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Abstract

Defence institutions and military aircraft manufacturers are increasingly exploring the ways to im-
prove stealth in new aircraft designs. Design for low observability, more specifically for low Radar
Cross-Section is the fundamental design aspect during design of a new military aerial vehicle. Acoustic
stealth is also an important characteristic of an aerial vehicle and is one of the main objectives during
the design of a stealth aircraft to avoid being heard by the enemy troops below.

Although there has been some work done in the past on flap morphing of wings, there are still some
engineering aspects of flap morphing which are still left unexplored. Previous research focused more
on aerodynamic and structural aspects of flap morphing. Couple of these unexplored aspects are the
Aero-Acoustic Noise and Radar Cross-Section assessment of flap morphing. Flap gaps, kinematics and
side-edges are a source of generating noise and radar signature and through flap morphing potential
merits of these two aspects can be assessed.

Flap morphing technology is most likely to be used on unmanned military aerial vehicles. Therefore,
the GA-ASI MQ-9 Reaper was used for achieving the research objectives in this thesis work. The study
focuses on the Aero-Acoustic noise and Radar Cross-Section merits through flap morphing of the GA-
ASI MQ-9 Reaper. Aero-Acoustic noise analysis were performed experimentally as well as analytically
whereas Radar Cross-Section merits were obtained by performing simulations.

From the Aero-Acoustic noise experiments on the scaled 3D printed morphing and conventional wings
of GA-ASI MQ-9 Reaper, noise reduction in the morphing wing have been observed in all configurations
and operational settings. From the 35m/s noise experiments, Overall Sound Pressure Level reduction is
observed between 4.7% and 38.2% for di�erent angles of attack whereas reduction in the overall Sound
Pressure Level between 20.66% and 32.2% have been observed with 50m/s. Similarly, with the Werner
Dobrzynski’s noise prediction technique, together with Karl-Stephane Rossignol’s flap side-edge noise
prediction model, benefits in the noise generation are observed for the morphing wings. For similar
geometrical configurations as experiments, noise reduction variation in the predicted Overall Sound
Pressure Level lies between 37% and 46% for di�erent angles of attack at 50 m/s.

For the mono-static Radar Cross-Section with trailing edge and flap deflection of 0¶, a significant
reduction in the radar signature is observed for the morphing wing, whereas for 25¶ trailing edge and
flap deflection it turns out that the radar signature for the morphing wing is very similar or slightly
higher than the conventional wing. For the mono-static radar signature with 0¶ trailing edge and flap
deflection, after summation of total RCS in all 360 directions, a maximum and minimum decrease of
10.52dBsm and 9.95dBsm have been observed by flap morphing whereas for 25¶ trailing edge and flap
deflection an increase in radar signature between 1.54 and 2 dBsm was noticed. Bi-static RCS analysis
were also performed on the 0¶ trailing edge and flap deflection of where the decrease in radar signature
between 4 and 18 dBsm was observed.
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�. Introduction

Shape changing structures in aerial vehicles o�er an attractive alternative or addition to conventional
aerodynamic control surfaces such as slats, flaps, elevators, ailerons and rudders. The traditional rea-
son to change the outer shape of an aerial vehicle is either to gain some aerodynamic benefit, such as
reducing drag or lowering the stall speed, or to apply control to the platform by means of inducing
pitch, roll or yaw moments, or direct lift control.

The first powered flight that Wright Brothers flew did not have conventional control surfaces. It had a
”wing warping” phenomenon meaning that the wings were very lightweight and Wright Brothers twisted
them to get flight control. It enabled roll control by changing the twist of the wing using the cables
actuated by the pilot itself. This could be said to be the original motivation or the original morphing of
the wing. In the present or near future, this technology is expected to be limited to just the unmanned
aerial vehicles/military vehicles. The FAA puts so many roadblocks on the new technologies that it will
be decades before shape-changing/morphing technology shows up in civil aviation.

The military community is also interested in the aerodynamic benefits and structural enablers and
consequences to platforms of shape changing structures. But the potential e�ect on RCS is an added
benefit for military users as well. Gaps that are associated with conventional hinged high-lift devices
and control surfaces are a source of increased radar reflection and noise generation. Reducing or elim-
inating the need for such gaps by means of shape changing structures has a potential benefit in terms
of observability and acoustic stealth.

An illustration of conventional high lift devices and the morphed trailing edge is shown in Figure 1.1.

(a) Conventional high lift devices (b) Morphed airfoil

Figure 1.1: Illustration of conventional high lift devices and the morphed airfoil [52]

Although not new to aviation, shape changing structures are currently under renewed interest by aircraft
designers, driven by recent technological innovations and developments. This has resulted in research
programs which include real-life applications of flap morphing structures on test aircraft. While shape
changing adds complexity to the design and poses structural challenges, its potential benefits might
outweigh the drawbacks. For instance, flap morphing technology has already been tested by NASA
together with the US Air Force Research Laboratory (AFRL). Application and illustration of this
technology by NASA can be found in Figures 1.2a1 and 1.2b2 respectively.

1URL:https://www.nasa.gov/centers/armstrong/news/NewsReleases/2014/14-33.html [Cited 14-Apr-2017]
2URL: https://www.nasa.gov/centers/armstrong/research/ACTE/index.html [Cited 14-Apr-2017]
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(a) NASA Armstrong’s G-III during flight test for the
Adaptive Compliant Trailing Edge (ACTE) project

(b) Illustration of the experimental morphing flaps on
NASA Armstrong’s G-III for ACTE project

Figure 1.2: NASA’s Adaptive Compliant Trailing Edge (ACTE) project

Research Aims
Although there has been some work done in the past on flap morphing of wings but there are still some
engineering aspects of flap morphing which are still left unexplored. Previous research focused more
on aerodynamic and structural aspects of flap morphing. Couple of these unexplored aspects are the
Aero-Acoustic noise and Radar Cross-Section assessment of flap morphing.

Research on two very novel subjects with respect to morphing of the wing flaps is done during this
thesis work. With very limited research in these fields for the morphing wings, this thesis aims to give
insights into the potential Aero-Acoustic Noise and Radar Cross-Section merits that can be achieved by
applying flap morphing. To observe these potential benefits, the following research question is answered:

What are the potential Radar Cross-Section and Aero-Acoustic noise merits of a
GA-ASI MQ-9 Reaper by applying flap morphing?

To answer the above-mentioned research question, it is further divided into the following sub-questions.

• What e�ect does the elimination of gaps, when replacing conventional flaps with morphing surface
have on the mono-static and bi-static radar signatures of MQ-9 Reaper?

• How does the Radar Cross-Section vary between the conventional and morphing wings at di�erent
radar locations for mono-static and bi-static analyses?

• How does the Radar signature of MQ-9 Reaper vary without i.e. 0¶ and with 25¶ trailing edge
flap and morphing wing deflections?

• What are the potential noise merits for the 25¶ trailing edge flap and morphing wing deflections
at di�erent angles of attack?

• How does the potential noise merits vary for di�erent Mach numbers?

• How does the adjusted noise prediction simulation models compare to the experimental data
for the morphing wing and how does the potential noise merits vary between the predicted and
experimental data for both wings?

Study Case Description
With di�erent disciplines involved and each with di�erent requirements, elements studied in each dis-
cipline is explained here. After the re-design of the MQ-9 Reaper’s wing, during the modelling of the
wings 4 di�erent types of CAD models are generated. A conventional wing with 25¶ flap deflection,
morphing wing with 25¶ trailing edge deflection, conventional wing with no flap deployment i.e. 0¶ flap
deflection and 0¶ morphing trailing edge deflection i.e. straight wing. All these models are required for
the Aero-Acoustic noise and Radar Cross-Section analysis and how these are required by each discipline
are explained in the following.
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Aero-Acoustic noise
For the Aero-Acoustic noise analysis, experiments and the noise predictions are performed. Experiments
are performed on a 3D printed scaled wing of the MQ-9 Reaper at the landing configuration with 25¶

trailing edge flap and morphing wing deflections. Due to time limitations, 0¶ trailing edge flap and
morphing wing deflections are not analysed.

Radar Cross-Section
In the evaluation of the Radar Cross-Section merits, all four full scaled models are used. For the mono-
static RCS analysis, a conventional wing with 25¶ flap deflection, morphing wing with 25¶ trailing edge
deflection, conventional wing with no flap deployment i.e. 0¶ flap deflection and 0¶ morphing trailing
edge deflection are analysed and compared to each other whereas for the bi-static RCS analysis only
the 0¶ flap deflection and 0¶ morphing trailing edge deflection are analysed due to time limitations.

Thesis Approach and Outline
The thesis is split between di�erent disciplines in order to answer the research question. The thesis starts
with the re-design of the MQ-9 reaper wing with morphing characteristics. Once all the parameters and
planform of the new wing are determined, both wings are modelled in a 3D CAD modelling software.
These first two steps are essential in order to proceed with the Aero-Acoustic noise and Radar Cross-
Section analyses. Once the first two steps are completed, Aero-Acoustic noise and Radar Cross-Section
analysis are treated simultaneously. Figure 1.3 contains the all the steps required to be followed in
order to reach the set goal.

Figure 1.3: Project flow diagram

Thesis work for last one year is summarized in this report. The report is divided into six di�erent
chapters. The subject of morphing wings has been introduced in this Chapter. Chapter 2 discusses
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the past and current developments in the field of morphing wings and state-of-the-art morphing wing
enablers. Chapter 3 explains the design of the morphing wing from MQ-9 Reaper’s existing wing and
also the CAD modelling of the conventional and morphing wings at di�erent trailing edge deflections
for morphing wings and di�erent flap settings for conventional wings. In Chapter 4, experimental and
analytical Aero-Acoustic noise prediction analysis on the MQ-9 conventional and morphing wings are
discussed. Beamforming maps on the experimental data to visualize the noise sources on the wings
and the comparison of the noise predicted data are also part of the chapter. Subsequently, in Chapter
5 theoretical background knowledge of Radar Cross-Section, RCS simulations setup and mono-static
and bi-static RCS analysis with di�erent antenna(s) locations are elaborated. Finally in Chapter 6,
conclusions are drawn based on the RCS and Aero-Acoustic noise evaluations and the recommendations
for the future research on the discussed topic are suggested.

Additionally, Appendix A and B contains a time-line showing the implementation of the morphing wing
technologies(along with the type of morphing) on fixed wing aerial vehicles and future of morphing wings
in military domain respectively. . Subsequently, additional Radar Cross-Section and experimental Aero-
Acoustic noise spectra and beam maps are shown in Chapters C and D respectively.

In addition, the nomenclature used throughout the report is provided. Here, the reader can find all the
symbols used, their formal description and units.



�. Background & State-of-the-art Morphing

Wing Techniques

There have been some recent developments and advancements in morphing wings/shape-changing struc-
tures. Morphing of aircraft wings can be classified into three primary categories namely airfoil adjust-
ment, planform adjustment and out-of-plane transformation [39]. All these categories along with their
respected planforms can be found in Figure 2.1.

Figure 2.1: Classification of wing morphing concepts

One of the important question that comes to mind regarding this technology is why almost all the air-
craft after Wright Brothers’ time use conventional discrete flaps or control surfaces instead of having a
twisted wing for flight control like Wright Brothers. In order to twist the wing with a reasonable amount
of actuation, the wing has to be very light-weight/flexible. Being very light weight and flexible means
it flutters very early, which means the aircraft can not fly at high speeds and achieve high Mach numbers.

Now, this possibility can be re-evaluated with the availability of new materials which can twist and can
act as actuation devices for themselves. There have been some other projects in the past that tested
and applied this technology on the aerial vehicles. Some of these projects along with their respective
enablers are discussed in the next section of this Chapter. These do not only contain techniques for
flap morphing but also the techniques/methods that are applicable to other type of morphing of wings.

2.1 Overview of Morphing Wing Enablers
In this section, design methodologies and technologies that are used to facilitate wing morphing are
discussed. Some of the main technologies discussed in the literature are mentioned here.

2.1.1 Shape Memory Alloy devices (SMA)
In aerospace, Shape Memory Alloys are a kind of Smart Materials that changes their characteristics
depending on temperatures. These are actuated by changes in temperature/heat.

An example of such a technology in Aerospace domain is the SMART Wing Program of the Defense
Advanced Research Projects Agency (DARPA), The Air Force Research Laboratory (AFRL), NASA
and Northrop Grumman. During this project, wing twist along with the leading and trailing edge
morphing was implemented by using Shape Memory Alloy devices on an Unmanned Combat Aerial
Vehicle. Wing twist was obtained using the SMA torque tubes and the flexible trailing and leading
edges were achieved using SMA wires [22][26]. An illustration of chordwise bending obtained by varying
the heat on the Shape memory Alloy strips can be seen in Figure 2.2.

5
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Figure 2.2: Chordwise bending of Unmorphed(top) and morphed(bottom) surfaces achieved by varying heat of SMA
strips [16]

2.1.2 Shape Memory Polymers (SMP)
Shape Memory polymers are also in the category of SMART materials, that can change from their
deformed shape and return back to their previous (original) shape due of its activation by heat change/-
electricity/light. The Aerospace domain did not have much success in the past with Shape Memory
Polymers for morphing but with current research and latest developments this possibility can be re-
visited.

A research group by the name of Cornerstone Research Group tried to vary chord length by using
Shape Memory Polymer(Dynamic Modulus Foam) with the objective to achieve 80% increase in lift.
Due to the characteristic of SMPs to withstand high stresses, they were preferred and activated through
temperature variance. Although the prototype could extend the chord length after being activated, it
failed to return to its previous shape due to low stress recovery of SMPs [34].

Another e�ort to use SMPs for a morphing wing was in 2007 when the prototype was subjected to shear
deformation to achieve variable sweep. The wing made from SMPs and composites did rotate from the
hinge upon heating but in the process the mechanism was deformed due to hinge rotation [55].

2.1.3 Piezoelectric Actuators (PZT)
Piezoelectric actuators have small size, high power density, high bandwidth and as a result higher
output force. Due to these properties, piezoelectric actuators are widely used for aerospace applications.
This part of the section is focused on the techniques for achieving wing camber morphing, wing twist
morphing and the rigid-body rotation with the use of Piezoelectric Actuators.

Camber
As mentioned earlier, Piezoelectric Actuators produces high force output. These actuators includes
Piezobimorphs and Piezoelectric composite-coupled system for flap actuation. Since the early 1990’s,
several projects have already been successful in applying the Piezoelectric Actuation to obtain leading
edge and trailing edge morphing.

One of the recent project which made use of Piezoelectric Actuation was from the Boeing with col-
laboration of the NASA AMES Research Center. Piezoelectric actuated blade flaps on a smart rotor
were used and tested in a wind tunnel which resulted in 80% reduction in the vibrations and almost no
vibrations at the hub [47]. Figure 2.3 shows the close-up and front view of the Boeing Smart rotor in
the windtunnel. Another type of these Piezoelectric Actuators are the Piezoelectric Bender Actuators.
These were used in testing of the Post-Buckled Pre-compressed (PBP) actuators on a scaled UAV where
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the wing is deformed to obtain the variation in camber distribution which in return improved the roll
control. Improvement in the roll control by 38% and more than 3.5 times improvement in control by
replacing the conventional ailerons was observed using these Post-Buckled Pre-compressed actuators
[50].

(a) Close-up view (b) Front view

Figure 2.3: Wind tunnel testing of the Boeing Smart Rotor [47]

Twist
One of the first developments in the piezoelectric actuation was presented in 1989 when a graphite-
epoxy plate was coupled with bending-twist and were actuated through piezoceramic sheets [13]. As
the bending loads were varied, twist on the plate varied as well and because of the coupling, deflections
became significant. Later in the same year this technology was applied on the aircraft wings, missiles and
rotor blades of the helicopters[7] and their feasibility was also researched upon. It was discovered that
the wings and the missile fins coupled with piezoceramic materials resulted in the required deflections
for flight control [15].

Rigid-Body Rotation
In 1996, Flexspar stabilator with a morphing wing was introduced which was used to achieve the deflec-
tions of about ±30¶ without any aeroelastic behaviour of the material. The structure was rotated about
the spar which was actuated by the piezoelectric bi-morph actuator placed inside the skin structure [8].

One of the first aerial vehicle to try this technology was a fixed-wing Unmanned Aerial Vehicle. Rudders
and elevators of this Unmanned Aerial Vehicle were controlled through Flexspar [6]. Numerous projects
followed this and achieved significant amount of success in applying piezoelectric actuation to achieve
the Rigid-Body Rotation.

2.1.4 Active Aeroelastic Concepts for twist
Variation in the twist distribution to obtain better flight performance is an old phenomenon but
the quest for achieving better flight performance and higher speeds was limited due to the instabil-
ities(aeroelastic) and loading requirements. This led to the increase in the weight of an aircraft and
as a result reduction in the flight performance. With recent developments in aerospace materials and
structures and due to the increased demand in the improvement of performance, the interest of aircraft
designers has been focused on using aeroelastic behaviour of the materials in a positive way.[51]

One of the first to use this technology was the Rockwell International who pioneered the Active Flexible
Wing (AFW) program in late 1980’s [28]. This program used the beneficial side of wing flexibility (elas-
ticity) to minimize weight and also tried to minimize the problems associated with the control(aileron
reversal) mostly for the Military Aerial Vehicles where dynamic pressures are very high due to high
speeds. This technology did not incorporate conventional control surfaces for their primary use which
was to produce control force but were used as aerodynamic tabs to control the aeroelastic twist. This
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was used to provide the required roll to achieve the lateral stability. Another development in the Active
Aeroelastic concept in the use morphing wing appeared where the sweeping movement of the rear spar
increases or decreases the amount of wash-in induced by the presence of aerodynamic forces[51]. This
was successfully tested on the scaled UAVS.

AFW was followed by the Active Aeroelastic Wing (AAW) program by the United States Air Force
and NASA. Active Aeroelastic Wing (AAW) technology was tested on a modified version of a fighter
jet namely F/A-18 to check the feasibility of this technology[33][54]. The original F/A-18 wing skin
panels(at the rear of the wing) got replaced with more thinner and more flexible wing panels. At the
leading edge, division was made between the inboard and the outboard sections. The outboard section
of the wing was actuated separately from the inboard section. Together with trailing edge control
surfaces the aeroelastic wing twist was controlled and provided enough power for rolling. This was
successfully tested as well within the structural limits [12].

There were several other programs which followed Active Aeroelastic Wing (AAW). This includes Ac-
tive Aeroelastic Structures(AASs), Variable Sti�ness Spar(VSS), Active Aeroelastic Aircraft Struc-
tures(3AS) European research project, All Moving Vertical Tail (AMVT), 3AS project, Adaptive Tor-
sion Structure (ATS), The DARPA Smart Wing program phase II e.t.c. All these projects with di�erent
point of focus researched and also tested the aeroelastic concepts to achieve twist. Detailed methodology
of these programs is readily available in the open literature.

2.1.5 Hyper Elliptic Cambered Span (HECS)
Hyper Elliptic Cambered Span concept developed by NASA Langley Research Center is an e�ective
technique to achieve a continuous out-of-plane morphing (span-wise). Two approaches were researched
to achieve this type of morphing with this concept. First approach consists of the tendon-based spool
system powered/actuated by a DC motor. An illustration of such a system is shown in Figure 2.4[24].

Figure 2.4: Tendon-based spool system for Hyper Elliptic Cambered Span concept

The second approach uses Shape Memory Alloys actuated mechanism that was powered by a closed-loop
feedback control in tandems [25]. Feasibility of such structures to continuously morph a wing to its
non-planar shape was determined by using a repeating quarterly-binary link(scissor-like) configuration
which was used to translate motion of one segment onto the next one [53].

A similar concept to the HECS was researched upon where the wing could flex laterally in a continuous
fashion. This prototype was made by carbon-epoxy and was actuated through the Shape Memory
Alloys(SMA) similarly to the second approach of HECS. This prototype showed very good behaviour
of the mechanism under di�erent loads. It also showed significant advantages in the aerodynamics and
power consumption of the UAV [45].

2.1.6 Dihedral/Gull actuation
Dihedral or gull wings attracted much interest due to their ability to improve aircraft performance and
also significant improvement in the flight control.

