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ABSTRACT OF THE DISSERTATION

CONSTRUCTAL DESIGN AND AEROELASTIC STABILITY ANALYSIS OF

HALE AIRCRAFT

by

Ehsan Izadpanahi

Florida International University, 2020

Miami, Florida

Professor Pezhman Mardanpour, Major Professor

In the new generation of the Unmanned Aerial Vehicle (UAV), the capability of

increasing the flight duration and altitude is the area of interest for designers. The

High-Altitude Long-Endurance (HALE) aircraft can fly farther and for a longer

period by using high aspect ratio flexible wings. The primary applications and

flight missions of this type of aircraft are environmental monitoring, surveillance,

and communications. While using high-aspect-ratio, flexible, light-weighted wings

improve the efficiency and reduces the required power, it will bring new challenges

into the design of the aircraft. One of the major concerns is aeroelastic instability,

which can appear as flutter, divergence, limit cycle oscillation, etc.

The main objectives of this research are to investigate the effects of different

design parameters on the aeroelastic stability of HALE aircraft. I seek to find the

reason why certain configurations can extend the aeroelastic flight envelope and

postpone the instabilities. A numerical package is developed that connects three

computer programs; Gmsh, Nonlinear Aeroelastic Trim And Stability of HALE Air-

craft (NATASHA), and Variational Asymptotic Beam Sectional Analysis (VABS).

The Gmsh software provides a discretized model of the wing cross-section of the

aircraft. The wing data is then imported to VABS software to obtain the structural

and inertial properties. NATASHA uses the structural and inertial properties of the
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sections to perform stability analysis, and the results of the trim solution are im-

ported to VABS software for stress analysis. VABS uses the trim solution to recover

the stresses.

Different design parameters such as engine/store location and wing sweep and

curvature are considered, and the nonlinear aeroelastic analyses are performed. Most

of the studies on the effects of design parameters on aeroelastic stability take a de-

scriptive approach, and they use the state-of-the-art numerical techniques to com-

pare the performance of different designs and reveal the best of the options available.

In the present study, I shed light on how a certain design parameter could influence

the flow in the system, including the flow of stresses and how changing the geometry

in the direction that provides greater access to the currents flowing through it, leads

to a better design. I propose how the configuration should evolve towards a better

design by facilitating the flow of stresses. This approach stems from constructal

law.
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CHAPTER 1

INTRODUCTION

1.1 History of Unmanned Aircraft Systems

To define Unmanned Aircraft Systems (UASs), the unmanned system must have

a flying vehicle. Unmanned aircraft are called drone, remotely piloted vehicle or

aircraft (RPV or RPA), Unmanned Aerial Vehicle (UAV), and many more. UASs

must consist of an airborne component in order to operate a task without a pilot on

board and capable of a sustainable flight [36].

In 1896 a steam-powered aircraft flew over the Potomac River. This aircraft was

launched by Samuel Pierpont Langley using a catapult launcher. This unmanned

aircraft traveled for a mile with no guidance system. Later in 1918, gyroscope was

used by Elmer Sperry as a simple tool for autopilot flight for both manned and

unmanned aircraft. During World War I, the Kettering Bug program employed an

unmanned biplane, which was designed to navigate up to 40 miles to the target.

However, the development of UAS stopped until World War II, which Germany

developed air-to-ground guided munitions and cruise missiles that significantly ad-

vanced UAS technology. Up to late 1980 and early 1990 a variety of systems was

developed, such as the first operational unmanned helicopter (Gyrodyne QH-50),

or the Lockheed D-21 and many more systems. However, due to the immature

technologies, these systems had limited capabilities and effectiveness [36].

With the advancement in the Global Positioning Systems (GPS), electronics and

satellite communication, the designs of UAS entered the modern era. The Boeing

Condor Program funded by DARPA was the first UAS to use GPS navigation and

auto-landing technology. Although it did not become operational, Condor set the

bar for later systems, capable of enduring 59 hours of operation time and reaching
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a maximum altitude of 67,000 ft. Following the Condor program, new systems such

as the General Atomics Predator, Teledyne Ryan Global Hawk, and the Lockheed

DarkStar were developed. These aircraft were the first to perform operations that

could go beyond-line-of-sight using high-bandwidth digital satellite communications

links [36].

Mission requirements are the bases of any design of UASs. One of the most

widely known UASs is Predator, due to its contribution to recent conflicts in Iraq

and Afghanistan and appearance in many movies and TV shows. Although UASs

have been used in military applications, they are not limited to these missions.

Currently, there are four categories of UAS recognized by the Federal Aviation

Administration (FAA): recreational, commercial, governmental, and educational.

This vast range of applications led to numerous designs and configurations, with

different complexities.

There are many types of UAS; some are presented in Fig. 1.1. Small Unmanned

Aircraft Systems (SUAS) are lightweight but still larger than Micro Air Vehicles

(MAV). MAVs have a maximum physical length of 6 inches with weight less than

0.5 lb, while SUAS has a gross weight between 1 to 55 lb. SUAS and MAV are

electrically powered with half an hour to two-hour endurance. Another category of

UAS is the medium to long endurance and usually low-altitude. They have a gross

weight between 1,000 to 10,000 lb capable of carrying large payloads and flying for

12 to 40 hours [36].

Another type of UAV is the High-Altitude Long-Endurance (HALE) aircraft that

is designed to achieve flights with more than 24 hours at high altitudes. Some divide

this category into two different sub-categories that distinguish the long-endurance

and ultra-long-endurance UAVS. However, this research stays with the definition

of HALE aircraft that encompass both long-endurance and ultra-long-endurance
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Figure 1.1: Classification of unmanned aircraft systems

UAVS. From Northrop Grumman Global Hawk (RQ-4B) that can fly for 33 hour at

maximum altitude of 65,000 feet to Airbus Zephyr SE model that is a solar powered

aircraft that can fly at 70,000 feet altitude and has a flight endurance record of more

than 25 days, are examples of HALE aircraft.

1.2 High-Altitude Long-Endurance (HALE) Aircraft

HALE aircraft concept goes back to the early 1980’s [38, 105]. One of the earliest

designs was the Pathfinder solar-powered aircraft that was developed under a classi-

fied governmental program. NASA was also sponsoring an Environmental Research

and Sensor Technology (ERAST) program that was tasked with developing high-

altitude UASs to gather data of the upper atmosphere. NASA wanted to measure

the ozone hole phenomenon, which was an issue that was highly talked about at the

time but not well understood. The Aurora Flight Sciences – Perseus, AeroViron-

ment – Pathfinder (solar-powered), General Atomics -Atlus, and Scaled Composites
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-Raptor were developed under this program. Although these high-altitude UAVs

were not used primarily for their original missions, the technologies developed like

groundbreaking airframes and propulsion systems had a heavy impact on the ad-

vancement of UASs.

This type of aircraft has a wide range of flight missions, from earth science mis-

sions, such as extreme weather observation and oceanographic research, to govern-

ment services such as forest fire damage assessment and border and coastal patrol,

to civil missions like sat-cell phone services and agriculture yield maximizing.

1.3 Aeroelastic Instability

Aeroelasticity deals with the interaction between elasticity, aerodynamics, and dy-

namics [43]. According to Fung [31], aeroelasticity covers the effects of aerodynamic

forces on an elastic body. While in classical elasticity, the external loading is inde-

pendent of the structure’s deformation, in aeroelasticity the body deformation plays

a critical role in determining the aerodynamic forces. The most common problem

in aeroelasticity is stability analysis. Aerospace structures may experience insta-

bility during flight. There are different types of aeroelastic instabilities, such as

divergence, flutter, and Limit Cycle Oscillation (LCO) [46].

According to Hodges [43] “flutter is a self-excited and potentially destructive

oscillatory instability in which aerodynamic forces on a flexible body couple with

its natural modes of vibration to produce oscillatory motions with increasing am-

plitude.” There is no clear explanation in the literature to discuss why this phe-

nomenon occurs. Fung [31] explains that flutter happens because “the speed of flow

affects the amplitude ratios and phase shifts between motion in various degrees of

freedom in such a way that energy can be absorbed by the airfoil from the airstream
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passing by.” Bendiksen [18] explained that in order for the flutter to happen, wings

must extract the energy from the airstream. This can cause the inability of the

structure of the aircraft’s structure to compensate for the aerodynamic, elastic, and

inertial forces [46].

On the other hand, divergence is a static instability. Hodges [43] explains that

“When this [the aerodynamic forces overpower the elastic forces] occurs such that

inertial forces have little effect, we refer to this as a static-aeroelastic instability – or

divergence.” He [43] further explains that “divergence occurs when a lifting surface

deforms under aerodynamic loads in such a way as to increase the applied load,

and the increased load deflects the structure further — eventually to the point of

failure.”

The real events in nature, however, can be different from the results of linear

analysis, such as flutter and divergence. In an actual aircraft, flying at the speeds

below flutter, there is a possibility for the self-excited oscillations to develop. Addi-

tionally, other conditions in the atmosphere, such as gust can destabilize a system

that was predicted to be stable by linear analysis. These situations can result in a

steady–state periodic oscillations called limit cycle oscillations [43]. According to

Hodges [43] “there can be fatigue problems leading to concerns about the life of

certain components of an aircraft as well as passenger comfort and pilot endurance.

To capture such behavior in an analysis, the aircraft must be treated as a nonlinear

system.”

1.4 Constructal Law

The constructal law explains that the design evolution is a universal physics phe-

nomenon [6, 14, 15]. It states [5]: “For a finite-size flow system to persist in time (to
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live), its configuration must evolve freely such that it provides greater and greater

access to the currents that flow through it.”

The key concept is thinking of flow systems in nature. Flow, the movement of

one entity relative to another is described by what the flow carries (fluid, heat, mass,

electricity, stress, etc.), how much it carries (flow rate, current, etc.), and where the

stream is located (i.e., how it is configured). The “where” (i.e., the configuration in

space and time) is the focus of the constructal theories that stem from the constructal

law [10, 11, 12, 46]. The constructal law accounts for the emergence and evolution

of shape and structure in the flow configurations of any system that has the freedom

to change [46].

The optimization methods search through a predefined existing arrangements

and chose the one that is suitable for the design objectives. With the constructal law,

the designer discovers the configuration without any presumptions, and constructs

the missing geometry from the principles. Unlike optimization, the constructal

approach enables the design to transform and evolve toward the better [46].

From engineering [6] to biology [13], there is a large body of knowledge con-

cerning the application of the Constructal Law in design that shows the success-

ful implementation of the constructal theories for the analysis and design of sys-

tems [46]. These applications include mechanical structures [57]; thermal structures

[54, 61, 78, 92, 104]; heat, fluid, and power distribution systems [2, 15, 76]; porous

structures [3, 56, 58, 101]; transportation and economic structures [8, 98]; product

design [19, 40, 41]; physics of life [7]; human dynamic, security, and sustainability

[16, 75].
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1.5 Project Motivation and Research Objectives

In June 2003, the Helios prototype, which was a highly flexible ultra-lightweight

flying wing, crashed during the flight test. During the flight, the aircraft experi-

enced normal turbulence, which led to an unexpected high wing dihedral. Then the

aircraft became unstable, and the leading edge failed. One of the reasons behind

the crash was reported as: “Lack of adequate analysis methods led to an inaccurate

risk assessment of the effects of configuration changes leading to an inappropriate

decision to fly an aircraft configuration highly sensitive to disturbances” [81, 82].

