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Abstract In the current investigation, we introduce a generalized modified model of ther-
moviscoelasticity with different fractional orders. Based on the Kelvin—Voigt model and
generalized thermoelasticity theory with multi-phase-lags, the governing system equations
are derived. In limited cases, the proposed model is reduced to several previous models in
the presence and absence of fractional derivatives. The model is then adopted to investigate
a problem of an isotropic spherical cavity, the inner surface of which is exposed to a time-
dependent varying heat and constrained. The system of governing differential equations has
been solved analytically by applying the technique of Laplace transform. To clarify the effects
of the fractional-order and viscoelastic parameters, we depicted our numerical calculations
in tables and figures. Finally, the results obtained are discussed in detail and also confirmed
with those in the previous literature.

List of symbols

o, Ao Lame’s constants

Uy, Ay Thermoviscoelastic relaxation times
o Thermal expansion coefficient
Ce Specific heat
Y0=@310+210)y Thermal coupling parameter
To Environmental temperature
0=T-Tp Temperature increment

T Absolute temperature

u Displacement vector
e=divu Cubical dilatation

0ij Stress tensor
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K Thermal conductivity

P Material density

0 Heat source

t The time

8ij Kronecker’s delta function
E Induced electric field

Tq Phase lag of heat flux

Ty Phase lag of temperature
ejj Strain tensor

q Heat flux vector

1 Introduction

Generalized thermoelastic models have been progressed to eliminate the contradiction in the
infinite velocity of heat propagation concealed in the classical dynamical coupled thermoelas-
ticity theory [1]. In these generalized models, the basic equations contain thermal relaxation
times of hyperbolic type [2-5]. Furthermore, Tzou [6-8] investigated the dual-phase-lag heat
conduction theory by including two different phase delays correlating with the heat flow and
temperature gradient. Chandrasekharaiah [9] introduced a generalized model improved from
the heat conduction model established by Tzou [7, 8].

In the recent past, fractional calculus has been effectively applied in many fields to
solve problems in electronics, wave propagation, modeling, biology, chemistry, and viscosity
[10-15]. Alternative definitions and generalization of fractional derivatives were introduced
by [16-18]. Furthermore, several models of thermoelasticity have been investigated with
fractional derivatives by many researchers [19-24].

Recently, Abouelregal [25-27] created generalized and novel models of thermoelasticity
using fractional calculus. More recently, Abouelregal et al. [28] studied generalized thermoe-
lastic diffusion model with higher-order fractional time derivatives and four-phase-lags.

The present contribution aims to investigate a generalized two-fractional-parameter heat
conduction model of thermoviscoelasticity with multi-phase-lags. According to this model
and in limited cases, we can derive various classical, generalized, and fractional thermo-
viscoelasticity models (see Sect. 6). As an application of this model, we study an isotropic
homogeneous spherical cavity whose inner surface is subjected to a time-dependent vary-
ing heat and constrained. Moreover, the analytical solution for various physical fields, using
the Laplace transform procedure, is obtained. To clarify the effects of the fractional-order
and viscoelastic parameters, we depicted our numerical calculations in tables and figures.
Finally, the results obtained are discussed in detail and also confirmed with those in the
previous literature.

2 Fractional thermoviscoelastic model with multi-phase-lags

Here, we investigate an advanced thermoviscoelastic model which generalizes the Kelv-
in—Voigt model. In this case, the basic equations of motion, constitutive equations, strain,
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and displacement relations based on the theory of thermoviscoelastic for a homogeneous and
isotropic thermoviscoelastic solid are [29, 30]
O'ij = 2umeij + 8,'] [kmekk — me]
26,']' =Uji+u; (])
Wmli jj + A + m)Ujij — Ym0,i + Fi = pii;

The parameters u,, and X, are assumed to be in the following generalized forms:

Hm —uo<1+u a)
o
k,n:A0(1+A ‘ )

v ’)IB

where 0 < § < 1. Note that when § = 1, the classical Kelvin—Voigt model is obtained.
Hence, the coupling modulus y,, has the form

686
J/m—yo(1+yvag> (3)

s s
where yo = (3ho + 210)a; and y, = M

On the other hand, the usual theory of heat conduction based on Fourier’s law for infinite
heat propagation speed is given by [1]

G(x,t) = —KV0(x,1) (@)

Recently, a generalized dual-phase-lag model has been introduced by Tzou [8]:

2 2
0 Ty 9%\ 0
1+rq7+i7 qg=—-K(1+tp—|Ve )
ar 2! 9r? ot

Because there is a deficiency in the traditional Kelvin—Voigt model in describing some
physical phenomena of viscous materials in a manner that differs greatly from laboratory
experiments, several modifications have been proposed. Fractional-order models illustrate
the viscoelastic material behavior through corresponding fractional differential equations
that are physically appropriate.

