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In this paper, analytical solutions are presented for temperature and thermal behavior of a thermosensitive
multilayered annular disc due to point heat source. Convective heating is applied to both the innermost and
outermost layers. The nonlinearity of the thermal diffusivity Eq.is dealt using Kirchhoff’s transformation technique.
A finite integral transform in the form of Bessel’s function is used to deal with the radial variable r. Fourier
transform and angular eigen functions are also used to solve the thermal diffusivity equation. Deflection, resultant
forces, shearing forces, resultant moments and thermal stresses are obtained. A mathematical representation is
formulated for a 3-layered disc, with the inner, middle and outer layers composed of copper, zinc and aluminum
respectively. The results are depicted graphically.
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1. Introduction

Multilayered configurations like composite and sandwich plates, circular discs, comprise multiple
layers that offer superior structural and thermal characteristics. These structures find extensive applications in
aviation, civil and offshore engineering. The careful consideration of mechanical performance under
temperature variations is crucial in the production of multiple layered structures. Temperature changes cannot
just cause significant inner pressures but may impact the characteristics of the materials within these structures.
Due to increase in the use of mechanical structures in high temperature environment in the last three decades,
the study of thermo-mechanical behavior of different materials with properties that vary with temperature has
received attention.

Noda [1] discussed the influence of physical characteristics affected by temperature on thermal behavior
of different solids. Olcer [2] presented a thorough examination of temperature profile by considering finite-length
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circular-cylinder. Gorman [3] investigated how temperature gradient in a radial parabolic manner affects lateral
oscillations in orthotropic-circular-plates. Popovich et al. [4, 5] studied the heat conduction problems on various
solids. Malzbender and Jiilich [6], Kayhani et al. [7] derived thermal solutions for multilayered structures. Singh
[8], Singh et al. [9], Kayhani et al. [10] obtained analytical solutions of heat transfer in different cylindrical and
multiple layered structures. Norouzi [11] obtained explicit solution of thermoelastic profile for composite
laminated structures with multiple spherical fiber-layers. Dalir and Nourazar [12] studied unsteady-state heat
transfer of cylindrical structures having multiple concentric layers and obtained solutions for a 3-dimensional
problem. Popovich and Kalynyak [13] developed an analytical framework and studied static thermal profile of
multilayered thermally sensitive cylinder. Torabi and Zhang [14] found solutions for unsteady-state heat
conduction with asymmetry, determined stresses of multiple layered solids. Manthena et al. [15] considered a
thermally sensitive functionally graded rectangular plate and studied the effect of stress resultants on thermal
stresses. Bhad et al. [16] studied the thermoelastic problem in multilayered elliptical composite plate with internal
heat generation. Manthena et al. [17-22] studied the temperature and stress profile of various solids subjected to
temperature dependent and independent material properties.

Jangid and Mukhopadhyay [23] presented an alternative solution for a initial-value and boundary-
value problem. Etkin [24] elucidated the thermal-impulse's physical significance through the concept of
entropy. Srinivas et al. [25] carried out thermoelastic analysis by taking rectangular-parallelepiped subjected
to convection and temperature dependent characteristics. Razavi et al. [26], Balci and Akpinar [27], Bikram
and Kedar [28], Etkin [29], Su et al. [30] solved various problems of steady state and un-steady state
temperature profile and analyzed the corresponding thermal stresses. In order to ascertain the expression of
temperature and stresses, Lamba [31] examined the behaviour of fractional time derivative in temperature-
sensitive FG cylinders. Recently, in a thermo-diffusive medium, Yadav et al. [32] successfully established a
significant memory response. Also the related work is reflected in [33, 34].

In this work the authors try to investigate the influence of point heating on temperature and thermal
profile of a thermally sensitive multilayered annular circular disc. The k layered disc is defined over
r_;<r<r, 0<0<2m, 0<z<h .Heat conduction equation (HCE) is solved by integral-transform method

and thermoelastic behavior is analyzed. Graphical analysis is carried out for a 3-layered disc.
2. Heat conduction equation and its solution

Figure 1 gives the depiction of the layered circular disc in a geometric form.
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Fig.1. Multilayered disc.

The unsteady HCE with internal heat generation of a multilayered annular circular disc is [9]:
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where A;(T;), C,(T;) are respectively, the temperature dependent thermal conductivity, specific heat capacity
«th

of the i” layer, p, is the density of the i layer, O(7,0,z,¢) is the internal heat generation and i=17,2,3,....k.