The main objectives of this research are to investigate the effects of different

design parameters on aeroelastic stability of HALE aircraft and I seek to find the

reason why certain configurations can extend the aeroelastic flight envelope and

postpone the instabilities. Different design parameters such as engine/store location

and wing shape and curvature will be considered, and the linear and nonlinear

aeroelastic analyses will be performed.

Most of the studies on the effects of design parameters on aeroelastic stability

take a descriptive approach, and they use the state-of-the-art numerical techniques

to compare the performance of different designs and reveal the best of the options

available. In the present study, I shed light on how a certain design parameter could

influence the flows in the system, including the flow of stresses and how by morphing

the geometry in the direction that provides greater access to the currents flowing

through it leads to a better design. I also propose how the configuration should

evolve towards a better design by facilitating the flow of stresses [46].
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CHAPTER 2

AEROELASTIC THEORY AND NUMERICAL PROCEDURE

2.1 Aeroelastic Theory

2.1.1 Structural theory: nonlinear composite beam theory

B 1

B 2

B 3

Deformed State

Undeformed State

r

R

R

s

r
u

x1

b 1

b 2

b 3

R ˆ 

r ˆ 

Figure 2.1: Sketch of beam kinematics [42]

The equations of motion which are presented in Eq. (2.1) are based on force,

moment, angular velocity and velocity with nonlinearities of second order. These

variables can be expressed in the bases of the deformed and undeformed frames,

B(x1, t) and b(x1), respectively; see Fig. 2.1.

F ′B + K̃BFB + fB = ṖB + Ω̃BPB

M ′
B + K̃BMB + (ẽ1 + γ̃)FB +mB = ḢB + Ω̃BHB + ṼBPB

(2.1)

In this set of equations, FB and MB represent the column matrices of cross-sectional

stress and moment resultant; VB and ΩB define column matrices of cross-sectional

8



frame velocity and angular velocity; PB and HB indicate the column matrices of

cross-sectional linear and angular momentum measures; K̃B is Column matrix of

deformed beam’s curvature and twist. All of the aforementioned variables measure

in Bi basis. The structural and the inertial constitutive equations relate the stress

resultants and moments to the generalized strains and velocities as follow [42]: γ

κ

 =

 R S

ST T


 FB

MB

 (2.2)

 PB

HB

 =

 µ∆ −µξ̃

µξ̃ I


 VB

ΩB

 (2.3)

Here, R, S, and T represent 3×3 partitions of the cross-sectional flexibility matrix;

µ is the mass per unit length; ∆ is the 3×3 identity matrix; I defines the 3×3

cross-sectional inertia matrix; ξ is b0 ξ2 ξ3cT in which ξ2 and ξ3 represent the

position coordinates of the cross-sectional mass center with respect to the reference

line. Finally, strain- and velocity-displacement equations are utilized to derive the

intrinsic kinematical partial differential equations [42].

V ′B + K̃BVB + (ẽ1 + γ̃)ΩB = γ̇

Ω′B + K̃BΩB = κ̇

(2.4)

In these equations, the tilde (̃ ) represents the antisymmetric 3×3 matrix associ-

ated with the column matrix over which the tilde is placed; ˙( ) defines the partial

derivative with respect to time; and ( )′ is the partial derivative with respect to the

axial coordinate, x1. In order to solve these first-order, partial differential equations

one may eliminate γ and κ using Eq. (2.2) and PB and HB using Eq. (2.3), and

also 12 boundary conditions are required, in terms of force (FB), moment (MB),

velocity (VB) and angular velocity (ΩB). Displacement and rotation variables do
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not appear in this formulation, and singularities due to finite rotations are avoided.

The position and the orientation can be obtained as post-processing operations by

integrating,

r′i = Cibe1

ri + u′i = CiB(e1 + γ)

(2.5)

and

(Cbi)′ = −k̃Cbi

(CBi)′ = −(k̃ + κ̃)CBi

(2.6)

2.1.2 Aerodynamics theory: 2D induced flow theory of Pe-

ters

The aerodynamic model of Peters et al. [90] is utilized in this study. This finite-

state model is a state-space, thin-airfoil, inviscid, incompressible approximation of

an infinite-state representation of the aerodynamic loads. By using known airfoil

parameters, it can consider induced flow in the wake and apparent mass effects.

Additionally, It can accommodate large motion of the airfoil as well as the deflection

of a small trailing-edge flap. Available studies in literature [90, 95] indicate that

although this model cannot simulate the three-dimensional effects associated with

the wingtip, it can accurately approximate the aerodynamic loads acting on high-

aspect-ratio wings. The lift, drag and pitching moment at the quarter-chord are

given by

Laero = ρb
[
(cl0 + clββ)VTVa2 − clαV̇a3b/2− clαVa2(Va3 + λ0 − Ωa1b/2)− cd0VTVa3

]
(2.7)

Daero = ρb
[
−(cl0 + clββ)VTVa3 + clα(Va3 + λ0)

2 − cd0VTVa2

]
(2.8)
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Maero = 2ρb
[
(cm0 + cmββ)VT − cmαVTVa3 − bclα/8Va2Ωa1 − b2clαΩ̇a1/32 + bclαV̇a3/8

]
(2.9)

Here,

VT = (V 2
a2

+ V 2
a3

)1/2. (2.10)

sinα =
−Va3

VT
(2.11)

αrot =
Ωa1b/2

VT
(2.12)

and β is the angle of flap deflection, Va2 and Va3 denote the measure numbers of Va.

The effect of unsteady wake (induced flow) and apparent mass included as λ0 and

acceleration terms in the force and moment equation, which λ0 can be calculated

using the induced flow model of Peters et al. [90]:

[Ainduced flow] {λ̇}+

(
VT
b

)
{λ} =

(
−V̇a3 +

b

2
Ω̇a1

)
{cinduced flow} (2.13)

λ0 =
1

2
{binduced flow}T{λ} (2.14)

Here λ defines the column matrix of induced flow states, and [Ainduced flow], {cinduced flow},

{binduced flow} represents constant matrices, which are derived in Ref. [90].

2.1.3 Gust airloads model

The gust airloads are taken into account separately from the aerodynamic forces

of the flight dynamic velocities. The unsteady gust model measures the chordwise

variation of the gust field on the deformed state of the wing. Here, an interpretation

of the Peters and Johnson [89] theory that considers these effects is provided. The

total induced flow is ωB, defining the vertical gust velocity in the deformed beam

frame.
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L = ω0 +
1

2
ω1 +

1

2

(
ω̇0 +

1

2
ω̇1

)
b

VT
(2.15)

Here L̄ denotes the velocity-normalized lift coefficient presented by Peters and

Johnson [89]; ωn is the coefficient of the nth Chebychev polynomial mode shape.

ωB can approximated as

ωB =
N∑
0

ωnTn (2.16)

where Tn is the nth order Chebychev polynomial. The gust force can be provided

as

fgust =


0

−ρbClα (V3 + ω0)L

ρbClαV2L

 (2.17)

and the gust contribution to the induced flow can be presented as

λ0gust = ω̇0 +
1

2
ω̇1 (2.18)

2.2 Nonlinear Aeroelastic Trim And Stability of HALE Air-

craft (NATASHA)

NATASHA [21, 86] is a powerful code for determining the aeroelastic behavior of

HALE aircraft. The aeroelastic system is constructed by unifying the aerodynamic

equations with the structural equations.

[A] {ẋ}+ {B (x)} = {fcont} (2.19)
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Here, {x} and {fcont} define the vectors of all of the aeroelastic variables and the

flight controls, respectively. The resulting nonlinear ordinary differential equations

are then linearized about a static equilibrium state, which is obtained by nonlinear

algebraic equations. Utilizing the Newton-Raphson procedure, NATASHA solves

these equations to obtain the steady-state trim solution [86]. The stability of the

structure can be analyzed by linearizing this system of nonlinear aeroelastic equa-

tions about the resulting trim state, which leads to a standard eigenvalue problem.

The linearized system is represented as

[A]
{

˙̂x
}

+ [B] {x̂} =
{
f̂cont

}
(2.20)

where (̂) is the perturbation about the steady-state values.

The trim equations are available in the study by Patil et al. [86]. They mentioned

that the trim conditions are the same as steady-state conditions, which all the time-

derivatives are zero. The symmetric trim equations are

ĝ2V̂2 + ĝ3V̂3 − tanφ
(
ĝ3V̂2 − ĝ2V̂3

)
= 0 (2.21)

V̂ 2
2 + V̂ 2

3 − V̂ 2
∞ = 0 (2.22)

where φ and V∞ are the prescribed flight angle and airspeed, respectively.

NATASHA is verified and validated [62, 95], specifically, for the effects of sweep

on the flutter and divergence, its results have been verified [62] against the classical

cantilever wing model of Goland and Luke [35]. There are various studies available

in the literature that present the system of the equations and the methods of solution

of NATASHA [86, 21]. Additionally, Chang and Hodges [20] used the geometrically

exact fully intrinsic beam formulation to study the vibration characteristics of curved
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beams. They compared their results with available data in the literature for the cases

of in-plane and out-of-plane vibration and validated the beam formulation for the

case of curved beams. This formulation is the same formation behind NATASHA’s

structural part.

2.3 Variational Asymptotic Beam Sectional Analysis (VABS)

VABS [106, 107, 109] is commercial software that uses the variational method to

simplify a three-dimensional nonlinear analysis. It projects a three-dimensional

slender structures to a two-dimensional cross-sectional and one-dimensional beam

analysis. VABS decreases the analysis time from hours to seconds while maintaining

the accuracy of detailed 3D FEA. It uses a finite element mesh of the cross-section

and material properties as inputs to calculate the cross-sectional properties (e.g.,

structural properties and inertial properties). It also performs stress recovery uses

inputs such as axial and shear forces, moments, distributed forces, and moments

including applied and inertial [46].

2.4 Stress Recovery Procedure

Three different computer programs Gmsh [34], VABS [106, 107, 109], and NATASHA

[86, 21] are used in this study as well as several functions that are developed in

MATLAB to connect these software packages and also perform the post-processing

of stresses [46].

The geometries of the cross-section of wings and fuselage are produced and

meshed in the open-source software, Gmsh [34]. Gmsh uses the finite element

method to create the mesh. It has four different modules for creating geometry,
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mesh, solving, and post-processing. I only used the geometry and mesh modules

of Gmsh to create and mesh the cross-sectional geometry of the aircraft. I im-

ported these geometries and meshes, along with the material properties, into the

VABS software to obtain the cross-sectional and elemental properties of different

parts of the aircraft. It is noteworthy that the curvature should be implemented in

VABS to achieve the corrected cross-sectional properties because the initial twist

and curvature of the geometry introduce some elastic couplings [46, 108].

