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ABSTRACT
This is the first study on the free vibrational behavior of sandwich panels with flexible
core in the presence of smart sheets of oil which is capable of the excitation of
magnetic field. In order to model the core, the improved high order theory of sandwich
sheets was used by a polynomial with unknown coefficients first degree shear theory
was used for the sheets. The derived equations based on Hamilton principle with simple
support boundary condition for upper and lower sheets were solved using Navier
technique. Accuracy and precision of the theory were investigated by comparing the
results of this study with those of analytical and numerical works. In the conclusion
section, effect of the intensity of magnetic field and other physical parameters including
ratio of sheet's length to width, ratio of sheet's length to thickness, ratio of core
thickness to sheet's overall thickness, and ratio of oil layer thickness to sheet's overall
thickness on natural frequency was investigated.
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1 INTRODUCTION

N recent years, magneto-rheological materials (smart oil with a variable behavior with magnetic field) have

played a significant role in the construction of smart structures and materials. A magneto-rheological material is a
type of smart fluid which is composed of micro-magnetic particles with a fluid that is generally oil. When applying a
magnetic field, viscosity of the liquid is fairly increased to form a viscoelastic solid. The surprising point is that,
when the liquid is at its active state, yielding stress of the liquid can be precisely controlled by changing the intensity
of the magnetic field. Jacob Rubino is the discoverer and explorer of the primary studies on these fluids [1].

Fluids with rheological-controlling property, like magneto-rheological property, have numerous applications in
automobile industry, suspension system and structures [4-2].

Sun et al. [5] used oscillation rheometry technique to obtain the relationship of magnetic field and complex shear
module of magneto-rheological materials before yielding stress region. Both theoretically and experimentally, they
studied dynamic properties of a sandwich beam with magneto-rheological core for different values of field intensity.
Yalsintas and Day [6] investigated response of a sandwich beam with magneto-rheological core using energy
method and compared the results with other experimental results. Rajamohan et al. [7] modeled a sandwich beam
with a magneto-rheological core by considering the shearing effects of the sheet restraining the magneto-rheological
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inside the core and also the equivalent shear module. They used finite element analysis for solving the problem and
investigated effects of the intensity of magnetic field on vibrational properties for different boundary conditions and
forced loadings. Also, they estimated the magneto-rheological liquid complex module using the model introduced
by Choy et al. [8] and presented relationships as second degree polynomial which depended on the intensity of
magnetic field. Nayak et al. [9] examined the response of sandwich beam with magneto-rheological core under an
axial load and used Galerkin and Hamilton methods to derive the equations. Also, they could define the instability
region of the sandwich beam for different boundary conditions. Yeh [10] investigated vibrational behavior of a
sandwich plate with magneto-rheological core using finite element analysis. Moreover, they studied the effects of
magnetic field and geometrical parameters. Manorahan et al. [11] investigated the dynamic behavior of a composite
sandwich plate with magneto-rheological core and examined effects of magnetic field, fiber angles, and various
supports and geometrical parameters.

Rao et al. [12] developed an analytical method for calculating natural frequencies in multi-layered composites
and sandwich beams based on higher order theories. Each layer was assumed to have a two dimensional orthotropic
property and be based on plane stress. Hamilton principle was used to derive the equilibrium equations. Kant and
Swamnatan [13] presented a formulation and analytical solution for analyzing the free vibration of composite multi-
layer sandwich sheet based on higher order improved theory. In the presented theory, deformation of the multi-layer
was calculated by considering effects of transversal shear deformation, stress and transversal normal strains, and
non-linear variables for the in-plane displacement. Muniear and Shenwi [14] investigated shear deformation and
effects of damping on dynamic response of sandwich structure-based improved theory. Nayak et al. [15] introduced
a new method based on higher order theory and finite element analysis for calculating natural frequencies in
composite multilayer sheets and also composite sandwich sheets. They studied effects of various parameters
including geometry and material properties on natural frequencies of the structure. Frostig and Thompson [16] used
the improved higher order theory in sandwich panels for the analysis of free vibration of sandwich panels with a
flexible core. Malekzadeh et al. [17] presented the improved higher order theory in sandwich panels based on higher
order theory introduced by Frostig and Thompson [16] to analyze free vibration in sandwich panels. In this theory,
effect of plane forces acting on upper and lower sheets of the sandwich sheet and equivalent damping factor for the
sandwich panel were calculated and damping of the system was studied in the analysis of the vibration. Setkovic and
Vaksanoic [18] presented bending, free vibration, and buckling of the sandwich sheets using layered displacement
model. In the presented model, in-plane and linear variations of displacement components and transversal
displacement were considered to be fixed. Using the assumed displacement, ratio of strain-displacement, single
layered 3D constitutive equations, and motion equations were derived using Hamilton principle. Buckling and
vibration of multilayer composite sheets were investigated by Yaoko et al. [19] using finite element analysis for
different spacing of the fibers. Formulation of location- dependent stiffness matrix was derived using the properties
of non-homogeneous materials.