Following [9], the initial, boundary, inner and outer surface, interface, periodic boundary conditions are given
in Egs (2.2) to (2.7).

T=0, at (=0, 2.2)
ar,
Xk(Tk)¥+hka=fk(Z,9, t), at r=rn, (24)

T;’(’/;'—] ,9,2,[) :7;'—](}3'—1 ,e,Z,t),

(2.5)
oT; oT;
(T =+ =Ny (T_ )= ,
l( l) ar ~ l—]( I—I) ar
r=rii r=tiog
aT; a7,
T =T , M= =M1 , 2.6
t|e:0 l|9:2n l(t)aee:0 l(l)ae _ ( )
T,=0, at z=0,h. (2.7)
We use following dimensionless parameters.
T-*Zﬁ, rr=L, 9*21, zx=2, t*—it, =P
T, h n h W’ Yopy
(2.8)
E. 2 ® "
(l*,h*)z—(l/;’h), Ex=—"L, Sl , ®,=—L—, j=1.2,
h E, K; K;

where 7, is the ambient temperature, 4 is the thickness of the disc, &; =A; /(C; p;), is the thermal diffusivity
of the inner layer, A;,C,, p, are heat transfer properties, density, E; is the Young’s modulus, a,® ; are the

frequency.
The temperature dependent material properties A; (7} ), C(T )[. , and heat flow f, (z,0, ¢) are taken as [4, 5, 13]

ML= N *(TF), C(T)=C, C*(T™),
(2.9)
fk(Z,e, t)zf()fk *(z*,G*, t*)’ Q(r,e,z,t)=Q0Q*(r*,9*,z*,t*),

where A;,C; have dimensions, f,, Q, are the strength of the heat flow having relevant dimensions, and

A *(T; *), C;*(T; *) are the dimensionless quantities, which are functions that describe the dependence of
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these characteristics on dimensionless temperature, f; * (z*,G*, t*) , O% (r*,e*,z*,t *) are the dimensionless

functions which describe the space distribution of the heat flow.
Using Eqs (2.8-2.9), Eqgs (2.1-2.7) reduces to the following dimensionless form (ignoring asterisks for
convenience).

19 oT; 1 9 JaT; ) 0 oT;
——| PN ()= | M) =L |+ —| () =L [+ B O(r,6,2,0) =
rar(r i ,)ar}mzrg ae( i( ’)ae)+az[ i ,)az]+ 09(,9,2,1)

JT;
=p, C(T;) —.
pz 1(1) at

(2.10)

The initial, boundary, inner and outer surface, interface, periodic boundary conditions are given in Eqs (2.11)
to (2.16)

T.=0, at t=0, @2.11)

l](T,)aa—T’f+Bi1T]=0, at r=®,, (2.12)
o, . .

}\,k(Tk)W'i'Blsz:Klfk(Z,e, t), at ]":@2, (213)

];(ri_] ,e,Z,t) :T;'—I(l/;'—l ,e,Z,t),

(2.14)
oT; oT;_
A (T) 8_; =Ai (T )B;FI )
r=tiog r=tiog
Ti|e:0 - Ti|e:1 ’
(2.15)
oT; oT;
M)~ =M~
90|,_, 20|,_
T,=0, at z=0,h. (2.16)
o, I’ foh . .
Here F, = and Ki=-2— are respectively the dimensionless Pomerantsev reference number and
ATy AT
: . o . _hyh . Wk : o
dimensionless  Kirpichev reference number, Bi;=——, Bi,=——are the Biot criteria and
1 1

Introducing Kirchhoff’s variable transformation [4, 5, 13]

T;
0,(1)=] N (T)dT, 2.17)



122 Thermal stresses associated with a thermosensitive multilayered...

and considering the material with simple thermal nonlinearity (thatis [C,(7;)/A;(T;)]= 1), Eqs (2.10) to (2.16)
become:

9°0. 100, 1 9’0, J°0. 00.
i, iy iy =iLp ,0,2,0)=p;, ——. 2.18
o’ r or 4%’ 96° 977 0 Q0.z0=p ot ( )

The initial, boundary, inner and outer surface, interface, periodic boundary conditions are given in Eqs (2.19)-
(2.24).

©,=0, at t=0, (2.19)

a&+Bi1®1:0, at r=®,, (2.20)
or

00, . .