In this work, we will introduce a new thermoelastic model of fractional heat conduction
law, where the generalized Fourier’s law is modified by using the concepts of fractional
Taylor’s series expansion proposed by Jumarie [23]. In this case, the time fractional dual-
phase-lag model is obtained as

PL -,:20! 82()( ¥ PLs
1+" +-L g=—-K(1+-2%—)ve 6
( al 9t%  2a! 912 1 ( al 9t% ©
where 7, > 79 > 0and0 < < 1.

We applied the Riemann—Liouville fractional integral to the previous equation which is
defined as a generalization of the convolution-type integral [13, 15]:

t

_ gyl

1 £ () = / %f@)ds ™
0

where 7¢ is the Riemann—Liouville integral operator of order «, I" (&) is the Gamma function,

f (@) is a Lebesgue integrable function and ¢ is the time. Hence, for absolutely continuous
function f(¢), we have

d” ,
hinl(@ f(t)) = f'(t) (8)
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The energy balance equation with heat source is given by [28, 29]

90 .. N
pCeE + Vm To§(dlvu) —pQ=—divg 9

where C, denotes the specific heat at constant strain, y,, is defined by Eq. (3) and Q is the
heat supply. Therefore, from Egs. (6) and (9), we get

2 2
1+iﬁ+£aa .2 T (dlvu) 0|l=kK +—ﬁ V20
ol 91 T gt a2 )| PEe T 0% PN = ol 91

(10)

This equation defines an advanced thermoviscoelastic fractional model with a dual-phase-
lag of fractional parameter ¢, and we denoted by FMVDPL. This model has widely used
in chemistry, biology, modeling and identification, electronics, wave propagation, and vis-
coelasticity [10-15].

3 An application to the constructed model

We are interested in studying an isotropic homogeneous spherical cavity of radius ¢ whose
inner surface is exposed to a time-dependent varying heat and constrained. We also suppose
that there are no sources or body forces applied to the body. We will use the spherical system
of coordinates (r, 9, ¢) as depicted in the following figure.

According to symmetry, all the studied functions are to be considered depending on the
distance r and the time ¢. The displacement vector has the components

up = u(r, 1), up(r,t) = uy(r, 1) =0 (11)
The dilatation e has the form
1 B(rzu)
= — 12
‘T2 (12)
The constitutive equation is given by
du
Orr = Zﬂma +Ame — Ym0 (13)
u
O0yy = Opp = 2/JLm; +Ame — Ym0 (14)
Also, the equation of motion without external force F; has the form
do,, 2 8%u
+ = _ = p— 15
ar P (Grr 01919) 1Y 312 ( )
From which together with Egs. (13) and (14), the equation of motion has the form
de a6 9%u
A +2 — = VYn— = p— 16
(™ //«m)ar Vmar Patz (16)

Applying the operator - L i( 2) to both sides of the above equation taking into account

Eq (12) and the expression of the Laplace’s operator V> = dr2 + f a"r = iz ai( 2 Bar) in the
spherical polar coordinates, we obtain

92e

o +21m) Ve — Y V20 = P

an
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In view of Eq. (10), the modified equation of heat conduction with fractional derivatives
and phase lags with O = 0 can be written as

2
S N ) k(e B a
al 3% " 2al 92 “or T e al 9t

We introduce the following non-dimensional variables

v ur} = confe, ub, {7, wor, Aoty g7, 01} = En{t, wos Ao, 74, 0 )5

— vt o % _ [ho¥2m0 o _ pCe
0/_A0+2M0,U/,]_M0,C0— o =g

Under the above non-dimensional forms together with dropping the primes for conve-
nience, Egs. (17), (18), and (13) become

ER 5 9° 92e
1+,3v Vie—(1+y? V= — (20)
v ars ot2
¢ 9e T2 920 \T 96 3%\ 9 o go
1420y la (14 )Y = (1+ 22 \v%
al 9t 2l 9r2e || ot atd ) at al 9t

Py
Orr _2(1 +Mvdzﬁ)8u +('32_2)<1 +k§§?)€ p (1 RE dts)e

19)

(22)
8
07919—2(1+Mv3t5)%+(ﬁ2—2)(1+A§§?)e B (1+yv at,s)e
where
MoAy +2p01d 5 Ao +2u0 v To
ﬁv - ’ 13 - ’ &= . (23)
A0 +2p0 1o PCe(Ao +210)

We have dropped the primes in Egs. (20)—(23) for convenience and clarity of the problem.