A study on the characteristics and dynamics of Micro Aerial Vehicles(MAVs) have been done before in
which the wing was divided into inboard and outboard sections. These sections were separated using a
hinged spar structure and the dihedral angle at the partitions were varied [3].

One of the most important research/advancement in this category is the Z-wing developed by the
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Lockheed Martin. Methods/enablers used to develop Z-wing are discussed below.

Lockheed Martin Z-Wing
Z-wing is the folding wing developed by the Lockheed Martin as part of The Morphing Aircraft Struc-
tures (MAS) program. Sweep angle, aspect ratio and the wing span may be varied for this Z-wing
[43].
Figure 2.5 illustrates this Lockheed Martin Z-Wing for varied span, aspect ratio and sweep.

Figure 2.5: Lockheed Martin Z-wing

A couple of approaches were researched upon for the folding of the Z-Wing. In the first approach, a
thermo-polymer actuator was chosen to operate the helical spline gear but due to the high risk asso-
ciated with the helical spline gear, electro-mechanical rotary actuators were used [11]. In the second
approach, whole wing was covered with elastrometric skins which enabled the shape changes.

Figure 2.6[18] shows the Z-wing during wind tunnel testing. The Z-wing was successfully flight tested
as well.

(a) Front view for di�erent configurations (b) Underside view for loiter configuration

Figure 2.6: Wind tunnel testing of the Z-Wing



�. Redesign of the MQ-9 Reaper Wing

In this chapter, geometrical properties of the MQ-9 Reaper, re-design of the MQ-9’s morphing wing
and the 3D CAD modelling of the conventional and the new morphing wing are explained.

Geometrical properties of the MQ-9 Reaper wing were at first gathered and the wing planform was
constructed. In order to determine the sizing of the morphing wing, availability of wing geometrical
data of conventional wing is essential. Sizing of the morphing wing is based on obtaining similar lifting
performance characteristics as of the conventional wing. The relation is stated below.

Smorphed ·CLmaxMorphed
= Sconventional ·CLmaxConventional

As the potential Aero-acoustic noise and Radar Cross-Section merits are being analysed, therefore it is
required to model the existing wing of MQ-9 as well. Both wings were modelled using CATIA.

3.1 Geometrical Properties of Conventional MQ-9 Reaper
In this section, wing geometrical properties of the conventional MQ-9 Reaper are determined. Some
properties may not be known due to the sensitive nature of the aerial vehicle due to its usage in mil-
itary purposes. Most of the geometrical properties for its planform were gathered from the book All
the Worlds Aircraft:Unmanned and from a report from NASA about the MQ-9 Reaper/Predator B.
According to the NASA report, wings of the MQ-9 Reaper are equipped with redundant single-slotted
fowler flaps.

Due to confidentiality reasons, some parameters of MQ-9 were not easily available to work with. Lead-
ing and trailing edge sweep angles of the older version of MQ-9 were used for this case as no information
was available. Airfoil coordinates of the wing were not available as well. In one of the online forums
Prof. Mark Drela mentioned the airfoil is very similar to NASA/Langley LS(1) - 0417, therefore the
airfoil NASA/Langley LS(1) - 0417 was assumed for the wings as it was not possible to obtain the exact
coordinates.

All the required geometrical properties of the conventional wing are assembled in Table 3.1.

Table 3.1: Geometrical parameters of the existing MQ-9 Reaper

Parameter Value Unit
Root chord 1.74 [m]
Tip chord 0.86 [m]
Taper ratio 0.494 [m]
Leading edge sweep 4 [¶]
TE sweep 1.3 [¶]
Wing span 18.99 [m]
Flaps span 51.1 [%]
Dihedral 2 [¶]
Wing aspect ratio 14.6 [-]
Wing area 24.69 [m2]

3.2 Sizing of the Morphing Wing
New design of the wing is based on the textbook approach in order to satisfy the performance re-
quirements. Before morphing wing is sized, lift capabilities of the existing conventional wing needs to
be determined. This includes the maximum lift capabilities during landing where flap extensions and

10
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deflections are highest.

The existing wing of MQ-9 is equipped with redundant high lift devices, which means that high lift
devices are not required for landing and take-o� operations. High lift devices are present in order to
reduce the stopping distance after landing where there is shorter landing field length is available. High
lift devices reduce the approach speed which in return reduces the stopping distance of the aircraft. Flap
chord and the maximum flap deflection for the equipped flaps is not available in the open literature.
Therefore, a maximum flap extension is assumed to be 25¶ and flap chord is assumed to be 20% of the
total chord length. Due to the redundant high lift devices on the conventional wing, a 25¶ single-slotted
fowler flap deflection is justified.
Based on all the available information discussed above, lift computations were carried out for the
conventional wing.

Wing lift contribution in conventional wing
For the wing and flap contribution to lift, maximum 3D lift coe�cient of the wing is determined at first
followed by the computation of the 3D lift contribution of flaps. Summation of these two quantities
provide the overall/total maximum lift capability of the wing.

Figure 3.1 contains the lifting characteristics for di�erent angles of attack of NASA/Langley LS(1) -
0417, morphed NASA/Langley LS(1) - 0417 at 10¶ trailing edge deflection and morphed NASA/Langley
LS(1) - 0417 at 25¶ trailing edge deflection. These characteristics were determined using XFOIL1, an
open source airfoil design and analysis software. These lift computations were based on the Reynolds
number of about half a million determined for the landing configuration. From Figure 3.1, maximum
2D lift coe�cient of straight NASA/Langley LS(1) - 0417 is 1.905 at an angle of attack of 20¶.

Figure 3.1: cl ≠ – curves for LS(1)-0417 and its morphed version for two di�erent deflection angles

These lift characteristics and values for NASA/Langley LS(1) - 0417 were validated with the experi-
mental data from NASA with the experimental values and the analysis very similar and close to each
other [27]. With this validation, it was assumed that the analysis by XFOIL are valid for the morphing
wing as well as no experimental data is available for morphing NASA/Langley LS(1) - 0417.

DATCOM method by Raymer [36] is used to determine the 3D lift coe�cient from the 2D lift coe�cient.
Equation 3.1 is used to determine the 3D lift coe�cient due to only wing without any contribution from
the flap. In the equation Clmax term is already known as determined before to be 1.905.

1URL:http://web.mit.edu/drela/Public/web/xfoil/ [Cited 14-Apr-2018]

http://web.mit.edu/drela/Public/web/xfoil/
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CLmax = [CLmax

clmax

] · clmax +�clmax (3.1)

At landing or take o� speeds the Mach number is lower than 0.2 meaning that no compressibility e�ects
exists. Therefore, the term �Clmax which accounts for the e�ect of Mach number higher than 0.2 is
not relevant. Ratio between CLmax and Clmax is determined using 3D to 2D maximum lift coe�cient
ratio by Raymer based on the airfoil sharpness factor and the leading edge sweep angle.

�Y is a measure of the sharpness of an airfoil. It is the di�erence in the height of the airfoil between
1.5% and 6% of the chord length. The sharper the LE, the higher the intensity of the generated leading
edge vortices leading to higher CLmax . The shape of the upper part of the airfoil, near the leading edge,
is mostly responsible for the formation of these vortexes.

After determination of �Y , all the parameters are available to proceed with the computation of the 3D
wing lift contribution. These parameters were used as inputs in Equation 3.1 with which the final 3D
maximum lift coe�cient due to the wing is determined to be 1.73.

Flap lift contribution in conventional wing
To determine the overall maximum lift coe�cient, contribution to lift from the wing and flaps both
are required. Wing contribution to the maximum 3D lift coe�cient has already been determined. The
method to determine flap contribution to the overall maximum lift coe�cient is discussed here.

Methods developed by Torenbeek[48] are used in determining the contribution to maximum lift coe�-
cient by flaps. Equation 3.2 is used in determining the 3D maximum lift coe�cient.

�CLmax = 0.9 ·�clmax · Swf

S
· cos(�hinge≠line) (3.2)

The flapped area (Swf) is not the actual area of flaps. The reference wing flapped surface (Swf) is the
spanwise portion of the reference wing area (S) a�ected by the presence of a certain type of HLD. There
is a di�erent reference wing flapped surface defined for each type of HLD that is installed on the wing.

Flap hinge angle value is generally based on the position of the support spar (the back spar) used to
attach the flaps. The flap hinge line is likely to be parallel to the spar to which it is attached. If the
wing has a trailing edge chord extension, and an extra support spar is used to hinge the flaps, it is likely
that the hinge line will have null sweep angle, or a much lower sweep than the “regular” wing spars
just because the extra support spar has a zero or lower sweep. For this case it is assumed that the flap
hinge angle is set to zero.

As mentioned before, the �Clmax in the equation is determined for single slotted fowler flaps. Table
3.2 contains di�erent types of trailing edge devices and their overall contribution to wing lift when in
operation. cÕ/c is dependent on flap type and deflection. According to a technical report from the
General Atomics, MQ-9’s wings with single-slotted fowler flaps extends up to 51.1% of the total wing
span [1].

Table 3.2: Increase in maximum lift coe�cient for di�erent types of flaps

TE High-lift device �Clmax

Plain and Split 0.9
Slotted 1.3
Fowler 1.3 cÕ/c
Double slotted 1.6 cÕ/c
Triple slotted 1.9 cÕ/c

From Table 3.2, �clmax contribution for a single-slotted fowler flap is 1.3 cÕ/c which can be re-written
as in Equation 3.3.
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�clmax = 1.3 · cÕ/c (3.3)

Figure 3.2 define both chord lengths c and cÕ. cÕ is the chord length after the flap extension.

Figure 3.2: Single slotted fowler flap extension and deflections with corresponding chord lengths

cÕ can be re-written as sum of the original chord length (c) without any flap extension and the change in
chord length after flap extension. cÕ is the chord length of the wing section when the HLD is deployed.
It is defined parallel to the wing section chord. It is determined using Equation 3.4.

cÕ = c+�c (3.4)

�c/cf is estimated using Figure 3.3 where cf is the part of the wing section chord taken by the HLD.

Figure 3.3: Geometrical properties of existing MQ-9 Reaper [48]

• I. Fixed hinge - a: zh/cf = 0.2 & b: zh/cf = 0.4

• II. Typical optimum flap position - a: single slotted & b: double slotted

• III. Double slotted with variable geometry, with flap extension

• IV. Fowler - a: single slotted, double slotted with fixed vane & b: double and triple slotted, with
flap extension

�c/cf is estimated for flap angle deflection of 25¶ which is assumed maximum for this design. The type
of flap as mentioned earlier is a single-slotted fowler flap which is 4a in Figure 3.3.

�c is determined from the figure with cf already known and input into Equation 3.4 from where cÕ is
computed which then leads to the computation of �clmax using 1.3 cÕ/c. The value of �Clmax due to
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flaps is computed to be 1.46.

2D lift(�clmax) contribution from the flaps is then used in Equation 3.1 to compute the 3D lift coe�-
cient for the flap contribution. The 3D lift coe�cient is computed to be 0.78.

The 2D and 3D coe�cients from both the wing and the flap contribution is shown in Table 3.3. Overall
total maximum 3D lift coe�cient is also determined in the table.

Table 3.3: 2D and 3D lift contribution from the wing and the flap

Surface type clmax CLmax Total max. 3D Lift coe�cient
Wing 1.905 1.73 2.51Flap 1.456 0.78

MorphingWing lift
Before the new morphing wing can be re-sized, it is necessary to determine the amount of lift produced
by morphing the existing wing. Morphing wing must be able to produce similar amount of lift as the
conventional wing to match the lifting performance requirements. The following relation in Equation
3.5 is used to determine the surface area of the morphing wing.

Smorphed ·CLmaxMorphed
= Sconventional ·CLmaxConventional

(3.5)

Morphing span percentage and the flap span percentage to the total wing span is kept same i.e. 51.1%.
For the morphing wing two di�erent airfoil sections exist. Inboard wing (morphed part) will consist
of a morphing NASA/Langley LS(1) - 0417 airfoil whereas the outboard wing will consist of straight
NASA/Langley LS(1) - 0417. Morphing section of the airfoil with 25¶ trailing edge deflection stalls at
an angle of attack of 17¶ with maximum 2D lift coe�cient of 2.13 whereas the outboard airfoil section
stalls at an angle of 20¶ with maximum 2D lift coe�cient of 1.905. These lift coe�cients can be found in
Figure 3.1. In this situation combination of the maximum lift coe�cient from both sections of the wing
can not be obtained as the morphed part of the wing stalls earlier than the outboard wing. Therefore,
in the analysis maximum angle of attack for outboard section of the wing is set to be same as morphed
part i.e. 17¶ where its lift coe�cient is 1.83. By using this approach both sections of the wing will stall
at the same angle of attack.

The overall 2D lift coe�cient for morphed wing is computed by using the following relation in Equation
3.6.

clmaxmorphed≠wing =
Swinginboard · clmaxmorphed +Swingoutboard · cl

straight@17¶

Swinginboard +Swingoutboard

(3.6)

After the 2D lift coe�cient is determined for morphing wing, 3D lift coe�cient is computed using the
same method as the conventional wing in Equation 3.1. The airfoil sharpness factor is same in both
cases meaning the ratio CLmax

clmax
is the same and as mentioned before �clmax term accounts for the e�ect

of Mach numbers higher than 0.2 so this term is not relevant at landing speeds or take o�. In this case
it is equal to zero as there exists no compressibility e�ects.

The computed 3D lift coe�cient for the morphed wing is 1.827. It can be noticed there exists a big
di�erence between the 3D lift coe�cients of the conventional and morphing wing. Maximum 3D lift
coe�cient of conventional wing is 2.51 and for morphing wing it is 1.827 meaning that to compensate
for the extra lift coe�cient surface area of the morphing wing needs to be increased. Using Equation
3.5 morphed wing area is determined to be 33.97m2. By increasing the area of the wing to 33.97m2

for the morphing wing (morphed inboard wing and straight outboard wing) similar lifting performance
characteristics can be achieved as the conventional wing.

As there exists a big di�erence between the lift produced by the morphing wing and the conventional
configuration (wing + flap), e�ect of circulation is an important phenomenon that lie behind this increase
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in the e�ectiveness of the trailing edges of the conventional configuration. When flow washes over a
component it leaves a wake on the succeeding component with a high possibility of this wake mixing with
the boundary layer of the element (confluent boundary layer). The wake consists of the flow with very
low momentum (energy) which reduces e�ectiveness of the component. With some distance between
the elements this confluent boundary layer phenomena can be avoided which in return increases the lift
of the succeeding element. This gap increases the region with potential flow between the boundary layer
and the wake. By avoiding mixing of these two o� the surface pressure recovery is obtained through
which there is no momentum loss in the boundary layer of the succeeding element.

New planform formorphingwing
After a surface area value is computed for the morphing wing, the rest of the planform values follows.
Taper ratio(⁄) is defined as ct/cr which can be re-written as cr = ct/⁄. Taper ratio and aspect ratio
of the wing are kept constant (same as conventional wing). Also the dihedral angle of the wing and
leading and trailing edge sweep angles were kept same. The flap span now becomes morphing span i.e.
51.1%.

Equations 3.7 and 3.8 were then used to determine the wing span and the root chord of the new
morphing wing. There are two unknowns and two equations which are then solved simultaneously to
obtain these parameters.

S = 2
;

1
2 [ b

2(cr + ct)]
<

(3.7)

A = 2b

cr(1+⁄) (3.8)

After determining the wing span and the root chord of the wing, tip chord using the taper ratio and
wing span can be determined as well. Table 3.4 contains all the parameters of the new wing along with
the parameters that were kept constant during the design of the new morphing wing.

Table 3.4: New MQ-9 morphing wing planform

Parameter Value Unit
Root chord 2.04 [m]
Tip chord 1.01 [m]
Leading edge sweep 4 [¶]
TE sweep 1.3 [¶]
Wing span 22.27 [m]
Morphing span 51.1 [%]
Dihedral 2 [¶]
Wing aspect ratio 14.6 [-]
Wing area 33.97 [m2]

All parameters for the new morphing wing have been determined su�ciently to construct the wing
planform. The planform for the conventional wing and the new morphed wing can be found in Figure
3.4. Chord lengths of the wings lie on the Y-axis of the graph whereas span of the wings lie at the
X-axis. Only half of the wings i.e. semi-spans have been plotted in the figure.
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Figure 3.4: Conventional wing(blue) and the new morphing wing planform(red)

3.3 CAD modelling of the Wings
In this section of the report, CAD modelling of the conventional wing and the morphing wing is
discussed. CAD models generated here are used later for 3D printing and Radar Cross-Section analysis.
3D printed models are used in the noise experiments whereas Radar Cross-Section analysis are based on
the simulations using the models developed in this section. Both CATIA V5 and V6 were used in the
modelling of these wings. The dimensions and planform for these models is based on the parameters
from the previous two sections.
(Please note: Files generated with V5 can be opened with both versions whereas files generated with V6
can only be opened with V6 )

3.3.1 Conventional
For the conventional wing, the wing without flap is constructed first followed by the flap design. These
two are then assembled together. Only the semi-span wing is constructed which can be mirrored to
obtain full wing if required.

Wing without flap
Airfoils are imported at di�erent sections of the wing within CATIA using GSD2. Airfoil points need
to be imported manually in the GSD sheet where MACROS scans through all the points and exports
them to the CATIA.

For the wing without flap, four di�erent airfoil sections were imported into CATIA. One at the wing
root and it is also the point where flap span starts, second at the point where flap span ends i.e. at
51.1% of the span. Only 80% of the chord is imported at these two points as the rest of the 20% is taken
by the flaps. At 80% of the chord length, a separate spline is used to close down the airfoil section. The
dihedral angle and leading and trailing edge sweep angles are also taken into account when importing
the airfoil coordinates by adding a certain o�set in both Z and X direction in CATIA. The third airfoil
section is imported right next to the second airfoil section where the flap ends. This airfoil consists of
100% of the chord length as no flap is present after 51.1% of span. The fourth airfoil is the tip airfoil of
the wing. The surface between the first two and the last two airfoils is generated using Multi-Sections
Surface which consists of two surfaces through which a solid surface is formed using Multi-Sections
Solid.

Render
The render of the wing without flap is generated after the solid surface is formed using all four airfoils.
This render of the wing without flap can be found in Figure 3.5.
2URL:https://www.intrinsys.com/blog/2016/creating-multiple-points-in-catia-v5-using-microsoft-excel
[Cited 18-Apr-2018]

https://www.intrinsys.com/blog/2016/creating-multiple-points-in-catia-v5-using-microsoft-excel
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Figure 3.5: Render of the conventional MQ-9 Reaper without flap attachment

Only the semi-span of the wing can be seen in the figure to better visualise the remaining area where
the flap of the wing is going to be assembled.

Flap Design
As mentioned earlier, the wing of MQ-9 reaper is fitted with a single slotted fowler flap but no more
details about the flap or the flap track mechanism are provided. Therefore, the flap for the wing is de-
signed according to the single slotted fowler flap for the Boeing 747SP due to availability of its detailed
flap mechanism layout. The Boeing 747SP is very similar to the Boeing 747-100 but has more simpler
flaps, shorter fuselage and bigger tail. The flap of 747SP can be found in Figure 3.6, where the top
image shows the flap without any chord extension. In the bottom image, the flap chord is first extended
followed by the chord deflection.



3.3. CAD modelling of the Wings 18

Figure 3.6: Flap layout for the Boeing 747SP for two di�erent configurations [38]

These images also give an idea of the mechanism used in the chord extension and deflection of the
flap. The flap was designed using CATIA where the dimensions and parameters of the flap have been
adjusted to the MQ-9 wing requirements.

Flap kinematics for the wing were designed for the flap where the chord is first extended and then
deflected according to the given input. These inputs could range between 0¶ to 60¶, but only two
deflections are used for the analysis in the upcoming chapters. The first case is the 0¶ flap deflection
without chord extension, whereas the second case has a chord extension and a 25¶ flap deflection.

Render
Renders of the designed flap of MQ-9 are shown in this part of the chapter. Figure 3.7a shows the
designed flap for the MQ-9 with no chord extension or deflection. In Figure 3.7b, the same flap with
chord extension can be seen. It is at a point where the flap chord extension is maximum and after
which flap is deflected to a certain angle. The figures demonstrate both the extension of the flap track
mechanism and the deflection of the flap.

