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Abstract

A multiple spatial and temporal scales method is studied to simulate numerically the phenomenon of non-Fourier
heat conduction in periodic heterogeneous materials. The model developed is based on the higher-order homogeniza-
tion theory with multiple spatial and temporal scales in one dimensional case. The amplified spatial scale and the
reduced temporal scale are introduced respectively to account for the fluctuations of non-Fourier heat conduction
due to material heterogeneity and non-local effect of the homogenized solution. By separating the governing equations
into various scales, the different orders of homogenized non-Fourier heat conduction equations are obtained. The
reduced time dependence is thus eliminated and the fourth-order governing differential equations are derived. To avoid
the necessity of C' continuous finite element implementation, a C° continuous mixed finite element approximation
scheme is put forward. Numerical results are shown to demonstrate the efficiency and validity of the proposed method.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

The classical Fourier law is well known and has been used successfully for analysis of steady heat con-
duction process under long time heating and unsteady process with quick propagation speed of the thermal
wave. However, Fourier law breaks down in situations involving very short times, high heat fluxes, and at
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very cryogenic temperatures (Baumeister and Hamill, 1969). The anomaly of this classical theory is from
the assumption that the heat flux vector and the temperature gradient across a material volume occur at
the same instant of time. Such an immediate response results in an infinite speed of heat propagation.

The heat sources such as laser and microwave with very high frequency and extremely short duration
have been used widely in modern technology in past years. This leads to the increase of research interest
of non-Fourier law. The mathematical description of non-Fourier heat conduction law, which represents
the time lag of heat waves, is a hyperbolic type differential equation. As has been pointed out by many
researchers, this non-classical heat conduction law has its great value in many practical applications, such
as laser penetration and welding, explosive bonding, electrical discharge machining, heating and cooling of
microelectronic elements involving a duration time of nanoseconds or even picoseconds in which the energy
is absorbed within a distance of microns from the surface. In order to associate a finite heat propagation
speed, Cattaneo (1958) and Vernotte (1961) modified Fourier law by including a relaxation model. Non-
Fourier heat conduction in solids with different shapes and boundary conditions has been studied exten-
sively. Frankel et al. (1987), using flux formulation of hyperbolic heat conduction equation, gave an
analytical solution for a finite slab under boundary condition of rectangular heat pulse. Ozisik and Tzou
(1994) analyzed the special features in thermal wave propagation, and the thermal wave model in relation
to the microscopic two-step model. Kaminski (1990) determined experimentally the values of a relaxation
time for non-homogeneous inner structure materials. Tzou (1995) presented a universal constitutive equa-
tion between the heat flux vector and the temperature gradient. Jiaung et al. (2003) studied the effect of the
phase lag of temperature gradient. On the other hand, the stochastic finite element method was successfully
applied in displacement-based finite element method in transient heat transfer for heterogeneous media,
which is based on the second order perturbation second central probabilistic moment method (Hien and
Kleiber, 1997; Kaminski and Hien, 1999a,b).

It has been found that the multi-scale asymptotic homogenization approach is wide acceptance for the
study of heterogeneous structures due to its systematic mathematical approach and ability to account for
multi-scale features (Bakhvalov and Panasenko, 1989; Benssousan et al., 1978; Chung et al., 2004; Sanchez-
Palencia, 1980). The mathematical homogenization method was used as an alternative approach to com-
pute effective constitutive parameters of complex materials with a periodic structure in Hassani and Hinton
(1998). To capture the effects of microstructural changes on the overall response of a composite made of
bodies in elastic and elastic—plastic contact, numerical homogenized constitutive law is then defined in
Zhang et al. (1999) and Zhang and Schrefler (2000) for the global behavior of the heterogeneous materials.
For the composite with detailed information on the microgeometry, Kaminski (2000) extended the effective
modules method by using the finite element method or the boundary element method in numerical imple-
mentations, which enable direct computations of the effective characteristics. Gambin and Kroner (1989),
and Boutin (1996) have studied the role of higher-order terms in the asymptotic expansion in statics. Boutin
and Auriault (1993) demonstrated the terms of a higher-order successively introduced effects of disper-
sion and attenuation in elastokinetics. A single-frequency time-dependence is assumed prior to the homog-
enization process (Kevorkian and Bosley, 1998). Chen and Fish (2001) and Fish and Chen (2001a,b)
investigated the problem of secularity introduced by the higher order multiple spatial-temporal scale
approximation of the initial boundary value problem in periodic heterogeneous media. Fish et al. (2002)
developed a non-local approach independent of the slow time scale considered the problem of secularity.

