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Introduction

The vibration of non-homogeneous transversely isotropic electro-magneto-elastic plate has been of great importance due to its
property of coupling effect between electric and magnetic fields which are applied in smart material structures. These materials have
the ability to transfer energy namely magnetic, electric and mechanical from one form to another. The composite consisting of
piezoelectric and piezomagnetic components have found increasing application in engineering structures, particularly in
smart/intelligent structure system. The electro-magneto-elastic materials are used as magnetic field probes, electric packing, acoustic,
hydrophones, medical, ultrasonic, image processing, sensor and actuators with the responsibility of electro-magnetic-mechanical
energy conversion.

Wave propagation in arbitrary cross-sectional plates and cylinders were analyzed and to find out the phase velocities in different
modes of vibration namely longitudinal, torsional and flexural by constructing frequency equation was derived by Nagaya [1-3]. He
formulated the Fourier expansion collocation method for this purpose and the same method is used in this problem. Wang and Shen
[4] discussed the two-dimensional problem of inclusion of arbitrary shape in magneto-electro-elastic composites. Buchanan [5]
investigated free vibration of an infinite magneto-electro-elastic cylinder. Recently Abd-Alla et al. [6] studied the effect of magnetic
field and non-homogeneous in various elastic media. Abd-Alla and Mahmoud [7, 8] investigated magneto-thermo elastic problems in
rotating non-homogeneous orthotropic hollow cylindrical under the hyperbolic heat conduction model and the effect of the rotation on
propagation of thermoelastic waves in non-homogeneous infinite cylinder of isotropic material. Chen and Chen [9] investigated the
Love wave behavior in magneto-electro-elastic multilayered structures by the propagation matrix method. Using the propagator matrix
and state-over approaches, an analytical treatment is presented for the propagation of harmonic waves in magneto-electro-elastic
multilayered plates by Chen et al. [10]. Chen et al. [11, 12] studied the free vibration and general solution of non-homogeneous
transversely isotropic magneto-electro-elastic hollow cylinder. Chen et al. [13] showed theoretically that there actually exists a class
of vibration of which the frequencies depend on the elastic property only. Wei and Su [14] studied the wave propagation and energy
transportation along cylindrical piezoelectric piezomagnetic material. Hou and Leung [15] obtained the analytical solution for the
axisymmetric plane strain magneto-electro-elastic dynamics of hollow cylinder for axisymmetric flexural wave in piezoelectric —

piezomagnetic cylinders. Later Hou et al. [16] discussed the transient response of non-homogenous plane strain problem.
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Pan [17] derived an exact three-dimensional solution for a simply supported multilayered orthotropic magneto-electro-elastic
plate. Pan and Heyliger [18] investigated the free vibration of piezoelectric — magnetostrictive plate. Chen et al. [19] derived the
general solution for transversely isotropic magneto-electro-elastic-thermo-elasticity.Ponnusamy [20-22] investigated the vibration in a
generalized thermo elastic solid cylinder of arbitrary cross-section and plate of polygonal cross-section using Fourier expansion
collocation method and studied the wave propagation of piezoelectric solid bar of circular cross-section immersed in fluid using secant
method. Late the same author [23] discussed the wave propagation in electro-magneto-elastic solid plate of polygonal cross-section
using the Fourier expansion collocation method.

In this article, the wave propagation of transversely isotropic non-homogeneous electro-magneto-elastic plate of arbitrary cross-
section is studied using the theory of elasticity. For arbitrary cross-sections the boundary is irregular, therefore Fourier collocation
technique is applied to obtain the frequency equations. The roots of the frequency equations are obtained using the secant method
applicable for complex roots. The computed non-dimensional frequencies are plotted in the form of dispersion curves and the
behaviour of the curves is discussed.

Formulation of the Problem

We consider a transversely isotropic non-homogeneous electro-magneto-elastic plate of arbitrary cross-sections. The system

displacements and stresses are defined by the polar coordinates "and @in an arbitrary point inside the plate and denote the

displacements y_in the direction of "and y, in the tangential direction & . The in-plane vibration and displacement of arbitrary cross-

sectional plate is obtained by assuming that there is no vibration and displacements along the Z—axis in the cylindrical coordinate

system(r,gyz). The two-dimensional stress equations of motion, electric and magnetic conduction equation in the absence of body

forces are
00, , 100, +1(0' o= oy,
or r oo e W) T P e
2 1)
90, +160-69 +20r9 :pa Lia
o r o068 r ot
The electric conduction equation is
2
E'FED +18D‘9 :0’ ( )

o r " r o0

The magnetic conduction equation is

B 1 108, g @
o r " roo
Where,

Grr = Cllerr + Clzeeev
Oy = C15€ +Cpy€y,
Org = 2056809, (4)
Dr = ‘gllEr + r‘nllHr ’
D, =e&,E, +myH,, Q)
Br = n’]llEr +/111Hr,
B, =my,E, +14,H,, (6)
Where &

!

