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Abstract

This paper is concerned with the axisymmetric thermoelastic problem to investigate the influence
of nonlinear heat conduction equation, displacement functions and thermal stresses of a func-
tionally graded transversely isotropic hollow cylinder that is presented in the elliptical coordinate
system. The method of integral transform technique is used to produce an exact solution of the heat
conduction equation in which sources are generated according to a linear function of the tempera-
ture. An explicit exact solution of the governing thermoelastic equation is proposed when material
properties are power-law functions with the exponential form of the radial coordinate. Numerical
calculations are also carried out for Material I with the nearly isotropic feature, along with Material
IT as an anisotropic material and illustrated graphically. The validity of the solution is demonstrated
by comparing with the previous results.
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1. Introduction

The concept of functionally graded materials (FGMs) has been proposed at the beginning of the
90’s by Japanese researchers. FGMs are characterised by continuous or step-wise varying composi-
tions within the material. The mathematical modeling of FGMs is currently an active research area
because of its increasing application in industrial engineering. Since the mathematical problems
arising are complicated, a significant part of the work on FGMs has been carried out numerically,
e.g. using finite element method (FEM), perturbation method and so on.

It has become necessary to develop other approaches for such a problem, particularly boundary
value problems, which provide an invaluable check on the accuracy of numerical or approximate
schemes and allow for widely relevant parametric studies. So, it is meaningful to examine the
thermoelastic behaviour with defined boundary conditions. Thus, uniformly loaded homogeneous
and isotropic plate has attracted the focus of the researchers over the past several years owing to
its application on various machines and structures.

In past some authors have undertaken the work on uniformly loaded functionally graded (FG)
structures, which can be summarised as given below. [Obata and Noda (1994)] used Laplace trans-
formation and perturbation method to obtain one-dimensional steady thermal stress response in a
hollow circular cylinder and a hollow sphere based on the perturbation method. [Horgan and Chan
(1999)] analysed the classic problem of stress distribution in an inhomogeneous isotropic rotating
solid disc and pressurised hollow cylinder. [Lutz and Zimmerman (1999)] have presented a solu-
tion to the issue of the uniform heating of an FG cylinder with simple forms for the variation of the
moduli with radius using the method of Frobenius series. [Chen et al. (2002); Chen et al. (2001)]
in his axisymmetric thermoelastic problem of a uniformly heated FG isotropic hollow cylinder and
cylindrical shell of finite length investigated thermal stress effect. [Wang et al. (2004)] obtained
the analytical solutions of stresses in FG circular hollow cylinder with finite length using Sine
transform, which was expressed in a triangle and power series. [ Varghese and Khobragade (2008);
Varghese and Khobragade (2008); Kamdi et al. (2008)] studied the displacement and stress func-
tions of an FGM subjected to a uniform temperature field with thermo-mechanical boundary con-
ditions taking various material profiles.

Recently, [Abrinia et al. (2008)] proposed a new analytical solution for computing the radial and
circumferential stresses in an FGM thick cylindrical vessel under the influence of internal pres-
sure and arbitrary steady state temperature field, by using the variation of parameters method (La-
grange). Therefore, a number of theoretical studies on different objects have been reported so far.
However, to simplify the analysis, almost all research was carried out with uniform temperature
distribution throughout the surfaces. However, only a few studies concerned with heat conduction
problems in elliptical objects were observed.

Very recently, [Hsieh et al. (2006)] investigated the inverse issue of an FGM elliptical plate with
large deflection based on the classical nonlinear von Karman plate theory and solved the non-
classical problem using a perturbation technique. [Kumar et al. (2009)] performed the parametric
studies on the prediction of vibro-acoustic response from an elliptic disc made up of FGM by
using the finite element method. [Cheng et al. (2000)] obtained a closed form solution for thermo-
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mechanical deformations of an isotropic linear thermoelastic FG elliptic plate rigidly clamped
at the edges in which the effective material properties at a point were computed by the Mori
Tanaka scheme. Recently, [Asemi et al. (2013)] studied the static and dynamic behaviours of
FGMs elliptical plates based on the principle of minimum potential energy and Rayleigh-Ritz
method. [El Dhaba et al. (2003)] used boundary integral method to solve the problem of the
plane, uncoupled linear thermoelasticity with heat sources for an infinite cylinder with the el-
liptical cross-section, subjected to a uniform pressure having thermal radiation condition at its
boundary. [Hasheminejad et al. (2011)] obtained an exact solution for the dynamic response of
an elastic elliptical membrane by employing eigenfunction expansion in terms of transcendental
and modified Mathieu functions. [Khorshidvand et al. (2010); Khorshidvand and Jabbari (2012);
Khorshidvand and Jabbari (2012)] presented a new solution for one-dimensional steady-state
mechanical and thermal stresses in an FG rotating thick hollow cylinder and disk farmed in
elliptical coordinate system assuming the temperature distribution to be a function of radius
along the thickness, with general thermal and mechanical boundary conditions on the surface
of the cylinder. Very recently, [Bhad et al. (2016); Bhad et al. (2017); Bhad et al. (2017);
Bhad et al. (2017)] obtained few solutions for the governing equation considering internal heat
generation within the homogeneous elliptical objects in elliptical coordinates applying few ex-
tended integral transforms.

