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ABSTRACT

The present study aims at investigating stress and deformation behavior of rotating
thick truncated conical shells subjected to variable internal pressure. Material
prpperties of the shells are graded along the axial direction by Mori-tanaka scheme,
which is achieved by elemental gradation of the properties.Governing equations
are derived using principle of stsionary total potential (PSTP) and shells are
subjected to clamped- clamped boundary conditions. Aluminum-zirconia, metal-
ceramic and ceramic-metal FGM is considered and effects of grading index of
material properties and pressure distribution are analyzed. Distribution of Radial
displacement and circumferential stress in both radial and axial direction is
presented. Further a comparison of behaviors of different FGM shells and
homogeneous shells are made which shows, a significant reduction in stresses and
deformations of FGM shells as compared to homogeneous shell. FGM shell having
value of grading parameter n = 2 is most suitable for the purpose of rotating
conical shells having variable pressure distribution as compared to homogeneous
shell and shell having other values of grading parameter 7.
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1 INTRODUCTION

UNCTIONALLY graded materials (FGMs) are multi phase composite materials that have continuous and

smooth spatial variations of physical and mechanical properties. The gradation of material properties in FGMs is
achieved by continuously varying the volume fractions of the constituents. Functionally graded conical shells are
widely used in space vehicles, aircrafts, nuclear power plants and many other engineering applications. Asemi et al.
[1] have applied Rayleigh—Ritz energy formulation to obtain the elastic behavior of functionally graded thick
truncated cone by finite element method. Civalek [3] developed the discrete singular convolution (DSC) algorithm
for determining the frequencies of the free vibration of laminated conical shells by using a numerical solution of the
governing differential equations of motion based on Love’s first approximation thin shell theory. Civalek et al. [4]
proposed discrete singular convolution (DSC) method for numerical solution of vibration problem based on Love's
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first approximation shell theory considering the effects of initial hoop tension and centrifugal and Coriolis
accelerations due to rotation. Heydarpour et al. [5] employed The generalized coupled thermoelasticity based on the
Lord-Shulman (L-S) theory to study the transient thermoelastic behavior of rotating functionally graded (FQG)
truncated conical shells subjected to thermal shock with different boundary conditions. Hua [6] made a study of the
influences of orthotropic properties and boundary conditions on the free vibrations of a rotating, truncated, circular
orthotropic conical shell considering the effects of the Coriolis and centrifugal accelerations and the initial hoop
tension based on the Love first-approximation theory and Galerkin procedure. Ma et al. [7] presented a free and
forced vibration analysis of coupled conical—cylindrical shells with arbitrary boundary conditions using a modified
Fourier—Ritz method. Malekzadeh et al. [8] studied the dynamic behavior of functionally graded (FG) truncated
conical shells subjected to asymmetric internal ring-shaped moving loads. The material properties are assumed to
have continuous variations in the shell thickness direction and the equations of motion are derived based on the first-
order shear deformation theory (FSDT) using Hamilton’s principle. Nejad et al.[9-11] have performed a semi
analytical approach using first-order shear deformation theory (FSDT), Matched asymptotic method (MAM) and
multilayer method (MLM), for the purpose of elastic analysis of rotating thick truncated conical shells made of
functionally graded materials (FGMs). Qinkai et al.[12] studied the effects of rotation upon frequency characteristics
of rotating truncated conical shell and derived accurate expressions of centrifugal and coriolis accelerations and
initial hoop tension and presented a modified dynamic model for the rotating truncated conical shell. Seidi et al. [13]
presented an improved high-order theory for temperature-dependent buckling analysis of sandwich conical shell
with thin functionally graded (FG) facesheets and homogenous soft core. Sofiyev [15] studied the buckling of
freely-supported functionally graded (FG) truncated and complete conical shells under external pressures in the
framework of the shear deformation theory (SDT). Sofiyev et al. [16] investigated the stability behavior of
functionally graded (FG) truncated conical shell interacting with two-parameter elastic foundations within the shear
deformation theory (SDT) according to the framework of the Donnell's shell theory. Zeighampour et al. [17] have
developed the thin conical shell model by using the modified couple stress theory and derived the equations of
motion with partial differentials and classical and non-classical boundary conditions by using Hamilton’s principle.
Literature review, although points towards the popularity of the area of elastic analysis of FGM shells, however, to
the best of the researcher’s knowledge, no study has been carried out to date on FGM rotating conical shell modelled
by Mori-Tanaka scheme, using elemental gradation of material properties. In the present study, rotating truncated
conical shells, made up of axially varying FGM whose properties vary according to Mori-Tanaka scheme are
analyzed using element based material gradation. The shells are subjected to variable internal pressure having
clamped-clamped boundary condition. Aluminum as a metal and zirconia as ceramic is used and both metal-ceramic
and ceramic-metal FGM shells are analyzed.