In the next step, the values of cross-sectional and elemental properties are used

in NATASHA to perform stability analysis. Finally, the trim state results calculated

in NATASHA are returned to the VABS software to acquire the stresses through

the structure. The stresses are post-processed using an in–house program written

in MATLAB [46]. A schematic view of the steps of this research is presented in Fig.

2.2.

Figure 2.2: Schematic view of the study procedure.
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CHAPTER 3

FLUTTER SUPPRESSION WITH DESIGN PARAMETERS

3.1 Background

Several approaches have been taken to solve the problem of aircraft flutter. These in-

clude modifying the structure, adding mass balance, imposing flight restrictions and

the use of active flutter suppression systems [1, 52, 91], each having its limitations

[44, 91].

Several researches show that engine or store location can greatly affect the flutter

boundary [27, 29, 74, 97]. An experimental and theoretical investigation by Tang

et al. [97] showed that the store could increase the flutter speed significantly by

placing the store at 50% of the span. Studies [62, 68] showed that the location of

the engines on a flying wing leads to flutter suppression. They reported that engine

placement at 60% of the span forward of the reference line increases the flutter speed

significantly (about two times of their base model).

Sweep is another design parameter that can significantly enhance the flutter

characteristics of the flying wing aircraft. Swept wing configuration is a common

aircraft design practice, which was used as early as the 1950s in the design of air-

planes and fighters such as MiG-15 and F-86 Sabre. The effect of sweep angle on

the aerodynamic and stability of an aircraft has been comprehensively discussed in

the literature [4, 26, 37, 39, 47, 59, 60, 71, 77]. Several experimental and theoretical

investigations suggested that generally, sweep angle increases the flutter speed of

the wing [4, 47, 59, 71]. Different wings with various geometries and materials have

been investigated in these studies, and their results suggested that an increase in

sweep extends the stability boundaries. Mardanpour et al. [62] studied the effect
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of sweep on the nonlinear aeroelastic characteristic of flying wing aircraft. Their

results show that both aft and forward sweep increases the flutter speed [46].

The curved wing geometry is a common shape in marine animals such as sword-

fish and tuna [100] or birds such as swift [51, 100]. There are variety of curved

wings proposed and investigated in the literature, including crescent-moon-shaped

wings [100], gull wings [102], curved wing with curvature in chordwise direction

[22, 23, 24, 32, 80, 94], curved wings with curvature in spanwise direction [80, 94],

wings with curved leading edge [17, 25, 49], and inflected wings [80].

Most of the studies on curved wings only consider the aerodynamic changes

of adding curvature to the wing, while the stability was not taken into account.

Chiarelli et al. [22, 24] studied the flutter characteristics of the chordwise curved

wing in comparison with a swept wing configuration. Their investigation reports

that the flutter speed of the curved wing is higher than the swept wing configuration.

However, in their model, the tip of the curved wing is behind the tip of the swept

model. This means that the component of the airflow (i.e., lift force) acting on

the swept structure is larger. A better comparison of the flutter boundary of these

geometries calls to the same externally applied load, i.e., aerodynamic load. This

could be attained if the tips of the wings are positioned at the same location [46].

Changing the design parameters of the aircraft can significantly affect flutter.

This chapter presents the effects of these parameters on the flutter characteristics of

very flexible flying wings aircraft and cantilevered wing. In this chapter, the effects

of engine placement and armament placement on the flutter characteristics of the

cantilevered wing configurations are presented. Additionally, the effects of engine

placement, sweep, and curvature on the flutter characteristics of the flying wing

aircraft models.
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3.2 Engine Placement Effects on Flutter Characteristics of

High-Aspect-Ratio Wings

In this section, the effects of engine placement on the flutter behavior of a very flex-

ible high-aspect-ratio wing is presented. Flutter speed and frequency contours are

presented for engine placement along the span and in b2 and b3 directions. Results

for engine placement between 60% to 80% of span with offsets from the reference

line show a significant increase in flutter speed. Fig. 3.1 shows the schematic view

of this wing carrying an engine. As shown in Fig. 3.1, η is the dimensionless length

in the b1 direction, along which the engine is located.

Figure 3.1: Schematic 3D view of a very flexible high-aspect-ratio.

3.2.1 Properties and dimensions of the model

The properties of the cantilever wing are presented in Table 3.1. The wing is aft

swept 15◦, and modeled using 20 elements. For the base model of the present study,

a wing is considered in the absence of an engine. The real and imaginary parts of
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the eigenvalues for the clean wing is shown in Fig. 3.2 and Fig. 3.3. The clean wing

flutters at the speed of 32.9 m/s and frequency of 22.47 rad/s [65].

Span 16
Aft sweep angle 15
Number of elements 20
Torsional stiffness 104

Out-of-plane bending stiffness 2× 104

In-plane bending stiffness 4× 106

Mass per element 0.75
Mass polar moment of inertia per element 0.1
Chord, c 1
Offset of aerodynamic center from elastic axis, e 0.25
Lift-curve slope, clα 2π
Drag coefficient, cd0 0.01
Gravity, g 9.8
Air density, ρ 0.0889

Table 3.1: Wing properties (SI units) [65].

Figure 3.2: Normalized real part of eigenvalues versus normalized speed of clear
wing [65].
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Figure 3.3: Normalized imaginary part of eigenvalues versus normalized speed of
clear wing [65].

3.2.2 Flutter analysis

The results of different engine placement on the flutter speed and flutter frequency

are presented in Figs. 3.4– 3.7. The engine is mounted in the x1/l and x2/b plane as

well as in the x1/l and x3/b plane. It should be noted that the effect of the engine’s

mount flexibility is not taken into account. These results are normalized with the

flutter speed and frequency of the clean wing.

Figure 3.4 shows the results of the flutter speed in the x1/l and x2/b plane. The

results indicate a significant increase in the flutter speed between 60% to 80% of the

span forward of the elastic axis. The same conclusion was previously reported by

Madranpour et al. [63] for wing without sweep, which they reported a substantial

increase in the flutter speed between 70 to 95 percent of the span. Additionally, as

the engine moves toward the tip of the wing, flutter speed decreases. Apparently,

for the engine placement behind the reference line, in the area between 60 and 80
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percent of the span, the flutter speed reduces. This drop reported by Madranpour

et al.[63] at 35% to 55% of span behind the reference line.

Figure 3.5 illustrates the flutter frequency in the x1/l and x2/b plane. The flutter

frequency decreases as the engine moves toward the tip of the wing. However, at

the tip of the wing and behind the reference line, a significant increase in the flutter

frequency is observed.

The contour of flutter speed in the x1/l and x3/b plane is shown in the Fig. 3.6.

In this plane, the flutter speed increases and decreases at the tip of the wing below

and above the reference line, respectively.

The contour of flutter frequency in the x1/l and x3/b plane is also presented in

Fig. 3.7. It is observed that as the engine moves toward the tip of the wing, the

flutter frequency reduces. There is only a small area at approximately 95 percent of

the span and below the reference line in which the flutter frequency increases.

Figure 3.4: Contour of normalized flutter speed for engine placement in chord wise
direction, i.e. b2 [65].
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Figure 3.5: Contour of normalized flutter frequency for engine placement in chord
wise direction, i.e. b2 [65].

Figure 3.6: Contour of normalized flutter speed for engine placement in normal
direction, i.e. b3 [65].
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Figure 3.7: Contour of normalized flutter frequency for engine placement in normal
direction, i.e. b3 [65].

3.3 Effect of Armament Placement on Flutter Behavior of

a High-Aspect-Ratio Wing

This section discusses the effects of armament placement on the flutter behavior

of high-aspect-ratio wing. Flutter speed and frequency contours are presented for

armament placement in the span-wise direction and in b2 and b3 directions. The

armament placement forward of the reference line increases the flutter speed. The

schematic view of the wing with armament attached to it can be seen in Fig. 3.8.

3.3.1 Properties and dimensions of the model

The wing model used for the case study resembles a cantilever beam having a span

of 18 meters and consisting of 20 elements, with 0 degree sweep angle Λ = 0. Table
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3.2 represents the properties that have been used for modeling of the wing and

armament in NATASHA. The base model is a clean wing without any concentrated

mass attached to it [64].

Property Value
Span [m] 18
Number of elements 20
Sweep angle [degrees] 0

R [N−1]

4.512× 10−8 0 0
0 1.742× 10−7 3.885× 10−12

0 3.885× 10−12 5.899× 10−6



S [N−1.m−1]

 0 1.262× 10−11 3.752× 10−10

−1.446× 10−11 0 0
−5.094× 10−6 0 0



T [N−1.m−2]

2.147× 10−5 0 0
0 2.733× 10−5 9.218× 10−13

0 9.218× 10−13 4.162× 10−7



I [kg.m]

9.684× 10−2 0 0
0 1.453× 10−3 −2.851× 10−9

0 −2.851× 10−9 9.539× 10−2



ξ [m]

 0
9.015× 10−4

−4.618× 10−7


Mass per unit length [kg.m−1] 0.88
Chord, c [m] 1
Offset of aerodynamic center from reference line, e [m] 0.25
clα 2π
cd0 0.01
cmα −0.08
Gravity, g [m.s−2] 9.8
Air Density, ρ [kg.m−3] 0.0889
Armament mass [kg] 10.0

IArmament [kg.m]

1.28× 10−1 0 0
0 3.44× 10−2 0
0 0 1.28× 10−1


Bullet mass [kg] 1.0

Table 3.2: Properties of wing, armament and bullet in SI units [64].
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b2

b3

η

Figure 3.8: Schematic 3D view of a very flexible high-aspect-ratio wing [64].

The base model (i.e., clean wing) was seen to flutter at a speed of 34.8 m/s

with a frequency of 15.7 rad/s. The base model’s speed and frequency are used for

normalization of the flutter speed and the eigenvalues. Figs. 3.9 and 3.10 represent

the behavior of the eigenvalues for the base model. Fig. 3.9 indicates the behavior

of the real part of eigenvalues, and Fig. 3.10 suggests the behavior of the imaginary

part of the eigenvalues. The unstable mode is the first bending-torsion mode [64].
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Figure 3.9: Normalized real part of eigenvalues versus normalized speed of clean
wing [64].
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Figure 3.10: Normalized imaginary part of eigenvalues versus normalized speed of
clean wing [64].

3.3.2 Flutter analysis

The results of flutter speed and frequency contours for different locations of the gun

placement along the chordwise and in the normal direction are presented in this

section. The gun is mounted in the b1, b2 plane as well as in the b1, b3 plane. It

should be mentioned that the effect of the gun mount flexibility has not been taken

into account.

