Journal of
Mechanics of
Materials and Structures

ONE-DIMENSIONAL THERMOELASTIC WAVES IN ELASTIC
HALF-SPACE WITH DUAL PHASE-LAG EFFECTS

Snehanshu Kr. RoyChoudhuri

Volume 2, N° 3 March 2007

:- mathematical sciences publishers



JOURNAL OF MECHANICS OF MATERIALS AND STRUCTURES
Vol. 2, No. 3, 2007

ONE-DIMENSIONAL THERMOELASTIC WAVES IN ELASTIC HALF-SPACE
WITH DUAL PHASE-LAG EFFECTS

SNEHANSHU KR. ROYCHOUDHURI

The theory of thermoelasticity with dual phase-lag effects is employed to study the problem of one-
dimensional disturbances in an elastic half-space with its plane boundary subjected to (i) a constant step
input of temperature and zero stress, and (ii) a constant step input of stress and zero temperature. The
Laplace transform method is used to solve the problem. Expressions for displacement, temperature and
stress fields are obtained for small values of time. It is found that the solutions consist of two coupled
waves both of which propagate with finite speeds and attenuation, influenced by the two delay times
and thermoelastic coupling constant. The discontinuities that occur at the wave fronts are obtained. The
characteristic features of the underlying theory are analyzed by comparing the results of the present
analysis with their counterparts in coupled thermoelasticity theory (CTE) and in other generalized ther-
moelasticity theories ETE, TRDTE and TEWOED.

1. Introduction

Thermoelasticity theories which involve finite speed of thermal signals (second sound) have created much
interest during the last three decades. The conventional coupled dynamic thermoelasticity theory (CTE),
based on the mixed parabolic-hyperbolic governing equations of [Biot 1956; Chadwick 1960], predicts
an infinite speed of propagation of thermoelastic disturbances. To remove the paradox of infinite speed
for propagation of thermoelastic disturbances, several generalized thermoelasticity theories have been de-
veloped, which involve hyperbolic governing equations. Among these generalized theories, the extended
thermoelasticity theory (ETE) proposed by Lord and Shulman [1967] involving one relaxation time
(called single-phase-lag model) and the temperature-rate-dependent theory of thermoelasticity (TRDTE)
proposed by Green and Lindsay [1972] involving two relaxation times are two important models of
generalized theory of thermoelasticity. Experimental studies [Kaminski 1990; Mitra et al. 1995; Tzou
1995a; 1995b] indicate that the relaxation times can be of relevance in the cases involving a rapidly
propagating crack tip, a localized moving heat source with high intensity, shock wave propagation, laser
technique etc. Because of the experimental evidence in support of finiteness of heat propagation speed,
the generalized thermoelasticity theories are considered to be more realistic than the conventional theory
in dealing with practical problems involving very large heat fluxes at short intervals like those occurring
in laser units and energy channels. For a review of the relevant literature, see [Chandrasekharaiah 1986;
Ignaczak 1989].

Green and Naghdi [1977; 1992; 1993] formulated three different models of thermoelasticity among
which, in one of these models, there is no dissipation of thermoelastic energy. This model is referred to as
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the G-N model of thermoelasticity without energy dissipation (TEWOED). Problems concerning gener-
alized thermoelasticity theories and G—N theory have been studied by many authors [RoyChoudhuri and
Debnath 1983; RoyChoudhuri 1984; 1985; 1987; Dhaliwal and Rokne 1988; 1989; RoyChoudhuri 1990;
Chandrasekharaiah and Murthy 1993; Chandrasekhariah and Srinath 1996; RoyChoudhuri and Banerjee
2004; RoyChoudhuri and Bandyopadhyay 2005; RoyChoudhuri and Dutta 2005; 2005]. Tzou [1995a;
1995b] and Ozisik and Tzou [1994] have developed a new model called dual phase-lag model for heat
transport mechanism in which Fourier’s law is replaced by an approximation to a modification of Fourier’s
law with two different time translations for the heat flux and the temperature gradient. According to this
model, classical Fourier’s law g = —kVT has been generalized as g(P,t + Ty) = —k%T(P, t+17)
where the temperature gradient VT ata point P of the material at time ¢ + t7 corresponds to the heat
flux vector g at the same point at time ¢ + 7,. Here k is the thermal conductivity of the material. The
delay time 77 is interpreted as that caused by the microstructural interactions (small-scale heat transport
mechanisms occurring in microscale) and is called the phase-lag of the temperature gradient. The other
delay time is 7, interpreted as the relaxation time due to the fast transient effects of thermal inertia
(small-scale effects of heat transport in time) and is called the phase-lag of the heat flux. If 7, = 7,
77 =0, Tzou [1995a; 1995b] refers to the model as the single phase-lag model. The case 7, # t7(# 0)
corresponds to the dual phase-lag model of the constitutive equation connecting the heat flux vector and
the temperature gradient. The case 7, = 77 (# 0) becomes identical with the classical Fourier’s law.
Further for materials with 7, > 77, the heat flux vector is the result of a temperature gradient and for
materials with t7 > 7, the temperature gradient is the result of a heat flux vector. For a review of the
relevant literature, see [Chandrasekharaiah 1998]. A hyperbolic thermoelastic model was developed in
this same reference, taking into account the phase-lag of both temperature gradient and heat flux vector
and also the second order term in 7, in Taylor’s expansion of heat flux vector and the first order term in
77 in Taylor’s expansion of the temperature gradient in the generalization of classical Fourier’s law. It
may be pointed out that ETE was formulated by taking into account the thermal relaxation time, which
is in fact the phase-lag of the heat flux vector (single phase-lag model).