(a) No chord extension (b) Chord extension

Figure 3.7: Render of the designed morphing MQ-9 Reaper with and without chord extension
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Figure 3.8a shows the designed flap for the MQ-9 Reaper deflected to a certain angle. Just for compar-
ison with an actual flap of a wing, the Boeing 747SP flap deflection can be seen opposite to this figure
in Figure 3.8b. From the figures it can be noticed that the flap mechanisms and their kinematics for
both designs are very much similar to each other.

(a) MQ-9 Reaper (b) B747SP

Figure 3.8: The designed morphing MQ-9 Reaper and the Boeing 747SP with flap deflections

Below in Figure 3.9, a di�erent view of the MQ-9 flap deflection to a certain angle can be seen.

Figure 3.9: Another rendered view of the designed MQ-9 Reaper with the flap deflection

Wing and flap assembly
The assembly can be performed now as the wing without flaps as well as the flap have been designed
separately. This assembly procedure is discussed in this part of the Chapter. The flap for the wing was
re-sized according to the requirements of the MQ-9 wing. As there exists a certain taper ratio for the
wing, the flap for the wing was also tapered accordingly to fit with the chord length along a certain
span-wise position. As mentioned earlier, the flap chord is 20% of the total chord length at all span-wise
positions until where the flap stops outboard (51.1% of total span). Due to this taper ratio, the flap
size and the kinematics of flap were adjusted to provide same flap deflection across the span when a
certain flap deflection value is provided.

A line drawing of the wing and flap assembly can be seen in Figure 3.10.
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Figure 3.10: Line drawing of the wing and the flap assembly

Render
The render of the wing and flap together can be seen in Figure 3.11. The wing and the flap were
designed only for the semi-span, after which the semi-span wing was mirrored in CATIA resulting in a
full span of the wing. Flaps have been deflected to 25¶ in the figure.

Figure 3.11: Render of the modelled conventional MQ-9 Reaper wing with the flap attachment

3.3.2 Morphed
Dimensions determined in Table 3.4 for the morphing wing were used in the wing modelling. The
morphing wings with two di�erent configurations of 0¶ and 25¶ trailing edge deflections were designed.
For the 0¶ only the root airfoil and the tip airfoil were required and imported into CATIA. The wing
was modelled out of these two airfoils. For the wing with 25¶ trailing edge deflection a transition sur-
face between the inboard(morphed) and outboard(straight) wing was constructed. Reason for this is in
Figure 3.123 where the trailing edges are morphed but side edges are still present in the design. These
side-edges as mentioned before contribute significantly to noise and also scattering in the radar. The
motivation to have a transition surface is to avoid these side-edges and the disadvantages that comes

3URL:https://www.popularmechanics.com/flight/a23703/flexible-composite-wings-morph-into-different-shape
s/ [Cited 24-Apr-2018]

https://www.popularmechanics.com/flight/a23703/flexible-composite-wings-morph-into-different-shapes/
https://www.popularmechanics.com/flight/a23703/flexible-composite-wings-morph-into-different-shapes/
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with it.

Figure 3.12: Flexsys morphing wing concept with side-edges highlighted

NASA and the US AFRL(Air Force Research Laboratory) already have successfully flight tested a mor-
phing and straight trailing edges of a wing with a transition surface. Flexsys developed this technology
and claims significant drag reduction, fuel savings and reduction in the airframe noise.4

This wing can be seen in Figure 3.13a5 where the trailing edge of the wing is deflecting downwards and
the high lift devices have been replaced. This wing is shown in Figure 1.2 and has been flight tested
by NASA. The transition surface is made of an elastic surface where it adjusts itself according to the
provided deflection input. In the case of MQ-9 flap morphing, only the 25¶ is used for analysis, therefore
these material considerations were not taken into account.

For the 25¶ trailing edge deflection, four di�erent airfoils were required. First at the root of the wing
which is deflected at 25¶ , second at the 51.1% of the span which is also deflected downwards by 25¶.
The third and fourth airfoil are straight airfoils for the outboard wing but a transition surface of 0.5m
lies between the second and third airfoil. This transition surface gradually bridges the gap between the
deflected and the straight surface of the wing. This can be seen in Figure 3.13b where this phenomenon
is illustrated.

(a) NASA’s morphing wing (b) Modelled MQ-9 morphing wing

Figure 3.13: Gap bridging between the deflecting trailing edges and the outboard wing for NASA morphing wing
concept and the modelled MQ-9 morphing wing

4URL:https://www.flxsys.com/flexfoil/ [Cited 24-Apr-2018]
5URL:http://www.wpafb.af.mil/News/Article-Display/Article/818757/flight-tests-conclude-for-shape-changin
g-aircraft-flap/ [Cited 24-Apr-2018]

https://www.flxsys.com/flexfoil/
http://www.wpafb.af.mil/News/Article-Display/Article/818757/flight-tests-conclude-for-shape-changing-aircraft-flap/
http://www.wpafb.af.mil/News/Article-Display/Article/818757/flight-tests-conclude-for-shape-changing-aircraft-flap/
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Between the second and third airfoil, airfoil points of first 80% of the chord are connected as usual,
whereas the airfoil points of last 20% connects in a slope which merges both airfoils (It is necessary
to have same number of airfoil points for each airfoil to obtain this in CATIA). In figure 3.14, the
semi-span of the morphed wing during design in CATIA can be seen. The deflected and straight airfoil
are both highlighted in the figure. The black line indicates the starting point of the deflection point.

Figure 3.14: Modelling of the MQ-9 morphing wing in CATIA with transition surface airfoils highlighted

A line drawing of the final designed morphing wing can be seen in Figure 3.15.

Figure 3.15: Line drawing of the morphing wing

In the figure, it can be seen that the morphed wing is one single surface without presence of any gaps
or joints. This is expected to have lower noise generation and lower scattering in the radar.

Render
A render of the morphed wing was generated after its modelling was finished. It can be seen in Figure
3.16. This render was generated for trailing edge deflection of 25% and the transition surface can also
be noticed in the figure.
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Figure 3.16: Render of the morphed wing with a trailing edge deflection of 25¶



�. Aero-Acoustic Noise Analysis &

Evaluation

In this chapter, Aero-Acoustic noise analysis on the morphed and conventional wings are discussed.
These analyses include the experimental work as well as the analytical work. Experiments are per-
formed on the 3D printed scaled wing designs of the MQ-9 Reaper at the landing configuration with
25¶ trailing edge flap and morphing wing deflections. As mentioned before, due to time limitations, 0¶

trailing edge flap and morphing wing deflections are not analysed.

This chapter starts with describing some of the important metrics that are used in acoustics followed by
the experimental work performed in order to determine the noise merits. This includes the scaling and
3D printing of the MQ-9 Reaper’s wings followed by the test setup which also includes calibration of the
microphones along with the description of the facility. This is followed by the experimental results and
their analyses. To be able to locate the noise sources on the wings, beamforming on the microphone
array data is done. This includes the mathematical approach of the Conventional Beamforming and
the Point Spread Function and its minimization followed by the beamform maps of the experimental
data. Noise prediction using Werner Dobrzynski’s approximation method together with Karl-Stephane
Rossignol’s flap side-edge noise model is used to approximate the noise generation because of the wings.
This is discussed in the last section of the Chapter together with its comparison to the experimental data.

An illustration of all the noise radiating components of an aircraft can be found in Figure 4.11.

Figure 4.1: Noise-radiating components on an aircraft

4.1 Acoustic Metrics
There are several metrics used in the aerospace industry to evaluate aircraft noise. Two main metrics
that will be repeatedly used in this report and the thesis report are Sound Pressure Level(loudness
based) metrics and Perceived Noise Level (annoyance based). These metrics are further divided into
sub-categories which are discussed in the following subsections.

4.1.1 A-weighted Sound Pressure Level (dBA)
A-weighted Sound Pressure Level have been used in assessment of noise not only in aviation industry
but also for road, rail etc. It is sometimes also referred to as dBA metric. As the humans perceive
high frequencies as louder compared to lower frequencies, this A-weighting was developed in order to

1URL:http://blog.nus.edu.sg/a0108344/2016/10 [Cited 07-April-2018]
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approximate the hearing system of humans. Reduction through weights is applied in this metric system
for frequencies lower than 500 Hz during noise assessment to make sure that the higher frequencies are
weighted higher.

4.1.2 C-weighted Sound Pressure Level (dBC)
C-weighted Sound Pressure Level often referred to as dBC metric is used around airports for noise
assessment [29]. This metric system does not apply a penalty to low frequency noise compared to the
A-weighted Sound Pressure Level but it does penalize the high frequency noise (> 4000Hz) [41]. As
this metric system does not penalize low frequency noise, it corresponds better to the annoyance from
aircraft low frequency components such as jet noise. It can also very well estimate the threshold of
aircraft induced house vibrations.

4.1.3 Sound Exposure Level (SEL)
Sound Exposure Level (SEL) is another metric that is used to describe the noise impact due to the
single aircraft movements. It computes impact of the noise in dBA for a single aircraft movement over
the period of time at which the noise impact is in 10dBA of the maximum value.

An equation with normalized time to one second to compute the Sound Exposure Level in dBA can be
found in Equation (4.1).

LAE = 10log10 · [ 1
T1

⁄ t2

t1
10

LA(t)
10 dt] (4.1)

4.1.4 Perceived Noise Level (PNL)
These metrics were developed in early 1960’s by Federal Aviation Authority (FAA) to describe the an-
noyance experienced by the people residing near the airports [4]. The primary reason of developing this
metric system was to use it as a means of certifying noise characteristics of an aircraft [46]. Perceived
Noise Level loudness scale was developed using the psycho-acoustic tests based on the aircraft sounds
carried out in a test environment. This scale was given the unit of noy which is similar to the unit of
sone for linear loudness.

Overall noy can be calculated by using the Equation (4.2) where nmax is the maximum noy value within
the spectrum, ni is the value to noy for ith band and m is the total number of one-third octave bands
where 0.15 in the equation is the multiplication factor for the bands.

N = nmax +0.15
mÿ

i=1
(ni)≠nmax (4.2)

Overall Perceived Noise Level can then be determined using the Equation (4.3) where 40 is the chosen
reference value of Sound Pressure Level to get equal noisiness in the one-third octave band frequency
centered at 1000Hz.

PNL = 40+ 10log10N

10log102 (4.3)

4.1.5 E�ective Perceived Noise Level (EPNL)
E�ective Perceived Noise Level is another metric used to describe the annoyance experienced due to
the e�ect of aircraft noise duration. Duration correction to then already existing Perceived Noise Level
(PNL) was added to develop this metric to describe annoyance experienced by people [31]. In Figure
4.2, integration of this metric for duration correction is shown.
The correction for duration which needs to be applied to Perceived Noise Level can be found in Equation
(4.4). In the equation, k refers to the time-step index (typical value of 0.5 for aircraft certification) and
d refers to the time interval.
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Figure 4.2: Duration correction for Perceived Noise Level [44]

D = 10log10 [
2dÿ

k=0
10P NL(k)/10]≠PNL≠13 (4.4)

With Equation (4.4), duration correction factor can be computed and can be used to calculate the
E�ective Perceived Noise Level (EPNL). This relation for E�ective Perceived Noise Level can be found
in Figure 4.5.

EPNL = PNL+D (4.5)

4.2 Experimental Aero-Acoustic Noise Analysis
In this section, the experimental setup, preparations to perform experiments and the experimental
results are discussed.

4.2.1 3D Printing of the wing models
To be able to perform experiments in the anechoic windtunnel channel, scaled wing models are 3D
printed. Wing models were developed using DS CATIA as discussed in Section 3.3 and the model stl.
format files are exported to a 3D printing software where some processing to the models is done before
printing. In total two wing models are generated, one with a flap setting of 25¶ and the other morphing
wing accordingly to observe the potential noise merits between these two.

3D printing material selection and interface connection
At first, ABS plastic was favoured over PLA plastic due to its higher strength. As the wing was to be
printed in two separate parts and joined together, another reason for the ABS material preference was
based on its capability of the welding of layers. Due to this welding of the layers, the joint is relatively
very strong compared to gluing but the use of ABS for printing led to several problems.

At first, the layer thickness used was 0.06mm which would lead to the printing time of one part of the
wing to 13 days which was not feasible with the time frame available. Therefore, a concession had to
be made with the layer height used. This resulted in the parts to be printed with the layer height of
0.2mm. The quality of the surface was not as bad compared to the 0.06mm but another issue with the
printing occurred due to over-sensitivity of ABS material to temperature. This led to an unacceptable
and unfixable amount of layer delamination due to thermal stresses as can be seen in Figure 4.3. The
ABS plastic is too temperature sensitive for printing of the wing surface as the leading edge and trailing
edge form a stress concentration over a long thin length.
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Figure 4.3: 3D printed morphing wing using ABS plastic with layer delaminations highlighted

In the figure above, the rectangular shaped hollow surface at the bottom of the wing is for mounting
the wing in the test section. It is a metal core with 51cm in length, which is used to increase or decrease
the wing angle of attack when an input is given. This interface can be seen in Figure 4.4

Figure 4.4: Interface rod to mount the wing in the test section

The initial choice for ABS was based on the welding of layers to keep very high overall strength of the
structure with a very strong joint due to the requirement of testing at high velocities, but the option
of strength provided by metal core for the model was not taken into account. As the wing will receive
adequate support from the metal core, it was agreed to use PLA for 3D printing and glue bond for
joining wing parts.

Scaling and geometrical adjustments to the wings
Due to the requirement of the windtunnel test section both models are required to be 51cm in span
to make sure it fits both horizontal side-plates. If a gap is left between the wing and the horizontal
side-plates, production of noise at the edges can occur, which must be avoided as it is an additional
source in addition to the noise of the wing itself.

Only parts with high-lift devices/surfaces are printed meaning that the outboard wings from both wing
models are removed. Dihedral have also been removed from the wings so that there is no additional
Z-component increase along the span. A straight metal rod needs to be inserted for the interface in the
models so dihedral had to be removed from the wing. The taper ratio for the wings still exists in the
prototypes, therefore the longest chord length is at the root of the wing.

Both models are scaled down by a factor 10.21 in X and Z direction. With this scaling factor the morph-
ing wing (bigger of the two) is 20cm in X-direction (chord-wise) at the wing root. Motivation of fixing the
maximum chord length is due to the printing size limitations of the printer (350mmx200mmx200mm).
The other wing is smaller than the morphing wing but the scaling factors are kept same in order to
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observe the potential noise merits (in CATIA and 3D printing software scaling factors become as (1/s-
caling factor) otherwise it will increase in size). Longer the chord length, higher is the noise generated
at the trailing edge.

To meet the windtunnel requirements of spanwise model length of 51cm, morphing wing needs to be
scaled down by factor of 10.94 i.e. in Y-direction and for the conventional wing it is scaled down by
a factor of 9.505 in Y-direction. As 51cm can not be printed by the printer in one go due to the
limitation in maximum printable size of the printer, therefore, the models are cut in half before printing
in Y-direction. Two parts are printed for each wing and then glued together.

Printing of the wings
3D printing of the wings is carried out at the in-house 3D printing facility of NLR with Ultimaker 3
Extended2. Maximum printable size by the printer is 350mmx200mmx200mm. In Figure 4.5, both
conventional and the morphing wings being printed in the 3D printer can be found. Due to the use of
a 3.5mm layer thickness, surface roughness over all whole of the printed objects exists. This surface
roughness is due to the curvilinear characteristic of the wing profile. From the figure, existence of areas
where the surface unevenness is more prominent can be seen. It usually happens towards the trailing
edges where non-horizontal layers from the printer exists.

(a) Conventional (b) Morphed

Figure 4.5: Morphed and conventional wings being 3D printed with Ultimaker 3 Extended

After 3D printing of the parts with PLA, these parts are then joined together using a strong glue bond.
In Figure 4.6, glue bond of the morphing wing to join two separate parts can be seen. This was done
for both the conventional and the morphing wings. The highlighted area in the figure shows the surface
where both parts were glued together. Due to this glue bond, rough surface patches are present, later
requiring sanding.

2URL:https://ultimaker.com/en/products/ultimaker-3 [Cited 27-April-2018]

https://ultimaker.com/en/products/ultimaker-3
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Figure 4.6: Morphed wing glued after 3D printing with glued surface highlighted

From the printing technique used, the surface roughness on the wing prototypes needs to be the
smoothed out. Also, the uneven surface due to the glue bond needs to be sanded to make it smooth.
Three di�erent kinds of sandpapers depending on the surface roughness/unevenness were used in ob-
taining a smooth surface over the wings. Figure 4.7 contains the bottom side of the finished and final
wing models ready for the experiments.

Figure 4.7: Both conventional and morphed wing models ready for testing

4.2.2 Experimental setup
Noise experiments are performed in an anechoic chamber. The main reason of performing noise/acoustic
experiments in an anechoic chamber is to avoid any sound reflections. Due to this anechoic chamber,
microphones record direct noise/sound such that there are no reverberant sounds.
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Experiments are carried out at NLR’s anechoic chamber with dimensions 5x5x3m3. The room is covered
with the foam wedges as mentioned earlier to absorb the noise in order to avoid sound reflections. Foam
wedges of the NLR anechoic facility can be seen in Figure 4.8.

Figure 4.8: Anechoic chamber in the windtunnel is equipped with noise absorbing foam wedges

These foam wedges absorbs > 99% of the noise that is above 500Hz. Low frequency noise, less than
500Hz is mainly due to the background noise, which is not of particular interest for the experiments.

The test section as seen in Figure 4.9 constitutes of two end plates, one on the upper side of the test
model and one on the bottom with dimensions of 0.9x0.7m2 which extends up to the the windtunnel
nozzle which is 0.38x0.51m2.

Figure 4.9: Wing profile mounted between two horizontal side-plates
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These horizontal end plates result in 2D wing analysis rather than 3D. 3D e�ects are eliminated by the
end-plates. To make sure these end-plates do not reflect noise or result in extra noise generation, these
end-plates are acoustically lined with noise absorbing foam. This 5.5 cm layer of foam to absorb sound
is covered by 5% open perforated plate.

Microphones in the anechoic channel are placed in an array consisting of 48 microphones. Layout of the
microphone positioning is shown in Figure 4.10 along with their numbering. Microphone 1 is located in
front of the center of the test section. Microphones in the array record the Sound Pressure Level at a
certain distance away from the source and at a certain radial position. Positioning of the microphones
in the array is already optimized such that the occurring side lobes are suppressed to the maximum
over a range of frequencies.

-0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4 0.5 0.6

x-position (m)

-0.3

-0.2

-0.1

0

0.1

0.2

0.3

0.4

z-
p
o
si

tio
n
 (

m
)

12

3 4

56

7

8

9 10

11

12

13

1415

16

17

18

19 20

21

22

23

24

25

2627

28

29

30

31

32

33

34 35

36

37

38

39

40

41

42

4344

45

46

47

48

Figure 4.10: Layout of the microphone array

Each microphone in the ring array was developed by Bruer & Kjær[20], their sampling time, sampling
frequency and the number of samples for each microphone can be found in Table 4.1.

Table 4.1: Important parameters of the microphones used in experiments

Parameter Value Units
Number of samples per microphone 1536000 [-]
Sample frequency 51200 [Hz]
Sample time 30000 [ms]

Morphing wing mounted between two horizontal end-plates in the test section with a microphone array
in the background can be found in Figure 4.11.
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Figure 4.11: View of the wing(morphed) fitted between side-plates and in front of the microphone array

Calibration of microphones
Microphones need to be calibrated to analyse their sensitivity and be able to make measurements.
There exists some background noise originating from the external sources, which leads to an inaccurate
calibration. In order to prevent this, the frequency domain of the microphone pressure was Fourier
transformed. By doing so the pressure fluctuations that belong to the calibration device can be sepa-
rated from other external sources present at di�erent frequencies.

A python script was developed for the calibration of microphones using piston-phones. A set of input
parameters are filled in the python script, which in return gives the output. The main output consist
of a file containing all the resulting calibration factors for all 48 microphones. During calibration of the
microphones, if a same microphone have been calibrated more than once all the resulting calibration
factors are then analysed from the calibration output files. A calibration table in a correct format is
created manually after inputting the right calibration factor for each microphone.