In all the above cited literature, the authors have not taken into consideration any thermoelastic
problem for hollow cylinder expressed in elliptical coordinates [i.e. projecting the two-dimensional
elliptic coordinate system in the perpendicular z-direction] with boundary conditions of radiation
type, in which heat sources are generated according to the linear function of the temperatures,
which satisfies the time-dependent heat conduction equation. It has been noticed that heat pro-
duction in solids have led to various technical problems in mechanical applications in which heat
produced is rapidly sought to be transferred or dissipated. For instance, gas turbines blades, walls
of the internal combustion engine (ICE), the outer surface of a space vehicle, etc. all depend for
their durability on rapid heat transfer from their surfaces. Things get further complicated when
internal heat generation persists on the object under consideration. This further becomes unpre-
dictable when sectional heat supply is impacted on the body. Both analytical and numerical tech-
niques have proved to be the best methodology to solve such problems. Nonetheless, numerical
solutions are preferred and prevalent in practice, due to either the non-availability or mathematical
complexity of the corresponding exact solutions. Rather, limited utilization of analytical solutions
should not diminish their merit over numerical ones; since exact solutions, if available, provide an
insight into the governing physics of the problem, that is often missing in any numerical solution.
Moreover, analysing closed-form solutions to obtain optimal design options for any particular ap-
plication of interest is relatively simpler. However, to the best of authors knowledge, no work has
been published till date to determine the temperature distribution and its associated stresses of a
functionally graded hollow cylinder considering internal heat supply with boundary conditions of
radiation type on the outside and inside surfaces, with independent radiation constants. Owing to
the lack of research in FG cylindrical objects in the elliptical coordinate system, the authors have
been motivated to conduct this study.

This paper dealt with the theoretical treatments of a hollow cylinder occupying the space D =
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(£,0) € R? :a < ¢ < b,z € (0, £) having radiation type boundary conditions on both surfaces im-
pacted by arbitrary initial temperature. The solution to the heat conduction equation is obtained
using a new integral transformation involving ordinary and modified Mathieu functions of first and
second kind of order n. Inversion formula has been established, and some properties are mentioned.
The general solution of displacement formulation is obtained by the introduction of appropriate
transformation, and the analyses are carried out by taking parameters of the exponential profile.
The theoretical calculation has been considered using the dimensional parameter, whereas, graph-
ical calculations are made using the dimensionless parameter. The success of this research mainly
lies on the new mathematical procedures which present a rather simpler approach for optimization
of the design in terms of material usage and performance in engineering problem, particularly in
determining thermoelastic behaviour. During the designing phase, both the elliptical and cylin-
drical curved structures are taken on a common coordinate system, i.e. either elliptic, cylindrical
or elliptical-cylindrical coordinate system. For example, in a nuclear reactor, particularly inter-
coolers, pressure vessels or furnaces, a combination of different curved profiles are needed. Most
of the investigation on hollow elliptical patterns mentioned above in the elliptical-cylindrical coor-
dinate system has already been discussed. In this manuscript, we intend to study the thermoelastic
behaviour considering hollow circular objects in the elliptical-cylindrical coordinate system as a
novel approach.

2. Notation and governing equations

Consider a transversely isotropic elastic body of finite length ¢ occupying the space D in the ellip-
tical coordinate system. The cylinder is bounded by the region a < ¢ < b, where a and b denote
the inner and outer radii respectively, whereas 0 < z < ¢ and 7 is constant [i.e. geometry param-
eters are denoted as £ € [a, b] and z € (0, ¢)]. Here we assume that when a semi-focal length
parameter ‘c’ approaches zero value, the elliptical surface goes to a cylindrical surface. Thus, it
will bring about sinh{ = cosh¢, and in this particular case, the equation of hollow cylinder can
be stated as z2 + y?> = ¢? cosh? ¢ [Khorshidvand et al. (2010); Khorshidvand and Jabbari (2012);
Khorshidvand and Jabbari (2012)] in which ¢ cosh ¢ represents the radius of the cylinder. The
curves 7 = constant constitute a family of confocal hyperbolas while the curves £ =constant pose a
family of confocal ellipses (refer to Figure 1). Both sets of curves intersect each other orthogonally
at every point in space. The displacement components are indicated by (u¢, 0, u.) and stress com-
ponents by o¢¢, oy, etc. In this problem, we assume that the material parameters ¢;; (i, = 1, 2,3)
and the thermal expansion coefficient «; (i = 1, 3) are functions of £ but not of 7 and z.

