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Abstract. In this paper, we present an alternative representation of the fractional space-
time Fourier’s law equation using the concept of derivative with two fractional orders o
and (. The new definitions are based on the concept of power law and the generalized
Mittag-Leffler function, where the first fractional order is incorporated into the power law
function, and the second fractional order is the generalized Mittag-Leffler function. The new
approach is capable of considering media with two different layers, scales, and properties.
The generalization of this equation exhibits different cases of anomalous behaviors and
Non-Fourier heat conduction processes. Numerical solutions are obtained using an iterative

(© 2018 Sharif University of Technology. All rights reserved.

1. Introduction

Fourier’s law combined with the energy conservation
principle is the basis for the analysis of most conduction
processes [1]. However, the Fourier’s equation is not
adequate to describe certain processes in some cases.
Fractional Calculus (FC) is the generalization of ordi-
nary calculus. In recent years, fractional systems have
been considered in many publications, e.g., biomedical,
electromagnetism, electrical circuits, and transport
phenomena [2-10].

The study of non-Fourier heat conduction pro-
cesses has attracted much interest in recent years.
Mainardi et al. [11] presented the interpretation of the
corresponding Green function as a probability density
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and obtained the fundamental space-time fractional
diffusion equation from the standard diffusion equa-
tion. Qi and Jiang [12] derived the exact solution to
the Cattaneo-Vernotte equation by joint Laplace and
Fourier transforms. Liu et al. [13] proposed a new time-
space fractional Cattaneo-Christov upper-convective
derivative flux heat conduction model. In this work,
the space fractional derivative was characterized by the
weight coefficient of forward versus backward transition
probability. Ezzat et al. [14] presented a new math-
ematical model of heat conduction; they considered
the isotropic generalized thermoelasticity with a three-
phase lag, and their proposed model was considered
as the methodology of FC. Zhao et al. [15] studied
the Soret-Dufour effects on Maxwell fluid embedded in
Darcy-Boussinesq medium. Other applications of FC
in heat conduction are given in [16-21].

The fractional order that appears in the Riemann-
Liouville or Liouville-Caputo operators can be used to
represent some physical parameters. Nevertheless, it
is not possible for these operators to be used in order
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to describe the movement of heat via material with
different layers, where each layer possesses different
materials. To solve the problem, Abdon Atangana [22]
introduced fractional operators with two orders in
Riemann-Liouville and Liouville-Caputo sense using
the concept of fractional derivative with non-local and
non-singular kernel. These operators allow for describ-
ing problems that are more complex with different
layers and different properties, e.g., the problem in the
case of thermal conduction where the heat is flowing
within a medium with two different properties. In
this context, the aim of this contribution is to present
an alternative representation of the fractional-time
Fourier’s law equation using the concept of derivative
with two fractional orders a and 3. The fractional
orders considered arte n —1 < a <nand 0 < 3 < 1 for
the fractional equation.

The paper is organized as follows: Section 2
presents new definitions of fractional operators with bi-
order; Section 3 discusses the fractional-time Fourier’s
law equation; Section 4 concludes the paper.

2. Fractional operators with bi-order

In the following, some definitions of fractional opera-
tors with bi-order are presented [22].

The Atangana-Caputo (AC) definition with bi-
order (a, 8) for f(t) is:

BB 1 Lar

AoDp p(r) =

(=)' E{ -

n—1<8<n, n—1<a<n. (1)

The Laplace transform of Eq. (1) produces:

_ B(ﬁ) 1
T - a)

LD () = 75
frem(- 1550l @

{sF(s) = f(0)}

where:

£{t_aE5( _ %tf’”ﬂl)} — 5o~ L,0,

(17 1)7 (1 —o,a+ ﬁ)a

(% =) ®
(1,8);

function ¥, is the Wright’s generalized hyper-
geometric function [23].