Figure 3.11 shows the results of the flutter speed in the b1 and b2 plane. It is

found that the flutter speed increases substantially when the gun is placed forward of

the reference line. On the other hand, when the gun is placed behind the reference

line at about 65% to 95% of the span, the flutter speed significantly decreases.

Fig. 3.12 indicates the variations of flutter frequency in the b1 and b2 plane. The

frequency decreases as the gun position moves towards the tip of the wing, but it

significantly increases when the gun is placed at the tip [64].
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Figure 3.11: Contour of normalized flutter speed for gun placement in chord wise
direction i.e. b2; considering effects of gravity [64].
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Figure 3.12: Contour of normalized flutter frequency for gun placement in chord
wise direction i.e. b2; considering effects of gravity [64].

The results for the flutter speed when the gun is placed in the b1 and b3 plane

is illustrated in Fig. 3.13. It is found that when the gun is placed close to 50%

of span, just above the reference line, flutter speed increases. Fig. 3.14 represents
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flutter frequency in the b1 and b3 plane. It is observed that the frequency decreases

as the gun is moved away from the root. Additionally, an increase in the frequency

is observed at 50% of span above the reference line [64].
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Figure 3.13: Contour of normalized flutter speed for gun placement in normal di-
rection i.e. b3; considering effects of gravity [64].
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Figure 3.14: Contour of normalized flutter frequency for gun placement in normal
direction i.e. b3; considering effects of gravity [64].
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3.4 Effects of Engine Placement on Flutter Characteristics

of Flying Wing Aircraft

In section 3.2, the effects of engine placement on the flutter characteristics of a

cantilevered wing is discussed. Here, the effects of engine placement on the flutter

behavior of a flying wing aircraft are presented. Flutter speed and frequency con-

tours are provided for engine placement along the span and in b2 and b3 directions.

Results indicate an increase in flutter speed when the engine is mounted close to

80% of span with offsets from the reference line.

3.4.1 Properties and dimensions of the model

A flying wing aircraft is designed with two wings of length 16 m each and a fuselage

of 3.2 m. Aluminum is the material used to design the wings, and the airfoil is

NACA 0012. The wings are simulated using 20 elements, and the fuselage contains

four elements. The fuselage is considered as a rigid body, and the wings are flexible

[67]. Figure 3.15 shows the designed aircraft for this investigation. The properties

of the wings and the aerodynamic coefficients are presented in Tables 3.3 and 3.4.

3.2 m

Figure 3.15: The dimensional geometry of flying wing aircraft [67].
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Property Value
Span [m] 16
Number of elements 20
Sweep angle [degrees] 15

R [N−1]

9.06× 10−9 0 0
0 3.50× 10−8 7.22× 10−13

0 7.22× 10−13 1.18× 10−6



S [N−1.m−1]

 0 2.63× 10−12 7.57× 10−11

−3.01× 10−12 0 0
−1.02× 10−6 0 0



T [N−1.m−2]

4.33× 10−6 0 0
0 5.53× 10−6 2.42× 10−14

0 2.42× 10−14 8.43× 10−8



I [kg.m]

4.78× 10−1 0 0
0 7.2× 10−3 −1.04× 10−10

0 −1.04× 10−10 4.71× 10−1



ξ [m]

 0
8.98× 10−4

−4.76× 10−7


Mass per unit length [kg.m−1] 4.38
Chord, c [m] 1

Table 3.3: Properties of the wing [67].

Property Value
Offset of aerodynamic center from reference line, e [m] 0.125
clα 2π
clδ 1
cd0 0.02
cm0 −0.0005
cmα −0.01
cmδ −0.25
Gravity [m.s−2], g 9.8
Air density [kg.m−3], ρ 0.0889

Table 3.4: Aerodynamic properties and coefficients [67].
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3.4.2 Flutter analysis

The flying wing is seen to flutter at 34.5 m/s and at a frequency of 6.9 rad/s when

the engines are located at the root of the wing. This configuration is considered as

the base model. The engines masses for all of the analysis is constant and equal to

10 kg for each engine. The unstable mode shape of the base model is shown in Fig.

3.16. The unstable mode contains first and second bending modes [67].

i3

i1

i2

Figure 3.16: The unstable symmetric free-free mode shape of the flying wing [67].

The flutter results are normalized with flutter speed and flutter frequency of

the base model. The results of flutter speed and frequency contours for different

locations of the engine placement along the chordwise and in the normal direction

are presented in this section. The engine is mounted in the b1, b2 plane as well as

in the b1, b3 plane. The results have been obtained by increasing the speed step by
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step. NATASHA trims the aircraft for the equality of drag to thrust and weight to

lift. Consequently, higher speed requires higher thrust [67].

Figures 3.17 and 3.18 illustrate the results of the flutter speed and flutter fre-

quency in the b1 and b2 plane. It is observed that the flutter speed increases consid-

erably when the engine is mounted forward of the reference line, close to 80% of the

span. On the other hand, when the engine is placed behind the elastic axis between

0 and 40% of the span, the flutter speed decreases substantially. The results for

the flutter speed and flutter frequency when the engine is mounted in the b1 and

b3 plane are illustrated in Figs. 3.19 and 3.20, respectively. It is found that as the

location of the engine changes, the flutter speed varies significantly. The results for

both flutter speed and frequency are almost symmetric for the engine placements

above and below the reference line [67].

Figure 3.17: Contour of normalized flutter speed for engine placement in chord wise
direction, b2 [67].
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Figure 3.18: Contour of normalized flutter frequency for engine placement in chord
wise direction, b2 [67].

Figure 3.19: Contour of normalized flutter speed for engine placement in normal
direction, b3 [67].
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Figure 3.20: Contour of normalized flutter frequency for engine placement in normal
direction, b3 [67].

3.5 Effects of Sweep and Curvature on Flutter Character-

istics of Flying Wing Aircraft

In this section, I compare two different flying wing aircraft with curved and swept

wings. Three degrees of sweep and curvature are examined, and the results of

the eigenvalue analysis of these configurations and their flutter characteristics are

presented and compared.

3.5.1 Properties and dimensions of the model

The details of the geometry and the dimensions of the designed aircraft are presented

in Fig. 3.21. The cross-section layout and the location of the reference point of

the airfoil are presented in Fig. 3.22. Moreover, different views of the swept and
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curved wing aircraft are presented in Figs. 3.23 and 3.24, respectively. The swept

model in these figures has 15–degrees backward sweep and the curved model has

30–degrees curvature. Although the angles are different, the tips of the wings of

these configurations are located at the same position (see Fig. 3.21) [46].

Figure 3.21: Dimensions and schematic top view of the reference lines of the swept
and curved configurations [46].

Figure 3.22: Position of the reference point of the cross-section [46].
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Top view 3D view

Front view Side view

Figure 3.23: Schematic views of swept flying wing model [46].

Top view 3D view

Front view Side view

Figure 3.24: Schematic views of curved flying wing model [46].

Additionally, the properties of the wings for these configurations are presented in

Tables 3.5 and 3.6. These values are calculated using VABS software. As suggested
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by Yu et al. [108], the flexibility components of curved geometry with the isotropic

material are slightly different compared to uncurved ones. These minor differences

between curved and uncurved wings are observable in Tables 3.5 and 3.6. Both

configurations have a total length of 36 m, while each wing has 16 m span, and

fuselage length is 4 m. The chords of the wings are constant and equal to 1 m. The

aerodynamic properties and coefficients are presented in Table 3.7. Moreover, Table

3.8 shows the properties of the fuselage in the plane of symmetry of the aircraft.

These properties are changing linearly from the plane of symmetry of the aircraft

to the root of the wings [46].

Property Value
Span [m] 16

R [N−1]

7.243× 10−9 0 0
0 2.580× 10−8 1.757× 10−13

0 1.757× 10−13 9.661× 10−7



S [N−1.m−1]

 0 −7.547× 10−15 7.370× 10−9

−3.339× 10−14 0 0
−1.161× 10−6 0 0



T [N−1.m−2]

3.480× 10−6 0 0
0 4.266× 10−6 −6.664× 10−14

0 −6.664× 10−14 6.509× 10−8



I [kg.m]

1.760× 10−1 0 0
0 2.335× 10−3 −3.900× 10−18

0 −3.900× 10−18 1.736× 10−1



ξ [m]

 0
1.132× 10−1

1.253× 10−17


Mass per unit length [kg.m−1] 1.560
Chord [m] 1

Table 3.5: Properties of swept wing in SI units [46].
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Property Value
Span [m] 16

R [N−1]

7.384× 10−9 0 0
0 2.571× 10−8 1.587× 10−13

0 1.587× 10−13 9.630× 10−7



S [N−1.m−1]

 0 −3.509× 10−15 7.078× 10−9

−2.696× 10−14 0 0
−1.143× 10−6 0 0



T [N−1.m−2]

3.470× 10−6 0 0
0 4.295× 10−6 −3.756× 10−14

0 −3.756× 10−14 6.498× 10−8



I [kg.m]

1.770× 10−1 0 0
0 2.347× 10−3 −1.393× 10−15

0 −1.393× 10−18 1.746× 10−1



ξ [m]

 0
1.163× 10−1

1.486× 10−17


Mass per unit length [kg.m−1] 1.566
Chord [m] 1

Table 3.6: Properties of curved wing in SI units [46].

Property Value

Offset of aerodynamic center from reference line, e [m] 0.25
clα 2π
clδ 1
cd0 0.01
cm0 0.0
cmα 0.08
cmδ −0.25
Air density [kg.m−3], ρ 0.0889

Table 3.7: Aerodynamic properties and coefficients [46].
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Property Value
Span [m] 4

R [N−1]

1.308× 10−9 0 0
0 4.659× 10−9 3.172× 10−14

0 3.172× 10−14 1.744× 10−7



S [N−1.m−1]

 0 −6.114× 10−16 5.971× 10−10

−2.705× 10−15 0 0
−9.405× 10−8 0 0



T [N−1.m−2]

1.302× 10−7 0 0
0 1.596× 10−7 −2.494× 10−15

0 −2.494× 10−15 2.436× 10−9



I [kg.m]

8.535 0 0
0 1.133× 10−1 −1.447× 10−16

0 −1.447× 10−16 8.421



ξ [m]

 0
2.831× 10−1

−8.018× 10−18


Mass per unit length [kg.m−1] 10.143
Chord [m] 4

Table 3.8: Properties of fuselage in SI units [46].

3.5.2 Eigenvalue analysis and mode shapes

Figure 3.25 shows the normalized results of the eigenvalue analysis of the swept and

curved flying wing aircraft. These results are for base model configurations, aircraft

with 15-degree swept wings, and curved flying wing with 30-degree curvature. The

real and imaginary parts of the eigenvalues for both aircraft are normalized with

their flutter frequency. The speed in Fig. 3.25 also is normalized with flutter speeds

of the base models. Flutter speed of swept configuration with a 15-degree sweep

angle is 50.8 m/s, and the flutter frequency is 11.2 rad/s. On the other hand, the

39



flutter speed of curved wing aircraft with 30-degree curvature is 42.1 m/s with a

frequency of 10.3 rad/s. It is found that the flutter speed of the swept configuration

is approximately 21% larger than the flutter speed of the curved wing [46].

