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ABSTRACT

In this paper vibration of ferromagnetic rectangular plates which are subjected to an
inclined magnetic field is investigated based on classical plate theory and Maxwell
equations. Levy type solution and Finite element method using Comsol software are
used to obtain the frequency of the plate subjected to different boundary conditions,
good agreements is obtained when computed results are compared with those obtained
by Comsol software, the results have shown that the frequency of the plates increases
with the magnetic field and the effect of magnetic field is similar to the Winkler’s
foundation. © 2017 IAU, Arak Branch.All rights reserved.
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1 INTRODUCTION

N recent years, the increasing use of electromagnetic waves and magnetic fields which are result of electrical

activities in a wide range of industries and sciences such as power plants, air industries branch of aerospace,
medicine, power transmission lines, medical diagnostic devices, measuring instruments ,non-destructive tests etc.,
have made this research study the importance of the effects of magnetic fields on the sheets which are one of the
important components of devices working in presence of magnetic field Electromagnetic theories such as Maxwell’s
law and Continuum Mechanics have been used for this type of evaluation. The result has led to derive the
suggestionof Magnetic traction and Lorentz force on plates, Moon [1], Eringen [2], Liang et al. [3]. Liang wei et al.
[3] omitted have studied Natural frequencies caused by vibrations, suggesting a model for beams in Magnetic fields
and examining Cantilever thin beams. Moon and Pao [4] examined the buckling of thin plates under Magnetic fields.
Young et al. [5] evaluated the buckling and bending of the thin Magnetoelastic plates and compared the results with
the experimentalresults present. Takahisa et al. [6] omitted studied the application of Lorentzforce in evaluating the
floating systems in Magnetic fields for non-ferromagnetic thin plates. Hoffmann and Coworkers [7] have found the
tensor of Maxwell’s tension for Magnetoelastic substance and assessed the classic criteria for failure. Eringen [8]
introduced the theory to evaluate the electromagnetic effects of elastic plates, He has attained the strain relations
associated with these plates. Liang Wei et al. [11] omitted presented both a mathematical model and frequencies
related to a cantilever beam in presence of magnetic filed in practice. Chen et al. [13], Ven [15], Wang et al. [17],
Goudjo and Maugin [18] omitted have studied free vibration of Non-homogeneous transverse isotropic elastic
magneto electric Sheets and also the static & dynamic stability of plates have been studied by other researchers.
Golubeva et al. [20] omitted, have studied the thin isotropic conducting ferromagnetic plate with finite electrical
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conductivity in presence of longitudinal magnetic field. In this article free vibration of ferromagnetic plates in
constant magnetic fields with boundary conditions of Levy type for rectangular plates were evaluated. Natural
frequencies, where extracted by precise calculation of the equations and the results were compared with the results
of Finite element Method.

2 THEORETICAL FORMULATIONS
2.1 Structure

In this article which is based on the classic theory of plates, the governing equation of plate vibration based on
Maxwell’s equations is as follows [2 , 9]:

V-B=0 (1)

VxH =0 (2)

Also the Lorentz force is omitted explained as:

E _ 3

b =B, ;M A3)

In which B, ; is the Intensity of the Magnetic field; H is the density of the Magnetic field; M is the
magnetization vector. The equation of Plate's motion is extracted by implementing the dynamic equilibrium and
Maxwell's relations [11]:

V-o+p(f +i)+FE =0 “4)

In which 4 and G are Lame parameters; ;o is elasticity stress tensor; Stresses of the magnetic field regarding

the intensity of the magnetic field are equal to B as follows:

o-)gc :_MxBx +L(B\’2_1B2)+(MXBX +Msz) (6)
w2
e _ 1 1.,
o =—— BN+ B, +M_B.) )
m

—_— x —

M=2mp
8
Hom ®
M=, H ©)

In which x,, is magnetic susceptibility ; 4, is magnetic permeability and g, vaccum permeability; Regarding
omitted the vector of magnetic field on the plate which creates angle £ with as shown in Fig. 1, we will have:

E=BO cosff—BO sin§l€ (10)

Due to the smaller magnetic strains in comparison with mechanical strains, the magnetic strains can be neglected
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Also due to fixed magnetic fields all over the plate:

FF =0 (11)

