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Abstract

This paper is concerned on the distribution of a homogeneous isotropic elastic medium with diffusion under the effect of
Three-phase-lag model. Normal mode analysis is used to express the exact expressions for temperature, displacements and
stresses functions. Comparisons are made in the absence and presence of diffusion with some theories like Three-phase-lag
and GNIIIL.
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1 Introduction

Thermoelasticity describes the behavior of elastic bodies under the influence of non-uniform temperature
fields. It represents, therefore, a generalization of the theory of elasticity. The constitutive equations, i.e., the
equations characterizing the particular material, are the temperature dependent and include an additional relation
connecting the heat flux in the body with the local temperature gradient. This relation was known in its simplest
form as Fourier’s law.
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Biot [1] develop the coupled theory of thermo-elasticity to deal with defeat of the uncoupled theory that mechan-
ical cause has no effect on the temperature field. The theory of generalized thermoelasticity with one relaxation
time was introduced by Lord and Shulman [2] which in their replace Fourier’s law with Maxwell- Cattaneo law
of heat conduction. Muller [3] first introduced the theory of generalized thermo-elasticity with two relaxation
times. Later Green and Naghdi [4], [5] and [6] have proposed three models, labeled as types I, II, and type
III. When they are linearized, type I is the same as the classical heat equation whereas the linearized versions
of type-II (thermo-elasticity without energy dissipation) and type-III (thermoelasticity with energy dissipation)
theories permit the propagation of thermal waves at finite speed.

Tzou [7] introduced two-phase-lag models to both the heat flux vector and the temperature gradient. According
to this model, classical Fourier’s lawg = —KV 6 has been replaced by §(p, + T) = —KVO(p,t+1r) , where
the temperature gradient%@ at a point P of a material at time ¢ + 77 corresponds to the heat flux vector g at the
same point in time ¢ + 7, . Here K is the thermal conductivity of the microstructural interactions and is called
the phase-lag of the temperature gradient. The other delay time 7, is interpreted as the relaxation time due to
the fast transient effects of thermal inertial and is called the phase-lag of the heat flux. The case 7, = 77 =0
corresponds to classical Fourier’s law. If 7, = 7 and 77 = 0, Tzou refers to the model as single-phase-lag model.
Recently the Three-phase-lag, heat conduction equation in which the Fourier law of heat conduction is replaced
by an approximation to a modification of the Fourier law with the introduction of three different phases-lags
for the heat flux vector, the temperature gradient and the thermal displacement gradient [8]. The stability of
the three-phase-lag, the heat conduction is discussed [9]. M. I. Othman and S. M. Said [10] have studied the
2D problem of magneto-thermoelasticity fiber-reinforced medium under temperature dependent properties with
three-phase-lag model.

Youssef [11] developed a new theory of generalized thermoelasticity by taking into account the theory of heat
conduction in deformable bodies, which depends on two distinct temperatures, the conductive temperatured and
the thermodynamic temperature? . The two-temperature theory involves a material parameter b > 0. The limit
b — 0 implies that T — ¢ and hence the classical theory can be recovered from two temperature theory. Sarhan
Y. Atwa [12] has studied the generalized magneto-thermoelasticity with two temperature and initial stress under
Green-Naghdi theory.

Diffusion is the process by which atoms move in a material. Atoms are able to move throughout solids because
they are not stationary, but execute rapid, small-amplitude vibrations about their equilibrium positions, such
vibrations increase with temperature and at any temperature a very small fraction of the atoms has sufficient am-
plitude to move from one atomic position to an adjacent one. Diffusion can be defined as the mass flow process
in which atoms change their positions relative to neighbors in a given phase under the influence of thermal and
a gradient, or stress gradient.

Thermodiffusion in the solids is one of a transport process that has great practical importance. Most of re-
search associated with the presence of concentration and temperature gradients has been made with metals and
alloys. The first critical review was published in the work of Oriani [13]. Sherif, et al. [14] developed the
theory of generalized thermoelastic diffusion that predicts finite speeds of propagation for thermoelastic and
diffusive waves. Othman et al. [15] have studied the effect of diffusion on the two-dimensional problem of
generalized thermoelasticity with Green-Naghdi theory. Othman et al. [16] have showed the effect of fractional
parameter on plane waves of generalized magneto-thermelastic diffusion with reference temperature-dependent
elastic medium. Sarhan Y. Atwa [17]has studied the effect of fractional parameter on plane waves of generalized
thermoelastic diffusion with temperature-dependent elastic medium.