Swept configuration Curved configuration
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Figure 3.25: Eigenvalue analysis of base model configurations (i.e., aircraft with
15-degree swept wings and curved flying wing with 30-degree curvature) [46].

The unstable modes of both aircraft are shown in Figs. 3.26 and 3.27. The body-

freedom flutter mode of the swept flying wing configurations is a combination of the

first and second bending mode with the short period mode of the aircraft, and the

body-freedom flutter mode of the curved flying wing is a combination of the first

bending mode and the short period mode of the aircraft [46].
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Figure 3.26: The schematic view of the body-freedom flutter mode shape of the
flying wing aircraft with 15-degree swept wings [46].

Figure 3.27: The schematic view of the body-freedom flutter mode shape of the
flying wing aircraft with 30-degree curved wings [46].
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3.5.3 Flutter analysis

In this section, the results of the stability analysis of the curved and the swept flying

wing are illustrated. Three sweep and three curvature angles are considered, and

the stability results are presented [46].

Here, case I is the comparison between two flying wing aircraft, one has wings

with a 15-degree sweep angle and the other one with 30-degree curvature in its wings.

Case II offers two configurations, one with 17.5-degree swept wings and another one

with 35-degree curved wings. Lastly, case III contains two designs; one has wings

with a 20-degree sweep angle and the other one with 40-degree curved wings [46].

Angle Aircraft Flutter Speed (m/s) Flutter frequency (rad/s)

Case I
Sweep 15 50.8 11.2

Curvature 30 42.1 10.3

Case II
Sweep 17.5 60.8 12.6

Curvature 35 47.7 11.7

Case III
Sweep 20 73.8 13.9

Curvature 40 54.1 13.1

Table 3.9: Flutter speed and frequency of cases I, II, and III [46].

42



The flutter characteristics of these cases are available in Table 3.9. All the

cases show a significant difference between the flutter speed of swept and curved

flying wing aircraft — the difference increases as the sweep and curvature angle

increases. In case I, the difference between flutter speeds is 8.7 m/s, while for case

III, it increases to 19.7 m/s. This shows the advantageous of swept configuration

compared to the curved model [46].
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CHAPTER 4

GUST AND BLAST–INDUCED GUST RESPONSE SUPPRESSION

4.1 Background

Very flexible high-aspect-ratio wings are widely used in the design of HALE aircraft.

These wings, due to their characteristics, may subject to large deformation, which

causes geometric nonlinearities. As a result, conducting the nonlinear aeroelastic

analysis is necessary when it comes to the design of very flexible configurations

[85, 86, 87]. Additionally, time-dependent external excitation including gust [50, 65,

97, 103], and blast [48, 53, 70, 79, 99], can lead to instability even if the aircraft

is flying below the stability boundary. Therefore, the determination of nonlinear

aeroelastic responses to time-dependent excitation is a crucial topic for the design

of very flexible flying wings [45].

Gust loads can result in large deformations in the case of a highly flexible aircraft

[45]. The flight dynamic characteristics and gust response of highly flexible aircraft

were investigated by Patil and Taylor [88]. It was reported that the non-uniform

gust creates higher responses in a case of high-aspect-ratio flying wing compare to

uniform gusts. Additionally, the nonlinear gust response of a highly flexible aircraft

was reported by Patil [84], which he found that the time domain response matches

with frequency domain response presented in work by Patil and Taylor [88].

Ricciardi et al. [93] investigated the accuracy of the Pratt method for unconven-

tional HALE aircraft. The Pratt method and transient method were used to analyze

the gust response on the joined-wing and flying-wing model. It was found that the

Pratt method is only useful for the preliminary design of the joined-wing model.

However, when it comes to the design of the flying-wing model, the Pratt method

is inadequate. Yi et al. [55] compared a theoretical and experimental approach of
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a flexible high-aspect-ratio wing exposed to a harmonic gust. It was found that a

very flexible wing experiences different gust response characteristics under different

load conditions, and the responses are difficult to evaluate using linear analysis [45].

Marzocca et al. [69] studied the aeroelastic response of a 2D lifting surface to

time-dependent excitations in an incompressible flow field with plunging and pitch-

ing motions. The response for different types of gust loads (e.g., sharp-edged gusts,

I-cosine, triangular gust, graded gust, and blast loads due to a sonic boom overpres-

sure signature) has been reported. They found that an increase in the structural

coupling parameter will increase the frequency of oscillations when the lifting sur-

face is subjected to the blast load and I-cosine gust. For lifting surfaces subjected

to both gust and blast loads, it was shown that the influence of the gust was almost

insignificant compared to the influence of the blast load, especially at higher mass

ratio [64].

In similar research that involved determining the aeroelastic response of a 2D air-

foil to blast loads in a compressible field [70], the authors calculated the aerodynamic

loads for different flight regimes starting from subsonic to hypersonic. The flutter

speed and frequency for the subsonic regimes were calculated using Theodorsen

model, whereas for the hypersonic speed regime the piston theory aerodynamics

was applied [64].

Na and Librescu [79] further investigated the effects of blast loads to adaptive

cantilevers carrying external stores by measuring their dynamic response [79]. They

considered an isotropic beam with a biconvex cross-section. The results revealed

that a more efficient control could be achieved when the store is located toward the

middle of the beam [64].

Finding ways to suppress the responses of highly flexible configuration due to

time-dependent excitations is a challenging aspect of design. Tang et al. [97] con-
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ducted an experimental and theoretical study to investigate the effect of store lo-

cation on the flutter velocity and LCO. A delta wing for the purpose of exper-

imentation was chosen. It was reported that the experimental investigation and

theoretical studies were in good agreement and they showed that the structural nat-

ural frequency of the wing/store declines as the store moves from the root to the

tip of the wing. They concluded that mounting the store at the leading edge of the

wingtip leads to higher critical flutter velocity [45].

In this chapter, first, the effects of engine placement on the gust response of a

very flexible cantilever wing are presented. Then, the effects of engine placement

on aeroelastic gust response of a flying wing aircraft, which is subjected to different

gust load are provided. Finally, the effect of armament placement on the on blast

load and blast-induced gust response is discussed. The results reveal that the correct

choice of design leads to suppression of gust and blast load responses.

4.2 Engine Placement Effects on Nonlinear Aeroelastic Gust

Response of High-Aspect-Ratio Wings

The effects of engine placement on the nonlinear aeroelastic response of a very

flexible high-aspect-ratio wing is investigated in the presence of gust. The properties

of the cantilever wing are presented in Chapter 3 Table 3.1. The wing is aft swept

15◦, and modeled using 20 elements. As shown in Fig. 4.1, η is the dimensionless

length in the b1 direction, along which the engine is located.

The problem is studied by the second-order, central-difference, time marching

algorithm with high-frequency damping in NATASHA [86]. In order to study the

effects of engine placement on the gust response, the airspeed is considered constant

and equal to 35 m/s while the engine moves along the wing. Furthermore, the
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duration of the gust is chosen to be equal to 5 seconds. The appropriate time step

is 0.01 seconds. Time and the wingtip position are normalized using the period

of oscillation of the base model at flutter boundary (i.e., 0.0445 1/s) and the wing

length (i.e., 16 m), respectively.

Figure 4.1: Schematic 3D view of a very flexible high-aspect-ratio exposed to gust.

– Root of the wing: Fig. 4.2 illustrates the normalized results of wingtip position

for the engine placement at the root of the wing with no offset. The response

shows that the wing becomes unstable and experiences LCO with a relatively small

amplitude.

– 25% of the span: Fig. 4.3 shows the results of the time domain in the 25%

of the span without offset. It is observed that the wing experiences limit cycle

oscillations similar to the engine placement at the root of the wing. The amplitude

of the oscillation is relatively small for this case. The flutter speed of the wing for
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this engine placement is equal to the flutter speed of the engine placement at the

root of the wing (see Figs. 3.4 – 3.6).
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Figure 4.2: Normalized wing tip position r1+u1

l
vs normalized time t

tN
for engine

placement at x1/l = 0 and x2/b = 0 ( (a): In b1 direction, (b): In b2 direction, and
(c): In b3 direction [66]).

Normalized time

N
or

m
al

iz
ed

w
in

g
tip

po
si

tio
n

in
b 1

di
re

ct
io

n

0 200 400 600 800 1000
0.9665

0.967

0.9675

0.968

0.9685

Normalized time

N
or

m
al

iz
ed

w
in

g
tip

po
si

tio
n

inb
2

di
re

ct
io

n

0 200 400 600 800 1000
-0.25

-0.248

-0.246

-0.244

-0.242

Normalized time

N
or

m
al

iz
ed

w
in

g
tip

po
si

tio
n

inb
3

di
re

ct
io

n

0 200 400 600 800 1000
-0.04

-0.03

-0.02

-0.01

0

0.01

0.02

(a) (b) (c)

Figure 4.3: Normalized wing tip position r1+u1

l
vs normalized time t

tN
for engine

placement at x1/l = 0.25 and x2/b = 0 ( (a): In b1 direction, (b): In b2 direction,
and (c): In b3 direction ).

– 50% of the span: The time-domain results for the engine placement at the

50% of the span without offset are displayed in Fig. 4.4. Compare to the results for

engine placement at the root of the wing and 25% of the wingspan, the amplitude

of the oscillation is very small. It is noteworthy that although the amplitude of the

oscillation is smaller than the amplitude of the oscillation for the engine placement

at the root and 25% of the wingspan, the flutter speed is higher (see Fig. 3.6).
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– 75% of the span: Fig. 4.5 presents the results of the time domain analysis for

the engine placement at the 75% of the span and x2/b = 1. NATASHA’s results for

this point indicate that all the excitations from gust die out, and the wing remains

stable. Referring to Fig. 3.4, it is observed that this point has the maximum flutter

speed. Additionally, Fig. 4.6 illustrates the effects of engine placement on the gust

excitation for engine placement at the 75% of the span and x2/b = −1. The results

indicate chaotic oscillation with a significantly larger amplitude compares to the

aforementioned cases.
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Figure 4.4: Normalized wing tip position r1+u1

l
vs normalized time t

tN
for engine

placement at x1/l = 0.5 and x2/b = 0 ( (a): In b1 direction, (b): In b2 direction,
and (c): In b3 direction ).
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Figure 4.5: Normalized wing tip position r1+u1

l
vs normalized time t

tN
for engine

placement at x1/l = 0.75 and x2/b = 1 ( (a): In b1 direction, (b): In b2 direction,
and (c): In b3 direction [66]).
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Figure 4.6: Normalized wing tip position r1+u1

l
vs normalized time t

tN
for engine

placement at x1/l = 0.75 and x2/b = −1 ( (a): In b1 direction, (b): In b2 direction,
and (c): In b3 direction ).