Substituting Wright’s function (3) into Eq. (2),
we obtain:
BB _ s
1-5 T(1-a)

(1,1),(1 —a,a+ B);

LEODIT F(0))(s) = 20y

(1,3);

(1,1),(1-&,&4—&); ( )
—(% ) | £0).
(1, B); ’ (4)

For this operator, the inverse Laplace transform
is defined by:

a, _ a, B(ﬂ) 1
SODII () =g BDR () - -3 Ti-a)
- f(0) T Eg{—t"*e}. (5)

For the fractional operator with bi-order (1),
when a = 0, we recover Atangana-Baleanu fractional
derivative in Liouville-Caputo sense (ABC). This oper-
ator is defined as follows [24]:

B
1D f() =1 / F(Es| - T5t=r)"]ar,
0<p<, (6)
where W—éBCDﬁ is an ABC fractional derivative with

respect to ¢, and B(f) is a normalization function that
has the same properties as in Caputo and Caputo-
Fabrizio case.

The Laplace transform of Eq. (6) is defined as

follows:
cienf s = £ [ imE
B
_ B(B) sPLIFB)](s) — 771 £(0) M)
1-p 8+ T2 .

For the fractional operator with bi-order Eq. (1),
when 8 = 0, we recover Liouville-Caputo fractional
derivative (C'). This operator is defined as follows:

§D8 ) = e [ (=7 G

0<a<l]. (8)
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3. Fourier’s law equation

To keep the dimensionality of the differential equation,
new parameters o, and o, are introduced [25]. For the
AC fractional derivative with bi-order Eq. (1), we have:

d 1 AC a3
i “a3 0 Dt77 O<a75§17 (9)
dt Utl B
d2 1 ACDZ(O( B) 0 < ﬁ <1
> 7 T3 1-a,3) 0 FA a,p =1,

when @ = 0 in Egs. (9) and (10), we obtain the
fractional operator of type ABC (6) as follows:

d 1 aABops
— —_ D 0 <1 11
dt - 0_251_5 0 t < 6 >~ 1, ( )
d? 1 ABC 23

——_ABCDI . g<pB<. (12)

dz? 205 0

For all cases, o; has the dimension of time, and
0, has the dimension of length. These parameters are
associated with the temporal and spatial components
in the system [25], when (« = 8 = 1) and (8 = 1),
respectively; the expressions above are recovered in
the traditional sense. From now on, this idea will be
appliedto the fractional Fourier’s law.

The Fourier’s law is described by the classical
parabolic equation:

PT(x,t)  IT(x,t)
X022 at

=0, (13)

where Y = ﬁ, X is the thermal diffusivity, k£ is the
thermal conductivity, p is density, C, is the specific
heat capacity, and 7T is the temperature. conduction in
a planar medium with constant properties.

3.1. Fractional time Fourier’s law equation
Considering Eq. (13) and assuming that the time
derivative is fractional and the space derivative is
ordinary, the temporal fractional equation will be as
follows:

*T(z,t
N (2, 1)

écD?’ﬁT($7t) - axQ

= 0. (14)

A particular solution to Eq. (13) can be found in
the following form:

T(z,t) = Tp - e "*u(t). (15)

Substituting Eq. (15) into Eq. (14) and considering
Eq. (9), we obtain:

ACDPu(t) + Qu(t) = 0, (16)

where © = wagfa’ﬁ and w = Yk? are the angular
frequencies.
The numerical approximation of Eq. (16) is given
by:
BB 1 [ du(r)

1-3I0(1-a)), dr (t=7)""

Eﬁ{ - %(t - T)’B"'o‘}dr +ou(t) =0,

B(pB) 1 bau(t) —u(t + At) W
1—ﬁ'r(1—a)/0 At (t=7)"Ep

u(tny1) — “(tn)} 7

+a;[ - (18)

where Eg is the Mittag-Lefller function.
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The particular solution to Eq. (16) is written as
follows:
B(B) 1 Dot
1-3 T(1-a) 2At

=0

T(z,t) =Ty Le~ike

|:(tn - ti«l»l)l_a : E,6’72701

(-t}

®

—(tn — ;) T Eg o0

(- 25t -]
b p[llntn) = u(%)” |

2 (19)

Eq. (19) represents the time thermal diffusion.
If « = 0in Eq. (16), we recover ABC fractional
derivative Eq. (6); from Eq. (14), we have:
T (z,t)
X g2
A particular solution to this equation can be
found in the form of Eq. (15), and by substituting
Eq. (15) into Eq. (20) and considering Eq. (11), we
obtain:
oBOD u(t) + du(t) =0, (21)

ABCDOT (2. 8) — =0. (20)

where & = wo, 7 and w = k2.
Applying Laplace transforms (7) to (21) and
considering U(0) = uy yield the following expression:

1y B(B)uo
Ve =S@+aa—p " B+ o0 -5)
sP—1
° + BEEsE (22)

Taking the inverse Laplace transform of Eq. (22),
we obtain the following particular solution of the
Eq. (21):

_ . efiiac 6
Tty =t {B(ﬁ) vol- )

w3
B (B(ﬁ) +&(1— ﬂ))tﬁ] } (23)

where Ejs is the Mittag-Lefller function. In this case,
when (8 = 1), we have:

T(w7t) = §R[TO : e_Wt_ikr]v (24)
where R indicates the real part. Equation (24) rep-
resents the classical case for the time Fourier's law
equation.

Figure 1 shows numerical simulations for temper-
ature, T'(z,t), considering different values of o and 3,
in Eq. (19), arbitrarily chosen.

Figure 2 shows numerical simulations for tem-
perature, T(x,t), considering different values of 3, in
Eq. (23), arbitrarily chosen.

Considering, ©w = Xiczatkﬁ and 1/x as the recipro-
cal of the time constant or thermal diffusion coefficient,
we have:

1-p

~ ~5r 1

s=B () =R (=), (25)
X 3

where if 73 = xoP ™!, it can be called fractional time

constant, and when 3 = 1, it is the classical time

constant; & is the angular frequency in the medium
in the presence of fractional time components, k is
the wave number, and 1/x is the time constant of the
system. Substituting Eq. (25) into Eq. (23), we obtain:

T(x,t) =Ty ~e_“”{

(28
-Egq| — e t?
” (B(ﬁ)+(’i;)(1—6)) ]
B(B)us
B(B) +(£)(1 - p)
(28 }
“Egq| - - Ay
" (B(ﬁ)+(’i;)(1—ﬁ)) (26)

Figure 3 shows the simulation results of Eq. (26)
using fractional exponents § =1, g = 0.95, § = 0.9,
8 = 0.85, and 8 = 0.80, respectively.

Table 1 shows different values of the thermal
diffusion when g changes from 5 =1, 8 = 0.95, 8 =
0.90 to 8 = 0.85, respectively, when 3 < 1, the thermal

Table 1. Thermal diffusion versus Constant time 73.

JC; Constant time (73) Thermal diffusion

1 1 0.63
0.95 0.9376 0.63
0.90 0.9216 0.63
0.85 0.9143 0.63
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Figure 1. Thermal diffusion for different values of a and 3 arbitrarily chosen, using numerical evaluation of Eq. (19): (a)
a and 3 take the same value, (b) o and 3 take different values, (c) @ =0.90 and 8 = 0.85, and (d) o = 0.85 and 8 = 0.80.

1.0

) —— Classical case
0.9} ---8 =095

0.8 w3 =0.90

o7t \ |7 B =0.85

0.6
0.5
0.4
0.3
0.2
0.1
0.0

T(x,t)

T(z,t)

(b)

Figure 2. Thermal diffusion for different values of 3 arbitrarily chosen, using numerical evaluation of Eq. (23): (a) 3 takes

different values, and (b) 3 = 0.85.

diffusion occurs in less time than the ordinary thermal
diffusion. This phenomenon indicates the change of the
medium properties, and the system presents dissipative
effects [11].

3.2. Fractional space Fourier’s law equation

Considering Eq. (13) and assuming that the space
derivative is fractional and the time derivative is ordi-
nary, the spatial fractional equation will be as follows:

_ 10T(z,t)

ACy2(a,f3)
D 1 t
0 T (37, ) ot

—0. (27)

A particular solution to Eq. (27) can be found in

the following form:

T(z,t) =Ty - e “'u(x). (28)
Substituting Eq. (28) into Eq. (27) and considering
Eq. (10), we obtain:
ACD2B)y () + ku(z) = 0, (29)
where k2 = k2032;(1_a”8) is the fractional wave number
with bi-order and k = i is the classical wave number.

The numerical approximation of Eq. (29) is given
by:
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Figure 3. Thermal diffusion versus constant time, using
exponent 3 =1, 753 = 0.63 located in t =15, = 0.95;

73 = 0.63 located in ¢t = 1.033 s, # = 0.90; 73 = 0.63
located in ¢t = 1.037 s, 3 = 0.85; 73 = 0.63 located in

t =1.041 s and 8 = 0.80; 73 = 0.63 located in £ = 1.044 s.