—+Bi,0,=Kif,(z,0,t), at r=0,, (2.21)
-

Gi(}?—l ,G,Z,t) = ®i—1(’;'—1 ,G,Z,t),
(2.22)

or

Y

r=ri_g

®i|e=o =®i|e=1 ’
(2.23)

20,

99, _ 00,
00

£}

6=0 o=1
©;,=0, at z=0,h. (2.24)
To solve HCE (2.18), let:

:(8,2,0)=0(0—-0,)0(z — z,) exp(at),

O(r,0,z,0)=3(r—r,)8(0—6,)8(z — z,) 8(2).
Using Fourier transform on Eqs (2.18) and (2.24), we get:

0’0, 106, 1 9’0, ,- = 00,
Ly w0+ L0y 1) =p;, ——. (2.25)
8r2 r ar 47'527’2 aez Wn i Q(}" Wn ) pz at

The conditions (2.19-2.23) become;

0,=0, at t=0, (2.26)
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—aa(?j +Bll @1:0, at r:(l)l’ (227)
afr" +Bi,0, = f,(v,.0,1), at r=d,, (2.28)
éi(ri—] aeawn ,t) = @i—l(ri—] ’eawn ,t)a
(2.29)
9B, 96,
or or |~
i r=tiog
6),.,-l,..
6=0 =1
(2.30)
%)
90lg_y 90y,
where
v, =nn/h, f,(y,.0,1)=Kiz,sin(nmz, / h)3(0-6,)exp(at),
0(r,0,z,t)=(z, | B))sin(nmz, / h)d(r—r,)8(0—0,) 8(2).
Considering periodic conditions, @i (,0,¢) is expanded as:
©,(r,0,)=0,,(r,1) + Z O, (7,1)cos(mO) + > O, (r,t)sin (m). (2.31)
m=1 m=1
Similarly, the expression for heat supply is taken as:
£, 0)=1,,(0, 1)+ Z fime(0, )cos(mB)+ D £, (6, t)sin(m8). (2.32)
m=1 m=1
Using the orthogonality conditions along axial direction, the coefficients in Eq.(2.32) are obtained as:
p— 1 p—
Tio(rst)= [ Fi(r,8, 1)d8,
0
p— 1 p—
Jine(r-0,0)= [ 7,8, 1)cos(m) do, (2.33)
0

1
Foms (728, 0) = jf,.(r,e, )sin(m®) .
0
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Using Egs (2.31) and (2.32) in Eqs (2.25) and (2.30), we get;

9°@,, 100, m’ = ,= | = 20
im im. _ 0. — 0. D) =p; m (234)
[ or’ +r ar  qn’” " i sz+Qm(’” V=P ot
The conditions (2.26-2.29) become
®,,=0, at t=0, (2.35)
9O +Bi)®,, =0, at r=®,, (2.36)
r
r

©,, (r_y 1) = @i—l,m (721 50),

(2.38)
_ 86z'—I,m
ar o or

r=ti-1 r=ri_p

where

Fon ()= 4, exp(at), 4, = Ki®yz, sin(m6, / 2)sin(nmz, / h),

O(r,y,.0) = A,8(r —1,)8(t), 4, = (2,8, / B))sin(nmz, / h)sin(m8, / 2).

Using integration and operating eqn. (2.34) by '[ rS,,(rydr,we get [9]
Ti—1

t (98w, 198,00 __m? 2 o
J. L ar2 +; ar _4Tt2r2 Sim(r)_wnsim(r) r®imdr+

Ti—1

(2.39)

+[rsim<r)—a@"m —rcf)im—as"'"(”} + [ @y ronrs,(rdr= | [p,-a@"’"}sim(r)dr.
or r
-1 1

d dt

Ti-1 - Ti—

S;,,(r) in Eq.(2.39) is chosen so that it satisfies the following differential equation

aZSim(”) IaSim(’”) m’ 2 2
3,7 +r 5 +—4n2r2—\|;n+oc. S (1) =0. (2.40)

Subject to inner and outer surface, interface conditions
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i +Bi,S,;,,=0, (2.41)
dS—k’”+Bi2 S =0, (2.42)
p

