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Abstract
Trailing edge modification is one of the most effective ways to achieve camber variations. Usual flaps and aileron imple-
ment this concept and allow facing the different needs related to take-off, landing, and maneuver operations. The exten-
sion of this idea to meet other necessities, less dramatic in terms of geometry change yet useful a lot to increase the
aircraft performance, moves toward the so-called morphing architectures, a compact version of the formers and
inserted within the frame of the smart structures’ design philosophy. Mechanic (whether compliant or kinematic), actua-
tion and sensor systems, together with all the other devices necessary for its proper working, are embedded into the
body envelope. After the successful experiences, gained inside the SARISTU (SmARt Intelligent Aircraft STrUctures)
project where an adaptive trailing edge was developed with the aim of compensating the weight variations in a medium-
size commercial aircraft (for instance, occurring during cruise), the team herein exploits the defined architecture in the
wing of a typical airfoil, used on high-altitude long-endurance aircraft such as the Global Hawk. Among the peculiarities
of this kind of aerial vehicle, there is the long endurance, in turn, associated with a massive fuel storage (approximately
around 50% of the total weight). A segmented, finger-like, rib layout is considered to physically implement the transition
from the baseline airfoil to the target configurations. This article deals with an extensive estimation of the possible bene-
fits related to the implementation of this device on that class of planes. Parametric aerodynamic analyses are performed
to evaluate the effects of different architectural layouts (in-plane geometry extension) and different shape envelopes
(namely, the rotation boundaries). Finally, the expected improvements in the global high-altitude long-endurance aircraft
performance are evaluated, following the implementation of the referred morphing device.
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Introduction

Morphing is one of the most active research fields, cur-
rently. It deals with continuous modifications of the
geometrical shape of a reference surface through actua-
tor systems that are completely embedded into the
structure. The reason behind this technology can be
searched to the willingness of having more and more
performant wings, in terms of aerodynamics or opera-
tional envelope. As presented, in fact, the fulfillment of
this capability would open the door to many break-
through improvements. For instance, it would allow
avoiding any structural discontinuity in the command
appliances, having no more nacelles to cover the mas-
sive mechanisms currently used to move flaps, slats,
and the other flight control and maneuver devices

(getting lightest and cleanest wings), introducing new
aircraft capabilities by enlarging its operable degrees of
freedom. As usual, however, a technology that envi-
sages exceptional advantages also opens the window to
many criticalities. An aerodynamic system with aug-
mented degrees of freedom presents a complex response
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that can lead to aeroelastic instabilities and then exalts
the importance of a proper fluid–structural coupling
design. More in general, the architectural complexity
can have important impacts on safety, weight, costs,
maintenance, and so on, mainly for the drastic increase
in the number of parts, including the active elements.
The availability of a pre-design tool, able to predict
within a certain margin of uncertainty the expected ben-
efits, is then necessary to properly address the design
activities and evaluate the actual convenience of a par-
ticular architecture.

In a classical conceptual design, the aircraft geome-
try is typically optimized for a single flight segment
(usually, cruise for a transport aircraft), compromising
the performance at other conditions (Raymer, 2006).
To overcome this limitation, discrete surfaces such as
flaps and slats are deployed to modify the wing profile
and adapt it to off-design flight phases. Bowman et al.
(2007) evidenced how those devices can be intrinsically
accounted as morphing systems, deployed to modify
the wing shape and improve some targeted perfor-
mance. The same authors showed that there is a cross-
over point for most applications where fuel drawbacks
begin exceeding a possible morphing weight penalty.
However, when the overall system performance and
mission requirements are assessed, large shape change
concepts can be a viable approach for some missions,
particularly those that combine several and diverse
requirements, for instance, in terms of speed, altitude,
take-off, and landing. The adaptive wing would allow a
given aircraft performing multiple missions and enable
a single aircraft with multi-role capabilities, radically
expanding its flight envelope (Barbarino et al., 2011).
In that work, a comprehensive review of morphing air-
craft is carried out. The authors addressed a systematic
review of concepts, dividing them into sub-categories
for fixed or rotary wing, planform, out-of-plane, and
airfoil morphing and classifying motivations and results
for each of the reported technologies. They also stated
that there is an emerging interest in high-altitude long-
endurance (HALE) aircraft that are designed to fly for
several days. These planes have a larger portion of
fuel weight (more than 50%), but they are designed to
fly at a sole lift coefficient. When the aircraft weight
decreases, the aircraft speed has to be reduced or the
altitude has to be increased to maintain the optimal
configuration. Moreover, such planes usually do not
have good take-off and landing performance because
they miss high lift devices. A morphing aircraft can
modify its geometry continuously as a response to the
changes in the flight conditions, to keep high perfor-
mance levels throughout the mission. In the same
way, the ability to change their shape enables morph-
ing vehicles for facing multiple missions (Ajaj et al.,
2016).

