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Abstract

In this dissertation, two kinds of viscoelastic composite (VEC) layers are
proposed by the names of 1-3 and 0-3 VEC layers. The 1-3 VEC layer is
comprised of the inclusion of unidirectional graphite wafers or strips, while the
other one (0-3 VEC) is composed of a rectangular array of thin rectangular
graphite-wafers. The objective in these designs of the VEC layers is to augment
the damping in the unconstrained layer damping (UCLD), passive constrained
layer damping (PCLD) and active constrained layer damping (ACLD) treatments
of structural vibration.

First, thel-3 VEC layer is employed as the damping layer in the UCLD
and PCLD treatments of vibration of a substrate beam, and the corresponding
damping mechanisms especially due to the graphite inclusions within the
viscoelastic layer are investigated by developing a finite element (FE) model of
the beam. The results reveal significantly enhanced magnitudes of the
transverse shear and extensional strains within the viscoelastic phase for the
presence of inclusions. So, the damping capacities of both the UCLD and PCLD
treatments improve significantly. These observations motivate to extend the
investigation for ACLD treatment of beams using the 1-3 VEC layer, and it is
revealed that the active-passive damping in the ACLD treatment improves due to
the use of 1-3 VEC layer instead of the conventional pure viscoelastic layer.

Next, the concept of 1-3 VEC layer is implemented to augment the
constrained layer damping (CLD) of a circular cylindrical sandwich shell with
the viscoelastic core. The graphite strips are axially inserted following the middle
surface of the viscoelastic core, and a three-layered VEC core with the 1-3
connectivity of two phases is achieved. The sandwich shell is analysed by
developing an FE model based on the layer-wise shear deformation theory, and
it is observed that the passive damping in the overall shell arises mainly due to
a transverse shear strain of the viscoelastic phase, but the damping increases
significantly due to the inclusion of graphite strips. These strips are
subsequently configured in an optimal manner for achieving improved damping
in all modes of vibration of the shell within a frequency range of interest. The
three-layered VEC 1s further utilized ior the ACLD treatmment of circular
cylindrical shell where a new ACLD arrangement is proposed in layer-form using
the vertically reinforced 1-3 piezoelectric composite layer with the printed
patches of surface-electrodes. The main objective in this design of ACLD layer is

to control all modes of vibration of the cylindrical shell effectively, and it is
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substantiated through the FE analysis of the shell. It is found that the three-
layered VEC improves the active-passive damping of the treatment while the
proposed arrangement of electrode-patches serves to achieve the improved
damping in all modes of vibration.

The improved damping due to the 1-3 VEC layer is achieved by the
enhancement of the transverse shear and the extensional strains of the
viscoelastic phase at a transverse plane of the principal material coordinate
system. In contrast, for achieving similar enhancement of all strains in the
viscoelastic phase, a new 0-3 VEC layer is designed, and its performance as the
passively constrained damping layer over a substrate plate is investigated by
deriving an FE model of the overall plate. It is observed that all strains in the
viscoelastic phase of 0-3 VEC layer increase due to the inclusions, and it results
in improved passive damping in the plate over that in the use of the 1-3 VEC or
pure viscoelastic layer. This improved damping depends on geometrical
properties of the 0-3 VEC layer, and thus its (0-3 VEC) optimal geometric
configuration for maximum damping is addressed. The study is further extended
for investigating the performance of the 0-3 VEC layer as the damping layer in
ACLD treatment of plates. This reveals the same damping mechanisms as
observed in the previous PCLD case, and it leads to an improved active-passive
damping capacity of the ACLD treatment through an optimal geometric
configuration of the 0-3 VEC layer.
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Chapter
1

Introduction

Viscoelastic materials possess the inherent property of dissipating energy under
a transient deformation. Based on this property, viscoelastic materials have long
been utilized for suppression of structural vibrations. Generally, these materials
are used in the form of a layer that is either freely attached to the surface of a
host structure or constrained between a constraining layer and the host
structure-surface. These two kinds of arrangements of a viscoelastic layer for
passive damping of structural vibration are commonly known as
unconstrained/free layer damping (UCLD) and constrained layer damping (CLD).
In some references, a CLD is also called as a passive constrained layer damping
(PCLD). The energy dissipation in a UCLD treatment occurs mainly due to
alternate extension and compression of the viscoelastic layer, while the same in
the CLD/PCLD treatment appears due to the transverse shear strains of the
constrained viscoelastic layer under its transient deformations (Jones, 2001). In
the quest for further development of viscoelastic damping treatment of
structural vibration, the concept of active constrained layer damping (ACLD)
emerged (Baz and Ro, 1993) where the passive constraining layer of the
CLD/PCLD arrangement is replaced by the active constraining layer along with
an appropriate controller. The active constraining layer not only constrains the
motion of the viscoelastic layer but also acts as an actuator to control the
transverse shear deformation of the constrained viscoelastic layer according to
an appropriate control strategy. So, the damping capacity of the treatment
improves, and also the damping treatment becomes adaptive to the changes in
the characteristics of structural vibration. A substantial number of studies on
these active and passive damping treatments of structural vibration have been
reported in the literature on their mathematical modelling and experimental
verification. The applications of these damping treatments in different
engineering structures have also been addressed in the literature. Other than
these fundamental studies and applications, various configurations of the
damping treatments have been addressed in the literature for their augmented

damping capacity.
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Chapter 1: Introduction

In this introductory chapter, first, a brief introduction is presented on the
viscoelastic materials, piezoelectric materials and piezoelectric composites. Next,
a literature review on the uses of these materials in the UCLD, PCLD and ACLD

treatments of structural vibration is presented. On the basis of this literature

raxriavr tha annna AfF +ha nroann + voannr~rhh lhaoa hann idan+ifinad anA +ha ~Ahiantivraa

the damping property. This damping property of a viscoelastic material is
generally quantified by the parameters like loss factor, quality factor, damping
ratio, etc. Of these, the most popular one is the loss factor that is defined as the
ratio of the energy loss per radian (area of hysteresis loop/ 27 ) divided by the

peak strain energy in every cycle of operation (Ungar, 1964).

2
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Stress Stress

> / -
Strain / Strain

(a) (b)

Fig. 1.1. Stress-strain plots for (a) linear elastic and (b) viscoelastic
materials under the harmonic load at low-stress limits.

The modulus of elasticity and loss factor of a viscoelastic material usually
vary with the operating frequency and temperature. The effects of operating

temperature on the modulus of elasticity (G ) and loss factor (77) are theoretically

defined by dividing the whole temperature region in common applications into
the glassy region (low temperature), transition region and rubbery region (high
temperature) as shown in Fig. 1.2(a). The corresponding states of a viscoelastic
material are called as glassy state, state of transition and rubbery state. The
viscoelastic material possesses a high value of the modulus of elasticity at its
glassy state. But, this material parameter starts to decrease steeply when the
operating temperature increases beyond the state transition temperature (T),
and the magnitude of the modulus of elasticity reaches a low value for the

rubbery state of the material (Fig. 1.2(a)). In parallel to this variation of the

modulus of elasticity, the loss factor also typically varies as shown in Fig. 1.2(a).

F 3

w
0 3
2 E
'g 3 ransition //_—
o =
= x
L] o
4 B lass
2 g Rubbery n - N y
; 8 - \
(a) Temperature (b) Frequency (log scale)

Fig. 1.2 Effects of (a) temperature and (b) frequency on the properties of a

typical viscoelastic material.
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Corresponding to these variations of the stiffness and damping properties of a
viscoelastic material with the operating temperature, the material is usually
characterized by some parameters as transition temperature, temperature of
peak loss factor, low-temperature modulus, high-temperature modulus and
width of the transition zone. Qualitatively, the effect of operating frequency on
the mechanical behaviour of a viscoelastic material is almost opposite to that
(behaviour) of the operating temperature as shown typically in Figs. 1.2(a)-(b)).
With reference to these varied properties of a viscoelastic material, the important
parameters in the characterization of the material within a frequency domain
are commonly known as transition frequency, frequency of peak loss factor, low-
frequency modulus, high-frequency modulus and width of the transition zone.

The commonly used viscoelastic materials for passive damping of
structural vibration are, Paracril-BJ, Polymer Blend, butyl rubber, Viton-B,
Styrene-butadiene rubber (SBR), Soundcoat N5, 3M-467, LD-400, etc. (Jones,
2001). For the theoretical formulation of the constitutive behavior of these
viscoelastic materials in the frequency-domain or in the time-domain, various
mathematical models are proposed in the literature, namely, Maxwell model,
Voigt model, standard model , Kelvin chain model, generalized Maxwell model
(Parke, 1966; Bert, 1973), Biot model (Biot, 1958), ADF model (Lesieutre and
Bianchini, 1995), complex stiffness model (Scanlan, 1970), GHM model (Golla
and Hughes, 1985), etc. Of these, the complex stiffness model is the frequently
used one for the analysis of a viscoelastic material in the frequency domain,
while GHM and ADF models are also widely utilized for similar analyses in the
time-domain.

The complex stiffness model is established through the dynamic test
where a viscoelastic material is considered to operate under a sinusoidal stress.
Under the sinusoidal stress, the material would be in steady state motion with
the sinusoidal strain. The strain appears with the same frequency but has a

retarded phase (o) (Chawla and Meyers, 1999). These stress and strain can be

written in terms of their amplitudes (&y, 0y), operating frequency (@) and phase

difference (0) as (Chawla and Meyers, 1999),

£=¢gyexp j(at), o =opexp j(wt+6), j=+-1 (1.1)
The stress and strain are related by the Hooke’s law as given in Eq. (1.2), where

the modulus of the material appears as a complex quantity.
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E*:f:ﬂ(cos§+jsin5):(E'+jE") (1.2)
& &p

The real (E') and imaginary (E") parts of the material modulus (E*) are known

as storage modulus and loss modulus, respectively. The ratio of loss modulus (

53 ALLIUL 1L 1UDUILILD 111 L11L LUlidlituulve 1vialivll ao,

&(s) = E, [1+ h(s)]&(s) (1.7)

where, E, is the modulus of the material at equilibrium and h(s) is the

dissipation or relaxation function. Many mathematical representations of the
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relaxation function ( h(s) ) are available in the literature (Adhikari and

Woodhouse, 2003; Park et al.,, 1999). Among these different relaxation
functions, the widely used ones are the GHM and ADF relaxation functions as

given in Eqgs. (1.8) and (1.9), respectively.

The materials which exhibit these two effects are commonly known as
piezoelectric materials, and the phenomenon is termed as piezoelectricity (Cady,
1946). These direct and converse piezoelectric effects have been exploited for the
development of distributed sensors and actuators particularly for active control

of flexible structures.
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Piezoelectric materials either exist naturally or are prepared synthetically.
The natural piezoelectric materials include quartz, Rochelle salt, paraffin, bone,
ammonium phosphate, etc. The synthetic piezoelectric materials include, lead

zirconate titanate (Pb(Zr,Ti)O3, commonly known as PZT), barium titanate,

nAalirrinyrlidanas FflivAarida (DU 1anA Tanthantirm zivannaota lLithitimm arilvnhatns ot~

to the electric tield (E ) (part AB in Fig. 1.4(a)). Now, as the electric tield
increases, switching of molecular dipoles (domains) occurs following the
direction of the applied field, and the polarization reaches to its saturation stage

(P, point C in Fig 1.4(a)).
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Fig. 1.4. (a) Hysteresis (electric field-polarization) loop of a typical
piezoelectric material, (b) butterfly curve (electric field (E )-strain (&)) of a
piezoelectric material.

On removal of the applied electric field, back-switch of some of the

domains occurs, and a non-zero polarization called as remanent polarization (P,

) appears for zero electric field. To achieve zero polarization, the electric field
must be reversed to a finite value that is usually called as the coercive electric

field (-E.). As the electric field decreases beyond the coercive electric field, a
negative maximum (saturation) polarization (- P, ) is reached, and a cycle

continues as shown in Fig. 1.4(a). In parallel to the variation of polarization (Fig.
1.4(a)), the stain of the material also varies as shown in Fig 1.4(b). The curve in
Fig. 1.4(b) is commonly known as butterfly curve due to its shape. For the
decrease of electric field after reaching the maximum strain through the curve
ABC, the strain decreases until the depoling takes place (point E, Fig. 1.4(b)) at
the coercive electric field. For a further decrease of the electric field, the material
expands until a physical strain limit (point G, Fig. 1.4(b)).

In the use of the piezoelectric materials for sensors and actuators, the
maximum limit of the electric field is usually taken as the coercive electric field
(point E or H, Fig. 1.4(b)). Moreover, in most of the applications, the linear
constitutive behaviour of the piezoelectric materials is preferred and it lies at
well below of the coercive electric field. If the applied electric field in operation
exceeds the coercive electric field, then the depoling takes place, and material
behaves differently. It is also essential that the operating temperature must not
exceed a certain limit that is usually known as the Curie temperature
(Chaudhry and Rogers, 1995). However, the constitutive behaviour of a linear

8
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piezoelectric material under the operation at a constant temperature can be
described by four field quantities, namely, stress (o ), strain (&), electric
displacement (D) and electric field (E). On the basis of these field quantities,

four kinds of thermodynamic potentials can be defined as given in Eq. (1.10)

(M A~ NDNNNY  cxrlhnen 4+l A acrrla Al T [ ] E anA N i Aianda

fimntarinal A Ay

boundary surface or the complex geometry. The piezoelectric sensors/actuators
would also have sufficient flexibility for their applications in control of the
moderate or large amplitude of vibration of flexible structures. Along with these
properties, a piezoelectric actuator would possess high strain energy density for

its good actuation capability. The actuator would also be capable of providing

9
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directional actuation. Concerning these required properties of a piezoelectric
actuator, monolithic piezoelectric actuators possess high brittleness, high
stiffness and low strain energy density. Monolithic piezoelectric actuators are

also incapable in providing directional actuation. Because of these

ahArtAanrminoa tha ninranlantria filhva vrainfAarcnd AAarmrnAacits (DY Aavmoaraond A DO

LU CLCLLVL il Ui U tiili iU Licouil. i Upli Lo Ul Gl 1 GG Gualw dvuiau i

the dielectric ratio had significant effects on the electromechanical and electro-
thermal coupling constants. Sakthivel and Arockiarajan (2012) proposed a 1-3-2
piezoelectric composite in which matrix and fibres possess piezoelectric

properties. Kalamkarov and Savi (2012) proposed a piezoelectric composite that

10
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is comprised of a periodic grid of generally orthotropic cylindrical
reinforcements. Lin and Muliana (2013) analyzed the nonlinear
electromechanical responses of piezoelectric composites comprising of nonlinear

piezoelectric inclusions in a non-piezoelectric matrix. In all these available PFCs,

+ha antiriatinnr FArmrn armonra i tha fAarrm AfF tha aAlantriaallyy inAdsiAanAd

structure undergoes bending deformation, the viscoelastic layer experiences
extensional/compressional strain (Fig. 1.5(b)) that leads to the energy-
dissipation from the overall structure. This damping treatment was proposed in
1952 (Oberst and Frankenfeld, 1952), and has been utilized substantially for
passive damping of vibration of different engineering structures (Nakra, 1984;

11

TH-1991 126103007



Chapter 1: Introduction

Nakra, 1998; Rao, 2003; Sun and Kari, 2010). A good number of studies on the
damping characteristics of this UCLD treatment have also been reported in the
literature by many researchers. Among many others, Ungar and Edward (1964)

reported that the thickness deformation could not be neglected for short and

+hinl> vriananlaactin Tasrar AF TTIOT T arranonrmant Ryit 31 coonoaral +ha Aantrihitdian
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beams and plates. Okazaki et al. (1994) studied the UCLD treatment of a shell
structure using a thick viscoelastic layer and found the enhanced effects of
shear and thickness deformations of the viscoelastic layer on the damping in the

overall structure. Cortes and Elejabarrieta (2007) proposed a one-dimensional

12
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homogenized formulation for UCLD treatment of beams to ease the analysis by
reducing the number of degrees of freedom of the system. The same researchers
(Cortes and Elejabarrieta, 2008) also found in a separate analytical study of

beams with UCLD layer that the natural frequency is overestimated and the

Aarmnino 1a v1imdAaractirmmaotad i F+hao ahonr AafAarrmatinna AfF +ha vriananlaactin Taxrar ava

L v

other modes of vibration. Ravi et al. (1996) proposed an efficient procedure for
the analysis of plates with partial or full UCLD treatment. Lee and Hwang (2004)
presented a methodology for optimal layout of partial UCLD treatment in
effective damping of vibration of a beam where basically the viscoelastic material

is located at the regions of high strain energy. Zang et al. (2010) presented an
13
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optimal distribution of thickness of UCLD layer over the host structure-surface
based on the mode-shapes of vibration and demonstrated the corresponding
effectiveness of the UCLD treatment over its (UCLD) use with uniform thickness.

El-sabbagh and Baz (2014) addressed the optimal distribution of viscoelastic

moatorinl An tha Klata arirfana vyrith an Ahidanticre AF +ha mavimiirm madal Adarmninoe

101A4LlOll. 111C COLIoULLalllC( vislUliaonle Loyes LLUCS

R ety < Tt

experience reasonable extensional strains, and thus the damping in the PCLD
treatment arises mainly due to the transverse shear strain of the constrained
viscoelastic layer. In some references, the PCLD treatment is called as the
constrained layer damping (CLD), and it mainly arises in case of a sandwich

structure with a viscoelastic core.
14
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Shear deformation

A B™

A’ B'

|:| Substrate layer l:l Constraining layer

|:| Viscoelastic layer
(a) (b)

Fig. 1.6 Schematic diagrams of (a) undeformed and (b) deformed substrate layer
integrated with a PCLD layer.