Results
This section of the report deals with the results of microphone calibrations. Calibration of the micro-
phones was performed a day before the experiments. Broken microphones can be identified by huge
variations in the calibration factors. Some microphones were calibrated multiple times to avoid any
discrepancies in the measurements.

To check for the directivity, no corrections were required to apply as the e�ect of directivity is same in
all directions and contributes to less than 2dB with angles ranging to 45¶ with maximum frequency of
15kHz.

No discrepancies were found in the frequency-dependent sensitivities of the microphones. In Figure 4.12,
final calibration factors can be found where it can be seen that all of the calibrated values for microphones
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lies close to each other. Therefore, no faulty microphone was detected during the calibration.
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Figure 4.12: Calibration factors for all 48 microphones

Operational settings
In this part of the chapter all the operational settings for the experiments are discussed. For each of the
wings it was decided to test angles of attack of 0¶, 2¶, 4¶, 6¶, 8¶, 10¶ and 12¶ for each of the 35, 50 and
70 m/s cases. For the conventional wing the highest speed of 70m/s was not possible, reasons of which
will be discussed later. Background and windtunnel noise at 35, 50 and 70 m/s were also measured in
an empty test section to visualise the di�erences in the Sound Pressure Level spectra with the presence
of wing models.

For each geometrical and operational setting, 30 seconds were required to obtain the microphone data
and about another 10 to 15 secs for saving it.

Data acquisition
The data acquisition system records data in the form of binary files from microphones for di�erent
operational and geometrical settings. This data is then saved and later used for post processing and
analysis. Acoustic data for each configuration was saved using NLR’s VIPER data acquisition system.
As mentioned in Table 4.1, each configuration measurement time was 30s with a sampling frequency of
51200Hz which leads to 1536000 samples for each microphone.

For frequencies less than 500Hz, mainly the background noise and irrelevant noise sources are present,
therefore a 500Hz high-pass filter was applied. On the other side, a 25.6kHz low-pass filter was applied
as the frequencies above that level are not hearable for a human ear. Both of these filters were applied
to the signal of each microphone before the AD converter.

Experiments
Experiments were carried out at the NLR’s AV-LAB. At first the morphed wing was tested in the
windtunnel for 35, 50 and 70 m/s and for each speed seven di�erent angles of attack were tested. These
angles of attack range from 0¶ to 12¶ in steps of two. The highest angle of attack was limited to 12¶

to avoid any damage to the wing structure, as higher angles of attack increase the load on the wing
surface. A 3D printed wing prototype was never tested at the AV-LAB before so to be sure to avoid
any structural damage to the wing it was limited to 12¶.

Due to the open-jet or semi open-jet nature of the windtunnel, the actual angle of attack at the wing
is slightly lower than the input provided. As no real way to obtain the corrected angle of attack for the
windtunnel was known, the input angle of attack is assumed to be the flow angle of attack at the wing.
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Morphing wing was successfully tested for the 35, 50 and 70m/s but the conventional wing was only
tested for 35 and 50m/s. At 70 m/s the flap of conventional wing started to deform slightly. With this
deformation, the comparison with the conventional and the morphed wing would not have been valid.
This deformation was observed at 0¶ angle of attack. With the increase in angle of attack, probability
of the failure of the structure would have increased. Therefore, it was decided to not proceed with the
70m/s testing of the conventional wing.

An overview of the testing facility before the start of the experiments can be seen in Figure 4.13.

Figure 4.13: Overview of the noise facility before an experiment

Final Test Matrix
A final test matrix, after completing all the experiments is assembled in Table 4.2. Table consists of six
columns with first for the event/filename saved as by the data acquisition system. The events column
starts from measurement 5 as the first four measurements were done with the speaker as shown in Table
4.3. In total 50 measurements were done as seen in the first column of the table. In the second column
the wing type tested in the test section is mentioned. It is either a conventional wing, morphed wing or
an empty test section for recording the background and windtunnel noise. In the third column, wind
speed is mentioned which is either 35, 50 or 70m/s. The fourth column is the angle of attack at which
the wings are placed with respect to the incoming flow. Angles of attack range from 0¶ to 12¶ in steps
of two for a certain geometrical or operational setting. Mach numbers and the speed of sound are shown
in fifth and sixth column. The speed of sound is based on the temperature in the test section and the
mach number is a function of the wind speed and the speed of sound.

Rows that are highlighted with a red colour indicate either a repeated measurement or a wrong mea-
surement. Rows highlighted in red colour were not analysed during the data analyses from experiments.
Rows with similar operational settings have been highlighted with a similar colour both for the morphed
and the conventional wing. As discussed earlier 70m/s experiments were only possible for the morphing
wing, therefore, no datasets in the table can be found for conventional wing at 70m/s.
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Table 4.2: Final test matrix

Event Wing type Speed[m/s] Angle of attack[
¶
] Mach[-] Speed of sound[m/s]

DPN5 Morphed Wing 35 4 0.102 341.74
DPN6 Morphed Wing 35 6 0.102 341.86
DPN7 Morphed Wing 35 8 0.102 341.93
DPN8 Morphed Wing 35 10 0.102 341.97
DPN9 Morphed Wing 35 6 0.102 342.01
DPN10 Morphed Wing 35 12 0.102 342.07
DPN11 Morphed Wing 35 0 0.102 341.5
DPN12 Morphed Wing 35 6 0.102 341.95
DPN13 Morphed Wing 20 2 0.059 341.19
DPN14 Morphed Wing 35 2 0.102 341.55
DPN15 Morphed Wing 50 0 0.145 344.9
DPN16 Morphed Wing 50 2 0.145 345.36
DPN17 Morphed Wing 50 4 0.145 345.55
DPN18 Morphed Wing 50 6 0.145 345.64
DPN19 Morphed Wing 50 8 0.145 345.7
DPN20 Morphed Wing 50 10 0.145 345.75
DPN21 Morphed Wing 50 6 0.145 345.81
DPN22 Morphed Wing 50 12 0.145 345.83
DPN23 Morphed Wing 70 0 0.2 351.13
DPN24 Morphed Wing 70 2 0.2 351.67
DPN25 Morphed Wing 70 4 0.2 351.15
DPN26 Morphed Wing 70 6 0.2 351.76
DPN27 Morphed Wing 70 6 0.2 350.97
DPN28 Morphed Wing 70 8 0.2 351.75
DPN29 Morphed Wing 70 10 0.2 352.06
DPN30 Morphed Wing 70 6 0.2 352.36
DPN31 Morphed Wing 70 12 0.201 352.47
DPN32 Empty testsection 35 - 0.102 345.64
DPN33 Empty testsection 50 - 0.145 345.93
DPN34 Empty testsection 70 - 0.2 350.63
DPN35 Conventional Wing 35 0 0.102 342.36
DPN36 Conventional Wing 35 2 0.102 342.58
DPN37 Conventional Wing 35 4 0.102 342.68
DPN38 Conventional Wing 35 6 0.102 342.73
DPN39 Conventional Wing 35 8 0.103 342.78
DPN40 Conventional Wing 35 10 0.103 342.81
DPN41 Conventional Wing 35 6 0.102 342.85
DPN42 Conventional Wing 35 12 0.103 342.91
DPN43 Conventional Wing 50 0 0.146 345.7
DPN44 Conventional Wing 50 2 0.146 345.94
DPN45 Conventional Wing 50 4 0.145 346.08
DPN46 Conventional Wing 50 6 0.145 346.13
DPN47 Conventional Wing 50 8 0.145 346.18
DPN48 Conventional Wing 50 10 0.145 346.23
DPN49 Conventional Wing 50 6 0.145 346.25
DPN50 Conventional Wing 50 12 0.146 346.3

4.2.3 Results from the experiments
Results from the experiments are discussed in this part of the report. Results have been divided into four
di�erent parts. In the first part speakers in the test section at di�erent locations and di�erent frequencies
are analysed to ensure the correct working of the microphones and the data acquisition system. In the
second part, background and the windtunnel noise for three di�erent speeds are measured. The third
part contains the comparison spectra between the morphed and the conventional wing for two di�erent
microphone locations. In the last part of results, Overall Sound Pressure Levels and Overall A-weighted
Sound Pressure Levels are calculated for all cases and a comparison is made between the two types of
wings.
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Speakers
Before the experiments were performed, speakers with two di�erent frequencies at two di�erent locations
in the test section were analysed to make sure the microphones and the data acquisition system are
working as expected. Table 4.3 contains all four cases analysed with speakers with their positioning
and the frequencies. DPN values are the events/file-names used by the VIPER data acquisition system
to record data. Speaker position (0,0,0) refers to the center of the test section. All other changes in the
speaker positions are in metres.

Table 4.3: Test matrix for speaker analysis

Event Test object Speaker position Frequency
DPN1 Speaker pos 0 0 0 1000Hz
DPN2 Speaker pos 0 0 0 5000Hz
DPN3 Speaker pos 0.3 -0.21 0 1000Hz
DPN4 Speaker pos 0.3 -0.22 0 5000Hz

Four di�erent cases with the speakers were analysed. Figure 4.14 contains all the processed Sound
Pressure Level spectra. Sound Pressure Levels lies on the Y-axis of the plots whereas frequency on
X-axis.
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Figure 4.14: Sound Pressure Level spectra for the speaker with two di�erent frequencies and speaker positions

All the measurements analysed here are from microphone 1. Location of the microphones is shown in
Figure 4.10. For the first event DPN1, the speaker is positioned at the center of the test section at
(0,0,0). Top two plots in Figure 4.14 corresponds to the datasets DPN1 and DPN2 where the speaker
frequencies are set at 1kHz and 5kHz with speaker location at (0,0,0). In the subplot for 1kHz at (0,0,0)
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it can be seen there is a peak at the 1000Hz frequency and for the 5KHz at (0,0,0) peak shifts to the
5000Hz mark. Other smaller peaks in the subplots belong to the background noise in the windtunnel.
The windtunnel itself is not in use during the speaker analysis therefore no contribution to the Sound
Pressure Levels from the windtunnel noise is present. For 5kHz it can be seen that the peak is much
sharper than the 1kHz. At low frequencies(below 1000Hz) background noise is higher than at 5kHz
therefore due to the di�erence in the Sound Pressure Levels for the background noise this di�erence in
the peak shape exists.

In the bottom two subplots, the location of the speaker has been changed for both the 1kHz and 5kHz
frequencies. This means that the speaker is no more in line with the microphone 1, which is in line
with the center of the test section. This will result in the Sound Pressure Level to be recorded by the
microphone to be slightly lower than the above two subplots where the the speaker position is (0,0,0).
From the figure, it can be verified that the Sound Pressure Level is slightly lower than the previous case.

These analyses from the speakers completely satisfy the expectations and ensured that the microphones
and the data acquisition are working well with the expectations. After these analysis, actual experiments
can be carried out.

Windtunnel & background noise
Before the experiments on the wing prototypes are performed, it is necessary to determine the back-
ground and the windtunnel noise to see how much noise in addition to the background and windtunnel
noise the wing prototypes add. The windtunnel and the background noise was measured without any
object in the test section and at three di�erent velocities. These three velocities are the one at which
the wings are going to be tested. Background and windtunnel noise were measured at 35, 50 and 70
m/s. Figure 4.15 contains the recorded sound pressure levels for these three velocities.
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Figure 4.15: Windtunnel and background noise for 35,50 and 70m/s

The windtunnel generates broadband noise over a range of frequencies. In the figure it can be seen that
as the velocity is increased, an increase in the Sound Pressure Levels can be observed over almost the
whole range of frequencies. Windtunnel noise increases with the increase in velocity but the background
noise remains constant.

SPL spectra
Data from the microphones is processed to generate the Sound Pressure Level spectra. Comparing these
Sound Pressure Level spectra for a range of frequencies between di�erent datasets allows to visualise
the di�erences in the noise generation at a certain frequency. Data from two di�erent microphones from
the array is used to draw these di�erences. The microphone 1 is located right in front of the center
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of the test section and microphone 39 is located in line with microphone 1 but at a certain distance
behind the trailing edge of the wing in the test section. The Sound Pressure Levels for the conventional
wing are plotted against the Sound Pressure Levels of morphing wing together with the background and
windtunnel noise. Plotting against the background and windtunnel noise allows to see the di�erences
in the noise generation by each of the wing as compared to the external sources.

Sound Pressure Level spectra from the angles of attack of 8¶, 10¶ and 12¶ for two di�erent speeds and
two di�erent microphone locations are shown as following in Figures 4.16, 4.17 and 4.18 respectively.
These are discussed afterwards as well. Sound Pressure Level spectra for the other lower angles of
attack can be found in the Appendix D.1.
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Figure 4.16: SPL spectra for morphed and conventional wing along background noise with angle of attack of 8¶ for two
di�erent speeds and microphones



4.2. Experimental Aero-Acoustic Noise Analysis 39

AOA= 10¶

103 104

Frequency (Hz)

20

30

40

50

60

70

80

S
P

L
 (

d
B

)

Microphone 1, AoA = 10 ° and v = 35m/s

Morphed wing

Conv. wing

BG & WT

103 104

Frequency (Hz)

20

30

40

50

60

70

80

S
P

L
 (

d
B

)

Microphone 1, AoA = 10 ° and v = 50m/s

Morphed wing

Conv. wing

BG & WT

103 104

Frequency (Hz)

20

30

40

50

60

70

80

S
P

L
 (

d
B

)

Microphone 39, AoA = 10 ° and v = 35m/s

Morphed wing

Conv. wing

BG & WT

103 104

Frequency (Hz)

20

30

40

50

60

70

80

S
P

L
 (

d
B

)

Microphone 39, AoA = 10 ° and v = 50m/s

Morphed wing

Conv. wing

BG & WT

Figure 4.17: SPL spectra for morphed and conventional wing along background noise with angle of attack of 10¶ for two
di�erent speeds and microphones
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Figure 4.18: SPL spectra for morphed and conventional wing along background noise with angle of attack of 12¶ for two
di�erent speeds and microphones

Discussion of results
From the figures, it can be noticed that after the frequency of 1100Hz, the conventional wing generates
higher noise peaks compared to the morphing wing. Between 1100 Hz and 1300Hz the di�erence in
the noise peaks is higher for the 35m/s plots whereas for the 50m/s these peaks dampen out but the
di�erence is still present. Only the peaks where the di�erence is higher than 3dB can be considered to
provide the noise merits because of doubling of the sound pressure. The background and the windtunnel
noise in all the cases is lower than the noise generated by the wings in the test section. It can be also
noticed that at microphone 1, the noise peaks are relatively higher than that of microphone 39 which
is at some distance behind the trailing edge. Loss of energy or dispersion of energy by travelling sound
waves and the di�erence in the angle at which the microphone is located with respect to the trailing
edge causes this variation in the Sound Pressure Levels.

Spectra for the wings for most of the frequency range are higher than the background noise by 3dB.
At low frequencies(<500) windtunnel and the background noise is more dominant than the noise gen-
erated by the wings. Between 500Hz and 1000Hz it can be noticed that the morphing wing noise is
higher or equal to the conventional wing, which is due to the noise generation due to very tiny gap left
between the horizontal plates and the morphing wing. This gap generates extra amount of noise for
the morphing wing at low frequencies.

Sources of these peaks are later visualised and discussed in the beamforming data for the wings.
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In order to quantify the di�erences in the noise generation by the morphing and conventional wings,
Overall Sound Pressure Levels from microphone 1 have been calculated for the wings. Overall Sound
Pressure Level is the equivalent Sound Pressure Level obtained by integrating over all of the frequencies.
Energy of the sound wave at each frequency is added up to construct the wave and Overall Sound
Pressure Level is the level of that wave. This provides a direct measure of the di�erences occurred in
the noise generation of the wings. Table 4.4 contains all the Overall Sound Pressure Levels of the wings
and also the di�erences in the Overall Sound Pressure Levels of both wings.

Table 4.4: Overall Sound Pressure Level comparison between both wings

Operational settings OSPLconv.[dB] OSPLmorph.[dB] OSPLconv.≠morph.[dB]
V=35m/s & AOA= 0¶ 76.51 76.09 66.2
V=35m/s & AOA= 2¶ 76.55 76.08 66.7
V=35m/s & AOA= 4¶ 76.84 76.07 68.9
V=35m/s & AOA= 6¶ 76.47 75.76 68.3
V=35m/s & AOA= 8¶ 77.67 74.77 74.5
V=35m/s & AOA= 10¶ 78.90 74.72 76.8
V=35m/s & AOA= 12¶ 78.54 74.77 76.2
V=50m/s & AOA= 0¶ 88.15 86.14 83.8
V=50m/s & AOA= 2¶ 88.22 85.88 84.4
V=50m/s & AOA= 4¶ 88.05 85.61 84.4
V=50m/s & AOA= 6¶ 87.64 84.26 85.0
V=50m/s & AOA= 8¶ 86.41 83.18 83.6
V=50m/s & AOA= 10¶ 85.89 83.19 82.5
V=50m/s & AOA= 12¶ 85.77 83.11 82.4

From the Overall Sound Pressure Level table, it can be seen that the morphing wings are generating
lower overall Sound Pressure Level than the conventional wings for all operational settings and config-
urations. The percentage reduction in the Overall Sound Pressure Level by replacing the conventional
flaps with morphing surfaces can be obtained by converting decibels to sound pressures and then com-
puting the percentage di�erences.

For 35m/s data, it is noticed that the percentage di�erence in the Overall Sound Pressure Levels in-
creases with the increase in the angle of attack. Minimum di�erence between the morphing and the
conventional wing was observed at the angle of attack of 0¶ where the di�erence was just 4.7%. On
the other hand, maximum di�erence in the Overall Sound Pressure Levels was observed at the angle
of attack of 12¶ where the di�erence was around 38%. For the 50m/s data, minimum di�erence in
the Overall Sound Pressure Level has increased incredibly but the maximum has reduced. Minimum
di�erence of 20.66% was observed at the lowest angle of attack and the maximum di�erence was ob-
tained at the angle of attack of 6¶ where the di�erence in the noise generation by the morphing and
the conventional wing in terms of Overall Sound Pressure Level is about 32%.

A-weighting was developed in order to approximate the hearing system of humans. Reduction is applied
in this metric system for frequencies lower than 500 Hz during noise assessment to make sure that the
higher frequencies are weighted higher. Table 4.5 contains the A-weighted Overall Sound Pressure Levels
between the conventional and morphing wings and from the table it can be noticed that after applying
A-weighting to the data, noise generation by the conventional wing is higher than the morphing wing
for all operational and configuration settings.
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Table 4.5: Overall A-weighted Sound Pressure Level comparison between both wings

Operational settings OASPLconv.[dB] OASPLmorph.[dB] OASPLconv.≠morph.[dB]
V=35m/s & AOA= 0¶ 75.31 74.81 65.7
V=35m/s & AOA= 2¶ 75.37 74.81 66.2
V=35m/s & AOA= 4¶ 75.86 74.77 69.3
V=35m/s & AOA= 6¶ 75.26 74.40 67.8
V=35m/s & AOA= 8¶ 77.27 73.27 75.1
V=35m/s & AOA= 10¶ 78.90 73.23 77.5
V=35m/s & AOA= 12¶ 78.44 73.28 76.9
V=50m/s & AOA= 0¶ 85.28 85.01 73.1
V=50m/s & AOA= 2¶ 85.37 85.04 74.0
V=50m/s & AOA= 4¶ 85.41 84.76 76.8
V=50m/s & AOA= 6¶ 85.47 83.20 81.6
V=50m/s & AOA= 8¶ 84.64 81.93 81.3
V=50m/s & AOA= 10¶ 84.44 81.93 80.9
V=50m/s & AOA= 12¶ 84.61 81.80 81.4

Conventional beamforming & Point Spread Function(PSF)
Usage of microphone arrays in determining the acoustic sources and their strengths has become common
not only in Aerospace but in other sectors as well. Performance of this conventional beamforming is
hugely dependent on the size, design and layout of the microphone arrays. Conventional beamforming
results are convolved with another acoustics phenomenon known as Point Spread Function. In order
to further improve the beamforming results, inverse/deconvulation methods needs to be incorporated
with the conventional beamforming. In doing so, a clear and an accurate representation of the sources
along with their strengths can be obtained.

To investigate and locate the noise sources in the conventional and morphed wing experiments, beam-
forming with the help of the microphone array is done followed by the additional algorithms to further
improve the results. In this part of the chapter, mathematical background of conventional beamforming
is explained followed by the Point Spread Function and the deconvulation method to minimize its e�ect.

