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Abstract

The heat conduction equation is considered in a composite body con-
sisting of two regions: 0 < x < L and —L < x < 0. Heat conduction in one
region is described by the equation with the Caputo fractional derivative of
order «, whereas in another region by the equation with the Caputo frac-
tional derivative of order 5. The integral transforms technique is used. The
approximate solution valid for small values of time is analyzed in detail.
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1. Introduction

The classical Fourier law states the proportionality of the heat flux q
to the temperature gradient

q=—kgradT, (1.1)

where k is the thermal conductivity. In combination with the law of con-
servation of energy, the Fourier law leads to the standard parabolic heat
conduction equation.

The classical theory of heat conduction is quite acceptable for different
physical situations. However, many experimental and theoretical studies
testify that in media with complex internal structure the conventional par-
abolic heat conduction equation is no longer sufficiently accurate. For an
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extensive bibliography on this subject see [7], [8], [19], [30], [35] and refer-
ences threin. The time-nonlocal dependence between the heat flux vector
and the temperature gradient with the “long-tail” power kernel [21], [22],
[23], [31] can be interpreted in terms of fractional calculus

qa=—kDp;*grad T, 0<a<l, (1.2)

q=—kI*lgradT, l<a<2. (1.3)
Here I f(t) and D%, f(t) are the Riemann-Liouville fractional integral and
derivative of order «, respectively [6], [9], [20]:

o) = F(la) /0 (t— )1 f(r)dr, a0, (1.4)

d" 1 ¢ .
D f(t) = qn [F(na)/o (t—7)"" " f(r)dr|, n—1<a<n.
(1.5)
In combination with the law of conservation of energy, the constitutive

equations (1.2) and (1.3) result in the time-fractional heat conduction equa-
tion

0T
=aAT 1.6
ota ¢ (16)
with the Caputo fractional derivative
d“f(t) 1 /t —a1d"f(7)
= t—1)" e d -1 1.7
dte F(n — a) 0 ( T) drm T n <a<n, ( )

where I'(«) is the gamma function.

The details of obtaining Eq. (1.6) based on (1.2) and (1.3) can be found
in [24], [31]. Equation (1.6) is a mathematical model of many important
physical phenomena (see [2], [16], [17], [30], [36], among others).

Some authors [13], [20] do not use a separate notation for the Riemann-
Liouville fractional integral assuming that I¢f(t) = Dz7 f(t), o > 0. Such
a notation allows us to rewrite Egs. (1.2) and (1.3) as one dependence

q=—kDp;*grad T, 0<a<2 (1.8)

Different kinds of boundary conditions for the time-fractional heat con-
duction equation (1.6) were analyzed in [25], [26], [31]. The problem of frac-
tional heat conduction in two joint half-lines was studied in [26], [28]. The
central-symmetric problem for a composite medium containing a spherical
inclusion was investigated in [27]. A one-dimensional problem for a com-
posite body consisting of a layer and a half-space was considered in [29] (see
also [31], where all these problems were studied in detail). In the present
paper, we investigate time-fractional heat conduction in a two-layer slab
occupying a region 0 < z < L and a region —L < x < 0. Heat conduction
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in one region is described by equation (1.6) with the Caputo fractional de-
rivative of order o, whereas heat conduction in another region is described
by equation (1.6) with the time-derivative of order (. Similar problem
was considered in [10], where numerical inversion of the Laplace transform
was used. We obtain the analytical solution valid for small values of time.
Different problems of classical heat conduction in composite media were
considered by many authors (see, for example, books [12], [18]).

2. Mathematical preliminaries

To solve the problem considered in this paper the integral transform
technique will be used. Recall the Laplace transform rules for fractional
integrals and derivatives [6], [9], [20]:

L) = ; £ (s), (2.1)
n—1
LADGLf()} = s f*(s)= Y DI f(0%)s" 1 7F, n-l<a<n, (22)
k=0
n—1
ﬁ{djt(j)} () — kz_of(k)(o—l—)sa—l—k’ nel<a<n  (23)

where the asterisk denotes the Laplace transform, s is the transform vari-
able.

The finite cos-Fourier transform is the convenient reformulation of the
cos-Fourier series in the domain 0 <z < L, [33]:

" L
FU@)} = F(m) = /0 f() cos ) da (2.4)
FUEn) = f) = 7 S Flm) cos(atn), (25)
where m:f;—o
gm - I . (2.6)

The prime near the sum denotes that the term corresponding to m = 0
should be multiplied by 1/2. The finite cos-Fourier transform is used in the
case of Neumann boundary condition as

2 ~ T
AT - e e - M

+ (=)™ d‘gf)

z=0

2.7)

z=L

Similarly, in the domain —L <z < 0:

~ 0
FU@)) = F(m) = / f(@)cos(aty,) da. (2.8)
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FUFEn) = f@) = 3 3 Flem) cos(atn), (29)
m=0
2 X ~ x X
O =g fen+ I -t (2.10)
r= r=—1L

3. Statement of the problem

Consider the time-fractional heat conduction equations in a two-layer
composed slab:

8;? = %25;1, O<z<L, 0<a<?2, (3.1)
6;1‘;2 = ay 8;;;2, ~L<z<0, 0<pB<2, (3.2)
under zero initial conditions
t=20: T, =0, O<a<?2 0<z<lL, (3.3)
t=0: 85;1:0, l<a<?2 0<z<lL, (3.4)
t=0: T, =0, 0<pB<2 —-L<x<0, (3.5)
t=0: 8;;2:0, 1<B<2 —L<z<0, (3.6)
and the boundary conditions
x=L: KDk %1;1 =q(t), 0<a<2, (3.7)
r=—-L: %1;2 =0. (3.8)

At the contact surface, the boundary conditions of the perfect contact are
fulfilled:

r=0: T1:T2, (39)
oT 5 0T,

r=0: le};fal:@D}%ﬁaz, 0<a<2 0<p<2. (3.10)
X X
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4. Solution of the problem

We introduce the unknown function

o1y

-«
(p(t) = leRL ax

(4.1)

=0
and apply to the initial-boundary-value problem (3.1)-(3.8) the Laplace
transform with respect to time ¢ and the cos-Fourier transform with respect
to the spatial coordinate x in the corresponding region. In such a way we
get the solution in the transform domain:

. ai 80171
Ty (Emy s) = [—1’”* — . 0<az<L, (42
1 (Emos) = |(FD7(s) = ¢7(s) 5+ a2 <z < (4.2)
T ems) = 2 o) " L<z<0 (43)
s) = S — x . .
2 my kQ QO Sﬁ +a2£?n) = =
The inverse cos-Fourier transforms give
201 =, st
T* — E |: —1)m * A%
1 (.’IJ,S) Lkl — ( ) q (S) QO (8) SO‘ _i_alé-gn COS(.’I]&m)’ (44)
0<z<L,
2a9 > sf—1
* _ ! *x
Ty (x,s) = Lhy mEO ©*(s) o+ ane? cos(z&y), —-L<z<0. (4.5)

Inverting the Laplace transform with the use of the convolution theo-
rem, we have
201 ¢
1
Tile,t) = 13 > cos(atn) [ [(-1)"a(t =)~ (e~ 7)
Lk 0
m=0 (4.6)

X Eq (—a1&5,7%) dr, 0<z<L,

00 t
Tz(x,t) _ 2a9 Zlcos(xgm)/o @(t _ T)EB (—a25%7'6> dr, (47)

Lky
m=0
—L<x<0.
where E, g(z) is the Mittag-Leffler function [3], [6], [9], [20],
0 m
z
E.5(z) = , a>0, >0 z€C, 4.8

and the following formula

T g e (4.9)

sa+bf o ’

has been used. As usually, E, 1(2) = Eo(2).
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To determine the unknown function ¢(¢) we use the trigonometric series
presented in [32],
> 1 m
Z’m2 o cos(mz) = o cosh [(m — x)a] csch (ra), 0 <z < 27w, (4.10)
m=0
s (D)™ m
Z' cos(mz) = 5 cosh (za) csch (wa), —7w<z<m, (4.11)

m?2 + a? a
m=0

which allow us to obtain from (4.4) and (4.5):

a154/2—1 150/2 — 1)s¥/?2
T (2, 5) = Vv 1]{:1 {q*(s) cosh < o ) — *(s) cosh [(L \/a)l ]}

Ls*/?
x csch , 0<z<L, (4.12)
vai

B/2—-1 _ B/2 B/2
Ty (x,s) = Vazs ©*(s) cosh (L= lal)s csch Ls ,
ko Va2 Va2 (4.13)

—L<x<O.

From the condition of perfect thermal contact (3.9), stating the equality
of temperatures at the contact surface, it follows that

T7(0,s) = T3(0; s), (4.14)
and Egs. (4.12)—(4.14) give

8a/2
¢*(s) = q"(s) csch (L\/al ) A™(s), (4.15)

where
Ls2/? LsP/?
A(s) = coth + sP/22/2 coth 4.16
(s) ( Ja ) gl Jaz (4.16)
with
y= kl\/ag
koy/ai

5. Approximate solution

To avoid very complicated mathematical expressions and to obtain the
analytical solution amenable for numerical treatment we will study the
approximate solution of the considered problem valid for small values of
time. In the case of classical heat conduction this method was described in
[12], [18]. Based on the Tauberian theorems for the Laplace transform, for
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small values of time ¢ (the large values of the transform variable s) we can
neglect the exponential term in comparison with 1:

1+ 2Ls* 1 1+ 2Ls" 1 5.1
exp | — N exp | — van ) =h (5.1)

Hence, the approximate expressions for temperatures take the form

aqs¥/2—1 — x)g®/2
i (a,s) = V™ <q*<s>{exp [<L : ]

vai
(L + x)s/? . xs*/?
+exp | — — s)exp | — , 0<x<L, (5.2
p Jar ¢ (s) exp Jar (5.2)
. VagsP2t | [ 5572
T ~ — —L<z< .
2 (.’IJ, S) kg % (8) €xp \/a2 ) ST 07 (5 3)
where
N N Ls®/? 1
©*(s) = 2q"(s)exp ( Jar > | 4 ysbl2—af2’ (5.4)

The solution simplifies significantly for o = 8. In this case

ar5%/2-1 — 2)g®/2
Ty (a,s) ~ V o q*<s>{exp [— (L ¢a)1 ]

_<L+¢x>sa/2] } o<e<L  (55)
ai

9 a/2—1 I,s¢/2 /2
Ty (x, 8) ~ vazs q*(s)exp < jal - |:c\|/5a2 , —L<z<0.

