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Abstract

The scope of this work is to study computationally both passive and active flutter suppression
characteristics of a cantilever cork agglomerate core sandwich with CFRP facings and an
aluminum plate, the latter through the application of piezoelectric patches, respectively.
Recently, cork agglomerates have been gaining an increasing interest from the aerospace
industry due to their good thermal and acoustic insulation capabilities. In addition, cork based
materials intrinsically have excellent vibration suppression properties, which suggest that the
combination of cork with high performance composites (such as CFRPs) may lead to high
specific strength materials with improved damping characteristics suitable for flutter prevention.

Sandwich specimens were modeled using commercially available software ANSYS® and a demo
version of ZAERO® software for the determination of the flutter speed and related frequencies.
ANSYS® piezoelectric modeling and transient analysis capabilities were used for the active
vibration study. Specimen aspect ratio and thickness were chosen as a function of wind tunnel
maximum speed for further experimental tests. Results were compared with conventional CFRP

and aluminum plates.

It was demonstrated that a cork agglomerate core sandwich with CFRP facings can act as a
natural flutter suppresser which allows the reduction of the wing weight for a given flight
envelope and that the application of piezoelectric actuators is a valuable aeroelastic control
concept. An increase of about 20% in flutter speed was achieved using actuated piezoelectric
devices. The main goal remains in investigating higher strain smart materials and control

strategies, since these improvements are only possible in small structures.
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Resumo

O objectivo deste trabalho é o estudo computacional de solucGes de supressao de flutter, passiva
e activa, através de uma sandwich com nucleo de aglomerado de cortica e faces de carbono-
epoxy e de uma placa de aluminio, esta Ultima através de actuadores piezoeléctricos,
respectivamente. Recentemente, os aglomerados de cortica tém ganho um interesse crescente por
parte da industria aerondutica devido as suas propriedades de isolamento térmico e acustico.
Além disso, os materiais a base de cortica tém intrinsecamente excelentes propriedades anti-
vibréticas, o que sugere que a sua combinacdo com materiais de alto desempenho (como o
carbono-epoxy) pode levar a materiais de resisténcia especifica elevada e com caracteristicas de

amortecimento melhoradas, adequados a prevencao do flutter.

A sandwich foi modelada usando o software de elementos finitos ANSYS® e uma versdo de
demonstracdo do ZAERO® para a determinacéo da velocidade de flutter e respectiva frequéncia.
Por sua vez, as capacidades de modelacéo piezoeléctrica e transiente do ANSYS® foram usadas
para o estudo do controlo de vibragdo activa. A razdo de aspecto das placas foi escolhida em
funcdo da velocidade méaxima do tanel de vento, para posteriores testes experimentais. Os

resultados foram comparados com placas de aluminio e carbono-epoxy convencionais.

Foi demonstrado que a sandwich com ndcleo de aglomerado de cortica pode actuar como um
supressor natural de flutter que permite uma reducéo do peso da estrutura para um dado envelope
de voo. No que concerne ao controlo activo, a aplicacdo de actuadores piezoeléctricos € um
conceito de controlo aeroeléstico valioso que permitiu, neste estudo, um aumento de 20% na
velocidade de flutter. No entanto, o principal objectivo permanece em investigar estratégias de
controlo e materiais de caracteristicas piezoeléctricas com capacidade de induzir maiores

extensdes a custo de uma menor poténcia.

Palavras-Chave: Flutter, Aeroelasticidade, Sandwich, Cortica, Piezoeléctrico, Controlo
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Chapter 1 - Introduction

1.1 Motivation

Aeroelastic instabilities are within the factors that most restrict the flight envelope of aircraft.
The simultaneous presence of the aerodynamic, inertia, and elastic forces makes it a truly
interdisciplinary problem that has been studied since the early days of aviation. The most
dangerous aeroelastic phenomenon is flutter, when aerodynamic lifting surfaces suffer a self-
excited oscillation that may often be destructive, since the structure absorbs energy from the flow
and leads to large amplitude oscillations of the lifting body. Due to its catastrophic nature, it is
imperative that the occurrence of flutter on lifting surfaces be suppressed, to avoid failure of the
structure due to large deformation. The mission profile of the next generation of Unmanned Air
Vehicle (UAV) will lead to a design requirement of an adaptable airframe to best meet the
varying flight conditions. It is conceivable that the changes in geometry that occur would also

incur aeroelastic instabilities, such as flutter, at points of transition during the mission.

In that regard, several passive solutions like strengthened materials and mass balancing have
been developed to prevent this hazardous phenomenon. It is believed that cork based materials
may have a contribution in flutter suppression due to its natural damping characteristics. The
present study aims at evaluating the feasibility of using a cork agglomerate combined with
carbon reinforced plastics (CFRP) in a sandwich structure in order to increase structural
eigenvalues and, consequently, critical flutter speed and frequency. The main goal is to reduce
the weight of the wing for a given flight envelope without changing dramatically structural

strength.

On the other hand, when changes in the structure or in the aerodynamics are not viable for flutter
prevention, the use of active materials becomes a good option. Recent investigations confirm the
advantages of using adaptive structures for this purpose, the most part combining high
performance composite materials with bonded smart actuators, such as piezoelectric materials.
When a command signal is applied to the piezoelectric actuators, these will exert control over the
damping and stiffness properties of the component. In this study, a computational method based

on ANSYS® is used for the active vibration control analysis.



Chapter 1 - Introduction

1.2 Objectives

This work will be divided in two distinct tasks. The first objective is to study the feasibility of
using a cork based sandwich, with carbon fiber facesheets, as a passive flutter suppresser. To do
50, a finite element model of a sandwich rectangular plate will be modeled in ANSYS® and the
aerodynamic coupling will be performed using ZAERO® software in order to compute the
sandwich flutter speed. The goal is to demonstrate that this type of sandwich can be a viable
aeroelastic solution to aircraft components when compared to conventional aluminum and

carbon/epoxy plates, since it can allow an increase in flutter speed for a lighter structure.

The second objective is to perform a computational study on active flutter suppression using
piezoelectric materials. An aluminum plate with six attached piezoelectric patches will be
modeled using ANSYS® piezoelectric analysis capabilities in order to analyze to what extent the
piezoelectric actuation affects the rigidity and damping characteristics of the aluminum plate and
allows a consequent increment in flutter speed. The goal is to quantify this increment through the
decrease of the oscillations amplitude of the excited structure.



Chapter 1 - Introduction

1.2 Literature Review

Since its early days, aircraft have suffered the effects of aeroelastic flutter. Flutter is usually the
result of coupling between two or more structural modes influenced by unsteady aerodynamics.
The rate of damping of the oscillation of the disturbed airfoil first increases when the speed of
the flow around the airfoil gradually increases. With further increase of flow speed, however, a
point is reached at which the damping rapidly decreases. Below the critical flutter speed, an
oscillation can just maintain itself with steady amplitude. At flow speeds above the critical
speed, a small disturbance of the airfoil can serve as trigger to initiate an oscillation of great
violence. The oscillatory motion of a fluttering cantilever wing has both flexural and torsional
components. A rigid airfoil constrained as to have only the flexural degrees of freedom does not
flutter. If the airfoil is constrained as to have only the torsional degrees of freedom, it can flutter
only if the angle of attack is at or near the stalling angle [1]. The first recorded flutter incident
was on a Handley Page 0/400 twin engine biplane bomber in 1916 [2]. The flutter mechanism
consisted of a coupling of the fuselage torsion mode with an anti-symmetric elevator rotation
mode. But it was only by the early stages of World War 1l that this problem began to attain a
prominent importance. As aircraft speed increased, with little or no increase in load
requirements, and in the absence of rational stiffness criteria for design, aircraft designers

encoutered a wide variety of problems which we now classify as aeroelastic problems [3].

Active
Performance Aeroelastic
A Concepts

Rigid AC
. Performance

Wright Flyer Q Degradation

§5 1903 Year 2000
|

v

Fig. 1- The impact of aeroelasticity on aircraft performance [4].
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The role of aeroelasticity in aircraft performance over the years is depicted in Fig. 1. Its impact is
caused mainly because of increasing speed but also by the advent of lighter and more flexible

structures like composites.

Passive solutions such as increased structural stiffness, mass balancing, or modified geometry
have been used to prevent this hazardous phenomenon. But these approaches resulted in
increased weight and cost, and decreased performance [5]. The introduction of composite
materials with highly anisotropic directional stiffness properties in the 1970’s helped to create
aeroelastic tailoring design methods. The progress in aeronautics is intimaly connected to the
progress in aeroelasticity and related external stimuli and events. This transition was supported
by improved structural analysis and mathematical optimization methods capable of simulating
the composition and orientation of the individual material layers that were tailored to minimize

the extra amount of structural weight for reducing the impacts from aeroelasticity (Fig. 2) [6].