Jo e N 1(- the stress components, C1,Cpys Cg A€ elastic constants, glliS the dielectric constants, ﬂnis the magnetic
permeability coefficients, m,, is the electro-magneto material coefficients, £ is the mass density of the material, D, , D, are the electric

displacements, B, B, are the magnetic displacement components.
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The strain & related to the displacements corresponding to the polar coordinates (r, 9) are given by

ou

rog or r

16u, u 1(1éu. éu, u (7
€ _r, e€9:__€ - er6:_ __r+_6 —
or rog r 2

Where y_,u,are the mechanical displacements along the radial, circumferential directions respectively.

The electric field vector E,, (i=r,0) is related to the electric potential E as

: 8
E o _ 10E (8)

Er:——’ 9 =
or r oo

Similarly, the magnetic field vector H_, (i=r,0) is related to the magnetic potential H as

9
oo 1oH ©)

roo’
Substituting Egs. (7) — (9) to the Egs. (1) — (6), we obtain

ou, lou, u,
Grr=C11§+Clz =t

rog r
o =g e, [E%ﬂ_rj
w C“ar C“rae r)
o —c [T My Uy (10)
v ree o r )
and
oE oH
Dr:_glla_mllgv
__&uOE_my doH
¢ rog r 060
B = ok H
P TGy
B __%a_E_&a_H' (11)
¢ r 00 r 00

The elastic constantsc,,c,,c,,, Magnetic permeability coefficient ;,, , dielectric constantsg , electromagnetic material

coefficients m, , density © are expressed as functions of the radial coordinates are

66 2
Where L,v,v'and p are constants, Mis the rational number, substituting Eq. (12) in Egs. (10) — (11), we obtain the stress-

cy =(L+V)r*", ¢, =Lr", c Ve =V, m, =m,r™", &, =g, 1", P = por™", (12)

displacement equation for non-homogeneous materials

o, =r" {(L+V)aaur + L[l%Jru—rﬂ,
r

roe r
gy =12 | Ly (Lav)[ 1M U
or roe r
o, =LY T 13)
2 or r r oo

and
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D, =" [—811' OE - oH j

or E
D —pon| _fu 9E_ My oH
¢ r o0 r 00/
B,_er(— 1’§—V'ﬁj,
or or
A N 49
¢ r 00 r 00|

Substituting Egs. (13) — (14) into Egs. (1) — (3), we obtain the set of displacement equations as follows
2 2 2L+V) & 2L +3V
o ), YO B Pt )0
or ror r 2r° 00 2r orof r 2 00

2
+2_m((L+V)a_U+L(E%+U_r]J: ai

r o \ree v )) P

V(édu, 1ou, u,)| (2L+V)o%u, 1 (2L+3V)auy,
— ==L 14 +=
2L arr ror r? r oré0 r? 2 00
L+V) 52 2
LALV) o, Vm(au, u, 1ou) 0,
r 06 r \ or r r oo ot

r

po[TELLE 1) (OH 1oH 10H Zm(gfﬂ @)
war o o )T e Trar e oe S T

(E 10E 16%E) ,(*H 1oH 18*H) 2m(_.0E _,,0H (15)
m,, +V + ; —+V

+o—t 55— et —|=0,
ot ror r? o6’ ot ror  r?oe tor or
The Eq. (15) is a coupled partial differential equation of two displacements, the electric potentials and magnetic potential
components.
Solutions of the Problem

To uncouple Eq. (15), we seek the solutions in the following form

M

u, (r, H,t) =) &, (I’ill//n'o _¢n,r + rilan,f) _&n,r>

=
Il
o

M

uﬁ(r'67t): gn(r71¢n,9 _l//n,r _Iﬁl&nﬂ _l/_/n,r)

>
]
o

E(r,0,t)=)¢,(E, +En)

M

1l
o

n

H(r,0,t)=> & (H,+H:) (16)

M

n

I
o

Where g, :]/2 for n=0, g, =1for n>1, p (F.Q), W (r,9), E (l’,t9), H (l’,t9) are the displacement potentials for the

symmetric mode and &n (r’ 9), ‘/_/n (r, 9)’ En (r’ 0) and ﬁn (r’ 9) are the displacement potentials for the antisymmetric modes

of vibrations.

