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Summary. Static and dynamic problems for a linear thermoelastic hemitropic Cosserat's conti-
nuum are discussed. In the static case, particular solutions of the governing equations and genera-
lized Maysel's lormulae are obtained. Also, mean strain and mean stress values ave given, The
dynamic equations of the theory are reduced to that involving simple wave operators or integro-
differential operators.

1. Introduction. The linear theory of asymmetric elasticity for a solid without
central symmetry (hemitropic) was developed by Aero and Kuvshinskii in [I] and
[2]. Next, it was generalized to coupled thermoelasticity by Nowacki in [3], and
particular thermoelastic problems were solved by Lenz in [4] and [5]. In the present
article we discuss a number of general static and dynamic problems for the theory
given in [1-3] assuming that the body is isotropic and homogeneous. Therefore,
we assume that external load and heat supply fields produce the thermoelastic
deformation described by an ordered array (u, ¢, @) in which u and < denote the
displacement vector and the rotation vector, respectively, and @ stands for the tem-
perature. The state of strain is represented by the two asymmetric tensors: the strain
tensor y;; and the curvature-twist tensor k;; related to u and ¢ by

(1.1) Yr=Uy j—&ji Qx> Ku==0i ;-

The state of stress is described by the two asymmetric tensors: the force stress tensor
o;; and the couple stress tensor yu;;. The state of stress and the entropy function
S are related to the state of strain and the temperature 0 through the constitutive
equations (see [3])

(1.2) o5 =(p+0) Vit (u—0) yiy+Ay—n0) 65+ (V) K+ (X —V) Ky + K16, 0,4,

(1.3) wp=(y+e) k5 +(y—e) +(ﬂ’fkn‘C9.) O+ +v) 75+ =) Yis+ KV iy
cS
([4) S=’?)’kk+cxkk+T_03; 6=T—Ta.

Here u, A, o, B, y, & v, x, x stand for material constants describing elastic pro-
perties of the solid, while # and { represent both elastic and thermal properties.

151—[297]



152 J. P. Nowacki, W. Nowacki [298]

Moreover, c, is the specific heat, T denotes the absolute temperature and T, is
the temperature of a natural state,

If we substitute o;; and p; from (1.2) and (1.3) into the equations of motion
(1.5) Oy + Xi=pliyy  Eop O+, s+ Yi=J0,
and S from (1.4) into the entropy balance law
(1.6) TS=—divq+W,
where q is given by the Fourier law
(1.7 =—k grad @

and if we take into account the definitions of the strain tensors (1.1) we arrive at
a complete set of equations of the coupled thermoelastic hemitropic micropolar
theory

(1.8) [ u+(A+ pu—o) grad div u+2e rot e+
+(¢+v) V2 @+ (y+x—v) grad div p+X=n grad 0,
(1.9) [y @+ (f+ y—e) grad div ¢+ 2z rot u+4vrot ¢ +
+(r+v) V2 u+(x+x—v) grad divu+Y={ grad 0,
(1.10) DO~y divu—{ dive=—W,,
where the following notlations are used

Ox=(u+o) V2—po7, Os=(y+e) V?—4u—J3;,

1
D=—— 2_ =—
T, (kV2—c,d), W, 7,

Here W is the quantity of heat generated in a unit volume and unit time, k is the
coefficient of heat conduction and q denotes the flux of heat vector. Moreover,
X and Y denote the body force vector and the body couple vector, respectively.
For v=x=x={=0 the system of Eqgs. (1.8)—(1.10) reduces to that of the isotropic
micropolar thermoelasticity with central symmetry (see [6]).

2. Steady state problems of thermoelasticity. As a starting point we assume the
equilibrium equations in terms of the displacements and rotations. Equating the
time derivatives in Egs. (1.8)-(1.9) to zero and letting X=Y =0, we obtain

2.1)  (u+o) V2 u+(A+pu—o) grad div u+2e rot ¢ +
+(x+v) V2 ¢+ (rxc+x—v) grad div ¢ =5 grad 0,
(2.2)  [(p+e) V*—4a] @+ (f+y—e) grad div p+2x rot u+
+(x+v) V2 u+(x+ ¢ —v) grad divu+4v rot ¢ ={ grad 0.
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The temperature @ in (2.1) and (2.2) is to be treated as a known function that satis-
fies the heat conduction equation

23 kV20=—W
subject to given boundary condition.