Recently, considerable interest has been generated toward transient heat transfer by the multi-scale
asymptotic homogenization method and its potential applications in engineering and technology. Boutin
(1995) studied the heat propagation in media with a periodic microstructure. It is shown that the higher
terms introduce successive gradients of temperature and tensors, characteristic of the microstucture, which
result in non-local effects. A systematic way of obtaining the effective viscoelastic moduli in time and fre-
quency domain is presented for periodic microstructures in Yi et al. (1998), the effective modulus is formu-
lated using the asymptotic homogenization method. Yu and Fish (2002) developed a systematic approach
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to analyzed multiple physical processes interacting at multiple spatial and temporal scales, which be applied
to the coupled thermo-viscoelastic composites with microscopically periodic mechanical and thermal prop-
erties. Kaminski (2003) applied the mathematical model to the homogenization of transient heat transfer
problems in some composite materials, where the finite element method computation is based on the effec-
tive modules method introduced for periodic composites.

The modeling approach in this paper differs somewhat from those proposed in previous studies since in
the proposed present analysis, non-Fourier heat conduction law is adopted to describe the heat conduction
process. To resolve the dispersion effect, following the work contributed by Fish et al. (2002), a computa-
tional model based on the higher-order homogenization with multiple spatial and temporal scales is devel-
oped. The wave behaviors of non-Fourier heat conduction in periodic heterogeneous materials subjected to
extreme conditions are investigated. By introducing amplified spatial scale and reduced temporal scale in
the multiscale analysis model, different orders of homogenized equations are derived from the mathematical
homogenization theory. With incorporating different orders of homogenized heat conduction equations
and eliminating a reduced temporal scale dependence, the high-order homogenized heat conduction equa-
tion at the macro scale is obtained. To avoid the requirement of C' continuous finite element in numerical
implementation, the C° continuous mixed finite element approximation is developed for a solution of the
resulting non-local non-Fourier heat conduction equations. Finally, numerical results are given to illustrate
the efficiency and validity of the method proposed.

2. Governing equations of heat conduction with non-Fourier law

In the analysis of heat conduction, two kinds of constitutive equation for heat conduction can be
adopted. The first, and the most widely employed one is the classical Fourier law

q(x, 1) = k(x)$(x, 1), (1)
With Eq. (1) and the local energy balance equation

q(x,1), = ped(x, 1) 2)
the following classical parabolic heat conduction equation can be obtained

p)e(x)$(x, 1) = {k(x)$p(x, 1)}, = 0 3)

where ¢(x,?) is the heat flux density, k(x,?) is a positive scalar representing thermal conductivity of the mate-
rial, ¢(x,?) is the local equilibrium temperature, p(x,?) is the mass density and c¢(x,?) is the specific heat
capacity. As it is well known, Eq. (3) yields a parabolic differential equation for the temperature field.
().« and (-) denote the total derivatives with respect to space and time variable, respectively.

As pointed out by many researchers, the classical Fourier heat conduction theory becomes inaccurate
due to neglecting the effect of a finite speed of propagation when heat sources such as lasers and microwaves
with extremely short duration or very high frequency, are investigated. Under this circumstance, non-
Fourier heat conduction model becomes more reliable in describing the diffusion process and predicting
the temperature distribution. A non-Fourier heat flux model can be expressed in the following form

q(x, 1) = k(x)$(x,1),, + 1(x)g(x, 1) (4)

With the help of Egs. (2) and (4), a hyperbolic differential governing equation of non-Fourier heat conduc-
tion can be derived

A {a(x)d(x, 1) + dlx, 1)} — {k(x).},, =0 (5)

where 7(x) is the relaxation time, A(x) is the specific heat of unit volume.
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3. Asymptotic analysis method with multiple spatial and temporal scales

In the present paper, one dimensional non-classical heat conduction process in periodic heterogeneous
material will be investigated. Following the work presented by Fish et al. (2002), it is assumed that the char-
acteristic size of the macroscopic domain L is sufficiently larger than the characteristic size / of the material
heterogeneity. Two spatial variables: a macro- or whole spatial scale x and a micro- or local amplified spa-
tial scale y, which are related by (see Fig. 1)

y=x/e (6)
where 0 < ¢ < 1 denotes the amplified spatial variation of material properties.
In addition to the spatial variables with different scales, the two multiple scale time variables are also
introduced: one is a general temporal scale #, = ¢ and the other is a reduced temporal scale 7, = &¢.

Since the transient temperature field ¢ depends on x, y, ¢y and ¢;, a multiple-scale asymptotic expansion
is employed to approximate the transient temperature field ¢

¢(X,y7 t) = ¢O(x7ya t07t1) + Sd)l(xaya to, tl) + 82(,252()6,)/, thtl) + e (7)

Let us consider a two-component bar with the periodic microstructures as shown in Fig. 1, the input heat
supply ¢(¢) on the right end of the bar is the only heat source. The adiabatic boundary conditions are im-
posed on the bar, so that no heat transfer occurs between the bar and the ambience. /is the unit cell dimen-
sion on x spatial scale and Q are the length of the unit cell on y spatial scale, where Q = [/e. In the
following, we assume that the spatial gradient term of the heat flux density has local periodicity.