In this article, for the first time, free vibrational behavior of a sandwich panel with flexible core and composite
sheets with the addition of smart magneto-rheological between the layers was investigated. Frostig second order
theory in the form of a polynomial with unknown coefficients for the displacement of core and first shear
deformation theory for the sheets was used in this analysis. The derived equations were solved based on Hamilton
principle with the assumption of a simple support in upper and lower sheets as boundary conditions using Navier
technique. Accuracy and precision of the results were compared with the analytical and numerical results of other
articles. In the results section, effects of magnetic field and physical parameters like ratio of sheet's length to width,
ratio of sheet's length to thickness, ratio of core thickness to sheet's overall thickness, and ratio of oil thickness to
sheet's overall thickness on the system frequency were also investigated.

2 MATHEMATICAL FORMULATIONS

Studied sandwich panel was assumed to be rectangular with multi-layer composite sheets with layers of magneto-
rheological between the sheets and flexible core. Layers of magneto-rheological and layers of composite sheets
maintaining the oil is denoted by indices 2 and 1, respectively, and indices t and b which represent top and bottom
sheets respectively. Composite sheet denoted by index 3 along with indices t and b is base composite sheets of
sandwich panel connected to the core. Length and width of the panel are "a" and "b", respectively, and coordinate
axis is shown in Fig.1. For the dynamic analysis of the panel, small-scale deformation and elastic analysis were
studied. Sheets and core were completely attached to each other and strain functions were continuous at the
attachment surface of the sheets.
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2.1 Kinematic relations

In this article, first order shear theory was used to model displacement field in sheets:

u; (0,3 2.0 =ug (.0 42,9 (8, )
vi(x’yazat)zv(g(xay:t)—"_ziw;(x’yat) (1)

Wi(xay,Z,f):Wé(xay,t)
i = 1¢,3t,3b,1b

i

In the above relations,u (x,y,¢),v, (x,y,t), and wg (x,y,t) are unknown components of the displacement

of sheets' middle plane at x, y, and z directions, respectively, and ¢! ,(,/)f, are unknown components of rotation of

sheet's transverse part around x and y axes, respectively. Z; is the normal axis directed downward with respect to the

upper and lower sheets.
Displacement field regarding the core for in-plane displacements and normal displacement is in the form of 3™
order polynomial and 2™ order polynomial, respectively [16].

uc (x’y ,Z,t)=”o(X,y ’t)+Zcul(xay 7t)+Zc2u2(x >y J)+Z:”3(xay :t)
VC(X,J’,ZJ)=Vo(xayat)+zc"1(x:y at)+ZCZVz(X,)’J)+ZSV3(x>y ’t) (2)

WC(X,)’,ZJ)=Wo(xayJ)+ZCW1(X,)’J)+ZCZW2(X,J’J)

Coefficients of Z, are unknown and must be determined.

2.2 Compatibility conditions of the displacements

In this article, base sheets were ideally attached to the core. Therefore, all the three displacement components of the
base of upper and lower sheets as well as the core were equal at their intersections. So, displacement compatibility
conditions at the intersection of each sheet with core can be defined as:

e h _hc
2 ) W3t(Z3t :%):Wc(zc = 2 )

h - h
uat(Z&:%):”c(Zc: 26) v3t(Z3t:%):vc(Zc:

—hy, )

2

h. —h,, h, —h h,
Uy (zy, = ):uc(zc:?) vy (zy = 23’):vc(zc: 2) w3b(Z3b:TSh):WC(Zc: 2)

By substituting Relations (1) and (2) in Relation (3), compatibility equations can be written as:
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Using compatibility Eq. (4), the relationship between displacement-dependent parameters of the middle core can
be derived as:

U, :(Z(MSt +u3h)_h3z(/7.it +h1b(pjb _4”0)/hc27 U :(4(”3t _ugb)_z(hst%%t +h1b¢jb _4h0”1)/hc3
v, =0, +v3b)—h3t¢)§’ +h3b(py3.b —dv )/ R, vi=(40]) —vgb)—Z(h3,(pjt +h3b¢)jb —4hy )/ h}