1

After writing the equilibrium relations of the plate we will have:
n; (tij)plaze —n; (tij)air =0 (12)
So the magnetic tractions of the plate surface are as follows:

1 o o 1 1
Ly =n; (%(231' B; _BkBkgij N+n;B;M; —n,(—B;B; _2_BkBk5ij)+”iMkBk5ij (13)

m m

In the above equation J; is kronecherdelta, B~ stands for the magnitude of the magnetic field out of the plate or

air and B for the magnitude in the plate; with attention to the plate's motion, the amount of magnetic field on the
surface of the plate is:

B, =Bsin(¢+¢&) (14)
ow
b==" (15)

with respect to the difference of magnetic field in the plate and air, by using the below equation the changes in the
magnetic field will be obtained :

n; (B, )plate —n; (B; )y =0 (16)
B, =B, (17)
B, =B, (I+x,,) (18)

Finally the surface tractions will be declared as follows:

ow .
t,, =B,M, =MXBO(§cos§+sm§) (19)

Because this traction is affecting the upper and lower surface of the plate, the couple of the magnetic field is
calculated as:

m, =M, hBO(gW—xcos§+sincf) (20)

Axial forces and bending moments and shear forces are defined as:

h h
N, :leﬁEGijdz +j72£O'Eijdz , I =xx,yp,Xy (1)
2 2

© 2017 IAU, Arak Branch



S.A. Mohajerani et al. 189
L] k
M, :Izh £ Oy zdz +J.2h GEijZdZ , 0 =XX,yy,Xy (22)
2 2

h
Q(x ) = J._zﬁ G(xz vz )dZ (23)
2

with replacing the upper quantities in the equilibrium equation there will be:

2 2 2 2
M oM, M
OMy (pO My OMy Omy 0w (24)
ox? ox Oy oy’ ox o’
which finally leads to this equation:
2 2
pvihw K4 o O g 25)
ox o’

In which V* is biharmonic operator , D flexural rigidity of plate , p is density , & is plate thickness and K
defined as:

K =m_ hB,cos& (26)
Eq. (25) is a partial differential equation of the fourth order degree and linear whose second term shows the
effect of the magnetic field, it also shows that the magnetic field has created an effect similar to Winkler foundation

as we can see If the magnetic fields zero, Eq. (25) will change to the vibration equation of an ordinary classic plate,
we will solve this equation using the method of separation of variables and the following assumption we will have:

wx,y,t) =W (x,y)T () 27
This assumption will lead to two equations:

1L AT
T(t) dt2 =-o (28)

V4W(x,y)—Fax—2——2W(x,y)=O (29)

which parameters are defined as:

D

2.

B = o (30)
_k

Y, = p_h (31)

2 2

0" pho

PR (32)

! D
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2K
V' =7 (33)

2
O e G4
X

Solving the Eq.(28) will lead to this answer:
T({)=Acosax +B sinax (35)

By using the separation of variables we will have from Eq.(35):

Wx,y)=Xx)Y (v) (36)
Xy v2x "+ xY ) Wi x Y —2%XY =0 (37
Y'0)==pY () . Y )=-p7'() (38)
X'x)=-a’X(x) , X"))=-a’X"(x) (39)

After replacement:

—a’ XY +20° BAXY —X B "+ VXY —24XY =0 (40)
Y’ 200 w22 g4 2 X"

L v +2a°fp +¥Ya" -1 =« % =Const. (41)
X, (x)=Asina,x m=12,.. (42)

Finally the applied boundary conditions for simply supported plate lead to:
Y (y)=C,sindy +C,cosdy +Cysinh &,y +C, cosh S,y (43)

which

44
8, =\, 2 —wa, (44)
45
5 =\~ +1* ¥ “3)

By simplifying for natural frequencies and mode shapes,than there will be:

1
2 2 2 > D 4
Oy =7 |+ 5+ B | = man=12... (46)
a” b T a ph
N . MAX . NIy .
W (X, Y,8)= sin——sin A4,,, cosw,,,t +B,, sinw,,t 47
(x.7.0) 22}: —sin—=( ) (47)
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3 RESULTS AND DISCUSSION

