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Abstract

In this paper, the variational iteration method (VIM) is applied to solve the time and
space-time fractional Burgers' equation for various initial conditions. VIM solutions are
computed for the fractional Burgers’ equation to show the behavior of VIM solutions
as the fractional derivative parameter is changed. The results obtained by VIM are
compared with exact solutions and also with expansions of the exact solutions. VIM
solutions are found to be in excellent agreement with these exact solutions.
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1 Introduction

In recent years fractional calculus has been utilized to find solutions of equations gov-
erning the modeling of real materials in engineering and physics. Fractional differential
equations model many phenomena in several fields such as fluid mechanics, chemistry [1,
2], biology [3], viscoelasticity [4], engineering, finance, and physics [5-7]. Therefore, the
use of fractional calculus has gained the attention of scientists and engineers as, though
counter-intuitive, the fractional derivative does arise in physical problems. In this con-
nection there is the work of [8—15]. Due to the difficulty of obtaining exact solutions of
equations involving a fractional derivative, approximate and numerical techniques have
tended to be used instead. Examples of such approximate and numerical methods are
Taylor collocation method followed in [16]; Adomian’s decomposition method followed
in [17, 18]; finite difference method followed in [19, 20]; homotopy analysis method and
homotopy perturbation methods followed, respectively, in [21-23] and [24].

In addition, there are general papers giving an overview of the field of fractional differ-
ential equations [25-28]. Also, numerical methods have been used to find solutions of
fractional differential equations [29-37].

Burgers’ equation is the diffusive equation

U + AUy, — Clhyy = 0. @

Burgers’ equation arises as a model equation for the smoothing of a shock wave by viscos-
ity [38]. In this application ¢ is modeled on the kinematic viscosity in the Navier-Stokes
equations. Furthermore, Burgers’ equation has an exact solution via the Cole-Hopf equa-
tion which reduces it to the heat equation [37, 38]. Of particular relevance to this work,
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Burgers’ equation (1) has the front solution [39-41]

u(x, t) = i{—b - % tanh[b(x - th)]. 2)

In this paper we study approximate solutions using VIM for the time and space-time
fractional Burgers’ equation. To the best of our knowledge, this is the first study of the
space-time fractional Burgers’ equation by VIM. The work of [42, 43] studied only the
time fractional Burgers’ equation and the space fractional Burgers’ equation, but did not
study the space-time fractional Burgers’ equation.

The present paper is organized as follows. The second and third sections are devoted
to the basic ideas of fractional calculus and the standard VIM, respectively. The fourth
and fifth sections are devoted to the application of VIM to evaluate solutions of the time
and space-time fractional Burgers’ equation, respectively. Conclusions are presented in

section seven.

2 Fractional calculus

Definitions of fractional derivatives were given by Riemann, Liouville, Grunwald, Letnikov
and Caputo [25-28], and they are based on generalized functions. The most commonly
used definitions are those of Riemann [25] and Liouville and Caputo [27]. Here we give
some basic definitions and properties of fractional calculus theory.

Definition 2.1 A real functionf(¢), ¢t > 0, is said to be in the space C,,, u € R, if there exists
areal number p > u such that f(¢) = t#£,(t), where fi(t) € C[0, 00), and it is said to be in the
space C' iff f € C,y, m € N.

The Riemann-Liouville fractional integral operator of order « > 0 for a function f € C,,
> -1, is defined as

Wm?%ﬁ“”*““t”
PF@) =£(0).

It has the following properties. For f € C,,, u > -1, o, 8> 0,and y > -1,
o JUJPf(8) = Pf(8),
o JUIPf(e) = JPJef (),

_ _Tly+1)
o JUt = (o+y+1) A

Definition 2.2 The fractional derivative of f(¢) in the Caputo sense is defined as

o _ ym—a ym _ 1 ! _ ym—a-1r(m)

D0 D0 = s [ eyt @y ar ®
form—1<a§m,meN,t>O,feCIT,Mz—l.Then

DTS (2) = f(8),

m-1 k
JDf () =f ) - Y _f*(0%) %
k=0 ’



Saad and Al-Sharif Advances in Difference Equations (2017) 2017:300 Page 3 of 15

3 Basicideas of VIM
The principles of VIM and its applications to various kinds of differential equations are
given in [44—49]. To apply VIM, we consider the differential equation

Lu(x, t) + Nu(x, t) = g(x, t), (4)

where L is a linear operator, N is a nonlinear operator and g(x, £) is a source term. Accord-
ing to VIM, we construct the correction functional as

Upi1 (%, £) = (%, £) + /tA(Lun(x, T) + Nity(x, 7) - g(x, 7)) d, (5)
0

where A is a general Lagrange multiplier [45—47] which can be determined optimally
through variational theory. The subscript # denotes the nth order approximation, whereas
it,,(x, t) is considered as a restricted variation [45-47], i.e., 811,,(x, t) = 0. Also new results
were obtained in [50, 51] using VIM.