(5)
3t 3b 3t 3b 2
w,=w, -w,)/h, w,=2w, +w; =2w )/ h;
Using Relation (5), unknown values of the problem can be decreased.
2.3 Strains
Strains in upper and lower sheets were obtained using the following equations:
i i i i i
gxx _uO,x +Zikxx kxx - ¢x X
P i i i i
&y Vo, +Zikyy kyy =0y
i i i i i i (6)
j/xy _uo,y +v0,x +Zikxy kxy - q’x,y +¢y,x
i i i i i i
yxz = wx +w 0,x yyz = ¢y +w 0,y
i =1¢,3t,3b,1b
And the relationship regarding the core strain can be written as:
c + + 2, + 3 c + + 2 + 3 ¢ 4 2
Ex _uO,x Zcul,x Zcu2,x Zcu3,x > gyy _VO,y chl,y chz,y ch3,y b & =W ZW,
c 2 3 2 3
Vg SUg, Tz, +Z 0y +ZUs YV FZ Y, 2,z
Yo =u, +2z u, +3z g +w ox TZ W, +zlw - ™

_ 2 2
Vi =V +2z v, +3z v, +w oy FZ W, +Zz W,

2.4 Strain-stress relationship of magneto-rheological layer

In order to model the magneto-rheological layer, the following cases were assumed:
1. It was assumed that a no-slip condition existed between the layers and magneto-rheological layers.
2. Transverse displacement (w) and normal rotational degrees (¢, and ¢, ) were considered to be the equal on

a hypothetical cross-section on the sandwich panel’s sheets.

3t 3

1t _ _t Ir _ _t 3 _ It
O =0 =@, @, =0, =Q,, Wy =@ =¢,
3p

Wb _ b % b PR
(px q)x _(Dx’ ¢)y _qjy _q)y’ WO _q)() _(00
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3. No normal stress existed in magneto-rheological layer.
4. Magnetorheological material was modeled as a linear viscoelastic material in the pre-yield condition.
Components of transverse strain in the core were as follows:

. Ow . Ou,. Oow. Ov,,
2j) J o4 2j (12./): J 4 2j i =t.b
T T Ve > & G ) 8)

According to the geometrical relationships between u v, ,w ,¢! and go" (j=1t,3t,1b,3b) in layers 1 and 3 and

. ) ) ou,, ov,, )
also according to Fig. 2, Relations —= and a—’ can be obtained as:
z zZ
ouy,;, 1 U o hy b, ov,, 1 oy s hy by,
- = -“u ) (——) |, ——=—|v/ Vvi)-o (——— j=tb 9
- hz‘[(uo W)=l (| 6 - (0| ) ©)

By substituting Relations (9) in (8), components of strain in megnetorheological layer can be obtained:

. ow. 1 _ .3 i . ow. 1,3/ J
SJ) = s +u0 D & (h1j+h3j ), 7/)(?) = - +VO Yo B (hli+h3j) (G=t,b) (10)
ox hy, 2h,, oy hy, 2h,,

Finally, the relationship between transverse strains and stresses in megnetorheological layer can be expressed as:
Lt :G275zj97}2:j :Gzy}z’; (J =t.b) an

Xz

where G, is viscoelastic shear modulus related to megnetorheological layer.

Y
;;\}g: \
) Fig.2
yars Compatibility relation of systems.

Since the magneto-rheological material behaved like a viscoelastic material in the pre-yield region, thus shear
modulus was complex and depended on the intensity of the magnetic field. For this, the relation proposed by
Rajamohan et al. [20] for defining the relationship between complex shear modulus of a magneto-rheological fluid
and intensity of the magnetic field was used. Complex shear modulus for a viscoelastic material was as follows [20]:

G =G'+iG" (12)

where G’ and G" are storage and loss modulus, respectively, and described as a polynomial function of magnetic
field, B (in Gauss), for a magneto-rheological material [20]:

G'=-3.3691B* +4.9975x10° B +0.873x10°

13
G"=-09B2+0.8124x10°B +0.1855x10° (2

2.5 Motion equations

Minimum potential energy principle was used to calculate the governing motion equations. Based on this principle:
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t
S[(U-T)dt =0 (14)
g
where U and T are potential and kinetic energies, respectively, & is first order variation operator, and #,-¢; is the

integration interval.
Equations for the first order variation of potential energy were defined as:

U=« I (0l 85l +0! 5sl 47l Sy +Ti Gyl 4 oy )dV,)

i=1,3,3b,1b (15)
i i i i c c c c c c c c c c c c
+ Z (J. (T4 Oy +7,, 07, )AV )+ J. (0. 0¢,, +7,, 0y, +7,,0),, +0,, 06, +0,,08,, +7,,07y,)dV,
i=22b v
1 c

Indices ¢ and » denote upper and lower sheets made of composite material, indices 2¢ and 2b demonstrate
magneto-rheological layer in upper and lower parts of the panel, and index ¢ shows the core. Equations for the first

order variations of kinetic energy were described as:
ab 3 H
pj hjwjé'wj +

J=2t2b ¢

Y i, Oii; +V, OV,
( J dxdy) (16)

or =- Z (I'[Pihi W,

.j .j .j .j
i=lt30,b3b 00 Tyr (732 673z +73:6732)