For obtaining the natural frequencies of plates, the ratio of length to width was different and in all the thickness of
1 Cm was fixed . Magnetic field was applied to the plates with different angles of 30-45-60 degree. The silicon steel

plate had characteristics of p =7800 kg 5,E =200Gpa,y =03 and x =1000, 1, = 4rx107 H /m . The natural
m

frequencies of the plate were extracted from the Eq.(46).The ratio of frequency changes of rectangular plate with
different length to width ratio and Levy type boundary conditions, under magnetic field compared to the situation
where the magnetic field is zero, which is shown in Fig. 2 through 8, results have shown that with increasing the
radiation angle of magnetic field, the effect of magnetic field on the natural frequency is decreased. Fig. 9 through
14 are the curves showing that first natural frequency varies with the angle of magnetic field. Fig. 15, shows the
effect of magnetic field exposure angle on the first natural fequency using finite element method and exact solution.
Comparison of two methods with increase of magnetic intensity, shown in Fig. 16, indicates that omitted the results
have no significant difference. Fig. 17through 22 illustrates, how with increasing the magnetic intensity, frequency
ratio, which defined as natural frequency with magnetic field per natural frequency in the absence of magnetic field,
is increased.

According to the results of precise calculation and simulation by using the Finite Element Method by Comsol
software, it is observed that there is not a significant error between the two results, the maximum error is 1.98%. The
results of both methods reveal that magnetic fields increase the natural frequencies of plates, and there is a rise in
natural frequencies as the magnitude of the magnetic field increases. Results show that by changing the angle of the
magnetic field, the natural frequencies will also change so that the effect of the Magnetic field on natural frequencies
will decrease as the angle is increased, which will reach zero at the angle of 90 degree.

Z

Fig.1
The radiation method of the magnetic field to the plate.

frequency (Hz)

Fig.2
The first natural frequency changes in proportion to the
84 ‘ ‘ ‘ ‘ applied magnetic field to the plate with ssss boundary
0.0 0.5 1.0 15 2.0 25

conditions and ratio a/b =1 at different angles.

magnetic field (mT)
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Fig.3

The first natural frequency changes in proportion to the
applied magnetic field to the plate with ssss boundary
conditions and ratio a/b =1.5 at different angles.

Fig.4

The first natural frequency changes in proportion to the
applied magnetic field to the plate with sssf boundary
conditions and ratio a/b =1.5 at different angles.

Fig.5

The first natural frequency changes in proportion to the
applied magnetic field to the plate with ssff boundary
conditions and ratio a/b =1.5 at different angles.

Fig.6

The first natural frequency changes in proportion to the
applied magnetic field to the plate with sscc boundary
conditions and ratio a/b =1.5 at different angles.
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Fig.7

The first natural frequency changes in proportion to the
applied magnetic field to the plate with ssfc boundary
conditions and ratio a/b =1.5 at different angles.

Fig.8

The first natural frequency changes in proportion to the
applied magnetic field to the plate with sscs boundary
conditions and ratio a/b =1.5 at different angles.

Fig.9

The effect of magnetic field exposure angle on the first
natural frequency of the plate with ssss boundary conditions
and ratio a/b =1.5.

Fig.10

The effect of magnetic field exposure angle on the first
natural frequency of the plate with sssf boundary conditions
and ratio a/b =1.5.
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Fig.11

The effect of magnetic field exposure angle on the first
natural frequency of the plate with ssff boundary conditions
and ratio a/b =1.5.

Fig.12

The effect of magnetic field exposure angle on the first
natural frequency of the plate with ssfc boundary conditions
and ratio a/b =1.5.

Fig.13

The effect of magnetic field exposure angle on the first
natural frequency of the plate with sscs boundary conditions
and ratio a/b =1.5.

Fig.14

The effect of magnetic field exposure angle on the first
natural frequency of the plate with sscc boundary conditions
and ratio a/b =1.5.
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Fig.15
The Effect of exposure angle on the natural frequencies of
plate and comparison with finite element method.

Fig.16
The Effect of magnetic field intensity on the natural
frequency of plate and comparison with the finite element
method.

Fig.17

Changes in the frequency ratio of magnetic intensity for
different angles relative to the plate with ssss boundary
conditions and ratio a/b =1.5 by finite element method.

