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Abstract

generalized thermoelasticity.

Purpose: The purpose of this paper is to study the reflection of plane periodic wave's incident on the surface of
generalized thermoelastic micropolar transversely isotropic medium.

Methods: Plane wave propagation is studied to calculate complex velocities of the four waves from the complex
roots of a quartic equation. The complex velocity of the attenuated wave in the medium is resolved to calculate its
propagation (phase) velocity and quality factor of attenuation. Reflection of waves at the free surface of micropolar
transversely isotropic generalized thermoelastic elastic half-space has been discussed.

Results: Numerical examples calculate the amplitude ratios of reflected waves at the free surface of the micropolar
transversely isotropic generalized thermoelastic elastic half-space to evince the effects of anisotropy and theories of

Conclusions: It is concluded from the present study that there are four quasi wave propagates in of generalized
thermoelastic micropolar transversely isotropic medium viz,, quasi-longitudinal displacement (gLD) wave,
quasi-transverse displacement (qTD) wave, quasi- transverse microrotational (qTM) wave and quasi thermal (qT) waves.

Keywords: Reflection, Micropolar, Transversely isotropic, Amplitude ratio

Background

Depending upon the mechanical properties, the mate-
rial of the earth has been classified as elastic, viscoelastic,
sandy, granular, microstructure, etc. Some parts of the
earth may supposed to be composed of material possess-
ing micropolar/granular structure instead of continuous
elastic material.

To explain the fundamental departure of microcontin-
uum theories from the classical continuum theory, the
former is a continuum model embedded with microstruc-
tures to describe the microscopic motion or a non-local
model to describe the long-range material interaction.
This extends the application of the continuum model to
microscopic space and short-time scale. Micromorphic
theory [1,2] treats a material body as a continuous collec-
tion of a large number of deformable particles, with each
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particle possessing finite size and inner structure. Using
assumptions such as infinitesimal deformation and slow
motion, micromorphic theory can be reduced to Mindlin’s
microstructure theory (1964). When the microstructure
of the material is considered rigid, it becomes the microp-
olar theory [3].

Eringen’s micropolar theory is more appropriate for
geological materials like rocks and soil since this theory
takes into account the intrinsic rotation and predicts
the behavior of material with inner structure. The linear
theory of micropolar thermoelasticity was developed by
[4] and [5] to include thermal effects and is known as
micropolar coupled thermoelasticity.

Inspite of these studies, no attempt has been made
to study the reflection of waves in transversely isotropic
micropolar generalized thermoelastic medium. Thus, the
present study of the effect of anisotropy in a reflec-
tion of waves at the free surface of transversely isotropic
micropolar generalized thermoelastic medium has its
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due importance in engineering and geophysical problems
where the situation so demands.

We analyze the reflection of waves in transversely
isotropic micropolar generalized thermoelastic medium.
This study has many applications in various field of
science and technology, namely, atomic physics, industrial
engineering, thermal power plants, submarine structures,
pressure vessel, aerospace, chemical pipes and metallurgy.

Basic equations

The basic equations in dynamic theory of the plain strain
of a homogeneous and micropolar transversely isotropic
generalized thermoelastic solid in the absence of body
forces, body couples and heat sources are given by the
following:

(a) Constitutive relations

tit = AtynEmn + GrimnVon — Ba(T + 11 T), (1)
mig = BiimnEmn + Gtk Yimn, (2)
qk = KT, (3)

for Lord and Shulman (L-S) theory
onTo = pC*T + BuTottrrs (qick + Todik) = Kia T ki
(4)
for Green and Lindsay (G-L) theory
pnTo = pC*(T +15T) + B Tottr,rs qik = KiaTick- (5)

The deformation and wryness tensor are defined by the
following:

Ey = upi + €m®ms Uy = G- (6)
(b) Balance laws

taik = Pk, (7)

Mtk + Epmntmn = 0] Pi> (8)

qik = pTon, 9)

where #;, my;, and Ky, are the stress tensor, couple stress
tensor and thermal conductivity tensor, respectively; gx
is the heat flux vector; 7 is the entropy; T is the abso-
lute temperature; C* is the specific heat at constant strain;
7o and 11 are the thermal relaxation times; p is the bulk
mass density; ; is the microinertia; #; and ¢y are the com-
ponents of displacement vector and microrotation vector,
respectively; By is the thermal elastic coupling tensor;
Artiins Giimns Blionn are characteristic constants of material
where A, Bioun satisfies the symmetric properties

Aldmn = Amnki> Bmnik = Blkmn; (10)
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and By = Bi and Kyy = K. Tensor Gy, does not pos-
sess this property; it forms a pseudo-tensor, inversion of
the coordinate system changing its sign. In a centrosym-
metric body, all components of Gy, vanish.

