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ABSTRACT: In this study, static and vibration analyses of cylindrical piezoelectric structures by Review History:

means of superelements are targeted. In this regard, the cylindrical superelement is modified in order  Received: 7/19/2018

to be used in the analysis of hollow cylinders made of piezoelectric materials. At first, the cylindrical — Revised: 10/20/2018
superelement, which was previously defined in the literature, is introduced. Next, the calculation of  Accepted: 11/10/2018
stiffness and mass matrices of piezoelectric structures in finite element analysis is briefly reviewed, Available Online: 11/21/2018
and then, a piezoelectric cylindrical superelement is developed. In order to verify the accuracy of the
defined element, two case studies are analyzed by means of the defined superelement, and the results are
compared with the ones obtained by a commercial finite element software. In the end, the piezoelectric
superelement is further modified to be used in static and vibration analyses of hollow cylinders which
are made of functionally graded piezoelectric materials. Also, in this case, two classical problems are
analyzed with the defined element. In both piezoelectric and functionally graded piezoelectric material
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cases, the results show appropriate compatibility with the ones obtained by the conventional elements.
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1. INTRODUCTION

Finite Element Method (FEM) is now widely used in
academia and industry in order to analyze complicated
engineering problems. In this method, a system in the first
step should be discretized into the number of elements, which
is called meshing. Based on the FEM, the accuracy of results
is improved if the number of elements increased. However, it
also increases the computation cost. Alternatively, researchers
have tried to propose numerical methods which do not need
meshing or at least need a lower number of elements [1, 2].
For example, in the automotive and aircraft industries, the
sub-structuring method is frequently used. In this method,
first, a structure with a complex shape has meshed, and then,
by reducing the size of the assembled stiffness and mass
matrices, a new element is defined which only includes
nodes at boundaries [3-5]. As a result, a large element with
a substantially reduced number of nodes and Degrees-Of-
Freedom (DOFs) is created. Although this method reduces
the computation time substantially, it still needs meshing.

The superelement method is another approach with
which a structure can be analyzed efficiently with a smaller
number of elements. In this method, an element with a known
geometry is defined and customized based on the demanded
analysis. For example, Ahmadian et al. [6] introduced a
cylindrical superelement which can be used in the structural
analysis of cylindrical laminates. Later, Taghvaeipour et
al. [7] modified the element formulation to be used in the
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analysis of functionally graded thick vessels.

This study aims at the definition of a cylindrical
superelement which can be incorporated in static and
vibration analysis of piezoelectric sensors/actuators. In this
regard, the superelement which was first defined in Ref. [6] is
briefly introduced, and then, the stiffness and mass matrices of
a cylindrical piezoelectric superelement are derived. Finally,
by using the defined element, some examples are solved and
the results are verified by a commercial FE package.

2. THE CYLINDRICAL SUPERELEMENT FOR
PIEZOELECTRIC MATERIALS

The geometry of the cylindrical superelement is depicted
in Fig. 1. As it is shown, this element with the inner radius of

Fig. 1: The Cylindrical superelement
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5 the outer radius of 7 and the length of 2L has 16 nodes. For
the sake of simplicity, and based on the cylindrical geometry
of element new local coordinates are defined as follows,

z
E=—
L
2xr—>b
n=—— (1
a
a
y=—-1
T
in which:
a=r,—n
b=r +r @)

2 1

The DOFs are interpolated inside the element by means
of 16 shape functions which are formed by trigonometric
functions, along the radial direction, and polynomial
functions along the radial and longitudinal directions [6].
For an electromechanical analysis, each node possesses four
DOFs, and hence, the nodal vector of the i’th node is defined
as:

qi = [uir uia uiz ¢1 ]T (3)

In piezoelectric materials, the governing equations are
summarized as follows:

{T}=[c"1{S} ~[e] {E}
{D} =[e]{S} +[e’ HE}

4)

where {7}is denoting the stress vector, {s}is the
strain vector, {£}is the electrical field, {p}is the electrical

displacement, [¢*]is the matrix of elastic coefficients while the
electrical field is constant, and [¢] is the matrix of piezoelectric
coupling coefficients. By resorting to Hamilton’s principle
and approximation solution, the following matrix equations
are obtained within each element,

(M, 14K, 1} + K, 1D, = () 5)
[K,, 1ot} + (K 1 {0} = {2} ©)

The corresponding formulations for the stiffness and mass
matrices and the derivations are presented in Ref. [8].

3. THE CASE STUDIES

The First case study is a clamped-free hollow cylinder
with the ratios of L/7, =8, h/r,=0.5 and the thickness of
h=0.01m. The cylinder is made of PZT-4 which is polarized
along its length. The elongation of the foregoing structure
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Table 1: The elongations obtained by superelements (SE) and
brick elements

Elongation (m) | Difference%
Brick Elements 2.83e-8 -
SE 1 Element 2.2883e-8 19.1
SE 3 Elements 2.6428e-8 6.6
SE 5 Elements 2.7295¢e-8 3.55
SE 10 Elements 2.7929¢-8 1.31

Table 2: The first two bending natural frequencies obtained by
superelements and brick elements (short-circuit)

lst 1st
Bending | Diff% | Torsion | Diff.%
(Hz) (Hz)
Brick
Elements 682.27 - 2414.2 -

10 SEs 710.86 4.19 | 25239 4.55
15 SEs 699.73 2.56 | 2522.1 4.47
20 SEs 696.3 2.06 | 2521.5 4.44

under the following boundary conditions are obtained by
the superelements, and brick elements in a FE commercial
software. The results are compared in Table 1.