2.1. Basic equations

The basic equations corresponding to the transversely isotropic functionally graded materials can
be summarised as follows [Khorshidvand et al. (2010)]:

(1) Strain-displacement relationships:
1 8u£ Ug ou,

ce ccoshf@{’&777 ccos.h{’6 0z S
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Iy

Figure 1. Cylinder configuration in elliptical coordinates

(2) Equilibrium equations for axisymmetric stresses in the presence of body force, reduced to the
single equation:

1 0
m {(%Ugg‘i‘(agg—gnn)}"‘ng—o, (2)

with p as the mass density and F; as the body force.

(3) Stress components in terms of infinitesimal strains and the temperature in a stress-free state
are denoted as:

Oge = C11¢e + Craey + 13z — L1 T(E, 2, 1),
UT]?] = C12 55& + C11 57777 + C13E€zz — /Bl T(£7 Z, t)u (3)
Oy, = C13 [555 +51717] + C33€22 _53 T(£727t)7

in which we assume o¢, = 0¢, = 0y, = 0.

The stress-temperature coefficient 5;(i = 1, 3) is related to «; and indicated as 51 = (¢11 + c12)a1 +
ci3as, B3 = 2c1301 + c3zaz with body force as Fr = 0, T'(€, z,t) is the temperature of the plate at a
point (§, z) in time ¢, and ¢;; is the elastic coefficient parameter.

Substituting the Equations (1) and (3) in Equation (2), the thermoelastic equilibrium equation of
the hollow cylinder can be obtained as

ou ou,
G+ (e — ) ue p =[BT — iy G @

1 O%ug
11
c cosh & &2

where the prime (') denotes differentiation with respect to &.

2.2. Boundary conditions

For a complete solution as suggested by [Spencer et al. (1992)] to the thermoelastic problem,
displacement field is to be determined such that for 7' # 0; zero traction is noticed on all surfaces
of the hollow cylinder. Thus we assume the following:
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(1) Zero traction conditions on the inner and outer curved surfaces

oge = 0,0y, =0,0,, =0 at {=a,b. &)

(2) Zero normal force on z = 0, £:

b
o / 0., EdE = 0. (6)

(3) Boundary conditions of the finite length hollow cylinder be simply supported at the two longi-
tudinal edges, i.e.,

0..=0,0,.= 0, 00, =0 at z=0, {. @)
As the problem is concerned with the radial direction only, we have not considered zero resultant
force and bending moment at the edges n = 0, no. It has been learned from the previous literature
that the solution may leave un-equilibrated bending moment and a shear force on the ends of the

finite length functionally graded hollow cylinder. To neutralise this moment and force, it requires
an additional solution that involves stress that depends on the angle 7 as well as variable &.

3. Heat transfer formulation

The governing equation of heat conduction with internal heat source in elliptical coordinates as

3} or 0 oT or
27 - - - — -
w5 (MO % ) + 5= (MOGL) +O 6 st T =0 G, ®)
subjected to the following initial and boundary conditions
1§, 2,0) =T, ©)
0
8—€T(a, z, )+ k1T (a, z,t) =0, (10)
0
8—£T(b, z,t) + ko T(b, 2, t) =0, (1)
T(&,0,t) =0, (12)
T ¢4,t) =0, (13)

in which \(&) is the coefficient of thermal conductivity along the respective directions, ¢, (&) is the
heat capacity, ©(&, z,¢, T') is the source function, k; (i = 1,2) are the given surface coefficients
linearly related to the corresponding heat transfer coefficients at the internal and external radial
surfaces £ = a and £ = b, T represents the initial temperature at ¢ = 0, and the metric coefficient is
given as

h% = 2/(c? cosh 2¢). (14)
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4. Reformulation of the problem

In a related theoretical study done by [Horgan and Chan (1999)] and [Chen et al. (2002);
Chen et al. (2001)], the variation in thermo-mechanical properties was described by the nonlin-
ear function as a simple power law model. As pointed out by [Eraslan and Akis (2005)], their
model is not as flexible as the general parabolic model. Here, we have considered the function-
ally graded material with non-constant elastic parameters that vary exponentially along the radius.
With this general exponential model, a wide range of nonlinear and continuous profiles can be
obtained to describe the reasonable variation in the thermoelastic properties giving the minimum
stress level. For theoretical treatments, we consider the elastic coefficient parameter c¢;;, thermal
expansion coefficient «;, and the thermal conductivity );, and heat capacity coefficient ¢, as

cij = (ve), ai = af (veF), N = A (ve™), ¢, = A(ver), p= 0", (15)

in which ¢}, af, A, ¢ and p° are arbitrary constants having the same dimension as ¢;j, a, A, ¢,
and p respectively; v and £ are the physical parameters whose combination forms a broad range
of nonlinear and continuous profiles to describe the reasonable variation of material constants and

thermal expansion coefficients.