Conventional Beamforming
Conventional beamforming method developed by Prof. Pieter Sijtsma of the TU Delft is followed [42].
The number of microphones is indicted with an index N and the vector p contains all the pressure
values for each microphone. All these pressure values are frequency dependent and are contained in
matrix 4.6.

p = [

p1(f)
.
.
.

pN (f)

] (4.6)

A cross-spectral matrix can then be defined using this pressure matrix which can be found in Equation
4.7. This equation contains the frequency dependent pressure values and its complex conjugate trans-
pose.

C = 1
2 ÈppúÍ (4.7)

Another well known function in acoustics is the Green’s function which helps in defining a steering
vector. Microphone is located at a particular distance from the noise source and the Green’s function
defines the propagation of the sound source(unit monopole) towards the microphone. This propagation
of the monopole sound source is defined with Green’s function.
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Complex amplitudes a belonging to the source is then obtained using the minimization of a function J .
It is shown in Equation 4.8.

J = Îp≠agÎ2 (4.8)

This minimization of function J leads to the following result shown in Equation 4.9 where a as mentioned
before are the complex amplitudes belonging to the source.

a = gúp
ÎgÎ2 (4.9)

A weight vector depending on the steering vectors is defined in Equation 4.10 which is used later to
define the auto-power(A) of the source.

w = g
ÎgÎ2 (4.10)

Auto-power of the source can be defined using Equation 4.11 using the weight vector defined in Equation
4.10.

A = 1
2 |a|2 = 1

2aaú = wúCw (4.11)

Point Spread Function and its minimization
The method to apply conventional beamforming and obtain beamform plots have been determined
above. However, the conventional beamforming approach needs more processing to remove the convolve-
ment of Point Spread Function in the beamforming contours. Figure 4.19 illustrates the phenomenon
of Point Spread Function. Side lobes as can be seen in the figure reduce the acoustic beamform image
resolution. These side-lobes needs to be suppressed to obtain clearer beamform maps.

Figure 4.19: Illustration of side lobes in PSF[5]

Beamforming results can be improved by optimization of the microphone array or by increasing the
microphone array aperture. After a certain increase in the microphone array aperture or the optimiza-
tion of the array, the beamform map resolution can not be enhanced further. These limitations in the
resolution improvement could be due to either the space limitations, loss in coherence or the limited
noise source directivity. Therefore, inverse/deconvulation methods/techniques need to be incorporated
to the conventional beamforming to enhance resolution of the beamform maps.

Due to the convolvement of Point Spread Function with Conventional Beamforming results, the beam-
forming technique requires extra processing to achieve clearer and accurate results. Therefore, a tech-
nique developed by Pieter Sjitsma again at TU Delft is incorporated with the conventional beamforming[49].
Several other deconvolution/inverse methods exist that remove the e�ect of PSF in the beamforming
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maps. Most prominent examples of these are the CLEAN[17] and DAMAS[10] but the method devel-
oped by Pieter Sjitsma is followed for the improvement of beamform maps for the experiments.

Theoretical background of Point Spread Function is explained at first and then a improved method
developed by Prof. Pieter Sijtsma to take into account for di�erent losses in the beamform maps reso-
lution is discussed, which will also be used for the beamforming maps for the experiments. As the noise
is measured with the help of an array, it is required to obtain the response of the array to the point
source. Subscripts j and k refer to the scan points.

At first only the basic derivation of Point spread function is shown followed by the technique to minimize
their e�ect. The Cross Spectral Matrix using the terms defined in the previous section can be computed
using Equation 4.12.

Cj = 1
2 ·gjg2

j (4.12)

This result can then be input into Equation 4.11 of conventional beamforming to obtain the following
powers of the source in Equation 4.13. This is known as the Point Spread Function which determines
response of the array to the point source.

Ajk = wú
k ·Cj ·wk (4.13)

There exists several di�erent methods to improve the beamforming results. CLEAN and DAMAS are
two leading methods to improve the beamforming results but Pieter Sijtsma argues that these theo-
retical methods do not necessarily always improve results as they are not able to provide means of
deconvolution.

Therefore, the empirical approach developed by Pieter Sijtsma is used for improving the beamforming
results. It is assumed that the main and the side lobes are coherent in nature. Cross-powers of the
source can be obtained from beamforming as in Equation 4.14.

Bkj = 1
2

+
akaú

j

,
= 1

2
gú

k
ÎgkÎ2 ÈppúÍ

gj
ÎgjÎ2 = wú

kCwj (4.14)

Another assumption that is made is the coherent sources in close range to each other and the mirror
sources as well are replaced with a single source which helps immensely in improving the beamforming
results.

This can be written as in Equation 4.15.

wú
kCwj = wú

kCjwj (4.15)

The above equation is satisfied when, Cwj = Cjwj but there exists no solution for this Cj .

To obtain a solution for Cj , Equation 4.16 is written where h refers to the steering vector which is
determined empirically constructed from the sound coherence. Matrix H comprises of the diagonal
elements of hh*.

Cj = Aj · (hhú ≠H) (4.16)

Now this Equation can be input into Cwj = Cjwj and the simplification leads to Equation 4.17.

h = –(
Cwj
Aj

+Hwj) (4.17)

– in Equation 4.17 is still unknown and needs to be solved. It is defined as in Equation 4.18.

– = 1
húwj

(4.18)
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To obtain the value of –, Equation 4.17 is multiplied by wú
j which results in the following equation.

wú
j h = 1

–ú = –(1+wú
j Hwj) (4.19)

Simplification of Equation 4.19 leads to Equation 4.20.

|–|2 = 1
(1+wú

j Hwj)
(4.20)

Taking square roots on both sides result in Equation 4.21 and the solution for – is determined.

– = 1
(1+wú

j Hwj)
1
2

(4.21)

Using Equation 4.21 and putting it back into Equation 4.17 yields the following equation. By using
an iterative approach with the initial value using h = gj, Equation 4.22 can be solved. Using Equation
4.13 and 4.18, point spread function for spatial coherence can be determined.

h = 1
(1+wú

j Hwj)
1
2

(
Cwj
Aj

+Hwj) (4.22)

Beamforming results
By using the conventional beamforming approach with point spread function minimization and apply-
ing it to the microphone data, the beamform maps to obtain and analyse the presence of noise sources
for di�erent frequencies can be generated from the microphone data. Similar configurations and opera-
tional settings analysed for the Sound Pressure Level spectra are beamformed in this part of the report.
Beamform maps for the other configurations can be found in Appendix D.2

Before the experiments were performed, speakers with two di�erent frequencies at two di�erent loca-
tions in the test section were analysed to make sure the microphones and the data acquisition system
are working as expected. To make sure the correct working of the algorithms developed, beamform
maps were generated for this speaker data before proceeding with the wings. Figure 4.20 contains the
beamform maps for the speaker with 1000Hz and 5000Hz with speaker position at (0,0,0). From the
plots for the speakers it can be seen there exists only two colour maps at 1000Hz and 5000Hz with other
frequency plots being empty. This ensures the correct working of the beamforming algorithms after
which these algorithms were applied to the microphone data of both conventional and the morphing
wing.
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(a) 1000Hz (b) 5000Hz

Figure 4.20: Beamform maps of speaker with two di�erent frequencies and speaker position at (0,0,0)

For 35 m/s speed and the angles of attack of 8¶, 10¶ and 12¶, beamform maps for the conventional and
morphed wings can be found in Figures 4.21, 4.23 and 4.25 respectively. For 50 m/s speed and the angles
of attack of 8¶, 10¶ and 12¶, these can be found in Figures 4.22, 4.24 and 4.26 respectively. Beamform
maps for other operational and configurational settings can be found in the Appendix. Beamform maps
for the morphed and conventional wings are placed against each other to observe the di�erences in the
local noise sources.

AOA= 8¶ and 35m/s

(a) Morphed wing (b) Conventional wing

Figure 4.21: Beamform maps for the conventional and the morphing wing with an 8¶ angle of attack and 35m/s
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AOA= 8¶ and 50m/s

(a) Morphed wing (b) Conventional wing

Figure 4.22: Beamform maps for the conventional and the morphing wing with an 8¶ angle of attack and 50m/s

AOA= 10¶ and 35m/s

(a) Morphed wing (b) Conventional wing

Figure 4.23: Beamform maps for the conventional and the morphing wing with a 10¶ angle of attack and 35m/s
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AOA= 10¶ and 50m/s

(a) Morphed wing (b) Conventional wing

Figure 4.24: Beamform maps for the conventional and the morphing wing with a 10¶ angle of attack and 50m/s

AOA= 12¶ and 35m/s

(a) Morphed wing (b) Conventional wing

Figure 4.25: Beamform maps for the conventional and the morphing wing with a 12¶ angle of attack and 35m/s
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AOA= 12¶ and 50m/s

(a) Morphed wing (b) Conventional wing

Figure 4.26: Beamform maps for the conventional and the morphing wing with a 12¶ angle of attack and 50m/s

Discussion of beamform maps
By using the conventional beamforming approach together with point spread function minimization
and applying it to the microphone data, the beamform maps are generated for the microphone data.
In the beamform maps, the wings are highlighted in the background for each frequency which helps in
locating the noise sources on the wing. 16 one-third octave band center frequencies starting from 630Hz
up to the hearing limit of 20kHz were analysed. For the 630 Hz and 800 Hz the low frequency noise is
higher for the morphing wing due to the larger size of the wing and the small imperfections.

At 1600 Hz the noise generation due to the geometrical imperfections and taping of wing root with the
interface is dominant. From 1600Hz onwards, the noise generation from the trailing edge deflection for
the morphing wing and flap for the conventional wing are the main noise sources. For the beamform
maps of conventional wing, wing-flap bracket at the center of the wing is generating additional noise
peaks at the frequency of 6300 and 8000 Hz.From 4000Hz to 8000Hz other noise sources due to the
geometrical imperfections are dampened out and the trailing edge noise from the wings is dominant.
Between 10kHz to 20kHz at high frequencies, trailing edge of the morphing wing is no longer a dom-
inant noise source whereas for the conventional wing the flap gaps are still very much the main noise
generation source.

4.3 Analytical Aero-Acoustic Noise Analysis
Numerical simulation models such as Computational Aero-Acoustics (CAA) are high fidelity software
that models the near-field and far-field noise produced by an aerodynamic source. Navier-Stokes equa-
tions for aerodynamics and acoustic wave equations for the propagation of the waves(acoustic) are
combined together and used in these high-fidelity software. These software provide noise predictions
up to high accuracy due to very few assumptions used but due to immense computational costs their
application is limited to only simple geometries.

Due to the huge computational costs of high-fidelity software, noise modeling during the aircraft design
is done by using the models that have relatively lower computational costs. These models provide
decent accuracy during the initial design of the aircraft and these models range from purely theoretical,
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semi-empirical to experimental data.

In this section, noise prediction technique has been used in order to approximate the noise generated
by the morphing and the conventional wing. From the study of both Martin Fink’s noise prediction
tool and the Werner Dobrzynski’s noise prediction tool during the literature study, it was concluded
that both models predict noise up to su�cient accuracy. Therefore, after detailed discussions within
the Faculty’s lecturers Dr. ir. Sahai and Dr. ir. Bertsch it was decided to continue with the Werner
Dobrzynski’s method for thesis work. This was purely based on the ability of the model to adapt to
morphing of the wing where it includes the wing chord along with the directivity. During flap morphing,
there is only a clean airfoil with extra trailing edge directivity when high lift is required.

4.3.1 Werner Dobrzynski’s noise prediction model
This model was developed at the German Aerospace Center (DLR) and at NASA by David P. Lockard
and Christopher J. Miller. Only a clean airfoil and trailing edge device (flaps) are studied here according
to the requirement of the thesis work.

Sound Pressure Level spectrum using Werner Dobrzynski’s noise approximation model depends upon
the summation of various individual terms. These include spectral Shape Function (�Lspec(Str)), Ve-
locity dependent term (�Lvel), Geometry dependent term (�Lgeo), Normalized reference level (Lnorm)
and Directivity term (�Ldir). All these terms are computed for a clean airfoil and a trailing edge device
in the subsequent sections.[9]

Formulation oftotal Sound Pressure Level using the individual terms is shown in Equation (4.23).

L◊(Str) = �Lspec(Str)+�Lgeo +Lnorm +�Lvel +�Ldir (4.23)

Strouhal number is the dimensionless frequency. For Werner Dobrzynski’s model it is defined as Str =
f ·xref /vref where f refers to the frequency, xref refers to the reference dimension of noise source and
vref is the reference velocity.

Clean airfoil
Clean airfoil noise past the trailing edge is generated due to the convection of the turbulent flow. Similar
noise generation phenomenon occurs at the tail surfaces. Thickness of the boundary layer is used for the
turbulent length scale. Figure 4.27 illustrates the noise generation phenomenon due to the convection
of turbulent flow.

Figure 4.27: Clean airfoil noise at the trailing edge generated due to turbulent flow [40]

Following are the equations, that are being used for modelling of the clean airfoil noise. Some of the
equations have already been simplified before presenting here. These equations are taken from the PhD
work of Lothar Bertsch at the German Aerospace Center [9].
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To be able to compute the Sound Pressure Level due to normalized reference level, geometry and velocity
dependent term, acoustic intensity (I) needs to be determined. Formulation for acoustic intensity can
be found in Equation (4.24).

I = 1.7
2fi3 · flŒ

c2
Œ

·v5
m · la�w

d2 · [( uo

vm
)5 · ”

”ú ]
T E

· cos3(Â) (4.24)

In Equation (4.24), vm represent the mean inflow velocity, c is the ambient speed of sound, la and �w
refer to mean airfoil length and element length respectively. u0 is the characteristic velocity scale, vm

refers to the mean inflow velocity, ” is the boundary layer thickness, ”ú is displacement(turbulent flow)
thickness and Â is the trailing edge sweep angle for that particular element.

Ratio between the boundary layer thickness and displacement thickness is assumed to be 8 as suggested
in [9]. There exists two values for the ratio ( uo

vm
) based on the Lockard’s approach and Dobrzynski’s

approach. Lockard used a value of 0.066 whereas Dobrzynski used 0.046 and due to this di�erence,
Lockard predicted about 8dB higher Sound Pressure Level. Lockard also did not make use of the
trailing edge sweep angle in his approach whereas Dobrzynski did take into account the e�ect of the
trailing edge sweep. Use of this trailing edge sweep angel results in a higher Sound Pressure Level
(about 1.9dBfor30¶). Dobrzynski’s approach is used in this study and a value of 0.046 is used for the
ratio between the boundary layer thickness and the displacement thickness. The trailing edge sweep
angle is also incorporated.

Using the above approach, the Equation (4.24) can be simplified. Simplified equation can be found in
Equation (4.25).

I = 8 ·1.7
2fi3 · flŒ

c2
Œ

·v5
m · la�w

d2 ·0.0465 · cos3(Â) (4.25)

Sound Pressure Level due to the normalized reference level, geometry and velocity dependent term is
computed using Equation (4.26). This equation is normalized by using the reference acoustic intensity
and value for it is 10≠12W/m2. Acoustic intensity has already been determined in the previous equation.

Lnorm/vel/geo = 10 · log10( I

Iref
) = 120+10 · log10(I) (4.26)

Sound Pressure Level increment due to the directivity term depends only on the wing dihedral angle(‹)
and the lateral emission angle (—). Its formulation can be found in Equation (4.27).

�Ldir = 10 · log10( |cos(—ú ≠v)|+|cos(—ú +v)|
2 ) (4.27)

Spectral shape function is now calculated using the Equations (4.28) and (4.29). The Equation (4.28)
is used in case when the Strouhal number is less than the maximum Strouhal number and Equation
(4.29) is used when Strouhal number is higher than the maximum Strouhal number.

�Lspec(Str) = 10 · log10( Str

Strmax
)≠9.0dB for Str Æ Strmax (4.28)

�Lspec(Str) = 10 · log10(Strmax

Str
)≠9.0dB for Str > Strmax (4.29)

From Equations (4.28) and (4.29), maximum Strouhal number is an unknown which is computed using
the following Equation.

Strmax = 13.6
0.74fi

· u0
vm

· 5
Ú

vmla
vŒ

(4.30)

Finally, the overall Sound Pressure Level can be determined by the summation of all the above discussed
individual terms.

Lclc(Str) = Lnorm/vel/geo +�Ldir +�Lspec(Str) (4.31)
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Flaps
In this part of the report, noise prediction technique for trailing edge device (flaps) is discussed. Due to
the use of flaps, approach used in this section is adapted and made applicable to the airfoils with a high
wing loading. Werner Dobrzynski’s approach is used again and a value of 0.046 is used for the ratio
between the boundary layer thickness and the displacement thickness is incorporated and is adjusted
accordingly to the high lift coe�cients. The original equation can be in found in (4.32).

[ u0
vm

]
T E,clc

¥ 0.046 (4.32)

Lockard [23] suggested in his approach that ”ú is not equal to ym, therefore new scaling of boundary
layer thickness is adjusted according to the location at which maximum kinetic energy is applied. All
scaling factors are based on the NACA 4412 experimental data collected by Lockard. Following three
equations presents the approach adjusted for high lift coe�cients.

[ ”

ym
]
T E,clf
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Equation (4.35) shows formulation of the correlation between the low wing loading and the high high
loading due to flap deployment.
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Now the formulation of acoustic intensity for the trailing edge device can be determined. It can be
seen in Equation (4.36) where la and lf refers to chord lengths of the airfoil and the deployed flap
respectively.
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Equations (4.37) and (4.38) shows simplified form of Equation (4.36) by using the Equations (4.33),
(4.34) and (4.35).
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After inputting parameters for high wing loading, Sound Pressure Level due to normalized reference
level, velocity and geometry can be formulated as in Equation (4.39).
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Equation (4.39) can be further simplified into Equation (4.40) with separate term indicating the extra
Sound Pressure Level due to increased wing loading.
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where the following term corresponds to the high lift case:

10 · log10(10
8 · ((1+ clc

2

4 )4))

This can further be simplified into the following equation.

�Lclf = 0.97+40 · log10((1+ clc
2

4 )4)

The directivity and spectral terms in this case are similar to the clean airfoil so Equations (4.27) and
(4.29) are used to determine the total Sound Pressure Level. Sound Pressure Level can be determined
using Equation (4.41).

Lclf = Lnorm/vel/geo(clf )+�Ldir +�Lspec(Str) (4.41)

4.3.2 Flap Side-Edge noise prediction and modelling
Flap side-edge noise contributes significantly to the overall Sound Pressure Level of an aircraft. As of
today, Fink’s model and the Werner Dobrzynski’s model do not have the flap side-edge contribution
incorporated in the noise approximation tool. To correctly validate the predicted data with the ex-
perimental data, flap side-edge noise is modelled and incorporated in to the Robert Dobrzynski’s noise
approximation model.

Vortex generation due to flap side-edge results in the overall increase of wing noise. As the flap side-edge
vortex are e�cient radiators of noise therefore the noise generated due to it is quite significant. Vortex
structures resulting due to deployment of a flap are shown in Figure 4.28.

Figure 4.28: Vortex structures at flap side-edge due to flap deployment [14]

Flap side-edge noise prediction method developed by Karl-Stephane Rossignol at the German Aerospace
Center (DLR) is be used for predicting noise due to the flap side-edge [37]. Sound pressure level
is comprised of two di�erent terms namely the noise spectral shape and the noise directivity. This
formulation can be found in Equation (4.42) [35].

SPLfse = SPLn(Stc)|StcÆ25+SPLn(Stc)|Stc>25+D(◊,„)|f (4.42)

A step by step approach to predict the flap side-edge noise is discussed below. Values for all the
coe�cients corresponding to a certain frequency can be found in Reference [37].

Flap Side-Edge noise spectral shape
Rossignol developed an empirical model based on the various experimental data for flap side-edge
noise models. Cross-flow velocity is first determined in Equation (4.43) which is basically the velocity
component in the spanwise direction. It is normalized with the free-stream velocity (U0).

Uc

U0
=

0.0316 · ”f

”ref
+0.1879 (4.43)
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”f in the Equation (4.43) is the flap deflection angle whereas ”ref refers to the reference deflection angle
for which Rossignol used a value of 1¶. Normalized spectra for the flap side-edge noise is determined in
Equation (4.44).