LI R Y

2-8 I(2-a) dn?

{= 5550 = 0" an + Puta) =0,

B() 1 /w u(x) —u(z + Az)
2-8 T(2-a) 2Azx

2(Ax)?

B(3) 1 zn: w(Tip1) — 2u(z;) + u(x;—1)

28 T2-a) 4 2(Az)?
T, —xi+1
[ e
B

+ P2 “(anrl)Z_ u(xn)] —0,
thus:
_B®) 1
LT A e )

n

w(zipr) — 2u(z;) + ulxi—q1)
2(Ax)?

o

=

p (xn — x5
2_ﬁ n 1+1

(Tn — 2i31)" "% Bappa
[
{ _

)2(ﬂ+a)}

- (fpn - Zi)liaEQﬂﬂfa

{ 3 f H(I" B Im)wm}]

e [w], (30)

where I3 is the Mittag-Leffler function.
The particular solution to Eq. (28) is written as
follows:

T(z,t) =Ty - e " ZBE%
1 ") — 2u(xg) + u(xi_)
I'2-a) ; : 2(Ax)?

{ ~ 3 f ﬁ(xn - xi+1)2(ﬂ+a)}]

e [“($n+1)2— U(T/n)]

(31)

Eq. (31) represents the thermal diffusion with spatial-
decaying amplitude with respect to space z.

If @« = 0 in Eq. (29), we recover ABC fractional
derivative (6); from Eq. (27), we have:

T (z,t)

30D T (0, )~ L LS

=0. (32)
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A particular solution to this equation can be
found in the form of Eq. (28); substituting Eq. (28)
into Eq. (32) and considering Eq. (12), we obtain:

ABOD20y (x) + k*u(x) = 0, (33)

where, k2 = k202" is the fractional wave number
and k = i is the classical wave number.

Applying Laplace transform (8) to (33) and con-
sidering ©(0) = up and %(0) = 0 yield the following
expression:

1
B(B)2+ k(1 - 3)?

U(s) =

(1— Bt
3 #) ( B _ #)
(5 t Bt ) \* T BE ko)
28(1 — B)s"~*

3 #) ( s _ #)
(S T sk )\® T BB k1A

+

2.—1
+ 5 kB A 8 ik3 ]
(S + B(ﬁ)+i/~v‘(1fﬁ))(8 - B(ﬂ)*ifv(lfﬁ))

B(ﬂ)2UO
B(B)? + k*(1 = 5)?

§28-1 ]
(5 + wrisam) (*° ~ sorms)

(34)

Taking the inverse Laplace transform of Eq. (34),
we obtain the following particular solution to Eq. (33):

(1=
B()? + k(1 - p?

T(x,t) =Ty - e "

aEg1(az”) + bEs 1 (—bxP)
a+b

23(1 - )
B(3) +B(1 - B

L 0Bpp1a(a2”) + bEs pia (b))
a+b
2
+ b ‘
B(B)* + k(1 - B)?

0B 241(a2”) + bBp 5541 (=b27) 25
a+b

B(@)Uo
B(B)? + k*(1 - B)?

aEgs1(axP) + bEg 1 (—bz?)

35
a+b ’ (35)
_ ikg _ ik .
where @ = g0 kamp) ¥ T BE—wa—p 04 Ho i
the Mittag-Leffler function.
In this case, when (8 = 1), we have:
T(x,t) =Ty - e “tcos(kx). (36)

Eq. (36) represents the classical case for the space
Fourier’s law equation.

Figure 4 shows the numerical simulations for
temperature, T'(z,t), considering different values of a
and 3, in Eq. (31), arbitrarily chosen.

Figure 5 shows numerical simulations for tem-
perature, T(x,t), considering different values of 3, in
Eq. (23), arbitrarily chosen.

When fractional orders «, 3 change from a,3 €
[0.85;1], the simulated fractional diffusion occurs in
greater time than the simulated ordinary diffusion.
This phenomenon indicates the change of the medium
properties, different from the ideal properties presented
in Eq. (13). The velocity of the concentration wave
through a medium is determined by the inertia and
the elasticity of the medium. Usually this dissipation
is known as internal friction [26].

