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Summary

The aim of the present paper is to generalize some theorems on the coupled
thermoelasticity of a medium characterized by two vectors independent from each
other: the displacement vector 2 and the rotation vector .

Basing on the thermodynamics of irreversible processes the constitutive equa-
tions and the expanded equation of heat conduectivity for an isotropic medium are
derived.

The author succeeded in obtaining a basic system of differential equations of
coupled thermoelasticity. The propagation of thermoelastic waves in an unbounded
medium is diseussed.

Moreover, a generalization of the virtual work principle to dynamic problem of
coupled thermoelasticity is advanced.

Tinally, the reciprocity theorem is derived and some conclusions resulting from
this theorem are discussed.

1. Infroduetion

The asymmetric theory of elasticity was first advanced in 1887 by
Voiar [1], and then developed in 1909 by the brothers I8. and F. Cossz-
RAT [2]. Tt is assumed in this theory that the entire action upon a material
volume bounded by a surface is described completely in terms of the
field of stress vectors and “couple-stress’ vectors.

Recently we witness a further development of this theory, partic-
ularly since it proved useful in explaining some regularities of propaga-
tion of short acoustic waves in crystals, in polycrystalline structures as
well as in high polymers.

Let us mention here the papers by TrRuespELL and TouriN [3], and by
Arro and Kuvsamvskir [4]. Grrort [5] and Tourny [6] succeeded in
generalizing the theory of the Cosserat medium to finite deformations.
Finally, Mixprin and Trerstex [7] presented an exhaustive discussion
of the linear theory of a homogeneous, isotropic and centrosymmetric
medium.
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260 W. Nowackr

In subsequent years Kuvsminskir and Agro (1963, [8]), Panmoy [9]
and Ermveen and Svnusr [10] developed the theory of asymmetric
elasticity describing the deformation of a body by the vectors of displace-
ment u and rotation @, mutually independent thus departing from

the kinematic assumption @ :% curl w, which is the very basis of

the theory of the Cosserat medium.

The purpose of the present work is to consider, within the framework
of the theory of asymmetric elasticity, the interaction between the
fields of displacements u, rotation w and temperature 6.

Confining our considerations to the elastic, homogeneous, isofropic
and centrosymmetric medium we derive constitutive equations based on
the thermodynamics of irreversible processes. A complete set of differen-
tial equations of asymmetric thermoelasticity is given as well as equa-
tions of motion and an generalized equation of heat conductivity.

Finally, a variational theorem and a theorem on reciprocity are given,
and some conclusions are derived from these theorems.

2. Equations of Motion. Energy Equation and Entropy Balanee

The system of equations of motion consists of two equations: the
equation of balance of linear momentum and the equation of angular
momentum [4], [7]:

04,5 —E-‘ Xi = g‘i;'.i = 0, (21)
Eiik Ok + Hii i + Y{ = Jw, = 0, 'i:, j, k = 1, 2, 3. (22)

In these equations the symbol o;; denotes the asymmetric force-stress
tensor, p;; the asymmetric couple-stress tensor. X; and ¥; designate the
volume density of the body forces and body couples; e stands for the
usual alternator. u; are the components of the displacement vector u, w;
the components of the rotation veetor.

The principle of conservation of energy written for an arbitrary vol-
ume ¥ of a body, bounded by a surface 4, has the form

%f[% (oviv; + Jwyw;) + U]dV =f(X‘-'v¢ + Yiw)dV +
v v

+ | (pivi +mywy) dA — | gm; dA. (2.3)
/ /

Here v; = u,;, w; = ;. By U we denote the internal energy, and by ¢;
the components of the heat flux vector q.
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The quantities p; and m; are connected with tensors o;; and u;, by the
following relations

Pi = Ojnj, Mg = LNy, (2.4)

where #; are the components of the unit vector n on 4.