Sim(izp) = Si—l,m (1),

(2.43)
dS[m _ dSi—],m
dr | _ dr
r=Tog r=hiog
Solution of these eqns. in terms of Bessel’s function is expressed as:
Simp (aimp r)= Dimp ‘]0 (aimp r)+ bimp Y() (aimp r).
Orthogonality condition
> [ S @y IS g =] T 2.44)
IO, (xim T)Oim O{‘im ryar= .
i=1 g ? Y i 7 Simp (O(‘imp ) > P=q,
Kz'OCiZmp = Klocfmp (245)
Using Eq.(2.40), Eq.(2.39) becomes:
= r.
rSimp(r) 5, —r@ima—r +r I @, (r,t))rSimp(r)drz
iep i (2.46)
T 88, 5, =
= [ |p Lm ; . \rS. (r)dr.
I 9t imp~im imp
-1
Using Eq.(2.45), Eq.(2.46) becomes:
rS. (r in _ @, —P "~ + r,aoNrS.  (r)dr=
[ imp (1) 2= 78, —22 j (O (P07 Sy ()
e (2.47)

ot

hi-

= J. (p[ a®im +(K1 /Ki)afmpéim}rsimp(r)dr'
1

After simplification, we get:
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k 3 k
8 ®im = d Slmp ( )
;Kl[rSlmp 5, -r0,, —— P IZ]:FJ. (r,0)7 Sy, (r)dr =
i (2.48)
= j { Mg (K /K ) 0 O jrSlmp(r)dr.
i=1 hi
We define
0? —Z A, j Simp (1) Oy dir,
(2.49)
= k ri =
0y =2 | % Qi ()7 Ry ()
=l
Hence Eq.(2.48) becomes:
QY 0. = as,. H|' =
mp 2 _ i imp
P; dt +(K] / Ki)(xlmpe)(p 27\’ mp(r) a}"m _r®im T +Qr(npp' (2.50)
tie1
Applying the interface conditions (2.38) and (2.43), yields
d @"’
P +A3G) = A, exp(at)+ A5 &(t) (2.51)
where
A= (K, 1K) Ay = A N7y 1),
As =4, F(iniop), F(nog) = I [8(r—r,)rS;(r)dr]
Ti-1
and
@ﬁp =0, at t=0. (2.52)
Using Laplace transform (LT), LT inversion on Eqs (2.51), (2.52), we get:
09, = E,[exp(at) —exp(~A;)]+ As exp(~Ast). (2.53)

Here E;=(A4,/ A; +a).

The generalized Fourier series expansion of sz (r,t) is
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Oinn (1) =Y. €y ()i (1), (2.54)
p=I
k n
where Cnp O =[2 Ay [ 781y (1) 84, A1/ S, (0 )]
=y

Now using Eq.(2.49), we get

Using Eq.(2.54) in Eq.(2.31), we get

©,(r,0,t) = Z WS, (1) + Z Zl{l Simp () cOS(mB) + Z Zl{l Simp ()sin(m®),  (2.55)

m=1 p=1 m=1 p=1

where
[60p]/[510p(a10p )] [ mpc]/[Slmp (almp )] 4 [ mps]/[Slmp (atmp )]

Applying inverse Fourier Sine transform on the above Eq.(2.55), yields

©,(r,z,0,) = i{i W50, (r) + i i WS, () cos(m8) +

n=1I =] m=1 p=1I
i i (2.56)

+ i i \P4Sl.mp (r) sin(me)} sin(nmz/ h).

m=1 p=I
Heat conductivity is taken as [1]:
A (T) = hig exp(®, T,), ©;<0. 2.57)
Here A;, is the dimensionless reference value of thermal conductivity defined by,

Aig

7\4-0* = .
l 7\‘([—1)0

Substituting Eq.(2.57) in Eq.(2.17), yields
©,=(Aj [ ©;)[exp(®,T;) - I]. (2.58)
Using Eq.(2.58) in Eq.(2.56), yields

T(r.2.0.) = (1/®;)log,[g (r.2,8,1) + 1] (2.59)
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where

g(r,z,0,0=> (@, /xm){Z\P S0y (1) + DD W3S, (1) cos(mb) +

n=1 p=I m=1 p=1

+i i WS (1) sin(mﬂ)}sin(nnz ! h).

m=1p=1
We use the following logarithmic expansion
log,[g(r,z,0,t)+1]1= [g(r,z,0,0)]+(1/2) [g(r,2,0,01 +(1/3) [g(r,2,0,0F +...  (2.60)
Ignoring terms with order greater than one, we get:
log, (g(r,z,8,0)+1)]= g(r,z,6,1).
Hence Eq.(2.59) becomes

