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GENERALIZED MICROPOLAR THERMOELASTICITY
WITH FRACTIONAL ORDER STRAIN

Adina CHIRILA!

Abstract

This article presents the basic equations, the initial and boundary condi-
tions of the mixed problem of micropolar thermoelasticity, then introduces
the Caputo fractional derivative and applies it in this context. The theorems
of this paper give some formulations for the constitutive equations in the
fractional case and for Cattaneo’s heat conduction equations.
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1 Introduction

According to [8], experiments have shown that some deformation processes
cannot be described properly with the help of the classical theories, in which
the number of degrees of freedom of each material point is three. This happens
since materials have a granular and molecular nature [3]. The Cosserat brothers
introduced the idea of generalized continua in [4]. In the framework of continuum
mechanics, they consider extra degrees of freedom for material points in order to
be able to better model materials with microstructure. In this theory, the number
of degrees of freedom of a rigid body of each material point is six. The orientation
of a given point of such a medium can be described mathematically by means
of the values of three directors that are mutually orthogonal unit vectors [3].
According to Eringen [6], possible substances that can be modelled by Cosserat
or micropolar continua are liquid crystals with rigid molecules, rigid suspensions,
animal blood with rigid cells, chopped fiber composites, bones, magnetic fluids,
clouds with dusts, concrete with sand, muddy fluids.

Many developments have been reported since the seminal work of the Cosserat
brothers. Thermal effects were added. For example, micropolar thermoelasticity
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is discussed in [12], [10] and more recently in [2]. Similar studies are described in
[9], [11] and [14].

In [15], the author constructs a new model of thermoelasticity theory by
considering heat conduction with fractional order. In this context, the paper
[17] presents the theory of fractional order generalized thermoelasticity with mi-
crostructure modelling for porous elastic bodies.

This article follows [16] and constructs a new model of micropolar thermoe-
lasticity by considering the strain with fractional order.

2 Basic equations and conditions

This paper is about an anisotropic thermoelastic micropolar material that
occupies a bounded domain € of the three-dimensional Euclidean space R? with
a C1! boundary 9€2. The closure of € is denoted by .

The motion of the body corresponds to a fixed system of rectangular Cartesian
axes Ox;,7 = 1,2,3. Cartesian tensor notation is used in the paper. A comma
followed by a subscript means partial differentiation with respect to the spatial
coordinates. A superposed dot represents the material time derivative. The Ein-
stein summation convention is adopted over repeated indices. The spatial and the
time arguments of a function are omitted when there is no likelihood of confusion.

The deformation of the medium is described by the displacement vector field
u = (u;)?_; and the microrotation vector field ¢ = (goj);?:l.

The equations of motion [8] are defined for (z,t) € 2 x [0, c0)

tji; + poki = pot;
mjij + eiktje + poMi = Iijp;

(1)

Above t;; are the components of the stress tensor, m;; are the components of the
couple stress tensor, po is the constant mass density, I;; are the components of
the inertia, F; are the components of the external body force vector, M; are the
components of the external body couple vector and e;;;, is the alternating symbol.

The deformation tensors ;; and 7;; are defined in Q x [0, 00) by means of the
geometric equations

€ij = Uji + €jikPks  Vij = Pji (2)

Below T is the temperature, ¢; are the components of the heat conduction
vector and S is the heat supply per unit volume, S = ppQ.
To the above system of equations one should add the following initial condi-
tions [5]
iz, 0) = uf(x), (z,0) = uj(x)
pi(2,0) = @i (z),  @i(x,0) = i () (3)

T(z,0) =T%x), T(x,0)=T (z)

8
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where u?, u}, o9, o}, T T are prescribed functions of x on Q. Furthermore, the
boundary conditions on 9 x [0, 00) are [5]

= @;(z,t) on X1 x [0, 00)
( ):f,(a: t) on 3y x [0,00)