Formulation of the problem

We have used appropriate transformations following [6]
on the set of Equations 1 to 5 to derive equations for
micropolar thermoelastic transversely isotopic medium
and restricted our analysis to the two-dimensional
problem.

We consider a homogeneous, centrosymmetric, micro-
polar thermoelastic transversely isotropic medium ini-
tially in an undeformed state and at uniform temperature
T,. We take the origin of coordinate system on the top
plane surface and x3-axis pointing normally into the half-
space, which is thus represented by x3 > 0. We consider
plane waves such that all particles on a line parallel to x;-
axis are equally displaced, so all partial derivatives with
respect to the variable x, would be zero. Therefore, we
take 7 = (u1,0,u3), Tﬁ) = (0,¢2,0) and 9/9x2 = 0 so
that the field equations and constitutive relations reduce
to the following:

32 2 3 M1 3¢2
A117 + (A13 +A56) + 55— + Ki—
dx? a3 93
s (14 3\ 0T 9%
_ . oL _,rm
! Y9¢) 91~ P or2
(11)
A 82u3+(A A )82u1 . 8%u3 LK Ao
66 ax% 13 56 P) ) 33— 9 2 23961
(14 9\ 0T 8%u3
_ . _ ol
3 Yot ) oxs P or
(12)
32¢ 32¢ du dus 9%y
By ——+B — X+ Ky — 4Ky = ,
77 92 66— 52 ¢2 Vons K200 =P 52
(13)
K 82T+1<*82T (24 o T
LAE L
T e C T T

+ T, i + no‘l:oa—2 (14)
ot at?

(/31 fd ﬂ33blz> .
8x2
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3141 0 3 d
t33 =Ai— +An— — KA +u-)T, (15)
0x1 dx3 ot
3143 3141
t31 = Aes — + K1 + Ass —, (16)
0x1 0x3
o2}
m3y = Beg—, (17)
8x3

where 1 = A1 + Azas, f3 = Az101 + Aszzas, K =
Asg — Ass, Ky = Agg — Asg, X = Ky — K, aq, ag are
the coefficients of linear thermal expansion, we have used
the notations 11 — 1, 33 — 3, 12 — 7, 13 — 6,
23 — 5 for the material constants.

For L-S theory 71 = 0, n, = 1; for G-L theory, 1; >
0, n, = 0; and for coupled thermoelasticity theory, n, =
0,71 = 1, = 0. The thermal relaxation times 79 and 11
satisfy the inequality 77 > 79 > 0 for G-L theory only.
However, it has been proved by [7] that the inequalities
are not mandatory for 7y and 7; to follow.

For further considerations, it is convenient to introduce
the dimensionless variables defined by the following:

* k * *
/] w / /o !/
xl = —X1, x3 = —X3, Ml = —Uj, ug = —1Uus,
C1 C1 C1 C1
¢/ A55¢ / Lj
= 2 =
2Tk A
mjicy T
;/. 172 T = — ¥ =o't 7, = 0*1,,
Bsgw* T, 18)
h=w 7,'1,(0*225,6%2 0 ,

where o* is the characteristic frequency of the material,
and ¢; is the longitudinal wave velocity of the medium.

Plane-wave propagation
Let 7 (p1,0,p3) denotes the unit propagation vector, ¢
and k are the phase velocity and the wave number of the
plane waves propagating in x1x3 plane, respectively. We
seek plane-wave solution of the equations of motion of the
form

(i1, 13, qu’ T)elé(lglxl‘FPBxS*Ct).