The hyperbolic equation governing the transient non-Fourier heat conduction is given by

Ax/e){x(x/e) + b} — {k(x/e)¢p.}, =0 on Q (8)
The macro-domain boundary conditions are
¢(0,1) =0 %)
_ 90
The initial boundary conditions can be written as
$(x,0) = f(x) (11)
$(x,0) = g(x) (12)

where F and Q(¢) are cross-sectional area of the bar and external heat source, respectively; Q is the entire
macro domain (1 (x/¢), ©(x/¢) and k(x/e) have local periodicities on microscopic constitution).

. aQ L 0)Q

Ky

Fig. 1. One-dimensional bar with periodic microstructure and the associated unit cell.

—
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The following results in Hassani and Hinton (1998) will be used in the following derivations:

Fact (1). The derivative of a periodic function is also a periodic function with the same period.

Fact (2). The integral of the derivative of a periodic function over the period is zero. (These facts can
easily be verified by the definition of derivative and periodicity).

Fact (3). If & = &(x,y(x)), then

do 09 09 Oy

— 1
dx Ox Oy Ox (13)
if y = x/e, then
d¢ oo 1 09

=—+- = 14

& e oy (14)
The averaging operator is defined as

(= [ar (15)

Y

Using the chain rule, the spatial and temporal derivatives can be expressed as

Pu= G te by =0, TED,, P =+ 250, T, (16)
Then the spatial gradient term of the heat flux density takes the following form

q=kd,+e'e,) (17)
Substituting Eq. (16) into Eq. (8), yields

A {(Td)}toto + ¢Atn) + 82(2T¢,tnt| + d),tl) + 84T¢7t1t|} = q/,x + Siquy (18)

Substituting the asymptotic expansion of ¢(x,y,t) into Eq. (17), we obtain the asymptotic expansion of ¢'.

q/ = k{(¢o,x + 8_1¢0,y) + (Cd)Lx + (rbl,y) + (82¢2,x + 8¢2,y) + - }
= k{gilqs()}y + ((rb(),x + (bl,y) + 8((11517): + 4)27)’) + - }
=g +qy+eq) +egh+ (19)

where
qil = kqsO,ya qi = k((rbs,x + ¢s+l,y) § = 07 17 27 R (20)
Substituting the asymptotic expansions of ¢(x,y,?) and ¢’ into Eq. (18), LHS of Eq. (18) becomes

x {(T(ﬁO,tot(J + d)(lto) + S(T(plitoto + ¢1,tu) + 82 (T(pZ,totU + ¢2,t0) + 4+ 82(2T¢04t0t1 + ¢0,t1)
+ 83 (2T¢l,tot1 + d)l,t]) =+ 84(2T¢2,z011 + ¢2,t1) +eee 84T¢0,t1t1 + szqsl,tlrl + 86T¢2,t1t1 + - } (21)

RHS of Eq. (18) becomes

R R L R SFE L (MR
= 872q/—1,y + 871 (qi)y + ql—l,x) + (qlljy + q;)v) T+ (22)



882 H.W. Zhang et al. | International Journal of Solids and Structures 42 (2005) 877-899

Comparing Egs. (21) and (22), since the corresponding coefficients of the same order of ¢" are equivalent,
the following equations of heat conduction for various orders of ¢ are obtained

O(e7?): q,,=0 (23)
O(e™") 1 qp, +4-1,=0 (24)
O(°) : A(to, + o) = a1y + G0 (25)
O(e') : TPy + P14y) = q/Z,y —+ q,l,x (26)
O(¢) : TPy s + Py + 2P0, + Posy) = ‘]/3,}: + 5, (27)

4. Resolution of problems at various orders of heat conduction equations
4.1. O(¢7?) homogenization problem

Consider the O(s~2) heat conduction equation (23), i.e. ¢ 1, = 0, multiplying it by ¢, then integrating it
over the unit cell domain, and finally performing integration by parts yields

/yd)oq/q,de:/a ¢0qi1nd5_/)/k(¢o,}v)2dY:0 (28)

The first term in Eq. (28) vanishes because of periodicity of the boundary conditions in the unit cell. Since &
is a positive scalar, we have

qﬁoyy =0= ¢0 = @0()6, lo,l]) (29)

and
g = k¢, =0 (30)