2 Basic equations

The governing equations for an isotropic, homogeneous elastic solid with generalized thermoelastic diffusion
in the absence of body forces using three-phase-lag model are:
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Ojj Components of stress tensor eij Components of strain tensor
e=ep Cubic dilatation 0jj Kronecker’s delta
u,v Displacement vectors T Thermodynamic Temperature
T, Reference Temperature [ Conductive temperature
P Chemical potential C Concentration distribution
Al Lame’s constants Y (BA+2u)oy
o Coefficient of linear thermal expansion B (BA+2u)o,
o, Coefficient of diffusion thermal expansion p Density
Cg Specific heat at constant strain K Coefficient of thermal conductivity
K* Material characteristic of the theory T, Phase lag of thermal displacement gradient
Ty Phase lag of Heat flux Tr Phase lag of temperature gradient
d Thermoplastic diffusion constant T Diffusion relaxation time
V2 372 + 372 + 372
axz " a9yt T 92
Table 1 Nomenclature
The constitutive equations
Oij :2[16,'/4‘5,‘][7(,6—’}/(71—710)—ﬁIC] (1)
P=—-Bie+bC—a(T-T,) 2)
1
¢ij = 5 (uij+uji) 3)
The equation of motion
pii; = 2peij j+[Ae;— VT ;= BiC,j]5; )
The equation of mass diffusion
dBiV?e+daV>T 4 C+1C —dbV?C =0 (5)
The equation of heat conduction
. ) 2 T . )
KV 41V + K,V = (1+ Ty, + 2—‘ﬁﬁ[pCET +yT,é +aT,C] (6)
Where,
T, =K+K'1,
The equation of two temperature
T=(1-bV*)¢ (7

Where, the list of symbols is given in the nomenclature.

3 Formulation of the problem

We consider an isotropic, homogeneous elastic solid with generalized thermo-elastic diffusion. All quantities
are considered as functions of the time variable t and of the coordinates x and y . We consider the normal source
acting on the plane surface of generalized thermoelastic half-space under the effect of two temperature, we
assume

u=(u,v,0) ®)
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The equation of motion in the absence of body force
.. 2 2
pii = pV-u+ (A +p)ex—y(1=bV")9.—BiCy 9

pi=uViv+ (A +p)e,—y(1-bV?)9, - BiC, (10)

To facilitate the solution, the following dimensionless quantities are introduced

()67);) :C]n(xvy)a(ﬂa‘;):cln(”7v)7(f7f77/7"7fq7fV) :C%n(t7T77T7Tq7TV)7P,:;;?é: lf;ﬂ
o Y .. Cij ;_ 2.2 PCk 2 A+2u
7.6)= —(T,0),6,j = b= ==L anac? = 1
( 7¢) )L_’_Z‘u( ,¢),O'] 7L+2u Cln n K andcy P ( )

The displacement components u (x,y,t) and v (x,y,t) may be written in terms of the potential functions ¢ (x,y,?)
and y(x,y,?) as

u:q7x_lllay’v:q7y+lll7x (12)

Using Eqgs. (11) and (12), the governing equations (9), (10) and Egs. (5), (6) recast in the following form (after
suppressing the primes)

G=Vq—(1-bV*)p—C (13)
V=aVy (14)
Vg +a3(1—bV*)V?¢ +asC + 1a,C — asV>CE =0 (15)
) . o 1 ,0? . ..
asV? ¢ + (1 +agt,) Vo + 77 V>$ = (1 + g5+ Ergﬁ)[(l — bV + azé + agC (16)
where,
g M Arp  (At2wa A+ b(A+24) LS 7T,
1— —H»,d — ——»,d3 — ,d4 — yd5 — — 555 5 ,d6 — ,d7 = )
pei pei By dBin ciBin? pCec? nA+2u)K
ayT,

andag = 17
8 BinK 17)

4 Normal mode analysis

The solution of the considered physical variables can be decomposed in terms of normal modes in the
following form

[M,V,(P, II/7Q7 T)C] (xvyut) = [M*)V*v¢*u W*aq*7T*7C*](y)ei(wt+kX) (18)

