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Abstract

We consider new numerical schemes to solve two different systems of nonlinear frac-
tional reaction subdiffusion equations. These systems of equations model the reversible
reaction A + B = C in the presence of anomalous subdiffusion. The first model is
based on the Henry & Wearne [1] model where the reaction term is added to the
subdiffusion equation. The second model is based on the model by Angstmann, Don-
nelly & Henry [2] which involves a modified fractional differential operator. For both
models the Keller Box method [3] along with a modified L1 scheme (ML1), adapted
from the Oldham and Spanier L1 scheme [4], are used to approximate the spatial and
fractional derivatives respectively. Numerical prediction of both models were com-
pared for a number of examples given the same initial and boundary conditions and
the same anomalous exponents. From the results, we see similar short time behaviour
for both models predicted. However for long times the solution of the second model
remains positive whilst the Henry & Wearne based—model predictions may become
negative.
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1 Introduction

Fractional reaction subdiffusion equations have been derived from Continuous Time
Random Walk models that take into account the effect of anomalous subdiffusion on
the reaction process by using long—tailed waiting time densities [1, 2, 5-7]. For a
variety of cases, master equations that control the temporal development of particle
density have been derived. Henry and Wearne introduced this with mass action reaction
terms added to the sub-diffusion term [1]. The study of the solution of a fractional
reaction—subdiffusion equations has become more prominent and important since there
is growing estimation that anomalous diffusion is in fact ubiquitous in nature [8]. But
analytic solutions of such equations are seldom available and so numerical techniques
are needed. Even when they available they often involve special functions, such as
the Fox (H-function) function [9] and the Mittag—Leffler function [10], which are
difficult to routinely evaluate. Hence numerical solution schemes are required.

There are a number of numerical schemes that have been used to solve fractional
reaction—diffusion equations, [11-22]. Recently Angstmann, Donnelly, Henry &
Nichols [23] introduced a novel numerical scheme for solving a fractional Fokker—
Planck equation where the numerical scheme was constructed by a discrete time and
space stochastic process. They found that the probability density can be evaluated and
used to approximate the solution of the fractional Fokker—Planck equation. An explicit
numerical method is also developed by Angstmann et al. [24] is based on a stochastic
process and has been used to solve a fractional reaction subdiffusion equation. They
showed, in the diffusion limit, the master equation recovers the fractional partial dif-
ferential equation. In [25] a similar approach was also used to solve sets of fractional
ordinary differential equation for a modified SIR epidemic model. In this article we
consider two models of reversible reactions in the presence of anomalous subdiffusion,
which we solve numerically and compare their predictions. In these models we let A,
B and C be three chemical species undergoing a reversible reaction, A + B = C.
In the absence of diffusion, the concentration of A, B, and C can be modelled by the
following system of the reaction kinetic equations

dA _ L AB+k,C (1.1)
dl - 1 —1 ’ .
9B  AB+k_,C (1.2)
d[ - 1 —1 £ .
dcCc

— =kiAB —k_1C, 1.3
P 1 1 (1.3)

where k| and k_ are the forward and reverse reaction rates respectively. These equa-
tions correspond to the reaction A + B — C, if k_; = 0, [26-29]. Reversible
reactions, in the presence of subdiffusion has been modelled by the system of frac-
tional reaction—diffusion equations by using the CTRW model as in the work of Henry
& Wearne [1], which we will denote as Model 1,

IA(x, 1) b 92 (817’A(x,t)

atl=v

o — Pz >+R(X,I,A,B,C), (1.4)
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dB(x,1) 3% (3'YB(x,1)

= - Dp— (———2 )+ R(x,t,A,B,C), 1.5
o1 ax2< iy ) TR ) (1)

AC (x,t 3% (3l C(x,t

) _ 07 (37CCRDN  p A B.C). (1.6)
ot dx2 atl-v

where the reaction term R(x, ¢, A, B, C) is defined by
R(x,t,A,B,C) = —k1A(x,t)B(x,t) + k_1C(x,1). (1.7)

These equations involve the fractional Riemann-Liouville derivative operator [10,
30], where 0 < y < 1. The solution of the Model 1 in the case C — A + B was
found by Langlands, Henry & Wearne [31] in the infinite domain. In their results a
negative value was predicted which is physically unrealistic.