Substituting Eq. (16) in Eqg. (15), we get

(L+V)Vf¢"+2m£(L:VJa¢n ‘szﬁn]—/?o % _o, (17a)

o r ot?



25491 P. Ponnusamy and A. Amuthalakshmi/ Elixir Appl. Math. 72 (2014) 25487-25500

, , om( ,OE, . oH (17b)
VZE, +m,VH +—| g, —+m, —" |=0,
&y VoE My ViR, r (811 o my, ﬁrj
. 2m( . 6E oH (17c)
V2E +V'V?H_ +— n4y'—1|=0Q,
rrl11 1™=n 1 n r (mll ar arj
and
18
\val,,nwm[i%_&):o, (18)
2 r or r

Where , % 18 1 & -

=y gy
Yok ror r? o8t

We consider the free vibration of non-homogeneous transversely isotropic plate, so we assume the solutions as follows

¢,(r,0,t)=r"¢, (r)cosnoe'*,

E,(r,0,t)=r"E,(r)cosnge'",

H, (r.6,t)=r"H,(r)cosnge", (19)
and
w, (r,0,t)=r""y, (r)cosnge™* - (20)

Substituting Egs. (19)-(20) in the Eqs.(17) and (18), we obtain

a1 ((m2 +n2)(L+V)+2mL)
r /(OL+V)_r_2 (L+V) % ()=0

' 21
5 (1)+ 2! (1)o7 -}, (1) =0, )

Where e i’ g [(m2 +n2)(L+V)+2mL] '
(L+v) 7 = (L+V)

Eqg. (21) is a Bessel equation of order £, its solution is

¢n(r)=[AmJ,g(ar)+ Am'Yﬁ(ar)Jcosne, (22)

Where A and A rare the arbitrary constants, J, (ar) and Y, (ar) denote the Bessel functions of the first and second kind of order

3, respectively.
Substitute Eq. (20) into the Eq. (18), we get

5.2
Wn”(r)+%wn'(r)+{m—%(4m2 +4m+n2)],//n(r):0,

\
i.e. ” , 23
&) (L (r)+ (K =5y, =0 )
r
Eqg. (23) is a Bessel equation of order &, its solution is
(24)

v, (r)= (A4an (kr)+A,,Y; (kr))sin no,
Where A, and A, € arbitrary constants and J_(kr)and y, (kr)denote the Bessel function of the first and second kind of order

o respectively.

Substituting Eq. (19) into the Eqgs. (17b) and (17c), we obtain
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’

2 2 ' A2 2 " a2
[811' o, +%(2m+l)aE” 40 E”}r[mn' aH, +%(2m+l)ai+ﬂa H”}=0,

or? o r’ 08 or? o r* o6
(Ie) ’ ” l ' 2 ' " 1 ’ 2 (25)
& (En (r)+2E, (r)—%En(r)}rm“ (Hn (r)+2H, (r)—f—an(r)j:O,
and
A, , (m2+n2) , 1, (m2+n2)
m, | E, (r)+FE” (r)- = E,(r)|+V'| H, (r)+FH"( )- < H,(r) |=0,
(e) [, , 2 , , 2 (26)
m, (En (1)+3E, (r)—%En(r)}rV’(Hn (r)+2H, (r)—f—an(r)Jzo,
Where p2 :m2+n2.
Solving Egs. (25) and (26), we get
2 27
£ (r)+ & (N-L-E,(n)-0, 0
2 28
H (r)+ 21, () -E-H, (1)=0, )
The general solutions to the Egs. (27) and (28) are
En(r,H,t)z(Aan"+A2n'r"’)cosn<9e‘”",
Hn(r’e't):(Asnrp+A3n’r7p)cosn9ei“’t, (29)
Where A, AZn,i A, ASn' are the arbitrary constants.