The PCLD/CLD treatment was first introduced by Swallow (1939) and its
first mathematical formulation was addressed by Kerwin (1959) considering
travelling sinusoidal waves of transverse displacements in beams. In the same
year, Ross et al. (1959) proposed a model of CLD treatment where the
relationship among the motions of component layers of CLD treatment and the
loss factor was established. The analytical results in this study (Ross et al.,
1959) were also verified experimentally by Yin et al. (1967). Subsequently, Mead
and Markus (1969) derived a six-order differential equation in terms of
transverse deflection for a variety of boundary conditions of beams. Besides the
thin-walled flat structures (beams and plates), the PCLD/CLD treatment has
also been utilized for suppression of vibration of thin-walled shell structures. Yu
(1963) first analyzed the vibration of sandwich shells with the viscoelastic core.
Later, Jones and Selerno (1966) presented an analysis of forced axisymmetric
vibration of circular cylindrical sandwich shells with the viscoelastic core.
Although cylindrical shells in these analyses are considered to have infinite
length, later the analysis of a cylinder of finite length was presented by Pan
(1969). Afterward, various theoretical and experimental studies on the PCLD
treatment of thin-walled flexible structures appeared in the literature
particularly for investigating its damping mechanisms and damping capacity for
different kinds of structures.

Lu et al. (1979) presented an FE model of a three-layered viscoelastic
sandwich plate, and it was also verified experimentally. Johnson and Kienholz

(1982) derived an FE model of a three-layered viscoelastic laminate to compute
15
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the modal damping ratio using the modal strain energy (MSE) method. The
results of this work (Johnson and Kienholz, 1982) were verified by Shin and
Maurer (1991) through the frequency response analysis of plates with PCLD

layer, and it was reported that the numerical procedure might overestimate the

Aarmnineg 3 1m Anrmrnariann +a thaot Alhtainoad avrorirmoantallss Alavrm anrnAd Acarnans
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accounted. This consideration provides more accurate results for vibration of a
beam with PCLD patch especially when a hard viscoelastic material is used as
the damping layer. Zhang and Chen (2006) used three-dimensional solid

elements to derive the FE model of laminated composites with the constrained

16
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viscoelastic layers. Moreira and Rodrigues (2006) developed a facet-shell finite
element using the generalized layer-wise formulation for laminated structures
consisting of multiple viscoelastic layers. Alvelid and Enelund (2007) introduced

an interface finite element to model the viscoelastic layer of a sandwich plate

xrhora tha thinl-vhoaca AafAarmatinrna AF +ha lavrara ava annmrintad varithAatid inAavronaine

for the damping treatment with a thick viscoelastic layer (Douglas, 1978;
Douglus, 1986; Sylwan, 1987; Lee and Kim, 1996; Sisemore, 2002). Huang et al.
(2001) reported that the relative thickness deformation (RTD) arises appreciably

in case of the thicker viscoelastic layer or for partial CLD treatment of
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structures. So, in these cases, the consideration of all the strains in the

viscoelastic layer is inevitable for better accuracy of damping models.

1.3.2.2 Literature on the use of CLD/PCLD treatment in different
configurations

In the quest of improved damping capacity of the CLD/PCLD treatment, it
(CLD/PCLD) appeared with different geometric and/or material configurations.
Plunkett and Lee (1970) presented an arrangement of improved CLD treatment
that was achieved by cutting the constraining layer to the appropriate lengths.
Trompette and Fatemi (1997) also reported a similar strategy where the elastic
constraining layer is segmented in an optimal manner for appropriate
distribution of shear strain within the constrained viscoelastic layer over the
modes of vibration. Al-Ajmi and Bourisli (2008) used Genetic Algorithm (GA) to
find the relative thickness and number of cuts in the segmented PCLD
arrangement. Lepoittevin and Kress (2010) presented an optimal configuration
of the segmented CLD arrangement for improved damping of all the modes of
vibration of a beam element. Recently, Tian et al. (2016) investigated the
effectiveness of segmentation of CLD treatment and reported that it could only
be effective for a very thin viscoelastic layer.

Apart from the segmentation of constraining layer, Torvik and Strickland
(1972) proposed a configuration of multilayer CLD treatment using segmented
viscoelastic layer and wunanchored -constraining layer. The segmented
viscoelastic layer in this CLD configuration undergoes enhanced shear strain,
and it leads to the improved damping characteristics of the treatment. A similar
work was also carried out by Alam and Asnani (1984a) by taking several CLD
layers in a stack, and it was found that the damping in the structure increases
when the number of CLD layers is increased as three, five and seven.

Lifshitz and Leibowitz (1987) computed the optimized thicknesses of
constrained damping layers for a variety of boundary conditions and design
constraints. Ganapati et al. (1999) reported that the damping property of a
laminated beam element improves as the thickness of the viscoelastic layer of
CLD arrangement increases especially for lower aspect ratios of the beam. A
similar observation was found by Teng and Hu (2001). Additionally, they (Teng
and Hu, 2001) also found that asymmetric viscoelastic sandwich laminates have

lower damping efficiency compared to symmetric ones.
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Rao and He (1993) carried out a parametric study on the damping
characteristics of laminated composite beams with multiple viscoelastic layers
and anisotropic constraining layers and demonstrated the effects of fibre

orientations of composite laminas, thicknesses of different plies and thicknesses

AfF srannnlactin laxvrara An +tho Aarmnineo nranorisr AfF +ha Avrara M honvrm Dan ~+ Al
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and Nelson (1968) were among the earliest researchers to work on the partial
PCLD, and they found that the loss factor for partial coverage is more than that
for full coverage of the treatment. Markus (1974) also advocated for the partial

PCLD treatment of beam. Lu (1977) proposed a partial CLD treatment in the

19

TH-1991 126103007



Chapter 1: Introduction

form of discretely distributed mass segments over the outer surface of a
substrate shell and reported significant improvement of damping through this
arrangement. El-Rehab and Wagner (1986) used thin axial strips to constrain

the thin viscoelastic layer over the outer surface of a cylindrical shell. A similar

alhall wvyraa alan arnalkrand hiyr Tar ot Al (1001 Anraidarinaea +ha AlAaanlyry arnannd axrial
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parametric study of a beam integrated with multiple PCLD patches and reported
superior damping using multiple patches instead of one patch although the
multiple patches are to be located at appropriate locations over the length of the

beam. Granger and Ross (2009) studied the vibration of a beam with partial
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PCLD treatment and found indicative effects of the length and thickness of the
viscoelastic layer on the initial transient displacement of the overall beam.
Kumar and Singh (2010) demonstrated the effectiveness of modal strain energy

method in the optimal placement of CLD patches for damping characteristics in

A vxrida Frammionatyr ranon (an ot Al (DN12) Gavracticontad +ha vrihvratinn and anAviatina

Reader and Sauter, 1993), Active Piezoelectric Damping Composite (APDC)
(Arafa and Baz, 2000; Baz and Tempia, 2004), etc. Among the available hybrid
damping treatments in the literature, the most popular one is the ACLD
treatment as it is widely used in aircraft, naval and automobile industries

(LaPlante, 1998; Kwak et al., 1999; Herdic et al., 2005). The arrangement for
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this damping treatment is similar to that of the PCLD treatment, but the
constraining layer is made of piezoelectric material along with a suitable
controller. The piezoelectric constraining layer acts as an actuator mainly to

control the transverse shear deformation of the constrained viscoelastic layer

nrnnnvrAinaea A o arnnmrantriata Ananmtral  atratanss A +ha syrannslactin Aoarmnine
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addressed in the literature especially for investigating the damping mechanisms
and also for quantification of damping for different kinds of engineering
structures. Nostrand et al. (1994) developed an FE model of a beam integrated

with the ACLD treatment for the transient analysis of the overall beam. Lam et

22

TH-1991 126103007



Chapter 1: Introduction

al. (1995) used GHM model of viscoelastic material for transient analysis of
beams with ACLD treatment. Saravanan et al. (2001) presented a semi-
analytical model of circular cylindrical shells integrated with ACLD patches.

Park and Baz (2001) developed FE models of plates with ACLD treatment based

A tha Alacainal Rlata thaonmr Ar laxvrar wyrian ahoanr AafAavrmatinnm thanrmr anA ranAriaA

physically arrives in the form of partial ACLD treatment. This partial ACLD
treatment of flexible beams was introduced by Baz and Ro (1993). Subsequently,
various studies on this topic arrived in the literature. Huang et al. (1996)
presented optimal configurations of the partial ACLD and PCLD treatments. Ray

and Baz (1997) carried out an optimization study to find the optimal size and
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the optimal value of the velocity feedback control-gain for the partial ACLD
treatment of plates with an objective of maximum active-passive damping. Ray
and Reddy (2004) presented optimal control of cylindrical composite shells using

ACLD patches. Li et al. (2008) found better damping performance of the ACLD

rantrmant fAar honrma hyr Aivridine tha AarroananAinae natnh dnmta 4vrrA mavrda AanA
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treatment. The speciality of this design is the utilization of edge elements that
significantly improve the active action of the piezoelectric constraining layer as
well as the damping capacity of the treatment. This kind of ACLD treatment is

subsequently studied by many researchers for further improvement of its
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damping-capacity (Liao and Wang, 1997; Liu and Wang, 1998; Balamurugan
and Narayanan, 2002; Gao and Liao, 2005). Liu and Wang (2000) introduced a
Hybrid Constraining Layer (HCL) damping treatment using the concept of ACLD

treatment. In this concept of HCL damping, passive and active materials are

T1and tAacathar drnatanAd AF rarira rmiorAanlantria rmatarial AAanmatraininoa laxrar A

as mentioned in the earlier section, many researchers addressed the use of
piezoelectric composites as the materials for the active constraining layer. Ray
and Mallick, (2002) analyzed the performance of a piezoelectric fibre-reinforced
composite (PFRC) in the ACLD treatment and found a better damping-capacity

of the treatment for the use of the PFRC instead of the monolithic piezoelectric
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materials. Ray and Reddy (2004a) investigated the active acoustic control of thin
laminated composite plates using PFRC as the material for constraining layer in
the ACLD treatment. The same authors (Ray and Reddy, 2005) also investigated

the performance of PFRC patches as the constraining layers of ACLD treatment

fAv antivra_ rnoaaitte Aarmninoeg AF laminatad ~AAnrmnmnaite ahalla Tha narfAarvmaoanasans AF

improved damping capacity of the CLD treatment has also been reported using
standoff/spacer layer (Whittier, 1959; Rogers and Parin, 1995; Masti and
Sainsbury, 2005), segmented constraining layer (Plunkett and Lee, 1970),
segmented damping layer (Trompette and Fatemi, 1997; Lepoittevin and Kress,

2010), multiple damping layers (Torvik and Strickland, 1972; Alam and Asnani,
26

TH-1991 126103007



Chapter 1: Introduction

1984a, 1984; Ramesh and Ganesan , 1993; Wan et al., 2016), partial PCLD
(Nokes and Nelson, 1968; Wang and Chen, 2004; Zheng et al, 2005; Khalfi and
Ross, 2016), closely spaced axial beams through VE layer (Lu et al., 1991), etc.

For further improvement of damping capacity of the CLD treatment, the

nnnnnn + ~fF AT armorond Masr anAd DA 1002\ ™o Aarmninea i +tha AT
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viscoelastic composite (VEC) layer for the improved damping in the CLD and
ACLD treatments. The research using such passive inserts within the
viscoelastic layer of CLD or ACLD arrangement has not yet been reported in the

literature. Thus, the main objective of this research is identified as the design of
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VEC layers using the passive inserts for augmented CLD and ACLD treatments
of basic structural elements like beams, plates and shells. These augmented
CLD and ACLD treatments are aimed to arrive through the reasonable in-plane

strains of the constrained damping layer along with its enhanced transverse

ahnonv atraina
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appropriate actuation of deformation of the constrained layer but also facilitates
to overcome the discrepancy of poor flexibility and conformability of the
piezoelectric actuator. However, with the advent of the flexible and conformable

piezoelectric composites, the segmentation of the active constraining layer may
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be avoided by the use of the patches of surface-electrodes. The variation of the
control force in the space coordinates can then be achieved by supplying
different electric fields through the patches of surface-electrodes according to

the appropriate control strategy. The research in the line has not yet been

AnAAvhcan A 3 +tho litaratiirae QA annthar Ahiiantivre AF thia roacanar~h 10 i dan+ifinAd A

2. A novel concept of 0-3 VEC layer is proposed for improved PCLD and ACLD

treatments of plates.
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3. An optimal design of 1-3 VEC at the core of a circular cylindrical sandwich
shell is presented for augmented passive damping of all the modes of
vibration of the shell within an operating frequency range. This augmented

damping over different modes of vibration can also be achieved as per the

~ .1

scope ot the present research has been identified, and the objectives of the
present thesis are outlined.

Chapter 2 deals with the design of a new 1-3 VEC layer for augmented
UCLD and PCLD treatments of vibration of beam elements. The construction of

the 1-3 VEC layer is first described, and then its arrangements for UCLD and

30

TH-1991 126103007



Chapter 1: Introduction

PCLD treatments of beams are demonstrated. Subsequently, an FE model of the
beam is derived for identification of damping mechanisms and also for
quantification of passive damping in the use of 1-3 VEC layer.

In Chapter 3, the new 1-3 VEC layer is utilized for ACLD treatment of

srihratinn AfF hanrm alarmoanta A airmilar arnalkraia na AAanne v Chantor D 1a AavrriaAd
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plates in Chapter 7. A closed-loop FE model of the plates is derived, and the
active-passive damping characteristics of the treatment are investigated

especially for the use of the new 0-3 VEC layer in the ACLD treatment.
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Finally, the important conclusions from work carried out and the future
scope of the present thesis work are outlined in Chapter 8. The list of references

is provided at the end of the thesis.
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Design of a 1-3 VEC layer for improved free/constrained
layer damping treatment of beams

demonstrated. Next, its arrangement within the UCLD/PCLD treatment is
presented considering a substrate beam. Subsequently, an FE model of the
overall beam is derived for its static and dynamic flexure analyses. The static
analysis examines the appearances of extensional and transverse shear strains

within the presently designed VEC layer while it is used within the UCLD/PCLD
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arrangement. The dynamic analysis substantiates the improvement in the
damping capacities of both the UCLD and PCLD treatments due to the use of
the present VEC layer instead of the traditional monolithic VEM layer. The

dynamic analysis also addresses appropriate values of different geometrical

nararmatara ~F 1 2 VUM Taxrar far immnravrad moacaitre Aarmninag 11 tho Avvoarall hane

(a) |~ X (b) I=1

Fig. 2.1 Schematic diagrams of (a) 2-2 viscoelastic composite and pure VEM
layers and (b) a number (N,) of identical 1-3 viscoelastic composite (VEC)
layers in the form of a laminate.
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Figure 2.1(b) shows a number (n,) of identical 1-3 VEC layers which can be

staked into a 1-3 VEC laminate with uniform orientation of graphite phase-

volumes. The geometrical properties of a 1-3 VEC layer are denoted by the

parameters, h,, h;, Al, and |; as shown in Fig. 2.1. Since the graphite-phase

N LH;,J |

Fig. 2.3 Schematic diagram of a substrate beam integrated with a layer of
PCLD treatment.
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Basically, the damping layer in the conventional UCLD and PCLD
arrangements is taken as the present 1-3 VEC layer instead of the traditional
monolithic VEM layer. Under the bending deformation of the overall beam, the

volume of viscoelastic material between two consecutive graphite-phase volumes

AF D D VR lasrar writhin tha fran (TTOT M /Aanrnatrainad (DOTTY 1.2 VUM Tavrar 1a

& = LU, &= LU (<)

0
= _lo 0 _ T
- 0 %z L {éz /ax} d={u wj (2.4)
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where, U and W are the displacements along X and z directions at any point

within the overall beam; d is a displacement vector. The constitutive relations

for every phase-material within the overall beam can be written as,

:Cekae, 0'5 :Cé(gs, k=1234. (2.5)
4
oTo =3 [ (O (L'CILA+LCILd)dA | -(OWphetrz.  (2.8)
k=1 A
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MKzé [ {(od)" ptd) A, 2.9)
Al A

In order to derive the FE model, the sides of the rectangular domain of a
typical XZ -plane of the overall beam are divided in such a manner that the sides
of every 9-node quadrilateral isoparametric element are in parallel to the axes (X
and z) of the reference coordinate system. An element is considered to be made
of the one of the phase materials. Figure 2.4 shows a similar FE mesh of a
typical xz section of the beam along with a schematic diagram of 9-node

quadrilateral isoparametric element.

hc Z hl/

r”.d | 4

Fig. 2.4 (a) FE mesh of a typical XZ- section of the beam with PCLD
layer (b) a typical 9-node isoparametric element.

The displacement vector (d) at a point within a typical element can be
written as,
d =Nd“ (2.10)

where, d“ is the elemental nodal displacement vector and N is the shape
function matrix. The governing equations of motion of the overall beam are

derived employing extended Hamilton’s principle as,

[(6T —6Tp)dt=0 (2-11)

4
Substituting Egs. (2.8) and (2.9) in Eq. (2.11) and then using Eq. (2.10), the

following simplified equations of motion for a typical element can be obtained,
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MAd'A+(Ke“+ K;‘)d“ =P(t)

M*= [ (NTPN A, K = [(NTLICILN JA?,
Al A

A

K¢ = [ (NTLTCELN oA (2.12)
A

In Eq. (2.12), AkA is the elemental area within k" material of an Xz -plane of

overall beam; PA(t) is the elemental mechanical load vector. Assembling the

elemental equations of motion (Eq. (2.12)) for the whole domain of an XZ -plane

of overall beam, following global equations of motion can be obtained,
MX+(K6+KS)X:P(t)' P(t)=N,p(t) (2.13)

where, M is the global mass matrix; K, and K are the extensional and shear
counterparts of the global stiffness matrix; X is the global nodal displacement
vector; P (t) is the global mechanical load vector; N 0 is a column matrix of the
same size of X, and it (N,) represents the work-conjugate nodal transverse

degree-of-freedom for the applied transverse point-load (p(t)). The transverse

harmonic point-load is considered in the form of,
p(t)=pee™”, j =V (234

where, P, is the amplitude of the mechanical excitation and @ is the angular
frequency of operation. For the steady-state linear vibration of the overall beam,

the nodal displacement vector(X) can be written as (Meirovitch, 1997),
X =Xel! = (xR jx! ) (2.15)

where, X is a complex nodal displacement vector and X®IX" s its
real/imaginary counterpart. Using Eq. (2.15) in Eq. (2.13), the {following

expression can be obtained,

[_sz +(Ke+KS)])Z=P0 (2.16)
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The solution of Eq. (2.16) provides complex nodal displacement vector (X ) and
its absolute value is the nodal amplitude vector for the vibration of the overall

beam.