SPLn = SPL+20 · log10(r/c)≠55 · log10(Uc/Uref ) (4.44)

In Equation (4.44), r/c is the ratio between the observer distance and the flap chord length and Uc/Uref

is the ratio between cross-flow velocity determined in Equation (4.43) with arbitrary reference velocity
of 100m/s.

Rossignol then derived an approximation for the flap side-edge noise spectral using the above discussed
relations. A least square fit was plotted through all the data points.This approximation is not directly
dependent on the free stream velocity or flap deflection angle but on the flap chord Strouhal number.
Strouhal number based on the flap chord is determined in Equation (4.45).

Stc = f · c
Uc

(4.45)

In Equation (4.45), f is the one-third octave band center frequency, Uc is the cross-flow velocity which
was determined in Equation (4.43) and c is the flap chord length.

Noise spectra are determined for two di�erent range of Strouhal numbers. For Strouhal numbers equal
to or less than 25, the noise spectral is determined via Equation (4.46) and for Strouhal numbers greater
than 25 the Equation (4.47) should be used.

SPLn(Stc)|StcÆ25= l0 + l1 ·Stc + l2 ·St2
c + l3 ·St3

c + l4 ·St4
c + l5 ·St5

c + l6 ·St6
c (4.46)

SPLn(Stc)|Stc>25= h0 +h1 ·Stc +h2 ·St2
c +h3 ·St3

c (4.47)

Flap Side-Edge noise directivity
Directivity contribution to the Sound Pressure Level is adjusted to the microphones angle setting thus
emission angle and frequency. Directivity similarly to the spectral modelling is not directly dependent on
the flap deflection angle. For detailed procedure to compute the coe�cients, the reader can refer to [37].

Directivity term for flap side-edge noise is dependent directly upon the polar(„) and azimuthal angle(◊).
It can be determined using Equation (4.48).

D(◊,„)|f = m0 +m1 ·◊ +m2 ·◊2 +m3 ·◊3 +k0 +k1 ·„+k2 ·„2 +k3 ·„3 (4.48)

4.3.3 Results and comparison to the experimental data
Only the Overall Sound Pressure Levels from the analytical prediction techniques are discussed in this
report. Similar geometrical and operational settings as in the experimental data are used in the noise
prediction techniques. Results for only 50 m/s speed have been determined using the noise prediction
simulations. For the morphing wing, clean airfoil with an additional directivity contribution due to the
trailing edge deflection is added. For the conventional wing, summation of the clean airfoil, flap and
the flap side-edge noise contribution is done to obtain the noise generation. Lateral and longitudinal
directivity and the distance of the microphone 1 from the experiments is used in the noise prediction.
Table 4.6 contains the Overall Sound Pressure Level for both wings at 50m/s and at di�erent AOAs.
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Table 4.6: Comparison of predicted Overall Sound Pressure Level between both wings

Operational setting OSP Lconv.[dB] OSP Lmorph.[dB] OSP Lconv.≠morph.[dB]

V=50m/s & AOA= 0¶ 69.12 65.11 66.9
V=50m/s & AOA= 2¶ 69.22 65.19 67.6
V=50m/s & AOA= 4¶ 69.68 65.37 67.8
V=50m/s & AOA= 6¶ 70.03 65.42 68.2
V=50m/s & AOA= 8¶ 70.43 65.53 68.7
V=50m/s & AOA= 10¶ 71.00 65.59 69.5
V=50m/s & AOA= 12¶ 71.12 65.63 69.7

From the table, predicted/approximated Overall Sound Pressure Levels for the morphing and the con-
ventional wing can be found. It can be noticed from the table that the conventional wing generates
higher Overall Sound Pressure Levels than the morphing wing at all angles of attack, which is similar to
the experimental data. The percentage reduction in the Overall Sound Pressure Level by replacing the
conventional flaps with the morphing surfaces can be obtained by converting decibels to sound pressures
and then computing the percentage di�erences.

From the predicted data, it can be evaluated that the minimum percentage di�erence between both
wings in the Overall Sound Pressure Level generation is 36% at the lowest analysed angle of attack of
0¶ and highest at the angle of attack of 12¶ where the di�erence amounts to 45%. Comparing these
values to the percentage reduction of the experimental results, it can be noticed that the predicted
data results in 10-15% additional reduction in the Overall Sound Pressure Level for the morphing wing.
For the conventional wing, designed flap brackets as seen in the beamform maps results in additional
noise production which could be seen as the reason of this increase in the Overall Sound Pressure Level
di�erences. The flap bracket was required for the conventional wing to avoid any structural damage to
the flap.

By comparing Table 4.6 with Table 4.4, it can be noticed that the noise prediction tools predict lower
Overall Sound Pressure Levels than the experiments. A reason for this could be the windtunnel and the
background noise present in the test section that causes this di�erence in the values. Another reason
could be the additional noise generation due to the horseshoe vortices generated at the test section
edges. The noise generated due to geometry imperfections also contributes to this di�erence. Overall,
the di�erences in the experimental and the predicted data indicates reduction in the generation of the
noise after flap morphing.

The noise prediction techniques provide a computationally quick with decent level accuracy to approx-
imate the noise of the wing during initial design of the aircraft. From the results it can be concluded
that these are also capable of predicting the noise generation for the morphing wings as well with decent
accuracy.



�. Radar Cross-Section Analysis &

Evaluation

This Chapter elaborates on the Radar Cross-Section merits aspect of the morphing and the conven-
tional wings. Structure of the chapter is such that the theoretical background of Radar Cross-Section
is discussed first followed by the selection of the Radar Cross-Section measurement software. Subse-
quently, discussion about the solvers of the measurement software, their suitability and selection for
the study are explained afterwards followed by the radar signatures of the wings for di�erent config-
urations and settings. Lastly, validation of the simulations is discussed in the last section of the Chapter.

RADAR itself is an acronym for RAdio Detection And Ranging. It has been more than a century
ago when the phenomenon of radio waves being reflected against objects was observed. In the early
experiments continuous waves were used and detection of the target was only determined after reflection
of the transmitted wave. Drawback of continuous waves is that they do not provide any information
about the range. An illustration of the continuous wave radar phenomenon is shown in Figure 5.11.

Figure 5.1: Continuous wave radar operation

In order to prevent this lack of information, advancements were made to send numerous short pulses
instead of a continuous wave. Due to this, the time di�erence between the transmitted pulse and the
return of its echo provided the information about range. This phenomenon has been illustrated in
Figure 5.22.

Figure 5.2: Pulse radar operation

1URL:https://basicsaboutaerodynamicsandavionics.wordpress.com/2016/04/13/radar-electronic-countermeasure/
[Cited 13-Apr-2018]

2URL:https://basicsaboutaerodynamicsandavionics.wordpress.com/2016/04/12/radar-electronic-countermeasure/
[Cited 12-Apr-2018]
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There are di�erent sources present on an aerial vehicle that are a source of radar reflection. To be
able to study radar reflections and optimize vehicle capability to avoid them one needs to know these
sources. Figure 5.33 illustrates radar reflection sources on a fighter aircraft

Figure 5.3: Radar reflection sources on a fighter aircraft

5.1 RCS theoretical background
In this section, basic fundamentals to determine Radar Cross-Section and radar range are determined.
Below are the derivations that leads to the desired parameters of interest. During the process it is
assumed that there is no dispersion during propagation which means that electromagnetic waves prop-
agate in ideal conditions. Step by step calculation guide is studied through Reference [30] and the radar
tutorials4567.

First of all, non-directional power density is determined in the Equation (5.1).

Su = Ps

4fiR2
1

(5.1)

In the Equation (5.1), Ps refers to the transmitted power and R1 is the range(antenna-aim). If the
distribution of the radiated power is not equal in all directions, this results in the antenna gain. Antenna
gain can be computed using the Equation (5.2).

Sg = Su ·G (5.2)
In the Equation (5.2), G refers to the antenna gain and Sg is the directional power density. To success-
fully detect a target not only directional power density is necessary but also the power that is reflected
in direction of radar. Here comes in use the Radar Cross-Section (‡).

Reflected power can be calculated using Equation (5.3).

Pr = Ps

4 ·fi ·R2
1

·G ·‡ (5.3)

Reflected power in the Equation (5.3) depends on the transmitted power (Ps), range(antenna-aim)
(R1), antenna gain (G) and the Radar Cross-Section (‡). Equation (5.4) shows to determine the Radar
3URL:https://basicsaboutaerodynamicsandavionics.wordpress.com/2016/04/14/radar-electronic-countermeasure/
[Cited 14-Apr-2018]

4URL:http://www.radartutorial.eu/01.basics/Radar%20Principle.en.html [Cited 23-Apr-2018]
5URL:http://www.radartutorial.eu/01.basics/The%20Radar%20Range%20Equation.en.html [Cited 25-Apr-2017]
6URL:http://www.radartutorial.eu/05.bistatic/bs04.en.html [Cited 29-Apr-2018]
7URL:http://www.radartutorial.eu/01.basics/Radar%20Cross%20Section.en.html [Cited 30-Apr-2018]

https://basicsaboutaerodynamicsandavionics.wordpress.com/2016/04/14/radar-electronic-countermeasure/
http://www.radartutorial.eu/01.basics/Radar%20Principle.en.html
http://www.radartutorial.eu/01.basics/The%20Radar%20Range%20Equation.en.html
http://www.radartutorial.eu/05.bistatic/bs04.en.html
http://www.radartutorial.eu/01.basics/Radar%20Cross%20Section.en.html
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Cross-Section of a target. St is the power density which is being intercepted by the target and Sr is the
total scattered power density in the region of range (r).

‡ = 4fir2Sr

St
(5.4)

Figure 5.4, clarifies all the terms and connections used in the equations.

Figure 5.4: Connection between di�erent terms in the equations used

Reflected power is also referred as the emitted power by the target. By using this phenomenon the
received/yielded power density at receiver becomes as below.

Se = Pr

4fiR2
2

(5.5)

In Equation (5.5), Se is the received power density, PR is the power reflected and R2 is the range(aim-
antenna) in metres.

Received power can now be derived after determining received power density. This can be found in
Equation (5.6).

PE = Se ·AW (5.6)

In Equation (5.6), AW is the e�ective antenna aperture which can be computed using the following
equation.

AW = A ·Ka (5.7)

Equation (5.7) determines the e�ective antenna aperture where A is the geometrical area of the an-
tenna and Ka is the antenna e�ciency. Based on the literature, generally a value between 0.6 and 0.7
is assumed for the antenna e�ciency.

By using the above derived relation for e�ective antenna aperture, received power relation can be
rewritten as following in Equation (5.8).

PE = Pr

4 ·fi ·R2
2

·A ·Ka (5.8)

Now, both transmitted and the received power can be combined together to rewrite the power received
equation. Equation (5.3) is input into Equation (5.8) and after simplifications, the resulting equation
is shown in Equation (5.9).

PE = PS ·G ·‡
(4 ·fi)2 ·R4 ·A ·Ka (5.9)

Another relation to present the antenna gain (G) in terms of wavelength is shown in Equation (5.10).

G = 4fi ·A ·Ka

⁄2 (5.10)

Again, by making antenna area (A)the subject in the equation and replacing in the Equation (5.9)
results in Equation (5.11) which can be seen below.
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PE = PS ·G2 ·‡ ·⁄2

(4fi)3 ·R4 (5.11)

Radar equation can be obtained by making range (R) the subject and solving for it. It can be found in
Equation (5.12).

R = 4

Û
PS ·G2 ·⁄2 ·‡

PE · (4fi)3 (5.12)

From the above relation it can be noticed that the maximum range (Rmax) is achieved at the minimum
power detection. PS , G and ⁄ are considered to be constant as they do not vary in large ranges.

To incorporate the losses in the range of the radar, Equation (5.12) is adapted a little. Lges is added
in the denominator which includes the loss factors. New relation for range is mentioned in Equation
(5.13).

R = 4

Û
PS ·G2 ·⁄2 ·‡

PE · (4fi)3 ·Lges
(5.13)

In Equation (5.13), Lges is the new term comprises of the Lf , LD and LAtm. Lf is the term that take
into account the reflection fluctuation losses. LD is the radar attenuation factors for both receiving and
transmitting paths. LAtm are the atmospheric losses of the waves during propagation both ways.

5.1.1 Mono-static RCS
Equations used in Section 5.1 are derived for mono-static Radar Cross-Section which is the conventional
configuration. Mono-static radar term is used to distinguish from the bi-static radar.

Figure 5.58 depict the working of a mono-static radar where the receiver and the transmitter radar are
collocated and share a same antenna.

Figure 5.5: Mono-static Radar

5.1.2 Bi-static RCS
Bi-static radar consists of a system where the receiver and the transmitter are separated by a certain
distance. Usually this distance between transmitter and the receiver is large and also a higher parallax.
This means that even if there are no signals transmitted towards the mono-static radar antenna, there

8URL:http://www.rfwireless-world.com/Terminology/Monostatic-radar-vs-Bistatic-radar.html [Cited 18-Apr-
2017]

http://www.rfwireless-world.com/Terminology/Monostatic-radar-vs-Bistatic-radar.html
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is still a chance that the signals can be received indicating presence of the target.

Figure 5.69 demonstrates the working of a bi-static radar where the receiver and the transmitter radar
are separated by a certain distance and also have separate antennas.

Figure 5.6: Bi-static Radar

For bi-static radar, Equations (5.1) to (5.12) were adapted by taking into account two separate antennas,
distances and their e�ciency. Radar range in Equation (5.13) is then re-written for bi-static radar.
Radar range for bi-static radar can be seen in Equation (5.14) where subscripts r and t are referred to
the receiver and the transmitter respectively.

R = 4

Û
‡m ·⁄2 ·R4

T ·R4
R

AT ·AR ·Kat ·Kar

(5.14)

Radar Cross-Section with bi-static radar can be re-written as in Equation (5.15) where Ae refers to
projected area of the object.

‡m = 4 ·fi ·A2
e

⁄2 (5.15)

5.2 Radar Cross-Section Measurement Software
From the literature study, it was agreed upon to make use of the POFACETS 4.1 for the Radar Cross-
Section analyses due to the licence availability issues with other commercial software but a while after
a commercial licence for FEKO Hyperworks was available at the NLR. Therefore, FEKO was preferred
over the POFACETS 4.1.

The FEKO is an electromagnetic simulation software developed by the Altair HyperWorks. It is based
on the state-of-the-art computation methods which solves the Maxwell’s equations for the simulations.
It is a physics and geometry optics based software which can determine Radar Cross-Section of geome-
tries with settable settings.

5.2.1 FEKO overview
The FEKO is an electromagnetic analyses software with a very interactive geometry specification in
its CAD. Inside its CAD it can perform Boolean operation of geometries and can also create canonical
structures. Multiple solution configurations can be set in its graphical user interface. The POSTFEKO
is a module inside the FEKO which can be used for model validation and also helps in post processing
of the results obtained through FEKO analysis. Radiation pattern can be displayed in the 3D along

9URL:http://www.rfwireless-world.com/Terminology/Monostatic-radar-vs-Bistatic-radar.html [Cited 19-Apr-
2017]

http://www.rfwireless-world.com/Terminology/Monostatic-radar-vs-Bistatic-radar.html
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with 2D(XY or polar) co-ordinates. It also does include features like multiple reflections, shadowing,
edge di�raction and surface waves which are very important to this thesis study. Multiple reflections,
shadowing, edge di�raction and surface waves are very important phenomena when comparing Radar
Cross-Section signatures between aircraft with the conventional or the morphing high lift devices. It
can also automatically update result reports in PDF, MS Word, MS PowerPoint templates. With this
full version of FEKO, accuracy is not compromised. There exists no limitations on the mesh triangles,
number of wires etc. in the full version of FEKO.

Although computational times depend heavily on the mesh generated but in general, computations with
FEKO require high computational power. FEKO is based on the frequency domain formulation, and if
the user desire to obtain time domain formulation then Fourier transforms need to be applied manually
to all frequency domain data which is a downside of using FEKO.

5.3 FEKO Solvers
In this section an overview of the possible solvers available in FEKO are discussed. Based on these
discussions, a solver is selected for Radar Cross-Section simulations.

Hybridization of the numerical methods is essential as these methods provide the ability to solve a broad
range of electromagnetic (EM) problems. FEKO is a leading analysis software setup that provides a
wide range spectrum of numerical methods and hybridization, where each method is customized to suit
to a specific range of applications. Below, these methods and their ideal application industry are shortly
discussed starting with the Method of Moments, which is a frequency based technique.

Method of Moments (MoM)
As mentioned above, the Method of Moments is a frequency based technique which is suitable for
radiation and coupling analysis. The MoM is traditionally associated with open radiating problems
involving PEC structures, lossy metals and dielectrics. The MoM is a full wave solution of the Maxwell’s
integral equations and has the advantage of being a “source” method due to discretization of the target.
With the “field methods”, boundary conditions are not set and memory requirements scale proportional
to the size of the geometry and the required solution frequency. The method computes interaction
between individual basis functions.

Multi-level fast multipole method (MLFMM)
This method is an alternative formulation of MoM and is suitable for electrically large, full wave analysis.
Basically the advantage of using MLFMM on large models is the fact that the method does not require
any change to the model. Parallel to the MoM, it also uses basis functions to model the interaction
between all triangles. However, the MLFMM di�ers from the MoM in a way that it groups basis
functions and calculates the interaction between groups of basis functions. MLFMM is an alternative
technique to MoM that ensures the full wave current based solutions of electrically large structures.

Finite element method (FEM)
The FEM in FEKO is usually a hybrid FEM/MoM analysis and it is ideal for problems with several
dielectrics and wave guides. In this hybrid method, the MoM is responsible for the analysis of wires and
surfaces and the couplings between them whereas the FEM is responsible for the analysis of dielectric
bodies. Best of both solvers is combined in it to obtain a higher e�ciency meaning low memory usage.
FEKO can easily evaluate if the model can be analysed using only FEM and without the need of MoM
coupling which results in the low memory usage and reduced time.

Finite di�erence time domain (FDTD)
This is a Computational Electromagnetic (CEM) technique ideal for modeling in-homogeneous materials
and simulations over a wide frequency range. This Finite di�erence time domain model is a time domain
based and to convert the results to the frequency based domain, the Fourier transform is applied. Main
usage of this kind of solver lies in the bioemedical field as it is used in the cases where the materials are
highly inhomogenous. Broadband antennas can also be analysed e�ciently using this type of solver as
it solves the wideband problems e�ciently.



5.4. Radar Cross-Section Simulations Setup 62

Physical optics (PO)
PO and Large Element Physical Optics (LE-PO) are suitable for very large and scattering analysis. It
is a current based, high frequency method. LE-PO is very similar to the PO but with the LE-PO larger
elements can be analysed. Physics Optics is used to solve relatively larger structures compared to some
other solvers discussed previously. FEKO again uses the hybridization technique between MoM and
PO. Parts of a structure that are electrically large for the MoM are solved by the PO whereas the other
with MoM which results in a better computationally e�ciency.

Ray Launching geometrical optics (RL-GO)
Similar to PO, this technique is also ideal for dielectric or metal applications that has very large
scattering characteristics such as Radar Cross-Section (RCS). This is applied to structures that are
electrically very large. Interactions between the rays is also taken into account using the Huygens
sources which models the reflection, refraction and transmission on the boundaries of the material. As
the large structures are modelled with this solver, the runtime and the memory requirements are high
as well. To be able to improve e�ciency, FEKO allows the parallel processing using multi-core Central
Processing Units.

Uniform theory of di�raction (UTD)
The UTD is formulated for modeling extremely large PEC structures. Similar to Physics Optics method
this also works for very high frequencies. There exists a hybridization between the MoM and UTD.
The coupling between these two enables higher accuracy of the solution and also better computational
e�ciency. UTD solver takes the reflections (multiple), di�ractions, corner and edge di�ractions, double
di�ractions and the creeping waves into account. UTD can only be used when the frequencies are really
high e.g. radar frequencies.

