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1. Iniroduction

The aim of this paper is to give basic solutions of wave equations in an unlimited
medium for micropolar thermoelasticity and, in particular, to present in a closed
form the wave functions as well as the displacement, rotation and temperature
fields formed in an unlimited space under the action of a concentrated force, of
a couple or else a concentrated heat source changing harmonically in time.

Let us consider, first, the system of linearized equations of micropolar thermo-
elasticity [1]:

(1.1) (u+a) V2 u-(A-p — ) grad div u+2a rot w-+X = pii+» grad 0,
(1.2) (y+e) V2w -+(B+y — &) grad divw — daw-+-2arot u+Y = Jo,

13 V2 0 lé diva = 4
(L.3) : 20— ivu= T

Eqgs. (1.1) and (1.2) are the equations of motion, while Eq. (1.3) is an expanded
equation of heat conductivity. These equations are coupled. In the above equations
the following notations are used: u denotes the displacement vector, w = the
rotation vector, X = the vector of body-forces, while Y stands for the vector of
body-couples. The symbols u, 4, a, f, y, & denote the material constants. § = 7' — T}
is the difference between the absolute temperature 7 and the temperature of the body
T in natural state. Q stands for the function describing the intensity of heat sources.
# = Apfpc is a coefficient, wherein Ay denotes the heat conductivity, p = density
and ¢, = specific heat, the deformation being assumed constant. n = »T/4, Where
» = (344+2u) as, a; denoting the coefficient of linear heat dilatation. Finally, 0 =
= W/pc,, where W stands for the quantity of heat generated in a volume unit of
the body and within a time unit.

The quantities n,, 0, X, ¥, QO are functions of the position x and time 1.

The system of Egs. (1.1)—(1.3) may be separated by decomposing the vectors
u,w and also X, Y into their potential and solenoidal parts introducing to this
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566 W.Nowacki [920]

end into the system of Egs. (1.1)—(1.3) the following Helmholtz representations

(1.4) u==grad @}rot¥, div¥ =0,
(1.5) w = grad 24rotH, divH=0,
and

(1.6) X = p (grad #+-rot %),

(L.7) Y = J (grad o}-roty),

We obtain in this way the following system of wave equations

. 1!
(1.8) (O D—mo: V) @ = —eDd ——0,

1
(1.9) (01D —m0eV2) 0 = —enoy V24— —- [0, 0,
(1.10) O3 24+Jo=0,
(L11) (Ol Cla-H4a2 V) ¥ = 2aTrotn — oLls X,
(1.12) (O, Oy4+4e2 V) H = 2aprot x —J[127.

In the above formulae the following notations have been introduced

1
D=VR——4d, Oh= (A42u) V2 — 032, [Op=(u+a) V2 — 007,

(1.13) Os= (B+2p) V2 —da — Jo7, [4= (y+e) V2 — da — JJ},

9 — __d.__ ..a_ 0% = d2/o12

_0.\‘1 ox;’ LA / '

Eq. (1.8) represents the longitudinal wave, Eq. (1.9) describes the thermal wave,
Eq. (1.10) is the expression for the rotation wave, while Eqgs. (1.11) and (1.12)
correspond to transverse waves. Let us remark that the heat source Q and the body
forces X = p grad ¢ may induce in the infinite space only a longitudinal wave
and a temperature field.

Body forces X = proty and body couples Y = Jroty induce only transverse
waves not accompanied by the temperature field. Eq. (1.10) does not depend on the
remaining ones. The rotation wave may be provoked by the body couple
Y = J grad 0. We assume that the action of causes inducing the wave disturbances
changes harmonically in time