2.4 Modal loss factor

s =(pg Kep) | (0 K'p,) , m5 = (pg Kiop,) ! (g K',) (2.21)
In Eq. (2.21), 773 and 773 appear due to the extensional and shear counterparts

of the imaginary counterpart (K') of the stiffness matrix. So, the quantities 773
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and 775 signify the loss/dissipation of energy due to extensional and transverse

shear deformations of the damping layer, respectively for the qth mode of

vibration.

properties of the graphite in the VEC layer are, E =250 GPa, v= 0.3, p=1400

kg/m3 (Jones, 1999), while the material for viscoelastic-phase is taken as Butyl
Rubber (Jones, 2001). Generally, the material properties of this viscoelastic
material vary with temperature and frequency. The present analysis is carried

out within a narrow range of operating frequency (600-1000 Hz) around the
41

TH-1991 126103007



Chapter 2: Design of a 1-3 VEC layer

fundamental frequency of the beam at room temperature (35°C). It is observed
that the properties of the VEM (Butyl Rubber) insignificantly vary within this
narrow range of frequency. So, for the sake of simplicity, average properties of

the VEM over this narrow range of operating frequency are considered in

vy A 4o LOoOUd T TUU 1L Y.L T 140U (VI VPIPIPIE N

where, N, and N, are number of elements along X and z directions

respectively; N, is the total no of elements; w, is the fundamental natural

frequency (rad/s), 1, is the modal loss factor at the fundamental mode, and

@
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W/ h is the dimensionless amplitude at the middle span (L/2,0) of the beam for

its vibration with fundamental natural frequency (@j).

Following this FE mesh convergence study, the number of elements in

the FE model of the overall beam is chosen for computation of the following

unconstrained 1-3 VEC layer (Fig. 2.5(a)), Figs. 2.5(c) and 2.5(e) illustrate the
distributions of the extensional (&,) and the transverse shear (},,) strains,

respectively over the XZ-plane of the overall beam. Similar distributions of the
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strains (&, and Y},,) in case of the unconstrained pure VEM layer (Fig. 2.5(b))

are also presented in Figs. 2.5(d) and 2.5(f).

Tzrhd " h-i—hmv 'rhr | Fh‘" TZ —hy

I T

e o B = D \T TOT" =T T\T e N 2

strain in the 1-3 VEC layer appears between two consecutive graphite-phase
volumes along X-direction while the transverse shear strain in the same layer

mainly arises between the graphite-phase volumes and substrate beam. It may

also be observed from Figs. 2.5(c)-(f) that the maximum values of &, and p,,
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significantly increase due to the inclusion of graphite-phase volumes within the
free /unconstrained viscoelastic layer. In case of a linear viscoelastic system, it is
known that the cyclic dissipated energy is proportional to the cyclic stored

energy (Ungar and Kerwin, 1962). So, the aforesaid increased magnitudes of

atrairna Ariio +n tha vran AF+ha 1 2 VM lasrar ymaxr laaAd +4 +ha immnrarvramont 11 tha

constrained (a) 1-3 VEC layer or (b) pure VEM layer; distribution of extensional

strain (£,) over the XZ-plane for constrained (c) 1-3 VEC layer or (d) pure VEM

layer, distribution of shear strain (7,,) over the XZ-plane for constrained (e) 1-3

VEC layer or (f) pure VEM layer.
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The dimensions of the overall beam are considered as, L =200 mm, h=5
mm, hy= 2.5 mm, h,= 0.5 mm, h;= 0.5 mm, h,= 1 mm, |; =30 mm, Al,= 36

mm. It may be observed from Figs. 2.6(d) and 2.6(f) that the pure VEM layer is

mainly subjected to transverse shear strain while the extensional strain appears

77;) counterparts (Eq. (2.21)) of modal loss factor (77,) are also illustrated in the

same table (Table 2.3). It should be noted that the increase/decrease in the

value of h, causes the decrease/increase in the thickness (N;) of intermediate

2-2 VEC layer since the total thickness (hy) is kept at a constant value. For any
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value of hy, it may be observed from Table 2.3 that 773 decreases and 773
increases due to the increase of h,. It may also be observed that the total loss
factor (774) at a higher value of h, arises mainly due to the transverse shear
strain (y,,) of 1-3 VEC layer. At lower value of h,, the loss factor (774) appears
mainly due to the extensional strain (&, ) of 1-3 VEC layer. So, the contributions

of both the strains (&, ,7,,) to the total damping (77,) of the viscoelastic system

depend on the thicknesses of the pure VEM and 2-2 VEC layers within the 1-3

VEC layer. From Table 2.3, an appropriate value of h, for improved magnitude
of loss factor (77,) can be chosen between 0.05 mm and 0.15 mm in view of
small rate of variation of 77, within these limits. Following the same, the value of

h, is taken as 0.1 mm for the subsequent results for UCLD treatment of beams.

Table 2.3 Variations of modal loss factor (77q at the fundamental bending mode)

and its counterparts (773 ,775 ) with the thickness (h,) of pure VEM layers in the
unconstrained 1-3 VEC layer (Al, =0.1 mm, hv = 0.1 mm, N=8, n,=1, L= 200

mm, N= 5 mm).

1-3 VEC layer (UCLD treatment)

hd = 1.5 mm hd = 3.0 mm
h, (mm)
V E S e S
Tq Mg My q Mg Mg
0. 05 0.222 0.141 0.081 0.318 0.199 0.118
0. 10 0.217 0.118 0.099 0.327 0.161 0.165
0. 15 0.206 0.100 0.106 0.325 0.136 0.189
0. 20 0.194 0.086 0.108 0.318 0.118 0.200
0.25 0.181 0.076 0.106 0.309 0.104 0.204
0. 30 0.168 0.067 0.101 0.299 0.094 0.205

It is evident from Table 2.3 and Fig. 2.5(c) that the extensional strain in the 1-3
VEC layer mainly appears at the horizontal (X -direction) gap (A|V) between two
consecutive graphite-phase volumes. So, there may be certain effect of this

dimension (Al,) on the modal loss factor (774) and it is studied considering a

value of N, as 0.1 mm.
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Table 2.4 illustrates the variations of 7, at the fundamental bending

mode and its two counterparts (773 and 77; ) with Al, for two different values of

the thickness (hy) of 1-3 VEC layer. It may be observed from Table 2.4 that the

number of graphite-phase volumes would have certain effect on the passive
damping-capability of the 1-3 VEC layer. In order to verify this, the number of

graphite-phase volumes in the 1-3 VEC layer is increased without alteration of

its length (L) while the aforesaid values of N, and Al, are maintained. The
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corresponding results are furnished in Table 2.5 that shows that 773 increases
and 773 decreases with the increasing number (N) of graphite-phase volumes.

For Ny =1.5 mm, the rate of increase of 773 is close to the rate of decrease of 773 .

1-3 VEC layer (UCLD treatment)

hd = 1.5 mm hd = 3.0 mm

e s e s
n, My My Ty n, Mq Mq Mq

1 0.217 0.118 0.099 1 0.327 0.161 0.165
2 0.200 0.089 0.111 ) 0.279 0.068 0.211
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Table 2.6 illustrates the magnitude of modal loss factor (77,) when several

1-3 VEC layers are used in the form of a laminate (Fig. 2.1(b)) within certain

thickness (hy) for the damping layer. The results in this table (Table 2.6) show

that the total loss factor (7.) decreases as the number of 1-3 VEC lavers

the damping characteristics of the overall beam is illustrated in Table 2.8

through the variation of modal loss factor (7,) with the thickness of the pure

VEM layer. Table 2.8 shows that the damping (77,) in the overall beam arises
mainly due to the extensional strain of the unconstrained pure VEM layer. Table
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2.8 also shows that the passive damping in the overall beam increases with the

increasing thickness of the pure VEM layer. However, for a specified thickness of
the unconstrained damping layer (say, hy = 3 mm), it may be observed from

Table 2.8 and Table 2.3/2.4/2.5/2.6 that the passive damping in the overall

1-3 VEC layer with identical thickness (Ny). This improved passive damping
induced by the 1-3 VEC layer can further be increased by increasing the
thickness (h¢) of its (VEC) 2-2 VEC layer. However, the results in Fig. 2.7
suggest 1-3 VEC layer instead of pure VEM layer for UCLD treatment of
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structural vibration. In this use of 1-3 VEC layer, its appropriate geometric
properties (as mentioned above) are to be maintained, and these properties can

also be decided through an optimization algorithm.

1 P misen WERA I

lable 2.9 illustrates the effect of the thickness (Il,) of two pure viscoelastic
layers within the constrained 1-3 VEC layer (Fig. 2.1(a)) on the modal loss factor

(774). Two different values of the thickness (hy) of the constrained damping layer

are considered for the numerical results. For the increasing thickness (h,) of

52

TH-1991 126103007



Chapter 2: Design of a 1-3 VEC layer

pure VEM layers in 1-3 VEC layer, it may be observed from Table 2.9 that the

shear counterpart (773) of modal loss factor first increases and then decreases

while the extension counterpart (773) of the same decreases. As a result, the total

1o O d e e N L i . N A o 3 a1 ooty a1 YT

variations ot 77, and 77, do not have much ettect on the total loss factor (77, ), but
it (77y) has its maximum value at certain value of the gap (Al,). In the present

case, an appropriate value for the gap (Al,) lies between 0.025 mm and 0.1 mm

(Table 2.10). So, for evaluation of further numerical results for PCLD treatment
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of beam, a value for the gap (A|V) is chosen as 0.1 mm in combination with a

value of hv as 0.1 mm.

Table 2.10 Variations of modal loss factor (77q at the fundamental bending

a Q. e = = LA

phase volumes may vary with the thickness (lly) ot the constrained damping
layer. However, a small rate of change of 77, with the increasing number of

graphite-phase volumes () can be observed from Table 2.11, and this fact

facilitates to choose any number of these volumes within the 1-3 VEC layer.
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Table 2.11 Variations of modal loss factor (77q at the fundamental bending
mode) and its counterparts (773, 773) with the number () of graphite-phase

volumes of the constrained 1-3 VEC layer (hv = 0.1 mm, Alv =0.1mm, N, =1,
L = 200 mm, h= 5 mm).

2 0.201 0.021 0.180 5 0.278 0.028 0.250

Table 2.13 demonstrates the variation in the damping-capacity of the
constrained 1-3 VEC layer for different kinds of boundary conditions at the

edges of the substrate beam. The characteristics of these results (Table 2.13) are
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similar to those of the previous results for the unconstrained 1-3 VEC layer
(Table 2.7). So, it may be concluded that the free or constrained 1-3 VEC layer
possesses its maximum damping-capacity in case of the simply-supported

boundary ends of the substrate beam.

It may be observed from this table (Table 2.14) that the loss factor (77,) and its

counterparts (77;e ,77(:8I ) increase with the increasing thickness of the constrained

pure VEM layer. For any thickness of the constrained damping layer within the
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PCLD arrangement, the magnitude of loss factor (77,) caused by the pure VEM

layer (Table 2.14) is significantly lesser than that caused by the 1-3 VEC layer
(Table 2.9/2.10/2.11/2.12).
So, these results suggest 1-3 VEC layer instead of pure VEM layer for the

J a \™) ad

n,= 1, L=200 mm, h= 5 mm).

The harmonic mechanical excitation is considered as it is in the previous case of
UCLD treatment. Also, similar strategy in consideration of pure VEM layer or 1-

3 VEC layer is followed. Figure 2.8 illustrates these frequency responses for two
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different values of the thickness (hy) of the constrained damping layer. For any

of the thickness (h;), Fig. 2.8 shows an indicative increase of passive damping

in the overall beam when the pure VEM layer is substituted by the present 1-3
VEC layer. So, the present results suggest 1-3 VEC layer instead of the

use of the graphite-inclusion in the form of a 1-3 VEC layer. So, the 1-3 VEC
layer may be utilized instead of the pure VEM layer within the UCLD/PCLD
treatment for accomplishing improved damping treatment of structural

vibration.
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Active-passive damping treatment of beams using a new
1-3 VEC layer

changes of the mechanisms of damping in the 1-3 VEC layer due to the use of
active constraining layer instead of the earlier passive constraining layer
(Chapter 2). Subsequently, the variations of damping capacity of the ACLD
treatment with the different geometrical parameters in the arrangement of

graphite-wafers within the 1-3 VEC layer are presented, and an appropriate
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geometric configuration of the 1-3 VEC layer for effective ACLD treatment of the
substrate beam is addressed. Based on this appropriate geometric configuration
of the 1-3 VEC layer, the controlled frequency responses of the overall beam and

the corresponding required control-voltages are evaluated, and the improvement

AF +tha Anntral Acnahilitsr AF +ho AT T 4ranntrmont Aria +4 +tho nroannt 1 2 VR lasrar

graphite-wafers in the 1-3 VEC layer (Figs. 3.1 and 3.2) is denoted by n while
the number of 1-3 VEC layers in case of its (1-3 VEC) use in the form of a

laminate (Fig. 2.1) is denoted by, n,. Other important geometrical parameters (

hy,N¢ , 4ly, l¢) of the 1-3 VEC layer are shown in Figs. 2.1 and 3.1.
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gram ol a ty L
= fi 1 €
1d (2
— i & (T
\“x “zf >
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O'e = {GX UZ f (75
lect vector ( and electric disg D) 1y P
1in (Fig. 3.2) « be written as
T 9.1
E = {Ex D= {Dy D,}
'he nd E, /D, are the electric field/displacement th
C ctively. The strain-displacement relations be
cc gs. (2.1 1d (2.4), while the electric field I 1tie lations are
res in Egs. (3.2) and (3.3).
g =Ld, &=Ld (
. 7 e =
L, = 4 » Ls =%, , d={u wj} (
oz
F
2 a) 1 t TE
for di nt materia 1

o =(C e ~eKE), ok =(C¥ e — ek E)

DX =(eX) g +(e5) e+ E (3.4)
where, k denotes the materials for substrate beam, viscoelastic phase, graphite-
wafers and piezoelectric constraining layer according to its value as 1, 2, 3 and
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4, respectively; Cg and Cé‘ are the extensional and transverse shear
counterparts of the stiffness matrix of k"™ material; eé‘ and eslf are the

extensional and shear counterparts of piezoelectric matrix of k™ material; e is

-~ - . th P . ~

phase. For deriving the FE model of a typical XZ-section of the beam, it (Xz -
section) is discretized using nine-node isoparametric elements such that the
edges of every element are in parallel to the reference coordinate axes (X and z

axes). A typical element is considered to be made of one of the phases within the
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XZ -section. The displacement vector (d) and the electric potential (¢) at any

point within a typical element can be expressed as follows,

d=Ngd? ¢=N,¢" (3-8)

where f]A and lﬁA are the elamental nndal Aienlacrement and elactric natential

Assembling the elemental equations (Egs. (3.9) and (3.10)) in the global space,

the equations of motion of the overall beam can be obtained as,

MX g +Kgg Xg —Kgg Xg=P(t) (3.12)
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Kga Xa +Kgg Xy =0 (3.13)
where, M is the global mass matrix; Kyq is the global stiffness matrix; Kd¢

and K¢d are the global electro-elastic coefficient matrices; K¢¢ is the global

r r r i
where, qud , Kcrj > K£¢ and X;; are the reduced coefficient matrices and

nodal electric potential vector after implementation of the specified value of X i -
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For all the specified nodal electric potentials over the isopotential top (¢=¢t)

and bottom (¢ =¢})) surfaces of the constraining layer, Egs. (3.15) and (3.16) can

be written as,

Nt Np

the global nodal velocity vector (Xg ) through a transformation matrix (N7) as,

W = N X{§ (3.232)
Using Eq. (3.23a) in Eq. (3.14), the applied electric potential (¢, ¢, =0)
according to the control strategy can be expressed as,
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¢ =—kyg N XS (3.23b)
Introducing Eq. (3.23b) in Eqgs. (3.21a), the following equations of motion can be

obtained,

MTX]+CT XS +KTX] =P"(1),C" =P kyN; (3.24)

\/ULLLJ:JICA CLsCleau,LC lJl UuICllL ao,
(KR +(Ki§ + K +aC™)y; =M™y, (3.28)
In Eq. (3.28), K{; and K|{ are the extension and transverse shear counterparts

of K{"; y; is the complex nodal displacement vector for the i natural mode
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having the complex natural frequency of @;. This natural frequency can be
expressed as (Hu et al., 2008),
(@) =@ (1+ jm), m=1M(e1)? / Re(e)? (3.29)

where, @ is the natural frequency of the system; 7 is the corresponding modal

o™ =P =@ and the iteration is terminated.