The purpose of the present paper is to consider thermoelastic interaction in an elastic half-space in
the context of the thermoelasticity theory based on the Tzou model [1995a; 1995b] of heat transport
mechanism with dual phase-lag effects. The plane boundary is subjected to (i) a constant step input of
temperature and zero stress and (ii) a constant step input of stress and zero temperature. Laplace transform
is used as a mathematical tool. The expressions for displacement, temperature and stress in the half-space
are derived for small times. The solution for displacement, temperature and stress consist of two waves
— one, the predominantly elastic wave (E-wave) and the other, the predominantly thermal wave (T-wave)
in nature, both propagating with finite speeds modified by the nondimensional delay times 7, and 7.
It is observed that the displacement is continuous at both the wave fronts while both the temperature
and stress fields suffer finite jumps at these locations. Further the waves suffer exponential attenuation
at both the wave fronts as in ETE and TRDTE. Similar problems have been studied in [Dhaliwal and
Rokne 1988; 1989] in the context of ETE and TRDTE, and in [Chandrasekhariah and Srinath 1996] in the
context of TEWOED. The results of the present analysis are compared with those derived in the context
of ETE, TRDTE, TEWOED and CTE. The present investigation has brought to light some similarities
and differences for the theories ETE, TRDTE, TEWOED and CTE.
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2. Formulation of the problem: basic equations

An isotropic elastic homogeneous half-space is considered. The plane boundary is subjected to a constant
step input of temperature and zero stress. We study the disturbances produced in the half-space. The solid
is subjected to one-dimensional deformation so that all the field variables are functions of the spatial co-
ordinate x and time ¢. If 6 is the temperature increase at time ¢ above the uniform reference temperature
6 and u the displacement vector, the heat transport equation which includes dual phase-lag effects (see
[Ozisik and Tzou 1994; Tzou 1995a; 1995b] ) is

I\, )
k<1+tT8—>V 9—(1+rqat+2rqﬁ)(pcv9+,390A PR), (1)

where 77 and 7, are the phase-lag of the temperature gradient and of the heat flux respectively, often
referred to as the delay times, & is the thermal conductivity of the solid, and R is the heat source term.
In addition, A =divu and 8 = (3A +21);. The displacement equation of motion is

uV2i+ (4 p) grad A — B grad 6 + pF = pii. 2)

Here A and p are Lamé constants, o is the constant mass density of the solid, «; is the coefficient of
linear thermal expansion of the material, k is the thermal conductivity, ¢, is the specific of the solid.

For one-dimensional deformation u = (u(x, t), 0,0) and & = 0(x, t). In absence of heat source and
body forces, the Equations (1) and (2), in case of one- dimensional disturbances, reduce to

3\ 9%0 ) 32 . 3u
k<l ) (1 —)( 6+ B0 ) 3
trg) g Ut q8t+2r‘18t2 ped+ B o )
and
42 )Bzu ﬁae 0% @
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We introduce the following nondimensional variables
E—ﬂ n:iZt’ @:z’ U:—Cl()\’—kzlu/)u
K 6o kB6y
where k = k/pc, is the thermal diffusivity. The Equations (3)—(4) reduce to the following nondimensional
forms
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are respectively the nondimensional delay times, the thermoelasticity coupling, and the nondimensional
stress.