The terms on the left hand side of (2.3) represent the rate of increase
of the kinetic and internal energy, respectively, of the volume. The first
term on the right-hand side represents the rate of work of the body forces
and body couples, the second term-the rate of work of the surface trac-
tions and couples. Finally, the last integral on the right-hand side of
eq. (2.3) denotes the heat transferred to the volume ¥V by heat conduction.
Taking into consideration (2.1), (2.2) and (2.4) and making use of the
divergence theorem, we obtain the following equation

f (U — [o4; 01 — exiwe) + pawig] + ) 4V =0.  (2.5)

This expression holds for any arbitrary volume V. If the integrand is
continuous, then the relation

U =0y + mirie — Qi (2.6)
holrs locally.
The following notations were introduced

Vit = Wy,j — Egji Wiy ®ip = Wi,j. (27}

Here y;; is the asymmetﬁc strain tensor, #j; the curvature-twist tensor.
The equation of entropy balance can be written in the form ([11],

p. 29).
fs'dvz—fq—;‘ida +f@dV. (2.8)
14 i 14

The left-hand side of this equation represents the rate of increase of
entropy. The first term on the right-hand side is the rate at which entropy
is supplied to the volume across the surface. The second term on the
right-hand side of (2.8) denotes the rate of entropy production, due to
heat conduction. Using the divergence theorem we have

f(s @ (%)) av =0, 2.9)
v

and hence, since V is arbitrary we get

§=0— iy qﬁ;‘, (2.10)
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which holds at each point of the body. In accordance with the postulate
of thermodynamics of irreversible processes we have @ = 0.

Eliminating ¢;; from (2.6) and (2.10), and introducing the expression
for the Helmholtz free energy F = U — ST, we obtain

. 3 . : T
F — D’ﬁ}!ﬁ —}- 'I'.éﬁ?&'ﬂ S TS I T (@ —|" .g‘t_i";i.)' (2.11)

Since the free energy is a function of the independent variables y;;, 2, T,

there is
. aF . oF . . OF
R R L AR 2.12
Fo= P " Vit ﬁ ax?_i #ji o 1 ( )

Assuming that the functions @, ¢;, . . 6j;, #;; do not explicitly depend on
the time derivatives of the functions y;;, #;;, T' and defining the entropy
as S = — Eﬁ;, we obtain — after comparing (2.11) with (2.12) — the

a1
following relations

ar ar oF T
T=es Bemimy B=—omy Ot %,;—‘— =0. (213)
; .

The second law of thermodynamics will be satisfied if @ = 0, or if

7.
— o (2.14)

The above inequality satisfies the Tourier law of thermal conductivity
—{; = k“ T,f or —; = kii 8,1 T'= Tﬂ -+ 0 (2.15)

Here 7'y denotes the temperature of the body in its natural state, in which
stresses and deformations are equal to zero (i e., for y; =0, %5 =0,
T =T,). The quantities k;; are the coefficients of thermal conductivity
and form a symetric tensor.

Trom eq. (2.10) — taking into account the last relation of the group
(2.13) — we have

T8 = —guy = ky;0.4. (216)
For a homogeneous and isotropic body, we get

T8 = k0 2.17)

where k is constant.
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3. Constitutive Equations

Let us expand the expression for the free energy F(yj;, #j;, T') in
the neighborhood of a natural state (y; =0, #;; =0, T = 1T,) into a
Taylor series, omitting powers higher than 2. This expansion has, for a
centrosymmetric body, the form

Mt o= A
F = 9 Yit¥ii +T?fa‘?-s; -i-'E'?mP,m

E

y+e Pro= b
2 Rjikj T #jg T Pk

2

m

— vyl — 0 — ?ga_ (3.1)

This form results from the following considerations. Since the free
energy is a scalar, each term on the right-hand side of expression (3.1)
must be a scalar. Now, with the components of the asymmetric tensor y;;
we can construct three independent quadratic invariants, namely
Vit Vit ViV and Y yan. The same holds for the tensor »;;. However, the
terms yj;, Vii%ij and yix,, cannot appear in eq. (3.1), since this would
contradict the postulate of centrosymmetric isotropy. In the seventh and
eighth term of relation (3.1) the invariants y,. and . appear. This results
from the fact that with the components of the tensor p;; and #; one can
form invariants of the first kind only, namely y;. and .

Making use of relations (3.13) we have

o5 = (1 + &) i + (p — &) yij + Ay — v0) 0y, (3.2)
pig = (y + &) %ji + (v — &) #i; + (B — 20) 65 (3.3)
S = vy + g + ml. (3.4)

Relations (3.2), (3.3) may be rewritten in an equivalent form

o = 2uyin + 2ayay + Ay — 2v0) 04, (3:5)
Wi = 2y + 2eny + (B — 0) 0y (3.6)

Here u, 4 are Lame constants and «, y, ¢, f are new constants of elasticity
referring to the isothermal state. The constants, y depend on the mechan-
ical as well as on the thermal properties of the body. The symbols ()
and ¢> denote symmetric and skew-symmetric part of a fensor, respec-
tively.
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Solving eqs. (3.5) and (3.6) for p; and »;; we obtain