Where o is the complex time constant (frequency), i is the imaginary unit, k is the wave number in the x-
direction and u*,v*, ¢* w* g*, T* C* are the amplitudes of the functions u,v,¢,y,q,T,C.
Using equation (18), equations (13)-(16) become respectively

(D* —ag)q* + (bD* —ayp)¢* —C* =0 (19)
(alDz—aU)l//* =0 (20)

(k4 — 2k2D2 —I—D4)q* — (a3bD4 — a12D2 +a13)¢* + (a14 — CZ5D2>C>k =0 20
(a16D* — ar7)q* + (a1sD* — a19) 9™ +aC* = 0 (22)
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Where

ag :kz—wz,alo = 1+bk2,a11 :alkz—a)z,alg :a3(1+2bk2),a13 :a3k2(1+bk2),a14 :a4(ia)—rw2)+a5k2,
. 1 2.2 2 272 . 2 2
ais = 1+l(0’Cq— ETQ(D ,ale = W~ azays,ay; = @ k arais,aiy :616+10)(1 +a61v) —Tr0"— @ ba15,

d
ajg = k2(616 + i(l)(l +06TV)) - (!\)Z‘L'Tk2 - a15(l)2(1 + bkz),azo = agal5a)2andD = zy (23)

Eq. (20) is uncoupled differential equation while the others are coupled.
Eliminating Egs. (19), (21) and (22) we get the following ordinary differential equations

(D® —AD* +BD*—C)¢*(y) =0 (24)
Where
Ay =1—as,Ay = aig+asag —2k* | A3 = k* — agais, As = (as+as)b,As = bais +asaio — ap, Ae = aroar4 +ass,

A7 = axy +aie,Ag = agary +ai7,A9 = baxy +aig,A10 = aipa + a9, A1 = AsA7 +AAo,

A =AsA7+AAg —ArAg —A1A 0, A13 = AgA7 +A5Ag +A3Ag +ArA10,A14 = AcAg — A3A 1o,

similarly,
(D°—AD* +BD* = C){9*(¥),4"(»),C*(»)} =0 (26)

Eq.(26) can be factorized as
(D = k) (D* = k3)(D* = k5){9"(),4" (),C*(»)} = 0 27)
Where k,%, (n=1, 2, 3) are the roots of characteristic equation
ko —AK*+BK* —C =0 (28)

The solution of Eq. (27) bound as y — oo, is given by

3
() =Y Mpe ™ n=12,3 (29)
n=1
3
g () =Y HiuMwe ™ ,n=123 (30)
n=1
3
C*(y) = Y. HouMue ™ ,n=1,2,3 (31)
n=1
Where,
Hy, — —(ax +ar8)k2 + aioazo +aio 32)
" (az0 + ai6)kz — agazy — ary
Hy, = (kK — ag)Hy, + bk> —ajo,n = 1,2,3. (33)
The solution of Eq. (20)
v (y) = My(k, 0)e ™. (34)
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Where

hy = |2 (35)
al

In order to obtain the displacement components u,v using Eq. (18), Eq. (12) can be
u* = ikq" — Dy* (36)
V' = Dq* —iky* (37)
Substitution from Egs. (29), (30),and (36) into Eq. (1)

Ha,Mye ™ + HyMye ™ (38)

I
Mw

G*

XX

3
Il
-

Hy,M,e ™ + HyMye (39)

S
I
e

3
Il
—_

op = i Hs,M,e " + HyMye ™" (40)

n=1

Where

H, = ((a2 — a1)k2)Hy, + bk2 — bk* — Hp — 1,n=1,2,3. 1)
Hy, = (k2 —k*(as — a1))Hy, + bk> — bk* — Hy, — 1,n = 1,2,3. (42)
Hsy, = —2iakk,Hy,,n=1,2,3. (43)
H; :ikk4(a22—a1+1). 44)
Hy = (k> —k3)ay. (45)

5 Applications

In this section, the general solutions for displacement, stresses, temperature field, concentration distribution
and chemical potential, will be used to yield the response of a half-space subject to a fixed load acting with
uniform constant p(x). The final solution in the original domain (x,y,t) is obtained numerically.

