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1. Introduction

In this Note we shall consider an elastic, homogeneous, isotropic and centro-
symmetric body filling up the region B bounded by the surface 4. Under the effect
of external loadings the body will get deformed: A displacement field u (x, f) and
a rotation field w (x, ) will appear changing with x (position) and ¢ (time).

The state of strain will be characterized by two asymmetric tensors, namely
by the strain tensor y5 and the curvature -twist tensor . They are connected by
the relations [1]—[4]:

(L.1) Vi = U, j — Bkjt Ok, %yt = O, 4.

The state of stress is described also by two asymmetric tensors, namely by the
force-stress tensor oj; and the couple-stress tensor ug. The relation between the
state of stress and that of strain is described by the following constitutive equations

(1.2) oy = (u+a) yu-+(p — @) yig+Aye oij,
(1.3) psi = (y+8) #ji-+(y — &) x5+ Prrr ouy.
The symbols a, 8, v, &, u, A stand for the material constants.
Substituting Eqs. (1.2) and (1.3) into the equations of motion we get
(1.4) i, i+Xi — oui = 0
(1.5) ik oktpg, i+ Yi—Jog =0, i,j,k=1,2,3.
Next, expressing the quantities yy and xy in terms of u; and wy, respectively, we
obtain a system of equations in vector form

(1.6) Oz u+(A+p — @) grad divuf-2arotw+X =0,
(1.7) (4 w+(B+y — ¢) grad div w+2a ot u+Y = 0,
where
Oz = (uta) V2—pdf, 0= (y+e) V2—4a—Joj,
0 - 2w —
S YT e A%

493—[813]



494 W. Nowacki [814]

Here X denotes the body force vector and Y the body couple vector, while &%
is the well-known Cartesian e-tensor, the components of which are -1 (—1) if
i,J, k is an even petmutation of I, 2, 3; they are 0 if two subscripts are equal. Eqs.
(1.6) and (1.7) can be separated by decomposing the vectors u and w into potential
and solenoidal parts

u = grad #-4rotp, w = giad p+rot P,

8 divg =0, div® =0,

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

(1.9) X = g (grad A4-roty), Y = J(grad g-}roty)

we obtain from (1.6) and (1.7) the following system of wave equations
(1.10) Oy 9402 =0,

(1.11) Os ¢+Jo =0,

(1.12) (O Oa+4a2 V2)¥ = 2a rotn — o [JaX

(1.13) (Op O4-+4a2 V2) P = 2ap oty — J[a 1,

In the above equations there is
01 = (A+2p) V2 — 00}, Oz = (8+2y) V2 — 4a — J0;.

Eq. (1.10) describes the longitudinal wave, Eq. (1.11) corresponds to the rotation
wave, while Eqgs. (1.12) and (1.13) represent the modified transverse waves.

In what follows we shall be conce:ned solely with the wave equation (1.11).
We write it in the form

']}2

1 J
(1.14) (vz—c—zaf—-g).p(x, r)+;2—a(x, )=0,

4a ( ﬁ +2y)lf2
T
The differential equation (1.14) is known in mathematical physics as Klein—
Gordon equation. It is of use in quantum electrodynamics (interaction of electrons
with the radiation field) [5], [6]. For » = 0, Eq. (1.14) reduces to the classical scalar
wave equation. In this communication we shall attempt to generalize the known
theorems on the longitudinal wave of classical elastikinetics on the problem of

propagation of rotation wave in the theory of asymmetric elasticity.

where 12 = T =

2. Solution of non homogeneous wave equation

Let us consider the wave equation (1.14) in an infinite region. The propagation
of the rotation wave is brought about by the action of sources o (X, t) distributed
within a finite region. The initial conditions for the g-function are assumed to be
homogeneous.



[815] Propagation of Rotation Waves in Asymmetric Elasticity 495

In order to solve Eq. (1.14) we recur to Green’s function G (x, §, ) verifying
the following differential equation

1 p2
(2.1? (V2 — = o2 — =) (%, 1) = —4nd (x —8) 6 (1)
with homogeneous initial conditions
(22) G(x: g: 0) :0: G.(X, E’ 0) =0|

under the assumption that G — 0 for |xj-x3+4x3| = 0.