Usually, the approach to the morphing problem
begins with the identification of a certain need by the

manufacturer with reference to a specific product. In
the case herein discussed, it deals with the increase in
the range or the loitering performance improvement of
a selected unmanned vehicle. Because the most obvious
way is to act on the compensation of the weight follow-
ing the fuel consumption, requiring in turn a different
trim of the aerodynamic surfaces or a change in the
flight conditions, a wing camber variation could repre-
sent the optimal answer. Such a property would simu-
late the availability of an airfoil portfolio along the
defined mission. The immediate way to achieve a curva-
ture modification is to act on the trailing edge, the less
critical region of a wing structure. Different studies,
spanning over a long time, did demonstrate that such
operations could actually lead to important changes in
the reference polar. The possibility of accessing to con-
tinuous deformations makes possible to think of a
polar envelope (meant as the curve embedding all the
possible polars) instead of a single polar for the consid-
ered airfoil. Many questions, however, arise, as for
instance: how much should the modified trailing edge
extend in chord and span? Are the allowable dimen-
sions feasible to host a suitable mechanic system, inte-
grating the actuators and the kinematics? Does the
expected performance satisfy the expectations and offer
a suitable margin for justifying weight, cost, and com-
plexity increment? A first, preliminary response, still
not ultimate, is necessary to address the engineering
problem, correctly. Suitable tools and competences are
necessary to accomplish this goal and attain a satisfac-
tory answer. It could also permit rescheduling the
planned investigations and show alternative paths.
Nowadays, the interest has moved toward the applica-
tion in small aircraft and unmanned aircraft vehicles
(UAVs) due to a higher efficiency request and short
time-to-deliver because of the reduced certification
issues and qualification tests. This article deals with the
design, integration, and sensitivity analyses of a morph-
ing trailing edge on a selected HALE airfoil, finalized
at the improvement of the general aircraft performance.
The NASA low Reynolds number (LRN) 1015 profile
was assumed as the reference starting point, properly
designed for exhibiting minimum drag at high lift coef-
ficient. It was employed on the long-endurance UAV
RQ-4 Global Hawk, produced by Northrop Grumman.
This airfoil was largely tested at the Transonic Wind
Tunnel at NASA Ames Research Center. The experi-
mental results at several Mach and Reynolds numbers
can be found in the literature (Hicks and Cliff, 1991).
In detail, its characteristics were measured at 0.20, 0.50,
0.55, and 0.60 M and at nominal 500,000, 1,000,000,
and 2,000,000 Re. The experimented angles of attack
ranged from around 26.0� to 18.0�.

To investigate the aerodynamic behavior of the
LRN 1015, equipped with a morphing trailing edge, a
discrete parametrization of its geometry was required.
In fact, a numerical procedure uses coordinates or
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control points to represent the airfoil geometry. In
principle, each of them is a design variable to attain a
desired shape, leading to a high number of independent
parameters. To reduce the unknowns, several
approaches may be considered. For instance, an inter-
esting survey on parametrization techniques can be
found in Samareh (1999). Most widely used procedures
to fit airfoil shapes via interpolation are B-splines and
Bezier curves (Derksen and Rogalsky, 2010; Drela,
1989; Fudenberg and Tirole, 1991). In the literature,
analytical functions derived to represent families of
profiles are also reported (Hicks and Henne, 1978).
The PARSEC method, elaborated by Sobieczky (1997,
1998), has been widely used to represent and optimize
aerodynamic geometries (Della Vecchia, 2013; Della
Vecchia et al., 2014). Another technique used to para-
metrize aerodynamic shapes is based on the radial basic
functions, well described by Fincham and Friswell
(2015). Among the other methods, it is worth to cite
Hicks–Henne (Hicks and Henne, 1978), Wagner
(Ramamoorthy et al., 1969), Legendre (Hicks and
Vanderplaats, 1975), Bernstein (Lane and Marshall,
2009), and NACA normal modes (Chang et al., 1995).
They are based on polynomials representing a series of
sinusoidal curves that are generated along a specified
chord portion and operate by adding a sum of shape
functions to certain airfoil geometry to generate a tar-
get form. All the above parametrization techniques
could be implemented for the problem at hand.
However, the technique based on polynomial functions
could lead to non-feasible shapes (De Gaspari and
Ricci, 2010). B-splines, non-uniform rational basis
spline (NURBS), and so on could generate crossovers
among neighboring points or lead to non-controlled
geometries with negative impacts on their practical
implementation. These drawbacks conduct, in turn, to
difficulties in defining proper bounds for the design
variables, in particular for the points that are close to
the leading and the trailing edges. Such issues can be
partly addressed by fixing the chord-wise coordinates
of some control points in the affected regions. To
ensure a smooth geometry and avoid crossovers
between upper and lower surfaces, some geometric con-
straints can also be applied, limiting the design space
that is explored by optimization methods (Wenbin,
2011). A rational parametrization was herein consid-
ered as the best way to assure the compliance of opti-
mal aerodynamic solutions with structural and
manufacturing requirements.