(ulr M3,¢2, T) = (19)

Making use of Equation 18 and the values of u;, u3, ¢ and
T from Equation 19 in the Equations 11 to 14, we obtain
four homogeneous equations in four unknowns i1, i3, ¢
and T, which for the non-trivial solution yield

AR + B +Ct+ D +E=0, (20)
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where
A =bs—bs/w?, B =g+ g/’
C=g+(@+a)/o” +a/o*, D =g +g/o
E=gg, g1 =b1 —by—bsay, g =bg — by — byay
+ bi7aia + broais — aibs, g3 = by — by — bs
+ bhay + bpa10, ga = be + a1by + aio
X (b1 — b}3) + a1a(bis — big + b}5) — aisbis,

g5 = b7 + bsay + boaio — a1by, g6 = bsar — aisbaa,

g7 = buays + byais — bear — aiobio, g8 = —b7a1
— bniaio, g0 = broais — arbg — aiobis,
Ass (A13 + Ase)
by = dyagdin, di = ,dy = —————,
A’ A
K? A A KK
d3 = Ly =2 gy =28 gy= 2122
A114s55 Ann Ann A114s5
Bss B77 X Ass
dr=—"5dsg= "5, dy = — 5, dio=—""05
pict pict pJw pjo
B3T, Az BT,
di = 76{10, diz=——,dig = , d1a = ,
A Al A
K Ase - B - KF
d15=7”d16_7ﬁ_* K=-1,
Ass An B3 K
,OC*C% ,33c1
_ ey = by = do(agdyy + dod,
€1 K" ng* 2 = d7(agd11 + dode)

+ azaadyy, by =asaodia, b3 =asg(aed;+axd12),
by = d1ad7ay, bs = dydy1ay, b = agazas

+ ag(azd11 — azas), by = azacao,
bg = ay(ard11 — aszas), b; = aragag, by = agaid,
b1o = a11(agdn + aedo) + asagaiz — asazais,
b = asasai, bio = —azaizdiz, b, = asaidia,
biz = azaizdn, b5 = ag(andiz + asaiz),
b1y = ag(aras + azaiz), b1s = az(asan — azais),
b5 = ag(aras + axa12), bie = agayady,
b17 = —agaiady, big = dix(asan + axais),
big = di1(a14a4 + a2a13) — asaizdy;

+ as(asa11 — azaiz), by = ae(asarn + azaiz),
= dip3 + p,

by = ar3diady, by = arzdsdii, a

ay = dsp} + p?dy, a3=1p1dio, as=p3wez(1—1011),
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as = ip1de, ag = dzp3 + pids, a7 = —1p3dia

x (1 —i1wty), ag :p% + /?p%, ayg = —1€&1

X (/@ —17,), ar0 = p1p3da, a11 = —p1psds,
a1z = 1p3dy, a13 = p3wep1f(l — 1wT1), a1s = 1p3ds,

als = —lpldg(l — La)‘L’l). (21)

The complex coefficient implies that four roots of this
equation may be complex. The complex phase veloci-
ties of the quasi-waves, given by ¢;,i = 1,2, 3,4, will be
varying with the direction of phase propagation. The com-
plex velocity of a quasi-wave, i.e. ¢; = cg + icj, defines
the phase propagation velocity V; = (c%e + c%)/cR and
attenuation quality factor Qi_1 = —2c/cg for the cor-
responding wave. Therefore, four waves propagating in
such a medium are attenuating. The same directions of
wave propagation and attenuation vector of these waves
make them homogeneous wave. These waves are called
quasi-waves because polarizations may not be along the
dynamic axes. The waves with velocity V;(i = 1,2,3,4)
may be named as quasi-longitudinal displacement (qLD)
wave, quasi-transverse displacement (qTD) wave, quasi-
transverse microrotational ((TM) wave and quasi thermal
wave (qT) that are propagating with the descending phase
velocities, respectively.

