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On uniqueness and continuous dependence in the
theory of micropolar thermoelastic mixtures
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Abstract—This paper studies questions of continuous data de-
pendence and uniqueness for solutions of initial boundary value
problems in linear micropolar thermoelastic mixtures. Logarithmic
convexity arguments are used to establish results with no definiteness
assumptions upon the internal energy.
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I. INTRODUCTION

Motivated by the fact that many natural or synthetic mate-
rials are not pure materials, Twiss and Eringen [1], [2] have
introduced the mixture theory of materials with microstructure.
Sometimes the presence of a constituent can be ignored, if
there is a preponderant constituent, but in many situations the
local mechanical effects of each ingredient of the mixture
cannot be ignored. A mixture is thereby envisioned as a
superposition of several continuous media. Two papers of
Eringen [3], [4] got back in discussion the study of mixtures
with microstructure.

The theories of mixtures with microstructure have many
applications in consolidation problems in the building industry
and oil exploration problems [5]. A mathematical model
intended to describe the microstructure of materials is the
micropolar media [6]. For this model, each particle can in-
dependently translate and rotate, so that it has six degrees of
freedom. Elangovan et al. [7] combine micropolar elasticity
theory and Eringen’s mixture theory to predict elastic response
of cellular materials.

The theories developed by Twiss and Eringen [1], [2] are
enough to have a complete Eulerian description of the mixtures
with microstructure. In the framework of these theories some
uniqueness, continuous dependence and stability results have
been established by Ghiba in the papers [8], [9].

According to Iesan [10], [11], the Eulerian description is
appropriate to model the behavior of fluid mixtures, while
for mixtures of solids it is natural to use the Lagrangian
description. In fact, these two descriptions lead to different
theories. Moreover, when the Lagrangian description is used
to develop a theory of mixtures for solids, then the initial
boundary value problems associated are formulated in a natural
way and the boundary conditions have a clear physical and
mathematical meaning.
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In recent years a great attention has been given to the theory
of mixtures developed in Lagrangian description. A special
attention has been paid to include some terms in the basic
formulation of the theory in order to reflect the microstructure
of the constituents (see for example the works of Iesan [11],
[12], [13], Gales [14], [16] and Chiritd and Gales [15]).

In the paper by Gales [14], a nonlinear theory for binary
mixtures of micropolar thermoelastic solids has been intro-
duced. Following Elangovan et al. [7], mixtures of micropolar
thermoelastic solids are useful to predict elastic response of
cellular materials.

In the present work we consider the linearized theory
presented by Gales [14] and we treat the uniqueness and the
continuous data dependence problems with no definiteness
assumptions on the internal energy. Thus, the results hold
for the entire class of micropolar thermoelastic mixtures.
The method adopted here is based on Lagrange identity and
logarithmic convexity arguments (see [17], [18], [19] and the
references therein for applications of the method in classical
mathematical models).

The results of the present paper prove that in the motion
following any sufficiently small changes in the external data
system, the solution of the initial-boundary value problem is
everywhere arbitrary small in magnitude. This means that the
approach of the linear theory derived in [14] is well posed
against errors in the external given data.

II. FORMULATION OF THE PROBLEM

We consider a body that in the reference configuration taken
at time ¢ = 0, occupies the bounded regular region B of
the Euclidian three-dimensional space and assume that its
boundary OB is a piecewise smooth surface. A binary mixture
of micropolar thermoelastic solids fills B.

We refer the motion of the body to a fixed system of
rectangular Cartesian axes. We shall employ the usual sum-
mation and differentiation conventions: Latin subscripts are
understood to range over the integers (1,2,3), summation
over repeated subscripts is implied, subscripts preceded by
a comma denote partial differentiation with respect to the
corresponding Cartesian coordinate, and a superposed dot
denotes time differentiation. Greek indices understood to range
over the integers (1, 2) and summation convention are not used
for these indices.