4.2. O(¢~!) homogenization problem
Consider the O(¢ ") heat conduction equation (24), i.e. 90, + 4", =0, since Eq. (30) ¢"; = 0 results in
g, =0, substituting Eqs. (20) and (29) into Eq. (24) yields
qé)‘y + ql—l‘x = q;)y = {k(d)l.y + ¢07x)}7y = 0 (31)

Taking the linear relationship between ¢, and @, into consideration, we can write the general form of ¢,
as follows

¢1(x7y7t07t1) = ¢l(x7t07t1)+A(y)¢0,x (32)
Substituting Eq. (32) into Egs. (31) and (20) yields

{k(1+4,)},=0 (33)

qp = Pok(1+4,) (34)

Consider the structure of unit cell shown in Fig. 1, the cell domain consists of subdomains Q" and Q®
occupied by microconstituents 1 and 2, respectively, such that
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QY = {yo<y < 2@}, QY = {yaQ<<Q}

where 0 < o < 1 is the volume fraction of material 1 in the unit cell. Egs. (33) and (34) can be rewritten
over a unit cell domain

ki(1+4;,) =a;,  qu = Poski(1+4;,) (j=1,2) (35)

where a; is constants. A(y) can be solved from the following conditions
Periodicity conditions

Gy =0)=¢(y=9) (36)

7 =0) =q)(y = Q) (37)
Continuity conditions

[y =aQ)] =0 (38)

(v = 22)] =0 (39)

where [ ]is the jump operator.
Taking normalization, we have

(D1(x,y,10,11)) = i (x,10,11) = (A(y)) =0 (40)
and A{y) can be uniquely determined
(=) — k) 2Q
A,(») = 0=kt ok (y—7> (41)
ok — k) (14 2)Q
A (y) = (0= a)ks + okr (y - T) (42)
k1k2

ky = (k(1+4,)) = (43)

(1 — O()kl + Otkg

where k,, is called the zero-order homogenized thermal conductivity of the composite and has the same form
as that for the classical homogenized model.

4.3. 0(&°) homogenization problem

Consider the O(¢”) heat conduction equation (25), i.e. /- (tPo 41, T Posy) = 41, + 9o,,» taking into ac-
count Fact (2) and the definition of averaging operator, we have

{q1,) =0 (44)

Taking the relaxation time t = 1, applying the averaging operator to Eq. (25) and substituting Egs. (29)
and (44) into Eq. (25) result

j'"(T(DOJ()N» + (DOJU) - <q6,x> =0 (45)
in which
}v,, = </1> = 06/11 + (1 — OC)/lz, Ty = <’L’> = ot + (1 — OC)’Ez (46)

where 4, is homogenized specific heat of unit volume, and 7, is homogenized relaxation time.
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Substituting Eq. (34) into Eq. (45) yields the classical homogenized macroscopic equation of heat con-
duction at O(&")

/ln (quo,toto + qu,tO) - kn qu,xx = 0 (47)
Substituting Egs. (20), (34) and (29), (32) into Eq. (25) yields

/A“(T%,toto + ¢0,lo) = {k(‘lszA,y + &+ Aq}Ox)c)},y + k(l =+ Aty)¢0,xx (48)
Substituting Eq. (47) into Eq. (48) yields

{k(¢2,y + ‘Dl‘x ""A(Do‘xx)}y = kn{ﬁ(y) - I}QDO;@ (49)
where

B») = 24(¥)/ (50)
Due to the linear relationship between ¢, and @, , @ .., the general solution of ¢, is decomposed as

br(x,p,t0,t1) = Pa(x, t0,11) + A(V) 1y + B(Y) Po e (51)
Substituting Eq. (51) into Egs. (49) and (20) yields

{k(4+B,)}, ={B0) — 1}k, (52)

gy =k(1+A4,)P+ k(A + B,) P (53)

Following the same way and employing Eqgs. (36)—(40), the solution of B(y) can be derived as

200~ {35 (2 1)‘221_“23]1213«)2>}y2+{ T () T (1+akz>)}y

. {_ (1 = a2)ky — o2ky)al ki, <z_l_ 1) AR — 200 (kz)—kl)} (54

12kik, I 12((1 = a)ky + oks

By(y) = {2/:2 ( > 1 — o) klk-:-)dkz)}yz
. { (1 kak ( 1) +o;((1( Ef}f}"i‘a Z;}y

. { (08 = 302 = 30— Dy — (o8 — 22)k2) @k, <;_2 - 1) LA+ 20) 0 (ks )— kl)}

12k1k, n 12((1 — O()k] + ok,
(55)
According to Egs. (54) and (55), we have
(34) =0 (56)
(k(A+B,))=0 (57)