Reflection at the free surface

We consider a homogeneous micropolar generalized ther-
moelastic transversely isotropic half-space occupying the
region x3 > 0. Incident qLD or qTD or qTM or qT wave
at the interface will generate reflected qLD, qTD, qTM
and qT waves in the half-space x3 > 0. The total dis-
placements, microrotation and temperature distribution
are given by the following:

8 8
up = ZAje’Ef, uz = ZBje‘Ef,
j=1 j=1

. . (22)
¢ = Z Ge'li, T = ZDje’E’,
j=1 j=1
where
E; = o[t — (x1sinej — x3cosej) /], j = 1,2,3,4, (23)
E; = w[t — (x1sine; + x3cose)) /¢j], j = 5,6,7,8, (24)

o is the angular frequency. Here, subscripts 1,2,3, and
4 denote the quantities corresponding to incident qLD,
qTD, qTM and qT wave, respectively, whereas the sub-
scripts 5,6,7 and 8, respectively, denote the corresponding
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reflected waves and
Ay A; As; )
B}I TLAI, q:TiA], D]—TLAI, (]— 1, ..,8),
d70? — £2ay as §ay
A= §as w? —dyy — &2ag 0 ,
Eaa 0 ag + ag&?
£2an §as §az
A= | Earp ©* —di —&%ae 0 ,
§ais 0 ag + agk?
&2ay dyw? —E%ay  Eay
Ny =| Eay Eas 0 ,
§ais §ay ag + agt?
&2ay dyo? — E2ay §as
Asi=| &aiz §as w? —dn —&%ag |. (25
£ai3 Eay 0

The expressions for a;, i = 1,2,....15 are obtained from
the expressions for a;, i = 1,2,....15 given in Equation 21
on substituting the values for p; and p».

For incident qLD wave, p; = sine;,p3 = —cose;; for
incident qTD wave, p; = siney, p3 = —cosey; for incident
qTM wave, p; = sines, p3 = —coses; for incident qT wave,
p1 = sinesq,p3s = —cosey; for reflected qLD wave, p; =
sines, p3 = coses; for reflected qTD wave, p; = sineg, p3 =
coseg; for reflected qTM wave, p; = siney, p3 = cosez; and
for reflected qT wave, p; = sineg, p3 = coseg.

Boundary condition

We assume that the boundaries of the half-space are
stress-free thermally insulated. Therefore, the appropriate
boundary conditions at the surface x3 = 0 are as follows:
(a) Vanishing of the normal stress

t33 =0, (26)
(b) Vanishing of the tangential stress

t31 =0, (27)
(c) Vanishing of the tangential couple stress

msz =0, (28)
(d) Vanishing of the temperature gradient

%JrhT:o:o, (29)

where /1 is the surface heat transfer coefficient;
h —> 0 corresponds to thermally insulated boundaries
and /& — oo refers to isothermal boundaries.
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The boundary conditions given by Equations 27 to 30
must be satisfied for all values of x; and t, so we have

E1(x1,0,8) = Ex(%1,0,8) = vevevrevreverennee = Eg(x1,0,¢).
(30)
Then from Equations 23, 24 and 31, we have
sine sine sine sine; 1
1_ 2 _ 7 _ 8 _ : (31)
C1 2 c7 cg c

which corresponds to the Snell’s law in the present case
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Here, e; es, € e, €3 e7 and ey eg i.e.
the angle of incidence is equal to the angle of reflection
in micropolar transversely isotropic generalized thermoe-
lastic solid so that the velocities of reflected waves are
equal to their corresponding incident waves, i.e. ¢ = cs,
¢y = ¢g, 3 = ¢y and ¢4 = cg.

Making use of Equations 15 to 18, 22, 31 and 32 in
the boundary conditions given by Equations 26 to 29, we
obtain four simultaneous equations as follows:

d 8
an
E AjA;j=0,(=1,..,4), (33)
§1c1 = &30y = ... = Egcg = w. (32) j=1
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Figure 1a) |Z;| b) |Z2| c) |Z3| d) |Z4| for incident qLD wave.




Kumar and Gupta Mathematical Sciences 2012, 6:6 Page 6 of 10
http://www.iaumath.com/content/6/1/6

where cose; cose; .
. Asj = dissi—L, Ay = ti—, j =1, .4,
sine cos ¢; ‘ ¢ ¢
Ayj = —dig——+rds———tdiz(1+ni0), j = 1,.4, cose; cosej
/ J Asj = —dissi——, Agj = —t; ,j=5,.8.
G <G
sin e; cos g .
Ayj = —dis : —1jds c: —tidi3(1+n1), j = 5,.8, In case of incident qLD wave, Ay = A3 = A4 =0.