Fig.18

Changes in the frequency ratio of magnetic intensity for
different angles relative to the plate with ssss boundary
conditions and ratio a/b =1.5 by exact method.
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1.00000 Changes in the frequency field of magnetic intensity for
different angles relative to the plate with ssss boundary
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4 CONCLUSIONS

Vibration of rectangular plate subjected to an inclined magnetic field were studied by a closed form solution and
finite element method using Comsol software, the results of the two methods are compatible with each other, The
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results show that the frequency of the plate increases with increasing applied magnetic field and as the inclined
angle increased, the influence of Magnetic field reduces. And the effect of the magnetic field is similar to Winkler
elastic foundation on the vibration of the plate.

REFERENCES

Moon F. C., 1984, Magneto-Solid Mechanics, Wiley New York etc.

Eringen A. C., 1989 ,Theory of electromagnetic elastic plates , International Journal of Engineering Science 27(4):
363-375.

Liang W., Soh Ai K., Hu R., 2007 ,Vibration analysis of a ferromagnetic plate subjected to an inclined magnetic field ,
International Journal of Mechanical Sciences 49(4): 440-446.

Moon F.C., Pao Y.H., 1968, Magnetoelastic buckling of a thin plate, Journal of Applied Mechanics 35(8):53-58.

Yang W., Pan H., Zheng D., Cai Q., 1999, An energy method for analyzing magnetoelastic buckling and bending of
ferromagnetic plates in static magnetic fields, Journal of applied mechanics 66(4): 913-917.

Ohj T ., Shinkai T., Amei K., Sakui M ., 2007, Application of Lorentz force to a magnetic levitation system for a non-
magnetic thin plate , Journal of Materials Processing Technology 181(1-3):40-43.

Hoffmann T., Chudzicka-Adamczak M., 2009, The Maxwell stress tensor for magnetoelastic materials, International
Journal of Engineering Science 47(5): 735-739.

Eringen C., 1989 , Theory of electromagnetic elastic plates, International Journal of Engineering Science 27(4):365-
375.

Griffiths D. J., College R., 1999, Introduction to Electrodynamics, Prentice Hall New Jersey.

Wang X., Sehlee J., 2006, Dynamic stability of ferromagnetic plate under transverse magnetic field and in-plane
periodic compression , International Journal of Mechanical Sciences 48(8): 889-898.

Liang W., Soh Ai K., Hu R., 2007 , Vibration analysis of a ferromagnetic plate subjected to an inclined magnetic field,
International Journal of Mechanical Sciences 49(4): 440-446.

Goudjo C., Maugin G., 1983, On the static and dynamic stability of soft-ferromagnetic elastic plates, Journal de
Meécaniquethéorique et Appliquée 2(6): 947-975.

Chen W., Kang Yong L., Ding H.J., 2005, On free vibration of non-homogeneous transversely isotropic magneto-
electro-elastic plates, Journal of Sound and Vibration 279(1): 237-251.

Yih-Hsing P., Chau-Shioung Y., 1973, A linear theory for soft ferromagnetic elastic solids, International Journal of
Engineering Science 11(4): 415-436.

Ven A., 1978, Magnetoelastic buckling of thin plates in a uniform transverse magnetic field , Journal of Elasticity 8(3):
297-312.

Yuda H., Jing L. , 2009, The magneto-elastic subharmonic resonance of current-conducting thin plate in magnetic filed
, Journal of Sound and Vibration 319(3): 1107-1120.

Wang X., Lee J.S., Zheng X., 2003, Magneto-thermo-elastic instability of ferromagnetic plates in thermal and
magnetic fields , International Journal of Solids and Structures 40(22): 6125-6142.

Goudjo C., Maugin G., 1983, On the static and dynamic stability of soft-ferromagnetic elastic plates, Journal de
Meécaniquethéorique et Appliquée 2(6): 947-975.

Li X.Y., Ding H.J., Chen W.Q., 2008 , Three-dimensional analytical solution for functionally graded magneto—electro-
elastic circular plates subjected to uniform load ,Composite Structures 83(4): 381-390.

Golubeva T. N., Korobkov Y. S., Khromatov V. E., 2013, Influence of a longitudinal magnetic field on the vibration
frequencies of ferromagnetic plates, Russian Electrical Engineering 84(3): 155-159.

© 2017 IAU, Arak Branch


http://www.sciencedirect.com/science/article/pii/S0924013606001385