Aicraft Performance

Increase Active Materials
A Composite /—
N materials Active
Finite element .
) aeroelastic
methods Aeroelastic  concepts
Computers /— tailoring
P Analytical
/- tools
Theoretical
Models

Description of
phenomena

Discover
Phenomena

v

Fig. 2 - Relationship between aircraft performance, advances in aeroelasticity, and external stimuli [4].

Modeling structural dynamics and unsteady aerodynamics has been a difficult task throughout
the years. Regarding structural dynamics, the first studies have considered Theodorsen’s
structural model. This model represented the wing only by one section in which the bending
motion was associated to the vertical displacement and the torsion motion was associated to
rotational displacement. However, this model did not give a good representation of the full wing

dynamics. With the development of finite element method codes, with quite complete element

4
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libraries, several complex structures began to be simulated using computers. Regarding the
unsteady aerodynamics, the first subsonic model used in aeroelastic analyses was provided also
by Theodorsen using a typical wing section. This was a potential and two-dimensional model
based on the lifting theory for a flat plate [7]. However, several other methods have been
developed since then like the vortex—lattice and the doublet-lattice methods where the vortex
represents the steady flow and the doublet represents the incremental effect of the oscillation and

unsteady motion. This method was used by Heeg in Ref [5].

During World War 11 the first theoretical writings about sandwich appeared. In the 1950’s the
development was mainly concentrated on honeycomb materials. Honeycomb was mainly used as
a core material in the aircraft industry. However, it had some limitations, for example there were

big problems with corrosion.

At the end of the 1950°s and during the 1960’s different cellular plastics were produced, suitable
as core materials. In the beginning, rather soft materials were used because of their insulation
properties, for example polystyrene and polyurethane. Later, it was possible to produce harder
cellular plastics with higher densities and by that time sandwich became a very useful and
flexible concept [8]. Today there is an enormous number of different qualities of cellular plastics
as core materials; however, cork agglomerates are arising as potential competitors to
conventional plastics not only because of its mechanical properties but also for its eco-friendly
characteristics. In this regard, one of the goals of the present work is to evaluate the feasibility of
using cork composite sandwiches as a passive flutter suppresser structure.

Recently, cork based composites have been gaining a rising interest from the aerospace industry
due to their good thermal and acoustic insulation capabilities [9]. Cork based materials
intrinsically have excellent vibration suppression properties [10], which suggest that the
combination of cork with high performance composites (such as CFRPs) may lead to high
specific strength materials with improved damping characteristics.
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Aerodynamics

Static
Aeroelasticity

Flight
Mechanics

Dynamic
Aeroelasticit

Structural
Dynamics

Fig. 3 - Collar’s Aeroelastic Triangle [11].

The aim is to use the sandwich material with maximum efficiency. The two faces are placed at a
distance from each other to increase the moment of inertia and, thereby, the rigidity. A
comparison can be made with a solid plate. A sandwich plate of the same width and weight as a
solid plate has a remarkably higher stiffness because of its higher second moment of area. This
will provide an increase in flutter speed for a lighter structure.

However, due to historical passive solution’s drawbacks, active flutter suppression methods have
been introduced in aerospace investigation. The well known Collar’s Aeroelastic Triangle,
depicted in Fig. 3, has been upgraded to consider the interaction of smart structures as illustrated
in Fig. 4. One of the pioneer studies in this matter was the Active Aeroelastic Wing program by
NASA. The AAW technology employs wing aeroelastic flexibility for a net benefit through use
of multiple leading and trailing edge control surfaces activated by a digital flight control system.
At high dynamic pressures, the AAW control surfaces are used as tabs that are deflected into the
airstream in a manner that produces favorable wing twist [12]. Though widely used,
conventional technologies for active control of flutter and vibrations based on servo-
valve/hydraulic actuators have several limitations such as: (1) multiple energy conversions
(mechanical, hydraulic, electrical); (2) large number of parts, i.e., potential failure sites and large
weight penalty; (3) high vulnerability of the hydraulic pipes network; (4) frequency bandwidth
limitations. High performance induced strain actuators are capable of large
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forces and up to 0.1% free strain. Its main drawbacks are the very small strokes limited on this
inherent capacity on the free induced-strain response (for example, a 100 mm long actuator is
capable of a mere 0.1 mm peak-to-peak stroke) [14], especially due to torsional rigidity. This is
the main reason why this type of control is not being applied in today’s full scale military or civil
aircraft. However, the mission profile of the next generation of UAV will probably lead to a
configuration requirement of an adaptable airframe to best meet the varying flight conditions. It
is conceivable that the changes in geometry that occur would also incur aeroelastic instabilities,

such as flutter, at points of transition during the mission [15].

Aeroelastic
y

Control
/.

Smart
Material

Fig. 4 - Aeroservoelasticity Disciplines [12].

A review on several active aeroelastic control methods for helicopter blades and fixed wing
aircraft is presented in Ref. [14]. Besides the already mentioned AAW program, the most
remarkable studies on the latter are the PARTI and ACROBAT programs. A 4 ft long semi-span
wing model successfully demonstrated flutter suppression and gust loads alleviation in the
PARTI program. For these tests, a wing model of a composite plate (graphite epoxy facesheets
with aluminum honeycomb core) with 36 piezoelectric wafers surface bonded to each side of the
plate were used. Both active aeroelastic control and active/passive shunt damping were
investigated. For active aeroelastic control, the power required to achieve effective control-law
implementation was monitored. The maximum power consumption to achieve a perfectly
controlled structure was found to be a function of material and geometric properties of the
piezoelectric actuator and not to depend on the complex system dynamics. The tests proved that

7
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12% increase in flutter dynamic pressure and 75% of gust bending moment are achievable. In the
ACROBAT program, the feasibility of using piezoelectric control to alleviate vertical tail
buffeting of the F-18 was investigated. The vertical tail was equipped with surface bonded

piezoelectric wafer actuators and first bending resonance was increased by as much as 60%.

Although, there have been significant amount of literature reported in the area of active vibration
control of flexible structures using smart structures [16,17,24] , only a limited number of
research works have been carried out in the field of dynamic aeroelastic control [5,18-23]. A
smart structure can be defined as the structure that can sense an external disturbance and respond
to that with active control in real time to maintain the mission requirements. Although strain and
displacement are usually used as the feedback parameters for the control system, other studies
have been performed using pressure sensors at a point in the wing surface [7]. Smart structures
consist of highly distributed active devices which are primarily sensors and actuators either
embedded or attached to an existing passive structure with integrated process networks [26].
Controllers that can be both classic and modern control schemes, such as proportional-integral-
derivative control, lead-lag compensator and linear quadratic regulator, H,, H,, and p-synthesized
are used in active vibration control [21]. The effectiveness of some of these control strategies are

compared in [22].

Several aeroservoelastic tools have been developed to couple the structural active vibration
control to aerodynamic loading, namely flutter suppression. A short review on aeroeservoelastic
computational tools is presented in [23]. ZAERO®, a recently developed aeroelastic code at
ZONA Technology can also be used for aeroservoelastic analyses. The code, which is a
derivation of the doublet-lattice method, has been validated when the influence of the
aerodynamic stores on the aeroelastic instability has been studied using a number of
aerodynamic models for the F-16 aircraft configurations, including the isolated wing-tip launcher
model, and the whole aircraft with and without stores. A good agreement was shown between the
ZONAG code results and test data. A free demo version of ZAERO® software limited to 40 wing

boxes is used in the present study for the flutter speed and frequencies computation.
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Among several functional materials, piezoelectric transducers (PZTs) have drawn attention as a
possible actuation mechanism for flutter prevention systems because of their simple structure
and fast response time. Application of piezoelectric actuation to flutter control of a more realistic
wing model was achieved under the piezoceramic aeroelastic response tailoring investigation
(PART 1) program at NASA Langley research center [5].

Ref. [24] summarizes the development of a piezoelectric-based electromechanical device useful
for suppression of vibration and compares several types of piezoelectric actuation that can be
used for vibration suppression. There are three piezo-actuator parameters which affect the
structural properties as well as the control characteristics: actuator thickness, area and location
[25]. Lead zirconate titanate (PZT) piezoceramic is the most common transducer material, and
several compositions are available. The basic decision in selecting PZT actuation materials
comes down to “hard” versus “soft” compositions, e.g., PZT-4 and PZT-5. Thus, for a larger
applied voltage across a given thickness, the PZT-4 compositions can produce as large a strain as
the PZT-5 compositions generate at a lower voltage. In addition, the harder materials are less
likely to age and are less subject to stress-depoling. The special interest in the development of
very low voltage operation has led to forgetfulness in harder compositions despite their benefits.

PZT-5A is a good compromise between these two types of composition.

A review on the current architectural trends in amplifying small piezoelectric strains is presented
in Ref. [24]. As piezoelectric materials are continually improved and developed, these actuators
are finding more applications and their use is becoming more common. Likewise, piezoelectric

actuators are becoming more widely available from commercial vendors.