= T(z,t) on X3 X [0, 00)
q(x,t) =q(z t) on ¥4 x [0, 00)

with
ti(x,s) == tji(x, s)n;(z)
q(z, s) := qi(z, s)n;(x) (5)
mi(x,s) == mj;(x, s)n;(x)
where n; are the components of the outward unit normal vector to the boundary
surface and X1, 39, X3, X4, X5 and Yg are subsurfaces of 92 such that ¥ U X, =
E3U24 = 25U26 =00 and X1 Ny = X3NXy = 25N g = 0. Moreover,
@, 1. T, q, ¢ and m,; are prescribed functions on the corresponding subsurfaces.
According to [16], the law of conservation of mass can be written as

d

gt ) podv =0 (6)

which leads to the continuity condition in the form

< (pudv) = 0. (7)

The internal energy per unit mass is denoted by e. According to [5], the
principle of conservation of energy is

/ (poé + potiil; + 1 pip;) dV = / poFiu;dV +/ poM;p;dV +
Q Q Q

(8)
o0 o0 Q o0

According to [7], Cattaneo’s heat conduction equations take the form
¢ + 710G = —Ki T, 4,j=1,2,3 (9)

where Kj; is the thermal conductivity tensor and 79 is the relaxation time. These
replace the conventional Fourier’s law.
Caputo introduced the fractional derivative with respect to time

By _ L tfi(r) -
DI = s [ o 0<A <1 (10)
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as defined in [13]. Other fractional derivatives are presented in [1].
One knows that ¢, the Helmholtz free energy, is a combination of the internal
energy and the entropy function n defined as follows

p=e—1Tn. (11)

One adopts the equation of the state of a thermoelastic material in the follow-
ing form

¢ = 9¢(Eij,vij> T, Tyi)

e = e(&ij, i, T, i)

n = n(ij,%ij: T, Tyi) (12)
q = q(Eij,ij> T, T)

where
;= (1 +7°DP)ey (13)

and 7 is the mechanical relaxation time parameter and is constant. It has signif-
icant effects on the stress, the displacement and the strain distribution.
The free energy can be written in the following form [5]

- 1 . - 1
pod(Eijs iz, 0) = §Aijmn5ij5mn + Bijmn€ijYmn + 5Cz‘jmn%ﬂmn—
14)
- 1 (
— Dijeiﬂ — Eij%j@ — 5692

where T = T° + 6.
In the expression of the free energy, the constitutive coefficients are assumed
to satisfy the following symmetry relations

Aijmn = Amnij,  Cijmn = Cmnijy  Lij = Lj;. (15)

3 Main results

In this section the time derivative of the free energy is written in two ways by
means of the equations of motion and of the principle of conservation of energy
and by means of the equations of the state of a thermoelastic material. Thus one
obtains the constitutive equations and the equation of energy for the generalized
micropolar thermoelasticity with fractional order strain. Furthermore, the equa-
tion of energy, the expressions of the entropy and of the free energy lead to a
formulation of the non-Fourier heat equations.

First, the usual approach for deriving the equation of energy is given. For
similar examples see [8]. This is used in obtaining a formula with fractional order
strain.

Lemma 1. The derivative of the free energy with respect to time is given by the
following formula

pod = tijeij + mig¥ij + poQ + dii — poT — poT'i. (16)
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Proof. The first equation from (1) is multiplied by 4; and is integrated over € to
obtain

/poﬂiﬂidV:/tﬂJﬂidVﬁ-/poFiiLidV (17)
Q Q Q

The second equation from (1) is multiplied by ¢;. Then one should sum up over
1 and integrate over {2 to obtain

/Iij¢j¢idV=/mji,j¢idV+/eijktjk¢idV+/PoMi¢idV (18)
Q Q Q Q

One should substitute relations (17) and (18) into the principle of conservation of
energy (8) to obtain