The right hand side of Eq. (2.1) represents a concentrated instantaneous
disturbance, acting at the point E. Performing on Eq. (2.1) the Laplace integral
transformation — the initial conditions as described by Eq. (2.2) being preserved —
we get

1
(2.3) (V2~;(p2+v2))c?(x, €, p) = —4nd (x —§),
where
G (x,E p) = j' G(x,E ) e rtdt.
0

The solution of Eq. (2.3) satisfying the condition G — 0 at infinity is given by the
function

- 1 B e
(24) G(X, E.n p) = "}{_ Exp (_ h? I/PZ-l_'pZ) 3
where
R = [(xi — &) (x¢ — &2,

Let us perform the integral transformation on Eq. (1.14) bearing in mind homo-
geneous initial conditions for the g-function. We obtain the following equation

1 y 1 3
(2.5 (VZ @ (1)34—'»2)) ¢ (X, p)T 5 0(xp) =0.

It may be easily seen that by an appropriate combination of Egs. (2.3) and (2.5)
we arrive at the equation

1
I(GV2¢?_$ V2G)dv = — 5 f&@dlf—}-ﬂ’fnfﬁ (x—E) ¢ (x,p) dV (x)
v v

4

whence, performing Green’s transformation, we get

. 1 . 1 _op . oG
(2.6) ¢ (&, p) =% o (x,p) G (x,E, p)dV(x)+ ggf G;;—fpj)n—)d/i (x).
vV A
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The term 0/0n represents the differentiation with respect to the external normal.
As regards the propagation of the rotation wave in an infinite region we may drop
the surface integral in (2.6). Taking into account (2.4) we have

1 7 (X, R
@D  §Ep = f 150 cxp(—-c—p)ch(x)Jr

42 R(x,E)
1 f”(x"") FxE p) dV (9,

472 R(x,E)
v
where
& R — Rp
@.7) F(x,8p) = exp|— — Vp2492) —exp|— —)-
Bearing in mind the reciprocals of Laplace transformation [7]
8'1(1 ( Rp)) 1 5(R )
(2.8) - R\~ )| =R\ ts

RvJy (v 2— R/c?)

@ BfE) =——

(-2
H\t T = F(R,1),

where

1 for t>—

is the Heaviside function, and bearing in mind also the formula for the convolution

¢ {
210 L-1@Gf)=[o(xt—Df(xDdr= [ o(x,D)f(x1—7)dr
0 0
we can write the function ¢ (E, #) in the form
R
1 “("’ Y
@211 ¢@EH= doc? f R(xE) dv (x)+
v t
1 dV (x)
e, o(x,t—7) F(x, &, 7)dr.

R(x.E)

The function J; (z) appearing in (2.9) is Bessel’s function of the first kind
and first order.
In the first integral at the right-hand side of Eq. (2.11) we have in the term describ-

v

R
ing the function ¢ the argument ¢ — — This is to denote the moment prior to

R
the moment ¢ for which the integral is calculated. The difference s separating
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these two moments corresponds to the time interval necessary for the wave to cover
the distance between the point x and the point , for which the integral is calculated.
The first integral in the right-hand part of the relation (2.11) represents the retarded
potential, In particular, for o = f(f)  (x), i.e. when the disturbance is concentrated
at the origin of the coordinate system and changes with time starting with the moment
t = 0 in accordance with the function f(r), we obtain from (2.11)

Ry

t

l 1

(2.12) ox,0= mf(f = T) 4 mff(f — 1) F(Ro, 7) dr,
(V]

where Ry = (x}+x3+x3)'2

Let us consider, in turn, the two-dimensional problem, wherein the wave runction
does not depend on the variable x;. Green’s function for the two-dimensional.
problem has to verify the following equation

1 2
(2.13) (0%+0§— Zﬁ)i - %) G(x1,x2; 61,82, 1) = =200 (1) 0 (x1 — &) 6 (x2— &2)

with homogeneous initial conditions and with the condition G — 0 for |x3+4x2| — o
Performing on the relation (2.13) the integral Laplace transformation we obtain

1
(2.14) (a%+a%— ;(p2+v2)) G (x1, X35 &1, &, p) = —4md (x1 — &1) 0 (xp — &2).

The solution of this equation reads as follows [8]
(2.15) G (r,p) = Ko (¥ p2+12),

where r = ((x; — &1)24+(x2 — £2)2]'?. Here, the symbol Kj(z) stands for the
modified Bessel’s function of the third kind and zero order. After performing on
Eq. (2.15) the nverse Laplace transformation we have

¢ cos (W 12 — 12/c?) H( r )

Ver—rp VT

The function G being thus known we can determine the function ¢ from the following
formula similar to (2.6)

(2.16) G(r,f) =

= 1 = 1 g .06
g &, p = 272 o(x,p) G(x E p)dA (x)+ Pmc? | Ga—n —i —f-)h.!i'_ dl.
A

If we consider the infinite region, the curvilinear integral, wanishes and what remains
reads as below

5 1 -
2.17) @&, 6.p) = wfa (x1, %2, p) G (xy, x23 &1, &, p) dix, dxy.
A
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After performing on (2.17) the inverse Laplace transformation we arrive at

(2.18)

¢, 62,0 = fdxl, dxzf “i;;;:z,i;ﬂ cos (nV/ 72— r2fe?) H (r - —) dr.

