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AN APPROXIMATE ANALYTICAL SOLUTION OF COUPLED
NONLINEAR FRACTIONAL DIFFUSION EQUATIONS

K. M. SAAD

ABSTRACT. In recent years, fractional reaction-diffusion models have been
studied due to their usefulness and importance in many areas of mathemat-
ics, statistics, physics, and chemistry. In a fractional diffusion equation, the
second derivative in the spatial variable is replaced by a fractional derivative.
The resulting solutions spread faster than classical solutions and may exhibit
asymmetry, depending on the fractional derivative used. In this paper, a frac-
tional exponential operator is considered as a general approach for solving
partial fractional differential equations. We develop an approach for solving
coupled nonlinear fractional diffusion equations with nonlinear source terms.
These solutions will be evaluated numerically based on approximation analyt-
ical solutions. Comparisons between the approximate analytical solution and
numerical solutions are shown.

1. INTRODUCTION

In recent years, considerable interest in fractional differential equations has been
stimulated due to their numerous applications in many areas of physics and engi-
neering [33]. Many important phenomena in electromagnetics, acoustics, viscoelas-
ticity, electrochemistry and material science are well described by differential equa-
tions of fractional order [5, 15, 22, 30]. Exact solutions of most fractional differential
equations cannot be easily found. Thus analytical and numerical methods must be
used. Some of the numerical methods for solving fractional differential equations
were presented in [8, 11, 12, 13]. Recently, several mathematical methods includ-
ing the Adomian decomposition method [14, 17], the variational iteration method
[24, 35], the homotopy analysis method [10, 9, 13] and the fractional method [15]
have been developed to obtain exact and approximate analytic solutions.

Numerical methods for solving variable order fractional differential equations
with various kinds of the variable order fractional derivative have been proposed [4,
6, 26, 28, 27, 29]

The book by Oldham and Spanier [25] has played a key role in the development
of the subject. Some fundamental results related to solving fractional differential
equations may be found in [22, 15, 16]. Recently, several authors, for example [20,
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19, 31, 7, 18], have investigated the fractional diffusion/wave equation and its special
properties. The fractional diffusion and wave equations have important applications
to mathematical physics. Fractional diffusion equation describes diffusion in special
types of porous media [23]. It is also used to model anomalous diffusion in plasma
transport.

Merkin and Needham [21] considered the reaction-diffusion travelling waves that
can develop in a coupled system involving simple isothermal autocatalysis kinetics.
They assumed that reactions took place in two separate and parallel regions, with,
in I, the reaction being given by quadratic autocatalysis

A+ B — 2B(rate kiab), (1)

together with a linear decay step

B — C(rate kob), (2)

where a and b are the concentrations of reactant A and autocatalyst B, the k;(i =
1,2) are the rate constants and C is some inert product of reaction. The reaction
in region II was the quadratic autocatalytic step (1) only. The two regions were
assumed to be coupled via a linear diffusive interchange of the autocatalytic species
B. We shall consider a similar system as I, but with cubic autocatalysis

A+ 2B — 3B(rate kzab?) (3)
together with a linear decay step
B — C(rate kqd). (4)

This leads to the system of equations (5)—(8).

Outline: Section 2 of this paper is devoted to the formulation of the approximate
analytical solution for solving coupled nonlinear fractional diffusion equations with
nonlinear source terms. We state several results that allow us to calculate the
approximate analytical solution. In section 3, we will use the approximate analytic
solution. In this section the governing equations are presented and Picard iteration
is used to obtain the approximate analytical solution. Also, comparisons between
the approximate analytical solution and numerical solutions of the governing partial
differential equations (PDEs) are shown. Finally, we will evaluate the solution of the
nonlinear fractional diffusion equations. Conclusions will be presented in Section 4.