T, (r,z,0,t)= i([ /lio){i‘Pszp (r) +i i W3S, () cos(mB) +

n=1 p=I m=1 p=1

2.61)

oo

+2 i] ‘I’4Simp(r)sin(me)}sin(nnz/h).
m p=

3. Thermoelastic analysis

In the cylindrical coordinate system, the boundary conditions for thin disc with support at both ends
are [35]:

where
7 19 19 E K
Visg+-—d o, D= (3.2)
9r’ ror 790 ]2(1_Vi)

Subject to conditions

o
W =%:0, at =0 (3.3)

The problem is restricted under thermal load by an elastic reaction along the boundaries r=r,, r=r,,[16,22]
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(i)
aW ! " W(i)

=0, at r=n),
r

*)
M =g

" , at  r=rn,
wi) = W(H), at r=r_,,
ow®  gul=D

= at r=r_,

dr  or

It is assumed that the constants of proportionality specified as per Hooke's law are one.

Resultant and shearing forces, moments are [35]:

N = Ngg = Nyg' =0,

(i)
0 __p 9 (y2,0)__ L M;
Q l al"( ) I_Vl al"
1 0 1 1oM®
Q(gle)— (VZ (z)) LM
, 52 () a0 .
M,E:,) =—D,- o‘w +&aw _ 1 M](})’
| or? r o or I1-v,;
. [ 52,0 (i) ,
MY =D, |v, S0 1 L mo.
| or° r or I_Vi

Here M r(;) satisfies the condition

MOl =0, o0<e<l.

r=n

Stress components are

=02 o (L 2y 67,

1 12z

12z R
5 Mg + —V(;N}” My - oci(T»EiT,-j,

o _ 1 () 4
Goy = —N,
00 = 7, g0 T ]

i

34

(3.5)

(3.6)

3.7)

(3.8)

(3.9)
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h h
M= E,.j o;(T) T,zdz, NV =E, j 0, (T) T, dz. (3.10)
0 0

Here o;(7;) is the temperature dependent coefficient of linear thermal expansion assumed as:
0, (T}) = g exp(®,T;),  ©,20. (3.11)
Here «;, is the dimensionless reference value of coefficient of linear thermal expansion defined by,

o
oL, %= i0
i0

Oli—no

Using Eqs (2.61) and (3.11), in Eq.(3.10), we get M and N as:

M7= (04 E;/hg) D ¥ {Z\PZSH)P (r) 42 2, ¥ Sy (r)cos(mb) +
n=1 p=1

m=I p=I

(3.12)
+D " W,S,,, (r)sin(m) |,
m=1[ p=1
N}i) = ( o, E; /g ) 2‘*’6 ZTZSI'OP (r) +Z Zl}lﬁiml) () cos(mb) +
n=I p=I m=I p=I (3.13)

+i i WS (1) sin(me)}

m=1 p=I
where
W =[(h* / 24n°)][(~3nm(8 + 3®3 ) cos(nm) + @, (3 + 61T’ — 3cos(2nm) + nm , cos(3nm)) ],

W, =[(h/ 24nm)|[24 + 12070, + 85 — 3(8 + 3B3) cos(nm) + @3 cos(3nm)].
Using Eq.(3.12), the deflection w of the i* layer from Eq.(3.1) is obtained as:

W= (1201 +v)o, ¥ /li0h3)x[(d), + D, +@,)/ (@) + (0 +17) /7 ) ®,y +

oo (3.14)
o+ )q>3)}< DS, (1) + @38, (1) + D35S, (1)}
n=I
where (I)Izi‘llz, d)zzii‘l’3cos(m6), C%zii‘lﬁ,sin(me).
p=I m=1 p=I m=1 p=1

Using Eqs (3.12) and (3.14), Eqgs (3.7), (3.9) are solved with the help of Mathematica software.
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4. Numerical analysis

For numerical analysis, a mathematical model is formulated for a 3-layered disc, with the inner, middle
and outer layers composed of copper, zinc and aluminum, respectively [22].

Let ambient temperature 7,=20, ry=1,r,=2, r,=3,r;=4, inner layer 7,<r<r, , middle layer
r; <r<r,, outer layer r, <r<r;.

Figures 2(a), 2(b), 2(c) shows temperature along 0,z,r respectively. Here temperature distribution
follows a sinusoidal nature. Along axial direction, its magnitude suddenly increases and reaches to zero
towards the end. Along radial direction, the temperature slowly increases and attains peak and reduces towards
the inner-layer.