4.4. O(¢') homogenization problem

Consider the O(¢') heat conduction equation (26), i.e. TP + Prsy) = 95, + ¢}, taking into account
Fact (2) and the definition of averaging operator, we have
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(¢5,) =0 (58)
Applying the averaging operator to Eq. (26) and then substituting Egs. (32) and (58) into Eq. (26) yield
In(TPrigty + Prgg) + (ZANT(Pos) 1, + (o), } = (d1) (59)

Substituting Eq. (53) into Eq. (59), yields
n(TPrigiy + Prgy) + (AN T(Posc) 1, + (Pox) o} = k(1 +4,)) Proc + k(4 + B,y)) Poer (60)

olo

Substituting Egs. (43), (56) and (57) into Eq. (60), yields the macroscopic equation of heat conduction at
order of O(¢')

}vn(ftpl‘tot() + (I)Uo) — anI‘xx = 0 (61)
Substituting Egs. (20), (53) and (32) (51) into heat conduction equation (26) yields

j'{ (Iq)l,toto + q)l‘t[)) + A<Tq)0,t[)t0 + q)o,to)tx} = {k((l’)&y + q)2,X + Aq)l,xx + Bq)o,xxx)}yy
+k(14+A4,)0;  + k(4 + B,) Do i (62)

Substituting Eqs. (47) and (61) into Eq. (62) yields
{k(¢3<y + Dy + AP i +B¢O,xxx>}ﬁy = kn(ﬁ - 1)¢1,xx + {k,,ﬁA - k(A + B~y)}¢0~xxx (63)

Due to the linear relationship between ¢3 and @, ., @ .y, Po crx» the general solution of ¢; can be decom-
posed as

d3(x, v, 10, 11) = P3(x, 10, 11) + A(Y) Do + B(y) P1e + C (1) Poax (64)
Substituting Eq. (64) into Egs. (63) and (20) yields

{k(B+C,)}, = k.4 — k(4 +B,) (65)

gs =k, Pox + k(4 + B )Py + k(B + C,) P (66)

Following the same way and employing Egs. (36)—(40), the solution of C(y) can be uniquely determined.
After ((y) is determined, we get

(OC(I — OC))Z(AQ — jvl)(kl/ll — kz/lz)knﬁz

(4B) = 124, Jerkes )
<k(B+ny)>:_a(1_lzo;):ch {(kz—kl)(cglzi;)gIzzzzz)wnan_in} (68)

4.5. O(€’) homogenization problem

Consider the O(&?) heat conduction Eq. (27), i.e.
A(T¢24r(]t() =+ ¢2,t0 + 2T¢0,tot1 =+ ¢0,t|) = qg,y + qlz,x

taking into account Fact (2) and the definition of averaging operator yields

{g3,) =0 (69)
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Applying the averaging operator to Eq. (27) and then substituting Egs. (29), (51) and (69) into Eq. (27)
yield
;“ﬂrélfoto + T<;“A>(¢1-X),toto + T<2‘B>(¢0M),tozo + /1”@210 + <M>(¢1J),to
+ (4B)(Po) 4, + 2407 P, + AnPosy = (¢2) (70)

Substituting Eq. (66) into Eq. (70), yields
;“ﬂr¢2>t0to + T<A‘A>(¢1‘x),tuf() + T<’IB>((D0-,XX),;U;U + }"’l@lto + <)“A>(¢11x)10 + <}"B>(¢0‘XX),IO + 2&1'5@0-10& + iﬂ¢0»t1

= <k(1 +A~y)>@2,xx + <k(A +BﬁJ’)>¢l,xxx + <k(B+ C‘y>>¢0~xxxx (71)

Substituting Eqs. (43), (56), (57), (67) and (68) into Eq. (71), yields the macroscopic equation of heat con-
duction at O(&?)

/ln (TQZ,IOtU + (DZ.,tO) - kn (DZ,xx = deO,xxxx - Zinr(po,totl - )°n (po.tl (72)
where
(1= ) (ki — ada) k@

ke =(k(B+C,)) — (AB)A, k, = 22((1— ks + akz)z (73)

k4 s macroscopic characteristic due to structural heterogeneity.

Remark. For the sake of the further derivation of Eq. (45), we assume constant 7 = t,,, so the following
formulation holds

() 1) = 0)) - =0) (74)

which will undoubtedly induce the doubt for the validity of the model developed. This will be checked by
choosing different parameters of A(y) and 1(y), i.e. (A(¥) - 1(y)) # (A(y)) - (z(»)), in the real problems to be
computed to discuss the validity of the high-order non-local model in which local fluctuations are intro-
duced by material heterogeneity. This will be illuminated in the posterior numerical illustration (Section 7).