2. ANALYTICAL FRAMEWORK

The following boundary value problem on 0 < & < oo and ¢t > 0 for the dimen-
sionless concentrations («g, $1) in region I and (aw, B2) in region II of species A

and B is considered
0o B 9ay

i (5)

% - 652521 + 1B — kB + (B2 — Bu), 6)
- %2522 ~ 0l (1)

W Ta s onf + (51— ), ®)

with the boundary conditions
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The dimensionless constants k and ~ represent the strength of the autocatalyst
decay and the coupling between the two regions respectively. For convenience, we
make the transformation o; =1 —u;, i = 1,2 in (5)—(8), to obtain

8u1 82u1

ﬁ = 02 + (1 - U1)5127 (10)
0 0?
O = Ol (= )}~ By (5~ Bu), (1)
1o} o2
S = e+ 1w, (12)
0 H?
O = L (1w + (5 - o) (13)
The boundary conditions become

In this work, we will develop the approach of [2, 1, 3] to find an analytical approx-
imate solution of the following set of equations

8u1 . 8"u1

_ 2
9 e + (1 —u1)fB, (15)
op 0%
aitl = 8:501 + (1 —w)B} — k1 4+ (B2 — B1), (16)
8U2 o 8"u2 2
5 o T (1 —uz)B3, (17)
ap 07
87; = (99:"2 + (1 —u2)B5 + (B — fa). (18)
We assume the Dirichlet boundary conditions are
u;(0,t) = u;(L,t) = 0, B;(0,t) = Bi(L,t) =0, 1 <o <2 (19)

These equations are obtained from the original system (10)—(13) by replacing
the second order space derivative by a fractional derivative. We propose a method
to find the formal solution of (15)—(18) that satisfies the boundary conditions (19).
This Picard iteration scheme generates a sequence of approximate solutions. This
sequence of iterations is then truncated at the first approximation. We write the
system of equations (15)—(18) as

U, =M U 4 S(U), (20)
o9 0 0 0
A 0 07—k—~ O 5
M= 0 0 g 0 ’ (21)
0 ~ 0 07—~

T
S(U) = ( (1 - U1)5% (1 - U1)5% (1 - U2)5§ (1 - U2)5§ ) . (22)
In (20) we consider the vector S as a source term. The method of integrating factors

enables the first order differential equation (20) to be written as

%{e’tMU} = e™Mg(U). (23)

Integrating from 0 to ¢ then gives
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Ulz,t) = Up(z,t) + /0 =t S(U(z,7))dr, Up(z,t) = ¢MU(2,0).  (24)

We require that Uy, satisfies the boundary conditions u;(x = 0,t) = u;(x = L,t) =
0 and B;(z = 0,t) = Bi(x = L,t) = 0. We now construct the Picard iteration
sequence

t .
U™ (z,t) = UO (2, 1) + / =M (UMD (z,7))dr, n=1,2,3,... (25)
0

The solution of the linear problem, the initial iterate, is given by

U (z,t) = e™MU(z,0). (26)
We take U@ (z,0) to satisfy the boundary conditions, namely
Uz,00=> (an by cn dy ) (sin(az) + sin(i(L — 2))), 7 = % (27)
n=1

Thus the solution of equation (26) is

=3 eM(a, by co dy ) (sin(nz) +sin(a(L - 2)),  (28)

n=1
—n? 0 0 0
_ 0 —-n—k—~v O vy
M= 0 0 —n? 0 ' (29)
0 vy 0 —-n%—v

Calculating the matrix exponential e™ using Mathematica gives

Z‘Il (sin(fz) + sin(A(L —ac)))e_t(ﬁ)u, (30)
Qn
(b (kX Ay) — 2vdp A
R e (31)
2#(dn( kA— +/~L>‘+)_2’7b A )
Ar(t) = (1xe), p= k> +492 (32)

The arbitrary constants a,,, b,, ¢,, and d,, are determined by the initial conditions
namely on [0, L]. This is the same solution as that obtained in the Appendix using
an eigenfunction expansion and in reference [34].