! ! Dividing set of Equation 33 throughout by A;, we obtain

A J Cos ¢ J sin e; J —1 4 a system of four non-homogeneous equations in four
=" G 4167 G tasp )= 1.4 unknowns which can be solved by Gauss elimination
method and we have
A d cos ¢; 4 sin e; i d i—c g )
2j = —ai1 — aiely 178j, ] = 95 Ajta A
G G Zi=——= Xl(l =1.,4) (34)
1
= 25
-1
T
Il
08 — ;\
I\‘\ MTIT (LS)
i ———— MTIT(LS) MTIT (GL)
! ———w™nT@y | T MIT (LS)
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b | 2o
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Figure 2 a) |Z;| b) |Z2| c) |Z3| d) |Z4| for incident qTD wave.
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In case of incident qTD wave, A} = A3 = A4 = 0 and
thus we have

Aipa A7
Z, = =—t@(i=1.,4 35
i A, A (i ) (35)

In case of incident qTM wave, A} = Ay = A4 = 0 and
thus we have
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In case of incident qT wave, A} = Ay = A3 = 0 and
thus we have
Aia A}
Z, = =-1@i=1,.,4 37
= X ( ) (37)
where

A = |Ajiyalaxa,

\ and A’(i = 1,2,.,4)(p = 1,..,4) can be obtained by
Aita F replacing, respectively, the 1st, 2nd,..., 4th columns of A
Z; = =—((=1,.,4 (36) b A A A Al
Ag A Y[_ 1p) —A2p, —43p, — 4p] .
1 12 —
— Ty | _
08 ————— MTIT(GL) 1 — =
N I N MIT (LS)
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Figure 3 a) |Z;| b) |Z;| c) |Z3| d) |Z4| for incident qTM wave.
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Figure 4 a) |Z;| b) |Z2| c) |Z3| d) |Z4| for incident qT wave.

Numerical results and discussion

In order to illustrate the theoretical results obtained in
the preceding sections, we now present some numerical
results. For numerical computation, we take the values for
relevant parameters for micropolar transversely isotropic
generalized thermoelastic medium as follows:

A1 = 21.4 x 10°N/m?, A77 = 5.4 x 10°N/m?,
Agg = 5.2 x 10°N/m?, Ayy = 20.24 x 10°N /m?,
Aiy = 9.4 x 10°N/m?, A7g = 4.0 x 10°N /m?,

Bay = .779 x 10°N, Bgg = .779 x 10°N.

Following [8], we take the non-dimensional values for
aluminium epoxy-like composite as follows:

p =219 x 103%kg/m>, A = 9.4 x 10°N /m?,
w=4.0x10°N/m? K = 1. x 10°N/m?,
C* = 1.04Cal/K, y =0.779x 10°N, j =0.2x 10~ *m?.

Figures 1,2,3,4 give the graphical representation for the
variations of amplitude ratios of reflected qLD, qTD, qTM
and qT waves when four types of waves viz. qLD, qTD,
qTM and qT are incident at the free surface to compare
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the results in two cases, (a) the waves incident from MTIT
and (b) the waves incident from MIT medium. Figure 1
represents graphically the variations of amplitude ratios
|Z11,1Z31,1Z3| and |Z4] in case of incident qLD wave.
Figures 2,3,4 show similar cases for incident qTD, qTM
and qT waves, respectively. Here, |Z1|, |Z2|, |Z3] and |Z4|
are the amplitude ratios of reflected qLD, qTD, qTM and
qT waves, respectively. These variations are shown for two
theories of thermoelasticity, viz. L-S and G-L. In these
figures, the solid and broken curves without center sym-
bol correspond to the case of L-S theory, while solid and
broken curves with center symbol (— o — o —) correspond
to the case of G-L theory.

Incident qLD wave

It is evident from Figure 1a that the amplitude ratio |Z; | of
reflected qLD wave first increases sharply, then oscillates
within the interval 7 < @ < 15 and decreases with fur-
ther increase in frequency for MTIT. However, for MIT,
its value initially oscillates and then increases a little to
become a constant at the end with increase in frequency.
This behavior is noticed for both cases of L-S and G-L
theories.