We also consider a second model, which we will denote as Model 2, which is
based upon a more recent model from Angstmann, Donnelly & Henry [2] which has
a modified fractional operator. For the reversible reaction A + B = C we have the
following model

DA _ 8 [k [y penas 7 (e s B0 4, 1)
ot ax2 | arl-v '
+R(x,t,A,B,C), (]'8)
2 r 1—
0B(x.0) _ 58" [ ko fiAGesyds 07 (ekl Jy AGes)ds g t))
ot ax2 | atl—v ’
+ R('x’ t’ A’ B’ C)’ (1.9)
aC (x, 1) il T L G
o =Dga | (e C(x,t)) — R(x,1,A,B,C). (1.10)

This system includes a non-standard fractional derivative operator L,l_y f(t) of the
form

_ , al-v i
Ltl Y F(r) = ekl B(x,s)dsatl__y (ekl N B(x,s)dsf(t)) ’ (1.11)

which takes into account species may react and therefore be removed before diffusion
can take place. The main difference between the two models is Model 2 contain a
non-standard fractional derivative operator (1.11) but it is not include in Model 1.
Anomalous nodes in a network is an example for both models. Fedotov and Stage
demonstrated that anomalous cumulative inertia overpowers highly connected nodes
in attracting network individuals. This contradicts the classical result that people tend
to gather at high-order nodes [32].

The Keller Box method is an implicit numerical scheme which is second order
accurate in both space and time when applied to the standard diffusion equation [33]. In
the Keller Box method the order of spatial derivative in the equation is rewritten as the
first derivative of an introduced additional variable. This method can be used for more
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general equations where we cannot rewrite the fractional partial differential equation
with a Caputo derivative on the left. In this work, the current methods for approximating
fractional derivatives will need to be modified to approximate the operator in equation
(1.11). We consider numerical solutions for equations (1.4) — (1.6) and equations (1.8)
—(1.10), by applying the Keller Box method with the modification of the L1 scheme
as in [34, 35]. The main contribution is the discretization of the modified fractional
operator, there may be a similar method was used in [7].

2 Derivation of the numerical method for both models

In this section a numerical scheme for solving both models is developed based upon
the Keller Box method. As in [34, 35], we denote the spatial grid points by x;, for
i =0,1,2,..., N where xo = 0 and xy = L with grid spacing Ax; = x; — x;j_1.
We also use the equally-spaced temporal points as 1; = jAz, for j =0, 1, ..., M with
the constant time step of Ar = T /M. In the following sections we discuss in detail
the derivation of the scheme for Model 2. The scheme for Model 1 can be developed
in a similar manner. We approximate the Riemann-Liouville fractional derivative by
using the ML1 scheme developed in [34, 35], given by

di-v its I\
[Tift)} = oy {ﬂj(y)go +2 <5> <gj+% _ g,-)

ML1

j
+ Zﬂj—k(y) (8k — 8k—1) } , 2.1

k=1

where o, and the weights B;(y) and u;_(y) are given by

Arr—! ! Co3\ 1Y
=Tty ,3]'()/)=V<J+§> and /Lj(V)=<J+§) —<J+§) .
2.2)

The ML1 scheme has been shown to be convergent of order O (A7) for g() €
c?[o, tj+1/2], [35]. The similar scheme to ML1 scheme was used in [36] but
with different weights and include the estimation at the midpoints #;1,2, where
k=0,1,2,...,j. For the scheme given in [36] the convergence order was simi-
lar to that in [35].

2.1 The scheme for model 2

In this section we consider the second model given by equations (1.8) — (1.10). These
equations include the non-standard fractional derivative operator in equation (1.11).
The current methods for approximating fractional derivatives will need to be modified
to approximate the operator in equation (1.11). To do this we also define the auxiliary
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variables y; and y; as

—ki [y B(x.s)ds

yi(x, 1) =e and yy(x,1) = e K Jo AGx9)ds (2.3)

Taking the derivative with respect to ¢ of equations (2.3) we then find the following
governing differential equations

d

DN _ ok Jy BEds [_ B(x, 1)] = —ky B(x, £)y; (x, t 2.4

or [—ki1B(x,1)] 1B(x, )y (x, 1), (2.4)
and

a ds

é?:e%%MWW”phAan:—hAuJUﬂLn. (2.5)
These equations are supplemented by the initial conditions yj(x,0) = 1 and

y2(x, 0) = 1. In the following we denote

J J J
Wiy — 2u; +up_y
Ax2

8§ulj = and Aulj = uljﬂ + 2uij + u{_l. (2.6)
Now the numerical scheme for solving the equations for Model 2 will be developed
based on the Keller Box method with the ML1 scheme as given in equations (2.1)
and (2.2). Here we approximate equations (1.8) — (1.10), (2.4), and (2.5) at the point
(xi_ 1 liy 1 ) We shall only consider the discretisation of equation (1.8) with the

discretised equations corresponding to equations (1.9) and (1.10) can be found using
a similar process. Replacing the spatial derivative in equation (1.8) by

d 3 A @
V= — — 1, .
ax |2l ari—r yi
then equation (1.8) can be rewritten as
L1 L1
0A J+3 9 J+3 1
[—} =D [—”} +IRI T, 2.8)
ot i-1 ox i—1 =3

il
where [R]jﬁLl2 is defined by
-2

Jj+

i—

1 j+l
[R] ! = —ki[AB] [ +k_1[C] (2.9)
2 1=z

RI= o —

Equation (2.7) is supplemented by
3 (v (A\\T ;
— — | — = . 2.10
[ax (yl o117 (w))]i_; Wy @10
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Approximating the first order spatial and time derivatives in equations (2.8) and (2.10),
by using the centred finite difference scheme, we then obtain the equations

