Int. J. Appl. Comput. Math (2019) 5:154
https://doi.org/10.1007/540819-019-0731-y

ORIGINAL PAPER

®

Check for
updates

Modelling of a Three Dimensional Thermoelastic Half Space
with Three Phase Lags using Memory Dependent Derivative

Debkumar Ghosh'(® - Ashis Kumar Das? - Abhijit Lahiri’

Published online: 29 October 2019
© Springer Nature India Private Limited 2019

Abstract

A mathematical model for a three dimensional isotropic half-space has been formulated to
inspect lagging behaviours due to the presence of phase lags in context of memory dependent
derivative, as an extension of several existing thermoelastic models like- Green-Naghdi-III,
Lord Shulman, and Fourier’s Law etc. The analytical and procedural work has been done
in integral transform domain preceded by eigenvalue approach to find the solution from the
governing equations. Numerical computations and graphical representation of distribution
of non-dimensional stress components, temperature with the effect of three phase lag, kernel
function and time-delay has been performed with the help of the efficient mathematical
software.

Keywords Half space - Three phase lag - Memory dependent derivative - Generalized
thermoelasticity - Vector—matrix differential equation - Integral transform
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To Reference temperature chosen such that ‘T;—OTO «1
2
_ _rT :
S Eem) Thermal coupling parameter
ojj Stress Components
w Time delay
K (&) Kernel function
Introduction

The concept of finite propagation of wave was replaced by the infinite speed phenomena of
thermal disturbance as proposed by Biot [1] to transform the Fourier’s Law of heat conduction
into diffusion equation. The revolution of generalized thermoelasticity can be classified in
five generalizations as described by Hetnarski and Ignaczak [2].

First Generalization

As an extended thermoelasticity theory (ETE), Lord and Shulman [3] introduced one relax-
ation time parameter in generalized thermoelasticity by replacing the Fourier’s Law of heat
conduction

q =k AT ()]

with Maxwell-Cattaneo law. Generally problems on generalized thermoelasticity (coupled
or uncoupled) was solved with the help of potential functions mechanism. But according
to Dhaliwal and Sherief [4] and Sherief and Anwar [5], convergent solution is not always
possible using potential functions to solve problems having physical or field variables like
—displacement, stress, strain, temperature. As an alternative process to solve problems with
classical heat conduction equation

q+745 = —kVo @)

(k = thermal conductivity of material, 7, = build-up time and q = heat flux), Single Phase
Lag (SPL) model was proposed by Ozisik and Tzou [6].

Second Generalization

Green-Lindsay [7] proposed temperature-rate dependent theory (TRDTE) with two relaxation
times as parameters in coupled thermoelasticity theory.

Third Generalization
In this generalization, Hetnarski and Ignaczak [8] introduced the concept of Low-Temperature

coupled thermoelasticity for non-linear model of heat conduction. Chimmelli and Kosinski
[9] studied that this model can predict the behaviour of wave-like thermal signals.
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Fourth Generalization

Green-Naghdi [10] proposed G-N theory with the concept of thermoelasticity theory without
energy dissipation known as Green-Naghdi-II model. In this model the classical Fourier’s
law is modified by the temperature rate gradient. In G-N-III model, damped thermoelastic
waves [11] and general concept of energy dissipation [12] have been discussed.

Fifth Generalization

Dual Phase Lag (DPL) model is introduced as the fifth generalization thermoelasticity theory
proposed by Chandrasekhariah [13] and Tzou [14]. Tzou considered the generalized heat
conduction equation describing the lagging behaviour imposed on the thermoelastic solid
introducing DPL to both of the temperature gradient and the heat flux vector. To avoid
finiteness of 7, in SPL model due to heat-flux, Tzou [15] introduced the concept of DPL with
the following heat conduction equation:

q+7 9 = —k(1+ 15 )V 3)

with two time parameters t,, g9 Where 7, = heat flux time lag and 7y = temperature gradient
time lag. Depending upon the relation between 7, and 7y, different model has been specified
as follows:

(1) Classical Fourier’s Law when 7, = 79, not necessary equals to zero.
(ii) Biot theory or Dipole Coupled Theory (DCT) when 7, = 79 = 0.
(iii) Cattaneo-Vernotte (CV) model when 7; > 0, 75 = 0 and
(iv) Lord-Shulman (LS) model when 7, =7, 79 = 0.

As a new generalization thermoelasticity, Roy Choudhury [16] discussed the concept of
Three Phase Lag Model [3PHL] introducing three time parameters 7, Tr, T, Where 74, =
heat flux time lag,t7 = temperature gradient time lag and t,, = thermal displacement gradient
time lag satisfying the inequality 0 < 7, < 77 < 7,4.To discuss the lagging behaviour, using
%v, g and VT as thermal displacement gradient, heat flux vector and temperature gradient
respectively, the constitutive equation of generalised heat conduction can be written as

GP,t+15) = —[k* VU(P,t +1,) +k VT (P, + 17)] )

where P (7) is the point where material volume located at time (¢t + t,,) and (¢ + T7) together
with heat flux flow at different instant of 7, for a finite time t>0.
Taking Taylor’s series expansion from the above mentioned equation, we have

.