4 The initial and boundary conditions

We suppose that the medium initially is at rest so that initial conditions of the problem have
the form:

de(r,t
e(r, )= = 2451

20 (r,
0(r, 1)l = 251

1=0 (24)
=0
t=0

We suppose that the boundary of the cavity » = a is constraint and is subjected to a
constant heat flux. So, the following boundary conditions hold

u(r,t) =0, g(r,t) = qoH(t) atr = a, (25)

where g is the dimensionless constant heat flux and H(¢) is the Heaviside’s unit step function.
Due to Eq. (19), the boundary conditions have the form:

u(a,t) =0,

T e T g & 8%\ 30(r, 1)
g1+ L —+ L Ht)=—(1+-%— ,atr =a. (26)

al 9t% 2l 9t al 9t ar
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5 Transform solution

Applying the Laplace transform for Egs. (20)—(23), taking into account the considered initial
conditions (24), we obtain:

V2 — q1 V%0 = qre (27)
030 +q42 = qsV°0. (28)
o = Zq% + (B = 2)qré — Bqs0 09)
o9y = 2q6" + (B* — 2)qre — B2qs0,
where
8.8 2 T 72
q1 = 8 :Z)zs; g = 0 +Sﬂus5)’ g3 = s(l + a—q!s“ + 2‘10[!s2"‘>
qa=e(1+y)s")q3, g5 = (1 + %s“) g6 = (1 +uds®),
g7 = (1+255°), gg = (L +y.2s%) (30)
In view of Egs. (27) and (28), we get
(V' —AV2+B){6,e} =0, (3D
where
A=B + 4194 + 4295 B = 0243 (32)
4qs qs
Introducing m;, (i = 1, 2) into Eq. (31), one get
(V2 —m?)(V? —m3){d.¢} =0, (33)
where m% and m% are the roots of the characteristic equation
m*+ Am* — B = 0. (34)

Using the substitution f = % and using the fact that the modified Bessel function K2
(z) = %, the solutions of Eq. (33) taking into account the regularity conditions that

6,e — 0asr — oo have the form

—m;r

(35)

r 2mi

2
{2.0} =D {1 Li}Ai(s)
i=1

where A; (i = 1, 2) are some parameters depending on the parameter s and L; is given by
2

m; —qa
L; = :11m2 . (36)
1
Using Egs. (12) and (35), we get
i 2] 1 e [
u=— —( 1+ A;(s) 37
— m; mir r 2m;

@ Springer



Eur. Phys. J. Plus (2020) 135:851 Page 70f 21 851

Now, from Egs. (35), (36), and (29), we have

2 ﬂnir
o =3 [2%(1 + o+ n%) + (B>~ 2)a7 — ﬁzqsLi]Axs)e e
i=1 t

(38)
2 1 1 2 2 e Mmi" b4
ITEDY |:_ZCI6<,,T, + m_2r2> +(B*=2)q7 — B qui]Ai(S)f T
i=1 i
Under Laplace transform, the boundary condition (26) becomes
u(r,s) =0,
da(r,
(r, s) = _761(2)613 =—-G(s), atr =a. (39)
dr 545
Consequently, we get
2
1 1
Z — + —— |Ai(s)e ™4 T o
—\mia miza2 2m;
2 1 m; T
ZL,A,(S)(—Z + —’)f’”i“ — D% (40)
= a a 2m; 5°qs

Therefore, from the above system, we can determine the parameters A1, A; in the Laplace
transform domain and hence the physical fields of the medium.

Finally, to have the solutions of the studied fields in the physical domain, we use a proper
and effective numerical method depending on a Fourier series expansion [31]. In this method,
any function in the Laplace domain can be reversed to the time domain as

et 1 _ G inw "
M(r,1) = l<2/\/l(r, c)+ReZM<r,c+ T)(—1) ) (41)

n=1

where m is a finite number of terms, Re is the real part and i is imaginary number unit. For
faster convergence, numerous numerical experiments have shown that the value of ¢ fulfills
the relation ct = 4.7 [31].