According to the linear theory, the behavior of the mixture
is characterized by the displacement vectors u and w, the
microrotation vectors (1) and () associated with the two
constituents and the temperature 7'. As discussed in [14], the
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fundamental system of field equations that governs the motion
of an anisotropic mixture consists of:
—the equations of motion

1 ;
tjij — Di + P?Fi( ) = s,

Sjij tPi + ngi(Z) = P, (1)
1 1 1) ..(1

m$i) + enltin + sl — Ri + oG = 11\,
2 2 2) ..(2

mip 4 Ri+ G = 317 57

in B x (0,00), where p{ and p$ are the densities at time ¢ = 0,
I Z.(jl) and I 1(32) are the coefficients of inertia at time ¢ = 0, t;;
and s;; are the partial stress tensors, mg;) and mg) are the
partial couple stress tensors, p; is the internal body force, R;
is the internal body couple, F! i(l) and Fi(Q) are the body forces
and Ggl) and GEQ) are the body couples;

—the energy equation

polon = qii + por, )

in B x (0, 00), where pg = p{ +p3, Ty is the constant absolute
temperature of the mixture in the reference configuration, g; is
the heat flux vector, 7 is the entropy and r is the heat supply;
—the constitutive equations
1 2
tm = Aij'rsers + Bij'rsgrs + Fl(jr)svﬁ) + Fl(j,r)s'y,,(.%)
+ airpdy 4 by — aij,

Sij = Brsijers + Cijrsg'r‘s + HZ(Jlr)S“Yg) + Hz(j272577(~§)
+ cijrdy + digrme — 85T,

miY) = F ) ers + H) gos + D) ALY + D) A2

rS1J TS 1T jr
+agidy + Blm. — viiT,
2 2 2 3 2
mEJ) = Fﬁsl‘)jers + H»r(-sz’ngS + Dfszg’yg’i) + Dl(‘jT).er’r(‘i)
+ oy + Bgime — T, )
(COPNEY) 2,2

Pi = Qjki€jk + Cjkigjk + Qi V ik + iV
+aijdj + cijmj = 7T,
1_( 2) (2
Ri = biicsh + dinigsn + Bions + Bl
+ cjidj + bijmy — o} T,

pon = ajjeqj + B59i5 + Vi z(jl)

+71rdi +oim 4+ a™T,
@ = ki T;,

2
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in B x [0,00), where €;;, gij, %_(a)’ 7; are defined by
—the geometric equations

€ji = U5 + Esingl), gji = W5 + %iﬂﬂgl), 4
b w (@) _ (@ o @
i — Uj Wy, ’71']' - (pj,i ) T = ¥; Pi -
The constitutive coefficients have the following symmetries
Aijrs = Arsij7 Cijrs = Crsija
(@) _ ple) )
Dijrs = Dygijs - @i = aji,  bij = bji,

and moreover, the dissipation inequality implies

1

To the above equations we have to adjoin boundary conditions
and initial conditions. We consider the following boundary
conditions:

W= ws = W 1 _ zM
1 T 19 1 T (2] SOZ - <p’L ) 7
(2) _ ~(2) _ 7 )
v,/ =¢;’, T=T ondBx|[0,00)
where u;, w;, @Ea) and T are given.

We denote by (P) the initial boundary value problem
defined by Eqgs (1)—(4) and (7) and the initial conditions

ui(x,0) = af(x), wi(x,0) = bY(x),
ii(%,0) = (%), bi(x,0) = fO(x),
2 (x,0) = i (x), iV (x,0) = w0 (x),
T(x,0) = 6(x),

(®)
x € B,

where af, b2, 2, 9, wga), wl(a) and 6 are prescribed functions.

[

III. PRELIMINARY RESULTS

In this section we derive some Lagrange identities useful in
the study of uniqueness and continuous dependence problems.
Let us denote by W the internal energy density, that is,

1 1
W = EAijrseijers + Bijrseijgrs + Ecijrsgijgrs
2
1 a « « a
a=1

3) (1 1 1
+ ngﬂsyfj)vﬁ? + Eaijdidj + §bij71'i7'rj

+ Cijdiﬂj + aijkeijdk + bijkeijﬂ'k

+ Cijrijde + dijrgi;me + aQ;l“Yi(;)dk

ij
(2),. (2 (2),(2)

n_
+ ﬂi(j/i%‘(j)”k + Q175 Jdy, + BijiVij T
©))
and let us introduce the kinetic energy K, the internal energy
W, the dissipation energy A, the thermal energy 7, the total
energy &£, namely