In the above equations, p is the mass density and 7,,=p,, /., /12 is inertia moment of magnetorheological

layer. Following integrals were regarded as stress results within sheets (layers) and core:

>
=

h;
2
(l,zi)O';,ydzi, {N)i},,M;y}: I (l,zi)'[iydzi
h;
2

t_..\,‘

{N;X,Mix}=j(l,zi>o;xdzf, [V} =

Ty .
2 2
e 3
ol = J.T;zdzi, 0l = J.r;.zdzi (i=1t,3t,1b,3b)
,L, .
2 2
he he he
2 2 2
Ve Mg t= [ azthotde,, (NG M5, = I(LZ:)G;ydzc, (Ve Mg, )= j(l,zc" < dz,
h, h, _h, (17)

I
&
I
\
~|

2 2
he h he
2 2 2
o v )= [ (Lzl)endee {on My = [ (120 )rhdz, {REME)= [ (z0)0%dz,
b, _h, he
2 2
h, h,
J‘C/Z = '[T;zdzj’ j/lz = J‘T;zdzjs ]_2t’2b
Ay Ay
T2 T2
And density integrals in layers and middle core were as follows:
hi’.
2
Il = J'(z;’p,.)dz,. i=c.3.0t3b.0h n=0,12 (18)

) ‘_.*

© 2016 TAU, Arak Branch



18 Free Vibration of Sandwich Panels with Smart Magneto-Rheological....

After all the above mathematical processes and substituting resulting stress, density integrals and also integration
by parts and factoring unknown values of displacement field, motion equations can be developed as:

Suy :
1 1 7L 2t 1z L 1 DU 31 hlr +h3r st
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5u(l)b 196)
1 1 1 h, +h,, . ¢
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2b 2b 2b 2b
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c c c 4 c c c l
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2b 2b 2b 2b
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h, +h 2 1 21, .. .
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+h—41§v1 3 (=20 =R I3 + 205, )+ h3(—13‘v0—ljv1+41§v0)+ hg (—273 + 255 +hy, 8, + 1y )
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N +N& . - 5 — (M5, +M5,, - 2MQUZ):10\;0+11v1+hz(2v0 Y Iy, B — Dy, @ — 4,
4 2 . . A . I (19q)
_h_2[3V +F13' (_2"3, +2V(l)b _h31¢; _hlb(pﬁ _thvl)_h_414 <2Vgt +2V(1Jb +h3,¢7;, _hlbwﬁ _4V0)
8 ¢ 3 b vt b .
_h_515 (_2V0 +2v, _hsp(py _hlb(py _thvl)
ovi:
c c c 4 c c c c s c s I( 3t 16 -b 1
M, M, —0f — e — (M5, M5, =3MG, ) =TV, + 15V, +h2 (200 + 208 + Iy 3l —hy, 3 — A7)
—%Ijv"l+hi31§ (=200 +200 =y, @, —hy, @) — 20V, ) - h4 I (250 + 250 +hy, @, — hy, @) — 4, ) — (19r)

St (25 4 2 Iy, — 8, 2057
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c .
owy :

oL +0° | - 4 —(2M MG, M, )= 15‘w0+11€ (s =) 21, 2 (g iy — 27, )
he he he (19s)

- e (W([; _Wo) 8h[4L (W +W0_2"‘.’.o)

The number of unknown coefficients was 19 which was the sum of displacements of sheets and middle core. 19
unknown values included:

b3 3 1 3b
(“0 SUg SUg SUg 9"0 Vo sVo Vo ’WO’W09¢x7¢x>(py (Py,”o% VoV ,Wo)

2.6 Fundamental equations for force within the sheets

Since each single layer has isotropic properties with respect to the symmetry axis of its own material and according
to Hooks' law, fundamental equations for the sheets can be derived as:
Ni _Ai i Ai i Ai i BiKi BiKi BiKi
xx = An&oxx TA1280y, TA1680xy TOK e TORK ), 56K,
i _ i i i i i i i i i i i i
N, =A 80, +Ang,, T A, +BHK . +BnK,, +BK,,
i g0 i i i i i i i i i i i _
ny = A160xx +A26£0yy +A66£0Xy +BcK +326Kyy +B()6ny i=1t,3t,3b, 1b
i i i i 1 i 1 i i i i i i
M. =B &g +B1280yy tBis€oxy + DKy + DK, + DK, (20)
i _ i i i i i i i i i i i i
M, =By80 +B&yy, +BogEoyy DK + DK, +DyK

i _pi i i i i i i i i i
M, =Bis&oxx +B26€0yy TBecoxy +D16Kxx +D26K ), +DeK

0. _k[A44 ((py +w ! )+A45 (% +w! )], oL _k[A45 (% +w ! )+A55 (¢7)lc +w )}

i i i
where 4,,,, B,,,and D,

, are tensile, coupling, and bending stiffness matrices with 3x3 size, the elements of
which are obtained by the following relations:

h;
2
(4! B D! )= j(an)k (1,z,,2))dz,, (m, n=1,2,6), i=1t3t1b,3b D
k =l I
)

N is number of single-layered sheets and (é o ) is stiffness of single-layered sheets.