The general solutions to the solid plate of arbitrary cross-sections are considered as
¢,(r.0,t)=A,J,(ar)cosno, (30a)
E,(r.6,t)= A, rPcosné, (30b)
H,(r,0,t)= A, r’cosnd, (30c)

and
w, (r,0,t)=A,J,; (kr)sinng - (30d)

Boundary conditions and frequency equations

In this problem, the free vibration of non-homogeneous transversely isotropic electro-magneto-elastic plate of arbitrary cross-
section is considered. Since the boundary is irregular in shape, it is difficult to satisfy the boundary conditions along the surface of the
plate directly. Hence, the Fourier expansion collocation method is applied to satisfy the boundary conditions. For the plate, the normal

stress &, and shearing stresses O the electric field D _and the magnetic field B is equal to zero for the stress free boundary. Thus,
the following types of boundary conditions are assumed for the plate of arbitrary cross-section is

(@), =(y), =(D,), =(B,), =0, (1)
Where ( )i is the value at the boundary T, . Since the vibration displacements are expressed in terms of the coordinates "and &, it is

convenient to treat the boundary conditions when the derivatives in the equations of the stresses are transformed in terms of the

coordinates Iand ¢ instead of the coordinates x and vy, .

The relations between the displacements for the i— th segment of straight line boundaries are
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u, =u, cos(6—7y)—Uu,sin(0-5),
U, =u,cos(6—y)+u,sin(0-y), (32)

Since the angle y, between the reference axis and normal of the i - th boundary has a constant value in a segment T, we obtain

or 00 1 .
i 9— L)y —=— 9— f
= cos(60—7) Fole sin(0—7,)

%zsin(ﬁ—yi), Sy—‘g:%cos(a—yi)' (33)

Using the Egs. (32) and (33), the normal and shearing stresses are transformed as

o =(C cosz(9—;/i)+clzsin2(49—7/i))%urr +%(Cll sin? (0 7;)+c, cosz(a—;/i))(ur *%j*
u, lou, ou,) .
Qo M 2(6-7)=0,
Ge(r roo or )" (0=7)
ou lou, u ). lou, ou, u
C’“:Cﬁe((a-;a—é‘ﬂs‘”z“"”){F ae+a—r”‘7”)°°52(9‘7‘)j:°’
oE oH
D =—g. —_ T =0
X 811 ar r.nll ar
E oH . (34)
B = — _— —:o
X P My or
Applying non-homogeneity to the Eqg. (34), we get
(L )08 (0= ) Lsin (0 7)) S (L sin (0-5)  Loos? (0-7)) 0+ 52
X ' Yior r ' AL
u,(u, 1éu, 8ugj.
Do) 2o 2% %o lsin2(6-y,)=0,
Z(r rog or sin2(0-7,)
V((éu, 1éu, lou, ou, u
= L2280 _ T |sin2(@—y )+| =— 9 =% |cos2(0— =0,
v 2([& r oo j ( 7')+(r 06 or rj ( 7')j
oE oH
D —_ —
CT T Ty
E oH . (35)
B = — _— —:o
X m; or My or

Substituting Egs. (30a) and (30d) in Eq. (31), the boundary conditions are transformed for stress free arbitrary cross-sectional plate as
follows:

Sy = 0.5( Aoh + A€l + Aged )+ D (A€ + A e + Aed + Ael),

n=1
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Sy =05( Ao fd + A FE 4 A1)+ (A T2+ A, F2 4 A 124 A 1),

=1

=

M

E, =0.5(Ag0s + Auds + Aol )+ D (AL0E + Al + Au0r + AuQr ),

I
5N

n

Hy = 0.5( Aght + Ah? + At )+ 3 (Al + A 07 + A2+ A, 07 )

n=1

= —4— Eyf— -1 — =2 — =3 — =4
S =0.5e0 Aso +Z(Alnen + A2n€n + Asnén +A4nen),

n=1
§xy = 05?22\40 + Z(Rln ?:rl] + ZZn ?i + KSn ?i + Z\4n ?: ),
n=1

= —4— N(— —1 — —2 — —3 — —4

Ex=0.5gOA4O+Z(A1ngn+A2ngn+A3ngn+A4ngn),
n=1

— —4— Sy (— -1 — —2 — =3 — —4

Hx =0.5ho Aso +Z(A1” hn + Aznhn + Asnhn + Aan hn),

n=1

The coefficients ol _ i are given in the Appendix A.
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(36)

@37)

Performing the Fourier series expansion to the Eq. (31) along the boundary, the boundary conditions along the boundary of

the surface are expanded in the form of double Fourier series. When the plate is symmetric about more than one axis, the boundary

conditions in the case of symmetric mode can be written in the form of a matrix as follows:

Ew Ex Ew O Ey L Ey Ey L Ey Ep L
M M M M M M M M M
EJI;IO Elflo El:\;lO O E]l;ll L E;N El%ll L El%lN El:\;ll L
F010 FO% FOS(') O Foll L F01N FO?. L FOZN FO% L
M M M M M M M M M
Flo Fo FRo 0 Fu L Ry R, L Ry Fi L
Gow Gy Gy 0 Gy, L Gy Gy L G Gy L
M M M M M M M M M
Gio Giw G 0 Gy L Gy Gi L Gy G L
HéO H020 H(?O O Hél L HéN H()Zl L HOZN H(?O L
M M M M M M M M M
[Hio Hio Hio 0 Hy L Hy HE L HS Hy L
Where

f)(R,0)cosmado,

£l :(Zenjzl:erj (R, 6)cosmade,
=)

9] (R, 6)cosmade,

|
HI :(2‘%) h! (R, 6)cosmade,

Similarly the matrix for the antisymmetric mode is obtained as

Eon
M
Edw

3
FON

L

A, |

M

A
A
M
A
Ao
M
Aoy
Ay
M

A

(38)

(39)
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Efo Eil L EiN E121 L ElzN Efl L EfN Efl L EfN Kw (40)
M M M M M M M M M || Au
—4 —1 —1 —2 —2 —3 —3 —4 —4 M
ENO ENl L ENN EN]. L ENN ENl L ENN ENl L ENN
—4 —1 —1 —2 —2 —3 —3 —4 —4 Aun
FlO Fll L FlN Fll L FlN Fll L FlN Fll L FlN _
M M M M M M M M M || Az
-4 =1 —1 —2 —2 —3 —3 —a —4 M
Fno Fneo L Fan Fne L Faw Fne L Faw Far L Faw || —
—4 —1 —1 —2 —2 —3 —3 —4 —4 Ao | = 0,
Gow Gu L Gmw Gu L G Gu L Gw Gu L Guw Zs
M M M M M M M M M|
—4 —1 —1 —2 —2 —3 —3 —4 —4 M
GNO GNl L GNN GNl I— GNN GNl I— GNN GNl L GNN K
—4 —1 —1 —2 —2 —3 —3 —4 —a4 N
H1o Hu L Hin Hu L Hin Hu L Hin Hu L Hin M
M M MM M M M M M || A
—4 —1 —1 —2 —2 —3 —3 —4 —4
|Hnvo Hxne L Hw Han L Hw Hw L Hw Hw L Hw || ]
Where
= 2&, \ci .
Em = > en(R,0)sinmado,
T )iz
—j 2€n ! —i .
Fmn = f,(R,0)sinmode,
T )iz
=i 26, \~— .
Gmn = 9,(R,6)sinmado,
T )iz
— 2 - . . 41
H'mn_( g“thé(R,,a)smmede D
T )=
Solid circular plate
The frequency equation for solid circular plate can be written in the form
|A|=0, (42)

where A s the 4x4 matrix with elements 3, (i,j=12,34)are given by
8, =—n(n-1)3, (ar)+(ar)d . (ar)+(1+L)(ar) 3, (ar), 1 =123
a, =n{(n—1)J; (kr)—(kr)J,,, (kr)},
a, =2n{(n-1)J,(ar)—(ar)d,,(ar)}i=123
8, =—2n{n(n—=1) 3, (kr)+(kr)J,,, (kr)}+(kr)* 3, (kr),
Numerical results and discussions
The numerical analysis of the frequency equation is carried out for non-homogeneous transversely isotropic electro-magneto-

elastic plate of elliptic and cardioids cross-section. The electro-magnetic material constants based on graphical result of Aboudi [24]

used for numerical calculations. The material constants are C, =218x10°N/m?, ¢, =120x10°N/m?, Gy =49x10°N/m?,

£, =0.4x10°C/Vm, 1, =—200x10°Ns?/c?and m, =0.0074x10°Ns/VC . Substituting R and the angle y between the

reference axis and the normal to the i—th boundary line, the integrations of the Fourier coefficients ¢! ' g! hi, o' F ai and
n, n' n

~ican be expressed in terms of the angle 8. Using the coefficients into Egs. (39) and (41), the frequencies are obtained for non-

homogeneous transversely isotropic electro-magneto-elastic plates of arbitrary cross-sectional plate.



