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In this paper, an exact analytical solution for thermoelastic analysis of a rotating drum under internal
and external loadings for both homogeneous and FGM materials has been presented. Except for the
Poisson’s ratio, which is assumed to be constant along drum’s radial direction, for FGM state supposed
that mechanical properties are varying exponentially. Distribution of thermal function is considered as
an arbitrary function of radius. To apply drum’s thermal distribution, the heat transfer function in
steady-state conditions has been used. After calculating the displacement and stresses, the effect of
various parameters which affect stresses and displacements, including rotating speed, types of loading
carrying on internal and external surfaces, thickness, and type of material (non-homogeneous constants)
have been investigated. Also, the equivalent stress was obtained using Von Mises criteria. The results
show that changing the values of noted affecting parameters has significant affection on stresses and
displacements reduction and changing type of radial loadings, rotating speed, thickness and choosing
FGM material with appropriate FG coefficients instead of homogeneous state can lead to design a drum
with lower stresses and consequently higher safety factor.

Extended Abstract

1. Introduction

n recent years, with the increasing growth of various industries, the development of advanced industrial structures has
been widely increased in many industries such as aerospace, turbines, reactors, and other rotary machines. One of the
most applicable rotating structures in this type is rotating drum in air turbine engines, which is very important due to the

thermo-mechanical loads applied on it. The drum is a rotary structure that in recent years has been widely used in various
sectors such as aerospace industries and nuclear facilities and has a very similar geometry to a thick-walled circular cylinder.
This structure is under thermo-mechanical loads. Analysis of rotating drum stresses and investigating effective parameters
including loadings at inner and outer radius, rotating speed, and using advanced materials like FGMs instead of homogenous
materials is very important in the design of air turbine engine drums. A bunch of useful materials are FGM materials with a
non-homogeneous coefficient which is suitable for redesigning a drum with lower stresses and higher safety factor. FGM
materials are special types of composites and their properties can change steady and slowly in one or more arbitrary
directions. These materials have high mechanical strength at high temperatures against applied loads, which makes them an
appropriate selection in the above activity.

In 2013, the elastic analysis of the FGM thick-walled cylindrical pressure vessels was analytically investigated [10]. In
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2015, thermoelastic analysis of a hollow circular cylinder for an FGM material with arbitrary properties distribution was
studied [16]. In 2018, an investigation on an FGM rotating disk considering arbitrary changes in material properties and using
the finite element method is carried out [19].

In this paper, analyzing a rotary drum and investigation on effective parameters including rotating speed, types of loading
carrying on internal and external surfaces, thickness, and type of material has been studied. In order to investigate the drum, a
thermoelastic analytical solution is performed for both homogenous and FGM states under internal and external loading
conditions. The material properties are assumed to vary nonlinearly in the radial direction and the Poisson’s ratio is assumed
constant. At first, differential equation of motion for FGM material is derived by assuming the properties functions
exponentially and thermal gradients as an arbitrary function of radius. Then the equation is solved analytically using
MATLAB engineering software. Stresses and displacements were calculated in clamp-clamp ends boundary conditions.
Then, the governing thermal differential equation of the drum was solved and the response was replaced with an arbitrary
thermal function considered at first stage of the analysis. After calculating the displacements and stresses applied to drum for
FGM and homogeneous states, a study on effective parameters was carried out. Changes in the values of different parameters
affecting the stresses and displacements, including rotation speed, magnitude, and type of loading on internal and external
surfaces in the same working conditions on homogenous and FGM with non- homogeneous coefficients have been
investigated. Results clearly show the significant effects of loading conditions, drum rotating speed, and materials deployed
to improve the drum behavior.

2. Methodology

Schematic of investigated FGM thick-walled rotating drum under desired loading conditions is depicted in Figure 1.
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Figure 1. Representation of a thick-walled rotating drum under internal and external loads

By applying equilibrium relations in radial direction, the governing equilibrium equation of motion in the drum was
obtained as follows:

do, o,—0g
dr

+ prw? =0

In the following, considering the drum properties function in FGM state, including the modulus of elasticity, density,
thermal expansion coefficient, thermal conductivity, and yield strength, which is considered as an exponential function and
variable in radial direction as follows:

Pr(r) = Pr; (;)X

Using thermoelastic constitutive equations of desired rotating hollow cylinder and after some mathematical
simplifications, the differential equation of the motion in FGM drum is obtained as follows:

d?u du (1-v(ml+1)) p;rTMIAM2+3 )2 (y + 1)(1 — 2v)
r’—+r(1+ml)—— u(r) + =
dr? dr 1—v E.(1—=v),™ ™
v+ Da; r™3*24T(r) « i
— L= ™ I +7r™* (M1 +m3)T(r) =0
—V)r;

By solving the differential Equation 3 exactly by using mupad parametric coding in MATLAB, radial displacement and
consequently stress components could be obtained as follows:
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rz (v+ 1A A, frr 2 (v+ 1A, 4 CoAs
r— r—
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u(T’) = C1A3 + ? 7]
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It is obvious that by setting the non-homogeneous constants zero in Equations 2 and 3, the results of FGM drum can be
used for homogeneous state.