2.7 Fundamental equations for force within the core

In isotropic cores, similar to foam with flexible properties, elasticity modulus, E¢ and shear modulus, G° are
constant value and relations between stresses and strains are defined as:

o, =E‘, 1, =G,
o, =E‘e, 1. =Gy, (22)
o, =E‘, 7, =Gy,
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By substituting relations regarding strains in core (7) in Eq. (22) and considering Relations (5) and (17),

equations relating to resultant stresses can be described as:

N):x = EC {thOX ( j[z(u +u0\f) (h3b¢)x X _hSt(D)tr,x )_4u0,x ]}

N¢ = {hcv()x [ )[2@ - (h3b¢7”—h3,go;’y)}}

][zw g, )=y @l —hy @)+ 2000+ )= <h3,,<ow—h3,cei,x)]}

c c h:
lex :E { h ul X (8_] 4(” +u0 X ) 2(}13/)(0)( X +h31 (DY X )]}

Z(u +u0x ) (th ¢r X _h31 (/’; X ):|}

[4(u0)r +u0x) 2(h3b¢xx +h3t(oxx):|}
| h} b h’ ,
= {Eul,y [8 j[4(“ +“oy) 2(hy, ¢! o Hhy 9., v )] 30V1 [8()}[4(" +Vo 0= 2(h3b(0 +hy @, ):l}

¢ 1 h 3 h; t t
:G {%h:uo,y [8 j[Z(u +u01) (h3h¢x Y _h3t¢x,y )] hcv()\' (8()][2(‘}3br +v§,x)_(h3b¢}b7,x _h31 (py‘x )]}

oK h % h
=G {%”” [448][4(% +ug, ) =2y 0!, +hyl ) ]+ 280 [448][4(v0¥—v0¥) 2(h3b(pu+h3t(p}x)J}

h 11
My, =G* { hw, +( j[z(uo 1y )= (hy, ¢! +h31¢x)_4u0:|}
¢ ) 3k ' ; h h
MQsz =G {8_6][4(“3}7 +“3 )_2(h3b¢f +hy, 0, )] 6h u +[8 j{z(wox - OX)_BWOY:H

c c hL‘ ! 2 h3
MQ]» =G {[?][(ng +v3’)—(h3b¢’f- +h3t¢)y ):|_§heh3hv0 IZWU}
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c c 3h3 b ! h3 c
Mg, =G {[ % ][4@3’ ) =2k 0 +hy ) [+ 0 } (23m)
n’ W’
My, =Ec{$v” [%}[40}% —vo)) 2(h3h(p +h3tgo;,y)]} (23n)
n’ N
c c c 3b
M3, =E {5"0,}' [8 j[Z(v +vm)+(h3b(0 +h3t¢j,$),)}} (230)
h4 f 3h65 c
31} _E {[6 j|:4(v0\ +V0;) (h3b¢)1\ h3f¢y,y):|_160vl,y} (23p)
:Ebhczwl (23Q)
h3
M:=E* {(?BJ[(WS +W6—2WS)]} (231)
[ 3
Q;’Z:GC{(ugh—ug‘)—2(h3b¢f+h3r(g:) 4uh +w0YhC+ (2w" +2wy, atwo’x)}} (23s)
, I 3
0 =GC{<v3" )2+ =+, 2 <2w3,y+2w;,y—m>ﬂ (23

3 DYNAMIC RESPONSES DUE TO FREE VIBRATION OF PANEL WITH SIMPLE SUPPORT

Boundary conditions for each of the 4 edges of sandwich panel were considered as simple support. The following
relations, called Navier response, met the boundary conditions. Constant coefficients present in these series can be
obtained by equilibrium equations:

]

o ©
i X mmwy ; i . h7mx mnry ;s
ij c c ot ij e of
{uﬂ ’uﬂ’ } ZZ{ mn ’u()mn ’ulmn }COS_Sln > {VO ’Vﬂ’vl } ZZ{ mn ’vﬂmn ’vlmn }Sln €os
n=lm=1 a n=lm=l1
© 0 o ®
C L NAX L MY e A m;zy Jot 24
prgavi}= 23wt Jsin T sin e gl =Y ), feos ™ sin e, (24)
n=lm=l a n=lm=1 a
o o
j mry i . ;
J L — o — —
{0/} =2 D0l fsin ™= cos e (i =13 j =tb)
n=lm=1 a b