1 ~ ; D
A_l‘ I:Alj+ll — Aljli| Ax <v1+2 _ ]+2> + [R]lj-i-l ’ @.11)
2 2 ;

N

and

1 ol-r A J ol—r A J j
(O ) ) o

il
We then approximate the term [R]Z{Jr]2 by the corresponding spatial averages ati — 1
3

and i, and so equations (2.11) and (2.12) then become

1 . .
Jj+1 J+1 J J
zar (A7 i) = (4l 1)

D ([ j+1 4+l 1 j+i j+i
Ax, <v z - vi12> + 3 ([R] 4 [R];_ 2 , (2.13)

and

1 gl-v A J gl-v A j 1 ; ]
Ax; vl o =-(v/+v ). @14
At <[Y1 orly (Y1>]i [yl o'~y (yl>:|i—l 2 (v’ +v’—1) (2.14)

Solving equation (2.14) for vL] and then combining with equation (2.13) gives

1 1 1 j ' 2D s 1 j+i j+k
Al Aty = (Al Al )] = 4RI
o [(a + Pral)] = 2o g (R i

| A =) ) B
Axiz ylatl_V yi/l; ylarl—y w/lioi | '

Using a similar process to above except now replacing i with 7 + 1 in equations (2.8)
and (2.10) and eliminating v/ ,, we obtain the equation

i+

1 ; ; ; 2D 4l
Jj+l J+1 J AV J+
2At [(AiJrl + Ai ) (AhL1 + Ai )] - AXjy1 Vi i

1
2
i (D GO b G
1 - — | — . .
Ax? ar' =7 \y1 ) Jip arl=r \w / |,

Combining these two equations then gives

JHl i+ j+1
o [a (A7 Al 4 avg (Al + 4l
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_ ! Aol N Avea (A7 1Al
—E[Axi( it i—1>+ x,'+1< i1 T 1>:|

1
20 2D s+ - AN
Axiy1 Ax; i ar'=v \yi / J;

1 s 1
-~ V1; w1 \ = Vi -
AXit1 i+ | grl-y Y1 i+1 Ax; =t Loty Yi/ldi—1

1 i+l i+l i+l
+5 [(Ax,- + Axip )[R 4 Axi [RT7 + Axig [R]{HZ} .@1

Afterusing the ML1 approximation of the fractional derivative, given by equation (2.1),
in equation (2.17), replacing the terms at t = ¢ i+l by their corresponding temporal

averages and using the notation in equation (2.6), we then have the following equation,
given in the case of constant grid spacing Ax; = Ax, as

j+1 1\ ot J 1 0, DY
AA[T —4Doy (5 ) 83417 = AA] —4Doy (5 ) iAl +d () ¢/ n.A)
d (vl + il ) H oA =2l 4 n!) H 0, A
+ Yijp T Y154 i+1(y1, ) yip o i 7 (1, A)

+ (yl-,.’_*f n y1{_1) H (1, A)] +5 (AR{+l n AR{) . (2.18)

Here, at point p = i,i — 1, and i 4 1, the terms Hg(yl, A) and ¢ij (y1, A) are denoted
by

) J ATk A1
H,i(yl,A)=ﬁj(y>A8,+Zuj_k<y)([—] —[—} ) (2.19)
=1 Yildp idp

and

j+1 j+1 j+1
iy =t AT Zay i [AY i [AT
¢l ()’1, ) y11+1 yll +y117]

Yiditr yil; Y1ildi—1
i [AY i [AY m[AY
EERAYES T R + 21 | TV | oo ’ (2:20)
Yildi+ Y1 Yidi—
where o, is defined in equation (2.2), and d is given by

4DAtY

= Avras) 2.21)
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In the above we have used the condition y;(x, 0) = 1. The corresponding equation
for a uniform mesh for species B in equation (1.9) is

1
2

Ny . . . N
+d [(yz{il + y2f+1> H!  (y.B) -2 (yzi’+ + yzi’) H!(y2, B)

i 1\7 i1 . 1\7 . v
AB/* —4Da, <§> §2B/"' = AB] —4Da, (5) 8:B] +d ¢/ (2. B)

i1 . . At i+1 .
+ (yzf,l + yz{ﬂ) H (v, B)] += (AR; + AR{) : (2.22)

where the terms H 1{ (y2, B) and ¢ij (y2, B) are defined analogously as in equations
(2.19) and (2.20) by replacing y; with y, and A with B. For species C, equation
(1.10), we have the equation