Vij = 04050 + 2’ oy + 20" 03y + A0 O (3.7)
#ij = Pid4;0 + 29" np + 26 pap A B O i (3.8)
where
t."_-_l' a!_i ‘r__l_ B'_‘—l— = 2
ST "= T Ty T de’ 6uK’
i = . e 8. Bl
16‘— ﬁj’Q, “!—3}{! ﬁ‘_:i.Q’ K—,..‘u—]-.j)_, },+ ﬁ

The symbol «; appearing in rvelation (3.7) is the coefficient of thermal
dilatation.

If the volume element, free from force-stresses and couple-stresses
on its surface, produced temperature voluminal changes only, we obtain

'J):} = !Xg(.s"jl()', x,-‘} == 0.

The coefficient f, and, consequently, the quantity y should be equal to
zero. This assertion is also supported by another argument. Let us con-
sider the problem of classical elastokinetics where an adiabatic process is

assumed (S = 0). In this case the temperature is given by

0= — 2 (v + 200). (3.9)

n

Introducing (3.9) into relations (3.5) and (3.6) we obtain?

0ij = 2pyay + ey + (A yu -+ ) 0y, (3.10)
iy = 2 + 2exgy + (B + ) 0y (3.11)

where

. v — 7 _ . EX
'J'*_A'_l-;i ﬂ*_ﬁ.-l_;) T*_(S*—*'—.

It is easily seen that relations (3.10) and (3.11) are in contradiction
with the formulae for an isotropic, centrosymmetric medium, where force
stresses gy; are independent of »;; and couple-stresses are independent of
vij (cf., e. g., [7], [8]). Thus, we should have y = 0. Consequently, we have
to put for the free energy y = 0 in (3.1).

; 1
! Observe that for a Cosserat medium, where mi=38m ;> we have
A = 0.
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In this way, the final forms of relations (3.2) (3.4) will be:

oij = 2pyah + 2y + Ave — »0) 0y, (3.12)
Hij = 2urgy + 2eny + Brdi, (3.13)
S =y 4+ mo. (3.14)

Let us remark that in the last of the above relations the quantity m
remains undefined. It will be determined from the following considera-
tions.

To begin with, we shall consider the differential relation

dU = D‘j{d'yﬁ + ‘u.j{ﬁ!?Cj{ -+ TdS. (315)

Introducing into (3.15) the relation

o8 o8 o8
a8 = (am)xm dyji + (axﬂ )Y'de,-,- = (ﬁ)”di’, (3.16)

and taking into account completeness conditions of d U, we arvive at
the dependence

a8 o8

L Y O (__) =0 (3.17
(67’3'1')8;1‘ 4 Onji |y )
Substituting now the above formulae into (3.15) and (3.16) and
taking into account (;—LT) = —%ﬁ-, where ¢, denotes the specific heat at

Vi

constant deformation, we get
dU = O’j"d)}ﬂ +— ‘u,-;dz,-‘- - PT(I})E‘H - CsdT, {318}
48 =i F c,i"ifl. (3.19)

Integrating (3.19) under the assumption that S = 0 for the natural
state, we have

S =y + ¢ ]ong. (3.20)
o

Assuming Ti &£ 1, expanding the logarithm into a series and
[}

retaining one term of this series only, we have
fl
S = YV +G‘-§T—. (321}
[\

From a comparison of (3.14), and (3.21) it results that m = T

Cf
0
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4. Differential Equations of Thermoelasticity

The constitutive relations (3.12), (3.13) enable us to express the equa-
tions of motion (2.1), (2.2) in terms of the displacement vector u, the
rotation vector w and temperature. We obtain the following differential
equations

(4 - 2u) grad div e — (u + «) curl eurl w + 20 curl w X
= pii + » grad 0, (4.1)

(B + 29) grad divew — (y + &) curl curl w + 20 curl e — 4w - ¥
=dJw. (4.2)

To eys. (4.1), (4.2) we have to add the equation of heat conduction.
For this purpose we consider the relations (2.17) and (3.20)

TS = k0, (4.3)
T8 = 9Ty + T (4.4)
It results from a comparison of these relations that

ke v,

ﬂ_‘ﬁ _éﬂ — 1y (]'_ +%) divie =0, z=—, Mo = (45)

When linearizing this equation, we assume that ?‘;— < 1. Moreover,

o
taking heat sources within the body into account and denoting by W
the quantity of heat generated par unit volume and unit time, we obtain
the following extended equation of thermal conduction

O ——0 —ppdive =—2%,  @=. (4.6)

It is interesting to note that only the term derived from dilatation
appears in eq. (4.6), consequently connected with the first deformation
invariant yj.