K0 =5 [ (pbisteyintt) + (00

(10)
+ AP0 (1) + 31D 1) ) dv,
W(t):/ W (t)dv, (11)
B
t
A(t):// ®(7)dv dr, (12)
0JB
T(t) = 1/ a*T?(t)dv, (13)
2 B
E(t) = K(t) + W(t) + A(t) + T (t), (14)
and the functions
1
16) = 3 [ [ptus®u(v) + s st
+RIP e e 1) + 1P (6P (1) dv
1 t 1 T T
+§/0 /B[?Ok]</0 T,i(s)ds)(/o T,j(s)ds)}dm(z;)
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Pltr) = [ [P @in(r) + AES (@it
+ 3 6 (1) () + P O;ET)T(t)} dv

a=1,2

(16)
+4meMﬂ+%w%?
(04) (a) a\T
+ azu (7) + TOT(t)}ﬂij%
Qtr) = [ [AF W) + AE (@)
(@) /4y, (a) poT'(t) [T
+ ¥ Al )+ 250 [ r(s)asas .

[ [0t + st
+ Z m(a) t)p (a)( )Jrﬁ/on— qj(s)ds}njda,

a=1,2

where n; are the components of the outward unit normal
vector.

Lemma 1 (Conservation law of total energy) If U =
{u,w, M), @ T} is solution of the problem (P), then the
following conservation energy law holds:

t)zE(O)—i—/o P(r,7)dr

Proof. In view of the (3), (5) and (9) we deduce

tiséss + siggi; + mP3D + m@4

(18)

+ pidi

R T 01 T2 4+ W 1
+ 17Tz+p()77 —§(§a + )
On the other hand, in view of (1), (2) and (4) we obtain
tuem“‘sung“'mfj)W( ) (2) ( )‘H?zd +Rimi+ponT
1
= (t],ul + sjw; + mgi)wgl) + mﬁ)go,@) QjT)
Ty g
—Q—plF(l)ul +p2F(2)w, +pOG(1) - (1) +poG(2) - (2)
+ e L0 (i +
7 Por P U, Pszwl
To 20t (20)

01(1) (1)<p(1) +p01(2) 2(2) (2)) 7ok'ijT,iT.,j-
Then (19) and (20) imply
01(1) (1)¢§1)

0
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1
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+(m(1)+m(2))( (1)_'_()011))

2
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+ () —m) (o) — @)+ =

T 21
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IRe!
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By an integration of above relation over B X [0, t] and by using
the divergence theorem and the relations (11)—(14) and (16)
we obtain the identity (18) and the proof is complete.
Lemma 2 Let U = {u,w, ), o) T} be solution of the
problem (P). Then for every t € [0, 00), the following identity
holds

dI al t
G0 =GO +2 [ k) - W) - T(r)ar
dt dt
(22)
/ Q(r,7)dr + / /,0077 (0)T(7)dvdr.
Proof. It follows from (3) and (9) that
thew + SijGij + pzd + mgjl)%(]l) + 55)71(32) (23)

+ Rimi + ponT =2W +a *T2.
By taking into account the relations (1), (2) and (4) we obtain

.M

ij Vij + m(Q) @ + Rim; + pon T =

1] ’Y’L‘]

0
= —— [plusi; + pywsi; + p?[i(jl) 1) (1) + pzl(f)gpgz)cp?)

ot

1 t t . . . .
+7kij/ T,idT/ T jdr] + plii; + poibib;

RID P o

+RIDEM 0 ¢ &

+p9F}”u + Y )w +poGu) M 4 0GP

T
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To Jo
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t
To 0 ’
(24

In view of the above relations, we obtain an identity which
integrated over B X [0, t] leads with the help of the divergence
theorem and relations (10)—(15) and (17) to (22) and the proof
is complete.

The above lemmas yield the following:
Remark 1 Assume that U = {u, w, o1, o) T} is solution
of the problem (P). Then for every t € [0, 0), we have

iZ(t) dI(O) / K (7) + 2A(7)]dr — 2£(0)

2// Pssdsd7+/ Q(r,7)d
+/O /Bpon(O)T(T)dvdT.