. Gl = d = S
g +TqET? =—[k*Vv+k1r EVG +1, VO] 5)

where 7, =k +«*t, and v =0.
Now depending upon different values of 7, 77, 7, and ™, different theory can be classified
as below-

(i) Classical Fourier’s Law :k* =0, 7, = 17
(ii) Lord-Shulman (L-S) Theory: k* = 0,7, = 7 and 17 = 0, where 7 is the relaxation
time.
(iii) Green-Naghdi-III (G-N-II) theory: 7, =0, 77 =0 and 7, =0
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Neglecting the terms above the 2"¢ order of 74 in Taylor’s expansion and then eliminating
—div g, the generalized heat conduction Eq. (4) reduced to

K*V2 0 +ktrV2 O +1V2 6
9 9%
:<1+rq8t 3275 q>F(x1,x2,x3 1) (6)

where, F (x1, x2, x3, ) = (,o CEé +y To é) and p, Cg, y, Ty and e denote density, specific
heat conduction, material constant, reference temperature and dilation respectively.

To provide easier procedure to avoid analytical and simulation complexity in both DPL
and 3PHL model, the Memory Dependent Derivative (MDD) concept has been introduced
using K (¢t — &) as the kernel function with w (>0) as time delay where & is any real number
arbitrarily chosen.

In context of MDD, we have introduced the generalized heat conduction equation as-

K*(l + %Dw)e,,-j +kTT(1 + %Dw)é',ij + T;k(] + %Dw)é,,‘j

2 .
= (1 +%Dw+%Di>(pC59+yT0é)

where the integral form of a common derivative of a first order function is defined by Wang
andLi[17]1as D, f(t) =1 [' Kt —&f'(&)ds.
In context of MDD, the kernel function,K (t — &) is defined as follows-

) 2
Ke-9=1-"L20—5+ Do —ey

1 when p; = 0, p2=0;
-8

w

1 —

when p1 =0, pr =

5

1—(—§&) whenp =0, pp=

5

2
t_
(1——§> when p1 = py =1
1)

Using convolution theorem of the Laplace transform, kernel function, K (t — &) is defined
by L{w Do, f(1)} = [/, K(t — &) f' () d& = F(s).G(s) where F(s) = L{f(1)} and G(s) =

2 2
2py , 29} —ws 2y, 2pi-p3) | 2p]
|:1 oo || =2y +p))+ =+ o |

|
N\SNM—

Further, Ezzat et al. [23], Abbas [29] discussed fractional order thermoelasticity in context
of three phase lags. Again Sarkar [24] and Abbas [25] [28] [30] studied the thermoelastic
infinite medium for spherical and cylindrical cavity respectively with MDD. Atwa and Sarkar
[26] also studied a problem related to magneto-thermoelasticity for a perfectly conducting
medium in context of MDD. In a semiconducting medium photothermal effect has been
analysed by Lofty and Sarkar [27].Prior to this Abbas et al. [31] studies the non-leaner
thermoelasticity where as finite element method has been used by Abbas et al. [32] to discuss
generalised thermoelasticity under ramp-type heating.

In our current work, the method of Laplace inversion and double Fourier inversion are
applied to obtain the specific and accurate numerical solution for stress distribution, tem-
perature distribution and to enquire the lagging behaviour imposed on the physical variable
against space variables for a three dimensional isotropic half space.
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X1

Fig. 1 Schematic diagram of the problem

Formulation of the Model

We consider a three dimensional homogeneous isotropic thermoelastic half space lying in
the region R = {(x1, x2, x3) : x1 >0, —00 < x3 < 00, —00 < x3 < 0o} as in Fig. 1.
Equation of motion:

piij = A+2ujij+pu;jj —y(1+vD,)0,; (7
Heat conduction equation:

K*(l + %Dw)e‘ij +k'ET(1 + %Dw)é,ij + ‘L';k(l + %Dw)é,ij
2 .
:<1+%Dw+%Di)(chQ+yToé) ®)

Constitutive Stress—strain equation:
oij = Mekk 8ij +2 1 ejj —y 8;j(1+v Dy) 0 & )

Considering F(xy, x3, x3, t) = ngé + y Tpé the heat conduction Eq. (8) reduces to

K*(l + % a)Dw)Q,,'j +k ‘L’T(l + % a)Dw)Q,ij
. 2
+7f(1+ 2 wD,)d,; = (1 +% WD, + 5L wD,i)F (10)