5.3.1 Solver selection for RCS simulations
For the airborne, tracking and ground based radars for military applications, frequency bands between
8 and 12 GHz are used. For this very high frequency and also large scattering due to the large size of the
wings, Ray Launching geometrical optics (RL-GO) was preferred for the RCS analysis of the wings. As
multiple reflections are an important aspect for the Radar Cross-Section computations, RL-GO using
the Huygens sources takes into account the reflection, refraction and transmission on the boundaries of
the material. Other important aspects to include into Radar Cross-Section signatures are the reflections
(multiple), di�ractions, corner and edge di�ractions, double di�ractions and the creeping waves. These
are modelled by the Uniform Theory of Di�raction (UTD) solver. Uniform Theory of Di�raction (UTD)
must only be used at high frequencies which is the case for this study. Therefore, a combination of
two solvers, the Ray Launching geometrical optics (RL-GO) and the Uniform theory of
di�raction (UTD) are used for the RCS computations. Combination of these two solvers may
result in high computational costs but will lead to results with high accuracy.

5.4 Radar Cross-Section Simulations Setup
Di�erent geometrical and operational settings used for the RCS simulations are discussed in this section.
This section have been divided into several sub-sections, each explaining the choices made and their
impact on the RCS simulations.

To determine the RCS merits, four wing models in total are going to be used in the RCS simulations. 25¶

conventional and the 25¶ morphed wing and similarly a 0¶ conventional (no flap extension and deflec-
tion) wing and a 0¶ morphed(straight) wing. Modelling of these wings have been explained in Chapter 3.

A mono-static radar is responsible for both, the receiving and transmitting of the waves. Table 5.1,
contains all the di�erent wing configurations and the di�erent locations of the radar to be used in the
mono-static RCS computations.
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Table 5.1: Wing configurations and radar positioning for mono-static RCS

Configuration Location of radar
Conv. & morphed 0¶ TE def. ◊= 105¶ & „ =0¶

Conv. & morphed 0¶ TE def. ◊= 155¶ & „= 0¶

Conv. & morphed 0¶ TE def. ◊= 205¶ & „= 0¶

Conv. & morphed 0¶ TE def. ◊= 255¶ & „= 0¶

Conv. & morphed 25¶ TE def. ◊= 105¶ & „= 0¶

Conv. & morphed 25¶ TE def. ◊= 155¶ & „= 0¶

Conv. & morphed 25¶ TE def. ◊= 205¶ & „= 0¶

Conv. & morphed 25¶ TE def. ◊= 255¶ & „= 0¶

From the table, it can be noticed that 0¶ conventional and the morphing wings are going to be anal-
ysed for four di�erent radar locations. For the similar radar locations, 25¶ wings are also going to be
simulated. In total, 16 di�erent simulations and 8 data-sets to determine the mono-static RCS merits
are going to be analysed. First four rows refer to the conventional and the morphed wings with 0¶

deflections with their corresponding radar locations.

Spherical coordinates system is used in the software. ◊ and „ refers to the latitude and the longitudinal
axis respectively. Above the wing, ◊ is 0¶, behind the trailing edge it is 90¶, towards the ground it is
180¶ and 270¶ is in front of the leading edge of the wing. „ is 0¶ at the trailing edge where wing root
is located. 90¶ is at the tip of the right side of the wing, 180¶ is at the leading edge of the wing root
and 270¶ is at the tip of the left side of the wing. Only the ◊ between 90 and 270 are considered, which
means the location of the radar is on the ground. For the mono-static computations, „ is kept at 0¶

for all of the computations meaning that the wing roots are in line with the radar location on the ground.

The bi-static radar consists of a system where the receiver and the transmitter are separated by a
certain distance. In Table 5.2 wing configurations, location of the transmitter radar and location of
the receiver radar can be found in three di�erent columns. Due to time and computational power
limitations, only the 0¶ conventional wing and a 0¶ morphing (straight) wing are going to be analysed
for bi-static signatures of the wings. For the transmitting radar, two di�erent ◊ values of 120¶ and 240¶

are used with „ being 0¶. For the receiver radar, ◊ is always kept in the opposite direction to the one
used for the transmitting radar with four di�erent „ angles for each ◊ angle.

Table 5.2: Wing configurations and Radar positioning for bi-static RCS

Configuration Location of transmitter radar Location of reciever radar
Conv. & morphed 0¶ TE def. ◊= 120¶ & „= 0¶ ◊= 240¶ & „= 80¶

Conv. & morphed 0¶ TE def. ◊= 120¶ & „= 0¶ ◊= 240¶ & „= 160¶

Conv. & morphed 0¶ TE def. ◊= 120¶ & „= 0¶ ◊= 240¶ & „= 240¶

Conv. & morphed 0¶ TE def. ◊= 120¶ & „= 0¶ ◊= 240¶ & „= 320¶

Conv. & morphed 0¶ TE def. ◊= 240¶ & „= 0¶ ◊= 120¶ & „= 80¶

Conv. & morphed 0¶ TE def. ◊= 240¶ & „= 0¶ ◊= 120¶ & „= 160¶

Conv. & morphed 0¶ TE def. ◊= 240¶ & „= 0¶ ◊= 120¶ & „= 240¶

Conv. & morphed 0¶ TE def. ◊= 240¶ & „= 0¶ ◊= 120¶ & „= 320¶

Similarly to mono-static computations, 16 di�erent simulations and 8 data-sets are going to be analysed
to derive the bi-static RCS merits for the conventional and the morphing wings with 0¶ trailing edge
and flap deflections.

Before explaining the simulations setup, Figure 5.7 contains a flowchart describing the whole process
leading to the simulations and ultimately to the RCS results using the FEKO.
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Figure 5.7: Process flow diagram for RCS simulations

Process of working with FEKO is divided into three separate categories namely CADFEKO, FEKO
Solver and POSTFEKO.

In the CADFEKO, five di�erent tasks are performed to prepare the model for the simulations. Model is
first generated using CADFEKO or can be imported from di�erent CAD programs in a certain format.
Imported models require some processing before they can be used in FEKO. After geometry generation,
required solvers are activated or the hybrid of solvers is setup for the simulations. After the geometry
is created and the solvers have been selected, frequency is selected for the simulations. A range of fre-
quencies can be set as well but will result in equally longer simulation times. Subsequently, excitations
at which the model is being simulated are setup followed by the angles/directions at which the analysis
needs to be obtained. After all these steps, the model is meshed and also the model is validated in
CADFEKO, where the kernel makes sure the model is ready for the simulations without any problems.
If any issues with the geometry, meshing or other settings exist, validation of the model in CADFEKO
can detect it and instructs to rectify it.

After the model is prepared using CADFEKO with the geometry, meshing, requests, solution settings
and the excitations, the FEKO solver is used to simulate the model for the required settings. A FEKO
console with the progress is always available while the simulations are on-going. Results from the sim-
ulations are simultaneously saved in a dat file. If the simulations crash at some point, the results up to
that point are available for the post processing.

In the POSTFEKO kernel, all the results obtained from the simulations are post-processed where it is
possible to view and save contour maps, 2D plots and the processed data can also be saved which can
be analysed using other software.
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Simulation choices made for the RCS analyses in this thesis study are discussed in the following sub-
sections.

5.4.1 Frequency, excitations and requests
In order to derive the potential Radar Cross-Section merits, a single frequency of 9GHz due to time
limitations is going to be used for the simulations of the wings. In an article[19], a frequency range be-
tween 7 to 11 GHz have been used for Ground to Air imaging of the Aircraft RCS scattering, therefore,
a frequency of 9GHz is going to be used for the morphing and conventional wing analysis. Multiple
frequencies could be used but it will eventually lead to increased simulation times. Rather than di�er-
ent frequencies, it was decided to use a single frequency and analyse di�erent configurations and radars
(bi-static and mono-static).

For Radar Cross-Section analyses, a plane wave excitation is used in the FEKO. Plane wave can be a
single incident wave and can also be looped over multiple directions. Looping in multiple directions
is helpful if several plane wave excitation locations are required for a certain target. Starting and the
end angles of the directions can be set with a number of directions or just a single value of increment.
Linear polarisation is used for all the analysis rather than setting a polarisation angle.

Due to the type of RCS signatures being analysed, only far-field analyses are going to performed rather
than the near-field analyses. In the „ direction, all 361 points from 0 to 360¶ are requested to observe
the wing RCS signature characteristics. Other options such as the horizontal cut, vertical cut or even
3D pattern for far-field analysis can be used. In order to analyse the mono-static RCS, far-fields in
the plane wave incident direction are requested whereas for the bi-static RCS, far-fields are specified
separately.

An example with di�erent plane wave excitations and far-field bi-static analyses setup is illustrated in
the Figure 5.8.

Figure 5.8: An example of di�erent excitations and far-field bi-static analysis setup in FEKO

5.4.2 Solution settings
Solution settings for the mono-static and bi-static analyses are same. As mentioned before, a combina-
tion/hybrid of Ray Launching geometrical optics (RL-GO) and Uniform theory of di�raction (UTD) is
going to be used to determine the radar signature of the wings.

In the solution settings, normal geometry and the mesh element size checking is activated. If any issues
with the geometry or the meshing exists, the solver will not continue with the simulations and gives
an error. To obtain as accurate RCS results as possible data storage precision was set at double. As
the analyses are going to be performed at a high frequency of 9GHz, low frequency stabilization was
not activated. To make the simulations converge faster, the PO and the MoM solutions are decoupled.
Shadowing information could be stored and reused. Whenever possible, symmetry in ray-tracing is used
as well.
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For the Uniform theory of di�raction (UTD), maximum number of ray interactions is set to three. As
mentioned before about the usefulness of UTD to these simulations, all six boxes consisting of UTD ray
contributions are selected during the simulations. These include direct and reflected, double di�ration,
edge and wedge di�ractions, corner di�raction and cone tip di�raction. Convergence of solution is
highly important for the simulations to be valid therefore, normal-to-high convergence accuracy was set
before the simulations.

5.4.3 Models & mesh
All four wing models are generated using CATIA V5 and V6. Their modelling have been discussed in
detail in Chapter 3. These semi-span wing models are imported into Altair-FEKO. As the wings are
semi-span in size, that means the side of the root airfoil is a big flat surface. This surface is not exposed
to free flow during the flight and definitely leads to an additional contribution to the RCS signatures.
Even if the root side surface is left exposed in both cases, the comparison would still not be valid as
root of the morphing wing is bigger than the conventional wing. As a result, the RCS signature for
the morphing wing from the root side surface will be higher. Therefore, the semi-span of the wings is
mirrored in FEKO to obtain the full span wing. By doing so, these undesired e�ects can be avoided.

After some geometrical processing to the wing models, these models are ready to be used in Altair-
FEKO. After the generation of wings, their meshing is done. Triangular mesh is the only option available
in FEKO to work with. The mesh in FEKO is used to define the shape of the target to be used in the
simulations. Finer the mesh, better the representation of the shape of object. Mesh was selected to
be as fine as the computational power allows. As the RCS scattering depends very much on the shape
of the object and its sharpness, some very critical areas on the wing require finer mesh than the other
parts. Therefore, the wings are decided to be meshed non-uniformly. Curved and sharp surface require
more number of cells to be represented correctly during the simulations. Leading edge of the wings
was meshed much more finer than the top and bottom relatively straight surfaces. In Figure 5.9, finer
meshing of the leading edge of a wing compared to the top surface can be seen. Behind the leading
edge, mesh size is increased gradually to maintain the mesh pattern. Triangles all over the surface of
the wings need to be closed.

Figure 5.9: Finer mesh adaptation at the wing leading edge

Similar to the leading edge, flap track mechanisms and the sharp surfaces in the flaps are also meshed
very fine compared to the other geometry. In the morphing wing, transition part and the chord at
which the morphing starts are meshed finer relative to the other top and bottom wing surface. All
these meshes on the wings are validated in the FEKO simulations setup kernel before the simulation
could be run.
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Number of triangular cells for each wing mesh can be found in Table 5.3.

Table 5.3: Mesh information for four wing types

Wing type Number of cells
Conventional wing with 25¶ flap deflection 269,616
Conventional wing with 0¶ flap deflection 200,256
Morphed wing with 25¶ TE deflection 139,708
Morphed wing with 0¶ TE deflection 131,180

From the table it can be noticed that the conventional wing with 25¶ flap deflection contains the highest
number of mesh cells as compared to other wing geometries even though morphing wings are larger
in size than the conventional wings. This is due to the flaps present in the conventional wings require
additional finer meshes than the relatively ’cleaner’ morphing wing surface. It can also be noticed that
the conventional wing with 25¶ flap deflection have higher number of cells than the 0¶ surface, which is
due to the extra finer mesh required for the leading edge of the flap. As the flap chord is extended before
it can be deflected, the leading edge of the flap is also exposed to the radar therefore, it is required to
be meshed much more finer.

The morphed wing with 25¶ trailing edge deflection consists of a transition part and a slightly curved
surface at which the wing and flap morphing starts, which are not present in the straight wing(0¶

trailing edge deflection). This transition part and the curved surface needs to be meshed finer and that
explains the di�erence between the mesh cells for the 25¶ morphed and the straight wing.

In the next four pages, all four wings modelled in CADFEKO along with their meshes can be found.
These wings with their meshes are ready to be used in the simulations along with the other geometrical
and operational settings discussed in previous two sub-sections.
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Conventional wingwith 0¶ flap deflection

Mesh-Conventional wingwith 0¶ flap deflection
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Morphedwingwith 0¶ trailing edge deflection

Mesh-Morphedwingwith 0¶ trailing edge deflection
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Conventional wingwith 25¶ flap deflection

Mesh-Conventional wingwith 25¶ flap deflection
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Morphedwingwith 25¶ trailing edge deflection

Mesh-Morphedwingwith 25¶ trailing edge deflection

5.4.4 Simulations
During the simulations, very complex computations are performed by Hyperworks FEKO which leads
to simulations being very computationally expensive. An electromagnetic plane wave targets the wings
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from the set radar location which illuminates the surface of the wing. This illumination of the surface
leads to the dispersion of the wave energy in di�erent directions depending on the shape, size and
orientation of the target. As the measurements are done at the frequency of 9GHz and at far-field
conditions, the scattering of energy from the components is independent from each other and smaller
than the overall target object. The scattered energy back to the radar from each component is di�erent
and smaller than the target itself but summation of these could be similar to the target. In each
particular direction, multiple scattering can occur therefore, it was selected to compute the total Radar
Cross-Section or total scattered field for each angle.

5.5 Results from RCS Simulations
This section is devoted to the results obtained from the Radar Cross-Section simulations using Hy-
perworks FEKO. The results are divided into two di�erent categories: mono-static and bi-static radar
signature of the wings. In total eight di�erent mono-static RCS simulations(four with 25¶ conventional
and morphing wing and 4 with 0¶ conventional and morphing wing) and 8 di�erent(with 0¶ conventional
and morphing wing) bi-static RCS simulations were performed. In order to observe the potential Radar
Cross-Section merits, radar signatures of both wings are plotted together.

5.5.1 Monostatic RCS
From the mono-static Radar Cross-Section computations for the 0¶ conventional and the morphing
wing, only two are presented here and the other two can be found in the Appendix C.1 of the report.
Figure 5.10 and 5.11 contains mono-static radar signature of the wings with trailing edge deflections of
0¶ with the radar located at ◊= 155¶ & „ =0¶.
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Figure 5.10: Mono-static RCS signature of the wings with TE deflection of 0¶ with radar location at ◊= 155¶ & „ =0¶
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Figure 5.11: Mono-static RCS signature of the wings with TE deflection of 0¶ with radar location at ◊= 205¶ & „ =0¶

Similarly to the mono-static radar signature of the wings with trailing edge deflections of 0¶, only two
radar signature comparisons between the wings with 25¶ trailing edge deflections are presented here
and the other two can be found in the Appendix C.1 of the report. Similar radar locations are analysed
for the 25¶ case as well. Figure 5.12 and 5.13 contains mono-static radar signature of the wings with
trailing edge deflections of 25¶ with the radar located at ◊= 155¶ & „ =0¶.
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Figure 5.12: Mono-static RCS signature of the wings with a TE deflection of 25¶ and the radar location at ◊= 155¶ & „
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Figure 5.13: Mono-static RCS signature of the wings with a TE deflection of 25¶ and the radar location at ◊= 205¶ & „
=0¶

5.5.2 Bi-static RCS
Radar signature of the wings resulting from the di�erent transmitter and receiver locations of the radar
are categorized as bi-static RCS. In total eight di�erent datasets to derive the conventional and mor-
phing wing Radar Cross-Section merits were determined. Out of eight, four of them are presented here
and the other four similarly to the mono-static case can be found in the Appendix C.2 of the report.
Only the conventional and the morphing wing with 0¶ trailing edge deflections are analysed for the
bi-static RCS as discussed before.

Figures 5.14 and 5.15 contain the comparison of the bi-static radar signature between the conventional
and morphing wing at the transmitting radar location at ◊= 120¶ & „ =0¶ with the receiver radar
location at ◊= 240¶ & „= 160¶ and the transmitting radar location at ◊= 120¶ & „ =0¶ with the
receiving radar location at ◊= 240¶ & „= 320¶ respectively.
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Figure 5.14: Bi-static RCS signatures of the wings with the transmitting radar located at ◊= 120¶ & „ =0¶ and the
receiver radar located at ◊= 240¶ & „= 160¶
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Figure 5.15: Bi-static RCS signature of the wings with the transmitting radar located at ◊= 120¶ & „ =0¶ and the
receiver radar located at ◊= 240¶ & „= 320¶

In the following two figures, ◊ location of the transmitter and the receiver have been inter-changed
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with the „ location of the receiving radar is kept similar to the previous two bi-static radar analysis.
Figures 5.16 and 5.17 contain the comparison of the bi-static radar signature between the conventional
and morphing wing at the transmitting radar location at ◊= 240¶ & „ =0¶ with the receiver radar
location at ◊= 120¶ & „= 160¶ and transmitting radar location at ◊= 240¶ & „ =0¶ with receiving
radar location at ◊= 120¶ & „= 320¶ respectively.

0

30

60

90

120

150

180

210

240

270

300

330

0

10

20

30

40

Total Bi-Static RCS with plane wave excitation of =240° 

and recieving antenna located at =120° and  = 160°

Morphed Wing 0° TE deflection

Conventional Wing 0° Flap deflection

Figure 5.16: Bi-static RCS signature of the wings with the transmitting radar located at ◊= 240¶ & „ =0¶ and the
receiver radar located at ◊= 120¶ & „= 160¶
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Figure 5.17: Bi-static RCS signature of the wings with the transmitting radar located at ◊= 240¶ & „ =0¶ and the
receiver radar located at ◊= 120¶ & „= 320¶

5.6 Discussion of results
After the wings are illuminated by the electromagnetic wave propagating from the transmitting radar
from an angle, wave energy is dispersed in di�erent directions. Some of this dispersed energy is reflected
to the receiver radar. In the mono-static RCS case, the same radar performs both these operations. On
the other hand, two di�erent radars located at two di�erent locations perform this operation for bi-static
radar. As there are number of scattering sources/components present on an aircraft wing therefore, the
Radar Cross-Section pattern adopts quick scintillation around the aspect angle. This rapid scintillation
is due to the interference between the components that scatters this energy as they are in and out of
phase against each other. This explains the pattern of radar signature in the plots.

Data has been chosen to be presented in the polar coordinates rather than rectangular presentation
due to the illustration advantages that comes with the polar representation. It provides a physical feel
to the scattered data of the target and the dynamic variations can also be emphasized in the radar
signature in the polar plot.

Gaps that are associated with the conventional hinged high-lift devices and the control surfaces are a
source of increased radar reflection. For the 0¶ trailing edge deflections, the RCS signature benefits for
the morphing wings are observed at all angles despite the larger size of the morphing wing. Larger the
size of the target, higher is the radar signature. Increase in the RCS signature of the conventional wing
is due to the flap gaps, extra flap mechanisms and the flap side-edges. Scattering of the wave and re-
flection back to the radar because of these flap characteristics resulted in this reduced low-observability
of the conventional wing with flap settings. On the other hand for the straight wing i.e. morphing wing
with 0¶ trailing edge deflection, the transmitted radar signals are reflected away from the receiving radar
leading to the improvement in the low-observability of the wing. For the 25¶ trailing edge deflections,
morphing wings generate higher overall radar signature compared to the conventional wing. Low ob-
servability advantages of the morphing wing with 25¶ trailing edge deflection over the conventional wing
diminishes when the trailing edge of the morphing wing is deflected downwards. Reflections between
the surface and the creeping waves in addition to the larger size of the wing relative to the conventional
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wing results in this decrease in the low observability of the morphing wing. Similar characteristics for
the 0¶ trailing edge deflections were observed for the bi-static analysis as the mono-static 0¶ trailing
edge deflection wings. Reduction in the radar signature is observed at almost all aspect angles for the
receiving and the transmitting radars. Radar Cross-Section response to the corners, gaps and corner
reflectors is very sensitive to the bi-static angle. Therefore, higher radar signature di�erences at some
bi-static angles are observed between the wings.