The boundary conditions on the plane surface y=0 are
O = pe (P h) %2 _ 0, o€ _ 0,06y = 0,aty =0. (46)
dy dy
Where p is a function in X and t. Substituting the expressions of the variables considered into the above boundary
conditions, we can obtain the following equations satisfied by the parrameters

3

Z H3nMn +H1M4 =P (47)
n=1
3
Y Mk, =0 (48)
n=1
3
Z HZnMnkn =0 (49)
n=1
3
) Hs,M, +H2Ms =0 (50)
n=1

Solving Egs. (47)- (50), we get the parameters of M,,(n=1, 2, 3)
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6 Particular case

Neglecting diffusion effect, by taking C = a = b; = f; = 0, we obtain the expressions for displacement
components, stresses and temperature field in the generalized thermoelastic medium are obtained as

(D? — a9)q* + (bD* — a19) =0 (51)

(a16D* — a17)q" + (a1sD* — a19)$=0 (52)

Eliminating ¢*(y) and ¢*(y) and between Egs. (51) and (52) we get the following ordinary differential equation
satisfied by
(D' —ED* +F){¢"(y).¢"(»)} =0 (53)

Eq. (53) can be factorized as
(D =s1)(D* = 3)9"(y) =0 (54)

Where,s2(n = 1,2) are the roots of the following characteristic equation.

st*—Es*+F=0 (55)
Where b
E—_ a7 —apdie +asaig +ag (56)
ajg —baye
_ Q1949 — ajodi7 (57)
aig —baye
The solution of Eq. (55) is given by
2
¢*(y) = Y, Gulk, @)e™* (58)
n=1
Similarly,
2
g (v) = Y winGu(k, @)e™ (59)
n=1
Where,
— bs?
Wiy = D90 (60)
sz —aog
V" = Gze " wheres; = ai (61)
al
2
o.(y) = Z w2, Gk, @0)e ™ +w Gze (62)
n=1
2
0y, (») = ¥ waGa(k, @) +wi Ge ™ (63)
n=1
Where,
Won = (—k* 4 (a2 — ay)s2)win +b(s2 —k*) — 1,n = 1,2. (64)
W3, = (sﬁ — kz(az —ap))Win —i—b(s% — kz) —1,n=1,2. (65)
Wy = —2iarks,wi,n=1,2. (66)
wi = iks3(14+ax —ay) (67)
wy = ay (k> — 53) (68)
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In this case the boundary conditions are
(k) 99 _ 0,0,, = Oaty =0 (69)
y

Substituting from the expressions of the variables considered into the above boundary conditions, we can obtain
the following equations satisfied by the parameters

2

Z w2, G, +w1G3 =p (70)
n=1
2
Y Gusn=0 (7D
n=1
2
Y wanGu+w2Gs =p (72)
n=1

7 Numerical results

With an aim to illustrate the problem, we will present some numerical results using copper as the thermoe-
lastic material for which we take the following values of the different physical constants.

T, =293K,Cr = 383.1J/(kg.K), 0, = 1.78 x 105K~ p = 8954kg /m>, A =7.76 x 10"%kg /(m.s*),

p=13.86x 101%g/(m.s?), 0. = 1.98 x 10~*m? /kg, K = 300W,d = 0.85 x 10 8kg.s/m>,
a=12x10*m?/(s*.K),b; = 0.9 x 10°m° / (kg.s*), @, = 2.5, = 0.4, 0 = @, +i&,
x=0.5:=02,K*=297x10",k=24,p=0.1,b=0.2,
7, =0.2,77 =0.5,7,=0.8.

The numerical result was used to show the distribution of the displacement component u the stress components
Oyy, Oy the temperature distribution ¢,the chemical potential P , and the concentration distribution C on the
vertical axis with y at x=0.5 , for two theories: Three phase-lag (TPL) model and (G-N III) theory with and
without diffusion (W & WD respectively). All curves reaching to zero with the increasing of y . The diffusion
effect is appearing on the curves of u ,0y, and oy, as in the case of diffusion the curves of the two theories
are somewhere far from each and u only start from different values other while in case of absence of diffusion
are close from each other, while the effect on ¢ curve is appearing on the starting values of curves only as in
presence of diffusion the two theories start from negative value while in absence of it (TPL) curve start from
negative, while (G-N III) start from positive.

Fig. 1 shows that the distribution of u with the two theories in the presence and absence of diffusion starts
from positive values. In the presence of diffusion u increases to a maximum value in the range O<y<0.4 and
then decreases to a minimum value in the range 0.5<y<1.4,while in the absence of diffusion u increases to a
maximum value in the range 0<y<0.6 and then decreases to a minimum value in the range 0.9<y<1.4.