If rcj‘z is neglected and 77 =0, on setting 7, = 7 = thermal relaxation parameter, the equation (5) and
(6) reduce to L-S theory.
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Further if rq*z is neglected and 77 # 0, Equation (5) reduces to
SINCRC) 3\(00 U
thrp—) o = (1) (5 . 7
( NEETIATE NEFTIAC TR ™

This equation with the equation of motion (6) then constitutes a coupled system of field equations of a
thermoelasticity theory with non-Fourier heat transport equation (7).

3. Solution of the problem in the Laplace transform domain

We now proceed to study one-dimensional thermoelastic disturbances in the half-space £ > 0 on the basis
of Equations (5)-(6). We define the Laplace transforms of the functions U(&, n) and © (&, ) by

(U6.9.0¢.9}= /0 (U n). O, me"dn,

where Re(s) > 0, s is the Laplace transform parameter. We assume that the medium is at rest at n =0
and has its temperature, temperature-velocity and temperature acceleration equal to zero at n = 0. This
means that

90 320
@:—: =

U  9*U
U=—=—>+=0 and =0, forn=0,& >0. (8)

dn  dn? an a2

If the disturbances are caused by the sudden application of a constant step in temperature on the boundary
which is stress-free at time n > 0 (Danilovskaya’s problem [1950]), then this leads to the boundary
conditions

00,7 =00H(1n), 0,n)=0, n>0,

where ®g is a positive constant, and H (1) is the Heaviside unit step function, taking the value 1 if n > 0
and 0 if n <O.
On using stress-strain-temperature relations, the conditions become

oU
6(0,n) = ©oH (n), 5(0, n) = BoH (1), for n > 0. )
Alternatively, if the thermoelastic interactions are caused by a uniform step in the stress applied to the

boundary of the half-space, which is held at reference temperature 6y, then the following boundary
conditions hold:

(0, ) =—wH®), ©(0,n) =0, n>0,
where 1 is a positive constant, or
oU
5(0, n =—tH@), ©(0,n) =0, for n > 0. (10)
Now the equations (5) and (6), on taking Laplace transform, reduce to
(ND?>—M)® =M DU, (11)

(D*—s*)U = DO, (12)
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where

d 1
D= M=s(1+s+50%%),  N=l+ts

This leads to the following equation satisfied by U and ©
[ND*— (Ns*+ M + Me)D* + Ms*|(U, ©) =0. (13)

The solutions of equation (13), vanishing as & — oo, are assumed to take the form

U=cie ™ 4 cre ™8, O =cle ™™ 4 cle™m®, (14)
where m ; are the roots with positive real part of the equation
Nm* — (Ns*+ M+ Me)m* + Ms*> =0. (15)
Again, on taking the Laplace transform of the boundary conditions (9) we have

— ® dUu ©
=" and == on&=0. (16)
s d& s
Substituting the solutions (14) into (12) and equating the coefficients of like exponentials, we obtain

ol ci(s? — m%) ol ca(s? — m%)
ST 2T T,
Using the conditions (16) and solving for ¢y, ¢p, we arrive at the following solutions in the Laplace
transform domain:

Case (i):
— 1 _ _
U= mie ™8 — mye M5,
g | ]
= 1 2 2 —mk 2 2N —mak
=" [(*—mDHe ™ — (s> —m3)e ™5 ], 17
s (m%—m%)[ 1 2 ] ( )

Case (ii):

, 18
s3(m} —m3) e
Te 6 e e ], o 0
1"

The roots of the biquadratic equation (15) are given by

1
miy= 5o [Ns2 +M(1+6)+ [(Ns>+ M(1 +¢))> —4MNs2}1/2]. (19)
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Clearly the roots given by (19) are real if s is real, since
(Ns>+M(1+¢))> —4MNs> = (M — Ns*)?> + M?e> +2Me(M + Ns?) > 0.

The inverse Laplace transforms of (17)—(18) then determine U, ®, . Since m » involve the Laplace
parameter s, determination of U, ®, t is difficult. Since the second sound effects are short-lived, it is
sufficient to derive and analyze the solutions for small 5. This is done by taking Laplace parameter s to

be large.
Taking the sign + in (19), we have for large s,
~s 1l 1 (2 1A3\1
=t —|==-==]-. 20
m V] 2 A U1 + A ()\1 4)% s ( )
Taking the sign — in (19), we have for large s
2
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12 T
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1= 5 Ly= 2
A2 —AF A2 —AF

1
. A=Ttsd +e)T?,

B=1+(+e)t", C=1+e, D:%tq*z—i—r;rq*,
E=1+1,, F=_tt?,
1 =A—/A2—4F,
m:B_%m_%(A_ A2—4F),

T
Ha=C = (L - LD + —5 (A - VAT —4F) - —*(B -2 A2—4F).
'ET TT

We note that
1
A* —4F = 4—1[(2r}k - 7:;)2 +eltyt +arie %] > 0
and A > 0.