[ A
(xl, X5, X3, Uy, Uy, u3) = con(xy, X2, X3, Uy, U, U3),

Introducing the non-dimension variables ,

= ﬁ@, o, 1= c(2)17(v, 1), ‘fi/j = r;,lmffij
and dropping primes for convenient, the Egs. (7), (8) and (10) reduces to

Ul = Ulxx; TEI (u2,x1x2 + u3,x1x3)
t

+&2 (ul,xzxz +u1,x3x3) - o,xl - 83% / K(taé) 9,&')61 d%_s

I—w

U1t = U2 xrx7 T €1 (ul,xlxz + u3,x2x3)
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t
+&2 (u2,x1x1 + u2,x3x3) - g,xz - ‘93% / K(t,S) 9,5)(2 d%‘,
—w

U3t = U3 x3x3 T €1 (ul,x1X3 + u2,x2x3)
t

+&2 (u3,x1x1 +u3,x2x2) - 9,x3 - 83% / K(t’g) 6,5)63 ds (11)
I—w
'
T f K(ts%—)e,éxlxl dé+
[ =
Q,X])Cl +9,x2x2+9,x3x3+* t t
DN [ K8 0 vyydt [ K(U8) Opy05dE
f—w —w

t
[ K8 0¢¢sx x dE

—w

0 0 0 t
+ &6 ( xixp T O 0t ,X3x3)‘tt +; ' '
+ [ K(t,8)0s5sxyuydé+ [ K(t,8) 05 g & 132y dE

t—w t—w

t
[ K@E) O &x x, dE

t—w

t t
J K(t.6) 66 £ xyxydé+ [ K(1,6) 05 & 1y 2y dE
—w 1—w

To
+7

+e7 (G,Xl x1 t0.xx +9,X3X3),; o

+
t

6,t+(”1,x1 r+u2,x2 t+u3,x3 t) it

. . [ K@) uig e x d§
+ L [ OK(tE) 0 dEtes| ¢, ,
e t—w +l;[w K(.&) Uz & X2d§+[;/;0 K(.§) U3 £ x3 dg (12)
t
2 [ K@) uigse v dé
tob | [ K(tE) 05 e deves|'™?, ,
e + [ K@) urgse xpdé+ [ KWE) usg g 5 vy d&
—w —w
t
v
o1 =iy +E4(Ury, U3 n) — 0 — £ / K(t,8) 60 dé&,
t—w
t
v
020 = Unx, +4(U1x, +U3x) — 6 — £ / K(t,&) 0 dE,
I—w
t
v
033 = U3 xy +E4(U1x, +UDxy) — 0 — £ / K(t,§) 0 d§,
—w
o1 = Sz(ul,xz + uz,xl),
013 = 82(”1,)(3 + u3,x1)a
o12 = &2(uzny + 3 x,y) (13)
Method of Solution: Vector-Matrix Method
Applying Laplace and Fourier transform defined by L{f(x,y,n} = g, y,
s) = fooo e f(x, y, )dt, Re(s) > 0 and F{f(x,y,)} = [f*x, q, 5) =
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oo -
\/% [ e f(x, y, s)dy respectively and eliminating -7, “*” Egs. (11) (12), (13)
—00

reduces to

Ul = AU + ApUj + AUS + A ®',
Ué/ = B1Uy + BjoUs + B130 + Bl4U{,
UY = C11Us + C12U3 + C130 + Cra U] (14)

@”:D]]U2+D12U3+D13@+D14U1, (15)

o1l = Ul/ + 81Uz + BoUs + B30,

022 = &4U1 + BaUs + BoU3 + B30,

033 = 84U{ + B1U2 + BsUsz + B30,

o12 = BeU1 + £2U,,

o013 = prU1 + £2U3,

023 = B7U2 + BeUs3 (16)

where, ¢;,i = 1,2, .., 13 and B;, i = 1, 2, ..7 are mentioned in appendix and «, <"
represent the 15 and 2" derivatives with respect to x;.

The Egs. (14) and (15) reduces to the following vector matrix differential equation as
Ghosh et al. [18], [33] -

dv
-

> A
dx;

Y )
where, y = [U1U,Us © U UL U; (—)/]T and A is given in the appendix.

The roots of the characteristic equation |A — A I| = 0 are A = £A;(i =1, 2, 3, 4) which
are known as eigenvalue of the matrix A.

Let 1() A = [d1 dy d3 dy Ady Mdr Ad3 Ad4]T be the eigenvector corresponding to the
eigenvalue \ of the matrix A.