Fig. 2 shows the distribution of the temperature ¢ with the two theories in the presence and absence of diffusion
start from the negative value except the curve belongs to (G-N III) theory without diffusion G-N (WD). The
curves belong to TPL theory (W & WD) and G-N (WD) are smooth curves and they fastly reach to zero, while
the curve belongs to G-N (D) acts as a wave has a minimum value in the range 0<y<0.9 and a maximum value
in the range 0.9<y<2 and then become to decreasing wave until vanishing.

Fig. 3 shows that the stress distribution oy, with the two theories in the presence and absence of diffusion
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0.07

TPLW
0.0643 —— - G-Nnw |
\ - = TPLWD
G-N WD|{

-0.01f S

-0.02

-0.03

Fig. 2 Distribution the temperature function ¢ with and without diffusion.

starts from a positive value. In the case of diffusion presence they firstly decrease to a minimum value in the
range 0.2<y<1, and then it increases to its maximum value in the range 1<y<1.9 while in the absence of it the
minimum value is in the range 0.4<y<1 , and the maximum value in the range 1.2<y<1.9.

Fig. 4 shows that the stress distribution 0y, in the two theories in the presence and absence of diffusion starts
from zero and it satisfy the boundary condition. In presence of diffusion the two theories decreases to a minimum
value in the range 0.2<y<0.9, and then it increase to its maximum value in the range 0.9<y<1.9, while in absence
of diffusion the two theories decreases to a minimum value in the range 0.3<y<0.9, and then it increase to its
maximum value in the range 1.2<y<1.9.

Fig. 5 shows that the chemical potential P in the two theories in the presence of diffusion starts from positive
values. P increases to a maximum value in the range 0<y<0.6 and then decreases to a minimum value in the
range 0.7<y<1.2.

Fig. 6 shows that the concentration distribution C in the two theories in the presence of diffusion starts from
positive values, in TPL theory the curve is smooth and directly reaches to zero, while in (G-N III) theory, it acts
as a wave with maximum value in the range 0.1<y<1.2 and a minimum value in the range 1.5<y<2.9.

3D curves 7-12 are giving 3D surface curves for the physical quantities, under (TPL) model with diffusion.
These figures are important to study the dependence of these physical quantities on the vertical component of
the distance. All physical quantities are satisfied the boundary conditions.
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0.04

AN TPLW
0.02ft 1A o - - - G-NW |{
\ - - = TPLWD
0 - G-NWDH
-0.02§
1
-0.04}
o> -0.06|
-0.08F |
-01
-0.12f
-0.14}
-0.16 '
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! - = TPLWD
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-0.03f
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o
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(9]
-006f
-0.07 :
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Fig. 4 Distribution the stress function oy, with and without diffusion.

8 Conclusions

1. The analytical solutions based upon normal mode analysis of the thermoelastic problem in solids have
been developed.
2. The method that was used in the present article is applicable to a wide range of problems in thermodynamics
and thermoelasticity.
3. The comparison of the two theories of thermoelasticity, (G-N) and (TPL) theories is carried out.
4. The physical quantities are very depending on the vertical distance and horizontal distance.

References

[1] M. Biot 27.(1956),Thermoelasticity and irreversible thermodynamics,Journal of Applied physics, pp. 240-253. doi
10.1063/1.1722351

[2] H.W. Lord,and Y. Shulman,15.(1967),A generalized dynamical theory of thermoelasticity,Journal of Mechanics and
Physics of Solid, pp.299-309. doi 10.1016/0022-5096(67)90024-5

[3] Muller, and Ingo,41.(1971),The coldness, a universal function in thermoelastic bodies, Archive of Rational Mechanics
and Analysis, pp.319-332. doi 10.1007/BF00281870

[4] A.E.Green, and P. M. Naghdi, 432.(1991), A re-examination of the basic postulates of thermodynamics, Proceedings
of Royal society of London, pp. 171-194. doi 10.1098/rspa.1991.0012

[5] A.E. Green, and P. M. Naghdi,15.(1992), On undamped heat waves in an elastic solid, Journal of Thermal stresses,
pp- 253-264. doi 10.1080/01495739208946136

‘UR:


https://doi.org/10.1063/1.1722351
https://doi.org/10.1016/0022-5096(67)90024-5
https://doi.org/10.1007/BF00281870
https://doi.org/10.1098/rspa.1991.0012
https://doi.org/10.1080/01495739208946136
http://www.up4sciences.org

The effect of two-temperature on thermoelastic medium wih diffusion due to three phase-lag model 269

10 T T T T T T T

0.04 T T T T T T T

0.03r

0.02p

O 0.01r

-0.01f -

-0.02

Fig. 6 Distribution the concentration C with and without diffusion.