Because the strain levels of traditional piezoelectric (PZT) materials are so small, improvements
are continuously being sought. New relaxor ferroelectric crystals (PZN and PMN) have 5 times
as much strain energy as conventional piezoceramics. However, reliability, nearly linear
response with applied voltage, showing excellent response to the applied electric field over a
very large range of frequencies and their relative low cost made piezoelectric materials (PZT’s)
the most widely preferred one as collocated both as sensor and actuator. For this reason, BM500

ceramics were chosen for the present work.

Several studies on active flutter suppression report an increment of flutter speed ranging from
6% to 50%. The main challenge remains in finding piezoelectric actuators with a higher stroke,

especially to increase torsional control efficiency, and low power requirements.
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1.3 Approach/Methodology

Different tasks were accomplished in support of an analysis of the previous described problem.
The cantilever plate finite element model was built in ANSYS® Multiphysics in order to obtain
the structural eigenvalues and eigenvectors (natural frequencies and mode shapes). This modal
data provided by ANSYS® analysis is exported to a file in a free format to be input in the
ZAERO® system software.

AIC
Matrices
ZAERO® Input |:> |:> Output File
Fil
") ZAERO® N
SYSTEM
ANSYS® Modal SOFTWARE Plot Files
v |2 )
— —

\ /

Fig. 5 - ZAERO® System File Processing.

The next step was to build the ZAERO® input file which defines the filename that contains the
free vibration modal data from the structural finite element method, type of analysis to be
performed, print options for TECPLOT, discipline for analysis, geometry of the aerodynamic
model, spline instructions for displacement and force transfer between the structural finite
element grid points and the aerodynamic boxes, flight conditions, and other parameters such as
reference density, lengths, etc. ZAERO® generates an aerodynamic influence coefficients (AIC)
matrix to couple the aerodynamics data to the structural data and provides flutter speed and

frequencies in the output file.

An analysis of the higher strain energy density locations for the critical vibration modes was
made in ANSYS®. By determining areas of concentrated strain energy, it was possible to choose
the general piezoelectric patch placement locations for each node based upon existing finite

element model (FEM) nodes. The smart plate model was built in ANSYS® and a static analysis

10
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was performed to estimate the plate tip displacement when a voltage was applied to the PZT

actuators.

Finally, active flutter suppression was modeled in ANSYS® APDL through transient analysis. A
macro was created in order to apply a voltage to the piezoelectric patches at each different time
step so that these exerted a counter force at the plate tip. The scope is to evaluate the decrease of
the oscillations amplitude and find an equivalent plate stiffness to introduce in ZAERO®. To do
so, different voltage phases were applied according to the displacement of the plate as a function

of time.

11
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2.1 Modal Analysis — Natural Modes of Vibration

The mode shapes at the natural frequencies are of extreme importance, as the deformation of the
plate is maximum for these mode shapes [27]. So, in any vibration control methodology, the
main aim should be to avoid the natural frequencies at any circumstances. The natural modes of
the free vibration for the flat plate are calculated within ANSYS® using modal analysis. The
basic principle for this analysis begins with Newton’s second law. For a structure with multiple

degrees of freedom, Newton’s second law can be written as
[M]{B} +[C]{D}+[K]{D} = {Ry} 2.1)

where [M], [C] and [K] are the mass, damping and stiffness matrices, {D} is a generalized

vector of the nodal degrees of freedom, and {R,,}is a vector of external loads applied to the

structure. Since for undamped free vibration the damping is assumed to be zero and there are no

externally applied loads, equation (2.1) can be reduced to

[M]{B} +[K]{D}={0} (2.2)

as

where {5} represents the variation of nodal displacements from static equilibrium. Combination

of equations (2.2) and (2.3) yields the eigenproblem for undamped free vibration of a multiple

degree of freedom system:

([K]-@*[M]{D})={0} (2.4)

12
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where o’ is an eigenvalue and w is one of the natural frequencies of vibration. Each eigenvalue
and natural frequency will have a corresponding eigenvector. ANSYS® modal analysis provides
these natural frequencies of vibration as well as the corresponding mode shapes. Block Lanczos
was used for the solver since it performs well when the model consists of poorly shaped shell
and solid elements as is the case of the present study.

2.2 Semi — Analytical Method for Flutter Speed Determination

There are several methods that allow computation of flutter speed and frequency. British Gliding
Association has developed a relatively simple semi-analytical procedure for glider manufacturers
which has proven to be quite reliable for wings with aspect ratio lower than 10 since it has been

improved repeatedly [12]. The flutter speed can be computed as:

y =094 (r_i] {I_'](1+%j(1+A_k—Tj(k—TJ [1+1.680' I”‘Fj (2.9)
) U U A sk LF m,

where,
V — Flutter speed (m/s)

p,— Air density at sea level (kg/m®)

re — Elastic axis aft location from leading edge at 70% half wing span relative to plate chord (m)
rs - Mass axis aft location from leading edge at 70% half wing span relative to plate chord (m)
ci — Plate chord at center line (m)

Cm — Mean chord (m)

A — Aspect ratio

kr— Plate torsion stiffness (N/rad)

ks — Plate flexural stiffness (N.m)

F — Plate area (m?)

13
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o — Density ratio

mg — Plate mass (kg)

b — Plate span (m)s — Vertical displacement at 70% half span (m)
¢ — Rotational displacement at 70% half span (rad)

P — Load (N)

Myt — Torsion Moment (N.m)

Fig. 6 - Bending and Torsional Stifness Computation.

2
K, =012270 (2.6) K =M @2.7)
S

The vertical and rotational displacement under these loading conditions, s and ¢ respectively, can
be determined by FEM static analysis in ANSYS®. Consequently, flexural and torsional rigidity
(ks and k) values are obtained. It should be noted that this formula considers the half-span the
distance from the built-in end to the free end, for which in our case half span is actually the total
length of the plate.

14
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2.3 ZAERO® Formulation

The ZAERO® module used for flutter analysis was ZONA6 Unsteady Subsonic Aerodynamics
Code which is presented in the Zona ZAERO® Theoretical Manual [28].

2.3.1 ZONAG®G Linear Formulation

The ZONAG6 code solves the unsteady three-dimensional linearized small-disturbance potential

equation of subsonic aerodynamics

(1-M;)cpxx+q>yy+q>zz—2'\;'wqaxt—aizqan:o (2.8)
By assuming a solution of the form
O=¢,+4 (2.9) ¢ = ge (2.10)
where
A<t

M — freestream Mach number

@& - total velocity potential

$o — Steady potential

¢1 — unsteady potential

¢ — reduced frequency domain potential
o — oscillation frequency

The steady and unsteady components of equation (2.8) are separated by substituting equations

(2.9) into (2.10) and collecting like terms to yield
(1_ M£)¢Oxx +¢0yy +¢Ozz =0 (211)

2M 1
(1_ Mi)+¢1xx +¢1yy +¢1zz _a—w¢1xt _a_2¢1zt =0 (212)
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where equation (2.11) is the steady linearized small disturbance equation and equation (2.12) is
the unsteady linearized small disturbance equation. Equation (2.12) is solved after importing the
structural mode shapes from ANSYS® model. A set of unsteady pressure coefficients, Cp, Is
generated using the steady mean flow conditions, unsteady perturbation quantities, reduced
frequency, and the mode shapes and their derivatives. These unsteady C,’s are the basis for the
aerodynamic influence coefficient (AIC) matrix relating structural deformations to aerodynamic

forces.

2.3.2 Aerodynamic Influence Coefficient Matrix Formulation

In order to generate the flutter solution, a modal AIC relating structural mode shapes to unsteady
aerodynamic forces must be calculated. By multiplying the area of each box of the plate by the
unsteady pressure on that box, the normal force may be computed. After expanding the normal
force vector to include the force and moment components, a square matrix relating the structural

mode shapes to the aerodynamic forces is constructed as

{L} =a. [AC]{h] (213)
where
[AIC]=[B][NIC]"[F]+[D] (214)
{hy =[T]{x} (2.15)
(L} =[T][®]{F.} (2.16)
where,

Q. is the freestream dynamic pressure
[NIC] is the normal velocity influence coefficient matrix
{h} is the structural deformation of each aerodynamic box

{Lh} is the resultant aerodynamic force vector at each aerodynamic box due to h

16
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[T] is the spline matrix relating aerodynamic degrees of freedom to structural degrees of

freedom

[CD] is the modal transformation matrix

and [B], [F] and [ D] are all complex matrices containing the steady mean flow conditions

and normal vector components, and are functions of the reduced frequency. Equation (2-14) is
defined for the degrees of freedom at the aerodynamic grid points and must be interpolated to the
structural grid points using a spline matrix, then transformed to modal coordinates before it is

included in the g-method eigenvalue equation.