By substituting Relation (24) in motion equations in (19) and considering Relations (20) and (23) and their
simplification, equation of motion can be simplified as:

(MP#WMM#W

31‘ 3b 1t b 3t 3b t b 3 b t b c c c c c T
{A} {umn W sWmn sWmn sV mn Y mn >V mn>Y mn >W mn W mn > Pemn > Pxmn » goymn s (Dymn SU0mn % imn Y 0mn >V 1mn >W 0mn }

ATs constant vector of mode shape, K is stiffness matrix, M is mass matrix, and w is frequency of the panel.
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4 VALIDATIONS OF RESULTS

Since no similar equation exists in other articles in order to validate the derived equations in this study, therefore by
omitting terms for the properties of layer of smart oil, natural frequency of the panel was compared with the results
of other studies.

4.1 Validation of results for free vibration of sandwich panel with foam core

The case study of this article was a sandwich panel with simple support which had composite sheets made of glass
fibers in polyester substrate and a core made of PVC foam called HEREX C70.130. Properties of composite sheets
and PVC foam are presented in Table 1. [21].

Table 1
Material parameters of the sandwich plate.
Core E,=E,=E,=0.10363 GPa, G, =G,;=G,, =0.05GPa, v=0.036, 0=130Kg/m’

Face sheets  E =2451GPa,E,=E,=7.77GPa, G, =G, =334GPa, G,,=134GPa, v, =0,,=0078, v, =049, p =1800kg/m’

In order to determine validity of the model, a layer of MR was placed between the base and support composite
sheets. Also, sheet layers were considered 7y, y, =1mm, hy, 5, = 0,h;, 3, =3mm and properties of MR layer
(density and shear modulus) were assumed to be zero. Four dimensionless frequencies @ = wa’(p, /E. )2 / h[21]
for a square sandwich panel with dimensionless ratios of /#/a=0.1 and %, /h =0.88 are presented in Table 2. and

then compared with the results in [15, 21, and 22]. The sandwich panel was composed of 7 layers with
(0/90/0/core /0/90/0) arrangement.

Table 2
Comparison of non-dimensional frequencies @ of (0/90/0/core /0/90/0) sandwich plate with #/a=0.1 and %,/h =0.88.
Mode Numbers Present [15] [21] [22]
(1,1) 14.64 15.34 14.27 15.28
(1,2) 26.38 30.18 26.31 28.69
2,1) 27.22 31.96 27.04 30.01
(2,2 35.02 40.94 34.95 38.86

According to Table 2. , results obtained from the present method were in good agreement with the results of
Rahmani et al. [21]. Little difference between the results for dimensionless frequency in the present method and the
work by Rahamni et al. [21] could be due to different selections of displacement field for the core. In the present
method, displacement field was considered as a polynomial with unknown coefficients based on Frostig's second
model. However, in [21], displacement field for the core was obtained based on Frostig's first model assuming
uniformity in shear stresses in thickness direction and using elasticity relations.

Analytical results obtained from finite element method based on Redi's higher order theory by Nayak et al. [15]
are presented in Table 2. Results of the present article had maximum difference of 14% with those in [15], which
was due to considering an extra degree of freedom related to core flexibility in thickness direction.

Analytical method adopted by Muniear et al. [22] was based on higher order shear theory (HSDT) and the
assumption of equivalent single layer (ESL). According to the above results, frequency values of the current study
were less than those of [22] and this difference increased in higher modes.

In order to study the effects of MR layer on natural frequency of the panel, properties of oil layer with thickness

of 1 mm in Eq.(12) were considered as: density p,,, =3500kg /m> and magnetic field intensity B =150Gauss .
Arrangement of layers were considered as (0/90/MR /0/core/0/ MR /90/0)and hsy, 5, =2,hy, 3, =1mm .

Comparison of results in this case and previous case is presented in Table 3.
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Table 3
Effect of MR layer on the frequency sandwich plate.
Mode Number (0/90/0/core/0/90/0) (0/90/ MR /0/core/0/ MR /90/0)
(L, 14.64 20.54
(1,2) 26.38 13.72
2,1) 27.22 33.22
(2,2) 35.02 2331

25

According to Table 3., addition of MR oil layer between composite layer increased stiffness of the sheet and, by
applying magnetic field with the intensity of 150 Gauss, frequency values increased in (1,1) and (2,1) modes, while

frequency values decreased in (1,2) and (2,2).

4.2 Mode shapes of sandwich panel with MR layer and foam core

Dimensionless displacement mode of the core (w / maxw ), a square sandwich panel, with dimensionless ratios

ofhfa=0.1, h,/h=0.88 are shown in Fig. 3. Density and intensity of magnetic field for MR oil layer with the

thickness of 1 mm were p,, =3500kg /m> and B=150Gauss, respectively. Arrangement of layers was

considered as: (0/90/ MR /0/core/0/ MR /90/0) and hy, 3, =2,hy, y, =1mm .