6 Special cases of modified fractional thermoviscoelastic model
In Sect. 2, we investigated a generalized modified model of thermoviscoelasticity with dif-
ferent fractional orders. In limited cases, the proposed model is reduced to several previous

models in the presence and absence of fractional.
The obtained models are listed in the following table:

@ Springer



851 Page 8 of 21 Eur. Phys. J. Plus (2020) 135:851

Name of model Abbreviated name Conditions

1 Classical thermoelastic model CTE g =719 =0,
My =2y =0

2 Lord-Shulman model LS g >0, 0 —0, 19 =0,
My =2y =0

3 Dual-phase-lag model DPL q>19 >0, 0—>1,
My =2y =0

4 Classical thermoviscoelastic model VCTE g =19 =0,
Mo #O0F Ay, § > 1

5 Viscoelastic Lord—Shulman model VLS g >0, 0 >0, 75 =0,

Hy #O0F Ay, § > 1
g =1 >0, a1,

6 Viscoelastic dual-phase-lag model VDPL
Mo #O0F Ay, § > 1
7 Classical fractional thermoviscoelastic MVCTE 7q =7 =0,
model py #0#Xry, 0<d8 <1
8 Fractional thermoviscoelastic MVLS 7q >0, @0, 7 =0,
Lord—Shulman model oy #0# Ay, 0<8 <1
. . . g 217 >0, a1,
9 Fractional thermoviscoelastic MVDPL

dual-phase-lag model By #07# Ay, 0 <8 <1

7g>0,0<a<l1, 1p=0,

10 Fractional thermoviscoelastic FMVLS
Lord—Shulman model with one ny #0# Ay, 0 <8 <1
fractional order

11 Fractional thermoviscoelastic FMVDPL gzt >0 0<a<l
dual-phase-lag with two fractional py #0#Xry, 0<d8 <1
orders

7 Numerical results and verification

The aim of this section is to describe and confirm results achieved in the previous sections.
Also, we present the numerical results. For the numerical calculations, we use the value of
the copper material at Ty = 293K as [32]

2o =776x 10" kg m™'s72, 1o =3.86 x 10" kgm~'s72, ¢ =0.0168
p=28954kgm™>, K =386 Wm 'K™! C,=3381JkgK

The obtained results are accessible in Tables 1, 2, 3, and 4 and graphically in Figs. 2, 3,4, 5,
6,7,8,9,10, 11, 12, and 13 at different values of the radius r(1 < r < 2) and different values
of the fractional parameter o at t = 0.12, when the dual-phase-lags 79 = 0.05 and 7, = 0.07,
together with different values of the fractional §(0 < § < 1), when the thermoviscoelastic
relaxation times u, = 0.2 and A, = 0.3. The Mathematica programming language is used
within our numerical calculations. Comparisons are accomplished with the expected results
predicted by all the models mentioned. Furthermore, the numerical calculations are prepared
for three directions.
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Fig. 1 Schematic diagram for spherical cavity

7.1 Comparison between different models of thermoviscoelasticity

This section is devoted to studying the distributions of the physical fields for the generalized
theory with dual-phase-lags (DPL) and the modified fractional thermoviscoelastic models
(MVCTE, MVLS, and MVDPL) with parameter §, together with the generalized fractional
thermoviscoelastic models (FMVLS and FMVDPL) with parameters &, «. The obtained
results are represented in Tables 1, 2, 3, and 4 and Figs. 1, 2, 3, and 4 for the field quantities
corresponding to different values of the radius r(1 < r < 2) at t+ = 0.12, when the dual-
phase-lags 79 = 0.05, ;, = 0.07 with the fractional parameter « = 0.8, and u, = 0.2,
Ay = 0.3 with § = 0.9. These tables emphasize that the physical quantities depend not only
on the time ¢ and the radius r, but also on the fractional parameters §, «.

Table 1 presents the variation of temperature 6, for different models of thermoelasticity.
Through the table above, we note that the variations of temperature are observed to be sen-
sitive to the parameter «. The fractional models of thermoviscoelasticity (MVCTE, MVLS,
FMVLS, MDPL,MVDPL, FMVDPL) give significantly different results than the DPL model.
Furthermore, the above results related to the DPL model and its modified fractional models
are plotted in the following figure.

Figure 2 depicts that the variation of temperature 6 in all the models (DPL, VDPL,
MVDPL, FMVDPL) decreases with increasing the radius r for 1 < r < 2. Also, we con-
clude that the maximum point of the temperature curve for the models (VDPL, MVDPL,
FMVDPL) is bigger than that for model (DPL). It is manifested from the figure that the
values of the temperature converge to zero when the radius » tends to 2, which agrees with
the boundary conditions.