4 The time-fractional Burgers’ equation

In this section, we use VIM to solve the time-fractional Burgers’ equation. To obtain this
equation, we replace u; by ¢ in Burgers’ equation (1), where n —1 <« < n, n € N. Hence,
we obtain the fractional-time Burgers’ equation

U + AUty — Cllyy = 0. (6)

Now, we construct the correction functional to solve (6) according to VIM as follows:

U1 (%,8) = (3, 8) + JEM(T) (8 + AilpThn — Clhxx)s 7)
1 t

st (5, 1) = a3, 0) + oo / (¢ = ) VN) (1, + Aty — Cltyee) AT, (8)
&) Jo ’

where 1, u,,, and 11, ., are considered as restricted variations. The correction functional

(8) can be approximately expressed as

t
Up1 (%, 1) = uy(x, t) + / k(t)(u:,'ff + Aty iy, ; — cit,,,xx) dr. 9)
0

For m =1, we obtain the stationary condition

Sthpe1 (3, 1) = Sy (i, t)(l + )L(r)) lp=r + /t Su,(x, )M (t)dT =0, (10)
0

M(r)=0, (1)

(L+4(1))lr= = 0. (12)

Equation (11) is the Euler-Lagrange equation and (12) is the corresponding natural bound-
ary condition. Thus we have A = —1, and we obtain the variational iteration formula

1 t
Uns1(x,8) = Uy (%, 8) — —— / (t- T)(a_l) (uz,r +auplny — Cun,xx) dr. (13)
I'(er) Jo
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Now, as n — 00, we consider u,, as an approximation of the exact solution. Iteration (13)

is started with ug(x, £) = u(x, 0), and we obtain the successive approximations

2 (b - b ctanh(b x))

ug(x,t) = P (14)
u(x,t) = aazf'b(a) (I (o) (e — cctanh(bx)) + 2b%ct*sech? (bx)), (15)
012
uy(x, t) = %ﬁ){) (F(a) + M +8b*ct> tanh(bx)sech? (bx)
—a b2 a h2 b
Ny (a*r/(z 4+ + 4 lf(l;(f“l‘))tr (sge:+ ;’”) —cF(a)tanh(bx)). (16)
2

In this manner, we can obtain further approximations us(x, t), ua(x, t), ... For brevity, these
are not given. Note that if we expand the exact solution (2) in a Taylor series about ¢ = 0, we
thus obtain VIM solutions at o = 1. In Figure 1, we show the surface of the exact solution
(2) and the second approximation (16) for « = 0.7 in (b) at a =1, = 0.01 and ¢ = 1. We
note from this figure that the trajectory of the second approximation approaches the exact
solution. In Figure 2 we show the absolute error between the exact solution (2) and the
second approximation (16) for different values of b. The value of b plays a very important
role in the acceleration of convergence. As b deceases, the absolute error becomes very

small.

5 The space-time fractional Burgers’ equation

5.1 Tanh initial condition

In this section we study VIM solutions of the space-time fractional Burgers’ equation.
However, before this we expand the exact solution (2) in the basis functions e**-2%%), By

definition

2b  2cb 2b  2ch 1 — e 2bl-2b0)
u(x, t) = — - tanh[b(x - 2bt)] = B B e

o0
— % _ @ 1+2 Z(_l)re—Zr(b(x—zbt))
a a )

4eb &
_po b (Z(—l)’e‘zr(b("‘zht))), blx - 2b1) >0, (17)
a r=1
where 1 = Za—b - 2%’. For convenience, we rewrite Burgers’ equation after substituting u =
v+has
Ve + avvy + ahvy, — cvyy, = 0. (18)

The solution of this equation (18) is

o0

v(x, t) = %Cb (Z(_l)re—Zr(b(x—%t))) . (19)

r=1
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u(x,t) —200

Figure 1 Combining the surface exact solution (2) and the surface approximation (16) for « = 0.7,
a=1,b=0.01,and c= 1. (a) The surface of the exact solution. (b) The surface of the second approximation.
(c) Combining (a)-(b).
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Absolute Error

Absolute Error

Figure 2 Comparison of the second approximation (16) with the exact solution (2) fora=1,a=1,
¢ =1 with (a) b=0.01 and (b) b=0.001.