4.3 Effect of magnetic field intensity on dimensionless frequencies of sandwich panel with MR layer and foam core

In order to study effects of magnetic field intensity on dimensionless frequency, a square sandwich panel with a
simple support, dimensionless ratios of //a=0.1 and A./h =0.88, and sheet and core properties similar to case 2

were considered. Then, by increasing intensity of the applied magnetic field on MR oil layer, values of

dimensionless frequencies, = wa’(p, /E,)"* / h, were obtained [21].
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Fig.3
First four free vibration mode shapes of a sandwich plate (0/90/ MR /0/core /0/ MR /90/0).
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According to Fig. 4, when MR layer was not under a magnetic field (B=0 Gauss), magnitude of dimensionless
frequency, a)*l’1 was the least value; as magnetic field was applied, this frequency increased to reach its maximum

value a)*L1 =23.39. Then, by increasing intensity of magnetic field, a)*l)1 decreased with a slight slope; when
intensity of magnetic field was in the range of 400 to 1000 Gauss, a)*L1 remained almost constant (@, =18.5). By
further increase of intensity, @, , had another increase to reach @’,, =20.42 and then started to decrease.

Behavior of dimensionless frequencies w*ZJ,6()*1’2,(0*1‘1 was similar to that of a)*L1 with the exception that, in

diagram of a)*l’l , by applying magnetic field, there would be an increase in frequency, while in Cz)*z’l,C()*Lz,a)*L1 , in

the presence of magnetic field, first there would be a slight decrease in frequency and then it started to increase.

Also, the amount of variation of dimensionless frequency due to increased intensity of magnetic field in modes (1,
2) and (2, 2) was more extreme than other modes.

Furthermore, at a closer look, it is noted that base frequency of the system did not necessarily occur in mode

(1,1) and, in specific value of magnetic field intensity, dimensionless frequency of modes (1,2) and (2,2) was less
than other modes.

4.4 Effect of increase in a/b ratio on dimensionless frequencies of sandwich panel with MR layer and foam core

In order to study effect of variations of aspect ratio, a/b, on dimensionless frequency, the sandwich panel with
simple support and dimensionless ratios of //a=0.1and %, /h =0.88 sheet and core properties similar to those in

case 2 was considered. Natural frequencies of the panel were non-dimensionalzed by Equation

* . . * * * * . . .
o =ab*(p,/E,)"? [k [21] and variations of @,,0,,,0,, and ®,,, due to increase in aspect ratio, was

investigated. In order to compare behavior of different vibrational modes, variations of dimensionless frequencies,
* * * * . . . . .
w,,,0,,,0,, and o ,,, due to increase in a/b ratio at B=0,100 Gauss are presented in Fig. 5.

Mode (1,1), B=0 Gauss
=-==-= Mode (1,2), B=0 Gauss
----- Mode (2,1), B=0 Gauss
e Mode (2,2), B=0 Gauss
—©— Mode (1,1), B=100 Gauss |
=+-@-- Mode (1,2), B=100 Gauss
--@-- Mode (2,1), B=100 Gauss
Mode (2,2), B=100 Gauss

o Fig.5

s . . . . . . . . Dimensionless frequencies changes with increasing a/b.
1 2 3 4 5 6 7 8 9 10

alb

According to this figure, when intensity of magnetic field was zero, dimensionless frequency 0)*1,1 slightly

increased by increasing a/b ratio (24%) and then became constant. By increasing a/b ratio, dimensionless
frequencies in other modes first decreased and then took a constant value. At a/b=1, dimensionless frequency a)*L1

had almost the same value as a)*z’z , while by increasing a/b ratio, it took a constant value near a)*l’l frequency. Also,
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variation diagrams of a)*l)z,a)*zy2 due to increase in a/b ratio were similar to each other and they finally took the
same constant value.

Furthermore, according to Fig. 5, when intensity of magnetic field was 100 Gauss, by increasing a/b ratio,
dimensionless frequencies a)*z,l,a)*l’z,a)*l,1 and a)*z’2 decreased and then became constant in spite of the increase in

a/b ratio. The important point is that values of frequencies a)*u,co*z,1 tended to take the same constant value by

. . . . . . * * . .
increasing a/b ratio; this point was also true for frequencies @,,,w ,, with the exception that values of
dimensionless frequencies were lower in this case.
. . . . . . . * o
Then, in order to study better the effect of increase in aspect ratio on dimensionless frequency, diagram of @ is

presented in Fig. 6 for constant values of magnetic field intensity for each case.
According to Fig. 6, except for the case when magnetic field intensity was zero, as the sheet became thinner,

a)*h1 decreased; then, at a/b=4 and more, a)*L1 did not increase anymore. At ratios of more than 4 (a/b>4), a)*l’l had
its maximum value for B=100 Gauss, while its minimum value occurred at B=500 Gauss. At all frequencies except
a)*h1 , by increasing thinning ratio and when intensity was zero, frequency decreased. In other words, in the first

mode, effect of applying magnetic field on natural frequency of mode (1,1) was more than other modes and this
point is clearly demonstrated in Fig. 6.