The solution of the Eq. (17) is given by

6
V=) Xy (18)
i=1
where y; = A;e** and A; are arbitrarily constants to be determined by using boundary

conditions.
Thus we obtain the displacement components and temperature as follows:

4 4
U] = Zijlj e)‘jxl,Uz = Zijzje)”jxl,
j=1 j=1

4 4
Us = Z Ajxzje" ™ and © = Z Ajxgjeti 19
j=1 j=1
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Using Eq. (19) in Eq. (16), we obtain the stress components as below-

4 4 4
on =Y AiRi(x1).om =) A Ry(x1) 033 = ) A; Ry(x)

i=1 i=1 i=1

4 4 4
op = ZAi Ry4i(x1) ,013 = ZAi Rsi(x1) ,003 = ZAi Rei(x1) ,
i=1 i=1 i=1
4
and 0 = ZA,- R7i(x1) ,R;i(j =1,2,..,7Tandi = 1,2,..4)are giveninthe appendix.
i=1
(20)

Initial And Boundary Conditions

In our problem, we consider following initial conditions u; = up = u3z =0 = | = up =
3 =6 =0.
For the determination of A;, we consider the following boundary conditions-
Mechanical boundary conditions :
011(0,x2,x3,1) = 0, 012(0,x2,x3,7) = 0, 013(0, x2,x3,7) =0,
Thermal boundary condition :

6(0,x2,x3,t) =r, wherer isaconstants. 21
Applying Laplace and double Fourier transformation, the Eq. (21) becomes

011(0,¥2,v¥3,5) =0, 012(0,¥2,v¥3,5) =0, 013(0,%2,v3,5) =0
and 6(0,vY2,V3,5) =1, where r* = —;9—0%%%# (22)

Using above boundary conditions (22) in Egs. (19) and (20) a set of linear simultaneous
equations are obtained as follows-

4 4 4 4
DAL =0, Ajlaj(x)=0,> Ajlsj(x) =0, Y Ajlz; =r* (23)
j=1 j=1 j=1 j=1

where l;; i = 1,2,..,7) and j = 1,2,3,4 are given in the appendix.
Applying Crammer’s rule in the above mentioned equations we obtain the values of
arbitrary constants, Aij(i = 1,2,3,4)as A; = % where Dj and A are given in the appendix.

Numerical

To avoid complexity of the inversion of Laplace—Fourier transform in space—time domain,
an efficient computer programme has been developed for numerical computation of physical
variables like stress, strain, temperature by using Method of Bellman et al. [19], where we
have taken the roots(t;) of Legendre Polynomial of degree 7 as the seven values of time (t
=tj, i = 1...7, where t; = 0.025775, t, = 0.138382, t3 = 0.352509, t4 = 0.693147, t5 =
1.21376, tg = 2.04612 and t7; = 3.67119). Also Inverse Fourier Transforms are calculated
numerically by infinite integral using seven point Gaussian quadrature formulas for different
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%10

0 0.2 0.4 0.6 0.8 1

Fig. 2 Distribution of o1 versus x| at different time

values of x; and x3. Numerical computations and distribution of physical variable to inspect

the influence of time parameter (t), phase lag variables, space variable(x), time-delay (w)

have been analyzed. The numerical values (in SI unit) of constants for silicon are considered
K = 386.0, k* =200.0, Cp = 1.4 x 10%, A = 7.76 x 10'°,

as follows: y = 3.86 x 10'°, p = 8954.0, Tp = 293.0, v = 0.33, y =210 x 10*,
79 =0.01, 7, = 0.2, 77 = 0.15, 7, = 0.05, o = 2200

Graphical Analysis

For fixed time delay (w = 0.04) with the kernel function, K(¢, £) = [1 — (r — S)/w]z,
p1=05 pr=0Tatt =ts,andt =t7t =1, t =13, atfixed xp = 1.5 and x3 = 1.7.
Figure 2 depicts the non-dimensional numerical distribution of the normal stress, o1 for
different values of x;. Initially the numerical value of o1 is zero. Att = t; and t = 3,011
is positive indicating extensional stress while at t = t5 and t = t7, it is negative stress up to
x1 = 0.3, then a tendency to show a positive or extensive stress before vanishing to zero.
Figure 3 and 4 represent the characteristic curves of non-dimensional stress components
(012 and 013) along x1-axis. The numerical value increase from zero and then become steady
after gaining maximum value at x; = 0.25.A gradual decrease in the rate of increment of
both 017 and 013 are marked from t5 — t3 — #7 with a very low rate observed at t = ¢;.
Figure 5 shows the characteristics behaviour of o5, along x{-axis. The non-dimensional
numerical values of this stress component increase gradually and thereafter decrease attaining
maximum value in the region 0.1 < x; < 0.2 before vanishing at x; = 0.4.Afterwards, an
alternate small negative and positive stress values appear with increasing x.
For fixed time delay (w = 0.04) with the kernel function, K (¢, §) = [1 — (¢t — &) /a)]z,
p1=05 pr=0Tatt=t,t =1t andt =t atfixedx; = 1.5and x3 = 1.7.
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Fig. 4 Distribution of 013 versus x| at different time

Figure 6 represents the numerical distribution of the non-dimensional stress component
(023) along x1-axis. The non-dimensional numerical value of 0,3 have been observed at x;