5. Non-local model

The macroscopic equations of heat conduction are stated in Egs. (47), (61) and (72). The initial and
boundary conditions for the above equations of heat conduction are prescribed as:
Initial conditions:

$o(x,0,0) = £ (x), p(x,0,0) = g(x)

: (75)
@, (x,0,0) =0, P(x,0,0)=0 s=1,2
Boundary conditions:
o)
0,20,t;) =0 (Lot 1) =
¢0( PR 1) ’ d)O,x( 0 1) - F (76)

k
(1)5(07t07t1) = O: qjs:x(l‘at%h) =0 § = 172

5.1. Non-local heat conduction equations

In the present paper, an alternative approach is proposed to combine the three sets of macroscopic equa-
tions into a single one and the dependence on the reduced temporal scale can be eliminated.
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Defining the mean temperature field as

D(x, 1) = (p(x,y,1)) = Dy + eD + Dy + - - - (77)
whose time derivative can be expressed as

O=0, +, (78)

&=, +230,, +b,, (79)
Multiplying Eqgs. (77)~(79) by ¢°, ¢' and ¢, the following relations are obtained

Dy + e, + 20, = D+ 0(e), &P+ b)) =ed+O0(e), &by =ed+0(?) (80)

O, + 80, =0, b, =ed+0(), £, =P +0() (81)

Dy + 28D, = EN ) eD . = ed 4+ O(&%), e, = e+ 0(s) (82)
The macroscopic equations of heat conduction are expressed as

O(SO)Z )\,n (T(DOJOfO + QDOJO) — kn¢()goc = 0 (83)

0(81)2 ;Vn(f(pl,toto + 431‘,0) — kn¢14xx = 0 (84)

0(62): )Nn(TQDZ,toto + ¢2«,t0) - kn¢2,acx = kd¢0,xxxx - 2)%117@0,20” - }~n¢0,t1 (85)

Multiplying Egs. (83)(85) by ¢°, ¢! and ¢?, and then adding them up, we can obtain the macroscopic high-
order heat conduction equation for the mean temperature field

Int(@o + 6@ + & D) A In(Po + Py + EP,) , — k(g + 6Py + £ D))
= kd82¢o,xm — 2/1,,‘[82@07%,1 — i,,szdio,,l (86)
Substituting Eqgs. (80)—(82) into Eq. (86), and neglecting the terms of order higher than ¢, we have
I T® 1y + 2208 D 11y + I D@ gy + 2 Py — iy P e — kgD i = 0
= 2T+ 1y ® — k@ o — kg Py = 0 (87)

In addition, attention is restricted to the approximation and numerical implementation of Eq. (87). The
highest spatial derivatives in Eq. (87) is fourth order and therefore C' continuity is required for the corre-
sponding finite element implementation. It thus necessitates four boundary conditions to constitute a well-
posed boundary value problem. However, for the problem under consideration, there are only two
physically meaningful boundary conditions for the mean temperature field. To resolve these difficulties
we will attempt to approximate the fourth-order spatial derivative in terms of the mixed second-order
spatial-temporal derivative, and to obtain in this way C° continuity for the finite element equation.

5.2. Reformulation of heat conduction equations

Multiplying Eq. (83) by &, we have
In(TE Py 1oy + & Do) = kine” P (88)
Substituting Eqs. (80)—«(82) into Eq. (88), yields
I8 (1D + D)

2 _
&P, = i
n

+0(&) (89)
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Substituting Eq. (89) into Eq. (87) and neglecting the terms higher than ¢, we have
In(1® + @) — k@ — k(1D + D) = 0 (90)
where

km _ ;Lnkd82 _ (O((l — OC))Z(/C];LI — kziz);lz (91)
kn 12/L,,((1 — Ot)kl + Otkz)

6. Finite element discretization

The finite element semi-discretization of Eq. (90) will be presented in this section. Since the highest spa-
tial derivatives appearing in Eq. (90) are of second order, the usual C° finite element approximation is suf-
ficient. The weak statement of the problem is formulated as follows. Vze(0,7], find
d(x,1) € S)(Q) x C(0, T

For all admissible test functions v(x) € Sp(Q), where So(2) = {v(x)[v(x) € S1(2) and v(x) =0 on Iy}, it
has

/ J0(t® + P)FdQ — / vk, ® . F dQ — / k(1@ 1 + @ )FAQ =0 (92)
Q Q Q

where S;(Q) is the Sobolev space defined as §;(Q) = {v(x)|v(x) € LA Q), v(x) . € L*(Q)}, with L*(Q) denoting
the set of square-integrable functions over €.
Integrating Eq. (92) by parts yields the following weak form equation

/ In0(t® + P)FAQ + / kv @ F dQ + / Uik (1@, + @, )F dQ
Q

Q Q

= ky® (L)F + k(1@ + D )0(L)F (93)

Finite element approximation of the above weak form leads to the semi-discrete equations of heat
conduction

M¢ +Cd +KP =p (94)

where &(7) is the vector of nodal temperature field; M is the system relaxation consistent matrix; C and K
are the system heat capacity and heat conduction matrices; p is the equivalent thermal load vector.