3. APPROXIMATE ANALYTICAL SOLUTIONS

Now, in the original variables, we have for the concentration a (0) ﬁ(o
L o
(O) (z,t)=1-— Z ap sin(—=L) cos ﬁ(§ —x)e 17 (33)

- 1 L )
(O) Z 2— n(BAZ 4+ pAy) — 2yd, A )sin(gL) cos ﬁ(§ —x)e ™7 (34)

n=1
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>\ .7 L e
aéo)(m,t) =1- nEZI Cn s1n(§L) cos ﬁ(§ — 2)e t7, (35)
(0) (m t) = i i(dn(—k)\f —|—/JL>\+) —_ 2’7bn>\7) SIH(EL) COS’FL(£ _x)e—t(ﬁ)”. (36)
’ 7 n=1 2“’ 2 2

By using the Picard sequence of solutions given by (25), the first approximation is
given by

t .
UD(z,t) = U (2, ) + / =M g (U, 7))dr, (37)
0
where
So (U (@,7) = (1 —uf)BP? (1 -u™)p? (1 a1 —u)p? ).
(38)

As u(lo),uéo), £0), and Béo) have Fourier series, so do (1 — ugo)) 50)2 and (1 —
uéo)) é0)2. By using Fourier sine series to satisfy the boundary conditions, the
first approximation is

t o0
U (2, 1) = UD(z,t) + / > @ sin(F)e” O 8o (UO (@, 7)dr  (39)
0 r=1

and

L

b= [ 0t - SO )sinra)de, T=TF. (10)
0

4. NUMERICAL RESULT AND DISCUSSION

In this section, we implement the proposed method to solve the coupled nonlinear
fractional diffusion equations. The numerical and approximate analytical solutions
of (5)—(9) for the special case o = 2 are plotted against x through Figures 1-3 for
various values of t and v = 0.1, £k = 0.2, a,, = 0.1, b, = 0.001, ¢,, = 0.2, d,, = 0.001,
and L = 100.

It is seen that the solutions are symmetric about the mid-plane x = L/2, as
expected and evolve towards a parabola, as shown by [32]. We note from Figures
1-3 that as t increases, «; and a3 tend to 1 and 81 and B3 tend to 0, which are the
steady states for these quantities. These steady state solutions have been studied
in reference [21].

It can be seen from Figures 1-3 that the absolute error obtained by the present
method decreases as t increases. This is illustrated in Table 1. Therefore, the
proposed method is an efficient and accurate method that can be used to provide
approximate analytical solutions of coupled nonlinear diffusion equations. The ap-
proximate analytical solution of (15)—(18) then approaches the approximate analyt-
ical solution of the original equations (5)—(8) as ¢ — 2. The analytical approximate
results for ¢ = 30, 50, 100 when o = 1.2,1.5,1.7,2 for the same parameter values
as for Figures 1-3 are shown in Figures 4-6. The comparisons show that as ¢ — 2,
the analytical approximate solutions of equations (15)—(19) tend to the analytic
approximate solutions of equations (5)—(9). In constrast to the solutions shown in
Figures 1-3, the solutions in Figures 4-6 show that a; and as tend to 1 and ; and
B2 tend to 0 as t increases. Furthermore, this evolution towards the steady states
becomes faster as o decreases.
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FIGURE 1. Comparison of numerical solutions with approximate
analytic solution at ¢ = 30 for (5-8) with 0 = 2, v = 0.1,k =
0.2,a, =0.1,b, = 0.001, ¢, = 0.2,d,, = 0.001, and L = 100.
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FIGURE 2. Comparison of numerical solutions with approximate
analytic solution at ¢ = 50 for (5-8) with 0 = 2, v = 0.1,k =
0.2,a, =0.1,b, = 0.001, ¢, = 0.2,d,, = 0.001, and L = 100.
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FIGURE 3. Comparison of numerical solutions with approximate
analytic solution at ¢ = 100 for (5-8) with ¢ = 2, v = 0.1,k =
0.2,a, =0.1,b, = 0.001, ¢, = 0.2,d,, = 0.001, and L = 100.