= 0.6 showing oscillating characteristics. Maximum shearing stress have been seen near the

middle plane of the plate while from ¢t =1, to ¢ = fg, a sharp decrease in numerical values

of shearing stress is noted.
Figure 7 exhibits the characteristic representation of the stress component (033) for dif-

ferent values of x; at different time t = t{, t =13, t = 15, and t = t; for fixed time delay (w
= 0.04). At different time, 033 gradually decreases having least value in 0.1 < x; < 0.2

and maximum value at x; = 0.5. Finally o033 — 0 as x; - oo .
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Fig. 5 Distribution of 07y versus x| at different time
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Fig. 7 Distribution of o33 versus x at different time

Figure 8 is about the temperature distribution along x1-axis for different numerical values
of kernel function (k(z, £)) for fixed w = 0.04. The characteristic curves depict that the
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Fig. 8 Temperature distribution versus x| for diff. values of k(z, &).
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Fig. 9 Temperature distribution versus x1 for diff. value of w

numerical values of temperature gradually increase and after certain time at x; = 0.6 and

onwards become steady.

Figure 9 represents the numerical characteristics of temperature for different values of
time-delays. The characteristic curves become steady after increasing gradually from zero.

The maximum value of temperature is noted at
x; = 1.0.

x1 = 0.6 which becomes steady up to

Figure 10 represent the phase lag effect on temperature distribution. For both the G-N-III
and L-S model the temperature gradually increases from zero for t = t1, t = t3.
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Fig. 11 Temperature distribution versus xj at diff time

Figure 11 characterises the distribution of temperature along x; —axis for 7g = 0.01,
7y = 0.2, 77 = 0.15,7, = 0.05 as the effect of three phase lags in this model on temperature
at different time ¢ = fp, t = 14, t = t¢.The non-dimensional numerical value of temperature
increase gradually with a maximum value at x; = 0.6 for fixed time delay (w = 0.04) with
kernel function, K (¢, £) = [1 — (t — S)/a)]z, p1=0.5, pp =0.7.
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Application

The concept of half space has a great impact in engineering science. We know the boundary
conditions are preserved on the conducting boundary surface which is also known as image
plane or symmetry plane. But when the same dielectric medium removes and replaces the
conducting medium in upper half space the three dimensional medium becomes homoge-
neous, linear and isotropic in various electrostatic field. It is also notable that field calculation
for lower half space has no significant physical meaning as temperature distribution is calcu-
lated based on upper half field distribution. In thermoelasticity, a finite speed propagation of
thermal signal is considered as thermodynamic theories are generally based on the wave-like
(or hyperbolic-type) heat conduction equation. This phenomenon of generalized thermoelas-
ticity attracts the researchers.

Unambiguous numerical results and inherent procedural complexities using both Integral
order and Fractional order Calculus to solve problems in generalized thermoelasticity leads
the researchers to opt for the new generation technique like 3PHL model using MDD. This
model in association with Kernel function and time delay in context of MDD can produce
convergent and specific solution for the generalized heat conduction equation. This model
provides specific and moderate solution for field variables with respect to space variables in
different field of thermoelasticity in Engineering and Mechanical sciences like-construction
engineering, visco-elasticity, nuclear reactor design, etc. together with earthquake sci-
ence, geophysics. Use of Integral transform in MDD and the different phase lag variables
in conventional heat conduction equation this model depicts more accurate and convenient
continuous numerical results to calculate damage tolerance, thermal durability of an elastic
material and help to inspect lagging behaviour on filed variables.

Application of the Infinite Half Space Model to Explain the Coding of Oceanic
Lithosphere/Plate

The dashed line indicates the approximation as a plate of constant thickness (based on Mc
Kenzie et al. [20] and Sclater et al. [21].

Evaluation of heat flow through the earth especially along the tectonically active plate
margins is a continuous process throughout the history of the earth. The maximum heat
flux is observed along the mid-oceanic-ridge [M.O.R.] areas. Thus the application of three
dimensional mathematical- model, specially related to heat flux, has a significant correlation
with natural heat fluxes through the oceanic lithosphere along the M.O.R.

Considering different boundary-layered models, the plate models better explain the
observed thermal data above the oceanic or continental lithosphere and evaluate the ther-
mal structure of the earth as determined by the seismic wave propagation studies. The huge
amount of heat flux in the M.O.R. is found to be distributed at great distances from the ridge
axis and sufficiently large vertical ocean depths over the oceanic lithosphere [Fig. 12a, b].
A two-layered model of the oceanic lithosphere has been considered. The upper layer is an
elastic rigid rock layer with a mechanically defined lower boundary, above which conduction
of heat is thought to be the main process of heat transfer. Apart from the uniform heat source,
several evidences of heat sources are suggested like the radiogenic heat in the upper litho-
sphere, shearing heat at the lower surface of the lithosphere, reheating of old lithosphere due
to intrusion of hot mantle plumes at hotspots and heat transfer due to small scale convection
currents in the lower lithosphere. Thus the convecting asthenosphere into the lithosphere
is thought to attribute the heat transfer model, consequently giving a thinner lithosphere
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Fig. 12 a predicted thermal structure in the coding plate (as Turcotte and Schubert [22]). b vertical heat flow
is narrow columns that move away from ridge crest showing symmetrical behavior on both sides

[Fig. 13a, b] than in the half-space models. Structural variation between the oceanic and
continental crusts derived from dispersion of seismic waves is highly compatible with the
thermal model of an elastic and rigid mechanical layer underlain by a convecting thermal
boundary layer extending to about 150 km.