The variation of the displacement « in the context of seven models of thermoelasticity is
obtained in Table 2. It was found that the values of the parameter « play a significant role in
changing the displacement value. As visible from Table 2, the displacement reaches minimum
value (¥ = 0) on the boundary at r = 1, which agrees with the boundary conditions. Finally,
the above results related to DPL model and its modified fractional models are schemed in
the following figure.

From Fig. 3, we observe that the variation of displacement u in all the models (DPL,
VDPL, MVDPL, and FMVDPL) decreases with increasing the radius r for 1 < r. Also, in
view of Fig. 3 we conclude that the amplitude of the displacement u for all the models is
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Fig. 3 The variation of displacement « in different models related to DPL model

bigger than that for the DPL model. Moreover, we find that the values of the displacement
converge to zero when r tends to 2 which agree with the boundary condition.

Table 3 and Fig. 4 display the variations of stress o, against the radius for different values
of the fractional parameter «. Also, Fig. 4 emphasizes that the depth of the stress for the
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Fig. 4 The variation of the stress oy in different models related to DPL model

models (VDPL, MVDPL, FMVDPL) is bigger than that for dual-phase-lags (DPL) model.
Furthermore, we observe that the values of the stress o, converge to zero when r tends to 2.
Similarly, Table 4 and Fig. 5 describe the variations of stress oy, against the radius with
different values of the fractional parameter . Also, Fig. 5 shows that the depth of the stress
for the models [VDPL, MVDPL, FMVDPL] is bigger than that for dual-phase-lags (DPL)
model. Also, we see that the values of the stress oy, converge to zero when r tends to 2.

7.2 The effect of the fractional parameters &, & on the physical fields

This section is devoted to discuss how the fractional parameters §, « act on the field variables.
The obtained results are represented in Figs. 6,7, 8, and 9 for the field quantities corresponding
to different values of theradius (1 < r < 2)att = 0.12, and different values for the fractional
parameters &, &, when the dual-phase-lags 79 = 0.05, 7, = 0.07, together with u, = 0.2,
Ay = 0.3. These figures emphasize that the physical quantities depend not only on the radius
r, but also on the fractional parameters §, «.

It is evident from Figs. 6, 7, 8, and 9 that the different values to the fractional parameters
8, o have clearly effect on the temperature, displacement, and the stress. Also, we observe
that the values of the physical quantities converge to zero when r tends to 2, which is in quite
good agreement with the regularity boundary conditions.

7.3 The effect of the time on the physical fields
This section is devoted to showing the effect of the time ¢ on all the field variables. In this case,

we take the dual-phase-lags 79 = 0.05, 7; = 0.07 when the fractional parameter o = 0.7
and u, = 0.2, A, = 0.3 with § = 0.7. For a comparison of the results, the temperature, the
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Fig. 6 The variation of temperature 6 with different values of the fractional parameters §,

displacement, and thermal stresses are presented in Figs. 10, 11, 12, and 13. It is seen from
the figures that these distributions are very sensitive with the time instant ¢. It is also clear
from Figs. 12 and 13 that the behavior of the thermal stresses is the most affected by the
change of time. The temperature also increases with the increase in time to a certain range
and then gradually decreases again with the passage of time.
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8 Conclusion

In the context of this paper, generalized thermoviscoelastic fractional model (FMVDPL)
with multi-phase-lag and parameter « is investigated. This model has widely used in chem-
istry, biology, modeling and identification, electronics, wave propagation, and viscoelasticity
[10-15]. In the limited cases, the proposed model reduces to various classical, generalized,
fractional thermoelasticity models (see Sect. 6). According to this model, the distributions
of the physical quantities for an isotropic homogeneous spherical cavity of radius @ whose
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Fig. 9 The variation of the stress oy, with different values of the fractional parameters §,«

Fig. 10 The temperature 6 with different times

inner surface is subjected to a time-dependent varying heat and constrained are discussed.
Numerical simulation results yield the following conclusions:

e The effects of the fractional parameter «, § on all the physical fields under consideration
are very obvious.
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Fig. 11 The displacement u with different times

r

Fig. 12 The radial stress oy, with different times
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Fig. 13 The hoop stress oy with different times

e The results of our study differ from the generalized theory with dual-phase-lags (DPL) of
the phenomenon of limited velocities of the propagation of heat waves and the Kelvin—Voigt
model of thermoviscoelasticity.

e The obtained results are very useful for the material science researchers and material
designers who are working on the development of the thermoviscoelasticity and fractional
thermoviscoelasticity models.

e The technique introduced in this study is important in real-life engineering problems and
mathematical biology models according to the fractional time derivative.
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