5. Heat conduction reformulation

Using equation (15) in equation (8), we obtain

2 2 0 0
h2<g£§+k‘aai§> o°T @(57 z, 1, T):cvp or (16)

022 + v ekENO U

Now, we assume that © (¢, z, t, T') is a known function of position, time and temperature, which
can be taken in a manner [Sneddon (1995)] given below

O 2, t,T) =& 21) +¢)0(E 2, 1), (17)
and
06 21t) =T (¢ 2 t) e hvO, (18)
Y (& 2, t) = ®(E 2, 1) e—f;w(T)dT’

in which (¢, z, t) is the temperature of the plate at a point (¢, ) in time ¢, x(&, 2,t) is the energy
generation, ¢ (¢, z, t) is a function of coordinates and the time, but ¢ (¢) is a function of the time

only.
Substituting equation (17) and (18) in the heat conduction equation (16), we assume the equivalent
form as
0% 00 020 Q;6(z—4Lo) f(t) 1 00
2 (OO ov v i _10o
h <ag2+’“ag> ton T 20 T (19
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subjected to the following initial and boundary conditions

0(€a 2y 0) = o, (20)
259(61, z, t)+ k1 0(a,z,t) =0, 21)
gg@(b, z, t)+ ka6(b,2,t) =0, (22)
0(¢,0,t) =0, (23)
0(¢,¢,t) =0, 24)

where f(t) as a function of time ¢, and thermal diffusivity is taken as x = \°/p%cY. For the sake of
brevity, we assume that there are physical situations wherein the rate of internal heat energy per
unit volume is influenced by material properties that vary exponentially along the radius [that is, at
position (&, z)] and with time ¢, which leads to

(& z,t) = Qive®™2E5(z — £y) f(1),0 < by < ¢,

wherein the initial temperature is taken as 6, and heat flux as Q;.

5.1. Displacement equation reformulation

Using equation (15) in equation (4), we obtain a standard form of differential equation as

L (& 0 O, oT
ccosh§ { a;& + kaig — [1 = k(cla/ch)] “5} (613/011) “ 5%

Equation (25) is a differential equation, which can be solved by introducing a new function u(¢)
and applying the transformations

ug(€) = e ML), uy(n) =0, us(z) = Gz, (26)

+(8Y/Y) [kT+ } . (25

with G as the unknown constant (that is, independent of variable ¢) and will be determined later.
The term wug(€) = e~ *¢/2 ug (&) represents a radial expansion or contraction in which, the inner and
outer radii change, in general, whereas the angle remains constant and u.(z) = Gz is a uniform
axial extension or contraction.

Substituting equation (26) into Equation (25), and rewriting the governing equation as
82u§ orT

oe2 0" ug = ce*/? cosh € {—kG (/) + (87 /) KT + (75]} 27)

in which
p° =1+ (k/2%) — k(cly/c)y).

The Equations (3), (8)-(13) and (27) constitute mathematical formulation of the problem under
consideration.
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6. Solution for the Problem
6.1. The solution for temperature profile

It is convenient to introduce a new dependent function (&, z,¢) at the first instance in Equation
(19) and boundary conditions (20)-(24)
0(&,2,t) = e 2 0(8, 2,1). (28)

Substituting equation (28) in the heat conduction equation (19) and boundary conditions (20)-(24),
we assume the equivalent form

0% k2 0? Qid(z—4ly) f(t) 1 0
2 (07 KT o i _1 90
(g~ 52) 6 )+ g o(e s+ L L0y, @)
subjected to the following initial and boundary conditions
19(57 2, O) = 190 6k£/2) (30)
0 kq
g > - 1
o€ ¥ a, z, t) + 5 Y a, z,t) =0, 3D
0 ko B
a—gﬂ(b z, t) + ?ﬂ(b,z,t) =0, (32)
9(&,0,t) =0, (33)
V(& L,t) = 0. (34)

Considering the finite Fourier-Sine transformation to the differential equation (29), and boundary
conditions (33)-(34) into account, we get

2 2 2.2 g
h? <§€2 - ;) F(Em,t) — 5 0(E ) + szo(t) sin <”7°> ,1{38 I n.t),  (35)

in which n is the transformed parameter, J(¢,n,t) and f(t) are the transformed function of 9(¢, n, t)
and f(t) respectively.

After some algebraic calculation for Equation (35), it leads to considerable mathematical simplifi-

cation as
0 * o Qif(t) . (nmly 1 0
{852 A"+ 2¢* cosh2§]}15‘(§,n, t)+ 072 51n< 7 > = maﬂ(ﬁ,n,t), (36)
moreover, the boundary as
5(57 2, 0) = 00 ek§/27 (37)
35 I(a, n, t) + % d(a,n,t) =0, (38)
0 - ko - B
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in which
N =k2/4,2¢" = ¢ (nm/0)? /2.