We take the initial condition from (19) on setting £ = 0

oo

v(x,0) = "td’ <Z(—1)’e-2’(bx>). (20)

r=1

We shall now study VIM for the space-time fractional Burgers’ equation. If we replace v,
by v, v, by vl and vy, by v2? where 0 < a, B <1, in the time fractional Burgers’ equation
(18), we obtain

vy +a(v+ h)vf - cvfcﬂ =0. (21)

VIM is given by

1 t
Vi1 (%, ) = vy (o, £) — ) / (t-7)@ (v +alv, + Ve — v ) dr. (22)
0
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On using this, we can evaluate the successive approximations. We choose vy (x, £) = v(x, 0)

and find
vo(x, £) = _id’ (i(—n’e-mbx)) (23)
5
and
) =108 - el (4)

The second approximation is given by

vo(x, £) = vi(x, £) — (let?%a) +al — c]z), (25)
_(h+vo)g o (igs + LhT (o + 1) + fovo(x)) 2
" T+ ) [Qa +1)
fifaT Qa +1) o, (26)

Mo +1)2T(Ba +1)
&2 o F(C\{ + l)fé 20

b= ’ 27
"T+1)  TRa+) 27)
—4bc): & 4
ﬁ(x) = ( C) Z Z)"ﬂ(_l)rwl()‘ + Al)zﬂex(k+ll)
rl=1 r=1
- 4bh? &
= dhbe ) (AR e —= ) (1A, 001,23, (28)
r=1 a r=1
4bhe & )
G=—— Y (-1yaPe, i=1,2,1=-2br,h = -2br. (29)
a r=1

In the same manner, we can obtain further approximations vs(x,t),... Setting 8 =1 in
the first approximation (24) and the second approximation (25) and after some simplifi-
cations, we obtain the same approximations as (15) and (16) on returning to the original
variable. We can obtain VIM solutions of (21) for b(x — 2bt) < 0 using the same procedure

as for b(x — 2bt) > 0. Using Mathematica, we can simplify the first approximation v; as

vi(x,t) = 2@ 1)

4be - ( Abct —4b262b"((c +1)e? + 3¢+ 1))

aaT (o)(e?b* +1)3 (

— (4P c(-b)** (e2bx + 1)3 PolyLog[-28, —e_be] (—e_%x))) (30)

We now use the first approximation (30), after returning to the original variable, to find
VIM solutions. Figure 3 shows VIM solution (30) for different values of « and B. It can
be seen from this figure that as « — 1 and g — 1, VIM solution (30) tends to the exact
solution (2). Therefore, VIM is an efficient and accurate method which can be used to find

approximate analytical solutions of the space-time fractional Burgers’ equation.
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u(x,t)

u(x,t)

ulx,t)
Figure 3 VIM solution (30) in the origin variable u fora=1,b=0.01and c=0.7 (a) « = 0.4, § = 0.6,
(b) x=0.6, $ =0.8, (c) =1, B =1 and (d) combining (a)-(c).

5.2 Polynomial initial condition

In this section we study VIM for the space-time fractional Burgers’ equation for another
initial condition. We replace u,; by uf, u,, by uﬁ’g and u, by uf , where 0 <o, 8 <1 in
Burgers’ equation (1). VIM for (1) is

1 t
Up1 (%, 8) = tn(x,1) — @ / -0V (e, +auul , - cu?l) dr. (31)
o 0 ’ 7 i
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Figure 3 Continued

