. Finally, the optimum angle of attack
was determined for achieving maximum range. In the next

step, the optimum configuration and angle of attack were
found for maximizing the endurance; therefore, a 61.2% gain
was achieved for endurance of the SMTE flap compared to
that of the clean wing configuration.

In the final section, the gliding descent phase was studied
with the purpose of reducing the descent rate by using an
SMTE flap. Unlike the other flight conditions, where the opti-

mum configuration of the flap was oriented in the downwards
direction during the gliding descent, the optimum SMTE flap
was deflected upwards, which minimized the descending rate

for a number of four negative angles of descent. The maximum
reduction of descent rate compared to baseline wing was up to
43% for c =�5�, however, the minimum magnitude of the

descent rate was achieved for c =�6�, which was chosen as
the optimum angle of attack for gliding descent.

This study showed the advantages of using SMTE flaps
instead of conventional hinged flaps and found the optimum
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SMTE flap configuration for three flight phases of an UAS-
S45, by which the aircraft could achieve its highest flight per-
formance. In this study, only three main flight conditions are

considered, while other phases such as cruise climb, loiter,
and cruise descent will be presented in further studies. In addi-
tion, this study has considered only the aerodynamic aspects of

the SMTE flap and other aspects such as actuation mecha-
nism, structural weight and actuation control will be analyzed
and presented in the future paper. For morphing aircraft, aero-

dynamics, structure, and control disciplines are coupled; there-
fore, in our next study, the structural and control aspects of an
SMTE flap will be investigated by proposing a novel trailing
edge actuation mechanism to analyze its structural feasibility

and sustainability by utilizing the target optimized shapes of
the SMTE flap obtained from this study. In addition, struc-
tural optimization will be performed in terms of structural

weight minimization.
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7. Segui M, Botez RM, Paper É, et al. Evaluation of the impact of

morphing horizontal tail design of the UAS-S45 performances.

Environmental Science [Internet]. 2019 [cited 2023 Jan 12];

Available from: https://api.semanticscholar.org/CorpusID:

250406458.

8. Ismail NI, Zulkifli AH, Abdullah MZ, et al. Optimization of

aerodynamic efficiency for twist morphing MAV wing. Chin J

Aeronaut 2014;27(3):475–87.
9. Segui M, Abel FR, Botez RM, et al. New aerodynamic studies of

an adaptive winglet application on the regional jet CRJ700.

Biomimetics 2021;6(4):54.

10. Liauzun C, Le Bihan D, David J-M, et al. Study of morphing

winglet concepts aimed at improving load control and the

aeroelastic behavior of civil transport aircraft. Aerospace Lab

2018;14:1–15.

11. Ajaj R, Friswell M, Saavedra Flores E, et al. Span morphing: A

conceptual design study. Proceedings of the 53rd AIAA/ASME/

ASCE/AHS/ASC structures, structural dynamics and materials

conference; 20th AIAA/ASME/AHS adaptive structures confer-

ence; 14th AIAA. Honolulu, Hawaii. Reston: AIAA; 2012.

12. Communier D, Botez RM, Wong T. Design and validation of a

new morphing camber system by testing in the price—Paı̈doussis

subsonic wind tunnel. Aerospace 2020;7(3):23.

13. Negahban MH, Botez RM, Razavi SE. New method for the flow

modeling around chord-wise morphing airfoil. Proceedings of the

AIAA scitech 2022 forum. Reston: AIAA; 2022.

14. Razavi SE, Negahban MH. Numerical investigation of flow

behavior around chordwise morphing NACA 0012. Amirkabir J

Mech Eng 2020;51(6):1411–26.

15. Li YZ, Ge WJ, Zhou J, et al. Design and experiment of

concentrated flexibility-based variable camber morphing wing.

Chin J Aeronaut 2022;35(5):455–69.

16. Negahban MH, Bashir M, Botez RM. Aerodynamic optimization

of a novel synthetic trailing edge and chord elongation morphing:

Application to the UAS-S45 airfoil. Proceedings of the AIAA

scitech 2023 forum. Reston: National Harbor; 2023.

17. BashirM,Longtin-MartelS,BotezRM,etal.Optimizationanddesign

ofaflexibledroop-noseleading-edgemorphingwingbasedonanovel

blackwidowoptimizationalgorithm—part I.Designs2022;6(1):10.

18. Bashir M, Longtin-Martel S, Zonzini N, et al. Optimization and

design of a flexible droop nose leading edge morphing wing based

on a novel black widow optimization (B.W.O.) algorithm—part II.

Designs 2022;6(6):102.

19. Kan Z, Li DC, Shen T, et al. Aerodynamic characteristics of

morphing wing with flexible leading-edge. Chin J Aeronaut 2020;33

(10):2610–9.

20. Koreanschi A, Sugar Gabor O, Acotto J, et al. Optimization and

design of an aircraft’s morphing wing-tip demonstrator for drag

reduction at low speed, Part I-Aerodynamic optimization using

genetic, bee colony and gradient descent algorithms. Chin J

Aeronaut 2017;30(1):149–63.

21. Botez RM, Molaret P, Laurendeau E. Laminar flow control on a

research wing project presentation covering a three year period.

Canadian aeronautics and space institute annual general meeting.

2007.

22. Sugar Gabor O. Validation of morphine wing methodologies on

an unmanned aerial system and a wind tunnel technology
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and the UAS-S45 Bálaam. Chin J Aeronaut 2019;32(1):58–77.
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