This indicates that v , are both real.
Clearly Ay, u1 > O since A > /A2 —4F and F > 0. Further 1| > u; implies v > vy.
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Now we are to prove that, under suitable restrictions on material constants, A, and u, are positive.
We have

L A+ATZ4F L A—ATZ4F
A2=B+71\/A2—4 —+—*, ,u2=B—71 A4 Y

T} T}
Now
L A+ A2 —4F
K >0, ifB+71\/A2 Typ s ATYATAE
Ir
That is, if
B A+\/A2—4F ] Lty
> — — .
7 7 2
Similarly,
A AZ—4F Lt}
pr>0,if B> — -~ <1— 1T).
T T 2
We impose the restriction on material parameters such that 1 > %‘E; Then since A, 77 > 0, B

must be positive under the restriction 1 > %t? The required restriction, on substitution for L, yields

A? —4F > 77.(AB —2D). This leads to the inequality
(tq* =2t —i—s)tq*z —217(1—¢)] > 0.
This is satisfied if 7/ > 277 and
(1+8)‘L';2—2‘L’;(1—8) > (1+8)4r;2—2r;(1—8) =2t7{2(14+¢e)t74+e—1} >0 or 2(1+e)r; > 1—e.

Thus the two conditions are 2(1 + &)t > 1 — ¢, that is,

l—¢ . 27 (1 —¢)
Trk > ——— and > | ——
2(1+¢) 1 (I1+e)

Further since r;‘ > 277, we must have

. 1—e
T > =: &9.
7 1+
The required restrictions on material constants for A, > 0 then reduce to
kS() k
Ty > 5 and T > ———&0.
PCyCY 2pcycy
Since A, > 0 implies u, > 0, the inequalities
k8() kSO
> —— and r > 5
PCyCy 2pcyc]
imply that ;o > 0. Using the results
s 1xl s 1 1
m 42 and m2§—+—&—

v 2M U vy 2u1 v
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for large s, we obtain the following results after simplification:

mi ~ 1 1 1 M() + )»2 11
s(m% —m%) o Lovy 52 Lo\ Ly 201 ) vg 83 ’

my ~ 1 1 1 (M() ,ug)] 1
s(m3—m3)  Lovas®> Lo\ Lo 2u1/)vys

s2—m} 1 (v%—ll_<%v%—l+ ) )1 <,\2 My vf—l(Mg—NOLO))l>
3 b
N

2 2y 7 2 2 2) 2 2 2 2
s(m5 —my) Lo vy S Lo v wivy /s My Lo th Lj
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52— m? gi(v%—ll_<%v%—l A2 )l (m My v%—l(Mg—NOL0)>l>
s(mi—m?3) Lo\ v} s Ly v} v/ s? 0 \pugv3 Lo v3 L} 53

(sz—m%)(sz—m%)w 1 (vlz—l)(vg—l)l (vlz—l)uz (v%—l) 1
(=0 )

s3(m?—m3) Lo viv3 s v} vl v3 52
2
2 (v5—1) 1
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where
1 1 U A2 1[ u? A3
Lo=——-—, Mo = 27 5 No= 7 222_ 222
v Y4 mivy A A\upvy o A
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o
Finally we obtain the following solutions for displacement, temperature and stress fields in the Laplace

transform domain for large s:
Case (i):

o 11 1 /My )11
U(s,s>=®o[{ (—+—)——3

Lovlﬁ_L_o L() 2)\1
(Mo e N () |
L0v2s2 L() L() 2/L1 v2s3

_ 2_11 My v?—1 1
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2 2 2 3 2 2 2
vy Lo v L s vy S Lo v nivy /) s

2 2 .
+( pa Mo | (3=1) 04 NOLO)) 1 }e—(vm;‘fyz)ﬂ,

1v3 Lo v3 L? 53
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C) 1 Mgl M2—LoNy1) (s, >
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s Ly s? L% s3

Case (ii):

U ~ T 1 (U%—l) 1 M() U%—l 125} 1
COEL Tl e\ )
2 2 Hivy /S

2 2 ,
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pivs Lo v3 L3 54
LL[0ED1(MGi-n a1
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klvl Ly U1L0 §

4. Derivation of small-time solutions

Inverse Laplace transforms of the expressions yield the following small-time solutions for displacement,
temperature and stress fields.
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Case (i):
1
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Case (ii):

~ 10
Uig,n= L_0|:_E

2 2
h Ly (]
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{ ( 2 + /_,L]U% (n U2>