2.3.3 Flutter Solution Methods

Two basic methods are used to calculate the flutter boundary from the aeroelastic equations of
motion: the k and g-methods. Each method applies the assumption that, at the flutter boundary,
one of the natural vibration modes of the system will become neutrally stable and produce simple
harmonic motion and the other modes remain stable. The general system of equations for flutter

in the Laplace domain may be written as

[SZM +sC+K]q:Fa (2.17)

where

M =® 'md is the generalized mass matrix

K =®"kd is the generalized stiffness matrix

C =d"cd is the generalized viscous damping matrix

g are the generalized coordinates

Fa are the aerodynamic forces produced by structural deformation

Transforming equation (3.15) into time domain, the basic form of the flutter equation may be

written as:

17



Chapter 2 - Theoretical Background

[-o'M +K -0q,Q(ik) ]Jq=0 (2.18)

This equation is solved in ZAERO® using the k and g-methods. Ref [29] provides a good
explanation on both of these methods.

2.3.3.1 K-method

The k-method only requires a straightforward complex eigenvalues analysis to be done for all
values of reduced frequency k. This method assumes the artificial damping first. Flutter speed is
located at the point where the value of damping becomes positive. The determinant is obtained

by expanding the equation of motion for the flutter system and simplifying the equation by

+ig

assuming /1=1 —.
a

Because of the straightforward eigenvalue analysis, this method has the

advantage of computational efficiency. The eigenvalues for the characteristic equation of motion
in equilibrium represent a point on the flutter boundary if the corresponding value of g equals the
assumed value of g. The general solution for the characteristic equation is given by the 2" order
polynomial. By solving the polynomial, the roots will yield result in the form of complex
numbers. The two complex roots will represent the two modes, which are bending and torsion
modes of the plate structure. From there, the values of frequencies, w, and damping, g, can be

computed. These series of values of the frequency and the structural damping are obtained for all

values of reduced frequency k :;0—\(/:. The frequency and damping are then plotted against the

airspeed. These curves are known as V-g and V-o curves. The significance of V-g curve is that

the critical flutter speed is achieved when the value of damping is zero, g =0.

2.3.3.2 G-Method

The g-method is a method where the first order damping is derived from Laplace domain
unsteady aerodynamic forces. The flutter boundary is provided when the value of damping is

equal to zero. The solution for this method begins by substituting p =g +ik into the governing

18



Chapter 2 - Theoretical Background

equation. This will result in a second order linear system equation in terms of damping. The
solution only exists when the imaginary value of damping is equal to zero. This condition can be
acquired by rewriting the 2" order equation into the form of state space. Then, a technique of
reduced frequency sweeps is introduced. This technique seeks the condition where the damping
is zero by solving the eigenvalues. The sweeping starts from zero reduced frequency of the
unsteady aerodynamic forces with an increment value defined by the user and stops at its
maximum value. The frequency and damping is then obtained. Then the V-f and V-g curves can
be plotted. As in the k-method, the flutter condition occurs where the value of g equals zero on

the x-axis.

Although the two methods discussed above use different approaches to obtain the plotted values
of V-g and V-f curves, they share the same goal which is to locate the point where the damping
value equals zero. The k-method uses artificial damping to indicate the required damping for the
harmonic motion. The damping values do not represent any physical meaning except when the
damping value lies at the flutter boundary. In terms of computation time, the solution for the k-
method is efficient, robust and provides a quicker solution than the g-method. In contrast, the
discontinuity in damping curves does not occur in the g-method because the eigenvalue tracking
is done by applying the Predictor-Corrector Scheme. If the eigenvalue changes sharply and
creates discontinuity, the scheme will be activated to compute the damping value by reducing the

size of the increment of the reduced frequency by a factor.

2.4 Piezoelectric Ceramics

Properties of a poled piezoelectric ceramic element can be explained by the series of images in
Fig.7. Mechanical compression or tension on the element changes the dipole moment associated
with that element. This creates a voltage. Compression along the direction of polarization, or
tension perpendicular to the direction of polarization, generates voltage of the same polarity as
the poling voltage. Tension along the direction of polarization, or compression perpendicular to
that direction, generates a voltage with polarity opposite to that of the poling voltage. When
operating in this mode, the device is being used as a sensor. That is, the ceramic element
converts the mechanical energy of compression or tension into electrical energy. Values for
compressive stress and the voltage generated by applying stress to a piezoelectric ceramic
element are linearly proportional, up to a specific stress, which depends on the material

properties. The same is true for applied voltage and generated strain [30].
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If a voltage of the same polarity as the poling voltage is applied to a ceramic element, in the
direction of the poling voltage, the element will lengthen and its thickness will become smaller.
If a voltage of polarity opposite to that of the poling voltage is applied, the element will become
shorter and thicker. If an alternating voltage is applied to the ceramic, the element will expand
and contract cyclically, at the frequency of the applied voltage. When operating in this mode, the
piezoelectric ceramic is used as an actuator. That is, electrical energy is converted into

mechanical energy.

— |
Ve

Fig. 7 - Piezoelectric Effect.

2.4.1 Piezoelectric Constitutive Relations

The constitutive equations describing the piezoelectric property are based on the assumption that
the total strain in the transducer is the sum of mechanical strain induced by the mechanical stress
and the controllable actuation strain induced by the mechanical strain caused by the applied
electrical voltage. The axes are identified by numerals rather than letters. The IEEE standard for
piezoelectricity [31] suggests that, as in Fig. 8, 1 refers to the x-axis, 2 corresponds to the y-axis,
and 3 corresponds to the z-axis. In our case, axis 3 is assigned to the direction of the polarization

of the piezoceramic.

The electromechanical equations for a linear piezoelectric material can be written as:

&=S;o,+d,E, (2.19)

D, =d,io + S B, (2.20)
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where the indexes i, j=1,2,...,6 and m,k =1,2,3 refer to different directions within the material

coordinate system.

4 @ # Axis
1 X
Y (2) 2 y
> 3 z

4 Shear around X

X(1)
5 Shear around y

6 Shear around z

Fig. 8 - Piezoceramic axis convention.

where,

o is the stress vector (N / m?)

¢ is the strain vector (m/m)

E is the vector of applied electric field (V /m)

& is permittivity (F /m)

d is the matrix of piezoelectric strain constants (m/V')
S is the matrix of compliance coefficients (m? / N )

g is the matrix of piezoelectric constants (m*/C)

The superscripts D, E and o represent measurements taken at constant electric displacement,
constant electric field and constant stress respectively. For a PZT ceramic these parameters can

be considered to be:
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S =39y

Si3 =53 =53 =Sy d.. =d
S, =S, d31 _ daz
Sy = S55 ” “
Seg = 2(511 - S12)

Piezoelectric actuators are available in different shapes such as rod, plate, etc. The rod type
actuators, polarized in the longitudinal direction, are used as stacked actuators in point actuation.

The plate type actuators polarized in the thickness direction are used in distributed actuation on

plate and shell-like structures. They have electrodes on both sides. The electric field vector {E}

is the negative gradient of the applied electric potential V, the voltage applied in the thickness
direction [32], i.e.,

{E}=-VV (2.21)
where
(E}={0,0,E,} (2.22)
and
E,=-V/t (2.23)

where t, is the thickness of the piezoelectric plate. The actuator equation is derived from the

constitutive equations with no applied stress in the piezoelectric plate. From the constitutive

equations, stresses due to the applied electric field, {ap} , In the piezoelectric plate is

o,=[e] (E} (2.24)

where {ap} can be related do the strain in the piezoelectric plate {gp} as

{o,}=[q/{z,} (2.25)
Therefore the strain can be related to the electric field using the above two relations as
{e,}=[Q [e] {E) (2.26)
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By using the above equation and the general strain definition, the total strain vector {g}Iot for

electro-elasticity can be written as

o e {s} +{e}"
{€} {{gp}} { - } (2.27)

where {g} is the elastic strain. This expression for strain is used in the general nonlinear

constitutive model of the smart structures with actuators. The electrical displacement in the

thickness direction can be written as
D, =¢,; {g} (2.28)

where e3; is the dominant piezoelectric constant. The total charge developed q(t) on the sensor
surface is the spatial summation of all point charges and can be calculated by integrating the

electric displacement over the sensor surface as

q(t)= j D,dS (2.29)

where S is the surface area of the sensor. The open circuit sensor voltage output from the sensors

can be written as:
. (t)=Gi(t) (2.30)

where G is the gain of the current amplifier. The current i(t) on the sensor is the time derivative

of the total charge and can be written as
i(t)=—— (2.31)

where q(t) is the total charge given by equation 2.29.