Ecquations (4.1), (4.2) and (4.6) constitute a set of equations of linear
coupled thermoelasticity in the theory of asymmetrie elasticity.

We have to supplement the differential equations of thermoelas-
ticity with the boundary and initial conditions. If on the surface 4, bound-
ing the body of volume V, the force-stresses p;, m; and temperature 0
are prescribed, boundary conditions will have the form

Pi(@, 1) = oji(®, 1) ny (@), m(@, t) = pji (@, £) n; (@),

0@, t) =h(e, 1), xed, >0, (4.7)
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while the initial conditions will be expressed by the formulae
wi®, 0) = fi(@),  w,(x,0) = g (),
w (@, 0) = L(®), (@ 0) = k(=)
0(x, 0) = r(x), xel, t=0. (4.8)

The dynamic equations of thermoelasticity (4.1), (4.2) can be separated
by decomposing the vectors @ and @ into their potential and solenoidal
parts

w = grad ¢ -+ curl Y, w =grad { 4+ &,
div v =0, div @ = 0. (4.9)

Decomposing in a similar way the expressions for the body forces
and the couple-body forces

X =grad ¢ 4 curl y, Y =grad o + 2, (4.10)

we obtain the following system of equations

O%¢ = nb — ci%s?, (4.11)
0% — 8¢ = — -:E (4.12)
DU — b = — :E 7 (4.13)
O —pVR W —2pb = — ;" ; (4.14)

1

The notations introduced in (4.11} -+ (4.14) are as below

+ s s
DE:V*—-%B{ o=1,23,4, cl=(-'li—2£) ; caz(m) ;
o 2 e

. g+ 2y e _[(y+ts s =_‘_’£¢_ _ 4 _ 23.
G"_( r % 7 ) TSmr P aar BT T

To eq. (4.11) and eq. (4.14) we have to add the equation of heat
conduction

DO —ngV2p = -g—, D=V:——0. (4.15)

We shall consider first the propagation of thermoelastic waves in an
infinite space. Observe that eqs. (4.11) and (4.15) are coupled. Elimina-
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ting the temperature from these equations we obtain the equation for
the longitudinal wave

(02D — 08, Vg = — % ~ :?Dﬂ, o= (&16)

If the quantities y, £2, ¢ and the initial conditions of the functions

£, W, b ave equal to zero, then in an unbounded elastic space only dilata-

tional waves will propagate. Equation (4.16) describing these waves is

identical with that obtained for the elastic classical medium (with no

couple-stresses). It is known [12] that these waves are attenuated and
dispersed. Since

W = @y, @; =0, Yii = Psiiy % = 0,
we have
Oy = 20 (Prij — Oiipix) + 0 (P — B)dy;,
oup =0, wpu=0. (4.17)

If Q, 9, y, £ are equal to zero and the initial conditions of the func-
tions 0, ¢, U, @ are homogeneous, then in an infinite medium only tor-
sional waves, described by eq. (4.12), propagate. We have namely

=0, og=1=0 #=0u;="0Cu yi=0

Only couple-stresses will appear in the medium forming the symmet-
rie tensor

Mgy = 29845 + B0 VAL, pupy =0, oy =0. (4.18)

The propagation of these waves is not accompanied by a temperature
field.

Tinally, in the case when the quantities ¢, @, ¢ are equal to zero
and the initial conditions of the functions ¢, ¢, 0 are homogeneous,
only transverse waves propagate in an infinite space (described by the
set of eqs. (4.13) and (4.14)). Eliminating from these equations separately
the function ¥ and then & we arrive at the following equations

” e

(O —2p) O — prV2]@ = — i—;V*x s 0%, (4.19)

(O3 —2p) O —pr V)W = — L@ — :g (02 —2p)y.  (4.20)
4 ‘Q

In an infinite medium these waves are not accompanied by a temper-
ature field. Since divu =0 they do not induce any changes in the
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volume of the body. The force-stresses oj; and couple-stresses uj; form
an asymmetric tensor.

In a finite medium all three kinds of waves discussed here appear.
Equations (4.11) = (4.15) are coupled by means of the boundary con-
ditions.