/poédv—i-/tji,jﬂidv—i-/poFZ‘didV—i-/mji7jgbidv+/6ijktjkgbidv+
Q Q Q Q Q

+/PoMi¢z‘dV:/PoFiitidV+/,00Mi¢idV+/ tjinju;d A+
0 Q Q o0

o0 Q o0

(19)
By doing integration by parts
/ tji,jllidv = / tjmjuidA - / tji’L'LinV (20)
Q o0 Q
/ mj@j(,bidv = / mjmjgbidA — / mji(,b@jdv (21)
Q [2)9] Q
and by substituting (20) and (21) into (19) one obtains
/ poédV — / tjﬂlz‘,jdv — / mji¢i7jdv + / eijktjkgbidv =
Q Q Q Q
(22)
= / SdV + / gin;dA
Q o0
which can be rewritten as
/ (po€ — tjiti j — myjiPij + eijitingi — po@ — ;i) AV =0 (23)
Q
or in the pointwise form as
po€ = tjit; ; + myiPij — eijrtinpi + poQ + i (24)

because the integrand is a continuous function and the domain of integration is
arbitrary. Since by (11) ¢ = e —Tn and ¢ = é — T'n — T’y one obtains by (24)

pod = tiitij +mjidij — eirlindi + poQ + aii — poln — poT (25)

The final result is obtained by formulae (2) and by considering the strain with
fractional order. O
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Furthermore, the previous result is compared with another expression of the
time derivative of the free energy that results from the equations of the state of
a thermoelastic material. Hence one obtains the constitutive equations for the
stress tensor, the couple stress tensor and the entropy.

Theorem 1. The constitutive equations of the theory of generalized thermoelas-
ticity with fractional order strain for micropolar materials are the following

tij = AijmnEmn + BijmnYmn — Dij0

58 (26)
= Azjmn(l + 7 Dt )gmn + Bijmn'}’mn - ng9
Mij = Brnij€mn + CijmnYmn — Fij0 @7)
= anzy(l + TﬁDf)gmn + Cijmn’)/mn — E;;0
pon = Dijéij + Eijrij + ¢ (28)

= Dij(l + TﬂDf)Sij + Ez’j')’ij + ¢l

Proof. One obtains from the first relation in (12) ¢ = ¢(&j,7i5,7,T;) and the
chain rule

. 0P - 09 . 0 . op -
— . . T T, 29
PO = po 9z, P it pogp T o T (29)
By comparing formulae (16) and (29) one obtains
N R
ij = PO aéijv ij = PO 8’}@7‘ (30)
__9 9% _
or’ or;
and
PoQ + gii — poTH =0 (31)
The proof is complete if one computes the derivatives above. ]

Finally, the equation of energy obtained in the previous theorem and the
expression of the entropy in terms of the free energy are combined to obtain a
new expression of Cattaneo’s heat conduction equations.

Theorem 2. In the context of the theory of gemeralized thermoelasticity with
fractional order strain for micropolar materials the non-Fourier heat equations
lead to

0 0?2
(K5 T5) = <6t + 052

0
+ po (1+7'08t> Q

) |:—T0Dij(1 + T’BDtB)Eij — EijTO’yij — CTOT] +
(32)
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Proof. By using the equality for 7 from (30) and (31) one obtains

¢ - %9 % .
i T 33
6§ij8T€] + 6’)/1'3'671’}/] + 8T2 > ( )

By using equations (14) and (33), one obtains the gradient of the heat flux in the
form

—qii = poQ + poT <

—qii = poQ — Dijeij T — Eijyi T — ¢T'T (34)

Let T ~ T9, where TV is the constant absolute temperature of the body in its
reference state. Therefore, one gets

~Gii = po@ — DyjeiT° — EyT %5 — T°T (35)
The non-Fourier heat equations lead to

(KT )i = =i — T0dii =
= poQ — Dij;sijTO - EijTO"yij —TOT+ (36)

+ 7 [pOQ — Dy TO — EyjT%; — cTOT]

4 Conclusions

This article constructs a new model of generalized micropolar thermoelasticity
by considering the strain with fractional order. The computations revolve around
the principle of conservation of energy, the expression of the free energy, the
state of a thermoelastic material and Cattaneo’s heat conduction equations. Even
though the usual derivatives are replaced with fractional derivatives, the essence of
the constitutive equations and of the non-Fourier heat equations does not change.

The author would like to thank professor Marin Marin for valuable comments.
The author is also grateful to the referees for useful suggestions.
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