)0

) Ji(
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2
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2 _ _

= e S ) (B o o)
(2 — 1) (M2 — NoLo)

T - L]

u 2_1 M, —1
—e 2;112')25{1)1—2H(17_£) ( 0(U1 > )_|_ )(;7_£>H<77_£)
Uh vy Lo h Klvl Vo vy

k2 Mo (v%—l)(Mg—NoLo>>1 _EN? _g}
+(/\1v1 o, F 12 2<n Uz) H(n U2> , (28)

where
W —-D@3—1) w2 —1) WI=1)(My(>—1) A
o)) = — 222 - 122M2+ 22 - 12 + 22 n+
viv; ViV I v; Lo v A1)

5. Analysis of the solutions

The short-time solutions (23)—(28) for displacement, temperature, and stress fields reveal the existence
of two waves. Each of U, ® and 7 is composed of two parts and that each part corresponds to a wave
propagating with a finite speed. The speed of the wave corresponding to the first part is v; and that
corresponding to the second part is vp. The faster wave has its speed equal to v, and the slower wave
has its speed equal to v;.

One cannot classify (5) independently of (6) (as hyperbolic or parabolic), since a type of the coupled
system (5)—(6) must be determined.

For 72 = 0, we obtain from (22),

q
A =17, B=1+1+¢1",
C=1+g¢, D =1}t},
E=1+1,, F =0,
A =217, A2:28rq’k,

1 =0, o =217,
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2+2‘L'q*(8— 1)

L, .
Tr

’

Lo={(1—t)?+&>* + 2t/ (1 + 1)) + 215 (e — D}(x))™.

q
These give
* /% 82.[‘;2
vy = 00, v — 1, Lo — —1, Moz—srq/rT, N0=—4 R
T
T

Therefore, for _[;2 = 0, the system of equations (5)—(6) is of the mixed parabolic-hyperbolic type.

For r(;‘z # 0, and 77 # 0, v, corresponds to the modified speed of thermal signals and v; corresponds
to the modified elastic dilatational wave speed, both modified by delay times in the thermoelastic solid
with dual phase-lag effects. Since v; < vy, the faster wave is the predominantly modified Tzou wave (T-
wave) and the slower is a predominantly modified elastic wave (E-wave). The first term of the solutions
(23)—(28) represents the contribution of the E-wave near its wave front & = v;7n and the second term
represents the contribution of the T-wave near its wave front £ = v,7. We observe also that both the waves
experience decay exponentially with the distance (attenuation), which is also the case in CTE, ETE and
TRDTE, but not the case in TEWOED where the waves do not experience attenuation (see [Dhaliwal and
Rokne 1988;1989; Chandrasekhariah and Srinath 1996;1997]. From (23)—(28), we further note that all
of U, ®©, t are identically zero for & > von. This implies that at a given instant of time 7, the points of
the solid & > 0 that are beyond the faster wave front & = von* do not experience any disturbances. This
observation confirms that, like ETE, TRDTE, TEWOED the thermoelasticity theory with dual phase-lag
effects is also a wave thermoelasticity theory. Moreover it is interesting to record that at a given instant,
the region 0 < & < vpn* is the domain of influence of the disturbance, contrary to the result that this
domain extends and the effects occur instantaneously everywhere in the solid as predicted by CTE, see
[Boley and Tolins 1962].

By direct inspection of the solutions (23)—(28), we find that in both cases U is continuous whereas
both ® and t are discontinuous at both the wave fronts. The finite jumps experienced by temperature
and stress at the wave fronts are as follows:

Case (i):
O v%— _l g
Olteyyg=——————¢ "
[ ]S—Ulﬂ L() 'Ulz
Ovi—1 _m
[Olg=v,n = e e

2
Lo v

®p _22
[T)imy = —e 717,
E=uin LO

@0 _H

n

[T]Ezvzn:__e 2up 't
Lo
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Case (ii): ) )
0 (vy—D@;—1) 22,
Ol-_ - e 2
Ol = L
2 2
0 (Wi —D(w5—1) _ra.
[O)e=vyy = —7— 1 2 22 e
Lo vivs 29)
7] 70 U% -1 _ZATZ'"
Tle— = —— ¢ 1 y
§=uvin Lo v%
) v% —1 2.
[Tle=vyy =+———5—€ ™