Atk_l '+1 1 14 2 i+1
(1 + T) AC/™ —4Do, 3 8¢/
Atk_; ; 1\” ;
= (1 i )ACi] +o(k_1, At)o, <5> S%Ci]

—k_1t. . Atk . .
+aDoye iolgl + = (ALABY T + A L4BY). (2.23)

where o(k_1, At) = 4D(1 — 2 *-181/2) and §2¢/ is defined by

| J
53] = BiNSICY + Yy ek (s2Cy — g2 224)

r=1

Finally we find the approximations for the equations for the auxiliary variables y; (x, t)
and y;(x, t) given in equations (2.4) and (2.5). Approximating the first order time
derivatives by a centred finite difference and approximating the values att = ¢ 4 by

their temporal average, we then obtain the equations

. S Atk . .
/™ = ot] = S5 (B + B, (2.25)
and
, . Atk . .
D2l = Dal] = 22 (1l ™+ 1an2]). (226)

Equations (2.18), (2.22) and (2.23), along with equations (2.25) and (2.26), form the
equations for the Keller Box method for Model 2.
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2174 S.Osman, T. Langlands

2.2 The scheme for Model 1

Using a similar procedure that was used for Model 2 as given in Section 2.1, the
corresponding equations for Model 1, equations (1.4), (1.5) and (1.6), are

AATTY 4D 1V82Aj+l—AAj 4D lyazAf'
i_ayz xi_i_ayz x

J
+4Doy 1 B;()82AY+ 3wk () (SiAf - 8§Af_1)
k=1

At j+1 j
+ 5 (AR + AR, (2.27)

AB/t! —4Do ly828j+l—ABj—4Do ly(szBf
i Y 2 X0 - i Y 2 X0

J
+4D0y { Bi(O2BY + Y i) (33B) — 61B) )
k=1

At : ~
+> (AR]+1 + AR;’) , (2.28)
and
j+1 1\ o j+1 j 1N
AClT —apo, () 8¢/t = ac] —4poy (3) 8iC;
j
+4Doy 1 B (ST + Y mj—k(y) <5fo —sfcf—l)
k=1
+5 (AR + AR), (2.29)

where again o, is as defined earlier in (2.2). Equations (2.27), (2.28) and (2.29) form
the set of equations for the Keller Box method for Model 1.

3 Accuracy of the numerical method for both models

In this section we consider the order of accuracy of the numerical schemes in Sec-
tions 2.1 and 2.2. We suppose that the continuous problem for both models, equations
(1.4) - (1.6) and equations (1.8) — (1.10), has a smooth solution such that A(x;, t;),
B(x;,tj), C(x;,tj) and AB(x;, tj) € F(£2), where

920, (x, 1) 92%6;(x,1) 3%0)(x, 1)
and

2
axZ a2 axdar €O G-1)

F(Q) = {01()6, 1)
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and Q ={(x,0)|<x<L,0<r<T}

3.1 Accuracy of the numerical method for Model 2

We now determine the truncation error of KBML1 scheme for Model 2. Equation
(2.18) can be rewritten as

S [Bal = gal]+ o [Al - A
DAY=t (1N DArr~! - N
=Tasn (5) 5P (y1,A)+—F(1+y)6x[(y1L +y1§7) H,{(yl,A)]
1 j+l j . .
t3 {sz ([531?][ + [aiR]i> +4([R]frl + [R]{)}, (3.2)

where at point p =i,i — 1, and i + 1, the term <I>{,(y1, A) is denoted by

j (¥ j ﬁjH AV
q’p(yl,A)—(ylp +y1p)<[yl] -5 . (3.3)

p p

Note in the above, the following identity was used
Jj+1 j+1 Jj+l j j j
[(Ai—l —24; + Ai—H) - (Ai—l —24; + Ai+1>]
. A7IT! A J AT/
+ |y [—] =iy [—] —2y1} [—}
|: i+1 yi it i+1 Y1 it i S’
. AT . A 7! . ATl
+1 +1
st [A] o 2]t 2]
yid; Yidic Yidioy
i+1 j
i . AT A i1 .
= (M{L +y1',-’+1> ([;} — [y_l} ) -~ 2(y1{+ +y1{)

i+1 i+1
A Jj+1 A J o ) A Jj+1 A J
B ot (L) o
Y1 i Y1 i yildia yilio
After adding and subtracting the 2DA L (1 G A ] wh
€I adding anda subtractin ¢ erm —_— | - s , where
g g AT(1+y) \2) P

¥ (y1. A) is defined by

. . . A i+ AT/
vy, A) = (yd;“ +y1{7) ([;} — [;] ) (3.5)

p p
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with p =1i,i — 1,i + 1, equation (3.2) then becomes

j_:j [5§A{+1 - 5§A{] + é [A{H - Aij]