25496 P. Ponnusamy and A. Amuthalakshmi/ Elixir Appl. Math. 72 (2014) 25487-25500

In the present problem, there are three kinds of basic independent modes of wave propagation have been considered namely
longitudinal and two flexural (symmetric and antisymmetric) modes for geometries having more than one symmetry. For geometries
having only one symmetry, two modes of wave propagation are studied since the two flexural (symmetric and antisymmetric) modes
are coupled in this case.

Longitudinal mode

The geometrical relations for the elliptic cross-section given in Eq. (43) are used directly for the numerical calculations and three
kinds of basic independent modes of wave propagation are studied. In case of longitudinal modes of elliptical cross-section, the cross-
section vibrates along the axis of the plate, so that the vibration and displacements in the cross-section is symmetrical about both
major and minor axis. Hence, the frequency equation is obtained by choosing both terms of Nand Mas 0,2,4,6,... in Eq. (38) for the
numerical calculations. Since the boundary of the cross-sections namely, elliptic and cardioids are irregular in shape, it is difficult to
satisfy the boundary conditions along the curved surface in the range #=0and &= is divided into 15 segments, such that the
distance between any two segments is negligible and the integration is performed for each segment numerically by using the Gauss
five-point formula. The non-dimensional frequencies are computed for 0<Q<1.0using the secant method (applicable for the
complex roots Antia [25]).

Flexural mode

In the case of flexural mode of elliptical cross-section, the vibration and displacements are antisymmetrical about the major axis
and symmetrical about the minor axis. Hence the frequency equations are obtained from Eq. (40) by choosingn,m=1,3,5,.... Two
kinds of flexural (symmetric and antisymmetric) modes are considered. The computed non-dimensional frequencies are presented in
the form of dispersion curves.

The same problem is solved for cardioidal cross-sectional plate using the geometrical relations given in Eq. (44) and (45), which
are functions depending on a parameter S. Since a cardioid is symmetrical about only one axis, the longitudinal and flexural
symmetric modes are carried out by choosing n,m=0,12,3,...in Eqg. (38) and flexural (antisymmetric) modes are obtained by
choosing n,m=12,3,...in Eqg. (40).

Elliptic cross-section

Fig 1. Elliptic cross section
The elliptic cross-section of the plate is shown in Fig. 2, and its geometric relations used for the numerical calculations given

below are taken from Eq. (10) of Nagaya [2] as:
a/b

R /b=— —
(cos O+ (alb) 5|n2¢9)
x ((bra)) Tore <z2,
5T | tang |
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7 for oz
7/| - 2 1 [ 2 )

o (b/a)z for o 7 (43)
Nt |tan ol 2

Where 2is the semi major axis and p is the semi minor axis of the elliptic plate and o =(9i _QH)/Q, R, is the coordinate I at the

boundary, y, is the angle between the normal to the segment and the reference axis at the i — th boundary.

Cardioid cross-section
The cardioid cross-section of the plate is shown in Fig. 3, and its geometrical relations used for the numerical calculations are
given in the Egs. (44) and (45) as follows;

[ ~<h
\ L a /

Fig. 2 Cardioid cross section

2
Ri/a:1+s +2sc0s6, ,
1+s

1 C0SH, +5C0s26, (44)

6 =cos” 77
(1+5° +2scos6, )

Where @ is the radius of the circumscribing circle and

G(6)

_ C0S @, +2sC0s 20,
—sing, —2sin26,’

iz :%’for G()=0,

1 . for G(a 0, (45)
Vi:%—tan (-6(a)), (&)<

3 - forg(e)>o,
7, =%+tan 1(6(9. )) (6)>

Where g = (gi _QH)/Z, is the mean angle of the segment iand R is the coordinate Iat the boundary, y, is the angle between the

normal to the segment and the reference axis at the i—th boundary. The parameter S represents a circle when s=0and represents a
cardioids whens=0.5.
Dispersion curves

The results of longitudinal modes of vibrations are plotted in the form of dispersion curves, the notations Lm denotes longitudinal
mode in all the graphs. The 1 refers the first mode and 2 the second and so on. From the graphs obtained, it can be noticed that the
dispersion for the plates in the fundamental mode is high. But in higher modes, the dispersive curves are almost straight, along the
direction of propagation. Hence it may be concluded it has a non-dispersive behaviors. It is also to be mentioned that the cross over

points in various curves of different modes indicate that for a particular frequency of vibration, the mechanical energy is
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communicative between its directions of wave propagation in the respective mode. A graph is drawn between aspect ratio

a/b =1.5and non-dimensional frequency Q of elliptical cross-section of longitudinal modes of vibration and is shown in Fig. 3. From

Fig. 3, it is observed that the non-dimensional frequency increases as aspect ratio increases. Also it is observed that the non-
dimensional frequency increases as modes of vibration increases. Graphs are drawn between the mode and non-dimensional frequency
Q of longitudinal modes of elliptical and cardioid cross-sectional plate and are shown in Figs. 4 and 5. From Figs. 4 and 5, it is
observed that the non-dimensional frequency increases as modes of vibration increases. Further as the aspect ratio increases the

dimensionless frequency also increases. The cross-over points represent the transfer of energy between the modes of vibration.

