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Abstract—This paper presents a reciprocity theorem for dynamic problems in thermoelastic dielectrics and
a derivation of fundamental solutions to the wave equations for infinite continuous media. In particular,
Green's functions are obtained in closed form for the displacement and polarization vectors, the tem-
perature and Maxwell's electric fields resulting from various causes, all of which are assumed to vary
harmonically with time. The last section is devoted to some consequences of the reciprocity theorem given
here.

NOTATION

A} constants (Appendix B)

by constitutive constant
b,s constitutive constants
‘¢ constants (Appendix B)
C,g constitutive constants
(P, constants (Appendix B)
_ri,’., constitutive constants

S Maxwell self-field vector

local electric vector
electric force vector
body force vector per unit mass
vector function used in Helmholtz formulae (eqn 3.1)
function defined in eqns (3.19) and (4.5)
vector function used in Helmholtz formulae (eqn 3.1)
surface traction vector
Laplace transform
unit outward normal vector
polarization vector
heat source
vr
surface electric force vector per unit area
components of strain tensor
absolute temperature
components of stress tensor
time
displacement vector
scalar function used in Helmholtz formulae (eqn 3.1)
position vectors
surface charge
vector function used in Helmholtz formulae (egn 3.1)
scalar function used in Helmholtz formulae (eqn 3.1)
Kronecker delta
components of electric tensor
permittivity of vacuum
entropy density per unit mass
incremental temperature
positive reference temperature
constant (eqn 2.19)
vector function used in Helmholtz formulae (eqn 3.1)
coefficient of thermal conductivity

constants (Appendix A)
constant (eqn 2.19)
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constitutive constant

43

mass density

charge density

constitutive constant

Vo

constants (Appendix A)

time

Maxwell potential

scalar function used in Helmholtz formulae (eqn 3.1)
scalar function used in Helmhoitz formulae (eqn 3.1)

ﬁ*'e-ﬂslq>qp'bm;m

1. INTRODUCTION

In Toupin’s work[1] on elastic dielectrics there is no coupling between the mechanical
displacement and the polarization gradient for centrosymmetric materials. This theory was
extended by Mindlin{2] and Suhubi[3] by assuming dependence of ‘the stored energy function
also on the polarization gradient. Mindlin’s theory has been of increasing interest in recent
years for the solution of plane wave problems. For example, by including magnetic effects and
assuming periodic wave characteristics, the plane wave problem for alpha quartz was in-
vestigated in [4]. A linear theory of thermoelastic dielectrics is presented in [5] based on the
energy balance, while a complete nonlinear theory for such materials is derived in {6] using the
first and second law of thermodynamics and certain invariance requirements.

Betti’s reciprocity theorem was generalized to thermoelasticity by Maysel[7] while for the
static elastic dielectric case it was recently derived in [8). The problem of monochromatic
three-dimensional waves for classical thermoelasticity has been investigated by a number of
authors. In particular, Green functions for such waves in micropolar thermoelasticity were
studied by Nowacki[9].

The purpose of this paper is: (i) to derive the reciprocity relation for dynamic problems in
thermoelastic dielectrics; (ii) to derive fundamental solutions to the wave equations for the
unbounded continuum; in particular, present, in a closed form, Green’s functions for the
displacement and polarization vectors, the temperature and Maxwell’s electric fields resulting
from the action of concentrated body force, electric force, charge density and heat supply
functions, all varying harmonically with time; and (iii) indicate some consequences of the
reciprocity theorem for monochromatic problems in thermoelastic dielectrics.

All symbols are defined where first used in the text and are summarized for convenience in
the Notation.

2. THE RECIPROCITY THEOREM

The system of basic linear equations for a thermoelastic dielectric including polarization
gradient effects occupying the domain V and bounded by the surface S are given by{5]

(i) The field equations

Tii+pfi=pi;. T;=Tj 2.1)
€+ LB+ EM = -Ef 22
—€d,itPi=—p. mV (2.3)
¢,,‘,’ =0 inV* (2-4)
Oom) = Aol + 1. (2.5)
(ii) The boundary conditions
T,-,-n,- = ki', e%})ni = S,'u)', n,'bo = S,'(o) (26)

n[Pi - el = B. Q2.7
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(ii)) The constitutive relations

Ty = di28yPrn + duPi + Pyj) + €1283Si + 2044S;; + 08,8 2.8)
~ B = aP, 2.9

€ = b128;Pan + bas(Pij + Pii) + d1y8;Suc + 2duS;; + £8,;0 (2.10)
€; = €+ bod; 2.1