In order to quantify the Radar Cross-Section merits, summation of the radar signature in all 360 aspect
angles provide a measure of comparing the radar signature between both wings. Tables containing com-
parison between the RCS signature of the conventional and the morphing wings for all the simulations
performed are shown here. Table 5.4 contains the mono-static RCS signature for the wings with 0¶

trailing edge and flap deflections followed by Table 5.5 where the mono-static RCS signatures for the
wings with 25¶ trailing edge and flap deflections are summarised. Finally, in Table 5.6, bi-static RCS
signatures for the wings with 0¶ trailing edge and flap deflections are shown.

Table 5.4: Mono-static Radar Cross-Section comparison of the wings with a TE deflection of 0¶

Wing Summation of Total RCS 0 to 360¶ [dBsm]
◊= 105¶ & „ =0¶ ◊= 155¶ & „ =0¶ ◊= 205¶ & „ =0¶ ◊= 255¶ & „ =0¶

Conventional 63.44 71.99 68.02 63.41
Morphing 53.47 61.47 57.44 53.46

Table 5.5: Mono-static Radar Cross-Section comparison of the wings with a TE deflection of 25¶

Wing Summation of Total RCS 0 to 360¶ [dBsm]
◊= 105¶ & „ =0¶ ◊= 155¶ & „ =0¶ ◊= 205¶ & „ =0¶ ◊= 255¶ & „ =0¶

Conventional 53.07 61.68 61.67 53.01
Morphing 54.93 63.22 63.38 54.81

Table 5.6: Bi-Static Radar Cross-Section comparison of the wings with a TE deflection of 0¶ by summation of total RCS
from 0 to 360¶

Location of Radars Total RCS 0 to 360¶[dBsm]
Conventional wing

Total RCS 0 to 360¶[dBsm]
Morphing wing

T=◊= 120¶ & „= 0¶

R=◊= 240¶ & „= 80¶ 66.81 53.92

T=◊= 120¶ & „= 0¶

R=◊= 240¶ & „= 160¶ 70.37 58.23

T=◊= 120¶ & „= 0¶

R=◊= 240¶ & „= 240¶ 60.05 55.77

T=◊= 120¶ & „= 0¶

R=◊= 240¶ & „= 320¶ 72.88 54.95

T=◊= 240¶ & „= 0¶

R=◊= 120¶ & „= 80¶ 60.88 54.32

T=◊= 240¶ & „= 0¶

R=◊= 120¶ & „= 160¶ 61.95 53.53

T=◊= 240¶ & „= 0¶

R=◊= 120¶ & „= 240¶ 70.22 53.94

T=◊= 240¶ & „= 0¶

R=◊= 120¶ & „= 320¶ 68.00 54.84

5.7 Validation of Hyperworks-FEKO
Due to the confidential nature of the subject, virtually no Radar Cross-Section experimental measure-
ments for any aerial vehicle for di�erent configurations and aspect angles are available in open literature.
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RCS measurements of the operational military aerial vehicles are not shared by the defense research in-
stitutes. In order to validate the radar signatures of the MQ-9 obtained from the simulations, validation
of the the Radar Cross-Section measurement software (FEKO) is done instead of validating the radar
signatures of the wings. Similar geometrical and operational configurations are validated and modelled
in FEKO of an already available experimental data irrespective of the geometry.

5.7.1 Experimental data
Experimental measurements from the weapons division at the NAVAL Air Warfare Center are used to
validate the software [2]. These measurements were performed indoors in a Bi-static Anechoic Chamber
(BAC) with the chamber dimensions of 150mx150mx60m. Indoor measurements poses several advan-
tages as compared to the measurements in an open space. It provides extra security, equipment can be
operated in all weather conditions and also reduces the costs of an experiment. Walls of the chamber
are covered with a radar absorbing material but the performance of the material is limited, which means
some of the waves are reflected o� the walls[21]. E�ect of these performance limitations on the results
is discussed during the comparisons.

The radio frequency system for the transmission consists of a LINTEK 5000 radar system and a single
feed antenna with the frequency range from 180MHz to 2GHz. Mono-static and bi-static measurements
can be performed using this LINTEK 5000 High-speed radar system.[32]

Bi-static measurements were performed on an aluminum cylinder with a diameter of 4.5 inches with
length of 13 feet at the VHF band frequency of 150MHz. Far-field behaviours of the cylinder radar
signatures were recorded using collimators reflectors. In the near-fields close to the scattering source,
the radiation values are dominated by the non-radiative behaviours present in the electromagnetic fields
whereas in the far-fields actual electromagnetic radiations dominate. With an increase in distance from
the source, magnitude of far-field radiation increases. These are inversrly proportional to eachother.

Only the plots of the measured data with RCS values on the Y-axis and the aspect angles on the
X-angles were available instead of the raw data. Therefore, data points from the plots were extracted
using webplotdigitizer10 which are then used in comparison with the simulated data obtained using
FEKO. Process of obtaining these data points and getting to the 2D values can be seen in Figure 5.18.

10URL:https://automeris.io/WebPlotDigitizer/ [Cited 19-Apr-2018]

https://automeris.io/WebPlotDigitizer/
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Figure 5.18: Experimental data extraction for validation

Values obtained from these measurements will be compared to the simulation values from FEKO in the
next part of the chapter.

5.7.2 FEKO measurements
Comparisons of the measured RCS and the simulated RCS for the cylinder with a diameter of 4.5 inches
and a length of 13 feet is discussed in this part of the chapter.

FEKO measurements were performed on an aluminum cylinder with same geometrical and operational
settings. No approximations are used in the electromagnetic formulation with Method of Moments
solver for the analysis. This solution can be assumed to be exact depending on the fineness of mesh.

Frequency of the simulations is set to 150MHz which is same as the one used in measurements and lies
in the VHF band. Due to the low frequency measurements, Method of Moments was used where it uses
full wave solution of the Maxwell’s integral equations and as a result leads to relatively accurate results.
Locations of the transmitter and the receiver antenna are set at similar locations as the measurements
and the far-field analysis were requested during the setting up of the simulations. Cylinder was meshed
as fine as the computational power allows. Increments in the aspect angles were not made too small
due to very high computational power requirements. Increments in the aspect angles were chosen such
that a valid picture of the scattering behaviour can be analysed.

In Figures 5.19 and 5.20, comparison of the Radar Cross-Section signatures from the NAVAIR mea-
surements and the FEKO simulations can be found. Figure 5.19 contains the comparison in the polar
plot where Radar Cross-Section in dBsm is in the radial direction as a function of the aspect angles.
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Figure 5.19: Comparison of RCS signatures of experimental and simulated analysis in a polar plot

In Figure 5.20, a 2D plot of the Radar Cross-Section comparison can be found. Aspect angles are
represented on the X-axis and the RCS in dBsm is on the Y-axis.
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Figure 5.20: Comparison of RCS signatures of experimental and simulated analysis in a 2D plot

From the figures, it can be noticed that the Radar Cross-Section responses of cylinder for the measure-
ments and the simulations provides with an indication of decent accuracy. For the simulations in FEKO,
high degree of symmetry between 0¶ to -180¶ and 0¶ to 180¶ exists which was expected as well. For the
experiments, slight discrepancies in the symmetry are visualized, which as mentioned before are due to
the radar absorption limitations of the chamber wall. This leads to some of the waves to reflect o� the
walls. Overall, the data between the measurements and the simulations shows an excellent correlation.
Similar RCS patterns for simulations and the measurements even at low Radar Cross-Section values
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show a decent agreement in the obtained radar signatures.

From this validation it can be concluded that the results obtained for the wings are within decent
accuracy. Therefore, it can be concluded that the Radar Cross-Section for the wings obtained and their
comparisons are valid.



6. Conclusions & Recommendations

This Chapter is devoted to the conclusions that are drawn from the thesis work and the recommenda-
tions that can be suggested for the further research and future work. Conclusions of this thesis work
are discussed in Section 6.1. Subsequently, in Section 6.2 recommendations for the future work are
mentioned.

6.1 Conclusions
In order to make sure the prospect of flap morphing on the MQ-9 Reaper, an extensive literature review
on the state-of-the-art shape-changing structures in the aerospace domain was carried out. Main tech-
nologies and design methodologies that are used to facilitate the wing morphing were discussed. Most
of the work has only been carried on the Unmanned Aerial Vehicles and military vehicles due to many
roadblocks that FAA puts on new design technologies in civil aviation such that it takes years or even
decades to approve before it can be operational. With the available technologies and recent research
on SMART materials it can be concluded that it is more than possible to implement the flap morphing
on a MQ-9 Reaper.

Lack of previous research on the subject of morphing wings with respect to the Aero-Acoustic noise and
Radar Cross-Section motivated the work presented in this thesis report. In Chapter 1, the following
research question was stated:

What are the potential Radar Cross-Section and Aero-Acoustic noise merits of a
GA-ASI MQ-9 Reaper by applying flap morphing?

This study carried out the Radar Cross-Section and Aero-Acoustic noise analysis on the MQ-9 Reaper
and derived potential merits. In order to obtain the potential merits, existing wing of the MQ-9 was
also modelled along with the morphing wing based on the low-fidelity aerodynamic analysis and the
textbook approach. To be able to satisfy or match the performance requirements of the conventional
wing and flap configuration, surface area of the morphing wing was increased by 27%.

For the first time, fully 3D printed scaled wings were successfully noise tested at the NLR’s AV-LAB.
For the morphing wing, 35, 50 and 70m/s speeds were tested but for the conventional wing only the
35 and 50 m/s were possible. At 70 m/s, flap of conventional wing started to deform slightly due to
increased loads.

From the Sound Pressure Level spectra, it was noticed that after the frequency of 1100Hz, the con-
ventional wing generates higher noise peaks compared to the morphing wing. Between 1100 Hz and
1300Hz di�erence in the noise peaks is higher for the 35m/s plots whereas for the 50m/s these peaks
dampens out but the di�erence in the sound pressure levels still exists.

It was found out that the morphing wings generated lower Overall Sound Pressure Level than the
conventional wings for all operational settings and configurations. For the 35m/s data, minimum dif-
ference between the morphing and the conventional wing was observed at the angle of attack of 0¶

with di�erence in the Overall Sound Pressure Level being 4.7% whereas on the other hand maximum
di�erence of 38% was observed at the maximum tested angle of attack of 12¶. For the 50m/s data,
minimum di�erence of 20.66% was observed at the lowest angle of attack and the maximum di�erence
was obtained at the angle of attack of 6¶ where the di�erence in the noise generation by the morphing
and the conventional wing in terms of Overall Sound Pressure Level is about 32%.

In order to approximate the hearing system of humans, A-weighting to the Overall Sound Pressure
Level of the wings was applied. Similarly, noise generation by the conventional wing was higher than
the morphing wing for all operational and configuration settings. Additionally, in order to visualise the

83
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noise sources on the wings for di�erent operational and configuration settings, beamforming maps were
generated for 16 di�erent one-third octave band center frequencies.

Werner Dobrzynski’s noise approximation technique together with Karl-Stephane Rossignol’s flap-side
noise approximation technique was used to predict the noise generation of both wings. From the pre-
dicted data, it was found out that the minimum percentage di�erence in the Overall Sound Pressure
Level generation is 36% at the lowest analysed angle of attack of 0¶ and highest at the angle of attack of
12¶ where the di�erence mounts to 45%. Comparing these percentage values to the percentage reduc-
tion from the experimental results it can be noticed that predicted data resulted in 10-15% additional
reduction for the morphing wing. Overall, the noise prediction technique provides a quick with decent
level accuracy to approximate the noise of the wings during initial design of the aircraft.

Radar Cross-Section analysis were successfully performed using HyperWorks FEKO for di�erent op-
erational and configurational settings. Due to the number of scattering sources/components present
on the wings, Radar Cross-Section pattern adopts quick scintillation around the aspect angle. This
rapid scintillation is due to the interference between the components that scatters this energy as they
are in and out of phase against each other. For the mono-static Radar Cross-Section analysis with
trailing edge and flap deflection of 0¶, a significant reduction in the radar signature is observed for the
morphing wing despite its larger size compared to the conventional wing. This higher RCS signature
of the conventional wing is due to the extra flap gaps, extra flap mechanisms and the flap side-edges
which are not present for the morphing wing. For the mono-static Radar signature with 0¶ deflection,
after summation of total RCS in all 360 directions, a maximum and a minimum decrease of 10.52dBsm
and 9.95dBsm was observed.

Low observability advantages of the morphing wing with 25¶ trailing edge deflection over the conven-
tional wing diminishes when the trailing edge of the morphing wing is deflected downwards. Reflections
between the surface and creeping waves in addition to the larger size of the wing relative to the con-
ventional wing results in this decrease in the low observability of the wings. For the 25¶ trailing edge
and flap deflections, an increase in radar signature between 1.54 and 2 dBsm was noticed.

Similar characteristics like the mono-static 0¶ trailing edge deflections were observed for the bi-static
analyses. Reduction in the radar signature was observed for all locations of the receiving and the trans-
mitting radars. Radar Cross-Section response to the corners, gaps and corner reflectors is very sensitive
to the bi-static angle. Therefore, the higher radar signature di�erences at some bi-static angles are
observed between both wings.

Lastly, bi-static Radar Cross-Section analysis were also performed on 0¶ wings where the decrease in
the overall radar signature between 4 and 18 dBsm was observed.

6.2 Recommendations
Finally, some recommendations for the future work can be suggested.

• High-fidelity CFD analysis and windtunnel tests can be used in designing the morphing wing with
high accuracy.

• Identical surface roughness of the 3D printed wings should be ensured.

• Angle of attack correction should be applied to accurately determine the flow angle of attack.

• Acoustic measurements on the 3D wings can be performed to take into account the additional 3D
e�ects and their consequences on the noise generation.

• Range of the angles of attack can be increased upto the stall limit during the experiments to
analyse the noise behaviour at high angles of attack.

• Radar Cross-Section merits can be analysed for a range of radar frequencies rather than a single
frequency.
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• With high computational resources, meshes could be made more finer to obtain Radar Cross-
Section merits with higher accuracy.

• Increased number of radar locations(mono-static and bi-static) and target orientations can be
analysed to re-visit conclusions on the Radar Cross-Section merits.

• Radar Cross-Section merits can be analysed with increased number of ray interactions.

• Instead of simulating only wings, full MQ-9 Reaper with fuselage, tail surfaces etc. should be
analysed with both types of wings to take into account the reflections and ray interactions between
di�erent components.



A. History of Morphing Wing Aircraft

In Figure A.1, a timeline is given showing the implementation of morphing wing technologies(along
with the type of morphing) on fixed wing aerial vehicles. Most of these aerial vehicles belong in the
Military domain.

Figure A.1: Timeline of the implementation of morphing wing technologies [39]
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B. Future of Morphing Wings in Military

Domain

In this Chapter, notional future of the shape-changing/morphing wing structures in the military domain
is presented. All the information in this section is gathered from the open literature and assembled into
a table. This information can be found in Table B.1.

Table B.1: Future of Shape-Changing Structures in Military domain (Note: EM-Electromagentic & CoG-Center of
Gravity)

Vehicle
Capability

Morphing
feature Challenges Feature

varied Properties Solutions

Multipoint
aerodynamic
operation

Structure/CoG
Structural changes
according weight &
power requirements

Mechanical Variable Young’s
Modulus

Adaptable
polymer/
composite

Adaptive EM
signature

Real/virtual
appearance of
vehicle

Hide in background
environment/appear
as another vehicle
without altering
performance

Mechanical/
Multispectral Variable conductivity

Adaptive
polymer with
structural
properties

Antenna Steerable
Reflectivity must
be dynamically
reconfigurable

EM
Variable dielectric
with structural
health

Adaptive
polymer with
structural
properties

Optical stealth Color/Texture/
Reflectivity Environmental issues EM environment Variable reflectivity/

Color bandwidth

Variable
dielectric/
conductive
polymers

Restore control
surfaces after
battle damage

Grow new
control surfaces

Grow new
structure /replace
damaged portions

Mechanical loads Variable Young’s
Modulus

Adaptive
polymers
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C. Additional Radar Cross-Section Results
In this Appendix, mono-static and bi-static radar signature of the conventional and the morphing wings
in addition to the ones discussed in Chapter 5 are presented.

C.1 Mono-static RCS
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Figure C.1: Mono-static RCS signature of the wings with a TE deflection of 0¶ and the radar location at ◊= 105¶ & „
=0¶
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Figure C.2: Mono-static RCS signature of the wings with a TE deflection of 0¶ and the radar location at ◊= 255¶ & „
=0¶
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Figure C.3: Mono-static RCS signature of the wings with a TE deflection of 25¶ and the radar location at ◊= 105¶ & „
=0¶
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Figure C.4: Mono-static RCS signature of the wings with a TE deflection of 25¶ and the radar location at ◊= 255¶ & „
=0¶

C.2 Bi-Static RCS
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Figure C.5: Bi-static RCS signature with the transmitting radar located at ◊= 120¶ & „ =0¶ and the receiver radar
located at ◊= 240¶ & „= 80¶
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Figure C.6: Bi-static RCS signature with the transmitting radar located at ◊= 120¶ & „ =0¶ and the receiver radar
located at ◊= 240¶ & „= 240¶
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Figure C.7: Bi-static RCS signature with the transmitting radar located at ◊= 240¶ & „ =0¶ and the receiver radar
located at ◊= 120¶ & „= 80¶
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D. Additional Aero-Acoustic Noise Results

Sound Pressure Level spectras and the beamform maps of the experimental data in addition to config-
urations and operational settings discussed in Section 4.2 are presented in this Appendix.

D.1 SPL spectras
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Figure D.1: SPL spectra for the morphed and the conventional wing along the background noise with an angle of attack
of 0¶ for two di�erent speeds and microphones
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Figure D.2: SPL spectra for the morphed and the conventional wing along the background noise with an angle of attack
of 2¶ for two di�erent speeds and microphones
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Figure D.3: SPL spectra for the morphed and the conventional wing along the background noise with an angle of attack
of 4¶ for two di�erent speeds and microphones
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Figure D.4: SPL spectra for the morphed and the conventional wing along the background noise with an angle of attack
of 6¶ for two di�erent speeds and microphones
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Figure D.5: SPL spectra for each AOA starting with 2¶ with microphone 39 and the speed of 35, 50 and 70 m/s
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Figure D.6: SPL spectras for each AOA starting with 2¶ with microphone 39 and the speed of 35 and 50 m/s
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D.2 Beamforming results

Figure D.7: Beam maps of speaker with two 1000Hz(left) and 5000Hz(right) and speaker position at (0.3,-0.21,0)

Figure D.8: Beam maps for the windtunnel and the background noise with 35 m/s(left) and 50 m/s(right) speeds
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Figure D.9: Beam maps for the conventional(right) and the morphed(left) wing with 0¶ angle of attack and 35m/s

Figure D.10: Beam maps for the conventional(right) and the morphed(left) wing with 0¶ angle of attack and 50m/s
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Figure D.11: Beam maps for the conventional(right) and the morphed(left) wing with 2¶ angle of attack and 35m/s

Figure D.12: Beam maps for the conventional(right) and the morphed(left) wing with 2¶ angle of attack and 50m/s
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Figure D.13: Beam maps for the conventional(right) and the morphed(left) wing with 4¶ angle of attack and 35m/s

Figure D.14: Beam maps for the conventional(right) and the morphed(left) wing with 4¶ angle of attack and 50m/s
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Figure D.15: Beam maps for the conventional(right) and the morphed(left) wing with 6¶ angle of attack and 35m/s

Figure D.16: Beam maps for the conventional(right) and the morphed(left) wing with 6¶ angle of attack and 50m/s
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