2 MATHEMATICAL FORMULATION

In shear deformation theory (SDT), the elements may have rotation, and the shear strain may not be zero means the
straight lines perpendicular to the central axis of the truncated cone may rotate after loading and deformation (Nejad
et al., [9]). Multilayer modeling is adopted for the shell geometry along with principle of stationary total potential
for finite element formulation.

Fig.1 shows the geometric parameters for the modeling of axisymmetric cross section of the truncated conical
shell. L and # are length and thickness and a and b are the inner radius at bottom and top surfaces of the shell. z is
the distance of any point within the cross section from central plane, along the radial direction and x is height from
the bottom edge, along axial direction. R is the distance of the central plane of the cross section, along the radial
direction from the central axis of the shell, which is given by (Nejad et al., [9]):

h
R:a+5—(tanﬂ)x (1)

where £ is half of the tapering angle, given as:

_1fa—-b
f =tan (Tj )
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Young’s modulus and density of the shell are assumed to vary according to the Mori-Tanaka scheme (Bayat et
al., [2]) (Egs. (3)-(9)). The effective bulk modulus and shear modulus of the FGM shell are given by:

3(B, - B,
B(x)=(B,-B,)/V, [1+(1—V0)ﬁJ+Bi 3)
6(x)=(6, -6, )7, [1+(1-r,)1%=%) )6
X)= o i 0 o Gl- +fl i (4)
],

Fig.1
Geometric parameters of the shell.

Radial

Fig.2
Boundary conditions applied.

G, (98, +56,)

Ji= 6(B, +2G,) ®)

Here, V' is the volume fraction of the phase material. The subscripts i and o refer to x = 0 and x = L respectively.
The volume fraction of the inner and outer phases are related by

v, +V, =1 (6)

Vo= (zj (7N

where n (n > 0) is the volume fraction exponent. The elastic modulus E(x) can be found as:

9B(x)G(x)
E(x)ZSB(x)+G(x) ®)
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The mass density p can be given by the rule of mixtures as:
x n
P(X)=(popi)(zj +p, (9)

In FEM, the functional grading is popularly carried out by assigning the average material properties over a given
geometry followed by adhering the geometries thus resulting into layered functional grading of material properties.
The downside of this approach is that it yields singular field variable values at the boundaries of the glued
geometries, means a jump of the values of the material properties can be observed at the element boundaries. To get
better results, instead of assigning average material properties to each element, material properties are varied inside
the element boundaries, using same shape functions used to interpolate the displacement fields [18].

8
# =D4N, (10)
i=l

where ¢° is element material property, ¢ is material property at node i and N; is the Shape function.