=08+ P+ by '8 2.12)

and the kinematic relations
= _¢’i; S,‘} = l/2(u;_,-+ ll,'_,') 2.13)

where Tj, €; and S; desngnate the components of the stress tensor, electric tensor and strain
tensor, respectively; uw, P,  E, EMS, f, n; are components of the displacement vector,
polarization vector, local electric vector Maxwell self-field vector, body force vector and the
exterior unit normal vector, respectively; @, |@.il, p.. 7, denote Maxwell potential, jump in ¢;
across S, charge density and entropy density, respectively; k;, S; = S+ S{", B and r are surface
traction, surface electric force, surface charge and heat source, respectively, while V* stands
for outer vacuum and ¢ its permittivity; 8 is an incremental temperature defined by[10, 11]

0=T-6, (2.14)

where T is the absolute temperature and 8, denotes a constant, positive, reference temperature;
a, bag, Cop, dog, € and o are material constants, ¢, is the specific heat and A, denotes the
coefficient of thermal conductivity.

Substituting eqns (2.8)-(2.12) into (2.1)+2.5) vields Navier’s equations of thermodielectrics
as

cuVPia +(crz+ o)WV - B+ duVPP + (dip + o)V - P+ g V0 + pf = pii .15
duV%ia + (dyp+ de)¥V - i+ (bag+ b))V P +(bya+ baa— b)VV - P+ aP ~Vp+ £V6+ E =0
(2.16)
V-P-eVié=—p, (2.17)
z_}_i} T NP S
[v 121959 i-55-P=-r, @.18)
where

x=59; re=vr; &=vo, f'—‘vf; v=£9. .19

Ce AO

Let the dielectric be subjected to two different loading systems, namely I = {f E o,k S
B, r}and I'= {f,E* o, i, S, B', r'}. Let the two corresponding configurations be defined by
{@,P, $, 6} and {@', P, ¢', ¢'}. Using Laplace’s transform[12] on the basic equations (2.1)-(2.4),
(2.6)~(2.11), one obtains

o[ Gii-fiayav+ [ @pi-ErByav+ [ 6é-av
+ [ (- ki) das+ [ (S0P~ 50B)aa+ [ @-5d)0a
A A

= [v (065} — 6'Sy)+ &6, ~ ¢'P,)1dV (2.20)
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where
fix, p)y= U D] = fo . fi(Z, tye™™ dt; etc.

Next we use the heat conduction equation (2.5), togehter with eqn (2.12) and apply Laplace’s
transform to obtain

p f (i — ,6)+ EP. - Pi61aV = f (R — Ff) dV + f (6.6~ 6:6) dA.
v v A
Q.20

Substituting eqn (2.21) into (2.20) and using the convolution theorem we obtain the general form
of the reciprocity theorem as

Vfo Uv [pf"(f""’)a—u‘%ﬂ—pf’.(f,t~ 3":((;0 k1) | poy )m

U aPI d 5 ‘i -’
~EMx t—1) ;’: T) + pe(X, t — 1) ==L ¢(x 7) Pc(X,f“‘r)a‘bf;ﬂ}dV

+f [ka(f, t—1) ik 1) ki{x, t—7) M’—'—)Jr SE - 1) ______aPl(x, 7
A dr or

_ S“)’(X, aP (-x T)+ B( i‘ﬂgfl_ﬂ- B'(f‘ - 1') ?ig-x;li)] dA} dT

= f‘ {[ [ro(£, t =~ T)8'(X, 1) = ro(X, t —7)O(X, )] AV
v

0

+ L (05,1~ 1,05 7) - 051 = 0 I dA f dr - @2)

from which, by assuming all causes and effects to be harmonic in time, we obtain the foilowing
simpler form of the reciprocity theorem for an infinite body

iv f lofful’—pff'ul + EFPY - EX"P%+ p¥d* + p¥¢*1dV = f (r§6* — ry/6% dv
(2.23)

where
fi=fH®e™; E’=E™(#%)e™ etc.andi=V-1.

3. FUNDAMENTAL SOLUTIONS FOR INFINITE
THERMOELASTIC DIELECTRICS

In the remainder of the paper, discussion is restricted to the case of all causes and effects
varying harmonically with time. Using the Helmholtz decomposition theorem for vector fields,

one can write

ﬁlp XH* ﬁ*:ﬁx*_',ﬁxf*;

_ 3.
Fr=Vor+ UxT¥ E%=0y*+VxA%
which, when used in eqns (2.15)-(2.18), leads to the following two systems
(cuV? + pd)g* + d, | VPx* + ob* = — pv* (3.2)
dy VA + (b V7 — a)x* + £0% = ¢p* = —y* a3

Viy* — eV’g* = —p* (3.4)
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(v’ : ) 0% = —rt 3.5)
and
(CaaV? + p)H* + dyV?K* = —pT'* (3.6)
duVH* + [(bas+ br)V:— a)K* = —A* 3.7
where

Xu=x3+2x44 (x=b,¢,d)

and where the terms ¢V - ii and £V - P in eqn (2.18) were neglected as “small terms” in deriving
these results{13]. The first system represents longitudinal waves and temperature fields.
Longitudinal waves can be produced in an infinite medium by a temperature field obeying eqn
(3.5) with a given heat source, r}, the sources v*, y*, p% and the initial disturbances in ¢*, y*,
¢* and 9*. The transverse waves described by the second system can be produced by the
sources I* and A* as well as the initial disturbances in H* and K* only.