In the particular case of the disturbance o = 8 (x;) 8 (x2) f(¥) we obtain from (2.18)
f (t—1)
2:':(, ]/ (e —

where ry = (x}+x3)'2
Let us remark that for » = 0 (F = 0) the formulae (2.11) and (2.18) give the
solution of the classical scalar wave equation [9].

(2.19) @ (x),x3,1) = 5 cos (r} 12 — r3/e?) H(t— rofc) dv

3. Solution of homogeneous wave equation

We shall give this solution taking into account the initial conditions.
Let us consider the homogeneous equation of the rotation wave

1 y2
(3.1) (vzﬁgﬁz—g)q}(x, =20

with non-homogeneous initial conditions

(3.2)] P(x,0=gx, @0 =>h(x).

We perform on Eq. (3.1) the integral transformation taking into account (3.2).
We get then the equation

1 -
(3.3) (VZ = ;5(1)2-%?2)) p(Xp)=——>3 (pg(x)+k(X))

Combining in an appropriate way Egs. (3.3) and (2.3) and integrating them over
the infinite region we obtain the following expression for the function ¢.

g 1
(3.4) ¢ &P =73 f (pg (0)+h (%)) G (x, E, p) dV (x)
or else
R
B exp\— 52
G5 eEp =7 WW(XH

1
_|_- dmed f(Pg (x)+-A (X)) F(x, E, p)dV(x).
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The function F appearing in (3.5) is determined by formula (2.7’) while its inverse
transform by formula (2.9). The inverse transformation of (3.5) reads as follows

NER
1 i ¢
(8 gx)=—— f(k (E)-Fa—rg(E))m*dV{E)—r

1 0
K 42 f(fi (E)«]—g(E}E) FE, x,1)dV(E).

V¥

Let us now consider the integral

1 f h (§) (.'R_)
(3.7 il B b) o av ().

V

Introducing spherical coordinates (R, 0, ) we can express the current coordinates of
the sphere & in terms of coordinates of the centre of the sphere x;. Thus

§i = xi+m Ry,
where
ny=sinfcosyp, ny=sinlOsiny, ny3=cosh,

0<0<m, O0<yp<2x.

The introduction of spherical coordinates gives dV = R2 sin 0 df dR . Bearing
this in mind and taking advantage of the following property of the Dirac function

[ 1) s@m—1yan=1@
¥
we reduce the integral (3.7) to the form

— 2n

r5 (""-" E:
1 ¢ t ‘
et J‘k (0 R(xE) dV(€) = 4;‘! dw{fﬁ; (x¢-fni ct) sin 0 .

This integral is to be considered as arithmetical mean of the function 4 on the surface
of the sphere with unitary radius. Introducing the notation

2z a
1 .
Mot {h(x, 1)} = EJ dy fh (xi-nq et) sin 0 dO
0 0
we rewrite the formula (3.6) in the form

J
(38) g (%0 =t Mot {h(xi, 0} + - [t Mar {hg (i, D)1+

o | borswg)
+ e , hE)+g )5, ) FE x, 1) dV ().

Let us remark that for » = 0 (F = 0) only the two first terms remain at the right
hand side of the formula (3.8). These are the Poisson’s integrals for the classical
scalar wave equation [10].
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For the two-dimensional problem we obtain — following a similar trend of
considerations and taking into account the function G (r,f) from the formula
(2.16) — the following expression for the function ¢:

2n
1
(3.9) @ (x1, X9, 1) = Et?f f [h (x1~+r cos &, xp-+r sin 9)+
0 o

cos v]/r2— 2[¢2
( ! "/—')'a dr d9,

g (x1+r cos 9, xo-4rsin 9) a[] l/( o
N2 —

where r = ((x; — &)2+(x2 — &)
Here also for » = 0 one obtains the known solution of the scalar wave equation.
The solution of the one-dimensional problem is known [11]. It reads as follows

1
(3.10) @1, 0) = 78 (n—en)+g (viten) —

= - _Cz g (&) dér+

. L zy+ct V———g (x! = El_
% f Jc.(a! 12— —— h(&)) d&,.