(1.19) X (x, ) = X*(x) e, Y (x,0)=Y*¥(x) e ™, Q(x, 1)=0*(x) e,

Thus, the effects provoked, namely the displacements u, rotations w and the functions
®, 2, 0, ¥, H change harmonically in time also. Marking with an asterisk the ampli-
tudes of these functions, we reduce Eqs. (1.8)—(1.12) to the form
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, 1 ' m
(1.15) (V2413) (V24 D* = — — (V4q) 0% —— 0¥,
1
: 2 2\ (1% — 1 qnex
(1.16) (V) (V2hp) 0% = —— (V202 0¥ F e V2 9%,
1
(1.17) (V2+a3) Z* = — — 0¥,
3
r 1
(1.18) (V2-kj) (V2+h3) ¥* = —5 rotn* — — Dy x*,
4 2
1
(1.19) (V24,3 (V24K H* = fﬁ rotx* — 3 Din*.
2 4

The following notations have been introduced m the above equations

m A-2u 12 mz__m% 12 B-+2y 12 . 4a
1= P Tl R (.‘3-_—‘—) , W=

’ _-_('.’1- d 0 €3 J _J ’
2a 2a (‘u—l—u)"'2 (y—l—s)m
| — = —— = = = 2
gc:,l-) P .Iﬂ'i" &) 0 ] Cq J 3 Dl. VY +O§:
7 g2 s o o N i
RN +U4__ P s (4} e ’ 04 Cs ) q 2 .

The quantitics.p:f, u3 are the roots of the equation
(1.20) ut— p2 [024-q (1+¢)]+02q =0, &=nxm.

The roots ki, ko are coupled quantities with real and imaginary parts. A more
detailed discussion of these roots was given in [2]. The quantities k7, k3 are the
roots of equation

(1.21) kt — k2 (05+04+p (r —2))+05 (05— 2p) = 0.
Let us now consider the homogeneous. equation (1.15). The solution of this equation

1
has the form of the integrals R etita® o —1 2 3. We shall take into consideration

1
only the integral Ee‘-""k, as only the waves

l T E_ l'?aR R
(1.22) Re [e““” Eei""Rl =—pg cosw (r — —-—-) >

Ua
(3]
Re (pa) ’

are the divergent waves propagating from the origin of the system R = 0 to infinity.
Thus

'uﬂrm(#u), Va 0‘.:1,2

1
(1.23) pr=—N; e RL N, o2 Ry Ny N, = const



568 W. Nowacki [922]

and similarly
1 iy R fug R
(1.24) 6% = E(Ml M A My ey, M, My = const.

It is easily seen that these waves are dispersed, as the phase velocities v, (¢ = 1, 2)
depend on the frequency w. These waves are damped, as evidenced by the appearance
of the damping coefficient .

The discussion of Eq. (1.21) leads tothe conclusion that the quantities &, k; are

4a
real for o4 > 2p or w2 > T The function (1.25) is the solution of the homogeneous
equation (1.18)
ok R eika R

B
R & R

(1.25) W = A

In the above formula two waves appear. They are both divergent, non-damped
but undergoing dispersion.

2. Effect of the concentrated fofce

Let us first consider the action of body forces. Since Y = 0, there is also ¢ = 0
1 = 0. In an infinite space the rotation wave will not appear. Thus, we have to solve
the following system of equations:

1
(2.1) (V2+u) (V2413 P* = — o Yé-t+g) 9%,
1
(2.2) (V24-44d) (V2+443) 0* = q:: V2 9%,
1
1
(2.3) (V2+i3) (V2+k3) * = — 2D %,
(2.4) (V24+13) (V2-+K3) HE = %rot X.

2

In a general approach, the functions 9* and x* for any arbitrary vector of body
forces will be determined from the formulae [4]

1 .. 1 '
(2.5 P E) == EV X; @)E (m) av (),

26 X'@x=-

i AR _
4?:9 ef-}ki‘(f‘Xj (E) ?\k- (Fm_) dV(E): Ljk=1,2,3.
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We introduce into Egs. (2.5) and (2.6) the concentrated force X; =
= 6 (x;) 8 (x3) 0 (x3) Oz acting at the origin of the coordinate system and oriented
along the x;-axis. In this way we get

(2_7) ﬂ,(ilah = == _L. __t)_ (_l_) ; x(IJm —i __1_ “‘._a_ (i) v
4o Oxp ! 4o ™ oxi \ R

where
= (B+G+x)"2, ik 1=1,2,3.