We start the iteration with ug(x,t) = u(x,0) = 2x, so that the successive approximations
can be derived from (31) as

uo(x, t) = 2x, (32)
(.f) = <2 2tx12‘3< 2axB+1 c )) (33)
HEEE T ) \Te-p) "T2-28)) )
1 1
us(x, t) = uy(x, t) + m (bl - §2at(b2 +b3)a? 38 4 b4), (34)
b= —dact®>x>-3F 2afct>x>3F cA2x-4p 2ctx! =P 35)
L T(@r(3-38)  T@TB-38)  T@lr2-48) T @2-28)
Zaxﬂ"l—% a(B—2)xB+L ¢
by = Bt -t 5133—2;/;) * ra3p) . 6x%F 36)
') re-p)’
222 (- - et
" Ty ( re-sp
ax — cx_ﬂ
" <(ﬁ—1)2F(—ﬁ) + 2 N dax )) 37)
r(2-28) r3-28re-g)/)
2sin(ma) 2 *x1728 (24T (2 - 28)xP* — cT'(2 - B))
b4 = ) (38)
7@ -2)@-1)L2-28)C2-AB)
l/lg(x, t) = MZ(x’ t) +e, (39)

In a similar manner, we calculate further approximations for (31). When we set « =1 and
B=1,a=1,b=1and c=1in(33)-(39), we obtain

ui(x, t) = 2x(1 - 2¢), (40)

8¢
ug(x,t)=2x<1—2t+4t2—?), (41)

32, 32, 64, 128
4——t5+—t6——t7)~-. (42)

us(x,t) = 2x| 1—2¢ + 48> — 862 + —=¢
3 9 63
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Using the fact that
ulx,t) = lim u,(x,t), (43)

we obtain an exact solution of Burgers’ equation (1). This solution is the same as that
of [42].

Figure 4 shows the surface of the exact solution (43) in (a) and the surface of the second
approximation (34) for « = 0.7 and 8 =0.5in (b) ata =1, b =1 and ¢ = 1. It can be seen
from this figure that the second approximate solution is a good approximation of the exact
solution. If we go to higher order approximations, we will obtain better approximations to
this exact solution.

6 Convergence analysis

In this section the existence of a unique solution is introduced in Theorem 6.2. Further-
more, the convergence of VIM solution (22) is proved in Theorem 6.3. Finally, the max-
imum absolute truncation error of VIM solution (22) is given in Theorem 6.4. In this
section we prove theorems for the space-time fractional Burgers’ equation. This theo-
rem covers the time-fractional Burgers’ equation on setting 8 = 1. We define (C(I), | - ||)
as a Banach space, the space of all continuous functions on I = R x R* with the norm
IV, O = maxper [vx, ).

Lemma 6.1 Suppose that v(x,t) and their partial derivatives are continuous. Then the
derivatives D} v(x, t), sz v(x, t) and D,zcﬂ v(x, t) are bounded.

Proof We prove that D{v(x,t) is bounded. From the fractional derivative definition (3) we

have

b
1D v(s, )| = H o (e e

|b—al
~ m—-a)l(m—a)l

|| v(x, t) || =1 || v(x, t)

) (44)

b- 2
where L; = m In the same manner ||va(x, Bl < Ly|jv(x, t)|| and ||Dxﬂv(x, | <

Ls|lv(x, 1)l O

Theorem 6.2 Let F(v) = —avvh satisfy the Lipschitz condition with the Lipschitz con-
stant Ly. Then problem (21) has the unique solution v(x,t) whenever 0 <y < 1.

Proof Let u and v be two different solutions of the space-time fractional Burgers’ equa-
tion (21). For all ¢ € [0, T] and 7 € [0, £], these solutions are bounded on using Lemma 6.1.
Let M = maxo<;<z0<t<T |(£ = 7)%71]. Then

u-—-v= ]g (—thffu(x, ‘[) + CDiﬂM(x, T) + F(Lt))
_]? (—ﬂhDgV(x, ‘1:) + CDiﬁV(x, '() + F(V))
t
= ﬁ / (t - 1) [~ahDlu(x,7) + cDX u(x,7) + F(u)] dt
0

1

PR ‘ _ a-11_ B 28
F(a)/o (t-1) [ ahD;v(x,T) + cD; V(x,r)+F(V)]dT,
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u(x,t)