_ % {sz(%)y (820}, 4) = 26200, )|

+ (ylf:-rll + y‘{“) [ﬁ’(y)[ P42 2 ([il]: l+1>
L (3L o 2]
+20; Ly ([ﬂﬁ% - [le +};”’ ) ([yAl]k_ [%I])]

+ (yll Ll 1) [ﬁj(?)[;;]]?_l +2(%)y <[%ij - [%}j_)
+§Mjk(y)([%]f1 - [%I:l)

[ ) o), oo

Note the second term on the right-hand side of equation (3.6) can be rewritten

i
i,i —1,i4 1, given in equation (2.1). Equation (3.6) can now be written as

A
in terms of the ML1 approximation acting upon the function |:—i| , where p =
p

AT Al A, DAY (1N,
i i 82A{+1 (SZAJ] - (SZGJ , A
At +4At[x’ F(1+y) GO, A)
26J Ax? (1, 2 1 j+1 j
+ D520] (v1. A) + | —— [SXR]i + [(SXR]i +3 ([R],- +[R],-) :
(3.7
with
@,/( " ( + ) |:81 y (A>j|j+é 38
. 1’ = l _— ) .
i i M) Lo i ML
and
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) . . A7iT! A j+% AT/
Gl (1, A) = <y1f+l + y1f> ([—] -2 [—] + [—] ) . (3.9)
yid; Y1 Y1

i i i

Taking the Taylor series expansion around the point (xi, fiy1 ) , we then obtain
2

AV et [ (2 (A j+%+0<A % 1 o(ar?)
ar |, a2 M\ i *

| i G B el (L
[a l ML/ di
(3.10)

Evaluating the spatial derivatives
02 [ o' (AN\PTT [ 9 falr fa\\]"?
ox2 Moy » P Moxz \ort—r n i
| c 1
p[on 8 (A CANTTE T (AN (2P
ax ox \atl=v \y1 ) J |, atl=r \ y axz )|,

and then combining the common terms we find

S i1

9A7 T2 i+l 27 v fAN\]?

[y] = [R]{Jrz +D— [yl— (—)] + 0(AXD) + 0(AP)
i i

(T (9 (ANNTTE T (82 (AT
ot ([ (G ()] -l G ()]
! arl=r \ ax2 \ y ; arl=r \ ax2 \ y; ML
HEraly (AT
N L= GG
2 i+l 1=y j+3 =y j+3
e A o | R e o | S S
0x? |; ar'=v \y /J; el \y1 ) |i mm
Each of the terms of the form
B (AN Talr LA\
[ — (_ﬂ _[ — <_)] ~ O(At'F7) (3.13)
'Y \y1/ J; 0 =Y \m /) limm

are of order At!T7 accurate in time given the ML1 scheme is O (Ar'*7) [35]. We
then obtain

21 il
9A7/ "2 Ay At AN

@ Springer



2178 S.Osman, T. Langlands

i+1 .
i]+ ,is of

O(At'*7) in time and O(sz) in space. Similarly, we find the truncation error of
equations (2.22) and (2.23) are also of order 1 + y in time and second order in space.
Likewise considering the accuracy order in equations (2.25) and (2.26), by again

Using a similar argument to that in [34], we see that the truncation error, t

expanding the Taylor series around the point ( x;, iy
is second order in time. The order of the overall system of equations in Model 2 is
order 1 + y in time and second order in space.

1 ), we then find each equation
2

3.2 Accuracy of the numerical scheme for Model 1

Similar to Section 3.1, we find the truncation error for equations (2.27), (2.28) and
(2.29) are of order 1 + y in time and second order in space.

3.3 Consistency of the numerical schemes

The numerical schemes for solving Model 1 and Model 2 are consistent, as the trunca-
tion error approaches zero as At — 0and Ax — 0. Hence the Keller Box method with
ML1 scheme is consistent with the original systems of fractional reaction diffusion
equations.

4 Numerical examples and results

In this section we investigate the solution of both Models 1 and 2, for Examples 1
and 2 on the domain 0 < x < 1 and 0 < ¢ < 1 and for Example 3 on the domain
0<x <land0 <t < 5. We estimate the order of convergence numerically for the
KBML 1 method by computing the maximum norm of the error between the numerical
estimate and the approximate “exact” solution at the time # = 1 for Examples 1 and
2, and at r = 5 for Example 3. The approximate “exact” solution was found by using
a large number of grid points and time steps. The approximate order of convergence
in Ax, Ry, was estimated by computing

Ry =log, [exc (Al, 2AX) /esc (AL, AX)], “.1)
and the approximate order of convergence in Az, R, was estimated by computing