2.5 Vibration Suppression Analysis using ANSYS®

It is possible to model active vibration control of a smart a smart plate in ANSYS®. Transient
analysis in ANSYS® is carried out for any application to study the system properties with respect
to time. Transient vibration analysis gives useful information about system damping and other
effects of the controlling forces on vibration with a function of time. Rayleigh damping

coefficients should be defined for the closed loop control in this type of analysis. The
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logarithmic decrement method was used to compute our structure’s damping ratio where ¢ is the
natural logarithm of the ratio of any two successive amplitudes (x; and x2) and has the following
form [33]:

s=In2L (2.32)
XZ
a=2 (2.33)
2
po =) (2.34)
®, —aw,

The damping coefficient value was experimentally determined so that Rayleigh damping
coefficients (« and $) could be introduced in the transient analysis. A macro was created in order
to apply a voltage to the piezoelectric patches at each different time step so that these exerted a
counter force at the plate tip. The scope is to evaluate the decrease of the oscillations amplitude
and find an equivalent plate stiffness to introduce in ZAERO®. To do so, different voltage phases

were applied according to the displacement of the plate as a function of time.
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The objective of this chapter is to compare three distinct plates in terms of flutter behavior. The
first case studied is a 500 mm x 150 mm sandwich plate with a 1 mm thick cork core and one 0.2
mm layer of woven carbon/epoxy at each of the sides. The finite element method and ZAERO®
were used to study the dynamic and aeroelastic behavior of this structure. An analytical method
was used to calculate the flutter speed and validate the ZAERO® results. These results were
further compared to 6061-T6 aluminum and carbon/epoxy plates with 0.75 mm and 1.4 mm
thick, respectively. These thicknesses were chosen so that the flight envelope of the three

structures would be the same so that attention could be directed to the weight of the components.

3.1 Element Selection

Aluminum, carbon and cork sandwich plate models were built individually in ANSYS® using
SHELL63, SHELL99 and SHELL91 elements, respectively. These elements have six degrees of
freedom at each node: translations in the nodal x, y and z directions and rotations about the nodal
X, Yy, and z-axes [34]. These modal displacements have to be known to be input in the “free
format” ZAERO® modal data file. In the free format it is assumed that the free vibration solution
of the finite element model is obtained by a structural finite element code other than NASTRAN.
In this case, it is the user’s responsibility to set up the modal data in a file according to the

following data format:
ID, Ty, T2, T3, R1, R2, Rs

where ID is the structural grid point (node) identification number, T1, T, and T3 are the
translational modal displacements in X, y, and z directions, and R;, Ry, and R3 are the rotational
modal displacements about the x, y and z directions. It is also necessary to include the natural
frequency and the generalized mass of the modes in the free format file. A modal data file

example for the aluminum plate is shown in Fig. 9.

SHELL99 elements were used to model the carbon fiber composite. This element may be used

for layered applications of a structural shell like our carbon/epoxy plate. Each
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layer thickness is defined as a real constant and it is also possible to set the fiber orientation.
SHELL99 element geometry is illustrated in Fig. 10. On the other hand, SHELL91 elements
were used to model the cork sandwich since these are more efficient than SHELL99 when
building a model using an element with fewer than three layers. Also it has a sandwich structure
modeling option, which considers a thick middle layer when compared to the facesheets,
although that fact will not take a predominant role in our case since our core is a thin layer of
cork agglomerate. The influence of the SHELL91 sandwich option in the plate deformation is

presented in Fig. 11.

% (Mode 1)
g.Z48ee 0.1E+01 #Circular Frequency and Generalized Mass
(I T1 T2 T3 21 BZ 23
1 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
z 0.0000 0.0000 0.000a0 0.000a0 0.0000 0.0000
3 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
4 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
5 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
& 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
7 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
8 -0.5813ZE-15 0.2B0Z€E-15 &.9Z%95 1%.337 0.10231 0.25815E-14
] 0.5933Z0E-17 0.133%21E-1¢ 0.391902E-01 3.3332 1.00&83 -0.32715%E-15
10 0.157Z1E-1¢ 0.41800E-1& 0.3%801 8.09%92 1.3553 0.10387E-15
11 0.1207%E-1¢ 0.75084E-1e 0.858888 11.515 1.3074 0.13562ZE-15
1z -0.37657E-17 0.1184ZE-15 1.5342 14_Z1% 1.1082 0.78333E-15
13 -0.5€638E-1¢ 0.1e712E-15 2.2578 1e.255 0.8g447 0.105Z4E-14
14 -0.138€0E-15 0.Z1204E-15 3.14584 17.703 0.82387 0.20778E-14
15 -0.233Z1E-15 0.Z24417E-15 4.057% 18.825 0.41z2a3 0.17581E-14
18 -0.33636E-15 0.Z&574E-15 5.0025 1%.11% 0.24827 0.23482ZE-14
17 -0.44512E-15 0.Z7583%E-15 5.39&38 15.304 0.14408 0.20085%E-14
-1
% (Mode 20
51_79885 0.1E+01
1 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
2 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
3 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
4 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
5 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
& 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
7 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
8 0.11857E-1& -0.18380E-17 &.8802 £7.93593 2.4Z2%93 -0_.Z1888E-1%8
9 0.35270E-18 -0.5102Z3E-18 -0.582358 —-22.537 -Z.5331 -0.14831E-1&
10 0.10%75E-17 -0.35880E-18 -Z.03&8 -33.557 -0.17751 -0.11352E-1%
11 0.15405E-17 -0.12565E-17 -3.6722 -30.310 3.8327 -0.Z41e8E-18
1z 0.20837E-17 -0.14308E-17 -4.8554 -15.3972 &.8481 -0.191e8E-1&
13 0.41380E-17 -0.17226E-17 -5.1402 5.0458 8.5887 -0_.Z3868E-1¢
14 0.53318E-17 -0.179€4E-17 -4.317% Z27.7232 8.8224 -0.Z4851E-18
15 0.70817E-17 -0.1€308E-17 -Z2.4254 47 387 T.2382 -0.30785E-1¢
1g 0.8645%1E-17 -0.17502E-17 0.257%1 &0.883 5.1387 -0.Z38€0E-18

Fig. 9 - Zaero Modal Data Input File.
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Fig. 10 - SHELL99 Element Geometry.
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sandwich oplion sandwich option

Fig. 11 - SHELL91 Sandwich Option.

3.2 Mesh Sizing

In order to validate the chosen elements and mesh size, simple Euler-Bernoulli Beam Theory
was used to compute tip deflection of a cantilever plate loaded at the free end and the theoretical
results were compared with finite element results. The material and geometric properties
assigned for each case are presented in Table 1. The thickness of the sandwich was chosen in
order to ensure manufacture feasibility with 2 carbon/epoxy facesheets (0.2 mm each) and a 1
mm thick cork core. The other plates thicknesses were chosen in order obtain the same flight

envelope (same flutter onset speed) as the cork sandwich.
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Table 1 - Material and geometrical properties.

Material Properties

Aluminum | Carbon/Epoxy | Cork

Ex, GPa 68.9 42 0.032
E,, GPa - 42 0.032
Gy, GPa - 5 0.005
v 0.33 0.1 0.26
p, kg/m® 2800 1400 300
Geometrical Properties
b, m 0.5 0.5 0.5
c,m 0.15 0.15 0.15
t,m 0.00075 0.00140 0.00140

The plate deflection results are presented in Table 2.

Table 2 - Tip deflection results for mesh definition.

Mesh 10 x 6 | Aluminum | Carbon/Epoxy | Sandwich
P,N 1 1 1
YTheoretical, M | 0.11470 0.02892 0.04549
Yeem, M 0.11590 0.02889 0.04548
Error, % 1% 0.11% 0.02%

The 10 x 6 element mesh size guarantees a good agreement between theoretical and finite

element analysis.
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3.3 Flutter Speed Determination using the Semi-Analytical Method

For the analytical flutter speed computation, a unit load and moment at 70% of half span and at
half chord was applied to the sandwich plate. The finite element solution provides the
translational and rotational displacements for the bending and torsional rigidities computation.

Table 3 presents the flutter speed result using this method.

Table 3 - Flutter speed determination by semi-analytical method.

Sandwich Parameters
le, M 0.075
m, M 0.075

A 6.667

kr, N/rad 0.0143

ks, N/m 0.0783
Cm, M 0.15

F, m? 0.15

m, kg 0.129

pair, kgim® 1.225

M;, N.m 0.01
¢, rad 0.7006
P,N 0.01
s, m 0.0156

Vi, m/s 19.86

Vi Mass 153.95

As we can see, the determination of flutter speed depends on several parameters like plate
geometry, aspect ratio, density ratio, and particularly on bending and torsional rigidities.
Although the sandwich plate has a lower torsional rigidity, it has a much greater bending rigidity
than those of aluminum and carbon due to a higher second moment of area. As the first mode of

vibration of a cantilever plate is usually a pure bending mode, shifting the occurrence of this
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mode of vibration to a higher natural frequency will prevent the occurrence of flutter. In the next

sections, these results will be compared to conventional carbon/epoxy and aluminum plates.