We look for a solution of Egs. (2.1-—2.2) in the form
(2.4) u=u'+u", =@+’
where (u’, ') given by
(2.5) u'=grad @, <'=gradl”

is a particular solution of (2.1)—(2.2), while (u’’, ¢p’’) stands for a general solution
of these equations with #=0. Substituting (2.5) into (2.1)-(2.2) we conclude that
(u’, ') in a particular solution if & and I" meet the following equations

(2.6) (A42u) V2 D+ (k+2y) VEI=30,
(2.7 [(B+2y) V2—da] I'+(1c+2x) V2 & =L(0.
Elimination of V? @ from (2.6), (2.7) leads to

(2.8) (V2~w?) I'=10,
where
4o (A+2p) CO+2u)+n(c+2y)
e T A= (B+2)) (A4 2D~ (k2%
Therefore, the function I satisfies equation of the Helmholtz type. If we introduce
2x+kK
the new function #°=o + & I, then Eq. (2.6) takes the form
A+2p
(2.9) Vigl= il 0
' A2p

which is the same as for a solid with central symmetry. Therefore, the thermoelastic
potential @ for a hemitropic solid is a sum of the potential @° for a body with central

2x+K
symmetry and the function -m; I
The solution of Egs. (2.8)~(2.9) for an infinite space takes the form:
U 0(x")
(1] — - !

(p (x) 4,!: (}_+2#) P R(x, xf) dV('X )5
(2.10)
. T e~ “RO(x")

FiR)=s= | —me—r=dV(x]);

4 P R(x,x")
where R=|x-x'[.
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The potential @° and I” generate the force stresses o;; and the couple stresses
;; according to (1.1)—(1.3):

(2.11) U} =2ﬂ{‘pou“'5u ¢0kk)+2(i("i”1) (=01 T ) + 20805 T iy
(2.12) u I—Z/(fb ,_,—6,_,0‘-' W) T2 =0t ) (L iy—=0u; T )+ 2vey; I o+ 4ol 0y,

For a micropolar solid with central symmetry y=v=rx={=0, which implies /"=0.
Therefore, in this case (2.11) reduces to a formula involving only @°, while (2.12)
reads u,,=0.

Now we are to present a method of solving Egs. (2.1)—(2.2) for a bounded simply
connected body B when the portion of its boundary (say dB,) is clamped and the
remaining part (say dB8,) is free from stresses: dB=dB, UdB,. Assume also that
a steady temperature field is the only cause producing deformation of the solid.
Thus we have

: (Y,-=Y':=0, 8=0 on B,
(2.13)
wyy=¢;=0 on dB,; p=m=0 on dB,.

To find the displacement u(x) and rotation ¢ (x) we use the reciprocity theorem
(see [3])
(2.14) ‘ (X, U+ Y, ) do+ f (p; u, +m, ¢,) da+ J‘(q divu'+{ div p’) Odv=

OB B

- f X+ Y, 0)dv+ f (piu,+m; p)da+ j(r,r divu+4-( dive) 0 dv,
n B i}

in which (u,, ¢;, 0) is to comply with (2.13), while (u,, ¢;, 0’) meets the conditions
X:=0,,0(x—x"), Y;=0, 0'=0 on B,

(2.15) (mouote Y=l 0

u,=p;=0 on B, p=m=0 on JB,.

It follows from (2.15) that the state with primes is produced by a unit concentrated
force applied at the point x’ and directed along the axis x; when the body is subject
to isothermal conditions and the same boundary data as for (u, ¢, @).

Substituting (2.13) and (2.15) into (2.14) we obtain

(2.16) )= [ R+ 009 dV (x).

Here u,=U (x,x), p;=® (x, x') are the Green functions obeying (2.15) and
= U”’ xm_,pm
k, k* "Vkk i{,k‘ , .
If the state (u;, p,, 0') in (2.14) is to satisfy the conditions
X;=0, Y;=0,;05(x—x"), 6'=0 on B,
2.17) =0 Tmoun e, 0
=¢;=0 on 04B,, p,=m=0 on @B,

a combination of (2.13) and (2.17) leads to

(2.18) py(x)= f 9L +LRD) 0aV (x).
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Here u; =0 (x, X'), p,=®}”(x, x’) are the Green functions subject to (2.17) and
=00, #2=80,

The formulae (2.16) and (2.18) constitute generalization of Maysel’s theorem,
valid for Hooke’s solid, to the hemitropic micropolar theory.

Let us discuss some simple states of deformation.

A. Suppose B is clamped over its entire boundary ¢B and the deformation is
due to a constant temperature field. Therefore, we have
X;=Y,=0, (@=const on B,

(2.19)
u=p,=¢ on JdB,

which implies that the system (2.1)-(2.2) reduces to a homogeneous system of
equations. The homogeneous equations together with the zero boundary conditions
lead to

(2.20) w=p;=0 on B,
which, in turn, implies
(2.21) yu=Kk;=0 on B.