3.4 Results and discussions

In this section, the numerical results are presented for investigating the
damping characteristics of the ACLD treatment of a substrate beam for using
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the 1-3 VEC layer as the damping layer of the treatment. The geometrical and
material properties of the substrate beam are not altered from those considered
in the previous analysis (section 2.5). The thicknesses of the piezoelectric

constraining layer and the constrained damping layer are taken as, 0.5 mm and

1T v roanoantivralr T™ha rniozanlantria Anrnatroinine lasrar 1a ~rAanaidarad 4+~ ha

literature (Yellin and Shen, 1996). This comparison is illustrated in Table 3.2. It
may be observed from this table that the present results are in good agreement
with the similar results available in (Yellin and Shen, 1996) thus verifying the

present FE formulation.
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Table 3.1 FE mesh-convergence study for the smart beam (h = 5 mm, L= 0.2
m, h,= 0.5 mm, hy=2.5 mm, h,=0.1 mm, 4l,=0.1 mm, n =8, n,= 1, ky = 100,

p= 1.0 kN).

No. of Fundamental Displacement-amplitude (mm) at
elements frequency (rad/s) fundamental resonant frequency
"Nd Hresp fiter rresp liter

0 0.0609 0.0608 0.1255 0.1243

100 0.09011 0.0907 0.1657 0.1642

200 0.1220 0.1208 0.2063 0.2045

300 0.1518 0.1511 0.2487 0.2458

400 0.182 0.1816 0.2911 0.2873

500 0.2140 0.2124 0.3374 0.3297
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3.4.1 Analysis of strains in the actively constrained damping layer

A bending analysis of the overall beam (Fig. 3.1) is carried out in order to
characterize the distributions of extensional and transverse shear strains within

the actively constrained 1-3 VEC layer. The representative section (Fig. 3.2) of

PCLD treatment in the previous chapter, the active-passive damping-capacity ot
the ACLD treatment is expected to improve due to the inclusion of graphite-
wafers in the constrained viscoelastic layer. This estimation is further quantified
in the subsequent section through the evaluation of modal loss factors by

solving the complex quadratic eigenvalue problem (Eq. (3.28)).
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Fig. 3.3 Schematic diagram of XZ-section of the overall beam (a) with or (b)
without inclusions of graphite-wafers; distributions of extensional strain (¢,)
(c) with or (d) without graphite-inclusions; distributions of transverse shear
strain (y,,) (e) with or (f) without graphite-inclusions ( p= 1.0 kN, V = 200 volt).

3.4.2 Analysis of active-passive damping in the overall beam
Figure 3.4 illustrates the variations of the modal loss factors (r and 7,) with the
velocity feedback control-gain (ky) when the constrained damping layer is either

made of 1-3 VEC or made of the pure viscoelastic material (VEM). The different

geometric parameters of the 1-3 VEC layer are taken as, h,= 0.1 mm, 4l,= 0.1
mm, n,= 1, N .= 8. It may be observed from Fig. 3.4 that the damping in the
overall beam significantly increases when the passive (ky =0) constraining layer
becomes as an active (ky #0) layer. Also, this increase occurs at a steeper rate

when the 1-3 VEC layer is utilized instead of the monolithic VEM layer. For any
of the damping materials (pure VEM or 1-3 VEC), the difference in the

magnitudes of 1 and 75y at any value of ky implies the damping due to the

extensional strain in the viscoelastic phase. So, in case of the pure VEM layer,
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the active-passive damping in the overall beam appears due to the transverse
shear strain of the viscoelastic phase (Fig. 3.4). In contrast, an indicative
enhancement of active-passive damping in the ACLD treatment appears due to

the extensional strain in the viscoelastic phase when the graphite-wafers are

irmanrtad xrthin +tha yriananlactina Taxrar 31 +tha fFAavem AF 1 2 VM lasrarr ™o Aarmnino

(Fig. 3.5). In case of this pure VEM layer, there is no physical significance of the

variation of h, within a constant thickness of the constrained damping layer.
So, the modal loss factors (77 ,7,) have constant magnitudes for any value of h,

(Fig. 3.5). Also, the magnitude of 7 is almost equal to that of 5, . With reference
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to these magnitudes of the modal loss factors (7,7,), significantly higher

magnitudes of the same damping parameters are obtained for the inclusion of

graphite-wafers (Fig. 3.5).

The variations of the modal loss factors (7,7,) with the axial gap (4l,)
between any two consecutive graphite-wafers within the 1-3 VEC layer are

illustrated in Fig. 3.6. The thickness (h,) of the top/bottom VEM layer within the

1-3 VEC layer (Fig. 3.1) is taken as 0.1 mm. The gap (4l,) is increased gradually
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with a constant number of graphite-wafers (N=8) so that the dimension of every
graphite-wafer in the X-direction decreases (Fig. 3.1). The numerical values of
other geometric parameters of the 1-3 VEC layer are considered to be the same

as those are taken for the previous result (Fig. 3.5).

Figure 3.7 illustrates the variations of modal loss factors (7 ,7,) with the
number (N) of graphite-wafers in the 1-3 VEC layer. The thickness (h,) and axial
gap (4l,) within the 1-3 VEC layer are considered to have the same value as 0.1
mm. The number (n) of graphite-wafers along the X-direction is increased with
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a constant gap (4l,= 0.1 mm) so that the dimension of the volumes in the same

(X) direction decreases. The numerical values of other geometric parameters
remain the same as those are considered in the previous result (Figs. 3.6). It

may be observed from Fig. 3.7 that the characteristics in the variations of modal

passive damping (7,7,) in the overall beam decreases as the number of 1-3

layers increases within a specified thickness of the constrained damping layer.

So, this result suggests one (N, = 1) 1-3 VEC layer within the thickness of the

damping layer of the ACLD treatment.
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Table 3.4 Variations of modal loss factors (77,7,) with the number (n;) of 1-3
VEC layers within a specified thickness (hy = 1 mm) of constrained damping

layer (hy=0.1 mm, Al,=0.1 mm, n =8, ky= 100).

z n s

0.7 0.9 1 1.1 1.3 0.7 0.9 1 1.1 1.3
(a) whw, (b) whw,

Fig. 3.8 Variations of (a) the transverse displacement-amplitude and (b) the
corresponding control-voltage with the operating frequency (k; = 100, p= 1.0

kN, @, is the fundamental natural frequency).
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These figures (Figs. 3.8(a) and 3.8(b)) also contain the similar responses in the
absence of the graphite-inclusions or for the pure VEM layer. It may be observed
from Fig. 3.8(a) that the attenuation of the resonant transverse displacement-
amplitude increases indicatively for the graphite-inclusions within the
viscoelastic layer in the form of a 1-3 VEC layer. The maximum value of the
required control-voltage also decreases indicatively (Fig. 3.8(b)). So, the present
1-3 VEC layer may be a potential damping layer for the ACLD treatment of

structural vibration.

3.5 Summary

In this chapter, the active-passive damping capacity of the ACLD treatment for
control of vibration of a simply-supported beam is investigated using a new 1-3
VEC damping layer. The 1-3 VEC layer is utilized instead of the traditional pure
viscoelastic layer within the ACLD arrangement over the top surface of a
substrate beam, and the corresponding changes in the active-passive damping
characteristics of the treatment are studied through the static and dynamic
banding analyses of the overall beam. The static analysis reveals enhanced
magnitudes of transverse shear and extensional strains in the viscoelastic phase
of the damping layer when the graphite-wafers are inserted within the
viscoelastic damping layer in the form of a 1-3 VEC layer. These enhanced
strains result in improved damping capacity of the ACLD treatment. The
variations of this improved damping capacity of the ACLD treatment with the
different geometrical parameters of the 1-3 VEC layer are evaluated, and an
appropriate geometric configuration of the 1-3 VEC layer is decided for effective
ACLD treatment of vibration of the simply-supported beam. Using this geometric
configuration of the 1-3 VEC layer, the frequency responses of the overall beam
are evaluated, and an indicative improvement of attenuation of transverse
displacement-amplitude of the overall beam is observed due to the use of 1-3

VEC layer instead of the pure VEM layer within the ACLD treatment.
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Optimal passive damping in circular cylindrical
sandwich shells with a three-layered VEC core

The graphite-strips are introduced with their optimal size and
circumferential distribution by means of maximizing the weighted average loss
factor of all the modal loss factors of excited modes within the operating
frequency range. The relative importance (weights) of the excited modes within

this weighted average loss factor is assigned in proportion to the resonant-
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amplitudes appearing in the use of the single-layered viscoelastic core. This
optimal configuration of the three-layered composite core is supposed to serve
both the aforesaid objectives which are corroborated by an analysis of the

sandwich shell. For this analysis, an FE model of the sandwich shell is

Anovralanead haoand An +tha Taxvrar wrrian ahoanr AafAarmatinn thanrtr anAd CQanAdarila alhall

modelling of the sandwich shell, its inner surface is taken as the reference

surface. The origin of the reference curvilinear coordinate system (XYyZ ) is located

at one end of the reference surface such that the ends of the cylinder are

denoted by the coordinates, x=0 and x=L. The x, Y and z directions in the
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curvilinear coordinate system (XYyZ) indicate axial, circumferential and outward

radial directions, respectively as shown in Fig. 4.1.

Inner viscoelastic layer

nner face layer adius R (Reference surface)

Viscoelastic core i
Outer face layer Section A- A

1y 2
hf hf hV h]',r h’v L

Middle VEC layer

nner face layer )
/iscoelastic phase Radius R (Reference surface] Outer viscoelastic layer

raphite strips g
uterpfaoe layepr Section A-A (c)

(b)

Fig. 4.1 Schematic diagrams of (a) sandwich shell with the single-layered
viscoelastic core, (b) sandwich shell with three-layered viscoelastic composite
core and (c) layers of the three-layered viscoelastic composite core.

With respect to the reference coordinate system, the kinematics of deformation
of the overall shell is defined according to the layer-wise first order shear

deformation theory (FSDT) as,
U (% Y,2) =Up (%) +2 6 (% Y), V¥(x,¥,2) =Vo (% Y) + 2 Bi(x,Y)

k k
w (X, ylz):WO(X1y)+Zi Q/i(x, Y) (41)
where, k/i represents the number of layers (five layers) starting from the

innermost layer; repeated subscript (i) within a term represents summation over

K and wX are the displacements along the x, Yand z

that subscript; uk, Vv
directions, respectively at any point within the k™ layer; u,, Vo and w, are the
similar displacements at any point over the reference surface; 6 and pf;

represent the rotations of normal to the middle plane of ith layer with respect to

Yy and x axes, respectively; y; represents the rate of change of thickness of it
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layer in the thickness direction; Zik stands for the thickness coordinates of

different layers where the nonzero Zik are, Z% =17; 212 =h?; 222 =(z- h?); Zf =h?;

=h; Z§=@-h{-h); z'=h{; zz=h; 5= zi=@-h}-h -h); 7 =h};

displacement field (Eqgs. (4.1)-(4.3)) can be written as,

k i i k _ i i
& Z(gbL +Z KbL) » €5 = (gsL +ZskKs) )
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ouy (v auy vy )| oWy ow !
u W u
g =120 (Mo Mo o | Ho Mol . Mo Mo Vol
OX oy R oy oX ox oy R

xéf{agi LA (%+%W”‘§={9i Zon %}T (4.5)

X N X N AX N

CULID it ti Ve L 0LQuilais 1t Quay Ul Lidl pPaidol tiiiela s Wittaaias wall UVla Gl saalas Laas

be written as,

k k k k
op =Cpép, o5 =Cg&g
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1-vk vk v 0
ck _ £k VAR PERVLIYE 0 ck - EF {1 0}
’ (1+vk)(1—2vk) vk v 1ok 0 ’ 2(1+vk) 01 (4.8)

4.3 FE model of the cylindrical sandwich shell

The FE model of the overall shell is derived by discretizing the cylindrical
reference surface using nine-node isoparametric quadrilateral elements. The FE
mesh is created by dividing the circumferential and longitudinal spans of the

cylindrical reference surface such that every element is in the rectangular shape
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with its edges in parallel to the circumferential and longitudinal directions.
Since there is the discontinuity in the distribution of materials along the
circumferential direction of middle layer (k =3, Figs. 4.1(b)-(c)), two kinds of

elemental stacking sequence appear in the FE model. The first one is comprised

AF 4lhA 1 AATA cria~n~nlactian Tasras srrlhila 4hhAa AdlhAase AvAa a4 Amrmtmricand AF 41 A 1 AAATA
5 My v T Kok 5 Mo ‘ 5 M -
D =Y [ (zt) cbzldz|, A, =|Y | Cidz|, By=|) [ Cizkdz|,
k=1 he k=1 hy k=1 hy
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5 Py T 5 My T
B, =Y | (z';) cidz |, Dy=| Y | (z';) ckzkdz 4.14)
k=1 hy k=1 hy

The governing equations of motion are derived employing the extended

Hamilton’s principle as given in Eq. (2.11).

counterparts of XR and X', respectively. The solution (Eq. (4.17)) yields the
governing equations (Eq. (4.16)) as,

[—a)ZM H{(KE +KE)+ (K, +KS')>J)Z:P0 (4.18)
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where, P, is the nodal load-amplitude vector. The complex nodal displacement

vector (X) can be obtained by the solution of Eq. (4.18) and its absolute value

provides the nodal displacement-amplitude vector for the steady state vibration

of the shell. So, the frequency responses corresponding to the steady-state

o = (@K 9) (9] Mp,) 2.18)
1, =@ K'e,) (9, K p,) (2.19)
The modal loss factors (ng / 77;) corresponding to the extensional/transverse

shear counterpart of the strain vector can also be estimated using Eq. (2.21).
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M, =15 +10;

7y = (@ Ko@) | (@ K@) , 75 = (0] Kig,) | (9 K ,) (2.21)

4.5 Results and discussions

frequency at room temperature (35°C). These average properties are
E=20(14+09j) MPa, ¥=049 and p=920 kg/m3.

In order to verify the present FE formulation, the dimensionless natural

frequencies (£2) and modal loss factors (77) of the sandwich shell with single-

87

TH-1991 126103007



Chapter 4: Optimal passive damping in sandwich shells with a VEC core

layered viscoelastic core are computed for its first five natural modes and plotted
in Fig. 4.2 together with the similar results available in (Ramesh and Ganesan,

1994). The dimensionless natural frequency ((2) is defined as (Ramesh and

Ganesan, 1994), Q:pftfRa)Z/Ef (ps and E; are mass density and Young’s

v [ [ ’ = [ | v oo

4.1(a) or Fig. 4.1(b)) is considered to undergo bending deformation in the form of
a typical bending mode-shape (m=1, n=4, m and n are the longitudinal and
circumferential mode numbers). This bending mode of deformation is

normalized for the maximum nodal transverse deflection of 0.1 and plotted in
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Figs. 4.3(a) and 4.3(d) over the circumference of the shell for both the single-

layered and three-layered cores, respectively. The corresponding distributions of

extensional (&, ) and transverses (7,,) shear strains at a cross-section (yz -plane

at x=L/2) of the overall shell are evaluated. These results are then plotted over

due to the use of three-layered core instead of single-layered core. From Figs.

4.3(c) and 4.3(f), it may be observed that the transverse shear strain (yy,)

appears with its maximum magnitude around the nodes of the mode-shape. The

nature of distribution of yy, in single-layered core (Fig. 4.3(c)) is a known fact.
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But, for the three-layered core (Fig. 4.3(f)), 7y, appears with indicative

magnitudes within the viscoelastic phase over the top and bottom surfaces of
the graphite strips. Similar to the extensional strain, the maximum magnitude

of shear strain also increases due to the use of the three-layered core instead of

It may be observed from this table that the assumption of real mode-shape (in
MSE method) yields indicative errors in the estimation of modal loss factors. So,

presently the modal loss factors are computed using complex mode-shapes

according to Eq. (4.19).
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The damping characteristics of the sandwich shell are studied based on

the aforesaid natural modes. As an initial study, the modal loss factors (77=7y,,

s =77§ y e =773) of the symmetrical and unsymmetrical cylindrical shells with

single-lavered viscoelastic core are evaluated for different values of core-

Z VU.VU100O V.U40Z U.UYy00 V. 1090 V. 19ZV

2.5 0.0172 0.0480 0.1013 0.1604 0.1979

It may be observed from these figures and Table 4.2 that the magnitude

of modal loss factor (n) at every natural mode of the unsymmetrical shell

increases with the increasing thickness of the viscoelastic core. But, this change
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occurs in an insignificant manner when the shell becomes a symmetrical shell

(Fig. 4.4(b)). For any of these shells with a typical core-thickness of 1 mm, the
corresponding variations of 7y and 7, (Fig. 4.4) indicate that the damping in the

shell arises mainly due to the transverse shear deformation of the viscoelastic

4 5 6 7 8 4 5 6 7 8
(c) n (m=1) (d) n (m=1)

Fig. 4.5 Variations of modal loss factors (77/7); /77, ) with the thickness of VEC
layer (o' =0.01°,n; =72) for (a)-(b) unsymmetrical and (c)-(d) symmetrical

sandwich shells.
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It may be observed from Fig. 4.5(a) that the damping in the overall shell

significantly increases when the viscoelastic composite core (I, > 0) is used

instead of the pure viscoelastic core (I, = 0). It may also be observed that the

maximum damping in the overall shell appears at a certain thickness (h\,z) of the

between any two consecutive graphite-strips in VEC layer on the modal damping

in unsymmetrical (Fig. 4.6(a))/symmetrical (Fig. 4.6(b)) sandwich shell. These

results are also illustrated in Table 4.4. The circumferential gap (a') is

increased with a constant number (N ) of graphite-strips or gap («) within the
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VEC layer.