®=100V—>z=0
O=0->z=L
In the second case study, a hollow cylinder with the

ratios of L/r, =20, h/r,=2 and the thickness of #=0.02
m is considered. Likewise, the cylinder is clamped-free
and made of PZT-4. In the case of short-circuit boundary
condition, the first two bending natural frequencies obtained

by the superelement and the brick elements are compared in
Table 2.

(7

4. CONCLUSIONS

In this study, a cylindrical superelement was introduced
which can be used in the structural analysis of hollow
cylinder sensors/actuators. The element is based on the
geometry and shape functions which were previously defined
in the literature, and here, it is developed to be used in the
case of piezoelectric hollow cylinders. In the end, static and
vibration analysis were conducted on case studies by means
of superelements. The results show proper accuracy compared
with the ones obtained by brick elements in a commercial FE
software.
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Fig. 4: Clamped piezoelectric hollow cylinder which is
meshed with brick elements (Example 1)
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Table 1: The elongation obtained by ANSYS and super-
elements (Example 1)

1o oles | (M) Jsb yuss
_ Y/AYe-A ]
Va/ YIYAAYE-A | ol g
g5 VIFEYAE-A | oledl g dw
Yoo | YIVYAde-A | oldlpge ml
VY vivavae-A | oledlpge Ve

gl Job liad) o iy Z (bl o pod sasesd g oS

Sz 0 A Gl Jloel b cnlply abboo S0 xSlg5n

walgs Job ys jlas e les sliwl) 5o algiul 03 )M 92

2 SN Gl Jlosl Cuz 5 550 b lnil o oS
139 g0 48,5 IS 50 s

O=100V ->z=0

O=0—>z=L

)

9 uLo-”).vj.u: uuj) )‘ oolaiwl L d.;b_.....;‘ U"‘ ‘55" ‘5vL‘>UL‘> )L.\.O.a
oY il e 09750 V Jsuz 50 ol bt oS suel ey Tl
gy (SilSog oI iy 557 Judows ploxl g a5 ol (S5 o

[M UKy 1{U} = (F}—[K o ]{D} V)

i plod 3 bl plage el Casss b lylys o
9y 2 &S (SSI L Gl Ol (F7) dlolae 5l oolial L
aba>de aS jshilen ged dle 1) 00,5 o0 yall laog xSl
o s sk GBI 3 (550 Ll cnl o 050 e
ko Al > b 5 03505 o 18 (SilSog oSl SilysS 51 556
el Aialgs Cawds ) o%g

(ikiiigy, —® M ) U = (fA)

JrsS cov (oSl 65 Lal o Y1)
(YA) 5 (YY) O¥olaw b lagye S Gl j0 (650 by oy
ol b o mSUl asslis .ab 00,51 8 Comd ;0 45wl oo

1395 o0 Abgs p 8 4y (FA) dolae 5 039y o (SG xSUI L olSST
MU+ (K 1Ky UK o0 Ko 1) U} = {F} (F2)

b GlaulS B 00 5 o alaxdle oS jshailen 50 (0l 5o
oo 5 28,5 walss 13 (Silslag iUl Sy sS 53U o el
SikysS Sl aiibios it [Kogl™ omple slaalys a5
b Sl lS )8 ol )0 5 0l s (B SRl e
S daalgS el S92y SilysS oS el 55 e

Oldlpemw jl colaiwl b Jlogo ¢ Soliw!l Judxs -F
Syl (sl g

allas Jlo 90 40 9 Hledlpgu cpl 5loslanl b coond ol o

a S ySly lailgiul ojle S LAl g (Sl (g2 @

g oo A1y Lol g S8 e jglate

Sl Julos $-1-)
D Jle
LI =A clasie b Sl Jog alyl S
SG 5l aS sgb e a3 S a0 h=-/xm 5 A/ =4/0
oz ojbe pl () JSE) asly oo o1 Koo )b 5l g 80 Bk

sl aseice € Lo yle 4 az g5 b ewl ool asl F'- S5 o

2 ANSYS

1Yo)

1 PZT-4



YOS 1 AYED locio AYAA o d o)lasd DY 053 yusS puel Silso suvtino a3 3

0.01 T T T
E
£ 0.005
=
=
0 1 1 I g
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16
Length(m)

(1Je) S 5y Job bl 50 59 22595 aled 1B S

Fig. 5: The voltage distribution along the axial direction pf cylindrical piezoelectric (Example 1)
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Table 2: The natural frequencies obtained by ANSYS and superelements (Example 2, open circuit)
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Table 3: The natural frequencies obtained by ANSYS and superelements (Example 2, short circuit)
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Table 4: The elongation obtained by ANSYS and super-
elements (Example 3)
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Fig. 6: The voltage distribution along the axial direction pf cylindrical piezoelectric (Example 3)
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Table 5: The natural frequencies obtained by ANSYS and superelements (Example 4, open circuit)
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Table 6: The natural frequencies obtained by ANSYS and superelements (Example 4, short circuit)
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