– Tip of the wing: Fig. 4.7 shows the results for the engine placement at the

tip of the wing and x2/b = 1. Similar to engine placement at the 75% of the span

and x2/b = −1, the results show chaotic oscillation with a large amplitude. Based

on the results of the contours of flutter speed presented in Fig. 3.4, these two areas

have considerably lower flutter speed compare to the flutter speed of the wing root.
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Figure 4.7: Normalized wing tip position r1+u1

l
vs normalized time t

tN
for engine

placement at x1/l = 1 and x2/b = 1 ( (a): In b1 direction, (b): In b2 direction, and
(c): In b3 direction ).
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4.3 Nonlinear Aeroelastic Response of Highly Flexible Fly-

ing Wing Due to Different Gust Loads

A very flexible high-aspect-ratio flying wing, presented in Fig. 4.8, is designed in

order to investigate the effects of different gust loads. The gust profiles are presented

in Fig. 4.9. These profiles presented in Fig. 4.9 is generated by passing the Gaussian

white noise through the Dryden spectrum model. The properties of the flying wing

are presented in Table 4.1. The wings are aft swept 15◦, and each wing has 20

elements. The fuselage is considered as a rigid body which contains four elements.

The weight of each element of the fuselage is five times the weight of the elements

of the wings. The aircraft has two engines with a mass of 10 kg [45].

Figure 4.8: Schematic 3D view of a very flexible high-aspect-ratio wing [45].
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Property Value
Span 16
Number of elements 20
Sweep angle 15

R

9.06× 10−9 0 0
0 3.50× 10−8 7.22× 10−13

0 7.22× 10−13 1.18× 10−6



S

 0 2.63× 10−12 7.57× 10−11

−3.01× 10−12 0 0
−1.02× 10−6 0 0



T

4.33× 10−6 0 0
0 5.53× 10−6 2.42× 10−14

0 2.42× 10−14 8.43× 10−8



I

4.78× 10−1 0 0
0 7.2× 10−3 −1.04× 10−10

0 −1.04× 10−10 4.71× 10−1



ξ

 0
8.98× 10−4

−4.76× 10−7


Mass per unit length 4.38
Chord, c 1
Offset of aerodynamic center from reference line, e 0.125
clα 2π
clδ 1
cd0 0.01
cm0 0.0
cmα −0.08
Gravity, g 9.8
Air Density, ρ 0.4135

Table 4.1: Properties of wing in SI units [45].

In this section, two cases are considered. First, when the engines are mounted

at the root of the wing, and the second case when the engines are located at 60%

of the span forward of the reference line. The velocity results are normalized with

the aircraft cruise speed 50 m/s. The wingtip deflection also normalized with the

length of the entire flying wing (i.e., 35.2 m), and the time is normalized with the

period of oscillation of the flying wing at the flutter boundary when the engines are

located at the root (i.e., 0.129 s) [45].
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4.3.1 Engine placement at root of the wings

When the engines are located at the root of the flying wing, the wings experience

flutter at the speed of 48.9 m/s with a frequency of 7.7 rad/s [45].

Figures 4.10– 4.15 illustrate the results of time-domain analysis when the engine

is mounted at the root of the flying wing for different gust profiles in which case

1, case 2, and case 3 indicate the results when the flying wing exposed to light,

moderate and severe turbulence, respectively. It is found that the tip deflection

increases in all directions when the gust load changes from light to severe turbulence.

The same also happens for velocities — the velocity of the wingtip in different

directions increases [45].
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Figure 4.10: Normalized wing tip position r1+u1

l
vs normalized time t

tN
( (a): Case

1, (b): Case 2, and (c): Case 3 ) [45].
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Figure 4.11: Normalized velocity vector of wing tip V1
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vs normalized wing tip

position r1+u1

l
( (a): Case 1, (b): Case 2, and (c): Case 3 ) [45].
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Figure 4.12: Normalized wing tip position r2+u2

l
vs normalized time t

tN
( (a): Case

1, (b): Case 2, and (c): Case 3 ) [45].
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Figure 4.13: Normalized velocity vector of wing tip V2

VN
vs normalized wing tip

position r2+u2

l
( (a): Case 1, (b): Case 2, and (c): Case 3 ) [45].
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Figure 4.14: Normalized wing tip position r3+u3

l
vs normalized time t

tN
. ( (a): Case

1, (b): Case 2, and (c): Case 3 ) [45].
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Figure 4.15: Normalized velocity vector of wing tip V3

VN
vs normalized wing tip

position r3+u3

l
( (a): Case 1, (b): Case 2, and (c): Case 3 ) [45].

4.3.2 Engine placement at 60% of span forward of reference

line

In another case, the engines are mounted at 60% of the span forward of the reference

line. It is found that the flying wing becomes unstable at the speed of 75.6 m/s [45].

Figures 4.16 – 4.18 show the results of time-domain analysis when the engine is

located in the area of maximum flutter speed (i.e., 60% of span forward of reference

line). The results reported for three different gust profiles. The results for this

arrangement indicate that all the excitations from gust loads with different strength,

range from light to severe loads die out, and the wing remains stable [45].

55



t

r 1
+

u 1

0 400 800 1200
0.483

0.4832

0.4834

0.4836

0.4838

0.484



l

tN





t

r 1
+

u 1

0 400 800 1200
0.483

0.4832

0.4834

0.4836

0.4838

0.484



l

tN





(a) (b) (c)

Figure 4.16: Normalized wing tip position r1+u1

l
vs normalized time t

tN
( (a): Case

1, (b): Case 2, and (c): Case 3 ) [45].
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Figure 4.17: Normalized wing tip position r2+u2

l
vs normalized time t

tN
( (a): Case

1, (b): Case 2, and (c): Case 3 ) [45].
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Figure 4.18: Normalized wing tip position r3+u3

l
vs normalized time t

tN
( (a): Case

1, (b): Case 2, and (c): Case 3 ) [45].
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4.4 Effect of Shooting and Blast-Induced Gust on Nonlin-

ear Aeroelastic Stability and Behavior of High-Aspect-

Ratio Wing

This section discusses the effects of armament placement on the nonlinear aeroelastic

stability of high-aspect-ratio wing due to blast-induced gust, blast load, and mass

release. The flutter analysis of this problem was presented in section 3.3.

In order to study the effects of shooting and blast-induced gust on the gun

placements, the airspeed is considered constant and equal to 40 m/s. Furthermore,

the duration of the gust is chosen to be equal to 31.3 (i.e., 2 seconds) with a sharp

edge linearly decreasing pattern. The wingtip position vector, velocity vector of the

wingtip and the time are normalized using the length of the beam (i.e. l = 18 m),

the airspeed (i.e. VN = 40 m/s) and the period of oscillation of the base model at

flutter boundary (i.e. tN = 0.064 s), respectively [64].
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Figure 4.19: Local blast-induced gust profile in vertical direction [64].

Figure 4.20 shows a summary of the results of the time-domain analysis. The re-
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sponses are presented in four different categories: no oscillation, damped oscillation,

decreasing oscillation, and stable LCO. No oscillation indicates that the amplitude

of oscillation is zero. Damped oscillation represents a kind of oscillation that starts

from a specific magnitude and approaches zero after some time. On the other hand,

decreasing oscillation presents the cases that the magnitude of oscillation is decreas-

ing with time; however, there is no report on whether it reaches zero or not. Stable

LCO represents the cases in which the magnitude of oscillation is constant from

the beginning or reaches a constant value after some time. Fig. 4.20 indicates that

for the gun placement at the root of the wing, 25% and 50% of span, there are no

oscillations or the oscillations are so small which make this area a safe zone for the

gun to be mounted. Likewise, the area of maximum flutter speed (i.e., 75% of the

span, forward of the reference line) is a suitable place for armament placement [64].

η = 1
η = 0.75

η = 0.5
η = 0.25

η = 0

Stable LCO Decreasing Oscillation No Oscillation

b1

b2

b3

Damped Oscillation

Figure 4.20: A schematic of gun placement along the span of the wing [64].
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Figures 4.21 - 4.22 display the results for time domain when the gun is placed

at 75% of span without offset. The flutter speed of the wing for this arrangement

is almost equal to the flutter speed of the gun when placed at the root of the wing.

The wing experiences limit cycle oscillations with relatively large amplitudes [64].

Figures 4.23 - 4.24 illustrate the results of time-domain when the gun is placed

at 75% of the span below the reference line, with an offset x3/b = -1. The amplitude

of oscillation increases at the beginning until it reaches a constant value [64].

Figures 4.25 - 4.26 display the time domain results for the gun placement at 75 %

of the span above the reference line, with an offset x3/b = 1. For this arrangement,

the amplitudes of oscillations decrease with time. Fig. 3.13 shows that for this

arrangement, the flutter speed is almost equal to the flutter speed of the base model

[64].

Additionally, Figs. 4.27 - 4.28 show the time domain results for the gun place-

ment at 75 % of the span forward of the reference line. The oscillation initially shows

a small perturbation but soon dies out, indicating that placing the gun forward of

the reference line helps to reduce the oscillation of the wing significantly. It is inter-

esting that the flutter speed of this arrangement is substantially large. Comparing

the flutter speed and time-domain results for 75% of span indicates that the area

with maximum flutter speed (i.e., forward of reference line) provides a safe zone

for the gun placement. In contrast, the gun placement in the area with minimum

flutter speed (i.e., below the reference line) produces large oscillations [64].

Figures 4.29 - 4.30 illustrate the results for the gun placement at the tip of the

wing, with no offsets. The magnitude of the oscillation is relatively large. However,

it slowly decreases with time. Fig. 4.20 indicates that for the gun placement below

the reference line, the wing experiences LCO, but for the rest of the positions, the

oscillations decrease through time [64].
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Figure 4.23: Time domain results of wing tip for gun placement at 75% of the span,
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Figure 4.26: Time domain results of wing tip for gun placement at 75% of the span,
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Figure 4.28: Time domain results of wing tip for gun placement at 75% of the span,
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Figure 4.29: Time domain results of wing tip for gun placement at the tip of the
wing, with no offset ( (a): r1+u1
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CHAPTER 5

CONSTRUCTAL APPROACH IN DESIGN OF HALE AIRCRAFT

5.1 Background

The chief objective of this chapter is to explore and explain the reasoning behind the

changes in the flutter speed of different flying wing aircraft configurations. So far, I

presented the effects of different design parameters on the aeroelastic stability. Here,

I try to explain why these changes have occurred. This phenomena can be explained

based on the constructal law [5] and concept of flow of stresses [12, 57]. Constructal

law and design with constructal theories are capable of explaining, analyzing, and

predicting the generation of energy flow configuration [67].

Investigating the evolution of airplanes through the lens of constructal law reveals

that “they obey theoretical allometric rules that unite them with the birds and other

animals. For example, larger airplanes should be faster, more efficient vehicles, and

have a greater flying range. Large or small, airplanes should exhibit a proportionality

between wingspan and fuselage length, and between fuel load and body size” [9].