Figure 4 Combining the surface exact solution (43) and the surface approximation (34) for o = 0.7,
B=0.5,a=1,b=1,and c= 1. (a) The surface of the exact solution. (b) The surface of the second
approximation. (c) Combining (a)-(b).
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max |u — v| = max

r(la) /Ot(t— o) [—ahDPu(x, T) + <D ux, ) + F(w)] de

1 t
- —f (t- t)“‘l[—athv(x,r) +cD,2Cﬁv(x,r) +F(v)] dt (45)
() Jo
—ahLy +cLs + L t
< [ 2 3+ Ld] max/ It —7|*u—v|dr,
['(a) 0
—ahL Ls + L ¢
lu—v) < E2E2 * cLs + L] max/ It — 7V u - v| d,
[ (e) 0
lu—vil <yllu-vl,
A-pYlu-vl =0,
where y = (W). Sincel—y #O0, |lu—v| = 0. Therefore, u = v, which completes
the proof. O

Theorem 6.3 The sequence v,(x,t) obtained from VIM iteration (22) converges to the ex-
act solution of problem (21) for 0 <o <land 0 <y, < 1.

Proof The approximate solution using VIM is given by
1 t
Vi1 (,) = V(. £) — @ / (t-7)“ (D%, + ahDlv, — cD?Pv, — F(v,))dr.  (46)
@) Jo
Since v is the exact solution of equation (21), it satisfies VIM formula, i.e.,
1 t
v(x,t) = vix,t) — m / (t—7)@V (D‘:v +ahDPv — cD*v - F(V)) dr. (47)
@) Jo
On subtracting v from v,,,; and recalling that E,(x, t) = v,(, t) — v(x, ), we obtain

Enit(,8) = En(,8) - ﬁ /0 (- 1)

X [D‘;‘(vn —-V)+ ath(v,, —v) - chcﬂ(vn —-v)-F(v, - v)] dr (48)

_ _ t
max|E,,+1(x, t)| < max|E,,(x, t)| - L1+ ahly = cLs — LM max/ ’E,,(x,r)‘ dr, (49)

I (e) 0

L hl, — cLs — L4|MT
e ) [ (50)
(@)
Hence,

|Enni(x, )| <o |Ea(x0)|, (51)

where o =(1-y1), y1 = WMQ&%‘M foralln=0,1,2,... Now, if n =0,

”El (xx t) ” <o HEO (x, t)

, (52)
whileif n =1,

|E2(x,8) | < || Eo(x, 2) . (53)
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If n =2, then
”ES(xrt)” = 63||E0(x) t) reee (54)
[Ex 0] < 0" | Eot, )] (55)

Since 0 < 0 <1, then ||E,(x,£)|| = 0 as n — o0, i.e,, v, — v and the sequence {v,(x,£)}°;
converges to v(x, £). O

Theorem 6.4 The maximum absolute truncation error of the approximate solution
vu(x, t) of the time-space fractional Burgers’ equation (21) can be estimated as |E,(x,t)|| <

o I Ol

Proof

Vn(x: t) — Vnsl (x: t) = (Vn(x7 t) - V(x’ t)) + (V(xr t) - Vn+l(x’ t))

=E,(x,t) — E,(x,1). (56)
Hence,

En (x: t) = En+l(xr t) - (Vn+1 (x: t) - Vn(xv t))r

“En(x’ t) || = ||En+1(x’ t) - (Vn+1 (x: t) - Vn(x1 t)) ||

(57)

”En(xr t) H S HEVH—I (x7 t) ” + H (Vn+1(x: t) - Vn(x’ t)) ”

<o ||Ey,(x, t) || + H (v,,+1(x, t) — v,(x, t)) ||

Therefore,
||E,,(x, t)” < ||(Vn+1(x; £) — vulx, t))” (58)
l1-0

< l‘i |1, 0)]. (59)
O

7 Conclusions

Approximate solutions of the time and space-time fractional Burgers’ equation have been
evaluated using the VIM for different initial conditions by expanding the tan/ initial con-
dition in the basis functions e*. The fractional derivative could then be easily calculated.
An important point is that many authors avoid this initial condition as there was no direct
method to calculate its fractional derivative. In Figure 1, the surface of VIM solutions with
the exact solution of Burgers’ equation for « = 0.7 was plotted. Also, the absolute error
with « =1 for different values for b were displayed in Figure 2. The effect of changes of
b was clear through the resulting decrease of the error. As the value of b decreases, the
absolute error becomes very small. In Figure 3 the VIM solutions were plotted with dif-
ferent values of @ and B. The VIM solutions approach the exact solution as the values of «
and B approach 1, as shown in Figure 4. The results were shown to be in very good agree-
ment with both exact solutions and previous approximate solutions. The calculations in
this paper were performed using Mathematica 9.
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