Fig. 2 shows the boundary conditions applied on the shells. Variable pressure field at the inner surface is given
by (Nejad et al., [9]):

P(x)=e+(fz—ﬂ)(i] (11)
Axial component P, and radial component P, of P (x ) is given by

P.=Psinf3, P =Pcospf (12)

The rotating shell is modeled as a axisymmetric problem. Using linear quadrilateral element, the displacement
vector {go} can be obtained as (Seshu [14]):

{o}={u v} =[N){s}f (13)

where u and v are the components of displacement in radial and axial direction respectively, [N ] is the matrix of

linear shape functions and {8 } is the nodal displacement vector, given as:

[V]=

N, O N, 0 N, O N, 0
(14)

0O N~ O N, O N, O N,
{5}e={ul Vi Uy, V, Uy Vs, Uy, v4}T (15)

By transforming the global co-ordinates into natural co-ordinates (£ —77), the shape functions are obtained as:

m=(3)a-90-n) (16)

w.=(3ao0-n) (7
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N3=(%j0+§)0+n)
N, =GJ(1_9&)(1+,7)

The strain components are related to elemental displacement components as:

T
A B
or r 0z 0Oz Or

u u o ou v u u v v ou)
S P M e
or r 0z 0Oz oOr or Oz or 0z r

(18)

(19)

(20)

21

where ¢.,&4,&, and y_ are radial, tangential, axial and shear strain respectively. By transforming the global co-

ordinates into natural co-ordinates (£ —17),

{%%@@z}lw]xa_ua_u@gf
o & o @ - 2ee on oE oy r

ou ou v v ul .
{E;g oy o6 on "} =[B;]x{5}

The above elemental strain-displacement relationships can be written as:

tej=[BJ{s}

(22)

(23)

24

where [B] is strain-displacement relationship matrix, which contains derivatives of shape functions. For a linear

quadrilateral element it is calculated as:

[8]=[5,]x[8.][5;]

(1 0 0 0 0
000 0 1
B.|=
[51] 0001 0
01100
[T 0 0 0_
bl Y
LTI TR 0 0
bl
[Bz]= 0 0 Ji J1p 0
Y/
0 0 ETITY 0
bl
L0 0 0 1]
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where J is the Jacobian matrix, used to transform the global co-ordinates into natural co-ordinates. It is given as:

4

4 aN_fri ZaN,.Z_

il
jgzzwvi jgzevvi
g z
i=l on i=l on
[ on, o N oN,
og o¢ og
N, ., N, oN,
on on on
N N
[B;]=] o a_g 0 a; 0
o M N,
on on
Ny N Ny
L 7 r r

N,
o¢

N,

on
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(28)
ON 1
4 0
o¢
ON
0 ; 0
n
o N (29)
o¢
0 ON ,
on
N
4 0
r _

From generalized hooks law, components of stresses in radial, circumferential and axial direction
(0,,04,0, and 7,_ ) are related to components of total strain as:

E =

r

Ei(a,, vo, v

&y ZE(UB —Vvo, —Vo, )

1
g, —E(O'Z —vo, —vo,)

In generalized matrix notation, stress-strain relation can be written as:

{o} =[P (x)]{e}

where D (x ) is stress-strain relationship matrix and is a function of x.

e}

{o}={o, .

O

P = i)

_ (=v)E(x)

(1-v)

(i-v)

(1-v)
(1-v)

(30)
G
(32)
(33)
(34)
) -
0
(35)
0
1-2v
2(1-v) |
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{5}={sr gy &, 7,Z}T (36)

when the shell rotates and is subjected to internal pressure, it experiences a distributed force over its volume and
surface. Under these forces when shell is properly supported (so as to prevent rigid body motion), it undergoes
deformation and stores internal strain energy U, which is given by:

U= % j (eY (o) dv a7

Also the potential of external body and surface force is given by

v ==[{s} {a.}av - [{6} fa. }as

; e (38)
The element level equation can be written as:
e 1 el 7 e
U =VI;{5} (] [P (x)][B]{s}" av (39)
=l VY o Ji - Jlo) VT s o0

The total potential of the element can be written as:

7 = [t T [P (BNt v -Jio}” VT o jav [0} VTt Jas “n

S

Defining element stiffness matrix [K ]e and element load vector {f }e as:

[T = [[8] [D(x)][B] v

v (42)

e el 7 el 7
= Jlo VT g« [l T o s )
Taking axisymmetric element, thickness of the element will be 27(R +z ), therefore:

e T
(KT =27[f[B] [D(x)][B] (R +z)drdz 4

e el T el A
(1 =2x Vj (YT INT {g, } (R +2 )dndz + ! (5¥T [INT {q, }drdz us)
Transforming global co-ordinates into natural co-ordinates
11

(KT =27 [[[8] [D()][B] ® +2)||dzan (46)

—1-1
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Iy =2e (6} T fa )R 4 asin [ {5} Tt Jolasan (47

N
Total potential energy of the shell is given by

T, = 7 (48)

Using the Principle of stationary total potential (PSTP) the total potential is set to be stationary with respect to
small variation in the nodal degree of freedom that is:

L =0 (49)

which gives system level equation for shell as:

[k {6} ={F} (50)
where
N
[K]= Z[K | =Gilobel Stiffness matrix (5D
n=1
N
{F} = Z[/ ]e = Globel load vector (52)
n=1
3 RESULTS

3.1 Validation of the work

To validate the current work, a similar problem of conical Shell, previously analyzed is reconsidered. The shell has
geometric parameters as (Nejad et al., [9]): L =400mm ,h =20mm,a =40mm and b =30mm . Material gradation

is done by power law, and shell has clamped-clamped boundary condition. Circumferential stresses for
®=0,1000and 2000 rad/s are evaluated taking m =n =1 and a comparison with reference is presented in Fig 3.

Both the results are in good agreement.

! ! An$ular \clocily:: 0 rad/s
l
G ! Angular velocity'= 1000 rad/s
: T |
< i Angular-velocity = 2000-rad/s

Normalized circumferential stress

— l—-—"= Pres¢nt work
Ref. :

]
! !
T T

Fig.3
Validation of the work.

0 0.2 0.4 0.6 0.8
Normalized hight

3.2 Numerical results

In this section a conical FGM shell is analyzed. Aluminum as metal and zirconia as ceramic is taken and Ceramic-
metal and Metal-ceramic both the FGM are considered. The Young’s modulus (E), density (p), bulk modulus (B),
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shear modulus (G) and Poisson’s ratio (v) of aluminum and zirconia are given as (Bayat et al., [2]): £, =70GPa,
E., =151GPa,p,, =2700kg / m>, p,,. = 5700kg /m>,B ;; = 58.3333GPa,B,,. = 128.8333GPa,G,, = 26.9231GPa,
G, = 580769GPa,v= 0.3.The shell has geometric parameters as L =400mm,h =20mm,a =40mm and
b =30mm . Shell has clamped-clamped boundary condition and P, and P, are taken as 120 MPa and 40 MPa.

Stress and deformation is presented in non dimensional form. To normalize stress, it is divided by average pressure
and to normalize displacement, it is divided by inner radius a.

- P +P - u

O =

wilQ

where

o = Normalized Stress ,F = Average Pressure,z; = Normalized Displacement

Fig 4. to Fig 7. shows the distributions of normalized radial displacement, radial stress, circumferential stress and
shear stress respectively. All the distributions are along the axial direction and evaluated at 2000 rad/s, for metal-
ceramic FGM shells. Pressure grading and material grading both the parameters are taken as 1 i.e. m =n =1.

It is observed that deformation in radial direction is minimum that is zero, at bottom and top surface, which
confirms the clamped-clamped boundary condition applied to the shell. Deformations are maximum at the inner
layer i.e. at z = -h/2, near the bottom surfae and decreases gradually till the outer layer (z = 4/2), top surface. Radial
stresses are tensile and compressive both in nature. Compressive radial stress is more as compared to tensile radial
stress. Tensile radial stress occurs only in a small zone near top and bottom surface and rest of the intermediate
height zone has compressive radial stress. Circumferential stresses are only tensile. It is maximum at the inner layer,
near the bottom surface, and decreases gradually upto the top surface and outer layer. Shear stress varies only in a
small zone near the top and bottom surface and remains same in all the layers at intermediate heights. It is maximum
at the bottom surface (at x = 0) and inner layer (at z = -4/2).