For the particular case » =0 we obtain the known solution of the scalar wave

equation
Zy14-ct

1 1
@1 e, = -2—(g(x1 —ct)+g (x1+eh))+ % f h (&) dé; .

£, —ct

4. The generalized Kirchhoff formula

Let ¢ (x, 7) be the solution of the homogeneous wave
2

z)qa(x, D=0

Its partial derivatives of the first and second order are continuous on and within
the closed surface 4. Let E be a point within the surface 4. We shall demon-
strate that the value of the function ¢ at the point § will assume the form

1 0 (1) 1 oR[op] 1 [og
02 o&0=—¢ [ {5 (&)~ o] ~ R [onf o

t
0 /1 1 oR OF
EJ dA4 (x)f{[F(R, !)E(E’)“l"}—ea—ngﬂj]m(x,t——r)—
A 0

= _l_. F(R,t )L(.’?_T)}(JA (x),

1
@.1) (VZ— — 0 —
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where R denotes the distance between the point E and a typical point x of A4, d/dn
indicates the differentiation along the external normal to 4 and square brackets
signify the retarded value. The function F(R,t) is given by formula (2.4).

If, however, the point & is situated outside A, the value of the integral in (4.2)
is zero.

To prove this assertion we shall take advantage of the formula (2.6) assuming
o = 0. Introducing into this expression G from the formula (2.4) we get after some
simple transformations

- 1 . 0[] R,
(4.3) @& p) = — P f{[‘p_é;(_ﬁ) exp (-— - sz.{_,;z) —

1 dR 0

LTl - H

Re on

Introducing the notations

( : ) [d(p] - ( - )
[p]=gexp|——p)> | 5| = 5 exp\— S )
R R
= exp (-— = |/p2 |- 1:2) —&XP (— 75 p)

we reduce (4.3) to the form

1 1 oR . 1 [0
@4  eEp=—71 f{[tp]a—”('—) = @p]——[()—”]}dzj (x) +

1 L0 [1 1 oF 1 (}(p}
T, {‘?’Fﬁﬁ(i) TR on( )ﬁ_(ﬁan) aAA%)

The inverse Laplace transformation performed on (4.4) leads to Eq. (4.2). We take

in this operation the following formulae into account
¢

o R R
£-1 [(p]:fq)(x,t—-z)é(T—'c)dr =(p(x, s -c—) = [p(x, D],
0

(4.5) s 5 ( R)
) dp(x,t—1) (R P\ o
E"l[brp]=f—qj‘Ttt§(—c——r)dr=—T— [;:]
o
[x—7)
Orp X,t—'—c'

op op(x,t—1) Op
& [dn] f on ( c T) = on - [c}n]'
The generalized Kirchhoff formula (4.2) affords the integral formulation of
Huygen’s principle for the rotation wave.

In the particular case, for » = 0 (F = 0) Eq. (4.2) transforms into the known
Kirchhoff formula for the classical wave equation [11].
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In the case of monochromatic vibrations, i.e. if
(4.6) px,)=¢*®e ", GxEH=G(x,5e ™

we obtain from (4.2) the following expression for the function ¢*:

1 op* —ikR 0 — ikR
an pro=m [ (2 0 (= CID)],
A

on R . on R

1
where R = = (w2 —»2)12

Eq. (4.7) holds true for @ > » since only in this case the rotation wave with
real phase velocity is possible. The appearance of the term o corresponding to the
vibration frequency in the formula describing the phase velocity indicates that the
wave undergoes dispersion. For » = 0 Eq. (4.7) transforms into the known Helmholtz
formula [11].
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B. HOBALIKWH, PACIIPOCTPAHEHUE POTALIMOHHBIX BOJIH B ACCUMETPH-
YECKOH YIIPYT'OCTH

B pabore paccmarprBaeTcs PACHPOCTPAHEHHE POTAUMOHHOH BOJNHBI B GeckoneuHO# ynpyroi
cpepe. JlaioTes moovepemHo: peuleHHe HeOAHOPOAHOTO BONHOBOTO YpaBHenus, obo6mIeHHEIe
uaTerpans: ITyaccona, a Taxke o6o6menne Gopmyn Kupxrodda u emsMronsua Ha accHMeTpu-
geckyio ynpyrocth, KoncraTuposano, 4To 414 ¥ = 0 MONy4aroTCs M3BECTHBIE PE3yNbTATHI, OTHO-
CAITHECA K KNACCHYECKOMY CKANAPHOMY BONHOBOMY YPaBHEHHIO.