We have to solve the following system of equations

o (1
(Vi) (Vi pi3) P*O = _____( 2 Vo (R)'
(2.8)
1 o (1
2 2 2 2 o — i
(V24-3) (VP4 3) 0% e T #V2— = (R)
1 o (1
@9 (V)P OO = s Ef=k(v==+o%~2p)a(§)’
(2.10)

= s )( I)
2 2 ) — = ik, 1= 1
(V243 (V+i3) Hy® - Tnad (vz on ox; a) &) & k,1=1,2,3

The solution of the system of Eqgs. (2.8) is known; it was given by the present author
in a previous work [5]

1 0
Ok = —
@.11) PO* - ot 5 PR 0,

where
) ! g R g R
F(R, w) = R [dy e+ Ay e - A43].

The following notations have been introduced

(4 — g) o2 _ (i3—q) @2

A=———, _
V" (w2 — 1B 2 B GE—

Ay=1.

For the temperature 6*® the following formula is obtained

g*® b 9 ( elia®— el ® )
242 " dnpmcl (17 —13) Oxp R -

1
The waves appearing in the formulae (2.11) and (2.12), i.e. -Ee"‘ﬂ"‘,(a——-lﬂ)

are damped and dispersed.
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The solutions of Egs. (2.9) and (2.10) have been given by the present author in [3]:

. 3 AL R ot R P .
2.13) ¥ = droa? U g B — + B, 5 +B; = LLk=123,
where
2 g2 2 2
o —k _o—k
B] kf""k% L] 2 k%__!‘_%! B."_ 1‘
and
iky R _ kg R
P g =g
; H"“J=——l(——————~)a -
kh) 1 dmoci |\ R (k5 —K3) i

p 0 eﬂil}? eiﬁ-gR 1
i Tt e

Gl=1,2.3,

where

1 “ I _— 1
CRE-B T BE-8 T KKGT
We derive formulae describing the displacements and rotations from Egs. (1.4)
and (1.5). Since 1 = 0, we have

Cy

(2.15) u = grad ®4rot¥, w =rotH.

After some simple calculations we get

2.16 * * () — 1 { (k%Bi e“1 R B, e**e R) l
( . ) U = Uy 4:_‘9(02 Il R
' d D o R otk R e R plia R
';J‘:T( \Tg TR ATy Ty )}
P 0 [ oF1R _ ptkaR
210 o =0 ~*(__‘__* -
(. ) g - S 43'{.96% (k%—‘k%) Eljk Oxp R Fodeli=i1,2:3;

We have further to shift the concentrated force from the origin of the coordinate
system to point €. In this way we obtain the Green functions Uy @ (x, §), Q7 @ (x, §)
and 6*? (x, £). Eqs. (2.16)—(2.18) hold true, R denoting the distance between the
points x and E.

R = [(x — £1)2+(x2 — £2)2+(x3 — £3)2]'

The functions U} ® (x, ) and ] @ (x,E) describe the displacement and rotation
tensors, respectively. Together with 0*® (x,E) they form the group of Green
functions for an unlimited medium — as a result of the action of the unitary and
concentrated force. Let us remark that for the rotation ] parallel to the x;-axis
we obtain the zero-value (e = 0).
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We shall now consider the case of the uncoupled problem. In the engineermmg
theory of stresses the term —»divu in Eq. (1.3) is disregarded. Thus Egs. (1.1)
and (1.3) become uncoupled. Putting % = 0 (or & = 0*), which 1s equivalent, info
the formulae (2.16) and (2.17) we get

1 le gml R_?_’:rl,ZB eﬁﬂgR
o * (1) . 1 <1 6 e |
(2'18) Uy = Uy (x, E)|s=0 = 4?1‘@&}2 {(S_-;I ( R )

o o |1
_1- a_x; ._(5__‘; l:E (BI eHT]_ R"l‘Bg eikg R+83 e’f‘yﬂ)]} ,
. p 0 [ FLR_ kR
(2.19) m; = .Q;' ) (x, E,)I,,.,‘o = m 1k ?\'k (——E—“ .