Lo v 1

Here [ f] denotes the jump of the function f across a wave front. The finite jumps are not constants
but they decay exponentially with distance from the boundary. The same results are observed to occur in
ETE, TRDTE [Dhaliwal and Rokne 1988;1989], but not in TEWOED where the jumps are all constants
[Chandrasekhariah and Srinath 1996;1997]. However the discontinuity in temperature and stress at both
the wave fronts is a situation common in the context of ETE, TRDTE and TEWOED [Norwood and
Warren 1969; Sherief and Dhaliwal 1981; Dhaliwal and Rokne 1988;1989; Chandrasekhariah and Srinath
1996]. Clearly the finite jumps of © and 7 in the present analysis depend on the delay times 77, 7/
and the thermo elastic coupling ¢. The magnitudes of these jumps are exact, valid for short times and
hold for all possible values of ¢, 77 and 7. The expressions for jumps for case (ii) reveal another
interesting phenomenon. The temperature is discontinuous at both the wave fronts in spite of the fact that
the boundary load is purely mechanical in nature. This implies that the application of a discontinuous
mechanical load on the boundary does generate discontinuities in temperature. This phenomenon is
present in ETE as well, see [Sharma 1987] but absent in TRDTE [Chandrasekharaiah and Keshavan
1992]. According to TRDTE, the temperature is continuous when the applied load is purely mechanical
in nature [Chandrasekharaiah and Keshavan 1992]. A similar observation has been made in the half-
space problem in the context of TEWOED [Chandrasekharaiah 1996; Chandrasekharaiah and Srinath
1997].

If the effect of rq*z is neglected with 77 # 0, v; — 1, and v, — 00, then there exists only one wave
front & = n (E-wave front) and the T-wave propagates with infinite speed as expected from Equations
(5)—(6) with tq*2 = 0. In this case the jumps of ® and t at the elastic wave front £ = n are given as
follows:

Case (i):

|

&

= ]

1T
[Oleey =0, [tlemy=—Ope "

Case (ii):
§

'\]H*‘QH*

1
—3€

[Ole=, =0, [tle=y=T0-€ (30)

The jumps of temperature disappear at the E-wave front whereas that of stress 7 exists and depends on
&, Tf, 7,. These results are in complete agreement (for 77 = 7)) with the corresponding results obtained
in the context of CTE with classical Fourier’s law, see [Boley and Tolins 1962]. Moreover, it is interesting
to record from solutions (25) and (28) that because of delay times, the position of jumps of stress shifts
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from £ = 5 in CTE to § = vy in the present analysis. Also the dual phase-lag model introduced by
[Tzou 1995a;1995b] brings to light the jumps of temperature ® at the E-wave front too, which are not
encountered in CTE.

Acknowledgement

The author expresses deep gratitude and thanks to the reviewer for valuable advice and suggestions for
the improvement of the paper.

References

[Biot 1956] M. A. Biot, “Thermoelasticity and irreversible thermodynamics”, J. Appl. Phys. 27:3 (1956), 240-253.

[Boley and Tolins 1962] B. A. Boley and I. S. Tolins, “Transient coupled thermo-elastic boundary value problems in the half-
space”, J. Appl. Mech. (ASME) 29 (1962), 637-646.

[Chadwick 1960] P. Chadwick, In progress in solid mechanics, vol. 1, edited by R. Hill and I. N. Sneddon, North Holland,
Amsterdam, 1960.

[Chandrasekharaiah 1986] D. S. Chandrasekharaiah, “Thermo-elasticity with second sound”, Appl. Mech. Rev. 39:3 (1986),
355-375. A review.

[Chandrasekharaiah 1996] D. S. Chandrasekharaiah, “One-dimensional wave propagation in the linear theory of thermo-
elasticity without energy dissipation”, J. Therm. Stresses 19 (1996), 695-710.

[Chandrasekharaiah 1998] D. S. Chandrasekharaiah, “Hyperbolic thermo-elasticity: a review of recent literature”, Appl. Mech.
Rev. 51:12 (1998), 705-729.

[Chandrasekharaiah and Keshavan 1992] D. S. Chandrasekharaiah and H. R. Keshavan, “Axisymmetric thermoelastic interac-
tions in an unbounded body with cylindrical cavity”, Acta Mech. 92:1-4 (1992), 61-76.

[Chandrasekharaiah and Murthy 1993] D. S. Chandrasekharaiah and H. N. Murthy, “Thermoelastic interactions in an un-
bounded body with a spherical cavity”, J. Therm. Stresses 16 (1993), 55-70.

[Chandrasekharaiah and Srinath 1997] D. S. Chandrasekharaiah and K. S. Srinath, “Axisymmetric thermoelastic interactions
without energy dissipation in an unbounded body with cylindrical cavity”, J. Elasticity 46:1 (1997), 19-31.