Several works have been focused on the aerody-
namic analyses of two-dimensional (2D) morphed trail-
ing edge, aiming at evaluating the action effects of this
device on the aerodynamic coefficients. Kaul and
Nguyen (2014) reported the numerical results of a study
carried out on a generic commercial aircraft flap with a
continuous camber variation, evidencing the drag
reduction and the efficiency improvement. Lafountain

et al. (2009) showed the design of a camber control sys-
tem applied on a UAV aircraft, with the twofold pur-
pose of improving its aerodynamic performance and its
stealth capability. In fact, the movable surfaces’
removal could significantly reduce its radar signature.
The numerical and experimental validation of a morph-
ing wing tip device concept was reported by Gabor
et al. (2016), underlining the laminar flow extension
and the relevant drag reduction benefits. Bolonkin and
Gilyard (1999) estimated the advantages of developing
a variable wing camber control system for transport
aircraft, quantifying an improvement higher than 10%
in non-standard flight conditions (at high lift coeffi-
cient) and around 1%–3% in cruise. They presented
the lift-to-drag ratio improvement due to the deflection
of a simple hinged control surface, defining the law
expressing the optimal angle of deflection law as a func-
tion of the lift coefficient, the pitching moment varia-
tion, the trim effect, and the wave drag effect. In this
article, a multi-hinge system is introduced, deriving its
capability in enhancing the reference aircraft general
performance. To address the aerodynamic analyses on
the target morphing airfoil, the concept architecture is
described in section ‘‘Morphing airfoil structural con-
cept.’’ A 2D sensitivity analysis performed to evaluate
the upgrade of the characteristic coefficients is given in
section ‘‘Airfoil parameterization and 2D aerodynamic
analysis.’’ A parabolic morphing trailing edge formula-
tion was presented, emphasizing some technological
issues related to morphing shapes. In section ‘‘Aircraft
morphing application,’’ the 2D results used to evaluate
the general capability improvements on a HALE air-
craft are presented. Finally, the conclusions summarize
the work steps that were carried out and the overall
benefits, achieved on the targeted HALE aircraft.

Morphing airfoil structural concept

To drive aerodynamic investigations toward feasible
structural solutions, a morphable architecture was preli-
minarily identified for the trailing edge ribs. A segmen-
ted, finger-like layout was considered to physically
implement the transition from the baseline airfoil to the
target configurations (Pecora et al., 2016a, 2016b;
Figure 1). At each section, the rib was assumed to be
partitioned into four consecutive blocks (namely, B0,
B1, B2, and B3) hinged to each other along the camber
line at stations A, B, and C (Figure 1). The block B0
was rigidly connected to the rest of the wing structure
through the rear spar, while all the others were free to
rotate around the hinges. In this way, an articulated
chain of consecutive segments was realized. Further rod
elements (L1 and L2), hinged to non-adjacent blocks,
forced the camber line segments to rotate according to
specific gear ratios, giving rise to a single-degree-of-free-
dom (SDOF) mechanical system: if the rotation of any
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block was prevented, the architecture was fully con-
strained. On the other hand, if any block was moved
from its initial configuration, all the other elements
would have followed the motion according to specific
ratios.

The ribs’ kinematic was transferred to the overall
trailing edge structure by means of a multi-box arrange-
ment (Figure 2(a)). Each box of the structural arrange-
ment was assumed to be characterized by a single-cell
configuration delimited along the span by homolog
blocks of consecutive ribs, and along the chord by long-
itudinal stiffening elements (spars and/or stringers).

The SDOF mechanism implemented for the ribs and
consequently for the multi-box arrangement was sup-
pressed or activated by the actuation system. Servo
rotary load-bearing actuators coupled to quick-return
mechanisms (Figure 2(b)) were adopted for the inde-
pendent control of each rib of the device (Amendola
et al., 2016; Dimino et al., 2016a, 2016b).

Actuators then played a twofold function: they could
lock the blocks’ rotation to maintain a given airfoil

shape and, at the occurrence, they enabled morphing
through a controlled release of the rib kinematics. In
both cases, actuators significantly participated in the
absorption of the acting loads, pertinent to the airfoil
shape being implemented (Dimino et al., 2014).

A fiber Bragg grating (FBG)–based system based on
sensing elastic beams located at the middle of each bay
was used to detect shape configurations and to generate
the information for appropriate open- and closed-loop
control actions.

A multi-material arrangement (Schorsch et al., 2015)
was finally assumed for the upper and lower skin
(Figure 2(c)): more in detail, a rational combination of
Al-alloy panels and soft foam strips was implemented
along the chord-wise direction. Foam strips were
placed in correspondence with camber line hinges, thus
adsorbing the tension and compression induced by the
camber morphing on the skin; aluminum panels were
riveted along rib edges to increase the torsional stiffness
of each adaptive trailing edge device (ATED) box.
Silicone material—properly designed to withstand

Figure 1. (a) Trailing edge airfoil and morphing rib architecture (blocks and links (b), hinges (c)).

Figure 2. Trailing edge bay: (a) general architecture, (b) actuation system, and (c) compliant skin.
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temperature excursion typically expected in flight—was
introduced as the protective layer and glued on the
sequence of aluminum panels and foam strips.