Ti
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3. Discussion and Results

To analysis the drum and investigate effective parameters to gain a better understanding about drums behavior which
leads to better designs, structure is modeled as a rotating thick-walled cylinder with clamp-clamp condition. Analytical
solution for determining the stresses, displacements, and strains for both homogeneous and FGM states were explained in
Section 2. To analysis the existing drum, geometric and thermo-mechanical characteristics were considered as follows;
internal and external radius of the drum are 50cm and 70cm, respectively. The drum has a uniform rotational speed of 50
rad/sec. The temperature at the inner and outer surfaces of the drum is 10 °C and 0°C, respectively. The modulus of elasticity
is 200 GPa, density is 7860 Kg/m3, Poisson’s coefficient is 0.3, The thermal expansion coefficient is 12 x (107%) 1/°C.
Also, in this case, it is considered in which there is no heat transfer taking place between the inner and outer surfaces with the
surrounding medium (h; & h, = ). Inner and outer radial loading in drum considered 80 and -10 MPa, respectively. Non
homogenous constants are considered constant (m1=m2=m3=m4=1.5).

Distribution of stresses components for both homogeneous and FGM states depicted in Figure 2.
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Figure 2. Distribution of radial, circumferential, axial, and Von Mises equivalent stress, a) Homogenous state, b) FGM
state.

In this section, to investigate the influence of change in the drum effective parameters on drum behavior, the effect of the
value and type of loading at the inner surface and outer surface, the value and type of loading on both inner and outer
surfaces simultaneously, the rotational speed of the drum, the thickness of drum and use FGM materials instead of
homogeneous material have been investigated for both equal and non-equal coefficients. Finally, a quantitative comparison
between the results in all stated is driven and presented in Table 1.
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Table 1. Investigation of the effect of effective parameters on improving drum behavior

(%) of equivalent stress (%) of displacement
Different investigated states (iganﬂ)ura(;\r/iesrgr?r:/t/ii% ;?ﬁ;‘;‘ggﬁ%:{;}
homogeneous drum homogeneous drum
Section (3.1) using FGM with similar inhomogeneity coefficients (1.5) 17.39 % 13.18 %
Section (3.2) using FGM only under negative inner pressure of 100 MPa 86.95 % -55.03 %
Section (3.2) using FGM only under positive inner pressure of 100 MPa 86.95 % 298.44 %
Section (3.3) using FGM only under negative outer pressure of 100 MPa -239.13 % -210.07 %
Section (3.3) using FGM only under positive outer pressure of 100 MPa -152.17 % -113.17 %
Section (3.4) using FGM under inner and outer loads of 100 MPa (pressure-pressure) 4.34% -0.77 %
Section (3.4) using FGM under inner and outer loads of 100 MPa (pressure-tension) -300.10 % -334.10 %
Section (3.4) using FGM under inner and outer loads of 100 MPa (tension-pressure) -491.30 % -500.77 %
Section (3.4) using FGM under inner and outer loads of 100 MPa (tension - tension) -4.34% 61.24 %
Section (3.5) using FGM with speed 4 times more than first case (200 rad/sec) -25.21 % -33.72%
Section (3.5) using FGM with speed 0.6 times more than first case (200 rad/sec) 22.60 % 28.29 %
Section (3.6) using FGM with relative radius 1.42 of first case 14.78 % 10.85 %
Section (3.6) using FGM with relative radius 0.85 of first case -25.21 % -31.78 %
Section (3.7.1) using FGM with constant coefficients of +3 -13.04 % -0.77 %
Section (3.7.1) using FGM with constant coefficients of -3 -26.08 % -37.59 %
Section (3.7.1) using FGM with optimal and non-constant coefficients 26.00 % 32.20%

4. Conclusions

In this paper, an exact thermoelastic analysis of a functionally graded material (FGM) rotating drum with an arbitrary
thermal function in a given drum was investigated and different effects including quantity and type of loading on the inner
and outer surfaces of the drum, the value of drum rotating speed, drum thickness, and inhomogeneous coefficients on the
values of stresses and displacements components were investigated and compared with the drum results in a homogeneous
state. It is necessary to pay attention to the limitations in the design of this type of structure. one solution to reduce the stress
is to increase the thickness of the material, which should be stated that this development will lead to an increase in the overall
weight of the structure and should be considered as a design constraint. Furthermore, to reduce the stresses in the drum
structure, it's recommended to design a drum how that was under pressure from the inner surface and under tension from the
outer surface. Finally, the improvement of stress and displacement was presented in the state of using FGM material instead
of homogeneous material generally, and by examining the behavior of the drum, it was found that by using appropriate FGM
material coefficients, stresses and displacement can be significantly reduced.
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