3.4 ANSYS® Modal Analysis

The first ten modes of vibration and frequencies were extracted using ANSYS® modal analysis.

In Fig. 12, the sandwich mode shapes extracted from ANSYS® modal analysis are represented.
For each of these structural eigenvectors there is a corresponding eigenvalue. The response of the
plate amplifies as we apply a force with a rate of oscillation that gets closer and closer to the
natural frequency of the system and reaches a maximum when the rate of oscillation is at the

resonant frequency.

R

Fig. 12 - Sandwich Mode Shapes.

3.5 ZAERO® Output Results

After running ZAERO® aeroelastic code (Annex A) based on ANSYS® modal analysis, several
files are generated. Fig. 14 shows the aerodynamic grid model generated by ZAERO®. Each
division represented is called a wing box. To construct an AIC matrix for the wing like
component it is necessary to compute the aerodynamic force acting normal to the wing boxes.
This force can be obtained by multiplying the area of the wing boxes to the unsteady pressure on
wing boxes. This ZAERO® demo version is limited to 40 wing boxes, although it is expected
that this fact will not affect greatly the results obtained. The semi-analytical method was used to

ensure that ZAERO® results were reliable.
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Fig. 13 - Aerodynamic Grid.
| FLUTTER AT MODE NO.: 2 | G= 0.00% | G= 0.50% | G= 1.00% | G= 1.50% | G= 2.00% | G= 2.50% | G= 3.00% | G= 3.50% | G= 4.00% |
| SPEED |UNITS= M / SEC | 19.9076 | 19.9846 | 20.0603 | 20.1358 | 20.2110 | 20.2849 | 20.3588 | 20.4310 | 20.5012 |
| V/VREF|UNITS= MOME | 19.9076 | 19.9846 | 20.0603 | 20.1358 | 20.2110 | 20.284% | 20.3588 | 20.4310 | 20.5012
| FREQ |UNITS= HE | 15.8316 | 15.7872 | 15.7440 | 15.7011 | 15.6584 | 15.6174 | 15.5763 | 15.5381 | 15.5035

| DYNAMIC PRESSURE AT G=0.0, W = 15,8316 HZ, V = 1.9908E+01 :

| COMPUTED = 2.4268E+02, INTERFOLATED = 2.4274E+02, ERROR = -2.5245E-02%. CORRESPONDING EIGENVECTOR OF 10 MODES = |
| 1.000E+00 0.000E+00, -3.454E-01 3.503E-01, 7.685E-02 -3.6B82E-02, 2.197E-03 -6.B859E-03, -1.568E-05 1.562E-03, |
| 1.843E-04 &.671E-05, 5.021E-04 -2.023E-04, -1.447E-04 1.764E-04, 2.078E-05 7.787E-05, -2.460E-13 -1.702E-1Z, |
| FLUTTER MODE TRACKING: 100% = PRIMARY MODE. 0% = NO CONTRIEUTION TO FLUTTER MODE. |
| MODE({ 1) 14.8575%, MODE( 2) = 100.0000%, MODE(  2) 0.9000%, MODE(  4) 0.2110%, MODE{ &) 0.0075%,
| MODE{ &) 0.0007%, MODE( 7) = 0.0030%, MODE( &) 0.0021%, MODE(  9) 0.0011%, MODE( 10) 0. 00005,

Fig. 14 - ZAERO® g-method Output File.

ZAERO® flutter analysis output file is represented in Fig. 15. It shows the mode at which flutter
occurs and the corresponding speed and frequency, 19.91 m/s and 15.83 Hz respectively, as well

as the value of the dynamic pressure at which this occurs, in this case, 242.6 N/m> The second
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structural mode, which corresponds to the first torsion mode, has a predominant role in the
occurrence o flutter (100%) while the first bending mode contributes by 14.86%. This means that
if the structure did not have the first bending mode, its flutter behavior would change slightly

while if it did not have the torsion mode its behavior would change dramatically.

(w) ssauyoy L

Fig. 15 — Sandwich Flutter Mode — Deformed Aerodynamic Mesh.

In Fig. 16, flutter mode is represented by the deformed aerodynamic model. Since the flutter
mode does not have a nodal line about which the configuration oscillates (as in the case of the
structural model results), it is necessary to generate many deformed aerodynamic models to
notice the dynamics of the flutter mode. Only the maximum displacement of the flutter mode
shape is shown in Fig. 16. We can clearly see that the flutter mechanism consists of a coupling
between first bending and torsion modes which are represented in Fig. 17 and Fig. 18,
respectively. The maximum displacement of the oscillation in the z-direction during the flutter
mode is about 0.045 m. As it has been mentioned earlier, this value is computed having in mind
that the aerodynamic force that causes the deflection is given by the unsteady Cp’s multiplied by
each wing box area. By default, ZAERO® plots a full span symmetric wing cantilevered at the

middle in flutter mode.
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Fig. 16 - Sandwich First Bending Mode — Deformed Aerodynamic Mesh.
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Fig. 17 - Sandwich First Torsion Mode — Deformed Aerodynamic Mesh.
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Fig. 18 —Sandwich V-g Diagram.

A tracking procedure is provided by ZAERO® using the most relevant modes of vibration of the
composite sandwich. Fig. 19 plots the aerodynamic damping on the vertical axis versus velocity
on the horizontal axis and Fig. 20 plots the frequency on the vertical axis also versus velocity on
the horizontal axis. Although the horizontal axis for both plots is in meters per second, it is also
representative of increasing density with decreasing altitude. This is due to the fact that velocity
for a given Mach number is a function of the square root of the air density. In Fig. 19, positive
and negative dampings are representative of stable and unstable conditions, respectively. As we
can see, flutter occurs when the velocity curve intercepts the zero damping line. This means that
at this velocity, if the structure suffers an excitation, the aerodynamic flow will no longer damp
the structural vibration. One is then able to determine the flutter frequency of the model using the
plot of Fig. 20 and picking off the frequency value of the unstable mode at the flutter velocity
value. The slope of the damping versus velocity curve as it passes through flutter velocity can be
thought of as a qualitative measure of how violently the oscillations would occur during

accelerated flight.

In order to compare the results with the sandwich, thicknesses of the aluminum (0.75 mm) and
carbon/epoxy (1.3 mm) plates were chosen in order to have an equal flutter onset speed. Fig. 20

shows a comparison of the V-g diagram for aluminum, carbon/epoxy and cork sandwiches.
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Fig. 19 - Comparison between V-g Diagrams.
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Fig. 20 - Comparison between V-f Diagrams.
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Table 4 — V¢/mass results and comparison.

Aluminum (0.75 mm) CFRP (1.4 mm) Sandwich (1.4 mm)
Flutter Speed
HHEr oee 19.65 20.48 19.87
Analytical, m/s
Flutter Speed 19.98 20.87 19.92
g — Method, m/s
Flutter Speed 20.00 20.90 19.80
k- Method, m/s
Rigidity, N.m 0.363 1.44 0.916
Specific Rigidity, 1,30x10™ 1.03x1073 1,49%x107
N.m%p
Mass, kg 0.158 0.116 0.065
V¢/ Mass, m/s.kg 125.8 180.17 306.5

Although the three plates are limited by the same flight envelope, the cork sandwich ensures a

lighter structure and, therefore, a higher ratioV—F as it is shown in Table 4. This is due to the fact
m

that the higher second moment of area provided by the sandwich shifts the natural frequencies of
the first bending and torsion modes, the most critical ones, to higher values as represented in Fig.
20 and quantified in Table 5.

Table 5 - Natural frequencies comparison [Hz].

Mode Aluminum CFRP Sandwich
1 2.46 4.61 5.97
2 15.48 18.86 24.36
3 16.54 28.86 37.38
4 43.81 61.99 80.03
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It is interesting to notice, however, that even with the same thickness, without the second
moment of area taking a predominant role, the sandwich structure ensures practically the same

flight envelope than the carbon-epoxy plate, although with a much lower weight.
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In this chapter, a preliminary computational study on an active control concept using
piezoelectric ceramics is performed. Six BM500 ceramics (20 mm x 28 mm x 0.25 mm) were
attached to a host aluminum plate with dimensions 500 mm x 150 mm x 0.4 mm and modeled
using ANSYS® piezoelectric analysis. A study based on high strain energy locations of the
plate’s most critical modes of vibration was performed in order to choose the piezoelectric
patches placement. Using transient analysis, one evaluated the oscillations amplitude of the
actuated and not actuated plate with the objective of analyzing how does the actuation of the
piezoelectric affects the rigidity of the plate. Using this data, the flutter speed increment due to

this active concept was computed.