[Chandrasekhariah and Srinath 1996] D. S. Chandrasekhariah and K. S. Srinath, “One-dimensional waves in a thermoelastic
half-space without energy dissipation”, Int. J. Eng. Sci. 34:13 (1996), 1447-1455.

[Danilovskaya 1950] V. I. Danilovskaya, “Thermal stresses in an elastic half-space due to sudden heating on the surface”, J.
Appl. Math. Mech. 14 (1950), 316-318.

[Dhaliwal and Rokne 1988] R. S. Dhaliwal and J. G. Rokne, “One-dimensional generalized thermo-elastic problem for a half-
space”, J. Therm. Stresses 11 (1988), 257-271.

[Dhaliwal and Rokne 1989] R. S. Dhaliwal and J. G. Rokne, “One dimensional thermal shock problem with two relaxation
times”, J. Therm. Stresses 12 (1989), 259-279.

[Green and Lindsay 1972] A. E. Green and K. A. Lindsay, “Thermoelasticity”, J. Elasticity 2:1 (1972), 1-7.

[Green and Naghdi 1977] A. E. Green and P. M. Naghdi, “On thermodynamics and the nature of the second law”, Proc. R. Soc.
Lond. A 357:1690 (1977), 253-270.

[Green and Naghdi 1992] A. E. Green and P. M. Naghdi, “On undamped heat waves in an elastic solid”, J. Therm. Stresses 15
(1992), 253-264.

[Green and Naghdi 1993] A. E. Green and P. M. Naghdi, “Thermoelasticity without energy dissipation”, J. Elasticity 31:3
(1993), 189-208.

[Ignaczak 1989] J. Ignaczak, In thermal stresses, vol. 111, chap. 4, edited by R. B. Hetnarski, Elsevier, Oxford, 1989.

[Kaminski 1990] W. Kaminski, “Hyperbolic heat conduction equation for materials with a non-homogenous inner structure”,
J. Heat Transf. (ASME) 112 (1990), 555-560.


http://dx.doi.org/10.1063/1.1722351
http://dx.doi.org/10.1007/BF01174167
http://dx.doi.org/10.1007/BF01174167
http://dx.doi.org/10.1023/A:1007333502283
http://dx.doi.org/10.1023/A:1007333502283
http://dx.doi.org/10.1016/0020-7225(96)00034-1
http://dx.doi.org/10.1016/0020-7225(96)00034-1
http://dx.doi.org/10.1007/BF00045689
http://dx.doi.org/10.1098/rspa.1977.0166
http://dx.doi.org/10.1007/BF00044969

ONE-DIMENSIONAL THERMOELASTIC WAVES WITH DUAL PHASE-LAG EFFECTS 503

[Lord and Shulman 1967] H. W. Lord and Y. Shulman, “A generalized dynamical theory of thermoelasticity”, J. Mech. Phys.
Solids 15:5 (1967), 299-3009.

[Mitra et al. 1995] K. Mitra, S. Kumar, and A. Vedaverz, “Experimental evidence of hyperbolic heat conduction in processed
meat”, J. Heat Transf. (ASME) 117 (1995), 568-573.

[Norwood and Warren 1969] F. R. Norwood and W. E. Warren, “Wave propagation in the generalized dynamical theory of
thermoelasticity”, Q. J. Mech. Appl. Math. 22:3 (1969), 283-290.

[Ozisik and Tzou 1994] M. N. Ozisik and D. Y. Tzou, “On the wave theory of heat conduction”, J. Heat Transf. (ASME) 116
(1994), 526-535.

[RoyChoudhuri 1984] S. K. Roy Choudhuri, “Electro-magneto-thermo-elastic plane waves in rotating media with thermal
relaxation”, Int. J. Eng. Sci. 22:5 (1984), 519-530.

[RoyChoudhuri 1985] S. K. Roy Choudhuri, “Effect of rotation and relaxation times on plane waves in generalised thermo-
elasticity”, J. Elasticity 15:1 (1985), 59-68.

[RoyChoudhuri 1987] S. K. Roy Choudhuri, “On magneto thermo-elastic plane waves in infinite rotating media with ther-
mal relaxation”, pp. 361-366 in Proceedings of the IUTAM Symposium on the Electromagnetomechanical Interactions in
Deformable Solids and Structures (Tokyo, 1986), edited by Y. Yamamoto and K. Miya, North-Holland, Amsterdam, 1987.