5. Virtual Work Prineiple
It may be easily shown that the following equation holds

f[(_?{,: —ou)du; + (Y — Ji)dw]dV + f (piow; + midw))dA =
ir A
=f(0"-:‘;()y_§i —{-,u_ﬁézﬁ)d V. (51}
P

The left-hand side of this equation represents the variation of work
of external forces, while the right-hand side equals that of internal forces.

In the above equation symbols du; and dw; stand for the virtual
changes of the components of displacement vector w and rotation
vector w.

Introducing into the right-hand side of eq. (5.1) the relations (3.12)
and (3.13) we reduce eq. (5.1) to the form

f[{X; — o) 0wy + (Yi — Jo)do]dV + f('p‘-bui +midw)dA =
v A

=W —» [OpudV, (5.2)
where ’
oW = f (295 O qaiy + 2avainOeny + 2y #in 0%y + 2em:p0%:5 +
' + 2yubyme + Brgdn)d V.

We have to supplement eq. (5.2) by a further equation, since only
four causes, namely X;, Yy, p;, my, appear in this equation in explicit
form. Thus, we adjoin to eq. (5.2) the relation

- vfﬂéy“dl? = fﬂn,-dHidzi o —;‘mfoaow +
1. Ji nln
Ty .
1 e f H,0H AV, (5.3)
J

derived from the heat equation by Bror [13]. The vector H in (5.3) is
connected with the vector of heat flow ¢ and the entropy S by the follow-
ing relations

q=TH, S= —div H). (5.4)
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Introducing (5.3) into eq. (5.2) we have
§(W + P + D) = [ [(X, — gitr)dws + (Vi — Jéo))deogld V +
v

+ f (pidu; -+ midew)d A —fﬂn;éﬂf(l.‘l. (5.5)
"i .’l

Here the heat potential P = 2—;’;— f 0?2dV and the dissipation
0
vV

function D were applied, where 4D = %—fﬂléﬂid V.
7

For Y; =0, m=0, #; =0, a=y=e=§=0, eq. (5.5)
recluces to the variational equation of the coupled thermoelastic medinm
without couple-stresses.

The variational principle eq. (5.5) may be used for the derivation of
the energy theorem, if we compare the functions w;, w;, 0 abt point @
and time ¢ with those actually oceurring in the same point after a time
interval df. Thus, introducing into eq. (5.5)

; 2 : k
(S'H.',; = 'Ujdt, 5w,- = widt, 00 = gdt, 6H, = f’l"dt = — i—' B,id!‘,
0
and so on, we obtain the following formula

TE WP 0 = [+ YaV + [ (povs +
Vv 4

+ man)dA + E’:— f On0,d A, (5.6)
4
where
-0 J _dab k[
K = s fv,-v,-dV + 5 fw;w,-dV, == -E.] 0,0, dV > 0.
Vv v Vv

Here K denotes kinetic energy, and y, is proportional to the source
of entropy which is always a positive quantity.

The energy theorem (5.6) may be exploited to demonstrate the
unicueness theorem for a simply connected body. Such a demonstration
may be carried out in a way similar to that indicated in [14] or [15].

6. The Reciproeity Theorem

Let us consider two systems of causes and effects acting on an elastic
body of volume F bounded by the surface 4.

We assign to the first group of causes the body forces X;, body couples
Yy, heat sources @, loadings p; and m; on the surface and the heating of
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this surface (the prescribed temperature or the heat flux on the surface
A). The effects are: the components of the displacement vector u, of
the rotation vector @ and temperature . ’

The second set of causes and effects will be distinguished from the
first one by a prime. In the sequel we assume the initial conditions to be
homogeneous.

Let us apply the one-sided Laplace transformation to the consti-
tutive ecuations. We obtain the following relations

Fji = (1 + &)75i + (W — )i + (AP — 0)0y5, (6.1)
Bii = (v + &) %ji + (y — )% + Brudyj (6.2)

where

5@, p) = Lloji(@, )] = [ onfa, )e?dt, e.c.t.
(1}

and similar relations for oj; and uj;. It may easily be seen that the follow-
ing identity holds
G5 + B — G = i = 0P — 07).  (63)

Integrating relation (6.3) over the volume V we get

[ @Fji — 57 + B — Bum)dV = » [ 05 — O7a)d V.
vV v
(6.4)