The mathematical calculations show that there is a gradual increase in temperatures which
becomes steady as the source of heat moves along x; for different variables like Kernel
function, time, time delay and phase lag. A similar behaviour of a high heat flux is observed
as the hot mantle material along with the added effects of other heat sources move upward
along the ridge axis and a gradual cooling of successive older rocks away from the ridge crest
[Fig. 13a].

Movement of heat sources along the x; for different variables resulting a high initial
extensive and compressive normal stresses appears to be due to excessive applied forces
generated by the upward movement of hot mantle material and simultaneous release of
pressure. While the convective currents below the rigid plates appear to cause the shearing
stresses at slightly later times.
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Conclusion

In our present work, studying various applications on mechanical engineering, applied mathe-
matics,industrial, geophysical sectors and geothermal structure of the earth we have analysed
the different generalized heat conduction equations and different phase lag models to intro-
duce a new model for a three dimensional isotropic half space in context of MDD with three
different phase lags. According to our work we have reached to the following conclusion that

(i) The 3PHL model is more efficient relative to other existing well-known theories of
thermoelasticity.
(ii)) The 3PHL model acts like a general or standard one from which other thermoelastic
models can be specified as different special cases.
(iii) The kernel function with its different values and time delay parameter has signifi-
cant influence in the characteristic representation of distribution of components of
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(iv)

)

(vi)

(vii)

field variables with respect to space variables. The kernel function together with time
delay parameter shows instantaneous change rate for heat conduction depending upon
previous state.

The time variable and time delay parameter in MDD is capable to judge and is able to
predict accurately and specifically the behavioural characteristics of the possible field
variables.

Use of Integral transforms used in MDD, provide more accurate, specific and continu-
ous numerical results compared to other thermoelastic models like fractional order or
integral order derivative.

We are capable to measure significant differences in the distribution of field variables
with respect to different models —Fourier’s law model, L-S model, G-N-III model with
3PHL model.

We conclude finally that Figs. 1, 2, 3, 10 satisfied the boundary conditions and the
rest of the figures(Figs. 4, 5, 6, 7, 8, 9) satisfied the numerical results according to our
analytical problem.

Appendix

0o 1 0 0 O
0 0 1 0 O
0 0 o0 1 O

S O O
[= i)
(=i e)

o o o o o o0 o0 1
Msy Msy Msz Msqy Mss Mse Ms7 Msg
Me1 Mgy Moz Mesa Mes Mes Me7 Mes
M7y M7y M73 M74 M7s Mae M77 Mag
Mgy Mgy Mgz Mgq Mgs Mge Mgy Mgg |
[U, v, U5 © Ul U U5 0]

v =
—

Msy = Aq1, Ms; =0, Ms3 =0, Msq =0, Mss =0,
Mse = A1z, Ms7 = Ay3, Msg = Ay,

Mg =0, Mg = B11, Me3 = B12, M4 = B13, Mg5s = By, Mes =0, M7 =0, Meg=0
M7 =0, M7, =C11, M3 =Ciz, M74=C13, M75 =Ci4, M76 =0, M77 =0, M73 =0
Mgy =0, Mg = D11, Mgz = D12, Mgq = D13, Mgs = D14, Mge =0, Mg7 =0, Mgg =0

A =s?+e3(y3 +¥3),

Ay = —ie Yo,
Az = —ie Y3,
e3v G
Ag=1+2"
2@
ST+
By = =
&3
e1vay3
B
&3
e3v G
Bl3—£<1+ 3 ),
3 w
ieryn
By = — ,
&3

@ Springer



154 Page 18 of 20 Int. J. Appl. Comput. Math (2019) 5:154

R
&3 ’
s+ 1//32 + 831//22

C12 = >
&3

] G
Cis = %(H&),
€3

w
ierys

€3

Ci =

Ciy=—

12
Dy = —
€9

€13
Dy = —,
€9
€10
D3 = —,
&9
€14
Dy = —
&9

B1=1iesyn
B2 =ieq 3

e3v G
=—(1 ,
B3 (+ » >

Ba =iy,
Bs =iys,
Be =i &2,
Br =ier s,

A+l w 1 A
= 62 = €83 = —; €4 =
A+2u 2 A+2u con? A+2u

_Toy? o _kgnwo o ant
kr}(k+2”)’ 6 b 7 b

k* k*
G
o> €9 = <1+L)(1+86S2++87S);

&5 =

£ =
w

k
k
2.2
T, sG 757G
810288< e

>+eg(¢f%+w§);

7, 5sG ‘CZSZG>
4= L9 " .