[RoyChoudhuri 1990] S. K. Roy Choudhuri, “Magneto-thermo-micro-elastic plane waves in finitely conducting solids with
thermal relaxation”, pp. 461-468 in Proceedings of the IUTAM Symposium on Mechanical Modeling of New Electromagnetic
Materials (Stockholm), edited by R. K. T. Hsieh, Elsevier, Amsterdam, 1990.

[RoyChoudhuri and Bandyopadhyay 2005] S. K. Roychoudhuri and N. Bandyopadhyay, “Thermoelastic wave propagation in
a rotating elastic medium without energy dissipation”, Int. J. Math. Math. Sci. 2005:1 (2005), 99-107.

[RoyChoudhuri and Banerjee 2004] S. K. Roychoudhuri and M. Banerjee (Chattopadhyay), “Magnetoelastic plane waves in
rotating media in thermoelasticity of type II (G-N model)”, Int. J. Math. Math. Sci. 2004:71 (2004), 3917-3929.

[RoyChoudhuri and Banerjee 2005] S. K. Roy Choudhuri and M. Banerjee (Chattopadhyay), “Magneto-viscoelastic plane
waves in rotating media in the generalized thermoelasticity 11", Int. J. Math. Math. Sci. 2005:11 (2005), 1819-1834.

[RoyChoudhuri and Debnath 1983] S. K. Roy Chaudhuri and L. Debnath, “Magneto-thermo-elastic plane waves in rotating
media”, Int. J. Eng. Sci. 21:2 (1983), 155-163.

[RoyChoudhuri and Dutta 2005] S. K. Roychoudhuri and P. S. Dutta, “Thermo-elastic interaction without energy dissipation
in an infinite solid with distributed periodically varying heat sources”, Int. J. Solids Struct. 42:14 (2005), 4192—4203.

[Sharma 1987] J. N. Sharma, “Transient generalized thermoelastic waves in a transversely isotropic medium with a cylindrical
hole”, Int. J. Eng. Sci. 25:4 (1987), 463-471.

[Sherief and Dhaliwal 1981] H. H. Sherief and R. S. Dhaliwal, “Generalized one-dimensional thermal shock problem for small
times”, J. Therm. Stresses 4 (1981), 407-420.

[Tzou 1995a] D. Y. Tzou, “Experimental support for the lagging behavior in heat propagation”, J. Thermophys. Heat Transf.
9:4 (1995), 686-693.

[Tzou 1995b] D. Y. Tzou, “A unified approach for heat conduction from macro to micro scales”, J. Heat Transf. (ASME) 117
(1995), 8-16.

Received 12 Jan 2006. Accepted 28 Jun 2006.

SNEHANSHU KR. ROYCHOUDHURI: skrc_bu_math@yahoo.com
Department of Mathematics, Burdwan University, Burdwan-713104, West Bengal, India


http://dx.doi.org/10.1016/0022-5096(67)90024-5
http://dx.doi.org/10.1093/qjmam/22.3.283
http://dx.doi.org/10.1093/qjmam/22.3.283
http://dx.doi.org/10.1016/0020-7225(84)90054-5
http://dx.doi.org/10.1016/0020-7225(84)90054-5
http://www.springerlink.com/content/?k=doi:(10.1007/BF00041305)
http://www.springerlink.com/content/?k=doi:(10.1007/BF00041305)
http://dx.doi.org/10.1155/IJMMS.2005.99
http://dx.doi.org/10.1155/IJMMS.2005.99
http://www.hindawi.com/GetArticle.aspx?doi=10.1155/S0161171204404566
http://www.hindawi.com/GetArticle.aspx?doi=10.1155/S0161171204404566
http://dx.doi.org/10.1155/IJMMS.2005.1819
http://dx.doi.org/10.1155/IJMMS.2005.1819
http://dx.doi.org/10.1016/0020-7225(83)90007-1
http://dx.doi.org/10.1016/0020-7225(83)90007-1
http://dx.doi.org/10.1016/j.ijsolstr.2004.12.013
http://dx.doi.org/10.1016/j.ijsolstr.2004.12.013
http://dx.doi.org/10.1016/0020-7225(87)90072-3
http://dx.doi.org/10.1016/0020-7225(87)90072-3
http://pdf.aiaa.org/getfile.cfm?urlX=6%3CWIG7D%2FQKU%3E6B5%3AKF2Z%5CD%3A%2B82%2AP%27%5E%40%20%20%0A
mailto:skrc_bu_math@yahoo.com

	1. Introduction
	2. Formulation of the problem: basic equations
	3. Solution of the problem in the Laplace transform domain
	4. Derivation of small-time solutions
	5. Analysis of the solutions
	Acknowledgement
	References