In order to solve hyperbolic type of differential Equation (36) using the theory on integral trans-
formation, we firstly introduce a integral transform of order m over the variable £ as

f( Qm) - b Sm(()él,ozg,f, qm) cos
{f(—qm)} _/a {Sm(al,%,@ _qm)} h(2¢) f(£) d€. (40)

Inversion theorem of (40) is
_ - .]f_( qm) Sm(Oél,OéQ,f, qm) 41
f(g) mz_:l { f(_Qm) } { Sm(aly 04276: _Qm) } /NT"L? ( )

in which =+ ¢,, is a root of a transcendental equation of

C’em(al,a, iQm) _ Feym(a17a7 iqm)
Cenm(ag, b, £qm) Feym(az, b, £qm)

—0, (42)

where the kernel is defined as
Sm(Oll,Olz,f, iQm) = Cem(fa :tQm)[Feym(alvau :l:Qm) + Feym(OQ, b, :l:Qm)]

43
~Feym(€, +m) [Com(on,a, £qm) + Com(az, b, =) (43)
in which
Cem(ai) a, Q) = Cem(a’ q) + QG CG/WL(CL, q)’ (Z — 1 2)
Feym(ai,a,q) = Feym(a,q) + a; Fe'ym(a, q) , 7
and

b
Np=m / S?n(aba%g:qm) COSh2§d£7

whereas, Ce, (&, £qm) and Fey,, (£, £qm,) represents modified Mathieu function of first and second
kind of order m respectively, which is denoted as Ce,,(§, ¢) = > 2, AgT) cosh 2r¢ , the recurrence
[McLachlan (1947)]

cegn (0,q) m) , |sinh &| > 1
Feym (&, q) Yo, (2" sinh &) ,
m&a) =" ZO R() > 0

with y in Fey signifies the Y-Bessel function and ¢ = k> = Ac?/4. The kernel of above transform
is represented in the form of elliptical function, and it replaces the differential equation defined in
(36) for the boundary conditions (37)-(39) of the third kind. The operational property is given as

I (g@ S, a2, &, gm) d§ = <0é23£ —I—f) ’ » Sm(a1, a2,b, qm)

+ (aadf+ ) ( S (000, 9. . Gon) — 2T (44)
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On applying the proposed integral transform (40) to the differential Equation (36), and taking
property (44) into account under the conditions (38) and (39), one obtains

5(qm7 n,t) + /1)\2 Hgm, n,t) =

O’Q f(qmvnv t)7 (45)

Q.')‘Q';

in which

)\?n = 4qm/a2,

subjected to the following initial conditions
5(57 Z70) = 190G07

whereas,
b
Go :/ Sm(at1, ag¢ gm) cosh 26 M2 e
a

and

Flamm, 1= [ F0ysin ("510) Slhn/2. /2.6, ~au) cosn 2.t

in which 9(gm, n,t) and f(¢) are the transformed functions of J(¢, n, t) and f(t), respectively.

The general solution to the differential equation (45), taking the transformed initial condition (30)
as 9(¢, z,0) = 9y €"¢/2 into account, leads to

t

5(qm, n,t) = e R AWt <190 Go + Qix

G [ e fan, myar). (46)

Applying inversion theorems of the transform rules defined by Equation (41) on the equation (46),
results into

1?(5, nat) = Efpj:l €
Sm(kl/zv k2/27 67 _QW)/Nm-

t RALT T
AT F(Gm,m, T) dT) @7)

Further accomplishing inversion theorems of the finite Fourier-Sine transform on equation (47),
the temperature is obtained as:

I, z,t) = 7 Zn 0 m1 [ —RALE <190G0 + Q,\io” fot efAmT f(van, 7) dT)] (48)
m(k1/2) k2/2’ 57 _Q’m) sin (nzz) /Nm

Taking into account Equation (28) and the first equation of Equation (18), the temperature distri-
bution is finally represented by

TG s = {%6*’?5/2 Ln=o L=t [ei%fnt (ﬁOGO + % Jo €7 F (g m, T)dTﬂ
% S (k1/2, k2/2,€, —qm) sin (M2 /Ny } e~ Jo ¥(07,

The above function is given in Equation (49) represents the temperature at every instant and at all
points of the hollow cylinder of finite height under conditions of radiation type on the surface.

(49)
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6.2. The solution for displacement and thermal stresses

The general solution of non-homogeneous differential equation (27) can be expressed as a combi-
nation of complementary function and particular solution. It can be represented as

ug = uf + u’g, (50)

then, the homogeneous solution can be expressed as

ug = Cy ¥ 4+ Cy e8P, (1))

for the associated homogeneous equation
82u2
e pui =0, (52)
in which C; (i =1, 2) is an arbitrary integration constant to be determined.