The structural concept herein described is extremely
versatile to enable shape transitions based on camber
line modifications at constant thickness distribution.
The number of blocks and their chord-wise extension
were defined to satisfactorily match the specified form
envelope, from the baseline to the deformed configura-
tions, while avoiding complicating the structural system
too much. In fact, a larger number of smaller blocks
would have surely assured a more accurate reproduc-
tion of the specified outlines. Nevertheless, it would
have had considerable impacts on the feasibility of the
arrangement as well as on the manufacturing and main-
tenance costs, because of the high number of parts.
Conversely, a smaller number of larger blocks would
have led to very simple layouts but would have proba-
bly resulted inadequate to adequately reproduce pre-
scribed shapes. The right solution was clearly identified
in a proper balance between the needs and the require-
ments, of course suitable with the specific addressed
problem. Previous studies (Pecora et al., 2014) demon-
strated that three blocks were sufficient to assure a
good level reproduction of the target configurations
without significant increase in the system complexity
and weight. In detail, nearly 20% weight increase was
estimated with respect to conventional wing trailing
edge structures, on the basis of calculations applicable
to large aspect ratio wings (Peter et al., 2015).

Airfoil parameterization and 2D
aerodynamic analysis

The chosen airfoil was the NASA LRN 1015, as shown
in Figure 3. The first two digits following the acronym

LRN indicate the design lift coefficient in tenths, while
the last two digits indicate the maximum camber loca-
tion in hundredths of chord. The design lift coefficient
is then 1.0; the maximum thickness is 15.2%, located at
the 40% of the chord, while the maximum camber is
4.9%, located at the 44% of the chord. These charac-
teristics are summarized in Table 1.

To investigate the aerodynamic behavior of the ref-
erence airfoil with a morphing trailing edge, a simple
parabolic discrete parametrization of its geometry was
assumed, in full compliance with the adaptive struc-
tural system that was previously described. A rapid tool
for the design and analysis of morphing airfoils was set
up, according to the block diagram shown in Figure 4.
According to that logic, the process started with a pre-
processing phase: a reference geometry was imported
into a ‘‘morpher’’ function developed in MATLAB�.
The user could then define two design parameters, that
is, the starting point of the morphing occurrence (Xm)
and the rotation angle of the trailing edge (dTE;
Figure 5). Alternatively, he could assign a range of var-
iation for the same variables. At that point, the

Table 1. NASA LRN 1015 characteristics.

Maximum thickness (t/c)max 15.2%c
Position in chord of (t/c)max 40%c
Maximum camber dmax 4.9%c
Position in chord of dmax 44%c
Design lift coefficient cli 1.0

Figure 3. NASA LRN 1015 airfoil.

Figure 4. Morphing airfoil 2D analysis: flowchart.

Figure 5. Scheme of the trailing edge morphing.
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morpher function generated N 3 M number of
morphed airfoils (number of possible starting morph-
ing occurrences 3 the number of desired rotations).
For each morphed airfoil, defined through the starting
point of its deformation, an xy text file was generated.
Once the pre-processing ended, the input files for the
subsequent aerodynamic analyses are generated, that
is, the whole set of morphed airfoils. These data are
then given as input to the 2D aerodynamic analysis
that calls in batch mode the chosen software for the
due calculations.

The selected software for the 2D investigation was
Xfoil. It was written by Mark Drela at MIT in 1986
(Drela, 1989) and combines high-order panel with fully
coupled inviscid/viscous interaction methods. The main
reason behind this choice was that it can return results
much more quickly than an advanced computational
fluid dynamics (CFD) software (like a Navier–Stokes
equation solver) in spite of its output being accurate
enough to allow a preliminary evaluation of the airfoil
aerodynamic characteristics (Lafountain et al., 2009).
After the analysis of the generated airfoils’ bundle was
concluded, a post-processing function elaborated the
aerodynamic data to find the dTE minimizing the drag
coefficient cd at each lift coefficient for a fixed Xm.

Then, it found out the value of Xm minimizing the drag
among a specified range of variation in the lift coeffi-
cient. In this way, the polar envelope is sketched.
Together with these parameters, the post-processing
function also returned relevant aerodynamic character-
istics such as the Cl

3/2/Cd variation law, which is funda-
mental to evaluate the aircraft endurance performance.
For better illustrating how the code worked, a reduced
number of analyses is illustrated in Figure 6. Therein,
the results were obtained by fixing Xm equal to 0.80
and by analyzing four trailing edge deflections: 210�,
25�, +5�, and +10�, excluding the baseline. The
envelope was obtained by individuating the trailing
edge deflection (dTE) corresponding to the minimum
drag at each lift coefficient (circles in Figure 6).