€11 = &5€8| S+
w 2w

7,5G 125*G
q q .

4+ ;
w

8]2:i1ﬂ28588<s+
, 1,5G 1,5°G

e =iyzeseg|ls+ ——+—1|;
w 2w

@ Springer



Int. J. Appl. Comput. Math (2019) 5:154 Page 19 of 20

154

dy = (haah13 — hiaho3)(hoohss — h3phos) — (hashos — hoahss)(hi2hos — hoohis),
dy = (h34h23 — hoahss)(hi1hos — horhis) — (hoahis — hiahos)(ho1hss — haihas),
dy = (h12ho1 — h11hoa)(ha1hsa — h3thas) — (hoshsy — horhsp)(hi1has — hishay),”
dy = (hi1hoz — ho1hi3)(haohsz — haphos) — (hiohos — haphi3)(haihss — h3ihas),

hi1 = Ms; — A%, hiy = AMse , hi3 = AMs7 , his = AMsg
hat = Mes , hyy = Mey — A%, ha3 = M3 , has = Mea

h31 = AMgs, h3y = M7y , h3s = M3 — A%, has = AMag
hat = AMgs , hay = Mgy , hy3 = Mg3 , hag = Mgg — A2

3
Rii = (—ki dii+Y_ B d<k+1>i>€_k"x" i =1(D4
Ryi = (—A; esdyj +ﬁ4121;J + B dsi + By dai)e M, i = 1(1)4
Ryi = (ki eqdyj + i doi + Bsdsi + Bydap)e ™5, i = 1(1)4

Raj = (Bodii — &2 i dy)e ™™, i = 1(1)4

Rsi = (Bydii — &2 i d3)e ™™, i = 1(1)4

Rei = (B1dai + B dzi)e ™™, i = 1(1)4
Ry =dy e i = 1(1)4

lij = Rij©0), lij=Raj(0), Isj=Rsj,
l7j = R7;(0), wherej=1,2,3,4

D; .
and A; = —,i=1,2,3,4
A
0 Iz l13 lia I11 0 I3 la
0 l42 143 lag la1 0 g3 lgg
D = , Dy = ,
! 0 Isz Is3 Is4 2 Is1 0 Is3 54
r* I3 173 I74 I71 r* 173 174
Ii1 hip 0 Iy il i3 0 I o iz g
I41 142 O gy l41 142143 O l41 142 143 a4
D3 = , Dy = LA =
3 Is1 155 0 Is4 4 Is1 155153 0 I51 153 153 Is4
71 172 7% 74 Ip1 172 I3 1* 71 172 173 174

References

—_

. Biot, M.A.: Thermoelasticity and irreversible thermodynamics. J. Appl. Phys. 27(3), 240-253 (1956)

2. Hetnarski, R.B., Ignaczak, J.: Generalized thermoelasticity. J. Therm. Stress. 22(4), 451-476 (1999)

3. Lord, H.W,, Shulman, Y.: A generalized dynamical theory of thermoelasticity. J. Mech. Phys. Solids
15(5), 299-309 (1967)

4. Ranjit, S.D., Sherief, H.H.: Generalized thermoelasticity for anisotropic media. Q. Appl. Math. 33(1),
1-8 (1980)

5. Sherief, H.H., Anwar, MdN: Problem in generalized thermoelasticity. J. Therm. Stress 9(2), 165-181
(1986)

6. Ozisik, M.N., Tzou, D.Y.: On the wave theory in heat conduction. ASME J. Heat Transf. 116(3), 526535
(1994)

7. Green, A.E., Lindsay, K.A.: Thermoelasticity. J. Elast. 2(1), 1-7 (1972)

@ Springer



154 Page 20 of 20 Int. J. Appl. Comput. Math (2019) 5:154

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Hetnarski, R.B., Ignaczak, J.: Soliton-like waves in a low temperature nonlinear thermoelastic solid. Int.
J. Eng. Sci. 34(15), 1767-1787 (1996)

Kosinski, W., Cimmelli, V.A.: Gradient generalization to inertial state variables and a theory of super
fluidity. J. Theor. Appl. Mech. 35, 763-779 (1997)

Green, A.E., Naghdi, PM.: A re-examination of the basic postulates of thermomechanics. Proc. R. Soc.
Lond. Ser. A (1991). https://doi.org/10.1098/rspa.1991.0012

. Green, A.E., Naghdi, PM.: On undamped heat waves in an elastic solid. J. Ther. Stress. 15(2), 253-264

(1992)