The particular integral solution uzg of Equation (27) is determined by the method of variation of
parameters. It is assumed to be of the form

uf = Uy €59 + Uy e™9, (53)
where
9 eEp

W (£) = det 0ct oot | = —20, (54)

. 1 b
Uy = % e g(€) de, (59)

. 1 b
0 =5 / €94 (¢) d, (56)

and ¢(§) represents the non-homogeneous term of the differential equation as
9(6) = SBE (kG (/) + (B e o ¥ 0 dr {22
X St Sy [ (906G + S g e Flgmom, 7 dr) | (57
X[k Sm + Sh,] sin (252) /Ny, }),

in which the prime (") denotes differentiation with respect to the variable ¢.

With the form Equation (50) in Equation (26) of the radial displacement, the stresses (3) become

o = T (O + U (20 — YU + Ay)
—6(_295) [Cg + UQ] ((2@ + k)Ué + AQ) } (58)

+yer[(cds/ct) G — (BY/e) T,

om = Seean e A[C1 + U1 )((eh/ 1) (20 = WU + As)
—e=20[Cy + Tp]((cfa/ch1) (20 + k)U3 + Aa)} (59

+ ekg[(c(l)3/c(1]1) G- (5?/(3(1)1) ],
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Ne(2pth)E/2

02 = Treome LC1+ U ][(c93/¢3,) (2 —k) Ul + As]
—e 2%(Cy + Uz) ((V3/1) (20 + k) Uy + Ag)} (60)
+7 6k§[(¢93/c(1)1)G - (/6g/c(1)1) T

in which

Ay =2(cY5/cy) — k+2p, Ay = —2(cly/c)y) + k + 20,
Az = (c1y/)20 — k] +2 , Ay = (c1y/c])) 20 + k] — 2,

As = (cf5/c11)(2 = k +2p), Ag = (c)3/c]))(—2+k + 2p).

7. Further investigation
7.1. 'The homogeneous case

For v = 1 and k£ = 0, one obtains all material constants of the Equation (15), that are independent
of radial coordinates, then c;; = c,?], a; = af, \; = A and ¢, = 9. Taking homogeneous material
constants into consideration, the temperature distribution and displacement reduces to

T (6 2 t) = 33002 Yooy [ (190G0+Qm e Flam,m, ) dr )|

(61)
Sm(kl/zak?/zaga _qm) Sln(nﬁz) € fO dT/Nma
u§(§) :Cl €£+026_E+ﬁ1 €E+ﬁ2 6_5, (62)
in which
. 1 b . 1 b
0= 1 | eo0de = [ oo as (63)
and
9(¢) = c cosh ¢ <(ﬁ?/c?1) A F Dty Dl Cai
e (64)
X ( AT (g, s T) dT>:| S!. sin (’”gz) /Nm}>

The thermo-mechanical boundary conditions to evaluate integration constants C and Cs are o¢e =
0, 0¢y =0, 0¢, = 0 at § = a, b, where the last two conditions get automatically satisfied. Then, by
virtue of Equations (5) and (62), Equation (58) can be rewritten as

Ci1[cdy + (Ui (a) + 1) ] + Coe™24[cly — (Uh(a) + 1) ]

+G ¢ cosh(a) e™@ {5 = ¢ cosh(a) e @ BY T(a), ©

Cile}y + (U] (aw) + 1) 4] + Cae [y — (Uh(aw) + 1) )]

+G ¢ cosh(aw) e ¥ = ¢ cosh(aw) e B) T(aw), (66)
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in which w = b/a is the outer radius to inner radius ratio. In more specific manner, we will consider
w = 1.05 for thin and w = 1.50 for the thick functionally graded hollow cylinder. Apart from the
boundary conditions along the radial direction, we should also examine the conditions at z = 0 and
z = (. The last two conditions ¢, = 0, o¢, = 0 at z = 0, £ automatically gets fulfilled and the first
condition 27 f: 0,,£dE = Oatz =0, { gives

O1 [ | ceime (U1 +2)] £+ Ca [ [ e U3(0)] S + G [ €

aw | B9 13 ~ 2 _2¢ 1 2 (67)
= 2 [BT©) ~ e (DO W01©) +2) - % 0a(e) Uy(9)] | €.
From Equations (65), (66) and (67), we have
O = A4(B2D3 + Dng) — AQ(B4D3 — D4Bg) + Ag(—B4D2 — D4BQ) (68)

Ai(BsDs + DyB3) — Aa(B1D3 — D1Bs) + As(—B1 Dy — D1 By)’

Cy = Ay (B4D3 — D4B3) — Ay (Bng — D1B3) + Az (BlD4 — D1B4) (69)
Ay (B2D3 + Dng) — Ay (BlD3 — DlB3) + A3 (—B1D2 — DlBg),

Ay (BeDy + DyBy) — Ay(B1Dy — D1By) + As(—B1 Dy — D1 By)

G = ,
Ay (B2D3 + DyB3) — Ay (B1D3 — D1 B3) + A3 (—B1D2 — D1 Bs)