IV. UNIQUENESS RESULT

(25)

Theorem 1 Suppose that 03, p and a* are strictly positive

and 1V L;; ) ana ki; are symmetric and positive definite.

ij
Then, there lS at most one solution of the problem (P).
Proof. Due to the linearity of the problem it suffices

to prove that the only solution corresponding to vanishing
external given data also vanishing. Thus, let Py be the initial
boundary value problem with vanishing external data. Then,
from relations (14)-(17), we get

I(0) =0, I(0)=0, &(0)=0,

(26)
P(t,7) =0, Q(t,7) =0, t >0, 7 >0.
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Moreover, it suffices to prove the uniqueness on an interval
[0,2], £ > 0, in order to assure the uniqueness on [0, c0).
Since I(0) = 0 and I is continuous on [0, c0), then there

exist £ > 0 such that
T
/ I(8)dt < oo,
0

Introducing the function

G(t) = /0 t I(r)dr

then, from (15) and (26) we deduce

t t
G(t):/ I'(T)de// p?uiui—i-pgwiwi

+ APV oD 4 BP0 | dudr

+/0/0 /B[?O’%Mﬂ ( /O T, (2)dz) | dvdsar.

Further, from (25), (26) and (28) we have

Gt) = I(t) = /0 t [4&(7) + 2A(7)} dr

Substituting 7 in (28) and /C, A in (30), then from (28), (29),
(30) and the Schwarz inequality we deduce

GH)G(t) —G*(t) >0 t e [0,1]. (31)

The relation (31) assures that G(t) = 0 for every ¢ € [0, ¢].
Indeed, if there exist t* € (0,¢) such that G(t*) > 0, then
there exists an open interval (¢1,%2) on which G(¢) > 0. So
for 0 < t; <t <ty <t we may divide (31) by G2 to obtain
d?
a2
Jensen’s inequality together with the continuity of G then gives

G(t) < [G(tr)] 2D/ 2=t [G 1)) =10/ (200 (33

Now, since G(t1) = 0, it follows from (33) that G(¢) vanishes
identically on [t1, t2] and hence for 0 < ¢ < . This fact clearly
implies the uniqueness of the solution U to the problem (P).

27

t € [0, (28)

(29)

(30)

(InG(#)] = (32)

V. CONTINUOUS DEPENDENCE

In this section we shall denote by (Py) the boundary
value problem corresponding to homogeneous boundary data,
homogeneous initial data and r = 0.

Theorem 2 (Continuous dependence upon body loads). As-
sume that %, pY and a* are strictly positive and 1), 1)
and k;j are symmetric and positive definite. If t € [0, 00) is
such that (27) holds true, and G*(t), t € [0,¢], is defined by

t t
G (1) = / I(T)d7+%%4 / IFOdr,  (4)
0 0

where

|72, = /B [P?Fz‘(l)Fi(l) + ngi(Q)Fi@)

lat Py G
+ 226V + 26D 6P | av
I 13

28

I is the lowest eigenvalue of the tensor Ii(;‘ ), Then, for the
solution U of the problem (Py) we have the following estimate

G*(t) < S [G*®)°[G*(0)]*°, 6 =t/t. (36)
Proof. Let us introduce the notation
Wt = [ [t + wi,
B (37
07(1), (1) <1> 07(2) (2) (2)
+pil; e poli; 0 0; }d

Using similar arguments as those utilized in the proof of the
Theorem 1, we deduce

GG -G > G {/OtQ(T, T)dT
- 2/0 (t— T)P(T,T)dT} +f4(/0 H]-'(T)"fndr) (38)

t . t p1 1
X (/ ||u(7)||2dr+/// —kijfjfidvdsdr).
0 0J0 BTO

Applying Schwarz’s inequality and the arithmetic—
geometric mean inequality, after some calculations, we
get .

—G*/ Q(r,7)dr < [G*]PT~ (39)
0
2G* / (t —7)P(r,7)dr < [G*]*T 2
(40)
st ([ 1Foiar) ([ werar)
The relations (38), (39) and (40) imply that
Dividing (41) by [G*]?> we obtain
2
[InG*(t)] > —2t 2, (42)

d?
which yields (36).

VI

In this paper we utilized the identity (25) and logarithmic
convexity arguments in order to prove the uniqueness of solu-
tion and to examine the question of continuous dependence on
the body forces and body couples. The results are proved with
no definiteness assumptions on the internal energy. Following
similar techniques as those presented in [17], [18], [19] it is
easy to examine the question of continuous dependence on the
heat supply or on the initial data or on the boundary data.

Clearly, when the internal energy density W is a positive
semi—definite quadratic form, then the conservation law of
energy (18) and the Gronwall’s lemma lead to a Liapounov
stability theorem.

CONCLUDING REMARKS
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