As may be easily seen, only the formula (2.16) is changed.
Passing from the micropolar to the classical elastic medium, we have to assume
in (2.18) and (2.19) @ = 0. In this way we get the known formulae [4]
ei‘(R " 1 d P ( eiaR_ei‘rR )
4ruR H dpw? Ox; Ox R :

» 12 12
] I ® A-2u
221) P =0, 7=—, c°=(—) , @=—; ¢ =(——— :
@2 & 3 27\ a e

{2.20, Ul =

3. Effect of concentrated couples

Since X* = 0, there is 9* = 0 and * = 0, too. Assuming, moreover, 0* =0
we make sure that the functions @* and 0* are also equal to zero. It means that
the action of concentrated couples does not induce the appearance of the longitudinal
wave. Thus we have to solve the following system of equations:

1
CRY - (VP+o3) 2% = — - 0%,
. 3
:
(3.2) (V24K3) (V2 -k3) W* = % rotn*,
: 1
(3.3) (Vi) (V) H¥ = — — Di9*.
4

The action of body couples results only in the appearance of the longitudinal wave —
described by Eq. (3.1), and of transverse waves — described by Egs. (3.2) and (3.3).
They are not accompanied by the formation of a temperature field. Assume that
at point § a unitary concentrated moment is acting oriented along the xj-axis, i.e.
Y/ = 6 (x — ) 05. The quantities 6% and n* will be determined from the formulae
resembling Egs. (2.5) and (2.6). Denoting by ¥; @ (x, ) the displacement tensor
and by W, @ the rotation tensor we derive from the solutions of Egs. (3.1)—(3.3)
the following formulae [3]:

*) For & = 0 there is py = 0, pup = I/E.
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i - P ( B R _ ks R )
(3.4) =V mwjx o R )

1
(3.5 wf=w0=— {i (k3 G\+k3 Gy) S+

4rlck

o o0 |1
L k=11,2,3.
Here:
ki — Uz I — 03 "%
G5 = amm o Gs=——33;3-
TRE—1 K2k —1K2)’ k3 k2

The function V; @ (x,8) and W] ® (x,E) represent, respectively, the displacement
tensor and the rotation tensor which appears in an unlimited medium under the
-action of a unitary concentrated couple Y} parallel to the x;-axis. Let us rcrnark
that the displacement ' = ¥;"® = 0, since ez = 0.

4. Effect of concentrated heat sources

Assuming X=0, Y=0, Q = 0 we see that what remains from the system of
wave equations (1.15)—(1.19) is the system of the following two equations

@ (V) (Vi) 0% = — 0¥,

1
(4.2) (V+ud) (VA+ui) 0% = — — (V2+02) Q¥

The above system of equations is identical with that describing the phenomena
occurring in the classical elastic medium. The solutions of these equations are known

[5].
m

4. PO* = tug R __ in

o) T Gh— R € e
1 2

dmx (uf — u3) R [ —

(4.4) o* = %) R _ (12 — o?) el R,

Since u* = grad &%, w* =0 we get

m i) (e“"“—e"““)
A (i — ) oxg R ’
(4.6) w; =0, j=1,2,3.

(4.5) u =TIy (x,6)= 3

In this way we obtained all the Green functions for the micropolar thermoelasticity.
The functions Uy @, 274, 6*®, G, w!® and I7® allow to determine — by
the method of superposition — the functions u* (x), w* (x), 0* (x) for any arbitrary
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distribution of body forces, body couples as well as heat sources within a limited
region. .

Let us consider two particular cases.

a) Assume that a concentrated force X = &(x—E)d;r is acting at point &.
The action of this force will induce the appearance of the displacement field
Uy ¥ (x,E), the rotation field 2@ (x,¥) and the temperature field 0*® (x, §).

Now, let us assume that at point n the body couple Y] = d(x —n) 5 acts in-
ducing the displacement field ¥;® (x,n) and the rotation field Wj;® (x,¥).

To the above-mentioned causes we apply the reciprocity theorem, taken
from [6] and adapted for the causes varying harmonically in time.