0.11

. 0.3
—F »"=0.001 —F »"=0.01
—F ¥=0.01 =¥ V=
A an | el V_n a4 — W _ 1

Vv o v.vudo v.vuuvid VeardlLa Vel 00 v.dvu oo

1 0.0260 0.0572 0.1216 0.2005 0.2619
2 0.0185 0.0513 0.1152 0.1912 0.2473
3 0.0154 0.0470 0.1069 0.1778 0.2286

Figure 4.7 represents similar results for the variation of number (nf) of

graphite-strips in the VEC layer. These results are also tabulated in Table 4.5.
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The n; is varied with a constant gap (') between any two consecutive strips. It

may be observed from Fig. 4.7 or Table 4.5 that the damping in the
unsymmetrical sandwich shell at any of its natural modes varies with the

number of graphite-strips while that does not appear in a significant manner for

72 0.0323 0.0607 0.1221 0.1988 0.2599

90 0.0295 0.0590 0.1217 0.1999 0.2623

120 0.0258 0.0565 0.1207 0.2001 0.2633

180 0.0217 0.0537 0.1193 0.1998 0.2636
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4.5.1 Optimal geometric configuration of the three-layered viscoelastic
composite core

The foregoing results (Figs. 4.5-4.7) indicate improved damping in the sandwich

shell when the three-layered viscoelastic core is used instead of the traditional

acineola lavrarad <rarnalactin ~rAva AF +tha anvma ~rave thinlrrhoacae Thia irmnravad

to attenuate all the resonant-amplitudes effectively by means of superior
damping over that in the use of the single-layered core. So, presently the relative

importance (Wf’m,n), weights) of the excited modes (7)) is taken based on the

resonant-amplitudes (W, ) appearing in the use of the single-layered core. For
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the present FE model of the overall shell, the amplitude (W) at a resonant

frequency is taken as the maximum one among all the nodal transverse
displacement-amplitudes. For achieving maximum improvement of modal loss

factors (7mp)) at excited modes in accordance with these weights, the

the present symmetrical/unsymmetrical shell, the excited modes (m=1 n) and
the corresponding weights (W{'m]n)) can be obtained from the responses in Fig.

4.8.
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2 7 r .
{Wﬂ?‘l load point n=4
= 1.5
= —— —(wh)__
= -
x 1 =35
% ne niﬁ A

for maximization of 7. This direct search method is presently utilized in its

simplest type as Exhaustive Search Method (Deb, 2012) by means of generating
a 3D mesh within the aforesaid axial limits (bounds) of the parameters. First, a

coarse 3D mesh is generated, and the magnitudes of 77 at all the grid-points are
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computed. These results are illustrated in Fig. 4.9(a) for the unsymmetrical

sandwich shell.

0.04
0.04
5 0.035 = 0.0395
S <
> o
: 0.03 x 0.039
< >
< 0.0385
0.025
0.038
0.02

(b) 0,

Fig. 4.9 (a) Variation of 77 for unsymmetrical sandwich shell at different grid

points of 3D mesh with the axial direction of I, «,, N ; (b) contour plot of the

variation of 77 in 2D plane of @, and n; at I, =0.85 (M-point for maximum 7 ).

At any set of values of @' and n; within their bounds, it may be observed from
Fig. 4.9(a) that the magnitude of 7 reaches to its maximum value when the

value of I, is at its maximum limit (I, = 0.95). This indicates a required

thickness of pure viscoelastic layers within the three-layered core in few

microns. As it may be difficult to achieve physically, presently a value of this

parameter (I;) is taken as 0.85 that is also very near to its maximum limit (I, =

0.95). At this plane of I, the maximum magnitude of 77 is bracketed by a new
set of bounds of other two parameters (o' and n;) as, 0.005°<a'<0.02° and

60<n; <80 (Fig. 4.9(a)). Following these bounds of a' and n; over f,=0.85, a

2D fine mesh is created and the magnitudes of 77 are again evaluated at all the
grid-points in order to plot a contour for the variation of 7 within the specified
bounds around its (7) maximum magnitude. Figure 4.9(b) illustrates this

contour of 7 where the optimal values of the parameters are identified as,

a’ =0.01° and n; =70 at the value of I, as 0.85. The same procedure is followed

for the optimal values of the parameters (I;,a", n;) in case of the symmetrical

shell as illustrated in Figs. 4.10(a) and 4.10(b).
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gl
0.7
0.05 0.68
0.66
0.04 o
0.64

0.0582

0.058

0.0578
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tion 7 in pla of I and n; ).02° (1 ¥ T
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211 oacl maximum e when the of ¢ 1im

= 4.10(a)). As it (a'=0.001°) may be difficul lie

1y ly, is parameter (') is presently taken as, 0.0 thi
la " Is for other two parameters ) ar the
aximum f 7 are taken as, 0.6<r,<0.7 and 55<n; <65 (I 4.10(a))

ithi ese inds at the plane a' =0.01°, the contour plot (Fig. 4.10(b)) f

variation of 77 shows the optimal values of the parameters as, = 0.65 ¢
Jsing this optimally configured three-I: nposite core,
oss factors ited 1€ CO1 ondir
it magt OIS O°
the use ingle-layered core are tabulated Table 4.¢
€ ;]L S (S arnisn
11 e that the modal d

importantly, these improvements of modal loss factors appear following the
same trend of relative importance (weights) of excited modes. Specifically, the
maximum/minimum improvement of modal loss factor occurs at the mode of
largest/smallest weight (Table 4.6). Thus, the resonant-amplitudes at the

prominently excited modes (appearing in the use of single-layered core) could be
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attenuated effectively by means of the optimally configured three-layered

composite core.

Table 4.6 Weights (W(”m’n)) and improvements of modal loss factors (

(773|__771L)/771|_, subscripts 1L and 3L are for single-layered and three-layered

LLIC LILICC-IdayCICU COUIC 1l1ulladllvCly 1CUUCCsS LLIC lluciluauoull Ul vivlauoll-alipliiuuc
in the operation of the structure under the excitation of varying frequency. This
kind of advantage in the use of traditional single-layered viscoelastic core for
passive damping treatment of a sandwich shell could not be achieved. So, the

present three-layered viscoelastic composite core is a promising material for
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damping of sandwich structures although it is to be used in its appropriate

geometric configuration depending on the properties of the structural problem.

2

1-3VEC core
Monolithic VEM core

n=4

= 1.5

viscoelastic composite layer so that it is called as the three-layered viscoelastic
composite core. The damping characteristics of the overall sandwich shell are
analyzed by developing an FE model based on the layer-wise shear deformation
theory and Sander’s shell theory. The analysis reveals significantly improved

passive damping in the sandwich shell for the use of the present three-layered
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viscoelastic core instead of the traditional single-layered monolithic viscoelastic
core. This improved damping arises due to the embedded graphite-strips which
indicatively enhance transverse shear as well as extensional strains within the

viscoelastic core. This enhancement of damping significantly depends on the

aimn AnA Air~rrrfFarantinal Aictrihirtian ~F +ha ranrnhita _atrina rrithin +ho
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Chapter
5

A design of ACLD treatment for vibration control of
circular cylindrical shell structures using three-layered
VEC

date (Chapter 1, Section 1.2). Among these PFCs, the continuous piezoelectric

fiber-reinforced composites have superior actuation capability. But, most of these

PFCs have not much flexibility and conformability because of the long, thin, brittle

and continuous piezoelectric fibers. These shortcomings can be alleviated by their

use in the patch-form. But it infers the use of the ACLD treatment in the patch-
104
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form instead of its (ACLD) layer-form, and it may result its (ACLD) lesser
damping/control capacity. Fortunately, only one type of the available continuous
piezoelectric fiber-reinforced composites by the name of vertically reinforced 1-3

PFC (Smith and Auld, 1991) has sufficient flexibility and conformability. For the

nrientatinn nf ite fihere in the thicknece dirertinn the fihere are nf emall lenoth

r--TT-TT TS TTTTTYST T4 STTOTTAATTTTTYT TTrroTTTTTTYTOTT TTT T TTToT TRTT OTTTOTTTTTTTTTO TTT TTTYTTTT TR oTTTTT

aircraft fuselages, piping systems, naval halls of submarines, etc. In these
applications, this structural element is subjected to dynamic mechanical loads
while it may operate under high thermal environment. For structures under high
thermal environment, the available studies (Shen, 2004; Pradyumna and

Bandyopadhyay, 2010; Du and Li, 2013; Haghighi et al., 2014; Kulkarni et al.,
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2015) recommend functionally graded materials (FGMs) (Koizumi, 1993) made of
ceramic and metal constituents. So, the present circular cylindrical shell is
considered to be made of FGM and the effect of its temperature on the damping

characteristics of the present ACLD layer is also another objective of this study.

The overall ctiidy ie carried o1t in the followino manner conciderino all the

CLlCCLIVO COLILIOL O oCVOlal 1110UCs UL VIDIAUOLL Uollly QLY OL1C COLLLIgUlalloll O LIC

electrode-patches.

5.2 Present FG circular cylindrical shell with ACLD layer

The component layers of the present three-layered VEC in the cylindrical
coordinates are shown in Fig. 4.1(c). On the assemblage of these component
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layers, a 1-3 VEC appears in the form of a thin cylinder as shown in Fig. 5.1.
Using this 1-3 VEC as the material for constrained damping layer of ACLD
treatment, the arrangement of the present FG circular cylindrical shell is

illustrated in Fig. 5.2.

only. The constraining layer is made of vertically/radially reinforced 1-3 PFC. Its
piezoelectric fibers are aligned in the yz-plane of the curvilinear coordinate
system and oriented along the thickness (Z) direction. The inner surface of this
PFC layer is considered to be fully electrode-surface that is also grounded to have

zero electric potential. The outer surface of the same PFC layer is printed with
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electrode-patches according to the following strategy. The external electric

potential is supplied to these electrode-patches for activating the PFC layer.

Electrode patches FG cylinder Piezoelectric layer

(2R+h+2h,;+2h,)

Fig. 5.2 Schematic diagram of a substrate FG shell integrated with the ACLD
layer over its outer surface.

5.2.1 Arrangement of electrode-patches

The overall FG circular cylindrical shell is considered to operate under a
mechanical harmonic excitation. The operating frequency is considered to be
varied within a range of frequency. Since the natural frequencies of circular
cylindrical shell element are closely spaced in the frequency-domain, several
modes of vibration of the shell may appear within this specified range of the
operating frequency. So, the actuator-layer is to be configured in an appropriate
manner such that it could control all the modes of vibration effectively within the
range of operating frequency of interest. In configuring this actuator-layer, it
(actuator-layer) is primarily supposed to enhance the transverse shear strain
within the constrained damping layer. Since this strain may not be distributed in

uniform manner over the XY-plane especially for asymmetric bending modes, the

actuator-layer has to act following the nature of the local strain. It implies the

variation of the actuation force over the XY-plane of the curvilinear coordinate

system (Fig. 5.2). This variation of actuation force is presently achieved by locating
the electrodes in the form of patches while every electrode-patch is activated as
per the local requirement of actuation. The locations of the electrode-patches can
easily be decided following a mode-shape of vibration of the overall shell. But,
since the mode of vibration of the overall shell changes during operation, it is a

little difficult to determine the appropriate locations of the patches. Although a
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suitable optimal algorithm may ease this difficulty, presently a new strategy is
proposed in locating the electrode-patches for effective control of all the modes of

vibration within a frequency-range of operation. The outer circumference of the

PFC layer is divided into a number (n,) of small identical segments (o (°)). Every

shell, first VEM layer, 2-2 VEC layer, second VEM layer and piezoelectric layer,
respectively. Since the geometry of the graphite phase-volumes in the 2-2 VEC
layer is defined in the macro-scale, it is not possible to treat it (VEC) as a

macroscopically homogenized composite material. So, the analysis is carried out
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considering the phases of VEC layer in explicit manner (macro-scale) as

demonstrated in Fig. 5.3.

2
}l‘u Jk‘\' Jkl' ,kv

D \R Dinranlantris lasraw

d={d)" @)" @) @) @)} di=i6 A #)

i k
Zao=|zi za zok 7ok 7k | Zoc= o) @ (4.2)
According to Eq. (4.1), the displacement at every layer (K) can be obtained by

specifying the corresponding matrix (Z,). The layer-wise displacement vector (d*
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) can then be expressed in terms of the generalized displacement vector (d) as
given in Eq. (4.3).
d* =(T, + ZyT,)d

T
d={uy vo Wo 6 6 6 6 6 B Lo B B Bs n 72 73 Vs ¥sf (4.3

. - O0f. op; | . ) 1
- D (e e o T
X X

T
o 10 (W Yo |0y o (OWo Do |97 Owo 0%
Wl ox ax oy R oy oy R)ox ox oy
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k
Z(; ZOIF 2 2 % S zlk 0 0 O
zp) = | ozf o |  Zhg = 0z 00
0 0 8_; 0 0 % & 0 0 0 O

0 0 o0 = 0.0 0 =] (5

z? Z[Zis %z Zgs Z?s} (5.3)

A thin piezoelectric composite (1-3 PFC) layer (h, ~200um) is used at

present for the constraining layer of ACLD arrangement. Generally, the top and

bottom surfaces of a thin piezoelectric constraining layer are taken as fully
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electrode-surfaces and the external voltage (V ) is supplied across its thickness (

hp ). Under this arrangement of electrodes, the components ( E, , Ey , E, ) of electric

field (E) could be assumed as (Ray and Pradhan, 2006), E,~0; E,~0 and

F =\/h Thig asiimntion heads to decorinle the electric notential field from

L—1Lp, &2 —V, &1 —4) Ol UIC Collsuadlilig laycl 1s cgual w %\)\, y).- OO0, LS
parameter (¢,(X,y)) over the outer electrode-patches is to be specified to activate

the constraining layer according to the control strategy. As per this form (Eq. (5.5))

of the electric potential field, a state of electric potential can be defined by the
following generalized electric potential vector (4, ),
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T
b=t 4| (5.6)
Also, the electric field (E ) can be expressed in the following form,
-z, 0 -Z, O 0 0
0 0 0 0 -0z,/ez —0z,1¢6z
P Y R R
£ Iax & ox oy (5.7)

The material properties (P) of the host FG shell vary along the thickness direction
according to a function of volume fractions and properties of the constituent

materials as (Praveen and Reddy, 2001; Woo and Meguid, 2001),

. 5.8
P<Z>=(PC—P”1)[0-5+ 1% z/h ] P >

where, P. and P,, are the properties of ceramic and metal constituents; 7 is the

power law exponent (O <r <oo) and A is a positive integer. The odd/even value
of 1 signifies the outer surface of the host FG shell as metal-rich/ceramic-rich
surface. All the material properties of the host FG shell like Young's modulus (

E(z)), Poisson's ratio (v(z)), thermal conductivity (k(z)) and coefficient of
thermal expansion (@(z)) can be derived from Eq. (5.8) and the corresponding

constitutive relations can be written as,

a§=C§(3§~aAT), ok =CkeF k=1,

a:{ax(z) a,(z) a,(z) 0}T7 AT =T(z)-Tp (5.9)

where, Cl/f and Ck (k =1) are the stiffness matrices as given in Eq. (5.10); ,(z)
, @y(2) and a,(2) are the coefficients of thermal expansion along the X,.y and z
directions, respectively; T (z) is the temperature distribution in the host FG shell

along the thickness direction; T, is the reference temperature, and it is considered

as the room temperature (T, =300 K).

1-vF (2) vk (2) v (2) 0
ok — E“(2) V@) 1=V V)
U nfe) -2t e)| Yo e 1V 0
0 0 0 1/2-vi(2)
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ok Ef(z) 1/2-vM(z) 0 1
T (1 e)-240) 0 1/2-v4@2) |

(5.10)

The temperature distribution (T (z)) across the thickness of the host FG shell can

Tlha Alhtbninad ey 4lha anliadinn AF 4 a FAlTlAcrriany Arna Atsmnnmnainnal cabnan Ay atbndan Taant

Oy :Jobb c\L—t)&y\t)ut, o, =J0L,S U(I—T7)6,(T)Uut , K=14,3,4
G(t) =E(t)/ 2(1+V) (5.14)

where, V is the Poisson’s ratio; Cé‘ and C;‘ are the stiffness coefficient matrices

as given in Eq. (5.15).
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. [10
Ci=l, 4| k=234 (5.15)

The constitutive relations for the graphite phase in the 2-2 VEC layer can be
written as,
o, =C/e;, of =Ckek k=3 (5.16)

The forms of the stiffness matrices (C{f and Cf (k =3)) appearing in Eq. (5.16)
are similar to those for the host FG cylinder (Eq. (5.10)) where the Young’s

modulus (E) and Poisson’s ratio (V) have constant values for the graphite phase.

At a typical point on the XY-plane the third layer (k=3) is either made of

viscoelastic material or made of graphite. So, this layer (k =3) is included in both
the constitutive relations (Eqgs. (5.14) and (5.16)). The constitutive relations for the

vertically reinforced 1-3 PFC layer can be written as (Smith and Auld, 1991),
k k _k k k _k
o, =(Cpey —¢,E), o5 = (Cq & _esE) ’
D:(engll7(+eST8§+EE), k:S (517)

where, D is the electric displacement vector; C{f and C/ (k =5) are the elastic
stiffness matrices; €, and €5 are the piezoelectric matrices and & is the dielectric
constant matrix. The forms of these property matrices are given in Eq. (5.18)

where, CS" e

;j and &;; are the elements of stiffness, piezoelectric and dielectric

matrices, respectively.