Engines characteristics such as size, trust, weight, etc. can make a tremendous

difference in efficiency and stability of different types of aircraft, and the correct

choice of design enhances the performance of the vehicle. For instance, engine mass

should be proportional to the body size [9, 67], “this scaling is analogous to animal

design, where the mass of the motive organs (muscles, heart, lungs) is proportional

to the body size” [9].

Lorente et al. [57] proposed the concept of “flow of stresses”, by revealing the

analogy between heat convection configurations and the flow of stresses in mechani-

cally loaded elastic solid structures. They reported that the structural designs that

facilitate the flow of stresses provide the maximum load-carrying capacity.
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I invoke constructal law to explain the problem in hand. I explore the differences

in the instability boundaries (i.e., flutter speed) of different configurations of aircraft

and explain why some of these configurations have higher flutter speed utilizing the

concept of “flow of stresses.” The flow system is the aircraft structure that carries

the flow of stresses. This concept explains that the lighter and stronger configuration

is the one that avoids flow strangulation. Here, I seek a stronger aircraft that has a

better and smoother flow of stresses [67].

In this chapter, first, the flow of stresses study for a flying wing aircraft with

different engine placement is presented. Then, this chapter provides the study of

the flow of stresses of swept and curved flying wing aircraft. The stresses are carried

out by using the trim state results as the input to the VABS software. The recovery

process is explained in chapter 2 section 2.4.

5.2 Effects of Engine Placement on Flow of Stresses

In this section, I seek to find out the possible relation between flutter instability and

flow of stresses throughout the wings of flying wing aircraft with different engine

placements. The results of the flutter analysis of this aircraft are presented in

chapter 3 section 3.4. Accordingly, some extreme cases, including the maximum and

minimum areas of flutter speed, are chosen to study the possible relation between

the instability and flow of stresses. Moreover, the engines are placed along the span

from root to the tip, in order to show how the stresses vary continuously as the

configuration is morphed [67].

The first case is the base model in which the engine is placed at the root of the

wing. In this case, the flutter occurs at 34.5 m/s. Case 2 is the engine placement

at 10% of the span behind the reference line, which is close to the area of minimum
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flutter speed. Case 3 considers the engine placement behind the reference line at

20% of the span. This is the area of minimum flutter speed. The flutter speed of

this configuration is 24.4 m/s. Cases 4, 5, and 6 are the engine placements at 40%,

60%, and 80% of the span behind the reference line. Case 7 is the engine placement

at 80% of the span forward the reference line. This area coincides with the area of

maximum flutter speed, which is larger than 100 m/s. The last case is the engine

placement at tip behind the reference line [67].

The details of the cases are presented in Table 5.1. These configurations are

studied at a cruise speed of 34 m/s. The trim results are then obtained using

NATASHA and used as the inputs to VABS [67]. The stresses are obtained for

these configurations, and they are presented in Figs. 5.1 – 5.7.

Figure 5.1 shows σ11 for cases 1 to 8. Except for case 8, the results for the rest

of the cases indicate large magnitudes of stress close to the root of the wings. It is

more observable for cases 2, 3, and 4, which are the engine placements in the area of

minimum flutter speed. Hence, the result for case 8 shows a very small magnitude of

stress. As the flutter speed increases by morphing the configuration, σ11 magnitude

becomes smaller [67].

The results of σ12 are displayed in Fig. 5.2. Cases 1 to 4 are clearly indicating

a high concentration of σ12 close to the root of the wings. The worst cases of stress

concentration are observed at 10% and 20% of the span behind the reference line.

Moving the engine toward the tip makes the flow of stress smoother. The smoothest

flow of stress is achieved for the engine placement at the area of maximum flutter

speed (i.e., 80% of the span forward of the reference line). Additionally, it is worth

mentioning that the stresses in cases 2 and 3 have larger magnitudes compared to

the rest of the configurations [67].
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Case
position of engines

Configuration
Flutter
speed

Case 1
At the root

34.5
m/s

Case 2
At 10% of the span

behind the reference line
25 m/s

Case 3
At 20% of the span

behind the reference line

24.4
m/s

Case 4
At 40% of the span

behind the reference line
27 m/s

Case 5
At 60% of the span

behind the reference line

31.6
m/s

Case 6
At 80% of the span

behind the reference line
37 m/s

Case 7
At the tip of the span

behind the reference line

42.7
m/s

Case 8
At 80% of the span

forward of the reference
line

> 100
m/s

Table 5.1: Flutter speed for different engine placements [67].

Figure 5.3 presents the σ13 for cases 1 to 8. Although the values of σ13 in all

the cases are small, it is found that the stresses in cases 2 and 3 are slightly larger,
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and also, strangulation of stress flow can be observed in the wings. Figures 5.4 –

5.6 illustrate the results for σ22, σ23, and σ33. The magnitudes of these components

of the stress matrix are found to be very small in all the cases compared to σ11 and

σ12. Thus these components of stress matrix are not significant when the aim is to

study the flow of stresses [67].

The Von Mises stresses are shown in Fig. 5.7. For cases 1 to 4, the stresses are

substantially larger at the root of the wing, in which the extreme cases are cases

2 and 3. However, as the engine moves toward the tip, the Von Mises decreases.

The smallest Von Mises stress is obtained for case 8, which is the engine placement

at 80% of the span forward of the reference line. Additionally, the result for the

engine placement at the tip behind the reference line (i.e., case 7) shows the stress

localization close to the tip and the root of the wings [67].

So far, the stresses results are shown in Figs. 5.1 – 5.7. It is found that case 8 has

the smoothest flow of stresses and also the smallest magnitude of stresses. Case 8

presents the configuration in which the engine is placed at 80% of the span forward

of the reference line. On the other hand, case 6 represents the engine placement at

80% of the span behind the reference line. Comparing cases 6 and 8 indicates that

moving the engine from the trailing edge to the leading edge results in considerable

differences in both stability and flow of stresses. Case 8 provides the necessary

path for the stresses to flow smoothly, and it avoids strangulation, which leads to a

significant extension of the boundary of stability [67].
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 5.1: Stress distribution along the wing, σ11 (Pa): (a) Case 1, (b) Case 2, (c)
Case 3, (d) Case 4, (e) Case 5, (f) Case 6, (g) Case 7, and (h) Case 8 [67].
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 5.2: Stress distribution along the wing, σ12 (Pa): (a) Case 1, (b) Case 2, (c)
Case 3, (d) Case 4, (e) Case 5, (f) Case 6, (g) Case 7, and (h) Case 8 [67].
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 5.3: Stress distribution along the wing, σ13 (Pa): (a) Case 1, (b) Case 2, (c)
Case 3, (d) Case 4, (e) Case 5, (f) Case 6, (g) Case 7, and (h) Case 8 [67].
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Figure 5.4: Stress distribution along the wing, σ22 (Pa): (a) Case 1, (b) Case 2, (c)
Case 3, (d) Case 4, (e) Case 5, (f) Case 6, (g) Case 7, and (h) Case 8 [67].

72



(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 5.5: Stress distribution along the wing, σ23 (Pa): (a) Case 1, (b) Case 2, (c)
Case 3, (d) Case 4, (e) Case 5, (f) Case 6, (g) Case 7, and (h) Case 8 [67].
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Figure 5.6: Stress distribution along the wing, σ33 (Pa): (a) Case 1, (b) Case 2, (c)
Case 3, (d) Case 4, (e) Case 5, (f) Case 6, (g) Case 7, and (h) Case 8 [67].
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(c) (d)

(e) (f)

(g) (h)

Figure 5.7: Distribution of Von Mises stresses along the wing (Pa): (a) Case 1, (b)
Case 2, (c) Case 3, (d) Case 4, (e) Case 5, (f) Case 6, (g) Case 7, and (h) Case 8
[67].
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5.3 Flow of Stresses in Curved and Swept Configuration

In this section, the results of stability and stress analysis of the curved and swept

flying wing are presented to investigate the analogy between stability and flow of

stresses of these two designs. The details of these configurations are presented in

chapter 3 section 3.5. First, I consider three sweep and three curvature angles to

investigate how the stability and stress flow vary with changing the sweep and cur-

vature angles. These configurations are trimmed at 40 m/s. Second, I investigated

the effects of trim condition on the flow of stresses. In this case, I obtained the

results of base model configurations (i.e., one configuration with 15-degree sweep

and one configuration with 30-degree curvature) at 30 m/s cruise speeds. Finally,

the last part of our study aimed to assess the stresses flow distribution of the base

model configurations under equal load distribution. In order to do so, a concen-

trated mass is added to the reference node of the aircraft on the fuselage. The offset

of the concentrated mass is chosen in a way that it results in equal flap deflection

at the same cruise speed [46].

5.3.1 Effects of sweep and curvature variation

In this section, three different cases are discussed. Case I is the comparison between

two flying wing aircraft; one has wings with a 15-degree sweep angle and one with

30-degree curvature. Case II includes two configurations, one with 17.5-degree swept

wings and one with 35-degree curved wings. Finally, case III offers two designs; one

with 20-degree swept wings and the other one with 40-degree curved wings [46]. The

flutter characteristics of these cases are available in Table 3.9 chapter 3 section 3.5.

To perform the stress analysis, all the configurations are trimmed at a cruise

speed of 40 m/s. The internal forces in b3 direction at 40 m/s cruise speed for
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all three cases are available in Fig. 5.8. At this value of the cruise speed, which is

below the flutter speed of all configurations, the internal force associated with the

curved geometry has higher magnitudes almost throughout half of the span. This

component of the internal force represents the forces in b3 direction, including lift

and weight. Since the weights of both structures are almost equal, it is concluded

that the curved geometry produces a higher lift force. It is shown in the literature

that when the structure experiences a larger component of the airflow, the flutter

speed decreases [43]. The same phenomena are happening here, the area closer to

the fuselage of the curved aircraft is exposed to larger components of the airflow

[46].

Figure 5.8: Normalized internal force in b3 direction for cases I, II, and III; cruise
speed= 40 (m/s) [46].

The trimmed results at this cruise speed are used to recover the stresses using

VABS software. The patterns and magnitudes of the flow of stresses are presented in
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Figs. 5.9– 5.12. The components of the stress matrix are plotted, and the significant

ones are illustrated and discussed here. The first component of the stress matrix σ11

(see Fig. 5.9) shows that all cases are experiencing compression at the upper surface

of the wings. The magnitudes of σ11 decline as the sweep and curvature increases.

Comparing σ11 distribution between curved and swept configuration of each case

shows no sensible difference in the σ11 distribution [46].

Case I

Case II

Case III

Figure 5.9: σ11 (Pa) distribution of cases I, II, and III; cruise speed= 40 (m/s) [46].

On the contrary, σ12 in Fig. 5.10 depicts completely different distribution through-

out the wings and airfoil of the swept and curved aircraft. While in the swept

configuration σ12 changes from root to tip smoothly, the curved model shows stress
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strangulation at the trailing edge of the root of the wings as well as the leading edge

of mid-span of the wings [46].