Now let us perform the Laplace transformation on the equations of
motion

E,ii.i <L X{ = Pgeﬁh etii-ajk + #_G;t,j o j?i = PEJE?—{: (6-5}

as well as on the equations of motion for the state marked with primes.
Taking advantage of relations (6.5) we reduce eq. (6.4) to the form

[(Xiw; + YopdV + [ @+ miw)dd =
v 4
= [(Xi@ + Yw)dV + [ (B + miw)dd +
v A
+» [(0F — 07)d V. (6.6)
]f

This is the first part of the reciprocity theorem. The second part
is obtained by taking account of the heat conduction equations for
both sets.
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{5]
-1
(o]

We apply the Laplace transformation to these equations assuming
that the initial conditions are homogeneous

N

P 3 =
0,51 — ";9 — NoPVkk = — :

(6.7)

S

U:ﬁ = ‘il 0" — 9PV = —

Multiplying the first of eqs. (6.7) by 0, the second by 0, subtracting
one from another, integrating over the region ¥V and making use of
Green’s transformation theorem, we get

mfﬁ»mﬁ* — Fud)dV + —f(qa _Qyav — f @7, —

— §,00d4 =o0. (6.8)

Eliminating the common term from (6.6) and (6.8), we obtain the
final form of the theorem on reciprocity

i—ﬂ[ [(&m; — X, + Yooy — Viw)d v +
‘[7
+ B — Py + mw; — ﬁ-;ai)dA} 5
A
+u [0, —00,)d4 + [ @0 —QF)av =0.  (6.9)
A v

It is obvious that in this relation all causes and effects appear. Apply-
ing the inverse Laplace transformation on eq. (6.9) we have

t
]T

dr ar
]

+ il 0 PHEI=T vy — o 2B gy

i
+f a4 (x)f [”i(“” 0 LUEBIZT et — ) 2HBT)
4 ]

+ my(x, 7) W;T) — g (x, bt — 1) %ﬁ’t)} dt} -+

+xfdA (:c)f 0@, )0, (@, t — 1) — 0 (3, t — )0, (%, 7)]dv +

—1—fd V(:c)f[ﬁ(x, Q' (&, t — ) — 0 (2, t — 7) Q(x,7)]dr = 0.
K 0 (6.10)
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With Y, =Y; =0, my=m;=0 the theorem on reciprocity
(6.10) goes over into the theorem on reciprocity for an elastic medium
without couple-stresses, given by Cazivir-lonmscu [16]. For static
loads and for stationary heat flow we get the system of equations

f{X,-u:- — Xjuy + Yio; — Yie)dV —I—f(pm; — iy +
v A
+ myw; — mia)dA + v [ Oy — Op)dV =0, (6.11)
/

[@0—Q0)av +x [ (0,0 —0,0)d4 =o. (6.12)
1" A

In the reciprocity equation (6.11) tempeatures f and 0" are treated
as known functions, obtained from the solution of the heat conductivity
equations

= =@ e &
0. = o 0y = o (6.13)
Equation (6.12) may be treated as a theorem of reciprocity for the

problem of heat conduction.

7. Conelusions from the Theorem of Reciprocity

Let us consider first an infinite medium. Let a concentrated and
instantaneous force X; = d(x — £)8(f)d;, directed along the axis axy,
be acting at the point & of the medium. Denote by U (x, &, 1) the displace-
ment caused by this force. Furthermore, let a concentrated and instan-
taneous force X; = d(x —n)d(t)dy, directed along the axis z;, be
acting at the point 7. Denote the displacement caused by this force by
U9 (x, 7, t). From the theorem of reciprocity (6.10), formulated for an
infinite region, we have

3
A0 2,1 —
de(x]fdr [{a(x — §0(x) o T
0

V

—8(x —n)8(t — )0y ﬁﬂ_igs_r)] =0, (7.1)
and hence
UP(E 0, 1) = UP (@, & 1),
After integration with respect to time, we ﬁ.ﬁally get
U 0, ) = UP (@, &, 0). (7.2)
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Let a concentrated and instantaneous force X; = d(x — £)d(t)dy
act at the point & of an infinite medium, and a concentrated and instan-
taneous source of heat Q' = d(x — 5)d(t) act at the point 5. Denote by
A" (x, £ t) the temperature caused by the action of force X;, and by
U, (x, , t) the displacement caused by the action of the source @'. From
eq. (6.10) we obtain the following relation

fdl»’{w fdr [6(1, — )bt — B@(x,h 7) I

LA sl — 5)5(1)5ikm?i__ﬂ] —0, (7.3)
» dr
wherefrom
@[k)w, £ 1) = — .’l‘:}i_‘%’ﬁ_ (7.4)