Airfoil trailing edge morphing parameterization

The shape parametrization started with the assignment
of the airfoil chord portion (Xm) that would have been
affected by the morphing process and the deflection
angle (dTE, positive clockwise). This latter is defined as
the rigid rotation of the trailing edge chord with respect
to its root. Then both upper and lower coordinates were
split into two regions: coordinates that lay before Xm

would have not been modified, while the ones that lay
behind Xm would have undergone a shape modifica-
tion, regulated by parabolic functions. The analytical
equation of a parabola (yu/l) requires three coefficients
to be defined; therefore, three equations are needed to
determine them. The conditions that were imposed to
find the requested parameters are as follows

(XTE,YTE)rotated 2 yu=l =au=lx
2 +bu=lx+cu=l

(XA=B,YA=B) 2 yu=l =au=lx
2 +bu=lx+cu=l

dy
dx

� �
(XA=B, YA=B)

= tg(upper or lower airfoil curve)½ �(XA=B, YA=B)

8>><
>>:

ð1Þ

The first two lines impose that the parabola passes
through the trailing edge tip and the upper or lower
point lying on the upper or lower airfoil surface at the
root station Xm. Besides, to avoid profile first-order
discontinuities, the parabola must be tangential to the
original airfoil shape in correspondence of Xm, as
shown in Figure 5 and imposed in the last equation of
system (1). Such equations permit calculating six para-
meters (three for the upper and three for the lower sur-
faces). The process can be synthetically expressed as

au=l

bu=l

cu=l

8<
:

9=
;=

X 2
A=B

XA=B 1

2XA 1 0

X 2
TE XTE 0

2
4

3
5
�1

�
YA=B

bu=l

YTE

8<
:

9=
; ð2Þ

The adoption of this simple mathematical formula-
tion for describing a morphing shape of a generic air-
foil also regards technological aspects. In fact, a best

Figure 6. Example of 2D Xfoil analysis: minimum drag
envelope at fixed Xm = 0.80, Re = 3e6, and M = 0.20.

Table 2. NASA LRN 1015 morphing trailing edge parameters
and aerodynamic conditions.

Reference airfoil NASA LRN 1015
dTE (�) [210:1, + 10]
Xm (x/c) [0.70, 0.05, 0.95]
Reynolds number 3e6

Mach number 0.2
Flow transition Free
Critical n parameter 9

LRN: low Reynolds number.
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lift-to-drag ratio could be achieved by combining cur-
vature modifications with chord extensions (as it occurs
for typical flap devices). This option is not, however,
considered because the adaptive strategy under consid-
eration only allows for curvature adjustments.

2D aerodynamic results

Aerodynamic investigations about the effects of con-
tinuously modifying the curvature of the NASA LRN
1015 were then conducted. According to the constraints
imposed by the selected morphing technology, Xm was
limited within the range of 70%–95% (step 5%) of the
airfoil chord, while dTE was limited within the range
between 210� and 10� (step 1�). The aerodynamic

analysis was conducted at 3e6 Re and 0.20 M, represen-
tative of loiter flight condition for a long-endurance
UAV. Tested conditions are summarized in Table 2.
From Figures 7 to 9, the effect of Xm is shown, with
reference to the impacts over the polar, the parameter
Cl

3/2/Cd, and the aerodynamic efficiency. The results
are parameterized in Xm while the points on each curve
are obtained at the dTE angle that minimizes the drag
at each lift coefficient. In the pictures, the lift coeffi-
cient range of 1.1–1.3 is highlighted; in this range,
the morphed airfoil exhibits the maximum value of
Cl

3/2/Cd, while the reference airfoil has its maximum
ratio Cl

3/2/Cd at a lift coefficient around 1, as it is
shown in Figure 9. Therein, the optimal reduction in
the drag coefficient (20–120 drag counts) can be
obtained at Xm = 0.80, corresponding to about 40%
increment of the Cl

3/2/Cd ratio. Figure 10 shows the
required trailing edge rotation with respect to the lift
coefficient to achieve the best drag reduction and the
related maximum increment of the aerodynamic effi-
ciency. As it is clearly outlined in Figure 11, the gain in
terms of drag is due to the possibility of reaching a spe-
cific cl by morphing the trailing edge instead of increas-
ing the angle of attack, classically. This aspect directly
affects the extension of the laminar flow on the airfoil
surface. Figure 12 illustrates how the laminar flow
region on the upper surface of the morphing airfoil is
larger than the reference one, in the selected lift coeffi-
cient range. It is worth to mention that the laminar
flow on the lower surface of the morphing airfoil
reduces with respect to the reference one; however, this
occurrence has a minor effect than the previous (Figure
13). A morphing trailing edge does not offer advan-
tages in terms of the aerodynamic characteristics, only.
As a matter of fact, it leads to a relevant increase in the
pitching moment coefficient (similar to a classical flap

Figure 7. Airfoil drag polar: effect of Xm, M = 0.2 and Re = 3e6

on a range of dTE 2 [210, 10].

Figure 8. Effect of Xm on Cl
3/2/Cd, M = 0.2 and Re = 3e6 on a

range of dTE 2 [210, 10].

Figure 9. Effect of Xm on aerodynamic efficiency (E), M = 0.2
and Re = 3e6 on a range of dTE 2 [210, 10].
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deflection). Figure 14 shows how, in the selected range
of lift, the value of this factor for the morphing airfoil
is doubled with respect to the reference one. This fact
affects the calculation of the parameters of the com-
plete aircraft.