20

o

Temperatur
2
N
=
£

~
~
z
DimensionlessTemperature
DimensionlessTemperature

Dimensionless
-
(@]
£
&

Fig.2a. Plot of temperature along 6  Fig.2b. Plot of temperature along z  Fig.2c. Plot of temperature along »

The following Figs (3-7) on left represent homogeneous case, while on right represent
nonhomogeneous case.
Figures 3(a), 3(b) show the dimensionless deflection along 0, » respectively. Due to the application

of heat, the deflection is more in outer-layer as compared to other layers. Its magnitude is more in the
temperature dependent case as compared to the temperature independent case.

Figures 4(a), 4(b), 5(a), 5(b) show the dimensionless resultant moments along 0, » . The moment Mgg.
is tensile in nature, while M, is seen to be tensile and compressive in different regions.
Figures 6(a), 6(b), 6(c) show Ggq, while Figs 7(a), 7(b), 7(c) show G, along 0, z,r. Ggq 1is tensile

along 0, z, while radially its nature changes in both cases. Magnitude of G,, gradually increases with increase
in 0, z, while along r direction it becomes compressive and attains tensile nature towards the inner-layer.

Al

wiAD
wi{Fn)
Wi )
widn) f

wACu)

Fig.3(a). Plot of deflection along ©.
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Fig.3(b). Plot of deflection along r.

M AN
M, Z0)

M (Cud

M (AL M (L)

ML (Cu)

Fig.4(a). Plot of Mgyq along 6.

M, (Cu) R 1, (AL M (AD

Fig.4(b). Plot of Mg along r.

Mg LA

Myl Fm)

W ALY Mog{Fn)

M Cu) Mas(Cu)

Fig.5(a). Plot of M,, along 6.
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: E o3 Mg (Cu) Mgg(Zn)
3 " Mg Fn) - L
Mon(Cu) : Mo (AD

Fig.5(b). Plot of M,, along r.

el Ad)

trpal £n)

Fig.6(a). Plot of Ggq along 6.

Tl Cu)

FaplFn)

Ad)

cFaalAd)

raglAl)

el L)

5B gl £n)

e Cum)

iFan{C )

Fig.6(b). Plot of Ggq along z.

Fig.6(c). Plot of ©gq along r.



134 Thermal stresses associated with a thermosensitive multilayered...

el Al

o L Fm)

Fig.7(a). Plot of G,, along 6.

o gl Ty
T CAT i (dn) T

)

T (Fn)

AL

Fig.7(c). Plot of ©,, along r.

5. Validation of the results

This paper presents a mathematical model for a multilayered thin annular circular disc. The asymmetric
heat conduction problem with time-dependent boundary conditions and heat source is solved using the finite
integral transform approach. The temperature distribution, along with its corresponding deflection, resultant
moments, and thermal stress distributions, has been derived. As a limiting case, if we consider homogeneous
material properties, the results agree with [22].

6. Conclusion

Thermal behavior of a multiple layered annular circular disc due to instantaneous point heating is
investigated in this paper by taking thermally sensitive material properties. The HCE is solved using
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Kirchhoff’s method and finite integral transform method. In the temperature independent case, the radial stress
suddenly changes to compressive nature as the heat passes from middle layer to inner layer, whereas it is tensile
in nature for all regions in the temperature dependent case. The point heat source generates heat in the annular
disc in the middle layer. This heat source causes the temperature rise in the middle layer, while heat propagates
accordingly in the inner and outer layers. The annular disc experiences notable variations in thermoelastic
properties due to the introduction of point heat source.
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Nomenclature

Ci(T;) - specific heat capacity of the i layer
D; - bending rigidity of the i layer
E: —Young’s modulus of the ith layer
h — thickness of the disc
ho, hx — surface coefficients

M () M (2 — resultant moments

rr ot

M ;’ ), N. (Tl ) _ thermally induced resultant moments of the i layer

N, () NéQ,NSQ — resultant forces

o

O(r,0,z,t) — internal heat generation

Qg), Qgg — shearing forces
T, —temperature of the i layer
Tor — ambient temperature
w(®  — deflection of the i layer
o;(7T;) - temperature dependent coefficient of linear thermal expansion
A;i(T;) - thermal conductivity of the i layer
Vi

p;, - density of the i” layer

— Poisson’s ratio of the i layer

G,,,0g9 — components of stress functions
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