——Lml -

Non-dieamensional frequency €2

0 02 04 0.6 0.8 |

Aspectratio ab=] 3
Fig 3. Non-dimensional aspect ratio a/b=1.5 versus dimensionless frequency of elliptical cross-section of longitudinal modes of
vibration
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Fig 4. Mode versus non-dimensional frequency € of elliptical cross-section of longitudinal modes of vibration
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Fig 5. Mode versus non-dimensional frequency Q for longitudinal modes of cardioid cross-sections
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Conclusions

The vibration of non-homogeneous transversely isotropic electro-magneto-elastic plate of arbitrary cross-section is studied using
the Fourier expansion collocation method. The frequency equations are obtained from the arbitrary cross-sectional boundary
conditions, since the boundary is irregular in shape; it is difficult to satisfy the boundary along the surface of the plate directly. Hence,
the Fourier expansion collocation method is applied along the boundary to satisfy the boundary conditions. The roots of the frequency
equations are obtained by using the secant method applicable for complex roots. The computed non-dimensional frequencies are
plotted in the form of dispersion curves and their characteristics are discussed.
Acknowledgement

Dr. P. Ponnusamy is thankful to University Grants Commission, New Delhi, for funding to undertake this research work, Ref. F.
No. 39-46 / 2010 (SR), and the Directorate of Collegiate Education, Tamil Nadu, for the permission rendered towards the same. His
gratitude also extends to Govt. Arts College (Autonomous), Coimbatore-18, for providing with the facilities to take up this work.
References
[1] K. Nagaya, “Method for solving vibration problems of a plate with arbitrary shape”, J. Acoust. Soc. Am, vol. 67 no. 6, pp. 2029-
2033, 1980.
[2] K. Nagaya, “Direct method on the determination of Eigen frequencies of arbitrary shaped plates”, J. Trans. ASME, vol. 105, pp.
132-136, 1983.
[3] K. Nagaya, “Vibration of a thick walled pipe or ring of arbitrary shape in its plate”, J. Applied Mechanics, vol. 50, pp. 757-764,
1983.
[4] X. Wang, and Y. P. Shen, “Inclusion of arbitrary shape in magneto-electro-elastic composite materials”, Int. J. Engg. Sci., vol. 41,
pp. 85-102, 2003.
[51 G. R. Buchanan, “Free vibration of an infinite magneto-electro-elastic cylinder”, J. Sound and Vibration, vol. 268, pp. 413-426,
2003.
[6] A. M. Abd-Alla, S. R. Mahmoud, and N. A. AL-Shehri, “Effect of the rotation on a non-homogeneous infinite cylinder of
orthotropic material”, Applied Mathematics and Computation, vol. 217, no. 22, pp. 8914-8922, 2011.
[7]1 A. M. Abd-Alla, and S. R. Mahmoud, “Effect of the rotation on propagation of thermoelastic waves in a non-homogeneous infinite
cylinder of isotropic material”, Int. J. Mathematical Analysis, vol. 4, no. 42, pp. 2051-2064, 2010.
[8] A. M. Abd-Alla, and S. R. Mahmoud, “Magneto-thermoelastic problem in rotating non-homogeneous orthotropic hollow
cylindrical under the hyperbolic heat conduction model”, Meccanica, vol. 45, no. 4, pp. 451-462, 2010.
[9] J. Y. Chen, and H. L. Chen, “Love wave propagation in magneto-electro-elastic multilayered structures”, Acta Materiae
Compositae Sincia, vol. 23, pp. 181-184, 2006. (Chinese)
[10] J. Y. Chen, E. Pan, and H. L. Chen, “Wave propagation in magneto-electro-elastic multilayered plates”, Int. J. Solid and
Structures, vol. 44, pp. 1073-1085, 2007.
[11] W. Q. Chen, K. Y. Lee, and H. J. Ding, “On free vibration of non-homogeneous transversely isotropic magneto-electro-elastic
plates”, J. Sound and Vibration, vol. 279, pp. 237-251, 2005.
[12] W. Q. Chen, K. Y. Lee, and H. J. Ding, “General solution for transversely isotropic magneto-electro-thermo-elastic and potential
theory method”, Int. J. Engg. Sci., vol. 42, pp. 1361-1379, 2004.
[13] W. Q. Chen, Y. L. Kang, and H. J. Ding, “On free vibration of hon-homogeneous transversely isotropic magneto-electro-elastic
plates”, J. Sound and Vibration, vol. 279, pp. 237-251, 2005.
[14]J. Wei, and X. Y. Su, “Wave propagation and energy transportation along cylindrical piezoelectric piezomagnetic material”, Acla
Scienliarum Naluralium Lniversi LAlis Pekinensis, vol. 42, pp. 310-314, 2006. (Chinese)
[15] P. F. Hou and A. Y. T. Leung, “The transient response of magneto-electro-elastic hollow cylinders”, Smart Material Structure,
vol. 13, pp. 762-776, 2004.