Figure 1b,c indicates the variations of amplitude ratios
|Z3| and |Z3| of reflected qTD and qTM waves, which
show that for the case of G-L theory and MTIT, their value
increases with increase in frequency, while in the case of
L-S theory, its value starts varying with initial increase
then becomes constant for some time and then increases
again with increase in frequency. Similar variations are
noticed for MIT, except for G-L theory, where its value
tends to decrease at the end. It is depicted from Figure 1d
that the value of amplitude ratio |Z4| goes on increasing
with increase in frequency in all the cases.

Incident qTD wave

The variations in the amplitude ratio of various reflected
wave for incident qTD wave are shown in Figure 2. It is
depicted from Figure 2a that the value of amplitude ratio
of |Z;| sharply increases to a peak value and oscillate to
become constant. Similar variations are noticed for the
case of G-L theory with slight difference in their ampli-
tude. However, for MIT, its value initially oscillates with
varying amplitude and then flattens to become zero at the
end for both cases of L-S and G-L theories.

It can be seen from Figure 2b that for L-S theory, the
value of amplitude ratio [Z;| for MTIT initially oscillates
with a hump in the interval 10 < w < 40 and then
decreases. While for G-L theory, its value initially oscil-
lates and then decreases to attain a constant value with
increase in frequency. For MIT and for both theories of
thermoelasticity, their values start with initial oscillation
to become constant. It is evident from this figure that the
the amplitude ratio gets increased due to anisotropy.
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Figure 2c,d shows the variations of amplitude ratio
|Z3| and |Z4| within the interval 0 < w < 30, oscillate
arbitrarily with different amplitude and then become
constant with increase in frequency. The similar vari-
ations are depicted for all the curves, except for MIT
and G-L theory where the value of amplitude ratio
|Z3| decreases with increase in frequency, while the
value of amplitude ratio |Z4| increases with increase in
frequency.

Incident qTM wave

Figure 3 illustrates the variations of amplitude ratios of
|Zil,i = 1,2,3,4, with frequency for incident qTM wave.
It can be seen from these figures that the variation pat-
tern of the amplitudes are almost similar with difference
in their peak values. Their values show a hump within an
interval and after that they tend to attain a constant value.
The amplitude ratio of the first two waves gets increased
due to anisotropy, while for the remaining, their values
show oscillatory nature. The amplitude ratios |Z1| and | Z|
have higher values for L-S theory as compared to those for
G-L theory, while the remaining amplitudes, initially the
values are higher for L-S theory and reverse behavior is
noticed afterwards.

Incident qT wave

The variations in amplitude ratio of various reflected
waves for incident qT wave are shown in Figure 4. The
amplitude ratio |Z; | sharply decreases to become constant
for MIT, while for the case of MTIT, its value sharply
increases then sharply decrease to become constant at
the end. Slight differences in their amplitudes have been
observed. The variations of |Z3| and |Z3| are shown in
Figure 4b,c. It can be seen from these figures that the val-
ues oscillate within the interval 0 < w < 30, showing
the peaks of different amplitudes. After this interval, the
values for all the cases become steady.

Figure 4d shows the variations in the value of |Z],
which indicates that anisotropy as well as angle of inci-
dence shows a significant impact on it throughout the
whole range. The behavior of |Z4| is oscillatory within
the range 0 < @ < 30. The amplitude ratio |Z4| first
increases from small value to a maximum by execut-
ing small oscillation and ultimately decreases to become
steady. The value for the case of L-S theory is higher
as compared to those for G-L theory. Anisotropy shows
a greater impact on |Z4| as compared to the relaxation
times.

Conclusion

Propagation of waves in a micropolar transversely iso-
tropic generalized thermoelastic half-space have been
discussed. The amplitude ratios have been computed
and plotted graphically for L-S and G-L theories of
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thermoelasticity. It is concluded from the figures that
the value of amplitude ratios |Z;|,|Z,| and |Z3| shows
sharp oscillation at initial frequencies for incident qLD
and qT waves as compared to qTM and qTD incident
waves. An appreciable effects of anisotropy and relaxation
time are noticed on amplitude ratios of various reflected
waves.
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