4.1 Piezoelectric patches placement

Placement of piezoelectric patches was chosen via strain analyses. FEM strain energy plots for
the first three modes of vibration were produced and analyzed using ANSYS® to determine the
predicted locations of concentrated strain energy for each mode. By determining areas of
concentrated strain energy, it was possible to choose the general placement locations for each
mode based upon existing FEM elements. The patches were located in such a manner as to cover
the regions of higher strain in a combined solution between the first bending mode and the first
torsion mode. It is not the scope of this work to study an optimal location for the actuators.
Besides the FEM strain analysis, piezoelectric placement was also based on literature review on
this matter.

As we have seen in Chapter 3 there are two modes of vibration which contribute the most for the
occurrence of flutter. In the case of 0.4 mm thickness aluminum plate, which was studied for the
active vibration control, these modes are the first bending (11.55%) and the first torsion mode
(100%).

Plots of strain distribution are shown in Fig. 21 and Fig. 22 for the first two modes.
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TEETFLER

Fig. 22 - Strain Energy Distribution in Torsion Mode.

It is clear that for the bending mode the actuators should be placed near the built-in end while for
the torsion mode they should be at the free end. However, it must be noted that in the bending
mode there is a significant change of strain energy density between the near built-in end and free
end position. In the torsion mode, this change is not so dramatic. This means that placing the

actuators near the free end position would substantially affect the efficiency of the actuators at
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bending, while placing the actuators near the built-in end will not influence the torsion efficiency
that much. For this reason, the following configuration was chosen using 6 BM500 (20 mm x 28

mm x 0.25 mm) actuators.

D SEH 0.65
O 0O

Fig. 23 - Smart Plate Configuration and Dimensions.

4.2 Static Smart Plate Analysis

The purpose of the actuators is to generate bending and torsion moments in the plate. In the case
of bending, this is done by applying equal voltage magnitudes and phases to the ceramic patches.
In the torsion case, the voltage is applied in a 180° out of phase difference to the left and right
side patches of the plate. Due to the phase difference between voltages applied to the actuators,
patches from the left side of the torsion axis will expand while the others contract, or vice-versa.

This will impart a positive or negative torsion moment to the host structure.

A plate model with dimensions 500 mm x 150 mm x 0.4 mm was built in ANSYS® using
SOLIDA45 elements to model the metal part. This element is defined by eight nodes having three
degrees of freedom at each node: translations in the nodal x, y, and z directions. The piezoelectric
patches were modeled using SOLID5, a 3D coupled field element. For this piezoelectric element
there are four degrees of freedom at each node; translations in the x, y and z directions and
VOLT. In this case, it is necessary to use coupled field analysis to couple the interaction between

applied stress and electric field. The brick shaped element SOLID5 was chosen due to the fact
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that the geometrical shape of the piezoelectric actuator does not have any curvature and SOLID5
constructs with cuboid elements. Also, this element is capable of modeling different types of
disciplines, namely piezoelectricity. When this particular type of discipline is chosen, ANSYS®
will only consider the behavior of SOLIDS in uy, uy, U, and VOLT degrees of freedom. VOLT

indicates the difference in potential energy of the electrical particles between two locations.

Although the constitutive piezoelectric relation given by the manufacturer is the form described
in Chapter 2, the constitutive equations that ANSYS® uses to model piezoelectric materials

requires data in the following form:

o1 raf)

where,

{T} is the stress vector

{D} is the electric flux density vector

{S} is the strain vector

{E} is the electrical field vector

[c] is the elasticity matrix at constant electric field
[e] is the piezoelectric stress matrix

[5] is the dielectric matrix at constant mechanical strain

Therefore, ANSYS® only considers these material properties for piezoelectric 3-D elements,

including compliance matrix, piezoelectric matrix, and permittivity matrix given below:

41



Chapter 4 - Active Flutter Solution

The elasticity matrix:

c, ¢, ¢ 0 0 O

C, C, C 0 O O

co Cs Cy Cy O O O
0o 0 0 ¢, O O

0 0 0 O ¢ O

0 0 0 0 0 c4

The piezoelectric matrix:

[0 0 d31_
0 0 d,,
oo 0 0 d,
0o d,
ds 0 O
|0 0 0
The dielectric matrix:
&g 0 0
e=l0 ¢, O
0 0 &

(4.2)

(4.3)

(4.4)

In order to convert the manufacturer’s data presented in the form of equations 2.19 and 2.20 to

ANSYS® notation, eq. 4.1 needs to be based on stress rather than strain. One can obtain the

relationship between the manufacturer’s supplied data and ANSYS® required values through the

following transformation:

A small code was built in MATLAB® in order to convert the data (Annex B).
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The supplied manufacture data provided by the manufacturer and the converted data to ANSYS®

is presented in Table 6:

Table 6 - BM500 properties.

BM500 Ceramics
Manufacturer Data ANSYS® Input Data
da1, m/\V/ -175¢™* es1, C/m’ -7.59
da3 365¢"° e 13.62
dis 585 e1s 13.0
S12. m?/N 15.5e" c11 N/m? 118¢’
Sa3 19.0e™" Cas 103.5¢’
S1 -5.0e”" C1o 69.2¢”
Si3 -7.0e’? C13 70¢’
Su 4.5¢" Cas 24.4¢”
Ses 4.10e™" Ces 22.2¢’
& 11/¢0, FIm 1650
£33/ €0 1750
p, kg /m? 7650

Cantilever boundary conditions were defined for the smart plate. After meshing, the electrical
degrees of freedom of the piezoelectric patch, VOLT, are coupled at the outer surfaces of the
actuators and the intermediate common surfaces between the actuators and the plate. This
simulates a set of electrodes at the outer and intermediate faces and couple the electrical and
mechanical disciplines. Applying a voltage to the master node of each coupled set will act as
voltage applied to the whole PZT surface. Depending on the phase of the applied voltage, the
actuators will extend or contract. Fig. 25 shows the modeled mesh with the coupled sets.
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ELEMENTS

NFOR

Fig. 24 - Piezoelectric Mesh and Coupling.

Static simulations were performed in ANSYS® in order to analyze the maximum tip
displacements of the plate. Bending and torsion deformed shapes are represented in Fig. 26 and
Fig. 27, respectively. A range of voltage was applied to each ceramic being the maximum value
of 250 V. This is due to the fact that BM500 ceramics have a maximum voltage of about 1000
V/mm. Therefore the actuator voltages must be kept under 250 V. As it was expected, there is a
greater efficiency in the bending actuation than in the torsional actuation. This is the reason why
controlling the torsion mode using piezoelectric actuators is still a great challenge and not a
common practice in full scale aircraft.
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DISPLACEMENT

Fig. 25 - Maximum Actuated Bending Deflection.

TIV 1
DMX =.456E-03

Fig. 26 - Maximum Actuated Torsion Delection.
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In Fig. 28 the plate tip displacement is plotted as a function of the applied voltage in the

actuators.
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Fig. 27 - Bending and Torsion Voltage-Displacement Diagram.

4.3 Damping Properties of the Aluminum Plate

In the transient dynamic analysis, it is necessary to apply Rayleigh damping. Rayleigh damping
is characterized by the two constants « and £ and the aluminum plate’s damping coefficient (.
Using the logarithmic decrement method, ¢ was determined experimentally to be 0.0006.

Performing ANSYS® modal data, « and 8 were determined through the following equations:

Y

pe (1-a)g

, W, — 0w,

a (4.9)

where w1 and w; are the two lowest frequencies. The values of o =0.159and 3 =9x107°were

used in the transient analysis of which there is a representation in Fig. 28 where the damping
behavior of the plate when it suffers an excitation in the form of a tip load below the critical

flutter speed is represented.
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Fig. 28 - Aluminum Plate Structural Damping.

On the other hand, if the excitation occurs above the critical flutter speed, the structure will no
longer be damped. Fig. 29 plots the displacement amplitude-time curve for the undamped
structure. The maximum displacement is based on ZAERO® output results for the aluminum
plate. Actuators will be modeled in order to decrease the amplitude of these oscillations and

increase flutter speed.
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Fig. 29 - Aluminum Plate Structural Damping Above Critical Flutter Speed

4.4 Flutter Speed Increment due to Actuation

When a piezoelectric patch is excited with a voltage it exerts control over the rigidity and
damping characteristics of the host structure. The effect on rigidity can be considered using a
simple Euler-Bernoulli cantilever beam problem. The rigidity of the plate is a function of the
applied force and the displacement due to such force. The higher the displacement is, the smaller
the rigidity of the plate. One can also think in terms of damping. Stiffer structures have smaller
oscillation amplitudes than less rigid structures. If a voltage is applied to the actuators to counter
this displacement, the structure gains rigidity. The effect of a 250 V and a 100 V actuation on the
plate rigidity was analyzed. Fig. 30 shows the reduction of the amplitude oscillation due to the

actuation of the piezoelectric.
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Fig. 30 - Active Oscillation Control.

This data was then exported to ZAERO® in order to compute the flutter speed increment due to
actuation considering an equivalent plate with the same rigidity as the actuated with 250 V.