(5.6)
Using the following formula for the inverse Laplace transform [14], [15]
1
L5 Texp (—As*)} = 7jO{M (A7), 0<a<l, A>0, (5.7)
we get

N Va1 t - 1 a L—=zx
Tl(xvt) — kl 0 Q(t T) TO‘/2 M 27 \/alTa/Q

v—1 a L+x

<x<L .
+7+1 (2’\/a170</2>]dT’ 0<x<L, (5.8)
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2./a t 1 «Q T L
TQ(x7t) = \/ 2k2 /(; q(t - T) TOC/QM ( | | ) dTv

; +
(v+1) 27 \JasT®? \JayT/?
—L<x<0.
(5.9)
Here M (a; z) is the Mainardi function [14], [15], [20]
oo
(~1)kzh
M(o;z) = 0 1 C. 5.10
(a;2) kzoklf[ak+(1a)]’ <a<l, ze (5.10)
5.1. Dirac’s delta heat flux
For Dirac’s delta heat flux at the boundary
q(t) = Qo d(t), (5.11)
we have
I —
Ty (z,t) ~ Qovar M oa; ¥
k‘ltO‘/Q 2 \/alto‘/Q
v—1 a L4z
M ; 0<z<L 5.12
RS (2’\/a1t0‘/2> ; Osz<l, (312
2 L

To(x,t) ~ Qovaz M a; 1 + ,
(v + 1)kate/2 27 Jaste/2 " \Jayte/? (5.13)

—L<x<O0.

5.2. Constant heat flux at the boundary

In this case

q(t) = qo = const, (5.14)

and to invert the Laplace transform we will use the following formula [34]

£t {35 exp (—)\sa)} = tF-lw (—a,ﬁ; —)\t*a) , O<a<l, A>0,

(5.15)
where W («, 3; z) is the Wright function [1], [5]
o zm
12) = -1 . 1
W(a, 5; 2) Zm!F(am—i—ﬁ)’ a>-1, ze(C (5.16)

m=0
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~

0.6 —
} N l',I-l'

Fig. 5.1: Dependence of temperature on distance (Dirac’s delta heat flux
at the boundary; v = 1.5, k = 0.75, £ = 0.85).

The solution reads
qo~/a1 a a L—=z
T t) ~ -, 2— =
1($, ) klta/Q—l [W ( 9’ 2’ \/alta/Q)

, 0<z<L,(517)

+'y—1W _a’2_a;_ L+
y+1 2 2" Jayt/?
o
2

2q0+/a2 « || L
To(x,t) ~ w ,2— 5= ,
2(55 ) (’7 + 1)k:2t0‘/2_1 < 2 \/CLQtO‘/Q \/alto‘/2
—L<x<O0.
(5.18)

The results of numerical calculations are shown in Figs. 5.1-5.3. In the
calculations we use the following nondimensional quantities:

oz _Ja B \/alto‘/2
z= ., €= \/a2, K="
for Dirac’s delta boundary flux

Lk
T=""T1
a1Qo
for constant boundary flux
Lk
T= T
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To evaluate the Mainardi function and the Wright function, we have used
the relations between these functions and the Mittag-Leffler function [31]:

M (a;x) _ 2 /0 E, ({2) cos(z€)dé, 0< <2, (5.19)

s

w(-52-5-2) = 2 /OOO Fon (€2) cos(z€)d, 0<a <2 (5.20)

s

For calculation of the Mittag-Leffler function we have applied the algorithm
suggested in [4]. The interested reader is also referred to algorithms for
evaluating the Wright function [11].

~

0.0 —

04 -

Y

-1 —0.5 0 0.5

Fig. 5.2: Dependence of temperature on distance (Dirac’s delta heat flux
at the boundary; v = 0.5, K = 0.75, € = 0.85).
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1.50 —

0.50 —

Fig. 5.3: Dependence of temperature on distance (constant heat flux at
the boundary; a = 0.5, k = 0.75, ¢ = 0.85).

6. Concluding remarks

In this work, we have obtained the solution of the time-fractional heat
conduction equations in a composite two-layer slab under conditions of
perfect thermal contact. It should be emphasized that for fractional heat
conduction equation the proper boundary conditions should be formulated
in terms of the corresponding heat flux (1.8), not in terms of the normal
derivative of temperature alone as in the case of the standard heat conduc-
tion equation and the classical Fourier law (1.1). The Laplace transform
with respect to time and the finite cos-Fourier transform with respect to
the spatial coordinate have been used. Based on the Tauberian theorems
for the Laplace transform, the approximate solution valid for small values
of time has been obtained and analyzed in detail.
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