Aircraft morphing application

Starting from the achieved results, the effects of the
application of the trailing edge morphing technology
on a HALE aircraft were then faced. Such a plane is
designed to have a long endurance (30–40 h, Naftel,
2007) or, alternately, a long range. Its performance can
be evaluated according to the Breguet equations for a
propeller

R=
h

SFC

L

D
ln
W0

W1

En=
h

SFC

C
3=2
L

CD

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2r‘SW

p 1ffiffiffiffiffiffiffi
W1

p � 1ffiffiffiffiffiffiffi
W0

p
� � ð3Þ

In the above equation, R is the range and En is the
endurance. The reference aircraft used to perform this
evaluation exhibited the typical layout of long-
endurance vehicles with lifting surfaces similar to the
Global Hawk ones (Naftel, 2007). The reference design
is a propeller-driven aircraft unlike the Global Hawk
that uses jets.

Figure 15 shows its upper view. The aircraft had an
aspect ratio of 25 with a reference area of about 33 m2,
a slender fuselage of 13 m long, and a maximum

Figure 10. Required trailing edge deflection for the best
morphed airfoil envelope, M = 0.2 and Re = 3e6.

Figure 11. Best envelope morphed airfoil cl versus a, M = 0.2
and Re = 3e6.

Figure 12. Best envelope morphed airfoil transition abscissa
on airfoil upper surface (Xtr,up) versus cl, M = 0.2 and Re = 3e6.

Figure 13. Best envelope morphed airfoil transition abscissa
on airfoil lower surface Xtr,low versus cl, M = 0.2 and Re = 3e6.
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diameter of about 2 m. The ratios of both the horizon-
tal and the vertical tail with respect to the wing area
(Sh/Sw and Sv/Sw) were about 0.18. The maximum
take-off weight (MTOW) and the maximum usable fuel
mass were, respectively, about 10,000 and 5000 kg,
respectively. The aircraft is a twin-engine turboprop
having a maximum available thrust of 12,750 N 3 2
and a specific fuel consumption of about 330 lb/h.
These main characteristics are summarized in Table 3.

The evaluation of the aircraft performance was
accomplished through classical approaches like those
suggested by Roskam and Lan (1997). The calculation
requires the estimation of the aircraft drag polar. For
the application proposed in this article, the drag polar
was estimated as shown in equation (4)

CDAC
= CD0

(fus:+tail+nac:+misc:)|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
Parasite drag

+

DCDF+N
(a)|fflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflffl}

Fus:+Nac:parasite drag f(a)

+ CDW
(a)|fflfflfflffl{zfflfflfflffl}

Wing parasite drag f(a)

+

(C2
L � CL0

2)

pAR
� (1+ d)|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

Vortex drag

+DCDTrim
ð4Þ

where the complete aircraft drag coefficient, CDAC
, is

the summation of the parasite drag without wing, CD0
,

a part linked to the fuselage and the nacelles due to the
angle of attack variation, DCDF+N

(a), the wing parasite
drag coefficient, CDW

(a), the vortex drag contribution,
and the trim drag, DCDTrim

. The zero-lift drag coefficient
was estimated as suggested by Kroo (2011). This term
contains the non-lifting skin friction and viscous pres-
sure drag, the fuselage upsweep drag, the control sur-
face gap drag, the nacelles base drag, contributions due
to interference effects among the aircraft components,
and, finally, other miscellaneous items. The fuselage
and nacelles drag coefficient variation depending on the
incidence was estimated by applying the method sug-
gested by Wolowicz and Yancey (1972). It depends on
the geometric characteristics of an equivalent body of
revolution having the same maximum cross-sectional
area, volume, and fineness ratio. The vortex drag con-
tribution was computed according to the typical para-
bolic drag polar approximation, assuming a difference
value for the induced drag factor, d, taking into account
the different wing lift distribution for the un-morphed
and the morphed wing. This term was assumed, respec-
tively, equal to 0.04 and 0.07 by computing the wing
span lift distribution according to the Multhopp
method (Multhopp, 1950). The trim drag, due to the lift
force produced by the horizontal tail plane to trim the
pitching moment of the wing–fuselage combination,
was calculated according to equation (5) (Roskam and
Lan, 1997)

DCDTrim
=

(DCLH
)2

pARHeH

�qH
�q

SH
SW

ð5Þ

DCLH
is the tail lift coefficient required to trim the air-

craft; �q and �qH are the dynamic pressures of the free
stream and the one acting on the tail, respectively; ARH

and eH are the tail aspect ratio and the tail-induced
drag factor, respectively, in the order. DCLH

is directly
related to the non-trimmed pitching moment coefficient
of the complete aircraft and the horizontal tail volu-
metric ratio VH, according to equation (6)

DCLH
=

CMc:g:

VH
ð6Þ

Figure 14. Best envelope morphed airfoil cm versus cl, M = 0.2
and Re = 3e6.

Table 3. Reference aircraft characteristics.