1 1 I I
: X | o z=hn2
34_____ T L Socusoern maces Y _e—ee—woz=0 - -
= | 1 I |
E i 1| e—e—x z=np2
= L | [ |
23 L. = DN Dz mrgils sovemsie s { R, B o
o ) I | |
S | | | |
= l | i
S W S, SR~ i S | S, B e
CNJ | I I
E | 1 I
= | 1 |
S: 1 Fiff= s s s |- 1L sz 1
Z | 1 [ .
| | | | Fig.4
| 1 I | . . .
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x/L

0.5 4
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Fig.6
Normalized circumferential stress (m =1n =1,00=2000).

Fig.7
Normalized shear stress (m =1,n =1, =2000 ).

It can be seen from Fig 8. and Fig 9. that there is a significant increase in deformation and stress as pressure

gradient index m increases upto

Normalized radial displacement

Normalized circumferential stress

[8)

1.5 and above 1.5 there is a slight increase in deformation and stress.

) 1
H—r—x -
x m=0

S—o—o m=0.5

i T e —— | S, L ——
| e m=1
, : A—ﬂ—A{ m=1.5
S TS, <o Limimim 4o B =2 —
| . .
I I 1
| 1 1
U R W e e ks s S | I T
| I 1
0 I 1
1
e eclious i w e ot i
I I 1
| I I 1
1 1 1 1
1 i 4 i
T T T )
0.2 0.4 0.6 0.8 1

x/L

Fig.8
Normalized radial displacement (# =1,z =—h/2, = 2000).

Fig.9
Normalized circumferential stress (7 =1,z =—h/2,0=2000).
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Fig 10. to Fig 13. shows the distribution of radial displacement and circumferential stress for different material
grading index » in ceramic-metal and metal-ceramic FGM respectively. It can be seen that in ceramic-metal FGM
shell deformation is maximum and stress is minimum for » =0, which is completely metallic shell. Deformation
decreases and stress increases with increasing n. In metal-ceramic shell deformation is maximum and stress is
minimum for n» =0 that is completely ceramic shell, and deformation increases and stress decreases with increasing
n. By comparing both metal-ceramic and ceramic-metal FGM shells (Fig 14. and Fig 15.), it is observed that
complete ceramic shell has lowest deformation and highest stress while complete metallic shell has highest
deformation and lowest stress. Both material are not economical as compared to FGMs. Because ceramic has high
density, therefore complete ceramic shell will be of highest weight and complete metallic shell has very high
deformation. Therefore to optimize weight to strength and deformation to strength ratio according to requirement
(allowable deformation or allowable stress), using FGM, having grading index 2 is more economical than
homogeneous shells.
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4 CONCLUSIONS

In the present study stress and deformation analysis of rotating thick truncated conical shells made up of functionally
graded material is done. Material properties are modeled by Mori-Tanaka scheme, which is achieved by element
based material grading. The shells are subjected to clamped-clamped boundary condition and variable internal
pressure. Shear deformation theory and multilayer modeling is used and the governing equations are modeled using
principle of stationary total potential. The element based grading of material property yields an appropriate approach
of functional grading as the shape functions in the elemental formulations being coordinate functions make it easier
to implement the same. Layered functional grading over discrete area instead of elements, offer singularities in the
field variables at adjoining lines or surfaces. Numerical results are obtained for metal-ceramic and ceramic-metal
FGM of aluminum and zirconia. On the basis of results obtained it can be concluded that deformation and stresses
are more in the inner layer, near the bottom surface and increases with increasing pressure gradient m. Further to

© 2017 IAU, Arak Branch



877

An Investigation of Stress and Deformation States of Rotating ....

optimize weight to strength and deformation to strength ratio according to requirement (allowable deformation or
allowable stress), using FGM having grading index 2 is more suitable than homogeneous shells.
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