??xfw ’ * r ’ !
& [f(x; ug + Y, wp — X u — Y o)) dvl =
P .

=f(Q*9*f—Q*’0"")dV.
¥
In view of the causes listed above under a) we have
[8x—8) 85 VO xm) dV x) = [8(x—n) 65 2] (x, §) dV (x).
14 Vv

Hence, we obtain the most interesting relation

(4.8) POE) =92 m¥).

Bearing in mind Eqs. (2.19) and (3.4) we may assert, tha' the above relaticn is
verified.

b) Let a concentrated force X; = 6 (x — ) &;r act at point §. This action will
induce the appearance of the fields U;®, 270, 6*®. Assume that a heat source
with amplitude Q* = d (x — ) acts at the point n. The action of this heat source
will provoke the appearance of the displacement field I}’ (x,7) and the temperature
field 0% (x,7). Making use of Eqgs. (4.7) we get

NHiw * "
— ) d(x—8) oy L'y (x,m) dV (x) = —fﬁ(x—n) 0*® (x,§) dv (x),

V
hence,

Nxiw

(4.9) IY Em)=—0""1F§).

As may be easily seen — bearing in mind Egs. (2.12) and (4.5) — Eq. (4.9) is,
obviously, fulfilled.

Some attention should be paid to the two-dimensional problem.

If in an unlimited elastic medium the concentrated force Xj = & (x1) 6 (x2) =" 851
oriented along the x-axis and distributed uniformly along the x3-axis is acting,
then the displacements and rotations will be independent of the variable x3.

Green functions appropriate for the two-dimensional problem may be obtained
by superposition starting with Green functions for the three-dimensional problem.
We take advantage of the formula (2.16) assuming that the concentrated force

p
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oriented along the x;-axis is acting at the point (0, 0, &), Integrating the U;'(” function
along the xj-axis within the interval —oo — --oo we obtain the corresponding
Green functions for the two-dimensional problem.

Taking into account that

-] . I3 2
*exp — ika V2
J P I" +EJ' dES e "!Kn |“"—|‘.ku ;’) = J’:f}!(gl) (ka 1'); = 1: 2?

JTvEE

where r = (x}+x3)'%, we obtain from Eq. (2.16) the followng formula:

i

#10)  UfP(x,0) = {01 (k3 HE® Uey )443 HEP (ep 1)+

4pw?
9 0 1 1 i
+ o == B H (ks 1)+By HEY (ka 1) — Ay HE) (uy 1) —
ox; o0xy
— A H (a9}, j=1,2.
We have now to direct the concentrated force X; = 6 (x1) 0 (x) Op along the

x-anie (I = 1, 2) and to shift it from the origin of the coordinate system to point
E = (&, £, 0). In this way we get

i
(A1) UFO(xy, xp; &1, &) = 4—952—{6;; (k3 HED (ky )k HE" (ky 1)+

p 0
ox; 0xi
where r = [(x; — &)24(xy — &2)2]12.
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(By HP (ky 1) + By HEV (ky 1) — Ay H® (ky r)— Az H$O (ky 1)},
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B. HOBALIKMI1, ®VHKLMU I'PUHA JJISI MUKPOIIOJISIPHOM TEPMOYIIPY-
TOCTH

ITpupoasiTes ocHoBHble pemeHds HubdepeHanLHEIX YpapHeHHHE 78 CONPSIKEHHOH MHKpPO-
noJsApHOi TepMoynpyroctd, Hawores ¢ynxuun ['pura jna riepeMenienwii, obopoTos u Temmnepa-
TYPbl, BBI3BAHHLIX JEHCTBHEM TOOYEPEIHLIX HMCTOYHHKOB: COCPEIOTOYEHHON CIMHHYHON CHIIBI,
COCPeAOTOYCHHOIO EAMHHYHOTO MOMEHTA M COCPENOTOYMEHHOTO eNHHHYHOTO HCTOMHHKA Temnsa,
Dynknun I'puna otHocsTes k GeckowedHo ympyroli cpene.