25500 P. Ponnusamy and A. Amuthalakshmi/ Elixir Appl. Math. 72 (2014) 25487-25500

[16] P. F. Hou, H. J. Ding, and A. Y. T. Leung, “The transient responses of a special non-homogeneous axisymmetric plane strain
problem”, J. Sound and Vibration, vol. 291, pp. 19-47, 2006.

[17] E. Pan, “Exact solution for simply supported and multilayered magneto-electro-elastic plates”, J. Applied Mechanics, vol. 68, pp.
608-618, 2011.

[18] E. Pan, and P. R. Heyliger, “Free vibrations of simply supported and multilayered magneto-electro-elastic plates”, J. Sound and
Vibration, vol. 252, pp. 429-442, 2002.

[19] W. Q. Chen, Y. L. Kang, and H. J. Ding, “General solution for transversely isotropic magneto-electro-thermo-elasticity and the
potential theory method”, Int. J. Engg. Sci., vol. 42, pp. 1361-1379, 2004.

[20] P. Ponnusamy, “Wave propagation in a generalized thermo elastic solid cylinder of arbitrary cross-section”, Int. J. Solid and
Struct., vol. 44, pp. 5336-5348, 2007.

[21] P. Ponnusamy, “Dispersion analysis of generalized thermo elastic plate of polygonal cross-sections”, Applied Mathematical
Modelling, vol. 36, pp. 3343-3358, 2012.

[22] P. Ponnusamy, “Wave propagation in a piezoelectric solid bar of circular cross-section immersed in fluid”, Int. J. Pressure
Vessels and Piping, vol. 105-106, pp. 12-18, 2013.

[23] P. Ponnusamy, “Wave propagation in electro-magneto-elastic solid plate of polygonal cross-sections”, vol. 9, no. 1, pp. 23-48,
2012.

[24] J. Aboudi, “Micromechanical analysis of fully coupled electro-magneto-thermo-elastic multiphase composites”, Smart material
and structure, vol. 10, pp. 867-877, 2001.

[25] H. M. Antia, “Numerical Methods for scientists and engineers”, Hindustan Book Agency, New Delhi, 2002.

Appendix A

=[{ﬁ(ﬂ—l)Jﬂ(ar)+(ar).]ﬁ+l(ar)}([+sin2(0—7/i))—{ﬂ(ﬂ+l).}ﬁ(ar)+(ar)\]ﬂ+l(ar)}([+cosz(H—yi)) e =0

+(ar)’ {(1+[)cos2 (6—7,)+Lsin* (8-, )} J, (ar)]cos no—n{(B-1)J,(ar)-(ar)d,.,(ar)}sin2(6-y)sinnd

=0
ey ={n(5-1)J, (kr)—(kr)J,,, (kr)}cos2(6 -y, )cosnd
{ n —gkr)zB\]g(kr)—(kr)JM(kr)}sinaninZ(H—yi),
[ ar)Jﬂ+1(ar)}+((ar)2—ﬁz—nz)Jﬁ(ar)Jcosnasin 2(0-7)
+2n{(B- 1) s(ar)—=(ar)d,, (ar)}sinndcos2(0-y,),
£2=0
f2=0

f =2n{83, (kr)—(kr)J,, (kr)jcosndsin2(0—-y )+

[2{63, (kr) = (kr) 3,5 (k) (k) =67 =n*) 3, (kr) [sinnocos 2(0 - 7,)