3.3. Fractional space-time Fourier’s law
equation

Now, considering Eq. (13) and assuming the space

time derivatives as fractional, the order of space-time

fractional differential equation is 0 < «,3 < 1 and

0 < 7,6 < 1; the space-time fractional equation is as

follows:

1
PP () = DT @ty =0 (37)
The numerical approximation of Eq. (37) is given
by:
B(B)
T =A.|—=
1 " u(igpr) — 2u(z;) + u(wiog)
T2-a) 2(Az)?

[(wn —2i41)' 7Y Eapa

{ "9 f ﬁ(fn - Ii+1)2(5+a)}

_(x'n - xi)lia . E2,8,27o<
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Figure 4. Thermal diffusion for different values of o and 3 arbitrarily chosen, using numerical evaluation of Eq. (32): (
a and 3 take the same value, (b) o and 3 take different values, (c) @ =0.90 and 8 = 0.85, and (d) o = 0.85 and 8 = 0.80.
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1.0
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Figure 5. Thermal diffusion for different values of 3 arbitrarily chosen, using numerical evaluation of Eq. (23): (a) 3 takes

different values, and (b) 8 = 0.85.

{ ~3 f ﬁ(xn - xi+1)2(ﬁ+a)}]

BB 1
1-6 T(1—-7)

{ - %(tn - tk+1)6+7}

[(tn - tlc+1 )177E§,27'y

—(tn — i)' T Es2y

[ =)} (39)

where A is a constant.

Figure 6 shows the simulations where the frac-
tional time and the spatial fractional derivatives are
taken at the same time for different particular cases of
(a, B) and (7, 6). These figures show different behaviors
of anomalous thermal diffusion; when the fractional
orders are less than 1, the thermal diffusion is slower
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T(z,t)

T(z,t)

(d)

Figure 6. Thermal diffusion for different values of (o, 3) and (v, §) arbitrarily chosen, using numerical evaluation of
Eq. 38): (a) a=1,=09 and 7y =0.95,6 = 0.9, (b) a =0.9,8 =1 and v =0.9,6 = 0.95, and (c) a = 0.95, 3 = 0.85 and
v=0.85,6 =0.9, and (d) o = 0.85,3=10.9 and v = 0.8,6 = 0.85.

(thermal subdiffusion). These cases can represent a
medium with two different properties represented by
fractional bi-order @ and 5.

4. Conclusion

In this paper, we presented an alternative represen-
tation of the fractional-time Fourier’s law equation
using the concept of derivative with two fractional
orders a and 8. The new approach is capable of
considering media with different properties represented
by fractional bi-order o and (3. This is the case,
for instance, in thermal conduction for a reaction
diffusion within a medium with two different layers
and properties. These novel fractional operators allow
studying the heat transfer through a material with
different scales or heterogeneous media. Our results
indicate that fractional bi-order « and ( have an
important influence on the temperature.

The motivation of this study comes from the fact
that it is possible to find in nature some systems with
different material layers, where each layer possesses
different materials, e.g., in thermal conduction where
the heat is flowing within a medium with two differ-
ent properties. These types of problems cannot be
portrayed with the existing derivatives and fractional
order, which are based on the power law. For this
reason, the Atangana derivative uses a kernel that is

more powerful than =7, and the generalized Mittag-
Leffler function is combined with a power law.

In the case where the space-time fractional dif-
ferential equation is considered, Eq. (38) shows the
numerical solution to the Fourier’s law equation using
the concept of derivative with two fractional orders
(a,8) and (v,6) for space and time, respectively.
Different values of @ and (8 or 7 and 6 represent
intermediate states between conservative and dissi-
pative systems, which present anomalous relaxations.
This combination of stored and dissipated energies
is conveniently based on the representation of linear
thermoviscoelasticity theory [27].

It is suggested that this derivative can be used
to model more complex problems found in nature,
groundwater studies, the phenomena of heat transfer
from continuous media to discontinuous media, thermal
convection of non-Fourier fluids, the non-Newtonian
effects in thermal convection, relaxing gas dynamics,
irreversible thermodynamics, thermoelasticity, ortho-
dox viscoelastic materials and for the study of systems
with heterogeneous media.

Nomenclature
T Temperature (°C)
a Thermal diffusivity (m?/s)
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X Thermal conductivity (W/mK)
p Density (kg/m?)

C, Specific heat capacity (J/kgK)
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