(70)

in which
Ay =y + (Uf(a) + 1)cly, Az = e [}y — (Us(a) + 1)cd,], A3 = ccosh(a)e *cls,

Ay = ccosh(a) e~ BT (a), By = cy + (0 (aw) + 1)el),

By = e 2 [, — (Uy(aw) 4+ 1)Y,], Bz = ¢ cosh(aw)e s,

N

o Ui©) + ) e

aw
By = ccosh(aw)e ™ BT (aw), D1 = / [
a

aw £ R aw
D= [ [Cfosthé@)} iD= [ e

aw 0 13 . R . .
Do [T{(5) 110 - g [0 + 2 - X 0u(e)030)] e
It can be concluded that the stress component vanishes everywhere in a homogeneous transversely
isotropic hollow cylinder when it is impacted by uniformly heated heat supply with v = 0 and k >
0 as the inhomogeneity parameter. It is also observed that as £ — 0, then, ¢;; = c?j ~and «; = a? 0l
— constant, irrespective of . One discovers that all material constants are independent of the radial
coordinate and governing equation reduces to the Euler differential equation.
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7.2. 'The inhomogeneous case

For the inhomogeneity parameter v # 1 and k # 0, the radial stress expression (58) can be rewritten
utilising thermo-mechanical boundary conditions (7) as

C1[(2p — E)U, + A1) — Coe=29[(20 + k)UL 4 Ag] + 2¢ cosha
XeA(k_QK’) “/2(0(1)3/0[1)1) G = ?c cosh a e(kF=2¢) “/QA(ﬁ?/c(l)l) T (71)
—U1((20 — k)U{ + A1) + U2e=299) (20 + k)Uj + Ag),

C1((2p — k)U| + Ay) — Coel=2099) (20 + k)U) + Ag) + 2¢ cosh a
X fAz(k_QW) aw/Q(f?3/0(1)1) G = 2¢ cosh aek=2¢) “‘:’/Q(ﬂ?/cﬁ]l) T (72)
—U1((2p — E)U| + Ay) 4 Upe(=2099) (20 + k)US + As).

As pointed out by [Spencer et al. (1992)], the form of solution considered, does not permit the
point-by-point specification of traction at the two ends z = 0 and z = ¢. Only resultant forces
and moments can be specified on the basis of Saint Venant’s principle. From the problem we have
considered, we get the boundary condition (6) as

Cu [ |~k + 20)01(€) + As| €€ — Ca [1 €720 [y (k + 20)U3(€) + Ao €

a

—2Gc [ [cosh &eBR+20)8/2c0.1 ¢de = [ [cosh EeBRH20)8/280T) ¢dg (73)
+ [0 {0a(€)e7298 [k + 20)T4(€) + Ao] — T1(€) [ly(—k +20)T(€) + As] } ede.

The general expressions for stress and displacement contain unknown integration constants C1,
C5 and unknown coefficient constant GG. For the determination of all three unknown constants,
there are three non-redundant conditions (71), (72) and (73) available. It is also observed that
displacement function u is continuous at & = a and b, and o¢c vanishes at the inner and outer
boundary of the circular hollow cylinder.

8. Numerical Results, Discussion and Remarks

For mathematical computations, we have considered two materials as (i) hexagonal Zinc as Mate-
rial I [Sharma and Sharma (2002)] which is nearly isotropic, (i1) Lithium Tantalate as Material 11
[www.korth.de (1999)] which is an anisotropy in nature, in a particular case. Data of the physical
properties are enlisted in Table 1 and Table 2 and shown below For the sake of simplicity of
calculation, we introduce the following dimensionless values

g: f/b,i = Z/b,T = T/T(),T = Ht/b2,ﬂg = u§/(c(1)1a(1]To),6§£ = O'gg/(c(l]la?To),

Ty = Unn/(ctl)la?TO)v Ozz = UZZ/(C(lJlacl)TO)‘

The physical parameters as a = 0.95 m (thin), a = 0.67 m (thick), b = 1 m, ¢/ = 0.08m,
k1 = ko = 0.86 (assumed value) and reference temperature as Ty = 423 K. The ¢, =1.531, 1.648,
2.745, 6.086, 7.001, 8.1178, 9.543, 10.631, 12.112, 14.123, 17.238, 19.734,. .. are the positive and
real roots of the Ce,, (a1, a, gm)Feym(az, b, gm) — Cem(az, b, ¢n)Feym(ar,a, ¢n) = 0.  Figures
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Table 1. Thermo-mechanical material properties

Parameters Material I Material II
Elastic constants [10'! N/m?]
& 1.628 2.300
&, 0.362 0.420
s 0.508 0.790
&, 0.627 2.760
Thermal conductivity [W/mK] \° 1.384 4.600
Thermal expansion coefficient [10°¢ /K]
af 1. 798 4.00
ag 1.383 16.00
Heat capacity coefficient [10? J/kgK] 2 3.90 4.24
Mass density [10% kg/m?] p° 7.140 7.454
Table 2. Material properties in dimensionless form
Details 012/011 0(1)3/(:(1)1 cg3/c(1)1 ozg/oz(l)
Material I 0.222 0.312 0.385 0.769
Material II 0.183 0.343 1.200 4.000
08 ‘
" el e
oal O ke
[ 5
% ‘\x , ¥=-2, k=113
0.2 I, y=-2, k=1.151,,;':;1';;\
0.0

0.00 0.02 7 0.04

Figure 2. Temperature distribution along z- direction.