N Ne Ne
M=>m, C=) ¢, K=>Kk (95)
e=1 e=1 e=1
m = / J,tFNTNAQ + / k,tFBTBdQ,
Q. Q.

¢ = / I FNTNAQ + / k,FB'BAQ, k‘= / k,FB"BdQ (96)
e Qg’ Q;

e

k, . - .

p={ 00+ 2100 + 001 97)
n

where N is the shape function matrix; B is the matrix of symmetric gradient of N; m® is the element relax-

ation consistent matrix; ¢ the element matrix of heat capacity matrix; k° the element heat conduction

matrix.

x=L
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7. Numerical illustration

We compute in this section the non-Fourier heat conduction problem in a one-dimensional slender bar
with the periodic microstructure as shown in Fig. 1. The cross-section of the bar is assumed to be unity. The
volume fraction is denoted by f. L is the length of the bar. / is the length of the unit cell. Material properties
are denoted as follows: 4 is the specific heat of unit volume; & is thermal conductivity; 7 is the relaxation
time.

In all the cases to be computed, the geometrical parameters are: L =20 um, /=1 pm. The input heat
O(t) = Q- t* - (1—T)* is supplied at right side of the bar. The adiabatic boundary conditions are imposed
along the bar so that no heat transfer occurs between the bar and the ambience. Assuming that the initial
temperature ¢ =0 °C is uniform throughout the bar.

7.1. Effects of volume fraction

Material parameters adopted are presented in Table 1. The period of heat load is 7 = 6.283 x 10~ s. Fig.
2(a,b) show three curves of midpoint temperature obtained respectively by using (a) finite element model
and (b) high-order non-local model for the different cases of volume fraction parameters 0.0, 0.5 and
1.0. The phenomenon of dispersion can be obviously observed in the periodic heterogeneous materials (vol-
ume fraction 0.5), but disappears in homogeneous materials (volume fraction 0.0 and 1.0). It can also be
observed from this example that the numerical results obtained by the high-order non-local model are good
agreement with the FEM model.

7.2. Effects of heat load period

Material parameters used are given in Table 2. In Fig. 3(a,b,c) there are three curves, which indicate
respectively the solution obtained by the high-order non-local heat conduction model developed in this pa-
per, the classical homogenization method, and the general (fine) finite element computation. Three kinds of
heat load period are computed: (a) 7= 6.283x 10" 's, (b) T=15.708 x 10~ ’s and (c) 7= 31.416 x 10~ ’s.
From Fig. 3, it can be found that high-order non-local model is always effective, but the classical homog-
enization model is only valid for the case (c) (see the results in Fig. 3(c)). This is because the classical
homogenization model is only effective for the case that the period of heat load is larger than the time re-
quired for the heat wave moving through one structural unit cell.

7.3. Effects of heat conduction parameters

This example studies the effects of heat conduction parameters in the numerical computations. Four
cases are computed to validate the non-local model and dispersion effects of the numerical model devel-
oped. Material parameters used are shown in Tables 3—6. Three curves of temperature are presented in each
figure which respectively correspond to high-order non-local model, classical homogenization model and
the general (fine) finite element model.

Table 1
Material parameters when 7= 6.283 x 10"s
2 (J/m*K) k (W/mK) 7 (s)
Phase 1 12.0 x 10° 50 1.25x10°°

Phase 2 6.0 x 10° 25 1.0x107°
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Fig. 2. Temperature response at x = 10 um for volume fractions of 0.0, 0.5 and 1.0. (a) FEM model, (b) high-order non-local model.

Table 2
Material parameters used in Section 7.2

A (J/m*K) k (W/mK) 7 (s) f
Phase 1 12.0 x 10° 50 1.25%x107¢ 0.5
Phase 2 6.0 x 10° 25 1.0x107° 0.5

The phenomenon of dispersion in non-Fourier heat conduction can be obviously observed in Figs. 4-19.
The results obtained by high-order non-local heat conduction model are good agreement with the general
finite element solutions, whereas the classical homogenization errors badly for the heterogeneous media.

From the results at x = 19 um, it shows the boundary effect in the homogenization analysis of the het-
erogeneous materials. The boundary effect is quite obvious and the phenomenon of dispersion is quite
strong because the point chosen is not far from the boundary where the heat source is supplied.