Therefore, the constitutive relations and (2.21) yield
(2.22) op=-nd, 0, p,;=-06;8,
i.e. for a clamped solid subject to a constant temperature the stress tensors are

symmetric and take constant values.

B. Let B be sirnp[y'connected and free from stresses over its entire boundary
dB. We look for such a temperature field @ (x) that produces no stresses inside B.

To find an answer, we write the constitutive Eqs. (1.2)-(1.3) in an alternative
form

(223) }’,,h' = ?_?t + yj'[ 3 h"‘fl =K?I + I‘.;i 1
where
(2.23) 7’?: =a, 06,, K?f=bz 06,,

a,, b, are constants, and y}t and K}[ are linear functions of the stress tensors. Since
vy and x;; meet the compatibility conditions [8]

(2.24) e Vit n—Kij+ 04y k1w =0,

&t K1g, n=0
and by the hypothesis y:,,=:c_',£=0 on B, Egs. (2.23)-(2.24) imply
& =K +3,,; 10 =0,
(2.25) int Vi, n ij gk

y . —
é‘jfli K 1, h —0

which can be satisfied by a given @ (x) if and only if #=0. Therefore, for a body
which is [ree from stresses on the boundary the only free stress state is a natural

4
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state. This implies that a hemitropic solid is subject to a more stringent con-
dition than corresponding Hooke’s model or Cosserat’s medium with central
symmetry.

3. Mean strain and mean stress. The mean values of the strains and stresses
on B are defined by the formulae

)

1
(3.1) (Fius Kis Gty Hyi) = Vv f (Vo> Kits Oty My1) dO, = r‘h’-
5 B

Taking into account the definitions of y; and xj; (see (1.1)), we obtain

1

1
(3.2) fjf=? r uy Ny da— =& Py, EJ3=7 f o n;da,
n a8
which implies that
ool _ L _ 0v(B)
(3.3) Tax =77 f"“ n. da= ?I Uy 1, dv =— v
an B
_ 1 1
(3.4) =y [ omda=; [ posco,
éB B

where dor(B) is the volume change.

A. Assume that the boundary of B is clamped. Since u;=p;=0 on 4B, (3.2)
and (3.3) imply -
(3.5) Fu=—8ug Prs Ku=0, (B)=0.
The mean values of stresses corresponding to the case are obtained from the consti-
tutive relations (1.2)-(1.3): o

(3.6) Gp=—2a8 Pr—101; 0,  Ji=—2ver; Pp—0;; 0.

B. Assume that the body is free in the sense that the body forces and the body
couples vanish (X;=Y;=0) and the boundary dB is free from stresses (p,=m;=0).
If we multiply the equilibrium equations

(3.7 05, +Xi=0, &uopt+uy ;+Y,=0
by x; and integrate the result over B, we obtain
(3.8) fp; x; da-+ fXa X df:=faﬂdv,
B B B
(3.9) [ mix;dat [ Y, x;dot e [ apex;dv= [ p,do.
- éB B B B

Since the body is free, (3.8) and (3.9) imply

1

(3.10) G, =0, ﬂ11=731m‘< f O Xy dv,

R
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and
(3.11) E_“'=0, .E.Jiéo.

Contraction of the constitutive Egs. (1.2)—(1.3) together with the mean value ope-
ration lead to

6JJ=3K'F_“+ 3GFL:JJ—3??9,

ji;;=3Gj;;+3Lic;;—3L0,

(3.12)
where

K=yt G L=p+=
— 3 M, =K 3 X _[ 3 Ve

solving Eqs. (3.12) with respect to 7,; and &,;, and taking into account (3.11), we
obtain
G13)  §,=3@K'—(G)0-G' iy, Ry=3((L'—nG")D+L’ iy,
or
Sv(B)=3(K'—{G") [ Odv—fi;; G' V,
B

fg)k‘kth)=3(CL’—r;G’)fﬂdﬂ+L’ﬁﬂ v,
B B

where the following notations are used
L G K
e e G'= Lise————r,
3(KL-G?)’ 3(KL-G?)’ 3(KL—-G?)

Therefore, for a free solid the volume change depends not only on the mean tempe-
rature but also on the mean value of the couple stresses.

4. Dynamic problems of thermoelasticity.' The dynamic equations of our theory
(see (1.8)(1.10)) are mutually coupled' and not easy for an analytical treatment.
To discuss general properties of these equations we assume the following decompo-
sition formulae for u, ¢, X and Y:

4.1) u=grad ®+rot¥, ¢=grad /'+rotH, div¥=divH=0,
(4.2) X=p(grad 9+rot y), Y=J(grado+roty), divX=divn=0.

