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6. Lord-Shulman theory
7. Bezier curves
8. Non-uniform spline curves
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2. Differential quadrature method (DQM)

3. State space approach

4. Peano series solution

5. First-order shear deformation theory (FSDT)
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1. Introduction

Functionally graded materials (FGMs) are inhomogeneous materials with continues variation of the
constituents, usually metal and ceramic, in a given direction that are commonly useful in thermal environment
(Malekzadeh and Safaeian, 2013, 2016). Rotating FGM conical shells are widely used as structural components
in different engineering fields such as aeronautics, nuclear engineering, etc. Therefore, exact thermo-elastic
analysis of these structures is crucial. In the present study, thermo-elastic analysis of rotating FGM truncated
conical shells with temperature dependent material properties and subjected to convection heat transfer
effects between the internal hot fluid and the shell inner surface is investigated based on the elasticity theory.

2. Methodology
2.1. The shell thermo-elastic equilibrium equations

Consider the rotating FGM conical shell (Fig. 1) with inner radius R;(z), outer radius R,(z), thickness h, and
the length L, which rotates with angular velocity of Q. The displacement components of an arbitrary material
points of the shell are denoted by (u, v, w) in the polar coordinate system (7, 0, z), respectively.

(b)

Physical domain Computational domain

Fig. 1. The: (a) Geometry of rotating FGM conical shell, (b) Transformation of physical domain into computational domain

Based on the power low distribution, a typical material property ‘P’ of the shell can be expressed as:
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P(r,z,T) = P.(T) + [P, (T) — P.(T)] X (/h.cos B)?; where, P(T) = Py Y3__, P,T! (D

In Eq. (1), the subscripts m and c, respectively, refer to the metal and ceramic constituents; p(= 0) is the
material graded index; P; {i = —1,0,1,2,3} are unique for the constituent materials (Safaeian et al., 2017); and
T = T(r) denotes temperature (in Kelvin). In the absence of the heat generation source within the shell, the
temperature distribution can be obtained by solving the following tow-dimensional heat transfer equation:

Thermal boundary conditions: Temperature distribution:
At r = R;(2): k(g—:cos[3+2—:sin[s’)=—EC(T00—T0), li(r 0_T>+i< 6_T>_0' @)
Atr=R,(2): T=T, ror dr/) 0z\ 0z ’

where k = k(r,T) is the thermal conductivity; T, is the shell inside fluid temperature; and I~1C is the convection
heat transfer coefficient of the fluid. Using the virtual work principle, the stress-strain and the shell equilibrium
equations based on the linear elasticity theory can be written as (Safaeian et al., 2017):

Opr Cii Ci, GCi3 O du/or — aAT 00, 00, O — Ogg 5
Q=0
%0 ( _|Cz Cpz Cos O u/r—aldT | o T, T +pr -
Ozz Ciz Cp3 C33 O ow/0z — aAT [’ 00y, 00,  Op
Orz 0 0 0 Cssl\ou/oz+owsor 5 T, T 70

2.2. Solution procedure

The differential quadrature method (DQM) is used to discretize the shell governing equations. According to
DQM, the derivatives of a function are simply approximated as a weighted sum of its values at a given sampling
points (Safaeian et al., 2017; Malekzadeh and Safaeian, 2013, 2016). Since the computational domain of DQM
is a rectangular one, the linear geometric transformation (Eq. 4) is employed to transform the skewed cross
section of the conical shell (physical domain) to rectangular computational domain of DQM (Fig. 1(b)).

r=Ry +{—n(sinp),  z=n/(cosp) (4)

After using the DQM together with the transformation rule (Eq. 4) to discretize the shell thermo-elastic
equations, one obtain a system of equations in matrix form which can be written as:

[SKI{d} = {F}; where,d = {[u] [w]}" (5)

3. Results and discussion

In numerical calculations, Biot number (Bio =h X Ec/kc) is used as suitable non-dimensional parameter
for convective thermal boundary condition (Malekzadeh and Safaeian, 2013; Safaeian et al.,, 2017).

3.1. Effect of the temperature field

As a first example, the effect of temperature field on the non-dimensional radial displacement (U), radial
stress (3,+), and also the shear stress (},,) components of rotating FGM conical shell are investigated in Fig.
(2). According to this figure, increasing the shell inside fluid temperature and/or Biot number significantly
affects the response components of the FGM conical shell.

0.35 p—— éio:O 0.00 L L " 0.18
—l— Bio=1 (@) (b)
0.25 1 —@— Bio=2 [
—— Bio=5 -0.06 1 i 0121
o] —— Bio=10 [ 5 —A— Bio=0 o
> —— Bio=100 " —— Bio=1
1 <0124 —@— Bio=2 - 0.06 -
0.05 —— Bio=5
[ —k— Bio=10
ots —%— Bio=100 0.00 bttt
70.05300 4(’)0 5(')0 6(;0 71'30 8(;0 9[')0 10’00 1100 h 300 460 560 6;)0 7;)0 8;)0 960 10'00 1100 300 400, s00 oho 70 S0 %00 1000 100
T (K) T(K) TAK)

Fig. 2. Effect of temperature field on the non-dimensional response components of the clamped-clamped rotating FGM
conical shell [ = 45°,h/R,,, = 0.1,Q = 100(Rad/s)]: (a) Radial displacement, (b) Radial stress, (c) Shear stress
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3.2. Effect of annular velocity

In Fig. 3, variations of the system response components against the shell semi-vertex angle (8) and for 5
different values of annular velocity (Q) are presented. The influence of 8 on the results is quite obvious. The
stress components are increased by increasing ), whereas the radial displacement is reduced by increasing Q.
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Fig. 3. Effect of annular velocity (©) and vertex angle (8) on the non-dimensional response components of the clamped-

simply supported FGM conical shell [h/R,, = 0.4, Bio = 150]: (a) Radial displacement, (b) Radial stress, (c) Shear stress

3.3. Effect of temperature dependence of FG material properties

The effect of temperature dependence of FG material properties (Eq. 1) on the response components of
rotating FGM conical shell are depicted in Fig. 4. As can be seen, response components of the shell are greatly
overestimated when the temperature dependence of FGM properties is not taken into account.

10 . . . . . . 010 . . . . 08 . . . .
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Fig. 4. Effect of temperature dependence of FG material properties on the response components of rotating FGM conical
shell [ = 25° h/R,, = 0.2,Bio = 10,Q = 200(Rad/s)]: (a) Radial displacement, (b) Radial stress, (c) Shear stress

4. Conclusions

In the present study, the temperature-dependent DQ thermo-elastic analysis of the rotating FGM truncated
conical shells subjected to convective heat transfer effect is investigated. A mapping technique is used to
transform skewed sectional area of the shell into computational domain of DQM. The influence of temperature
rise, convection heat transfer coefficient, annular velocity, and temperature-dependence of FGM properties on
the response components of the shell are carried out. Results show that increasing the temperature rise and/or
convection heat transfer coefficient of the fluid causes increasing the response components of the shell. The
observations imply that neglecting the temperature dependence of FGM properties may lead to extremely over-
estimated and highly conservative results for rotating conical shells. All the displacement and stress
components (except for shear stress) increased by increasing the vertex angle of the shell. Besides, increasing
the annular velocity leads to decreasing/increasing the displacement/stress components of the shell.
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