After some algebra, eqns (3.2)-(3.7) can be recast to read

(V24 AV + p)* = a3(V + 0)v* + 05V y* + aep® + 07(V2 + 04)0* (3.8)
VAV2+ w V2 + whx* = aoVPo* + ao(V2+ 01)V2y* + 0oV + a)p% + 0 VAV + 014)0*

3.9

VAV + (V2 + u)p* = —posV*v* ~ o (V2 + 0 ) V2 y* + %3 VAV? + 01)0*

En
+[V*+ aolpw’by; ~ ac1)V: - eapw’les ' p. (3.10)
(V2 + p)6* = —rg @3.11)
and

(V' + LAV + ) H* = (V2 + 6)T* + 65VA* (3.12)
(V2 4+ AV + G D)K* = oV T* + 61o(V2 + 61))A* (3.13)

where all new constants introduced are defined in Appendix A.

In order to obtain a solution of the system of eqns (3.8)—(3.13), we assume in succession all
source terms, except one, to be equal to zero; (i) % # 0; (i) E** # 0; (iii) p* # 0; (iv) r§ # 0. For
example, for the first case of loading, one finds

Yr i) = Wz—'—z—)f v*(E (i’ — o))l — (u — o) L1 dV(F) (3.19)
XD = 2 | o @Null - pl L) dV(®) (3.15)
4’ — pa') Jv
.o
oH(i) =4 e(.)X) (3.16)
H*(x) = (A“zr f THE(E 2 =~ Gl - (g2 - 60y d V() (3.17)
k*(f)—hr(l:laspﬂz f PErth - B dV(E) (3.18)
where

R Q)R

T= (n=1,2); R=[(x—x})(x;—x)]". (3.19)
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Analogous expressions, shown in Appendix B, can be obtained for the other three loading cases
listed above.

4, GREEN FUNCTIONS FOR THERMOELASTIC DIELECTRICS
Next we determine Green's functions for the displacement, polarization, electric and
temperature fields for a thermoelastic Hielectric subjected to periodically varying concentrated
body force and electric force acting in an arbitrary direction, concentrated charge density and
heat source, all applied at a point &' of an infinite dielectric medium. The functions v*, T*, y*
and A* are obtained with the aid of the Helmholtz formulae as

(o, Y = - o f P B @ R 21V @D
{T*(F), A*(F)} = - 31; f ) (), E™* @)} x % [R™I(%, )] dV(Z). 4.2)

Substituting these two equations into the solutions for the particular loading cases listed in
Section 3 (eqns 3.14-3.18) and Appendix B, and using eqns (3.1), one obtains the Green’s
functions for the following four loading cases:

(i) Concentrated body force: f79 = 5(x)8;

IG¥ = é (V9 = VNCoh) — Vi Vi(CuL)] “3)
P70 = 4“1,,}" GV = V)], — )+ CV Vil Ty — pal)] @4
i |
fopCy - _ 1 R
0= e CVL+ 1) 43

where Iy=Iy=R " and (& =0, 1,2).

(ii) Concentrated electric force: Ef = §(%)8;

£G }F(i) = 3715 [é3(VjVi - Vz)(ﬁlil - lizjz) + CyVVi(uidy — pal)] (4.6)
sp*i L (V,V; = VO(D,L) - V;Vi(D.L)] @7
i 4ar
; 1
Epxino 1 o 4.8
¢ 47ey VilD.L). o

(iiiy Concentrated electric charge: p% = 8(X)

%G = 45‘;0 Vil — p’h) (4.9)
oep¥ = Z—-;—GEV;(D,,L,) 4.10)
et = Z}?l'e? (Dulo — Io). @.11)
(iv) Concentrated heat source: ry = 8(X)
°GY = 72 V{(AlL) .12)

op¥ = IBy.(A.1) (4.13)
47
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0% = I3 4
¢* - 41!'60 (AuIa) (414)

where all new constants used in this section are defined in Appendix A. Instead of applying the
above concentrated loads at the origin, as was done, one can apply them at a general point &' to
obtain the Green's functions at point %, i.e. G(%, #'). Note that in general, , i} are complex
numbers and to obtain a real valued solution for the governing equations, one uses the formulae

G(%, &', t)= Re[G*(X,£) e™™]; etc. 4.15)

5. IMPLICATIONS OF RECIPROCITY THEOREM

Assume that at the point &' there acts a harmonically varying concentrated force f@=
8(% — #)8;e™™ directed along the x;-axis, and at a second point, £', a similar force o=
8(% — #")8; ¢, directed along the x,-axis. For this loading system we obtain, from eqn (2.23)

f 5(% - )8/ GTM(x, ) dV = f 5(% — 8, /GTOF, ) dV 6.1
14 19

from which we conclude that
fG:U)(fi’ frr) = fG;k(k)(frr’ 7). (5.2)

Similarly, one can show the same symmetry relations for the Green’s functions corresponding
to the other three concentrated load cases discussed above.