Reference aircraft type HALE UAV

Wing AR 25 MTOW 10,000 kg
Wing reference area (Sw) 33 m2 MF 5000 kg
Fuselage length (lF) 13 m Maximum thrust of one engine (To) 12,750 N
Fuselage maximum diameter (dF) 2.0 m SFC 150 kg/h
Sh/Sw 0.18 Sv/S 0.18

HALE: high-altitude long-endurance; UAV: unmanned aircraft vehicle; AR: aspect ratio; MTOW: maximum take-off weight; MF: maximum fuel mass;

SFC: specific fuel consumption.
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More details should be provided about the wing
parasite drag contribution, since this term contains the
direct effects of the morphing trailing edge. This para-
meter was calculated as a weighted average of the wing
sections’ drag characteristics by applying the so-called
‘‘influence area method.’’ It allows calculating a generic
wing aerodynamic characteristic as an average value of
several sections. The procedure consists of splitting the
wing into four sections, as illustrated in Figure 16.
Sections 2 and 3 were considered to host a morphing
airfoil.

A generic three-dimensional (3D) aerodynamic coef-
ficient, CK, can then be calculated according to equa-
tion (7)

CK =KA � cK1
+KB � cK2

+KC � cK3
+KD � cK4

ð7Þ

where KA, KB, KC, and KD are the ratios between the
related areas and the semi-wing surface, while the term
cKi

represents the generic 2D aerodynamic coefficient
of the standard or the morphed airfoil, according to the
considered section

The computation for the case of an un-morphed
wing is simplified since only two sections must be con-
sidered (1 and 4). The calculation of the lift, drag, and
pitching moment coefficients of the reference wing for
both morphed and un-morphed configurations was
then carried out. The wing 3D aerodynamic character-
istics were finally added to the contributions arising
from all the other aircraft components. In this way, the
complete aircraft could be described in terms of drag
polar and pitching moment curve.

Complete aircraft results

The assessed formulation allowed exploiting the 2D
results to estimate the complete aircraft performance in

terms of drag polar and efficiency. The used morphing
parameters and the aerodynamic conditions that were
considered to elaborate this analysis are reported in
Table 4. The section of the wing, interested by the
morphing trailing edge, extended from 10% to 80%
span, granting the required space for the deployment of
an aileron at the wing tip.

Figure 17 displays the comparison between the drag
polar of the morphed and the un-morphed reference
aircraft. The reduction in the drag coefficient, in the
range of high CL, ranges from 10 to more than 100 drag
counts. According to Figure 18, the lift coefficient cor-
responding to the maximum ratio CL

3/2/CD (represen-
tative of the maximum endurance capability) can be
estimated to be about 0.95 or 1.3 for the un-morphing
and the morphing configurations, respectively. These
values lead to different aircraft speeds for maximum
endurance configuration. CL

3/2/CD shifts from about
29 to 34, evidence of a better endurance performance.

Figure 15. Reference aircraft for the morphing application:
upper view.

Figure 16. Weighted average Roskam method: scheme for the
reference wing with a morphing trailing edge.

Table 4. Morphing parameters and conditions for the
reference aircraft.

Reference airfoil NASA LRN 1015
Morphed inboard station hi 0.10
Morphed outboard station ho 0.80
Xm 0.80
dTE (�) [210:1, + 10]
Reynolds number (Re) 3e6

Mach number (M) 0.20
Loiter altitude 6000 m
MTOW un-morphed 10,000 kg
MTOW morphed 10,240 kg
Center of gravity x/c 0.25
Center of gravity z/c .00

LRN: low Reynolds number; MTOW: maximum take-off weight.

Figure 17. Reference aircraft CD versus CL: un-morphed
versus morphed.
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Figure 19 shows the lift curve for both configurations.
The un-morphed aircraft needs an angle of attack of
about 7� to reach the optimal CL while the morphing
system requires an incidence of just 2�–3�. The drag
reduction, the gain of efficiency, and the increment of
CL

3/2/CD are primarily due to the change in the wing
aerodynamic characteristics, as clearly outlined by com-
paring the wing drag polar (Figure 20). In the complete
aircraft configuration, the fuselage effect must be con-
sidered. Because the morphed and un-morphed config-
urations reach the maximum ratio CL

3/2/CD at different
incidences, the fuselage works differently. Moving from
7� to 2�–3�, a gain of about 1%–2% is predicted.

Aircraft morphing configuration leads to lower
fuselage attitude, a lower fuselage pitching moment

contribution, and an increment of the wing pitching
moment. Globally, the trim drag contribution for both
configurations was estimated to be lower than 2% of
the total drag at the configuration for the maximum
endurance performance, with about one to four drag
counts penalty for the morphing aircraft. The drag
breakdown for un-morphed and morphed aircraft in
the lift coefficient mission range is summarized in Table
5.

In Table 6, a summary of the main aerodynamic
characteristics and the flight performance of the morph-
ing and un-morphing aircraft is reported. The use of a
morphing trailing edge technology increases the endur-
ance by more than 14%, while maintaining the same
range, approximately. This result confirmed the great
potential benefits associated with the use of a morphing
trailing edge for HALE aircraft.