"~k k k
Cll ClZ C13 0

e
C,’j _ Ciz Cz C/2<3 0 ,Cck = Css 0 , k=5
Ciz Cs3 Ci O Y C§4

0O O 0 Cf
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O 0 ez

o — O O e3 o |G 0O O e, 0 O

710 0 eg|”° | 0 ey O] e={0 &, O (5.18)
0O O 0 0 0 &5

Apy APy APy Aps Ap Af, Ay A7y Af5)

8, ={%, ¢31}T,A¢v={A¢o A (5.21)

The corresponding linearized incremental forms of the generalized strain vectors
(&p1 > €N » Kor > KN > €51 » K ) and the electric field vector (¢g) can be expressed as,
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Eop = (& +A8y), En = (ng +Ang)’

K, = (KbL +AKbL) Ky = (KbN +AKbN)’

éSL = (SSL +A85L) ’ ’es :(Ks +AKS) ) éE = (g +Adg) (5.22)

(5.23)
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T
[ongy oAy oAk oAg
Aﬁ_{ oX oy x oy Adb Aﬁ} (5.24)

For deriving FE model of the overall shell, the reference cylindrical surface
is discretized by the nine-node isoparametric quadrilateral elements. The FE mesh
is generated by dividing the circumferential and longitudinal spans of the shell so
that every element is in the rectangular shape with its edges in parallel to the
circumferential and longitudinal directions. Since the graphite phase-volumes
and electrode-patches are discontinuously arranged in  the circumferential
direction (Figs. 5.1 and 5.3), the FE mesh is generated in such a manner that the
third layer (k=3) of a typical element is either made of graphite or made of
viscoelastic material. Also, the top surface of a typical element is either fully
electrode-surface or electrode-free surface. So, basically four kinds of elements

appear in the FE mesh as shown in Fig. 5.4.

Top Electrodes

P L

Piezoelectric layer

Monolithic VEM
Element1 Bottom Electrodes Element 3 Graphite
% % /4
Element 2 Bottom Electrodes Element 4

Fig. 5.4 Different elemental stacking sequences of layers along with the
surface-electrodes over the inner and outer surfaces of the constraining
layer.

Element 1 and Element 2 have the same stacking sequence that includes the third
layer (k=3) as graphite phase-volume. Element 3 and Element 4 have similar
stacking sequence but the third layer (k =3) is made of pure viscoelastic material.
Element 1 and Element 3 are within a zone of electrode-patch over the outer
surface of the constraining layer. Element 2 and Element 4 are outside of this
zone of electrode-patch.

The generalized displacement and electric potential vectors at any point

within a typical element can be written as,
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d=Ngd®, Ad=N,Ad°, ¢, =N, 4%, Ady =N, A’ (5.25)

where, d°/Ad® is the elemental nodal displacement vector; ¢°/A¢%is the

elemental nodal electric potential vector; Ny / N, is the shape function matrix. In

Ky, = j A |:BbANT (A,By, +BpB, )+ Bey' ( Bn2Byr, + DnoBir )] dA ,

Ky = I e [BbANT (AbB}éN +BiBen ) +Bey' ( Bn2Boy + DsBin )} dA’ ;
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ve T v 4 T v v €
Ky = IAe |:BbL (Ab By, + BB, )+ B, (BLZBbL +DpiBy; )} dA

Ky, = _[ A€ |:BbANT (Alf By, +BpiB,, ) +Bey' ( Bn2Byi + DN2By )} dA” )

e
ke _[ [R.T(a°R. +R’R VoR T(RZR. +DR .14

,Bs,, Dy ), coefficient rigidity matrices for viscoelastic layer (A, B\ﬁl, Lo DYysBNas

% \ v ' % : : : 1 1 1 1 N1 2
N2 A, By, BY,, DY), electro-elastic coupling matrices (A, , By, Ase > By s Bre » Al >

B2, ,A%,BZ,B\?), electrical rigidity matrix (Ag) and thermo-elastic coupling

vectors (A, B ,Byr) are given in Egs. (5.30), (5.31) and (5.32).
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For Element 1/ Element 2:

hk+1 X hk+1 P hk+1 ‘
Ap = I Cp Iy dz+ I Cp ly=3 dz+ I Cp lk=s dz |,
hy, By, hy,
sl J S =Ts lk=1L v~ ! J s *s k=3 v~ ! J s *7s lk=o "~
L Iy Iy Iy J
hisa - ] -
(%
s1 = I Cs Zs |k=2 dz+ I Cs Zs |k=4 dz |,
hk hk
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B = hkfl(z")TC"l dz+hkf1(z’<)TC"| dz+hkj+l(z’<)T CYls dz
52 i s s k=1 i s s k=3 i s s k=5 4

i1

by T T
:2:( I (Zf) Cl i dz+ j (Zi{) Cllics dZ}/

1. 1.

g1 ' ] '
Ay=| [ Chladz+ [ Cflsdz |,
hye h
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4 My ] ) hyeqa ;
k _
A} = [ Cdz, A, =| | Cllqdz+ [ CElsdz],
k=2 Ty Iy Iy

4 Mgy . M ek hyq -
Ar=Y j Cldz , By =| [ GiZf |udz+ [ G Zf s dz |,

[
-
~

k=2 X
hk+1 k T k k hk+l k T k k
Dys=| [ (2X) ChZK hadz+ | (ZN) CrZE | s dz (5.31)
hk hk
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For Element 1/ Element 2/Element 3/ Element 4:

hyy1 I

1 _ 1 "
Abe - J. ebZE |k:5 dZ, Bbe: J‘ (ZL) ebZE |k=5 dZ/
hy hy
Tige1 hy i

overall shell is derived employing the extended Hamilton’s principle as given by

Eq. (2.11)

[ (6T =T )dt=0 (2.11)
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Substituting Egs. (5.26) and (5.27) in Eq. (2.11), the elemental governing

equations of motion can be obtained as,
M (d® + Ad®) + K (d° + Ad° )+ K§d® + K Ad°

HK 2 KN —o)(d¢ + Addr+ K2 [ Gt — o) 3¢ + Ade dr

N,
Ky = K{y + KRE” | 1+ ) e |,
q=1
K,  =K{°E”, K =KG", K} = K{,E” (5.36)
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(20 + 020 )+ 28,0, (2 + A5 )+ 6 (25 + Azp ) =@ (d° +Ad®)  (5.37)

In Egs. (5.36)-(5.37), Z; is the elemental nodal auxiliary/dissipation coordinate

vector for q‘“ mini-oscillator; E* is the Young’s modulus of isotropic viscoelastic

T
e T T T T T
X —[ao a b ap  be ] ,
Xe=la, ay by a.T b T
qg | %q0 gl gl qgF qgF s
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T

AXE=[Aag" AaT AT . AT oAbt

AXE =|Aa,," Aay' Aby' AaeT AbeT |
q _[ g0 Ay g - - - Adge aF ] (5.40)
Man matrimne Q€ CC Q8 Ammmnrine 9 Ta (E AN ava oivran dm T (E A1) csrhara |

AN ax cWLyL o £y AN \“a b g t g }LJML] \l‘q ! 1_\11q}
q=1
—~(Ki5 + K (45 + ad5 ) - PF - PR — Py (1) =0, (5.43)
KiX* + KiaX® + Ky (¢5 + Ads) =0 (5.44)
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K§,X¢ + K AXS + AoK%X] =K (X +AX°) (5.45)

The forms of different matrices appearing in Egs. (5.43), (5.44) and (5.45) are as

follows,

we [ . 2ameqe | rtece | [rMtescenT | gegrAte | gegrAte rgenT\ ge )

IﬁﬁgdA +1ﬁ;bdM +1\¢¢ \¢ZJ +A¢U}=U 9.0V)
0
Ko X, + K AX, + AwKS X, = K5 (X +AX) (5.51)

The inner fully electrode-surface of the constraining layer is grounded (¢(x,y,z) =0

) and the electric potentials (¢, ) at the electrode-patches over the outer surface of
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the same constraining layer are supplied according to the velocity feedback
control strategy. The transverse velocity at the middle point of every electrode-
patch is sensed by a velocity sensor. This velocity is fed back to that electrode-

patch in the form of electric potential as follows,

MU LAV VOL 10 AU L GLilad UL Ll Lall Uil puUlti e aUGL ViU oy

N,
KAX —20A0M X +KoX (K + K + K)o (X, +AX,)
q=1

_(Kt%(ﬁ}’ +Kcll\gr)(¢vr +A¢vr)_(PdL¢{ +PdN¢j (%] +A¢UJ)_P% _PINC _PM(t)ZO (5.54)
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Kger + KgcédrAX + K¢¢r (¢vr +AQ,, ) + P¢]¢ (@] + A%j ) =0 (5.59)

where, Kd¢r, Kd¢r, Kgdr’ K;dr’ K¢¢r and @, are the reduced coefficient matrices

and nodal electric potential vector after implementation of the specified value of

Ky =K, +(Kd¢r +Kd¢r>(K¢¢r )_1 Kgdr )
Py =(Piy + Py’ ) (Kl + Kijy ) (K )_lP 40 (5.58)
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Introducing Eq. (5.53) in Eq. (5.58) and then using Galerkin procedure, the
simplified forms of Egs. (5.58) and (5.51) can be expressed as,

N
KAAX—ZcoAa)MX+KX—KaZvaq(Xq +AX, |
g=1

K)\AX +Aof® —K, Y a (X, +AX, ) == fo + Pr + Py
q=1

K} =(K, +aC), f®=(-20M+C)X,

Ne o ,
fo=(K+aC)X,C=3 P'kiNy (5.62)
(=1
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Equations (5.62) and (5.60) are expressed in the following form considering three

(N,=3) mini-oscillator terms in the GHM model of viscoelastic material,
K\AX, + Aof, = for + fpr (5.63)

Mot - — — 1 [_ fn +K, ((Z1X1 +a,Xs +a- X, )]

al ) of electrode-patches is considered as 9° within the segments (ag) of 10° (n, =
36). The thickness (h,) of the constrained monolithic VEM/1-3 VEC layer is
considered as 250 uym unless it is not mentioned in other ways. The other

geometric properties, N, , hv2 , a, a'(Fig. 5.1) of the constrained 1-3 VEC layer
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are varied for investigating their effects on the damping characteristics of the
ACLD treatment. The host FG shell is considered to be made of Zirconium and
Aluminum alloy having the temperature-dependent material properties as (Noda,

1999),

kg/ms3 (Jones, 1998). The material for viscoelastic phase of 1-3 VEC layer is taken
from a published report (Shi et al., 2004). This viscoelastic material has the GHM

parameters with a model of three mini-oscillators (Eq. (5.35)) as, G>* = 3.877x104
N/m?2, «,=2.3263x10%, o,=4.1977x10!, o,=3.5174x10!, & =6.6169%106°,
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w,=3.2854x104, ©,=4.7515x104, §,=3.0787, §,=1.4288x102, isz
6.1785x102, p="789.5 kg/m?3. In case of the use of monolithic VEM layer instead
of 1-3 VEC layer for the constrained layer of ACLD arrangement, the same

viscoelastic material (Shi et al., 2004) is utilized.

k; =k,, (=123...n,) for all the electrode-patches. For a specified value of control-

gain (k,), the values of WJE’H’Z at all locations of the velocity sensors over the
electrode-patches are evaluated and the maximum one is taken for the
computation of maximum control voltage (V).
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In order to verify the present FE model for a circular cylindrical shell, the

dimensionless natural frequencies of an isotropic circular cylindrical shell (

r=0,hy =0, h ~0) are computed and compared with the similar results

available in the literature (Pradhan et al., 2000). This comparison is illustrated in

enhance this damping. As this viscoelastic damping is the main issue in
attenuation of vibration of the overall shell, it is necessary to verify the present
formulation in modelling this damping accurately. This verification is presently
carried out considering passive constraining layer of the damping treatment since

a study using similar active constraining layer (with electrode-patches) is not
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available in the literature. The host cylinder, viscoelastic layer and constraining
layer are taken in similar manner as those are considered in an available report
(Ramesh and Ganesan, 1994). The natural frequencies and modal loss factors of

this cylinder are computed and furnished in Fig. 5.6 together with the similar

reci1lte availahle in the came rennrt (Ramech and (GGanecan 1004)

agreement with the earlier results (Ramesh and Ganesan, 1994) and it infers the
accuracy of the present formulation in handling constrained layer damping for
circular cylindrical shell structure.

A range of operating frequency is considered to study the damping

characteristics of the present ACLD treatment of vibration of the overall shell. This
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operating frequency-range includes first five asymmetric modes (N>0) of

vibration of the shell as shown in Fig. 5.7.

D

variations of maximum control-voltage (V) are also illustrated in Fig. 5.8(b). The

numbers within these figures (Fig. 5.8) indicate the circumferential mode

numbers corresponding to the resonant frequencies and the dimensionless
frequency (Q) in the form as, Q=wR\1-v*)p, /E, (@ is frequency in rad/s, p,
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is the density of metal constituent and E_ is young’s modulus of metal

constituent of FG material). It may be observed from Fig. 5.8 that the 1-3 PFC
layer possesses good actuation-capability in control of bending modes of vibration

of the shell even though it is primarily designed for control of thickness mode of

control of all the modes of vibration effectively using one configuration of
electrode-patches. An increase of the control-gain (k) causes the reduction of
displacement-amplitudes (Fig. 5.8(a)). But the corresponding required control-
voltage does not increase indicatively (Fig. 5.8(b)). So, the amplitude of vibration

corresponding to a mechanical excitation ( p,) could be controlled easily as per
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the necessity in the design of the smart circular cylindrical shell. Figure 5.9
illustrates the frequency responses of the overall shell when the piezoelectric
actuator-layer is either made of monolithic PZT-5H or made of 1-3 PFC. Since the
fibers of 1-3 PFC are made of PZT-5H, the same material is chosen for the

monnlithiec nieznelectric actiiator-laver Tt mavyv he nheerved from Rio 5 O that the

monolithic VEM layer is added in making the ACLD layer and the corresponding
frequency responses of the overall shell are illustrated in Fig. 5.10(a) for two
different values of thickness (h, ) of the constrained VEM layer. For any thickness

of the constrained monolithic VEM layer, the characteristics of these responses

(Fig. 5.10(a)) do not differ from those in Fig. 5.8(a). So, the present strategy of
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arrangement of electrode-patches also goes well for effective ACLD treatment of
several modes of vibration of the overall shell. The PFC layer induces significantly
higher damping within the overall shell in expense of lesser control voltage (Figs.

5.8(b) and 5.10(b)) when it (PFC layer) is used in the form of ACLD layer (Fig. 5.10)

inetead nfite direct 11ce (Rioc 5 R Althniioh thie nheervatinn nf imnroved damnino

of damping within the overall shell is illustrated in Fig. 5.11. Figure 5.11(a) shows

the frequency responses of the overall shell for different values of the thickness (

hv2 ) of 2-2 VEC layer within a constant thickness (h, = 250 um) of the constrained

1-3 VEC layer. The circumferential span («’) of graphite phase-volumes of 1-3
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VEC layer is considered as 9° within the segments (« ) of 10° (N, =36). First the
thickness of the 2-2 VEC layer within the 1-3 VEC layer is considered as zero (
hv2 =0) so that whole constrained layer is a monolithic VEM layer. Next, the

thickness of the 2-2 VEC layer is increased gradually within the constant

improvement of damping within the overall shell in expense of lesser control

voltage (Fig. 5.11(b)) for the increase of thickness (hv2 ) of the 2-2 VEC layer from

its ( hv2 ) zero value. So, the control-capability of ACLD layer significantly improves

for the use of the present 1-3 VEC layer instead of conventional monolithic VEM
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layer. The results in Fig. 5.11 are evaluated for a particular value of the volume

fraction index (I') of the host FG shell.

L'\UJlvi. DU, LLIT OSLILIITOD Ul LLIT 1'U O11C11 4yctultastd aliu uic l.lC\iblCLlL/_y LCDPULIDC Ul
the overall FG shell shifts towards the lower frequency (Fig. 5.12). However, the
responses in Fig. 5.12 reveal that the aforesaid improvement of damping
characteristics of the ACLD layer due to the use of 1-3 VEC layer could be

achieved for any value of the volume fraction index (I ) of host FG shell.
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In order to verify the sources of viscoelastic damping through the strains

of the viscoelastic phase in the constrained layer, the frequency responses of the

overall shell are evaluated considering either shear counterpart (K, =K, Kg =0,

Eq. (5.99)) or total damping (Ka=K§+K§, Eq. (5.99)) for the dissipation

constrained 1-3 VEC layer (h, = 250 pm), the frequency responses of the overall
shell for different values of the control-gain (k,) are plotted in Fig. 5.13. It may
be observed from this figure that a significant amount of passive damping (k, =0

) within the overall shell can be obtained by passively constrained 1-3 VEC layer.
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Further improvement of damping in the overall shell is achieved by supplying the

control voltage (k, # 0, Fig. 5.13(b)) within its feasible range.

0.012 v v - - - v
—— k=0 —— k =100 —— k =500

[-9

=
fad

uniform manner for an increase in the value of k; . So, the present arrangement

of electrode-patches and control strategy could also be utilized in case of the
constrained 1-3 VEC layer within the ACLD arrangement.
For the use of monolithic PZT5H instead of 1-3 PFC as a material for active

constraining layer within the ACLD arrangement, the corresponding increase of
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damping in expense of lesser control-voltage is illustrated in Fig. 5.14. Although
similar difference in the actuation capability is observed in case of the direct uses
of the piezoelectric actuator-layers (Fig. 5.9), this difference reduces for their uses

along with the 1-3 VEC layer (Fig. 5.14).

circumterential span (&) within the same segments (10°), the corresponding

variations of peak-amplitudes (WprZ’arll) and maximum control voltage (V) are

illustrated in Table 5.4 for the modes of vibration with steep displacement-

amplitudes.
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Table 5.4 Peak-amplitudes (W;Z;; ) and corresponding maximum control-voltages
(V,,) for different values of circumferential span (a®) of graphite phase-volumes
within a span (@ =10°) of circumferential segments (h, = 250 um, hv2 = 100 um,

abt =9°,a. =10°,p,= 20 N, k, =500, A=1,r=1,T_ = 300K, T_ = 300 K).

peak \ /

n, 36 18 36 18

n=4 0.0078 0.0101 38.3 49.7

=5 0.0082 0.0093 32.5 36.4

n==6 0.0069 0.0073 249 26.1
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In this result (Table 5.5), two different values of the span («a = 20° (n, =18
) and a =10° (n, =36)) are considered and its (a ) maximum value is presently

restricted to 20° (a'=1") because of the chance of lesser flexibility and

Ul LLIC CIOCL LI OUC~pPalillTs UUCS 11UL 11avC 111UCll CLICLL ULl LLIC PpCaR~adlllplLUuuUCS ULLICSS

the corresponding span of segments () does not have too large value.