Ry =log, [esc (AL, Ax)/exo (AL, AX)]. 4.2)
Example 1 In this example we consider the solution of the two fractional partial dif-
ferential equation models of the reversible reaction A + B = C in the presence of
anomalous subdiffusion as given in Sections 2.1 and 2.2. For both models we use the

same initial conditions

A(x,0) = (I —cos(2mx))/2, B(x,0) = (1 —cos(2mx))/2, and C(x,0) =1,
(4.3)
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2 »

0.9
2 " X085
< o4 { 3]

Fig. 1 (Color online) The Model 1 predictions of (a) A(x, ) and (b) C(x, t) using the KBMLI1 scheme,
Section 2.2

along with the no-flux boundary conditions

0A(0, ¢ 0B(0,t aC (0,1t
940.1 =0, 980.10 =0, and 0.0 =0, 4.4)
0x dax 0x
and
0A(L,t oB(L,t oC(L,t
ALY _ o IBULD g WCED oy
0x 0x 0x

where L = 1. For Model 2 we also include the initial conditions y;(x,0) = 1 and
y2(x, 0) = 1. For both models we set the fractional exponent as y = 1/2, the forward
reaction rate as k; = 1, the backward reaction rate as k_; = 1, and the diffusion
coefficient as D = 1. Here the numerical solutions of Model 1 and Model 2, where
found using the numerical schemes, given in Sections 2.2 and 2.1 respectively, with
At = 0.001 and Ax = 0.02. Figure 1 shows the results for A and C for Model 1.
We see the reverse reaction C — A + B dominates with A and B being produced
from C at a faster rate than the forward reaction A + B — C. Note the predicted
values of B (not shown) are the same as those as A in this example. We also see that
C decays to a homogeneous steady state, whilst A and B increase to a homogeneous
steady state. The numerical solution of Model 2 under the same initial and boundary
conditions is shown in Figure 2. Here we see similar behaviour to the results of Model
1. It should be noted, given the initial conditions are the same A (x, 0) = B(x, 0), then
A(x,t) = B(x, t) for both models.

In Figure 3 we give a comparison of the predicted values of A(x, ¢) for both models
atthe points x = 0.5and x = 0.9. From this figure we see similar asymptotic behaviour
from both models with Model 2 (solid lines) predicting a slightly faster decay to the
homogeneous state compared to Model 1 (dashed lines). We also see in Figure 4 the
difference € = A1(0.5,¢) — A2(0.5, ) at x = 0.5. From this we see Model 1 predicts
a slightly higher value than Model 2 at the midpoint.

Example 2 In this next example we consider the solution of the two fractional partial
differential equation model where there is no reverse reaction, so we have the reaction

@ Springer



2180 S.Osman, T. Langlands

] 05
i oz 94 10 02 04 06

(b)

Fig. 2 (Color online) The Model 2 predictions of (a) A(x, ) and (b) C(x, t) using the KBMLI1 scheme,
Section 2.1

0.8

A1)

— —-M1atx=05
02 —— M2 atx=0.5
— —-M1atx=0.9
0 1 1 1 1 1 1 1 N M2 at X=O'9
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
t

Fig.3 (Color online) The comparison between Model 1 (dashed lines) and Model 2 (solid lines) by using
KBMLI1 for species A in equations (2.27) and (2.18) at x = 0.5 (upper two lines) and 0.9 (lower two lines)

0.1

0.08

0.02 -

0 . . . . . . . . .
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

t

Fig. 4 (Color online) The estimate of the difference, ¢ = A1(0.5,7) — A2(0.5, 1), in the prediction for
A(0.5, 1) given by Model 1, and Model 2 by using KBML1
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B(x.t)

1 0

(@)

Fig.5 (Color online) The Model 1 predictions of (a) A(x, ¢) and (b) B(x, t) given by the KBMLI scheme,
Section 2.2

Bx.t)

(b)

Fig.6 (Color online) The Model 2 predictions of (a) A(x, ¢) and (b) B(x, t) given by the KBMLI scheme,
Section 2.1

A+ B — C only, and so k_1 = 0. For both models we use the initial conditions

A(x,0) = (1 — cos(2mx))/2, (4.6)
B(x,0) =2+ cos(27x), 4.7

along with zero flux boundary conditions of x = Oandx = L = 1 for each species. For
Model 2 the additional initial conditions for yj (x, 0) = y>(x, 0) = 1 are also required.
The other parameters used in finding the predictions are At = 0.001, y = 1/2,
k1 =1, D =1 and Ax = 0.01. In Figures 5 and 6 we show the numerical solution
of Model 1 and Model 2 by using the KBML1 scheme subject to the boundary and
initial conditions mentioned above. We again see similar asymptotic behaviour with
the solution of A and B decaying to a homogeneous state for both models.