Further considerations can be deduced. As already
discussed in the introduction, HALE aircraft are
designed to accomplish missions involving observation,
surveillance, survey, monitoring, and so on. In addition
to the increased endurance performance, the morphing
technology also allows reducing the operational speeds,
granting lower speed operations that could be favor-
able to those targets. The morphing technology could
also be used to improve the take-off and landing per-
formance of the aircraft. As a matter of fact, the
morphing trailing edge could be used as a plain flap.
Assuming a maximum trailing edge deflection equal to
+10� and assuming the possibility of the morphing
aircraft to deflect the whole adaptive wing section for
that amount at take-off, a 1.94 lift coefficient could be
achieved. The un-morphing configuration is character-
ized by a maximum lift coefficient of about 1.65 (18%
lower; Table 6). This result leads to a reduction in the
take-off and landing distance of about 16% and 43%,

Figure 18. Reference aircraft CL
3/2/CD versus CL: un-morphed

versus morphed.

Figure 19. Reference aircraft CL versus a: un-morphed versus
morphed.

Figure 20. Reference wing drag polar: un-morphed versus
morphed.
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respectively, calculated as suggested by Roskam and
Lan (1997).

The installation of the morphing technology brings a
weight penalty of about 2% for the morphed configura-
tion with respect to the complete aircraft. To evaluate
the weight increment effect, a performance sensitivity
analysis has been performed varying the aircraft
MTOW for the morphed aircraft (due to the morphed
wing trailing edge), keeping it constant for the un-
morphed aircraft. The results show a breakeven point
of about 9% and 2% of MTOW increment for the
endurance and range performance, respectively, as
shown in Figures 21 and 22.

Conclusion

The application of a morphing trailing edge on a
HALE aircraft was performed, showing promising
improvement for both in-flight and on-ground perfor-
mance. The feasibility of this device was largely

demonstrated in the literature and it could be compli-
ant with a real aircraft specification. A systematic para-
metric aerodynamic analysis, conducted on a typical
HALE aircraft airfoil, showed that a morphing trailing
edge extension of 20% along the airfoil chord with a
deflection capability of 610� is the best compromise
between the expected performance improvement and
the architectural complication. The benefits may be cal-
culated to approach a 30% improvement in terms of
maximum efficiency in the climb rate, while reducing
the drag coefficient in a wide range of lift coefficients.
This latter effect derives from the capability of control-
ling the airfoil boundary layer and the transition,
mainly. Such a device can improve the endurance of
about 15% (more than 4 h) while keeping the same
range. Ground performance is improved in terms of
take-off and landing runs of about 15% and 40%,
respectively. The weight penalty, associated with the
introduction of a morphing trailing edge system on
board of the target aircraft, is estimated to be 2% of its

Table 5. Drag coefficient breakdown for un-morphed (top) and morphed (bottom) aircraft.

CL CD WING CD FUSELAGE CD TRIM CD TAIL CD MISC CD VORTEX CD TOT

Un-morphed (alpha = variable)

0.8 0.00460 0.00608 0.00006 0.00373 0.00294 0.00847 0.02587
0.9 0.00490 0.00639 0.00008 0.01073 0.02876
1 0.00620 0.00693 0.00010 0.01324 0.03313
1.1 0.00830 0.00785 0.00012 0.01602 0.03896
1.2 0.01320 0.01022 0.00015 0.01907 0.04930
1.3 0.01680 0.01173 0.00020 0.02238 0.05777
1.4 0.02310 0.01419 0.00026 0.02595 0.07017

Morphed (alpha = constant)

0.8 0.00450 0.00577 0.00005 0.00373 0.00294 0.00872 0.02570
0.9 0.00470 0.00577 0.00011 0.01104 0.02828
1 0.00500 0.00577 0.00020 0.01362 0.03126
1.1 0.00550 0.00577 0.00030 0.01648 0.03472
1.2 0.00640 0.00577 0.00043 0.01962 0.03888
1.3 0.00740 0.00577 0.00057 0.02302 0.04343
1.4 0.01030 0.00577 0.00075 0.02670 0.05019

Table 6. Flight performance of the reference aircraft: morphed versus un-morphed.

Parameter Un-morphed Morphed DMorphing

(CL
3/2/CD)MAX 29.43 33.73 + 14.6%

CL at (CL
3/2/CD)MAX 0.95 1.3 + 36%

a at (CL
3/2/CD)MAX 7� 2�/3� 24�/25�

En at (CL
3/2/CD)MAX 36 h 21 min 41 h 40 min + 14.6%

En at CL = 1.0 36 h 2 min 38 h 9 min + 6%
R at Emax 14,743 km 14,793 km + 0.3%
CL,MAX (take-off) 1.65 1.94 + 18%
VStall 54.3 m/s 50.2 m/s 28%
Take-off field length 1370 m 1180 m 216%
Landing field length 1400 m 980 m 243%
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MTOW, and the breakeven point has been evaluated
to be around 9% for the endurance performance and
2% for aircraft range.

Keeping in mind these preliminary results, the
detailed design of a wing hosting a morphing trailing
edge will be prepared. Wing loads will be accurately
estimated to define the critical loads to properly size
the wing structure and the adaptive system. Further
works will deal with the investigations of the possible
application of differential span-wise morphing devices
to augment the aircraft aerodynamic controllability.
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