Figure 5.15 demonstrates the frequency responses of the overall shell
when the properties of the host FG shell vary from stiffer inner surface to softer

outer surface (4 =1, inner ceramic to outer metallic) or from softer inner surface
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to stiffer outer surface (A =2, inner metallic to outer ceramic). It may be observed
from this figure that the ACLD layer provides higher damping when it is attached
to the softer/metallic surface of the host FG shell. This observation facilitates to

keep the ACLD layer free from thermal effect by attaching it to the metallic surface

VR JE I A TS AR | RN L) D [ S S FE Y S IR IR 510 T MU | R R, R I

presence of a temperature (T,) are demonstrated here considering the

fundamental mode of vibration (M=1, N=6).

Figure 5.16 illustrates the frequency responses (W,=(W +W,)) and the

corresponding equilibrium position (W,) of the overall shell for different ceramic
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rich surface temperatures (T,).At room temperature (T, = 300 K), the overall shell
vibrates with respect to zero equilibrium position (W, =0). But, for a higher
temperature (T, > 300 K), the equilibrium position (W,) changes due to the

thermal deformation of the overall shell and it (W,) does not varv with the

temperature, it may be observed that the natural frequency decreases as the
volume fraction index (I') increases. Also, for any volume fraction index (I), the
natural frequency of the overall shell linearly decreases with the increasing
temperature (T,).This decrease of natural frequency appears at a little higher rate
for a higher value of volume fraction index (I'). In fact, a higher value of I causes
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increased volume fraction of metallic constituent so that the effective stiffness of
the FG material decreases and also the natural frequency decreases. The increase

of volume fraction of metallic constituent enhances the rise of temperature within

the FG material corresponding to a specified rise of surface-temperature (T,). This

A © D T 1 11 e Y = D AN ¢ B ANt

depending on the assigned value of volume fraction index (). This difference in
the nature of variation of control-voltage (V) with temperature (T,) appears due

m,n

to its (V,,) dependency on both the displacement-amplitude (Wpeak) and frequency

of vibration. The displacement-amplitude increases (Fig. 5.18(a)) and the
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frequency of vibration decreases (Fig. 5.17) for a rise of temperature (T,).So, the

corresponding combined change appearing in the nature of variation of control-

m,n

voltage (V) follow either the nature of variation of amplitude (Wpeak ) or the nature

of variation of frequency. However, the quantitative measures of these variations

I
DI—I
300 350 400 450 500

T_(K)

Fig. 5.19 Variation of the thermal deformation/equilibrium position (\V;) of

the overall FG shell within a range of temperature (Tc ).
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So, the thermal deformation of the overall FG circular cylindrical shell has not
much effect on the ACLD treatment of its (overall shell) vibration under
mechanical excitation. Although this observation is presently obtained within a

range of ceramic rich surface temperature (300K <T, <500K).

excitation in the presence of a high temperature at the inner concave surface,
while the geometrically nonlinear formulation is carried out to account the
coupling between the thermal deformation of the overall shell and its
displacement-amplitude of vibration. The important observations obtained from

the controlled frequency responses of the overall FG shell are summarized as
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follows. These observations infer the utility of the present 1-3 VEC layer as well
as the present ACLD layer for attenuation of several modes of vibration of a

cylindrical shell structure within a range of operating frequency.

(a) The present strategy of arrangement of the patches of surface-electrode

suggests optimal geometric configuration of the 1-3 VEC layer for its (VEC)

superior damping capacity in the ACLD treatment.

(g) It is observed that the increase in the circumferential span of the graphite-
strips (with a constant gap between any two consecutive graphite-strips) may
not improve the damping characteristics of the 1-3 VEC layer.
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(h) The temperature in the substrate FG shell does not have much effect on the
damping characteristics of the ACLD layer even though it (FG shell) undergoes

indicative thermal deformation.

(i) The overall FG shell vibrates under a mechanical excitation in the presence of
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6

Augmented CLD treatment of plates through the
optimal design of a new 0-3 VEC layer

b Nvemayer  p]

(a) (b)

Fig. 6.1 Schematic diagrams of (a) the component layers of 0-3 VEC, (b) the
CLD arrangement over the top surface of a substrate plate using 0-3 VEC
layers.
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As the overall plate undergoes bending deformation, the viscoelastic
material within the in-plane axial gap between any two consecutive rectangular
graphite-wafers is expected to experience extensional/compressional strain.

Concurrently, the viscoelastic material in the transverse gap between any two

avrinmnnacaivra hAarigAantal acrrvrfannca AF atiff Alarmanta aviffara +ha $ranavraran ahan

where, uk / Ug, vk /v, and wh / w, are the displacements along the X, y and z

directions, respectively at any point within the Kt layer/over the Xy-plane; i

represents a layer and its repetition within a term indicates summation over the

total number of layers; ¢; / f; is the rotation of the normal to the middle-plane
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of i layer with respect to the y / X axis; zik is the thickness coordinate as given
in Eq. (6.2).
2¥ =zor(h/2) for k=1lork>1

K _Dor(z—h /Norh, for k<?20ork=2 ork>?2

O'b={0'x oy ny}T,O'sz{O_xz GyZ}T (6.5)

where, the symbols ¢ / o indicates strain/stress quantity; the subscripts X/ Xy,

Y/ Yz and Z / Xz indicate the quantities in the corresponding directions/planes.
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According to Eq. (6.1), the strain-displacement relations for K™ layer can be

written following Egs. (4.5) and (4.6) as,

k k k k
& =(&oL +ZpKyp), & = (&g +ZSK5),

;
KL:!KE K2 .. KLNLlT. KLZ{K} K? KpN'-l )
ckoE |k g 0 ,Ck=c—r UJ 6.7
b 1—(vk)2 v . s 2(1+vk) 0 1 (6.7)
0 0 (1—vk)
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where, EX and v are Young’s modulus and Poisson’s ratio, respectively. The
overall plate is considered to operate under a transverse harmonic point-load (

p(t)) at point (a/2,b/2,-h/2), and thus the principle of virtual work gives,

aberLhkq —I
— I € //c kT ks kxT kN oo Lo 0 sao sl

5T =(0d°)" med,
Ko =IAe|:(BbL)T(AbBbL + BLlBKb)+(BKb)T(BLZBbL + DLBKb):|dAe ’
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e =] o[ (B (ARG + BB )+ (B )T (BB DB, |o8,

M = [ | NT (0T mT, + (1) maT, +(T) T maT,+ (T)Tm, T )N o, (6.11)

pe_(NTT.Tf0 0 1T

where, M is the global mass matrix; K, and K; are the bending and shear
counterparts of the global stiffness matrix; X and P, are the global nodal

displacement and load-coefficient vectors, respectively.
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The transverse harmonic point-load is considered in the form of,
p(t):poej“’t (j=v-1; pp and ® are the load-amplitude and operating

frequency, respectively). For the corresponding linear steady state vibration of

the overall plate, the equations (Eq. (6.13)) of motion can be reduced as

assumption, the modal loss factor for the total passive damping in the overall

plate is denoted by 7.

6.4 Results and discussions

In this section, the numerical results are presented for investigating the passive

damping characteristics of the overall plate particularly for the inclusions of
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graphite-wafers within the constrained viscoelastic layer. Unless otherwise

mentioned, the numerical results are evaluated considering one (n, = 1) 0-3 VEC
layer within a specified thickness (hy) of the constrained damping layer as

shown in Fig. 6.2. The geometrical and material properties of the overall plate

In order to verify the present FE formulation, the natural frequencies and

the corresponding modal loss factors () are computed in the absence of the

inclusions within the constrained viscoelastic layer. These results are compared

with the similar results available in the literature (Cupial and Niziol, 1995).
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Table 6.2 illustrates this comparison, and it may be observed that the present
FE results are in close agreement with the available analytical results (Cupial
and Niziol, 1995). This comparison verifies the accuracy of the present FE

formulation.

SLrallls OVel LIE UaIllSVeISC | AL ) plallc (I'1g. 0.0(4) OI r'ig. 0.0|D)) alc liusiraitcd 111
Fig. 6.4. Similarly, the distributions of the strains (&, 7y, 7y, ) on the aforesaid
Xy -plane are demonstrated in Fig. 6.5. Similar to the results for 1-3 VEC layer

(Fig. 2.5), it may be observed from Figs. 6.4 and 6.5 that the maximum
magnitudes of the strains indicatively increase due to the inclusions of graphite-
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wafers within the constrained viscoelastic layer. It should be noted here that the

characteristics of the strain components ¢,/ y,, appear similar to those of the

&/ 7x. » and thus the distributions of ¢, and y,, are not furnished here.

It is important to note here that the magnitudes of all the in-plane and

transverse strain components (e, ¢, ,7xy ¥y » ¥y, ) Within the viscoelastic phase

increase for the case of 0-3 VEC layer, while similar enhancement appears for

few strain components (¢,,y,,) in case of the 1-3 VEC layer (Fig. 2.5). So, the
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damping in the overall plate is supposed to improve for the enhanced
magnitudes of the strains in the viscoelastic phase of the 0-3 VEC layer, and
also the effectiveness of 0-3 VEC layer is expected to be more than that of the 1-

3 VEC layer. This estimation is quantified in the following section.

Yz %1072 €, x10% 7)(}; <104
0.4 5 04 7 7 T 6 0.4 7.5
3 I l‘ | 4 5
0.3 [ = 0.3 ! , i 0.3
. A . ) =
Eo2 : - 0 Eo2 ! : -i Eo2 == 0
= ’ \[ > Il [ =
L | :
0.1 - 3 01 4 i 0.1 5
2
0 4. SN
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a
(@ xm x (m) ) xm)
xz <1072 “x %107 XY %105
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4
1 0.3
0.3 i
Eo2 ’ 0 Eo2 .
- 2 =
0.1 al 0.1 4
-6
0 : 0 0
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(b) x (m) (d) x (m) (f) x (m)

Fig. 6.5 Distributions of strains (j/xz,gx,jfxy) on an XY-plane through the

viscoelastic phase over the 1-3 VEC layer or graphite-wafers within the
constrained 0-3 VEC layer; (a), (c), (e) in the presence of inclusions; (b), (d), (f)
in the absence of inclusions.

6.4.1 Analysis of damping in the overall plate

The damping characteristics of the overall plate are studied in this section by
means of varying the geometrical parameters (h,, 4,,4, ,n,,ny (Fig. 6.1)) in the
arrangement of the rectangular graphite-wafers. Figure 6.6 illustrates the
variations of the modal loss factor (7 ) and its two counterparts (7, and (7,) with
the thickness (h,, Fig. 6.1(a)) of the viscoelastic phase over the top/bottom
surfaces of graphite-wafers within the constrained 0-3 VEC layer. The thickness

(g ) o1 the consitrained layer remains constait, wiile the thickness (i, ) 1s varied

in a ratio as, h,/hy. The other geometric parameters are considered as, n, =n,=

6, A4 =4,= 50 um, n,=1. The modal loss factor (7 /n,/7ns) is computed

corresponding to the fundamental mode of vibration of the overall plate. Figure

6.6 also contains similar results for the consideration of the graphite-strips
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instead of the graphite-wafers. The gaps (4, ) in every row of the graphite-wafers

along the Yy -direction are removed (4, = 0) by the same material (graphite) for

achieving the graphite-strips. The variations of the loss factors (7,7,,7,) in the

absence of the graphite-wafers/graphite-strips within the constrained

the fundamental mode with the in-plane axial gap between any two consecutive
graphite-wafers/graphite-strips. The graphite-wafers are considered to be

equally spaced in both the X and y directions (4, =4, =A4), while the graphite-

strips are also considered to be equally spaced in the X-direction (4, =4). The
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gap (A4) is gradually increased keeping the same number of graphite-
wafers/graphite-strips in any direction. The other dimensions of the constrained

layer are taken as, h,/hy =0.1, n, =n,=6, n,=1.

n1:

illustrates the variations of the modal loss factors (77,7, ,7,) with the number of
graphite-wafers/graphite-strips. The number of graphite wafers (n,=n, =n;) in
the X and Yy directions are gradually increased keeping a constant gap (

A =4,=4, A=50 pm). The same strategy is also followed in the use of the
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graphite-strips. The other dimensions of the constrained VEC layer are taken as,

h, /hy =0.1, n,=1.

0.08
| | — ¢ (Wafer)
0 i‘ || 7, (Strip) |
1 2 3
n

Z
Fig. 6.9 Variations of modal loss factors (77,7, ,7,) with the number (N,)

of VEC layers within a constant thickness (h, ) of the constrained layer.
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The total thickness (hy ) of the constrained layer is considered as, 0.5 mm, while

the other geometric parameters of every VEC layer are taken as, h,/hy; = 0.1,
n,=n,=6 and A=50 um. It may be observed from Fig. 6.9 that there is no

significant change of damping in the overall plate for the consideration of several

vaiuc Ul ulc gap |(4) 1S5 LlusCll as VU ulll. vl uic plailic vl 44— Vv ulll,  ulc

maximum value of 7 is bracketed by the other two parameters (h,/hy,n¢) as,
0.025<(h, /hy)<0.2 and 4<n; <12. In each of these two-dimensional planes of

h,/hy and ny (at 4=50 um), a two-dimensional grid is generated, and the
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corresponding contour of 77 is evaluated as shown in Fig. 6.11. This contour of

n clearly shows its (7) maximum value, and the corresponding values of h, /hy
and n; are taken as their optimal values. So, the optimal geometric

configuration of the constrained 0-3 VEC layer (Fig. 6.2) is obtained as, h,/hy =

4 6 8 10 12

ny

Fig. 6.11 The contour of modal loss factor (77) within a two-dimensional

domain of the geometric parameters (h,/h;, N;) of the constrained 0-3

VEC layer (M indicates the maximum value of 77).
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6.4.3 Frequency responses of the overall plate

On the basis of the optimally configured constrained 0-3 VEC layer as decided
in the previous section, the frequency responses of the overall plate under a

transverse harmonic point-load are evaluated around the fundamental natural

rectanguiar array of thin rectangular graphite-waters embedded within the
viscoelastic matrix. The rectangular graphite-wafers are in the macroscale and
evenly spaced with a gap in micro-scale. This 0-3 VEC layer is utilized as a
constrained damping layer over the top surface of a simply-supported

rectangular plate, and its passive damping capacity is investigated by developing
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an FE model of the overall plate based on the layer-wise shear deformation
theory. First, a bending analysis of the overall plate is performed, and the
characteristics of the transverse shear and in-plane strains within the
constrained 0-3 VEC layer are studied. This study reveals significantly improved
magnitudes of the transverse shear strains in the viscoelastic phase of the 0-3
VEC layer, while the in-plane strains in the same phase also appear with
reasonable magnitudes. These observations infer the improved passive damping
in the overall plate through both the transverse shear and in-plane strains, and
it is subsequently verified through the evaluation of modal loss factor of the
overall plate at its fundamental natural mode of vibration. The modal loss factor
of the overall plate is computed for different sets of values of geometrical
parameters in the arrangement of the graphite-wafers. These results reveal an
indicative increase of damping in the overall plate due to the inclusions of the
graphite-wafers within the constrained viscoelastic layer in the form of a 0-3
VEC layer. The same results also indicate to consider appropriate geometric
dimensions in the arrangement of the graphite-wafers for the maximum
improvement of damping in the overall plate. So, the graphite-wafers in the 0-3
VEC layer are set up in an optimal manner with an objective of the maximum
modal loss factor at the fundamental mode of vibration of the overall plate.
Using this optimally configured 0-3 VEC layer, the forced frequency responses of
the overall plate are evaluated around its fundamental frequency. These
responses reveal significant improvement in the attenuation of vibration-
amplitude of the overall plate for the inclusion of a rectangular array of the thin
graphite-wafers within the constrained viscoelastic layer in an optimal manner.
Thus, the present 0-3 VEC layer is a potential damping layer in the CLD
treatment of plates, and it may be utilized in place of the conventional
monolithic viscoelastic layer for improved damping capacity of the CLD

treatment.
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7

Performance of a graphite wafer-reinforced viscoelastic
composite layer for active-passive damping of plate
vibration

Fig. 7.1. Schematic diagrams of a substrate plate integrated with the

actively constrained 0-3 VEC layer.

Figure 7.1 illustrates a substrate plate integrated with an ACLD layer at
its top surface where the constrained damping layer is made of the present 0-3

VEC layer. The constraining layer is made of a piezoelectric material (PZT5H).
174

TH-1991 126103007



Chapter 7: Performance of a 0-3 VEC layer in the ACLD treatment

The poling direction of this piezoelectric constraining layer is the thickness
direction, and it acts as an actuator when the external voltage across its top and

bottom fully electrode-surfaces is supplied according to the velocity feedback

control strategy.