907

2- 4 are typical dimensionless plots of temperature distribution. Figure 2 shows temperature distri-
bution along z- direction for different values of £ and the fixed value of time parameter 7 , in which
graphs are sinusoidal in nature and attains zero temperature at both inner and outer edges a and b.
In Figure 3 temperature distribution along ¢ for different values of z and fixed time 7 , whereas in
Figure 4 temperature distribution along time parameter 7 for different values of ¢ and fixed value
of z, are gradually increases at the outer edge. Figures 5- 9 illustrates the radial, tangential and ax-
ial stress distribution along the radius for different time parameter and fixed Z in a thin functionally
graded hollow cylinder. When the inhomogeneity parameters are considered as v # 0 and & # 0,
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lLy=2 k=11 K /

iRy |
I, y=2 k=113 ,.'//

0.95 0.96 097 7z 098 0.99 1.00

Figure 3. Temperature distribution along &-direction.
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3.0 \
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0.0 0.2 0.4 0:6 T 0.8 1.0 1.2 1.4

Figure 4. Temperature distribution along time 7.

0'067I,y=1,k=1.21 W7 el = i; Y=21 k=115
A i
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-0.02] i e
-0.04} ¢ LN hy=-2, k=113
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0.95 0.96 097 7 098 0.99 1.00

Figure 5. Radial stress o¢¢ along &- direction.
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—0.04f.......y"
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Figure 6. Tangential stress &, along € - direction.
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Figure 7. Axial stress &, along - direction.
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Figure 8. Radial stress 7¢¢ along z- direction.
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Figure 9. Tangential and Axial stresses along Z- direction.
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Figure 10. Radial stress 5¢¢ along £- direction for w = 1.5.

the non-dimensional radial stress response are maximum at the interior, and so the outer edges of
the cylinder tend to expand more than the inner core, leading to the inner part being under tensile
stress. In particular, for negative ~ the radial stress also decreases at fixed radius leading to com-
pressive radial stress. Also for negative v, both the tangential and axial stress components change
from negative at the inner surface to positive at the outer surface and vice-versa. The distribution
oy and o in the thin hollow cylinder are nearly parabolic along the radial direction. Figures 8, it
is seen that the radial stress along z- direction for different values of ¢ and the fixed value of time 7
follows a sinusoidal characteristic with both extreme at zero. Similar trends were also noticed for
the tangential and axial stresses along z- direction for different values of ¢ and the fixed value of
time 7 as shown in contour Figure 9. Figures 10- 12 illustrates the radial, tangential and axial stress
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Figure 11. Tangential stress &y, along € - direction for w = 1.5.
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Figure 12. Axial stress & along &- direction forw = 1.5.

distribution along the radius for a thick functionally graded hollow cylinder, given for comparison.
It is observed from all figures that the outcome agrees with the earlier declared results [Chen et al.
(2002)].

9. Conclusion

An analytical solution is achieved for the two-dimensional axisymmetric thermoelastic problem of
a transversely isotropic functionally graded hollow cylinder is subjected to a transient temperature
field, and the material properties are of parabolic power-law functions of the radial coordinates.
The solution and graph trends are verified by comparing with the solution of the uniformly heated
hollow cylindrical shell [Chen et al. (2001)] as well as cylinder [Chen et al. (2002)] available in
the literature.

It is found that the reduction in the thickness reduces the magnitudes of stresses and deforma-
tion. It is observed from the numerical results that v have a significant effect on thermoelastic
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stresses. Hence it is possible to make more efficient use of the material with an appropriate choice
of gradient parameters v and % in engineering applications to design a hollow cylinder. It is also
observed that for a transversely isotropic homogeneous hollow cylinder, stress response are negli-
gible compared with the functionally graded material. The method of the solution presented in this
paper is useful in the analysis of functionally graded hollow cylinder with transverse isotropy for
optimising the design in terms of material usage and performance.

The above solution can easily degenerate into isotropic functionally graded hollow cylinder for
the thermoelastic problem. On setting the physical parameters [Chen et al. (2001)] as ¢1; = ¢33 =
A+ 2, cqq = py, c12 =c13 = A\, A= Ev/[(1 +v)(1 —2v)] and p = E/[2(1 + v)] respectively, where
E is Young’s modulus, v is Poisson’s ratio, and A and x are Lame elastic (Lame’s) constant.
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