From the results at x = 10 pum, it can be found that the classical homogenization method has big errors
and cannot simulate well the dispersion phenomenon. In contrast to this, the high-order non-local heat con-
duction model developed has good tendency on the simulation of the diffusion and boundary effects,
though it and finite element solutions do not agree identically for all time. Furthermore, despite the shift
in phase, the start-up of the temperature response is nearly identical in the high-order non-local and finite
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Fig. 3. Temperature response at x =10 pm under various heat loads: (a) T=6.283x10""s, (b) T=15708x 10 "s,

(¢) T=31.416x107"s.

Table 3
Case 1: Ay = /o, 11 =Ta, k1 # ko, T=4.713%x10"s

2 (J/m*K) k (W/mK) 7 (s) f
Material parameters Phase 1 3.0x 10° 50 1.0x107° 0.4
(Figs. 4 and 5) Phase 2 3.0x10° 10 1.0x107° 0.6
Material parameters Phase 1 2.7 %108 60 2.0x107° 0.4
(Figs. 6 and 7) Phase 2 2.7%10° 15 20x107° 0.6
Table 4
Case 2: Ay # Jo, T1=To, ki # ko, T=6.283%x10""s

2 (J/m*K) k (W/mK) 7 (s) f
Material parameters Phase 1 12.0x 10° 50 1.0x10°° 0.4
(Figs. 8 and 9) Phase 2 3.0x10° 10 1.0x107° 0.6
Material parameters Phase 1 8.1x10° 60 2.0x107° 0.4
(Figs. 10 and 11) Phase 2 2.7 %106 15 2.0x107¢ 0.6

element models. This implies that the homogenized heat wave speed is correctly modeled through the high-

order non-local model.

It is also observed that in Figs. 5, 7, 9 and 11, a better approximation (than Figs. 13, 15, 17 and 19) is
provided by high-order non-local heat conduction model in heterogeneous media, because in the cases 1 the
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Table 5
5Case 3: 4y =1y, 71 # T, by # ko, T=6.283x1077s
J (J/m*K) k (W/mK) 7 (s) f
Material parameters Phase 1 3.0x10° 50 40x107° 0.4
(Figs. 12 and 13) Phase 2 3.0x10° 10 1.0x10°° 0.6
Material parameters Phase 1 2.7 % 10° 60 6.0x 107° 0.4
(Figs. 14 and 15) Phase 2 2.7%10° 15 20x107° 0.6
Table 6
Case 4: picy # paca, T # To, ky # ko, T=7.854%107"s
J (J/m*K) k (W/mK) 7 (s) f
Material parameters Phase 1 12.0 x 10° 50 4.0x107° 0.4
(Figs. 16 and 17) Phase 2 3.0 x 10° 10 1.0x10°° 0.6
Material parameters Phase 1 8.1x10° 60 6.0x107° 0.4
(Figs. 18 and 19) Phase 2 2.7x10° 15 20x107° 0.6
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Fig. 5. Case 1: temperature response at x = 10 um.
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Fig. 8. Case 2: temperature response at x = 19 pm.
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Fig. 11. Case 2: temperature response at x = 10 pm.
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Fig. 14. Case 3: temperature response at x = 19 pm.
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Fig. 17. Case 4: temperature response at x = 10 um.
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Fig. 19. Case 4: temperature response at x = 10 pm.

conditions of 11 = 15, T = 7 5 hold, the high-order non-local heat conduction model is derived without any
other assumptions. While in the cases 4, due to that 1; # 15, T; # 1, it is necessary to introduce an assump-
tion to average these parameters in the model derivative procedure, which will induce naturally some errors
in the numerical computations. This can be demonstrated by the results shown in Figs. 13, 15, 17 and 19.
Even though, the non-local model can still show the advantages on the simulation of the dispersion and
boundary effect in the heterogeneous materials.

8. Conclusions

The non-classical heat conduction problem under extreme conditions is one of the hotspot problems in
current research field of heat conduction and has strong potential for engineering applications. This paper
represents the multiple scale numerical simulation procedure for the solution of heat conduction problems
under high frequency impulse heat load in macroscopically isotropic heterogeneous media. Two different
kinds of scales, the amplified spatial scale and the reduced temporal scale are introduced respectively to
describe the fluctuation effect with multiple temporal scales in local heterogeneous media. Homogenized



898 H.W. Zhang et al. | International Journal of Solids and Structures 42 (2005) 877-899

constitutive equations and different orders of boundary value problems are obtained by utilizing the asymp-
totic analysis method with multiple spatial and temporal scales. Homogenized constitutive equations and
different orders of governing equations of boundary value problems are derived by utilizing the asymptotic
analysis method with multiple spatial and temporal scales. Numerical examples demonstrate the validity of
the non-local model proposed. It can be concluded that classical homogenization theory has certain limi-
tation for solving of the problems under special load case, particularly the impulse load with high fre-
quency, and thus high order homogenization theory is required for better modeling of the corresponding
problems.
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