Ao +hao Avrerall la+a

TirmAoraonnca hoandinea AafAarvmatinnm +hoa yranAanlaactin

The middle plane of the substrate plate (Fig. 7.1) is considered as the reference
plane, and one corner of this plane is considered as the origin of the reference
rectangular coordinate (Xyz) system. The length, width and thickness of the
substrate plate (Fig. 7.1) are denoted by, a, b and h, respectively. The

thicknesses of the constrained damping layer and the piezoelectric constraining
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layer are designated by, hy and h., respectively. The thicknesses of the pure
viscoelastic layers and the 1-3 VEC layer within the 0-3 VEC layer (Fig. 6.1(a) or
Fig. 7.1) are denoted by, h, and h,,, respectively. The in-plane axial gap between

any two consecutive graphite-wafers along the X or Yy direction is symbolized

.
k
zz 0 0
z¥ =z z§ z§ z§ z&|, Zik:{' }
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dl’:{drl dr2 dr3 dr4 dr5}T, dri={ai ﬂl} (7.2)

The state of deformation (dk) of any layer can also be expressed in terms of the
generalized displacement vector (d) as follows,

,.Ik /T _Ik'l' \A

&L = LsLTtd » Kg = LSKTrd >

oo%x

LSL: o > Lbl(:|5><5®lbl<" LSK'=I5><5®ISK'
0 0 Ay
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%X 0 0 %X 0
L, =| 0 %y 0|, lpe=| O %y, |SK=[(1) ﬂ (7.4)

T T O Ty Tac

where, |(5X5) is a unity matrix of size (5x5). The constitutive relations for a

material within the substrate (k=1) and damping layer (k=2,3,4) can be
expressed according to Eq. (6.7).

k k k k k _k
ou,i=Cp &, 00 —Cec. ,

) _1 VK 0 _ S
o __E 4NN, o |, ck :L{ } (6.7)
1_(Vk)2 N ;(1—%) ’ 2(l+vk) 01

The viscoelastic material in the constrained layer (k =2,3,4) is modelled

by the complex stiffness method. So, the stiffness matrices (Cg ,Cg ) for the

viscoelastic material are complex matrices. The poling direction of the
piezoelectric constraining layer is considered as the transverse direction, and
the external voltage (V) is supplied across its top and bottom fully electrode-
surfaces. For this arrangement of the surface-electrodes, the transverse electric

field component (E,) at any point in the active constraining layer may be
assumed as, E, =-V /h;, while the other components (E, and E,) of the electric
field are assumed as, E,~0 and Ey ~0. According to these electric field
components at any point within the thin piezoelectric constraining layer (k = 5),

its constitutive relations under the plane stress assumption can be written as,

k k _k k k k _k
O'b:Cbgb _ebEz, O.S:C5357 k=5

~k &k
Chp Cp O ck 0 €3k1
k _|~k ¢~k _
Cb B C12 C22 0 , CL( ={ (‘;)5 Ck :l’ eg = e3k2 )
k
0 0 C& 4 0
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—x ‘ 2\ =k K k V2 )k
Cll:<C11_(Cl3) /C33>’ C22:<C22_(CZ3) /C33>’
—k
Ci2 =<C1k2 ~CisCp3 / C§3> )

é’zk'l 2(6'51 _Cvlk'ze};q /CE’)\ , éok') :(el,f,} —C})(Qel'z('z /C}z(q\ (75)

materials within 1-3 VEC layer yield two kinds of elemental stacking sequences

in the FE mesh. In the first one, the material for the 1-3 VEC layer (k=3) is

graphite, and the element is denoted by Element#1. In the other one, the

material for the same layer (k =3) is the viscoelastic material, and this element

is designated by Element#2. The materials of other layers (k =1,2,4,5) remain
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the same for both the elements (Element#1 and Element#2). The generalized

displacement vector (d) at any point within an element can be expressed in

terms of the shape function matrix (N ) and the elemental nodal displacement

vector (d®) as given in Eq. (6.10
g

K=l n, K=l
Ay Ay,
BLZ:ZS: kjl(zg)T Ckdz, D, =25: kjl(zt'j )T ckzkdz,
k=1 he k=1 hy
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his1 5 N

5
A=Y [ Cidz, By=3 [ Cizidz,

k=1 hy k=1 hy
P 5 Ny
B,, =é jl(z;‘)T Ckdz, D, =Z1: ijl(z;‘)TC;‘zskdz,

the top and bottom surface-electrodes of the piezoelectric constraining layer as,
V = —ky W (7.11)
where, ky is the velocity feedback control-gain. It would be noted here that the

present analysis of damping in the overall plate is carried out considering its

(overall plate) fundamental bending mode of vibration. As the maximum
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magnitude of the corresponding transverse velocity (Wg) appears at the middle

point of the plate, the feedback of transverse velocity is taken at the same point.

Equation (7.11) can also be expressed in terms of the global nodal velocity vector

(X ) through a transformation vector ( Ny ) as follows,

expressed in terms of the natural frequency (a},o) of the overall plate and the

modal loss factor (7;) as given in Eq. (3.29).

(@) =@ 1+ in), 7 =Im(@) / Re(e)? (3.29)
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Now, if one assumes KS! =0 and Kg =0, the corresponding modal loss factor (7,
) would appear due to the active damping in the overall plate, and it arises due
to the modelling of the piezoelectric actuation force in the form of viscous

damping force. Along with this active damping, the passive damping due to the

In this section, the numerical results are presented for investigating the active-
passive damping characteristics of the overall plate particularly for the
inclusions of rectangular graphite-wafers within the actively constrained
viscoelastic layer. The geometrical properties of the substrate plate and the

constraining layer are considered as, a = 0.4 m, b= 0.4 m, h=4 mm, h,= 0.25
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mm. The material for the substrate plate is considered as Aluminum (E =69

GPa, v=0.3, p=2740 kg/m?), while the graphite-wafers within the constrained
layer possess the properties of, E=250 GPa, v= 0.3, p= 1400 kg/m3 (Jones,
1999). The piezoelectric constraining layer is made of PZT-5H (Smith and Auld,

rectangular elements. The corresponding results are illustrated in Table 7.1.
Table 7.1 indicates the minimum number of elements in the FE mesh of the
overall plate for sufficient accuracy in the numerical results. So, the FE mesh of
the plate is decided following this study for evaluation of further numerical

results.
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The present FE formulation is verified considering passively (V =0)
constrained pure viscoelastic layer since the results for the present 0-3 VEC
layer are not available in the literature. The first four natural frequencies of the

overall plate are evaluated, and these results are compared with the similar

wractiléba AvrailAaTalA Gan (T A1 A% A1 1007V Mhaica ~AArminaricana 10 1lhsatbmndanad 107 MAl1A 7 0O

smart plate in the ANSYS software. The SOLID186 and SOLID226 elements are
utilized for discretization of the volumes of substrate plate and piezoelectric
layer, respectively. A mesh convergence study is first carried out to obtain the
minimum number of elements of the FE model for sufficient numerical accuracy

in the results, and it (minimum number of elements) is obtained as 1682.
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Subsequently, the transverse deflection (w,) at the point of loading is computed
in the ANSYS software for different values of the applied voltage (V). Similar

results are also calculated using the present FE model of the smart plate, and

these results are illustrated in Table 7.3 together with the ANSYS results. It may

the fundamental natural frequency. This frequency response of the overall plate
is utilized to estimate its (plate) modal loss factor at the fundamental bending
mode using the half-power bandwidth method (ASTM, 2010). The modal loss
factor at the fundamental bending mode of the overall plate is also evaluated

through the solution of the quadratic eigenvalue problem (Eq. (7.15)) using the
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present iterative procedure. These results are illustrated in Table 7.4, and it may
be observed from this table that the results obtained from the iterative
procedure are in good agreement with the similar results obtained from the half-

power bandwidth method. This comparison verifies the present iterative

nrnnadiira FAar anlvrina thao ~rAaranloasry Am1advatin ncicanyraliin nrahlarm (A (77 1R

| X _—

' a ! B Graphite phase
] VEM phase I Graphite phase

Bl Active constraining layer
a
(a) (b)

Fig. 7.2. (a) The top surface of the 1-3 VEC layer within the 0-3 VEC layer and
(b) a xz -plane through the middle points of a row of the rectangular graphite-
wafers.

187

TH-1991 126103007



Chapter 7: Performance of a 0-3 VEC layer in the ACLD treatment

The second plane is taken as a xz-plane through the middle points of a
row of rectangular graphite-wafers. The distribution of different materials over
this xz -plane is shown in Fig. 7.2(b). For the bending deformation of the overall

plate under the transverse point-load and the activated piezoelectric

The distributions of the transverse shear and normal strains (&, yy; ) on
the aforesaid xz -plane are demonstrated in Figs. 7.4(a)-(b). Similar distributions
of the strains (¢,, 7y, ) for the absence of the inclusions within the constrained

viscoelastic layer are also illustrated in Figs. 7.4(c)-(d). It may be observed from
Figs. 7.3(a), 7.3(c), 7.4(a) and 7.4(c) that the maximum magnitude of the in-
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plane axial strain (¢,) in the viscoelastic phase increases indicatively due to the
inclusion of graphite-wafers and this improved magnitude appears at the axial
gap between any two consecutive graphite-wafers. The maximum magnitude of

the in-plane shear strain (7y,, Figs. 7.3(b) and 7.3(d)) also increases for the

TSI T T mme T TR et ey T e e it e A

the insertion of an array of graphite-wafers. These improved magnitudes of the
strains are supposed to enhance the active-passive damping in the overall plate,
and it (damping) is quantified through the dynamic analysis of the overall plate

in the following sections.
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7.4.2 Active-passive damping characteristics of the overall plate

In this section, the active-passive damping characteristics of the overall plate
are investigated by computing the modal loss factor at its (overall plate)

fundamental bending mode of vibration. The piezoelectric actuation force is

(@) h,/h, (b) h /h,

7 (VEC) = = = = 7, (VEC) 0 (VEM) 7, (VEM)

Fig. 7.5. Variations of the modal loss factors (77,7,) with the thickness (h,)

of the viscoelastic phase over the top/bottom surface of the 1-3 VEC layer
within the 0-3 VEC layer, (a) hy =1 mm and (b) h; =0.5 mm.
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It may also be observed from Fig. 7.5 that the magnitudes of the modal loss

factors (7, 7,) increase significantly when the conventional VEM layer is replaced

by the present 0-3 VEC layer. It is important to observe that there is no
difference between the magnitudes of n and 7, for the pure VEM layer. But, this

gap (A, sz =A) between any two consecutive rectangular graphite-wafers,
(a) hy =1 mm and (b) hy =0.5 mm.

Figure 7.6 illustrates the variations of the modal loss factors (7,7,) with

the in-plane axial gap (AX/Ay) between any two consecutive rectangular
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graphite-wafers. The rectangular graphite-wafers are considered to be spaced

uniformly (A=A, =A) in both the in-plane axial directions, and this gap (A) is

increased gradually so that the size of the rectangular wafers decreases. The

thickness-ratio (h, /hy) is chosen from the previous result (Fig. 7.5) as 0.1, while

Figure /./ 1llustrates the variations o1l the modal 10Ss 1actors (77,7s) with

the number (n,/Ny) of graphite-wafers along the in-plane axial direction. A
square array (N, =Ny, =N¢) of the graphite-wafers is considered with a gap (
Ay=Ay=A) of 100 um. The values of the control-gain and the other geometric
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parameters of the overall plate are not altered from those for the previous result

(Fig. 7.6). It may be observed from Fig. 7.7 that the active-passive damping in

the overall plate first increases and then decreases as the number (N;) of

graphite-wafers increases from 1. This result indicates an optimal number of

layer particularly when the damping layer is of small thickness (hy ).

7.4.3 Optimized configuration of the actively constrained 0-3 VEC layer

Figures 7.5-7.7 indicate that the damping capacity of the actively constrained O-
3 VEC layer indicatively depends on its geometric parameters like h, /hy, 4,, 4,
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n, and Ny. So, these geometric parameters would be configured in an optimal

manner for achieving the maximum damping capability of the 0-3 VEC layer.
This optimal configuration of the 0-3 VEC layer is decided in this section by

maximizing the modal loss factor () at the fundamental mode of vibration with

modal loss factor (7). According to the results in Fig. 7.9 or Fig. 7.6, a very small

gap (A4) is required as the similar observation was also obtained in the previous
case (Fig. 6.10). As a very small gap may cause the difficulties in fabrication of

the 0-3 VEC layer, presently a value for the gap (4) in the constrained 0-3 VEC
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layer of ACLD treatment is chosen as 100 um. At this value of the gap (4=100

H#M), the maximum magnitude of the modal loss factor is bracketed by the other
parameters (h,/hy,N¢) as, 0.01<(h,/hy)<0.2, 1<n; <18 for hy= 0.5 mm and

0.01<(h,/h,)<0.2, 1<n{ <15 for h,=1 mm. Within these bounds of the

=7 f iy

Fig 7.10. The contour of modal loss factor (77) in a two-dimensional domain of
the geometric parameters (h,/hy, N¢), (a) hy =1 mm or (b) hy =0.5 mm (4= 50
um, ky;=100) (M is the point for maximum magnitude of 7).
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From these contours of the modal loss factor, its maximum magnitude is
identified for every thickness of the constrained 0-3 VEC layer, and the

corresponding values of the geometric parameters are taken as their optimal

values. These optimal values of the parameters are obtained as, h,/h;=0.05, n;

constrained viscoelastic layer as shown in Figs. 7.11(c) and 7.11(d). It may be
observed from this figure that the attenuation of transverse displacement-
amplitude increases as the graphite wafers are provided within the viscoelastic
layer. This may be due to the fact that the inclusion of graphite wafers causes
higher effective stiffness of the constrained viscoelastic layer. This increased
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stiffness of the constrained viscoelastic layer causes enhanced transfer of active
action of the piezoelectric constraining layer to the substrate plate resulting in
improved attenuation of its (plate) transverse displacement-amplitude.

These results (Fig. 7.11) suggest 0-3 VEC layer instead of the traditional

sriannnlaactin Tavrar fAar +ha irmnrarrad antivra _rnoacaitre anntral AF vrihratinn AF wlatna A+
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| VEC,hd=1mm—VEM,hd=1mm VEC,hd=D.5mm—VEM,hd=D.5mm

Fig. 7. 11. Variations of (a) the transverse displacement-amplitude and (b)
the corresponding required control-voltage within a range of the operating
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frequency around the fundamental natural frequency (@,) of the overall
plate (k; =100).

Despite these disadvantages, one may prefer the present 0-3 VEC layer as a

damping layer of ACLD treatment because of the significantly augmented active-

computed for diiferent sets oif vaiues of the veliocity feedback controi-gain and
the geometric parameters of the 0-3 VEC layer. These results reveal the
significantly improved magnitude of the modal loss factor for the inclusions of
graphite-wafers within the viscoelastic layer in the form of a 0-3 VEC layer. The

modal loss factor increases indicatively with the increasing velocity feedback
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control-gain, but the corresponding rate of change of the modal loss factor
decreases for the inclusions of graphite-wafers. The same results also reveal
indicative influences of the geometric parameters of the 0-3 VEC layer on its

damping capacity, and thus an optimal geometric configuration of the 0-3 VEC

lTaxrar 1a nroanntad fAr masrirmiirm antivza _rnoaaitvrta Aarmning i tha Avrarall lava T
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Chapter
8

Conclusions and scope of future work

studied, then the passive damping in the sandwich shell are evaluated. The
variation of the passive damping in the sandwich shell corresponding to
different geometric configurations of the graphite-strips are investigated, and an
optimal geometric configuration of the 1-3 VEC core is presented for effective
control of all the bending modes of vibration of the shell within an operating
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frequency range of interest. In this optimization procedure, a weighted average
loss factor of modal loss factors of excited modes is taken as the objective
function that is maximized for optimal size and circumferential distribution of

the graphite-strips. The weights of excited modes are taken based on the

roanmrnant_ armnlitiidaa arnnrnonrinoe i +ha t1van AfF +tha 4raditianal rmannlithin
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VEC layer, and the corresponding passive damping characteristics of the overall
plate are quantified subsequently. The effects of geometrical properties in the
arrangement of graphite-wafers on the passive damping in the overall plate are

investigated, and an optimal geometric arrangement of the graphite inclusions is
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demonstrated for the maximum damping in the overall plate. The fruitfulness of
this optimal configuration of the 0-3 VEC layer is substantiated by evaluating
the frequency responses of the overall plate. This study is subsequently

extended for the ACLD treatment of the plate where the active constraining layer

ia ~rarnaidarad A ha mmada AF A tranarvraraniltsy mAlaricad mmAanAlithisn niozAanlantria

This improved damping arises due to the embedded graphite-strips which
indicatively enhance transverse shear as well as extensional strains within
the viscoelastic core. For an effective improvement of passive damping in the
sandwich shell, the size and circumferential distribution of the graphite-
strips are to be taken in an appropriate manner.
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4. The study on the optimal geometric configuration of the 1-3 VEC core of the
circular cylindrical sandwich shell reveals significantly improved modal
damping over the damping in the use of the traditional monolithic

viscoelastic core. This improvement of damping at different excited modes of

srihhratinn Armmanra FATlAcrriin~r 4hha AcacirmmaAd waladivra T Arbnmn~n Irrraticlada) AF 41 A

primarily known as a material of distributed actuator for control of

thickness mode of deformation/vibration.

6. For the inclusion of graphite-strips in the form of 1-3 VEC, the magnitudes

of certain strain components in the viscoelastic phase improve, and these
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strain components lie in a transverse plane of the principal material
coordinate system. However, the design of 0-3 VEC layer yields the
enhancement of all the strains in the viscoelastic phase of VEC damping

layer under the bending deformation.

of the tuture works which may be readily undertaken in line with the present

work are as follows.

1. Design of 0-3 VEC damping layer for UCLD, PCLD and ACLD treatments
of vibration of shell structures especially for suppression of multiple

modes of vibration using one configuration of the VEC layer.
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TH-1991 126103007

Development of active-passive damping layer using the piezoelectric

inclusions within the viscoelastic matrix.

Development of a theoretical methodology for optimal distributions of

stiffness and damping properties within the domain of the damping layer
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