A comparison is given in Figure 7 of the predicted values of A(x, ) and B(x, t)
for both models at the points x = 0.3 and x = 0.9. There we see both models have
a similar asymptotic behaviour, but Model 2 predicts a slightly faster decay to the
homogeneous state. The differences between the predicted values for A and for B
found from both models at x = 0.5 are shown in Figure 8. From this figure we again
see the results from Model 1 predicts a slightly higher value at x = 0.5 than Model 2
for both species A and B.
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Fig.7 (Color online) The comparison between Model 1 (dashed lines) and Model 2 (solid lines) by using
KBMLI1 for species (a) A(x, t) at x = 0.3 (upper two lines) and 0.9 (lower two lines) and (b) B(x, t) at
x = 0.3 (lower two lines) and 0.9 (upper two lines)
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“— 041 J
w

0.5 0.6 0.7 0.8 0.9 1

Fig.8 (Color online) The differences between predicted values for A(0.5, ¢) and B (0.5, t) from both models
where €1 = A1(0.5,1) — A»(0.5, t) (dashed lines) and € = B1(0.5, ) — B>(0.5, t) (solid lines)

Example 3 In this final example we consider the solution of the two models in the case
of the reverse reaction only, with k1 = 0. In this case C evolves independently of A
and B and so we only need the linear reaction diffusion equation, given by equation
(1.6) for Model 1 and equation (1.10) for Model 2. For both models we use the same
initial condition

C(x,0) = (1 — cos(27x))/2, (4.8)

along with zero flux boundary conditions. The exact solution of Model 1 and Model
2, with k; = O is given in [1] and [37]. The exact solution for equation (1.6), with
k1 =0,is

— o (—k_1t)"
Cx.t) = ancos(iyx) Y TE;TI)+(1_V),"(—,\,%¢V), (4.9
n=0 m=0 ’
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(b)

Fig. 9 (Color online) Numerical solution of C(x, t) (a) for Model 1 and (b) Model 2, where k| = 0 and
k_1=2

and for equation (1.10), is

o0
Cx.1) =) aycos(hnx) exp(—k_i1) Ey (—Ant?), (4.10)
n=0
where A, = % For the initial condition in equation (4.8) we have ag = %, a = —%

and a, = 0 otherwise. For Model 1 we use the numerical scheme using only equation
(2.29) and for Model 2 only equation (2.23). For both models we have found the
solution for 0 < t < 5 using At = 0.001, y =05,k =2,D =1,L =1,
and Ax = 0.01. In Figure 9 we show the numerical predictions of both models. The
predicted values of C from both models quickly decay to a homogeneous state before
decaying to zero.

A comparison of the values of C for Model 1 and Model 2 with y = 0.5 at the
points x = 0.2 and x = 0.9 is shown in Figure 10 with k_; = 2, and in Figure 11
with k_; = 5. We see in Figures 10 and 11, that the predicted solution of Model 1
becomes negative whilst Model 2’s predictions remain positive. The solution becomes
negative earlier as the value of k_; is increased from 2 to 5. These results replicate
the negative predicted results from [31] in the infinite domain case for Model 1. The
negative prediction is physically unrealistic which suggests Model 2 with the modified
operator is the better model to use.

Estimation of the order of convergence

In this section we estimate the order of convergence for Example 1. Before that we first
demonstrate the predictions converge by using numerical experiments. To do this we
calculate the difference between predictions in Figure 12 at x = 0.5, when different
time steps, At, is used for Model 1 and Model 2 respectively over the solution interval
0 <t < 1. The value of ¢; is the difference between the estimates if At = 1072 (100
time steps) and when the time step is A7 = 107 is used (107 time steps). The value
of €, is the difference between when Ar = 107> and Ar = 107 time steps are used,
and the value of €3 is the difference between when At = 10~% and Ar = 107 time
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Fig. 10 (Color online) Comparison between Model 1(dashed lines) and Model 2(solid lines) predictions
for C for2 <t <5 (a)atx = 0.2 and (b) x = 0.9 with y = 0.5, Ar =0.001,k; =0,and k_| =2

0.03 1 0.03

= 0.02

c0.2,

0.01

Fig. 11 (Color online) Comparison between Model 1(dashed lines) and Model 2(solid lines) predictions
forCforO <t <5(a)atx =0.2and (b) x = 0.9 withy =0.5, At =0.001,k; =0,andk_| =5

steps are used. We see the difference between the numerical predictions for species A
decreases as the time step is decreased and appear to converge to zero as indicated by
the arrows in each figure. We also found similar behaviour for Examples 2 and 3 as
given in Figures 13 — 15.