Let a concentrated and instantaneous force X; = d(x — £)d(t) by
act at the point £ of infinite medium, and the concentrated and instan-
taneous body couple Y; = d(x — n)d(l)d;; act at the point ». Denote
by .Qg“ (2, &, t) the rotation vector caused by the action of force X;, and by

Vi) (a, n,t) the displacement caused by the body couple Y!. From eq.
(6.10) we get

VP, n,t) = Q® (), & ). (7.5)

Finally, let a body couple ¥; = d(x — &)6(t)dy act at the point &,
and a source of heat @' = d(x — #)d(f) act at the point 7. Denote the
temperature caused by the action of body couple by #® (x, &, t), and
the rotation vector caused by the action of the source @' by £2;(x, 3, t).
From the theorem of reciprocity (6.10) we obtain the following rela-
tion '

000, 6,1) = — 22 20End (7.6)

It can be shown that the relations (7.2), (7.4) — (7.6) hold for a
finite body at homogeneous boundary conditions

Let us consider a finite body 7 and assume that the causes which
set the medium in motion are defined by the boundary conditions. We
wish to find expressions for the displacements u;, rotation vectors w;
and temperature 0 at an internal point we ¥V by means of integrals
on the surface 4 bounding the region V. These functions should satisfy
the equations of motion, the extended equation of heat conduction
and the boundary conditions. When deriving the formulae for the func-
tions wu;(w, {), w;(x,t), 0(2,t) we shall use the theorem of reciprocity
(6.10). Assume, first, that quantities marked with primes refer to dis-



Couple-Stresses in the Theory of Thermoelasticity 275

placements u; = U (x, &, t), rotation vector w; = QF (, &, ¢) and tem-
perature 6’ = @® (x £,1), caused in an infinite medium by a concentrated
and instanteneous force Xj = d(x — &) 6(t) 6i, applied at the point &
and directed along the axis x;. Assuming absence of body forces (X; =

= 0), body couples (¥; = ¥} = 0) and heat sources (@ = Q' = 0) we
obtain from (6.10) the following expression

]
" ; AUWM(&, 2.t — 7)
uk(:r", ‘} = “"A (5) dr Pi (55 'E) T e —
fusiofs

or

) oy Ow(é 7) _ oW (&, z,t — 1)
’P} (E’ €T, 4 T) or + My (Er 1") P ==

— P, mt — 1) 20 4 L (01 Ot — 1) —

SCRGETEL MO N (7.7)

Here we have introduced the notations
o) = o (x, &, t) ny(2),  mP (2, 1) = ufP (w, &, 1) my (),

where o) we understand stresses and by u{¥ couple-stresses caused by a
concentrated force X = d(x — &) 6(t) dyp.

Integration operations in the surface integrals are to be carried out
with respect to the variable & Formula (7.7) gives us the relation be-
tween the function (x,t), eV, t > 0 and functions uy, p;, my, wy, 0,
B, on the surface 4.

Now let us assume, in the system with ‘“‘primes”, a concentrated and
instantaneous body couple ¥} = d(x — &) d({) 6 acting along the axis
2. In an infinite medium the body couple will cause the displacement
uj = V®(x, £ t), vector o= A" (x,&¢), and temperature 0’ =
=¥ (2, &, ¢). From the theorem of reciprocity (6.10), at X; = X} =
=0, Y; = 0,Q = Q' =0 we obtain the following formula: .

¢
(G _
(2, ) = fd.‘l (E)fd-; {pe(«f,z)w -
4 0

or
MK . 615{{&-1 T) 3 a/q"”(s) x,t — r} F
Pl' (&: &, t T) ar + m! (5’ T) ot
— (g m, ¢ — ) PRI 4 L[, ) 0D (¢t ) —

— OB 3,8 — 1) 0, (¢, r)]}, ve ¥, ke d (7.8)

18*
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Here
P (2, 1) = o (2, & 1) m; (), WP = uP (w, & t) n;(@).