Substituting (4.1) and (4.2) into (1.8)-(1.10), we conclude that (1.8)-(1.10)are sa-
tisfied if the scalar functions @ and I' meet

(4.3) O, @+(c+2y) V2 IT—nl+p8=0,
(4.4) (k+2y) V> @403 I'-L0+Jo =0,
(4.5) DB —nV? 5—1‘?’2 I'=—W,

and the vector functions W and H satisfy

(4.6) s W+ [(x+v) V2 +2a rot] H4px =0,

(4.7) [(x+v) V2420 rot] ¥ + ([0, +4v rot) H+Jp =0,
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where
O, =(A+2p) V? ~p33 ,  [da=(p+2y) V? —4a-J3f.

Note that Egs. (4.6)-(4.7) are independent of the temperature field. They represent
. a motion of transverse waves: the function ¥ characterizes the transverse displace-
ments and H describes the transverse microrotation,

On the other hand, Egs. (4.3)-(4.5) do depend on the temperature. From now
on we concentrate on a discussion of Egs. (4.3)-(4.5) when the solid is unbounded
and waves are produced by the source functions 4, e, W, and initial disturbances
of @, 1, 0.

Egs. (4.3), (4.4) and (4.5) represent, in this order, the longitudinal displacement
wave, the longitudinal microrotation wave and the thermal wave. Since these three
types of waves are mutually coupled they propagate with the same phase velocity.

Elimination of 0 from Egs. (4.3)—(4.5) yields

(4.8) (O, D—n?8,V?) ®+V2DIr'=—nyWy—pD3,
(4.9) V2 D+ (O D=2 0, V) I'=—({Wy—~JDo,
where

ToD=wo kV?*—(c,wo+To ) 8,, wo=x+2%.

Eqgs. (4.8)—(4.9) constitute a complex hyperbolic-parabolic system of equations.
For y=r={=0 this system reduces to that of the classical thermoelasticity [9]

(4.10) (O, D—n? 8, V2) 6= —yWo—pDS3.

Consider now the homogeneous system associated with (4.3)-(4.5). The heat
conduction equation (4.5) takes the form

4.11) DO=V2(nd+LI).

If the RHS of (4.11) is treated as a known source function, and if G (x, x’, #) is the
Green function satisfying the parabolic equation

(4.12) DG (x, X', 1)=0(x—x") 8 (1)

in an infinite space subject to homogeneous initial conditions and the regularity
condition: G—0 as R—oo, a solution of (4.11) is represented by

(4.13) O, 1)= fa' G(x, x' il e o,

y i ) rﬁf (x, x', t—1) (:7 7 ¢ Br) v (x),

where

4.14 G(x, x’ _ T % -
> = — 4K = |x—%' = —

( ) (X, X, t) 8('5 (?T.QfJB'u e & ] R |L X !a 1\' +

Substituting @ from (4.13) into (4.3) and (4.4), we obtain two integro-differential
equations for the functions & and I.
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It is shown in the classical thermoelasticity [9] that the ternf{ ndivu has small
influence on u and 0. If we neglect the terms »divu and ¢div ¢ in the present theory,
(4.5) reduces to

(4.15) DO=—W,.

Let € be a solution of (4.15). Substituting this solution into (4.4) and (4.5) and
eltninating I or @, we obtain (3=c=0):

(4.16) (O, O3 —?* V2 V?) d=(n0;—(VH) 0,
or
(4.17) (O, Os—w? V2 V) I'=({[0,—7V?) 0,

respectively.

A discussion of monochromatic plane waves satisfying (4.16) or (4.17) shows
that in this case both waves @ and I" are dispersed but not attenuated.
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. I1. Hosauku, B. Hosauxu, Hexoropsie npoGemsl reMHTPONINOr0 MHKPONOJHSPHOro KOHTHHYYMA

Copep:xanne. B pabote obcyk/ieHO HECKONBLKO CTALMOHAPHBIX M IHHAMHHYECKHX BOMPOCOB, HCXO/I
M3 ypaBHEHWil oA JU1A TepMOYNPYroro, NWHEHKOro M FeMHTPONHOTO KOHTHHyyma KoccepaTos.
Jausl ocobeie MHTErpajbl CTALMOHAPHBIX YpaBHEHWH, YPaBHCHWI TepMOYNPYrocTH, a TaKke
o06o6iwennbie B30psl Maiicens. Jlansl cpenHne 3Hadenua Achopmanuiti 1 HanpsKeHuid. Y pasHeHua
JMHAMHYECKOH TepMOynpyrocTH CBelleHbl K NMPOCThIM BOJIHOBLIM YPABHEHUHAM M K MHTErpajlkHo-
-nufdepeHuHanbHbiM YPaBHEHHAM.