[6] A.E. Green, and P. M. Naghdi,31.(1993), Thermoelasticity without energy dissipation, Journal of Elasticity,pp. 189-
208. doi 10.1007/BF00044969

[7] D.Y. Tzou,117.(1995), Unified field approach for heat conduction from macro-to micro-scales, Journal of Heat Trans-
fer, pp. 8-16. doi 10.1115/1.2822329

[8] S. K. Roy choudhuri,30.(2007), On thermoelastic three phase lag model, Journal of Thermal Stresses, pp. 231-238.
doi 10.1080/01495730601130919

[9] R. Quintanilla and R. Racke,51.(2008), A note on stability in three-phase-lag heat conduction, International Journal
of Heat and Mass transfer, pp.24-29.

[10] Mohamed I. A. Othman,and Samia M. Said,49.(2014), 2-D problem of magneto-thermoelasticity fiber-reinforced
medium under temperature dependent properties with three-phase-lag model, pp. 1225-1241. doi 10.1007/s11012-
014-9879

[11] H. M. Youssef,71.(2006), Theory of two-temperature-generalized thermoelasticity, IMA Journal of Applied Mathe-
matics, pp. 383-390.

[12] Sarhan Y. Atwa,38.(2014), Generalized magneto-thermoelasticity with Two temperature and initial stress under
Green-Naghdi theory, Applied mathematical modeling, pp. 5217-5230.

[13] R.A. Oriani,30.(1969), Thermomigration in solid metals, Journal of Physics and Chemistry of Solids, pp. 339-351.
doi 10.1016/0022-3697(69)90315-1

[14] Hany H. Sherief, A. Hamza, and Heba A. Saleh,42.(2004), The theory of generalized thermoelastic diffusion, Inter-
national Journal of Engineering Science, pp. 591-608. doi 10.1016/j.ijengsci.2003.05.001

[15] Mohamed I.A. Othman, Sarhan Y. Atwa, and R.M. Farouk,36.(2009), The effect of diffusion on two-dimensional
problem of generalized thermoelasticity with Green-Naghdi theory, International Communications in Heat and Mass
Transfer, pp. 857-864.

[16] Mohamed I.A. Othman,N. Sarkar, and Sarhan Y. Atwa,65.(2013),Effect of fractional parameter on plane waves
of generalized agneto-thermoelastic diffusion with reference temperature-dependent elastic medium, Computers and
Mathematics with Applications, pp.1103-1118.

‘UR%


https://doi.org/10.1007/BF00044969
https://doi.org/10.1115/1.2822329
https://doi.org/10.1080/01495730601130919
https://doi.org/10.1007/s11012-014-9879
https://doi.org/10.1007/s11012-014-9879
https://doi.org/10.1016/0022-3697(69)90315-1
https://doi.org/10.1016/j.ijengsci.2003.05.001
http://www.up4sciences.org

270 Sarhan Y. Atwa ,M. K. Ammar and Eman Ibrahim Applied Mathematics and Nonlinear Sciences 2(2017) 259-270

0.05

Fig. 8 Distribution the temperature component ¢against both components of distance in the TPL model with diffusion.

[17] Sarhan Y. Atwa,65.(2013), Effect of Fractional Parameter on Plane Waves of Generalized Thermoelastic Diffu-
sion With Temperature-Dependent Elastic Medium, Journal of Materials and Chemical Engineering, PP. 55-74. doi
10.1016/j.camwa.2013.01.047

©UP4 Sciences. All rights reserved.

‘UR%


https://doi.org/10.1016/j.camwa.2013.01.047
http://www.up4sciences.org

	Introduction
	Basic equations
	Formulation of the problem
	Normal mode analysis
	Applications
	Particular case
	Numerical results
	Conclusions