At higher aspect ratios, dimensionless frequencies 50*1,2,60*2,2 at B=500 Gauss took higher values, while

dimensionless frequencies @ |,,®",, had higher values at B=100 Gauss for all aspect ratios.
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The effect of increasing a / b for B =0,100,500.

4.5 Effect of h, [h on frequency of sandwich panel with MR layer and foam core

In this section, natural frequency of the first 4 modes of sandwich panel shown in Fig. 7 is obtained for the case
when core thickness ratio (4, /h) is increased. It was assumed that magnetic field intensity was 200 Gauss.

According to Fig. 7, for all %, /h ratios, @, was the base frequency. By increasing 4, /h , natural frequency

decreased in all four vibrational modes; however, decrease in ®,, and @, , was less than thatin w,, and o, ,.
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4.6 Effect of a/h ratio on natural frequency of sandwich panel with MR layer and foam core

In this section, in addition to thinning the sheet by increasing a/h, dimensionless frequencies @ = a)h,f p.|E, are
obtained for the constant values of magnetic field intensity. For B=0 and 500 Gauss, dimensionless natural
frequencies ®,,,®,,,,, and ,, were obtained for the case when a/h increased.

According to Fig. 8, by increasing a/h ratio, which was in fact thinning of the sheet, stiffness of the panel
decreased and all modes of dimensionless frequencies decreased. In Fig. 9, behavior of dimensionless frequencies of
the first 4 modes was studied at B=0, 200, and 500 Gauss for the increased a/h ratio.

According to Fig. 9, for all vibrational modes, by increasing a/h ratio, frequency decreased and the important
point was that, at ratios of more than 50 (a/h>50), frequencies did not vary with the variation of magnetic field
intensity.

2500
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Dimensionless frequencies changes with increasing a/h for B=0, 500.
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Dimensionless frequencies changes with increasing a/h for B=0, 200, 500.

© 2016 TAU, Arak Branch



G. Payganeh et al. 29

4.7 Effect of MR layer thickness on natural frequency of sandwich panel with MR layer and foam core

In this section, by decreasing the ratio of oil thickness to panel overall thickness ( 24,,, /& ), behavior of natural

frequency is investigated. The square of sandwich panel with simple support similar to the previous cases was
considered. Also, behavior of its natural frequencies ®,,®,,,® and ®,, was studied for constant values of

magnetic field intensity, as given in Fig. 10.

According to Fig. 10, by decreasing M layer thickness, natural frequencies for all 4 vibrational modes decreased.
When magnetic field intensity was zero, natural frequency @, took its minimum value and thus considered as the
base frequency of the system. Also, for 2h,, /h>0.045 and B=500Gauss, mode (1, 2) was dominant and

frequency @, , was at the base level.

600 T T T T T T

—e— (1,1)
—8— (1,2) |

B=500 Gauss

8,04 040r45 0465 0.655 0,r06 0,665 0"[)7 0.075 0.04 04(;45 0.65 04(;55 0.66 04[;65 0.67 0.075
2hy/h 2hy/h

Fig.10

Natural frequencies changes with increasing 2h,,, /h for B=0, 500.

5 CONCLUSIONS

In this article, free vibrational behavior of a sandwich panel with flexible core and composite sheets in the presence
of magnetorheological smart oil between the layers was investigated. Frostig's second order theory in the form of a
polynomial with unknown coefficients was adopted for defining displacement of core and layers; first order shear
theory was also used for displacement in layers.

Effects of ratio of sheet's length to its width, ratio of length to thickness, ratio of core thickness to overall
thickness, and ratio of thickness of oil layer to overall thickness on the system frequency were also studied. Some of
the major results of this study are as follows:

1. Addition of MR layer increased frequency of the first and third modes and decreases frequency of the
second and fourth modes.

2. By applying magnetic field, base frequency did not necessarily occur in the first mode.

3. By increasing a/b ratio, dimensionless frequency increased for the first mode and decreased for the
remaining modes.
By increasing &, /h , frequency decreased for all the four modes.

5. By increasing a/h ratio, stiffness of the panel decreased and frequency of the first 4 modes decreased. For

ratios of higher than 50 (a/h>50), frequency value did not change due to the variation of magnetic field.
6. By decreasing thickness of MR layer, frequency of all 4 modes increased.
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