Case I

Case II

Case III

Figure 5.10: σ12 (Pa) distribution of cases I, II, and III; cruise speed= 40 (m/s) [46].

Figure 5.11 depicts the σ13 distribution on the wings and airfoils of all six config-

urations. High concentrations of σ13 can be observed at the leading edge of the swept

aircraft, whereas the curved aircraft has a smoother distribution of σ13. However,

comparing the magnitude of this component of stress, it is notable that it is almost

two orders of magnitude smaller than σ11 and one order of magnitude smaller than

σ12 [46].
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Case I

Case II

Case III

Figure 5.11: σ13 (Pa) distribution of cases I, II, and III; cruise speed= 40 (m/s) [46].

Furthermore, the results of the Von Mises stress are shown in Fig. 5.12. The

Von Mises stress shows larger magnitudes in the curved wing aircraft compared to

swept wings. This can be explained by the fact that this configuration is under

larger loads (see Fig. 5.8). Von Mises also decreases as the sweep and curvature

angle increases. Figure. 5.8 shows that swept and curved configurations with larger

angles have lower magnitudes of internal forces [46].
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Case I

Case II

Case III

Figure 5.12: Von Mises stress (Pa) distribution of cases I, II, and III; cruise speed=
40 (m/s) [46].

5.3.2 Trim condition and flow of stresses

In the previous section, I analyzed the stress distributions at the cruise speed of 40

m/s. To asses the effects of a different trim condition on the characteristics of the

flow of stresses, the cruise speed is set equal to 30 m/s for the base model aircraft

[46].

The internal forces , as presented in Fig. 5.13, are not experiencing significant

changes compared to the cruise speed of 40 m/s, and it shows that the curved flying

wing is subjected to larger magnitudes of internal force [46].
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The results of stress analysis at the cruise speed of 30 m/s are available in Figs.

5.14– 5.17. The flow of stresses demonstrates the same characteristics as the results

for a cruise speed of 40 m/s, Figs. 5.9– 5.12 [46].

The first component of the stress matrix σ11 shows that both configurations

are experiencing compression at the upper surface of the wings, while the stress

strangulation could still be observed in curved configuration as shown in Fig. 5.10

for σ12, and for the swept configuration as shown in Fig. 5.11 for σ13. Similar to

the results of Fig. 5.12, the Von Mises stress shows larger magnitudes in the curved

wing aircraft [46].

This shows that differences in the characteristics of the flow of stresses and their

pattern of distribution are not a function of trim condition, but it solely depends

on the geometry and shape of the structure [46].
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Figure 5.13: Normalized internal force of base model configurations (i.e., case I) in
b3 direction; cruise speed= 30 (m/s) [46].
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Figure 5.14: σ11 (Pa) distribution of base model configurations (i.e., case I); cruise
speed= 30 (m/s) [46].

Figure 5.15: σ12 (Pa) distribution of base model configurations (i.e., case I); cruise
speed= 30 (m/s) [46].
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Figure 5.16: σ13 (Pa) distribution of base model configurations (i.e., case I); cruise
speed= 30 (m/s) [46].

Figure 5.17: Von Mises stress (Pa) distribution of base model configurations (i.e.,
case I); cruise speed= 30 (m/s) [46].
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5.3.3 Equally distributed aerodynamic loading

In previous sections, it was observed in Figs. 5.8 and 5.13 that swept and curved

aircraft experience different loading conditions. To expose these configurations to

the same loading condition, a concentrated mass is added in the plane of the sym-

metry of the aircraft with different offsets. The concentrated mass is equal to 10

kg. The offset for the curved aircraft is 0.6 forward of the reference line and 0.8

behind the reference line for the swept configuration. These values result in equal

flap deflections for both configurations [46].

This change in the structures significantly affects their stability. The flutter

speed of both cases decreases, as shown in Table 5.2, while the impact on the swept

case is more significant. Still, the flutter speed of the swept aircraft is larger than the

curved configuration but only by 9%. Moreover, the internal force in b3 direction,

as illustrated in Fig. 5.18, changes substantially compared to previous cases. Here,

the internal force in b3 direction for curved and swept flying wing aircraft has the

same magnitudes and patterns of distribution [46].

For the case of the equal flap deflection, the stresses analysis is presented in Figs.

5.19– 5.22. The stress distribution patterns remain the same as in previous cases.

However, it is apparent that the magnitudes are different. It is observable from Figs.

5.20 that the blue area at the leading edge of the curved wing has substantially higher

magnitudes compare to Figs. 5.10, and 5.15. For the swept-wing aircraft, the blue

color, which represents higher magnitudes of stresses, is covering a larger area of the

span compared to previous cases. The same is true for σ13, in Fig. 5.21 [46].

For the curved wing configuration, the stresses strangulation at the leading edge

of the aircraft has higher magnitudes compared to the previous cases (i.e., Figs. 5.11,

and 5.16). Additionally, for the σ13 of the swept wing, the stress concentration is

observed at the leading edge extends to areas closer to the tip of the wings. The Von
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Mises stress distribution presented in Figs. 5.22 highlights the higher magnitudes

of the stresses more clearly. The area close to the root has significantly higher

magnitudes of the Von Mises stress compared to Figs. 5.12 and 5.17 [46].

Aircraft Flutter Speed (m/s) Flutter frequency (rad/s)

44.2 11.7

40.5 10.4

Table 5.2: Flutter speed and frequency of base model configurations (i.e., case I)
with a concentrated mass [46].
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Figure 5.18: Normalized internal force of base model configurations (i.e., case I) in
b3 direction with a concentrated mass; Cruise speed = 40 (m/s) [46].
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Figure 5.19: σ11 (Pa) distribution of base model configurations (i.e., case I) with a
concentrated mass; cruise speed = 40 (m/s) [46].

Figure 5.20: σ12 (Pa) distribution of base model configurations (i.e., case I) with a
concentrated mass; cruise speed = 40 (m/s) [46].
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Figure 5.21: σ13 (Pa) distribution of base model configurations (i.e., case I) with a
concentrated mass; cruise speed = 40 (m/s) [46].

Figure 5.22: Von Mises stress (Pa) distribution of base model configurations (i.e.,
case I) with a concentrated mass; cruise speed = 40 (m/s) [46].
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CHAPTER 6

CONCLUSION

Summary and Discussion

Changes in the design parameters of an aircraft affect its static and dynamic aeroe-

lastic instability significantly. This study considers a variety of design parameters

and their effects on the nonlinear aeroelastic response of HALE aircraft. I pre-

sented the effects of engine placement, armament placement, sweep, and curvature

on aeroelastic stability and flow of stresses of HALE aircraft.

This research is conducted using three computer programs; Gmsh, VABS, and

NATASHA. Gmsh provides geometry and mesh. VABS uses the geometry and mesh

to calculate the structural properties. NATASHA utilizes the structural properties

to assess the aeroelastic trim and stability. Finally, VABS uses the trim solution to

recover the stress distribution.

To solve the problem of aeroelastic instability in HALE aircraft, we must first

address the root aeroelastic problems. While studies [18, 31, 83] agree that during

flutter system absorbs energy from the airstream, there is no discussion on how the

energy flow configuration is involved in flutter phenomenon. Here, I used constructal

law to explore the configuration of the flow system and explain the analogy between

the flow of stresses and aeroelastic instability.

The nonlinear aeroelastic responses are investigated when the structure is ex-

posed to gust and blast loads. The results indicate that a correct choice of engine

or armament placement can suppress undesirable responses. The gust loads with

light, moderate, and severe intensities are applied to the aircraft in the time domain

when the aircraft is cruising at 50 m/s. The results indicate that when the engines

are mounted at the root of the wings, large oscillations exist, which their amplitude
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increase as the intensity of the gust loads increase. On the contrary, for all of the

gust loads, when the engines are located at 60% of the span forward of the reference

line, the oscillations suppress. I also showed that for a cantilever wing gust responses

are suppressed when the engines are mounted at the area of maximum flutter speed.

The physics of shooting, including the combined effect of a concentrated mass

release (bullet), a local blast-induced gust, and an impulse on the wing are inves-

tigated. The comparison of the results of frequency domain analysis and the time

domain analysis yielded the conclusion that when the wings are subjected to un-

timely blast forces accompanied with constant impulsive forces generated due to

shooting of bullets, it becomes necessary to place the armaments in a suitable lo-

cation, which is found to be close to the root or at 75% of the span forward of the

reference line. Apparently, the area of maximum flutter speed is a suitable area for

placement of armament as well as an engine that can suppress the responses due to

a different kind of excitation. However, the armament also is safe to be mounted

close to the root of the wing.

Extensive literature exists and shows that the arrangement of any stores (e.g.,

engines) on the aircraft affects the stability [28, 30, 33, 59, 62, 63, 68, 72, 73, 96].

Here, I took this a step further and demonstrated that when the arrangement of

engines on the wing changes, the stress flow through the wing is altered, and that

flow strangulation would be a negative feature for flow access from one point to

another point. Additionally, detailed structural analysis results for critical engine

locations are presented. The results show that with the engine at 80% of the span,

the flow of stress is in its most homogeneous form, and consequently, the occurrence

of flutter is postponed the most.

Additionally, I used constructal law and the concept of the flow of stresses to ex-

plain the differences in flutter speeds of two different designs of flying wing aircraft;
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swept and curved configurations. I considered different swept back and curved

configuration while the positions of the wingtips for swept and curved configura-

tions were identical. The flow of stresses is studied close and away from the flutter

boundary. The results reveal that regardless of the curvature and sweep degree, the

condition of the trim state, and the internal force distribution, the stresses patterns

of distribution remain the same, while the only changes are the magnitudes of the

stresses.

At fixed altitude and cruise speed, the aircraft is exposed to the same drag, lift,

and thrust [68] – the same externally applied loads. Here, I showed that under

the same working condition, if stress strangulation happens, the structure becomes

unstable. This approach, based on the constructal law, shows how a degree of

freedom in design will change the performance of the system.

Limitations and Future Works

There is a clear need to pursue and develop an evolutionary design theory that

covers the entire range of design, all united under the same principles of physics.

Theory enables us to envision the effect of curvature in the aeroelastic design of

aircraft predictably and discovers the configuration with lower stress strangulation

and a larger aeroelastic flight envelope.

This research provided a variety of designs and configurations. However, there

are still many details in the design that can be investigated through the lens of

constructal law. One of these problems is the design and arrangements of rips and

spar in the wings that can affect the stability substantially. There are also dropped

wing and gull wing designs that can be evaluated for their stability characteristics.

Moreover, the current aerodynamic theory used in NATASHA is a 2D thin airfoil

theory that is suitable for a high-aspect-ratio wing and is fall short of simulating
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physical phenomena like stall or flow separation. Improving the aerodynamic part of

the developed numerical package helps to broaden the type of geometries and con-

figurations that can be investigated. This package can be improved by incorporating

3D aerodynamic theories or linking the package to a CFD software.
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