Table 7 shows the increment in flutter speed using piezoelectric actuation.

Table 7 - 250 V piezoelectric actuation influence on plate’s flutter speed.

Aluminum 0.4 mm | Aluminum 0.4 mm + 6 PZT
Flutter Frequency (Hz) 5.25 6.56
Flutter Speed G-Method (m/s) 8.16 10.26
Flutter Speed K-Method (m/s) 8.20 10.30
Mass (kg) 0.0840 0.0851
V¢ / Mass (m/s.kg) 97 120.6
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Fig. 31 - Flutter Speed Increment at 250 V.

The use of piezoelectric actuators allows an increment of 20% on flutter speed for a flat thin
aluminum plate (Fig. 31). This is a good result since the weight penalty due to the piezoelectric
patches is only 1.3%. It should be noted, however, that one is not accounting for the weight of

the power supply and wiring that allows the actuation.
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Chapter 5 — Conclusions and Future Work

Both passive and active flutter suppression concepts for aeronautical components were studied in
this work. Historically, passive flutter solutions have been left behind due to associated increase
of weight and loss of performance. Although composite structures have turned the aeroelastic
problems even greater due to its flexibility, sandwich structures which ensure higher stiffness
combining low-weight cores with high performance material faces are being widely used in
aircraft components. It is then conceivable to think that this type of composite may have a
contribution in flutter vibration alleviation. Traditional plastic foams like PVC have been used as
the core material. However, cork’s good anti-vibration and eco-friendly characteristics make it a
viable alternative for sandwich structures. The present work intended to compare the flutter
behavior of a cork sandwich, and conventional carbon-epoxy and aluminum plates. It has been
shown that cork sandwich can provide the same flight envelope for a lighter structure. This is
due to the fact that the second moment of area is increased by a thicker structure; however the

weight of the structure is not compromised.

Due to the drawbacks of the passive flutter solutions already mentioned, there has been an
increasing interest in active flutter suppression concepts. In the present work, an aluminum plate
has been modeled with attached piezoelectric patches. These piezoelectric patches exert control
over the damping and stiffness properties of the host structure. Using ANSYS® transient
analysis, a macro was built in order to actuate the piezoelectric with a fixed voltage but out of
phase depending on the oscillation of the plate. This actuation causes a decrease in the oscillation
amplitude as if the structure becomes stiffer. Considering an equivalent plate stiffness, the data
was exported to ZAERO® in order to compute the increased flutter speed due to actuation. A
20% increase in flutter speed was achieved using a 250 V voltage, the maximum admitted by the
piezoelectric patches used in this study. The main goal remains in getting a more efficient plate
control without requiring too much power. Having in mind the low strain energy of the current
piezoelectric materials, it is conceivable to think that this type of solution will not be applied to
aircraft other than small UAV.

It was not the scope of the present work to study the optimal placement of the piezoelectric
patches. However, for better and more efficient control purposes, an optimization study should
be performed considering the piezoelectric patches location, size, orientation and electrical

properties. Also, a control law based on a feedback parameter related to the wing dynamics
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should be performed to be tested experimentally using a steady state approach like Single Input
Single Output (SISO) or Multi Input Multiple Output (MIMO) controllers.
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Annex A - ZAERO Input File

f pemonstracas de uma asa em fFlutter subsondico
i Solucac dos Métodos K = C.
£

IBegin Executive Control Section
ASSICN FEM=modo_sand, FRINT={, FORM=FREE, BOUMND=SYM
DIac 1
CENID
fBegin Case Control Section
TITLE= Flutter Subszonico de uma sandwich de cortiga
ECHO = SORT
SUBCASE = 1
SUBTITLE=Metodo ZOMAE
LABEL=MACH MUMBER = 0.053, MOM-MATCH FOINT FLUTTER AMALYSIS
FLUTTER=100

BECIN EULK

£

5 * AEAD FARAMETERS / FLICHT CONDITIONS *

5

L R P [ N [ R P T [T (PRI AR [P [P [P TR I « PR [ 11

i

£

5 ACEID  XZEYM  FLIF FMMUNIT FMLUMIT REFC REFE REFE +AEC

LERDZ O YES MO K 0.15 1.0 0.15 4

SL48C  REFX REFY REFZ

A 0.0375 0. 0.

£

i IOMK MACH METHOD IDFLT  SAVE £--FILENAME--> FRINT 3

MEAERDET BO 3 0 [T SAVE JoWing_aTc. 09 O +MEL

£ FREZL  FREQ ETC

+MEL 0.20 0. 30 0.35 0. 36 0.37 0.38 0. 39 0. 40 +Mi2

M2 0.41 0.5 0.6

£ ]

£ # WING MACROELEMENT * 5

£ L

5 WID LAEEL ACODRD NEFAM  MCHORD LSFAM  ZTAIC  FAFOILY §

CaEROy 101 WING LL 7 7 +Calfl

£ WAL YAL ZAL ACH LACHD  ATTCHR g

+Caldl L0 .0 .0 0.15 L1 L1 +Caln2
HTL ¥TL ZTL TCH LTCHD  ATTCHT L3

+Caldz 0.0 0.5 0.0 0.15 L1

5 H

£ * SURFACE SFLIME FIT O THE WING * g

i i

£ EID MODEL  CF SETHE SETE oz EFE g

SEFLINEL 100 WING 101 106} 0.0

£ ]

£ SETID  MAaCROID Boxl gl ETC g

FAMLETZ 101 o1 101 THRU 138

5 H

£ SID cl [+ ETC g

SETL 100 1 THAL 213

£ L

5 * NON-MATCHED FOINT FLUTTER AMALYEIS *

5 H

5 SETID VM FIX NMODE  TABDAMF MLIST  CONMLET

FLUTTER 100 5YM 100 L1 L1

i

5

L TR IR (R R (R RN (R SRR (R A U - RN (Y U [ USRI PRI | FRSR IR 1 1

5 SETID  IOMK DEM FTMUNIT FTLUMIT VAEF FLUTTF FRINT &

FIXMODEM 100 Bd 1.225 K. 1. (D L1 +FL1

£ wl w2 wi ETC i

+FLL 5. B. 1z2. 15. 17. 18. 1.5 13, +FL2

+FL2 13.2 13.4 13. & 19.7 13.8 13.9 20. 20.2 +FL3

+FL3 20.4 22. 26.

5 H

£ * PLOT AERD MODEL BY FLTAERD * g

£ i

FLTAERD 11 YES 0 TECFLOT &ERCL.PLT

i i

5 H

£ * PLOT CF BY PLTCF * g

5 i

FLTCF 3000 =M 80 £ 3 TECFLOT CFL.PLT

i i

£ * FLOT FLUTTER MIDE BY FLTFLUT * £

£ L

FLTFLUT 10 100 1 1 .3 TECFLOT FLUTL.FLT

FLTMIDE 20 M z .3 TECFLOT MITEZ.FLT

FLTMOOE 30 EYM 3 .3 TECFLOT MODEI.FLT

£

£ * y-g PLOT * 3

5

FLTWG 11 100 v VGL1.FLT

£ L

EMDOATA
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Annex B — Matlab Material Conversion Code

%PZT BM 500
%Propriedades Mecanicas do PZT
%Matriz Complicencia (m™2/N)
S11=15.5e-12
S$22=S11
S12=-5e-12
S21=S12
S13=-7e-12
S31=S13
S31=S13
S523=S31
S$33=19.0e-12
S44=45e-12
S55=45e-12
S66=41e-12
S=[S11 S12 S13 0 0 0;S12 S11 S13 0 0 0;S13 S13 S33 0 0 0;0 00 s44 00;000
0 S44 0;0 0 0 O O s66]
%Matriz das Constantes de Deformacao Piezoeléctrica (C/N)
d31=-175e-12
d32=d31
d33=365e-12
d15=585e-12
d24=d15
d=[0 O d31;0 O d31;0 O d33;0 di15 0;d15
d_ansys=[0 0 d31;0 0 d31;0 0 d33;0 0 O
%Constantes de Voltagem Piezoeléct
g31=-11.5e-3
g33=25e-3
%Constantes Dieléctricas Relativas
el1=1650
€33=1750
e0=8.85e-12 %Permissividade no vacuo
e_perm=[ell O 0;0 e22 0;0 0 e33]*e0
%Matriz de Rigidez (N/m"2)
c=inv(S)
%Alternativa - Introducao Dados Ortotropicos
EX=1/S11
EY=EX
EZ=1/S33
GXY=1/(2*(S11-S12))
GYZ=1/544
GXZ=GYZ
NUXY=-S12/S11
NUYZ=-S13/S33
NUXZ=NUYZ
GYZ=1/544
GXZ=GYZ
%Matriz Piezoelectrica Tensao
e_ansys=inv(S)*d_ansys

L Neole)

rica
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