Green, A.E., Naghdi, P.M.: Thermoelasticity without energy dissipation. J. Elast. 31(3), 189-208 (1993)
Chandrasekhariah, D.S.: Hyperbolic thermoelasticity: a review of recent literature. Appl. Mech. Rev.
21(12), 705-729 (1998)

Tzou, D.Y.: A unified field approach for heat conduction from macro- to micro-scales. J. Heat Transf.
117(1), 8-16 (1995)

Tzou, D.Y.: Experimental support for the lagging behavior in heat propagation. J. Thermophys. Heat
Transf. 9(4), 686-693 (1995)

Roy Choudhuri, S.K.: On a thermoelastic three-phase-lag model. J. Therm. Stress. 30(3), 231-238 (2007)
Wang, J.L., Li, H.F.: Surpassing the fractional derivative: concept of the memory-dependent derivative.
Comput. Math Appl. 62, 1562-1567 (2011)

Ghosh, D., Lahiri, A.: A Study on the generalized thermoelastic problem for an anisotropic medium. J.
Heat Transf. 140(9), 094501 (2018)

Belman, R., Kalaba, R.E., Lockett, J.: Numerical inversion of the laplace transform. American Elsevier,
New York (1956)

McPhedran, R.C., McKenzie, D.R.: The Conductivity of Lattices of Spheres I. The Simple Cubic Lattice.
Royal Sciety Publishing, London (1978)

Sclater,J.G., Parsons, B., Jaupart, C.: Oceans and continents similarities and differences in the mechanisms
of heat loss. J. Geophys. Res. 86, 11535-11552 (1981)

Turcotte, D.L., Schubert, G.: Geodynamics—applications of continuum physics to geological problems.
Wiley, New York (1982)

Ezzat, M.A., El Karamany, A.S., Fayik, M.A.: Fractional order theory in thermoelastic solid with three-
phase lag heat transfer. Arch. Appl. Mech. 82(4), 557-572 (2012)

Sarkar, N., Mondal, S.: Transient responses in a two-temperature thermoelastic infinite medium having
cylindrical cavity due to moving heat source with memory-dependent derivative. J. Appl. Math. Mech.
99(6), €201800343 (2019)

Abbas, I.A.: A GN model based upon two-temperature generalized thermoelastic theory in an unbounded
medium with a spherical cavity. Appl. Math. Comput. 245, 108-115 (2014)

Atwa, S.Y., Sarkar, N.: Memory-dependent magneto—thermoelasticity for perfectly conducting two-
dimensional elastic solids with thermal shock. J. Ocean Eng. Sci. (2019). https://doi.org/10.1016/j.joes.
2019.05.004

Lofty, K., Sarkar, N.: Memory-dependent derivatives for photothermal semiconducting medium in gen-
eralized thermoelasticity with two-temperature. Mech. Time Depend. Mater. 21(4), 519-534 (2017)
Abd-alla, A.N., Abbas, I.A.: A problem of generalized magnetothermoelasticity for an infinitely long,
perfectly conducting cylinder. J. Therm. Stress. 25(11), 1009-1025 (2002)

Abbas, I.A.: A problem on functional graded material under fractional order theory of thermoelasticity.
Theor. Appl. Fract. Mech. 74, 18-22 (2014)

Abbas, 1.A., Abo-Dahad, S.M.: On the numerical solution of thermal shock problem for generalized
magneto-thermoelasticity for an infinitely long annular cylinder with variable thermal conductivity. J.
Comput. Theor. Nanosci. 11(3), 607-618 (2014)

Abbas, I.A., Youssef, H.M.: A nonlinear generalized thermoelasticity model of temperature-dependent
materials using finite element method. Int. J. Thermophys. 33(7), 1302-1303 (2012)

Abbas, L.A., Youssef, H.M.: Two-temperature generalized thermoelasticity under ramp-type heating by
finite element method. Meccanica 48(2), 331-339 (2013)

Ghosh, D., Lahiri, A., Kumar, R., Roy, S.: 3D thermoelastic interactions in an anisotropic elastic slab due
to prescribed surface temperature. J. Solid Mech. 10(3), 502-521 (2018)

Publisher’s Note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

@ Springer


https://doi.org/10.1098/rspa.1991.0012
https://doi.org/10.1016/j.joes.2019.05.004

	Modelling of a Three Dimensional Thermoelastic Half Space with Three Phase Lags using Memory Dependent Derivative
	Abstract
	List of Symbols
	Introduction
	First Generalization
	Second Generalization
	Third Generalization
	Fourth Generalization
	Fifth Generalization

	Formulation of the Model
	Method of Solution: Vector–Matrix Method
	Initial And Boundary Conditions
	Numerical
	Graphical Analysis
	Application
	Application of the Infinite Half Space Model to Explain the Coding of Oceanic Lithosphere/Plate

	Conclusion
	Appendix
	References