We denote o{¥ and u{#) the force-stress tensor and the couple-stress tensor,
respectively. Also the function wg(w,t), xeV, t > 0, is expressed here
by the functions u;, p;, w; my, 0, 0, on the surface 4. Now let the
system with “primes” in an infinite medium be limited to the action of a
concentrated and instantaneous heat source @' = d(x — &) 6(f) causing
displacements u; = U;(x, £,t), rotation vector w}= Q;(z, & 1) and
temperature 6' = O (x, &, 1).

From (6.10), assuming that X; =X;=0, ¥V; =Y =0, @ =0
we get the temperature at the point

t
0(x, t) = x:!.dA(E)ﬁfdr{ﬂ_u £7) O(F, &t —7) —

aU{{E! 24— t) ==

— 06, %) O (6,2, ¢ — 1) — [y, 1) T

— it~ 2D gy (g 2Aenld)
—mi (§,2, ¢ — r),—awief’ . ]} weV, Eed. (7.9)

Here
D; (m, 1) = a;,.(x, & b)), m;(x,t) = ‘u;i (%, & t) n;(x).

We denote by ;; and s, the force-stress tensor and couple-stress tensor
caused by the action of an instantaneous and concentrated heat source
as;

Formulae (7.7) —(7.9) may be treated as an extension of Somigliana’s
formulae [17], to the problems of thermoelasticity. Some simplifications
of these formulae can be obtained by taking into account the reeiproc-
ity relations (7.4)—(7.6).

If Green’s functions U®, Q) OF ete, are selected in such a way
as to satisfy on the surface 4 the homogeneous boundary conditions for
displacements, rofation vector and temperature, then the formulae
(7.7)—(7.9) will yield the solution of the first boundary problem, if
functions u;, w; and 0 are given at the boundary.

Similarly, if we select Green’s functions U®, QW, OW) ete., in such
a way that the boundary is free from loads and temperature, then the
formulae (7.7) —(7.9) will yield the solution of the second boundary value
problem, when on 4 loads p;, m; and temperature 0 arve given.

Let us still consider the stationary problems. Let the body contained
within the region V and bounded by the surface 4 be subjected to heat-
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ing. Let on the part 4, of the surface 4, equal to zero, appear displace-
ments u; and vector of rotation w,, and on the part 4, of the surface 4,
equal to zero, appear functions p; and m;. Moreover, let X; = 0.

For determining the displacement w; (), z&V consider a body of the
same shape and the same boundary conditions. Let in this body 6’ = 0
and let a concentrated force Xi = §(x — &) 8,4 be acting at the point &
which is, consequently, directed along the axis a;. This force will cause
displacements U (z, &) assuming that the functions U® (x, &) are
selected such as to satisfy homogeneous boundary conditions on 4, and
A,

Making use of formula (6.11), we obtain

w(@) =» [0(8) UD(E 2)dV(E), zeV, k=1,2,3. (7.10)
Ir

Here U}:‘?(E, ) should be treated as a dilatation caused at the point &
by a concentrated force X; applied at the point . The formula (7.10)
may be treated as a generalization of Maysgr’s formula [18], for the pro-
blem of thermoelasticity with couple-stresses.
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Discussion

Girront: How do you determine the coefficient J in the kinetic energy of rotations?

Nowackr: J — ist eine spezielle dynamische Charakteristik des Mediums. Sie
ist gleich dem Trigheitsmoment einer Partikel in bezug auf eine beliebige, durch
ihren Schwerpunkt gehende Achse, multipliziert mit der Anzahl der Partikel in einer
Volumeneinheit.

Savin: We have in this theory of elasticity two cases. For each there is a number
of corresponding boundary conditions. In the first case we have five, in the second
case we have six. I did not hear about boundary conditions.

Nowacrr: In dieser Theorie erfordert das Differentialgleichungssystem sechs
Randbedingungen. Man kann an der Oberfliche entweder drei Komponenten des
Verschiebungsvektors 4 und drei Komponenten des Rotationsvektors o oder drei
Komponenten des Spannungsvektors und drei Komponenten des Momenten-
spannungsvektors vorschreiben. In der Cosseratschen Theorie haben wir, wegen der
Einschriinkung e = /, curl 4, nur 5 Randbedingungen zu befriedigen.

Kariskr: The medium has six degrees of freedom. The six degrees of freedom are
important for very short waves or very high frequencies. In this case, however, 1
think that taking the viscosity of the body into account may also be important.

Nowackr: Man kann analog, wie in der symmetrischen Elastizitiitstheorie, auch
hier eine asymmetrische Viskoelastizitit aufbauen.

Kanskr: Only for very short waves the terms may be important.