In deriving a second implication, consider that there is a concentrated electric force,
WES = §(%, £)8; ™ acting at the point ¥ and a concentrated force, f*'=8(X, £")8y e™*
acting at point %”. Using the reciprocity theorem, eqn (2.23), one can show that for such a
loading condition

f p(% — 2)8: BGTOF, £)dV = f 5(x - 2)8,/P]®(%, ¥ dV 5.3
v v
which yields

pEGYOF", &) =P TOE, &), .4

By analogous reasoning, one can derive for various pairs of concentrated loads the following
additional reciprocity relations

poG(R", &) =1o* W, 7, (5.9
Eg*®(gn 5 = 2P E(E, 1. (5.6)
CONCLUSIONS

The general form of the reciprocity theorem for thermoelastic dielectrics including polariza-
tion gradient effects has been derived using the ficld equations and constitutive relations. Next,
the basic solution to the wave equations for an infinite medium has been obtained. In particular,
closed form expressions for the wave functions of the temperature and Maxwell's electric fields
are formed for an unbounded dielectric subject to the action of various external causes (loads)
which are harmonically varying with time. One of the results obtained shows that longitudinal
displacement waves are coupled with longitudinal polarization waves in an infinite solid.
Secondly, transverse displacement waves and transverse polarization waves are also coupled
but do not depend on the temperature or Maxwell’s electric field. In the final section, some
consequences of the reciprocity theorem have been discussed.
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APPENDIX A
The various constants introduced in the body of the paper are defined as follows:
Y W y_Iw
'p,%z} —‘—_‘:“_ “= %
o= by —-dny ' o= odbue’s e+ g7k
1= (a+ € No’poy.  03=~opby p:
o= —(a+ e Wi o= dyou
o= —os6 'L o7 = oolédy - oby):
o= (a+e Nooyor L ae=pos;
= —Cnoas oy = wzpfﬁ‘I
on=—& low on= alody - o)
Gy = ~fpwloo iy o= {culbast b))~ digl ™t
61 = Gol(bas + b’ — acul; &> = apo’do;
v =—(hy+ bmipde. G4= —atbu+ b
a = dyuby, 0o = pos.
o= —Cufa: Oy = pw’Cas.
IR o TR« o =S
(" ~ W =) (" = g2 K™ — )
; Gy’ Nty
A Ny G
R e (= LA A
prtay - ky wilas~"uy)
'C)‘:««::dffn:: ‘!51»=:~é‘)'»‘(§:‘ii—z'
By~ pz L
R T
APPENDIX B

Fundamental solutions, analogous to eqns {3.14)3.18). are obtained for the remaining three loading cases.as follows:

(i) For the case: EF* £ 0

- IS 2 ;
)= . ___,uz)f YO el - gl BV {BD)
XM= W""*—)f YO’ ~ o)) = (2t — o)L dVIED (B2)
SMND =& ' yMD (B3)

Fx( 5 2
A = - e f Ao, ~ a2 Vi) (B4)
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KM =- —2—r f ARG -6 - (2 - dih] d V).
Aoy~ i;°)

(i) For the case: p*#0

B Y = o5&’ anp Ap 2 2t
0= g2 |ttt - pethlavie)

o
=g [ asenpLIaver)
or = L= ")
&
where

lh:( ) P("X}
411 v R(i X

dV(.f’).

{iii) For the case: r$#0
Assuming # is a known function, we obtain

v = mj 64N (s~ oM~ (2 - o) AV(R)

e f BN (er — o)y~ (2 — 0ab ) A V()
#a°)

XX = py;

X (f')_

0

¢*(x) =
Now, assume that rg(%), is a known function. Then eqns (3.8)43.11) imply

V24 2 20T+ T+ 20 = ~aol V24 o
(P24 w2+ p A+ a2y = —o (V24 o )0

(V4 u )T+ w2 WV p 2% = -0 a1V + o)y
and the solutions to these equations take the form
vE =72 L 3 Agls] V()
X0 =72 | 0E)Aglg) dViE)
ae
o= gy g3
€
where

ciy,R

=
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(B3)

(B6)

(B7)

(B8)

(B9)

(B10)

(B11)

(B12)
(B13)

(Bi4)

(BIS)

(B16)

(B17)