The error and order of convergence estimates are next found from applying the
numerical scheme on Model 1 and Model 2 for species A and C for Example 1, species
A and B for Example 2, and species C for Example 3. The error is approximated by
comparing these numerical results with an approximate “exact solution” found using a
long run with a large number of time steps, with Az = 1.25x 10™#, and a large number
of grid points, with Ax = 5 x 10™%. The results are given in Tables 1 and 2 for species
A in Example 1 for y = 0.1,0.5,0.9 and time r = 1.0. We kept At fixed at 10~3
to estimate the convergence in space and varying Ax. To estimate the convergence in
time we kept Ax fixed at 10~ whilst varying Az. We see both numerical schemes,
for Model 1 and Model 2, appear to be order O(Ax?) which compares well with the
accuracy analysis. Using a similar process, we found a similar convergence order in
the space for species C for Example 1 and species A and B for Example 2 (not shown).

The obtained numerical convergence order estimates however do not appear to
match up with the expected order of 1 + y in time but the errors do decrease as At is
decreased showing convergence for both models. We note that the convergence was
slightly better for Model 2 than that for Model 1.

@ Springer



Numerical investigation of ... 2185

0 0.1 0.2 0.3 0.4 0.5 06 0.7 0.8 0.9 1 0 0.1 0.2 03 04 0.5 0.6 0.7 0.8 0.9 1

(a) (b)

Fig. 12 (Color online) The estimate of the difference, €, in the prediction for A(0.5, ¢) given by (a) Model
1 and (b) Model 2, Example 1, where €/ is the difference between when At = 102 and At = 1073 time
steps, €3 is the difference between Ar = 1073 and At = 1073 time steps. The value of €3 is the difference
between At = 10™% and A7 = 1077 time steps

[ 0.1 0.2 03 0.4 05 0.6 0.7 08 0.9 1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

(a) (b)

Fig. 13 (Color online) The estimate of the difference, €, in the prediction for (a) A(0.5, ¢) and (b) B(0.5, 1)
given by Model 1, Example 2. The value €7 is the difference between when At = 1072 and At = 107>
time steps, € is the difference between Ar = 1073 and A7 = 1073 time steps and €3 is the difference
between At = 10™% and Ar = 1072 time steps

Using a similar procedure, we estimate the convergence order using Example 3 for
y =0.1,0.5,0.9 and time t = 5.0 as shown in Tables 3 and 4. Here we kept Ar = 0.1
fixed and varied Ax to estimate the convergence order in space. Likewise, we kept
Ax = 1073 fixed and varied Ar to estimate the convergence order in time. From the
results in Tables 3 and 4, we see similar convergence order in space and time as was
shown in Example 1.

Stability and convergence are very important requirements for a robust numerical
scheme. These models involve a very complicated set of equations and so it is not pos-
sible to obtain exact analytical conditions for the stability and convergence. However,
we have tested our scheme under different time and grid steps and found the solutions
do converge.

5 Conclusions

In this work, we extended the KBML1 scheme given in [34] to the case of systems
of nonlinear fractional partial differential equations. We considered two models of a
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Fig. 14 (Color online) The estimate of the difference, €, in the prediction for (a) A(0.5, ¢) and (b) B(0.5, t)
given by Model 2, Example 2, where €7 is the difference between when At = 1072 and A7 = 107 time
steps, € is the difference between Ar = 1073 and At = 10~ time steps. The value €3 is the difference
between At = 10™% and A7 = 107> time steps

0 0.1 0.2 0.3 04 0.5 06 0.7 0.8 0.9 1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 08 0.9 1
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Fig. 15 (Color online) The estimate of the difference, €, in the prediction for C (0.5, ¢) (a) given by Model
1 (b) and Model 2, Example 3. The value € is the difference between when At = 1072 and A7 = 1073
time steps, €7 is the difference between At = 1073 and Ar = 107 time steps and €3 is the difference
between At = 10~% and Ar = 102 time steps

reversible reaction in the case of anomalous subdiffusion: Model 1, based on the work
of Henry & Wearne [1], and Model 2, based on the work of Angstmann, Donnelly &
Henry [2]. The accuracy of the KBML1 method for both models, by using the Taylor
series, was found to be order 1 + y in time and second order in space. We note that
Model 2 takes longer to run computationally when compared to Model 1. This is to
be expected since we need to solve a system of five differential equations in Model 2
rather than three in Model 1.

The convergence of the KBML1 scheme for both models has been demonstrated
numerically noting the error in the numerical predictions decreased as the time step
was decreased. However, the expected 1 4 y order of convergence was not observed
but was greater than 1. The spatial convergence order of two was confirmed for both
model schemes. The two models were compared for a number of examples given the
same initial and boundary conditions and with the same anomalous exponent. From
the results found, similar behaviour for both models was predicted for short times.
However, we see for longer times the solution of Model 2 remains positive whilst the
Model 1 predictions may become negative which is physically unrealistic as shown
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for the case of the reaction C — A 4 B. This verifies numerically the analytic results
in [31]. We conclude that using Model 2 with the modified operator is more realistic
than using Model 1 if we require the solution to remain positive.
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