66 K. M. SAAD JFCA-2014/5(1)

0. 975/
0.95 |
< 0.925
° 0.9
0.875
0.85

0 20 40 60 80 100

0. 00014
0. 00012
0. 0001
. 0.00008
< 0. 00006} |-
0. 00004 |;
0. 00002
0

0 20 40 60 80 100

0. 0003
0. 00025
. 0.0002
< 0.00015| |-
0. 0001} [
0. 00005

0

FIGURE 4. The approximate analytical solution for (15-19) with
different values of o = 1.2(— — —),1.5(— - —),1.7(- - -),2(—) when
t =130, v=0.1,k = 0.2,a, = 0.1,b, = 0.001, ¢, = 0.2,d,, = 0.001
, L = 100.
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FIGURE 5. The approximate analytical solution for (15-19) with
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t qu Eﬁ1 EOtz E,Bz
30 [23x1073[35x1072[49x%x1073| 34x 1072
50 | 2.4x107%|34x1073 | 51x107*| 3.6 x 1072
100 | 1.3 x107% | 4.4 x 1073 | 3.8 x 1076 | 4.47 x 1073

TABLE 1. The absolute error between numerical solutions with
approximate analytic solutions at = 50 for (5-8) with o = 2,
v=0.1,k=0.2a, = 0.1,b, = 0.001,¢, = 0.2,d, = 0.001, and
L = 100.

The absolute error of the approximate solutions as compared with the numerical
solutions is summarised in Table 1. This table shows the error at = = 50 for o = 2,
~=0.1, k=02, a, = 0.1, b, = 0.001, ¢, = 0.2, d,, = 0.001 and L = 100. In
the Table, E,,, Egs,, Fu, and Eg, denote the absolute error for oy, 81, as and Ba,
respectively. A noted above, the error decreases as t increases, with the error in
a1 and ay decreasing more rapidly than that of 8, and (3. All the results were
calculated by using the symbolic computation software Mathematica.

5. CONCLUSION

In this paper, the exponential operator and fractional exponential operator were
applied to solve the systems of equations (5)—(9) and (15)—(19). Comparisons are
made between approximate analytical solutions and numerical solutions for the
system of equations (5)—(9) in order to illustrate the validity of the technique. The
absolute error of the present approximate method decreases as t increases. The
approximate analytical solutions for various value of ¢ were found. It was shown
that these solutions approach the solutions of the original system (5)—(9) as o — 2.
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7. APPENDIX

We shall derive the solution of the first order differential equation (20) with
homogeneous Dirichlet boundary conditions using an eigenfunction expansion. To
this end we have the definition
Definition 0%p/02? has a complete set of orthonormal eigenfunctions ¢,, with
corresponding eigenvalues 722 on the bounded domain D. Hence

Py

Ox?
on D with B(¢) = 0 on 0D, where B(y) is one of the standard three homogeneous
boundary conditions. Let

= —n’p (41)

(oo S leallnly < 00, p = maz(o,0)}.  (42)

n=1

Fp= {Zf = CpnPn,Cn =
n=1
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Then for any f € F,, is defined by
o’ = o

Wf = ; —cn(N)n. (43)
Let us now set the solution of (20) in the form
U(x,t) = Z V(t)(sin(nz)+sin(A(L—1))), V(t) = (vi(t) wv2(t) wv3(t) wa(t))T.

n=1
(44)

This solution automatically staisfies the boundary conditions u; = 0 at x = 0, L and

Bi; = 0atxz =0, L. Substituting this solution form into the differential equation (20)
results in

dv(t)

= MV (¢)}(sin(nz) + sin(n(L — z))) = 0. (45)
Here M is the matrix (29). V is the solution of
dv(t
NV vy = o (46)
dt
which gives
V(t) = e™MV(0), (47)

V(0) is then obtained from the initial condition

U(x) = Z V(0)(sin(fz) + sin(A(L — x))) (48)

giving

2 L . . T
V(O):z/0 U(y)(sin(ny) +sin(a(L — y)))dy = (an by, ¢ dp)'. (49)

The solution of the differential equation (20) is finally
U(z,t) = Z e™ (a, by cn dp)T (sin(fz) + sin(a(L — z))) (50)
n=1

The matrix exponential e!™ is expanded using Mathematica to give

U(z,t) = Y _ W, (t)(sin(nz) + sin(n(L — x)))e " (51)
where U, (t) are given byn(_?)l).
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