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APPROXIMATE SOLUTIONS OF GENERAL PERTURBED
KDV-BURGERS EQUATIONS

BAOJIAN HONG, DIANCHEN LU

ABSTRACT. In this article, we present some approximate analytical solutions
to the general perturbed KdV-Burgers equation with nonlinear terms of any
order by applying the homotopy analysis method (HAM). While compared
with the Adomain decomposition method (ADM) and the homotopy pertur-
bation method (HPM), the HAM contains the auxiliary convergence-control
parameter i and the control function H(z,t), which provides a useful way to
adjust and control the convergence region of solution series. The numerical
results reveal that HAM is accurate and effective when it is applied to the
perturbed PDEs.

1. INTRODUCTION

With the development of soliton theory in nonlinear science, searching for analyt-
ical solitary wave solutions or approximate solutions of nonlinear partial differential
equations (NLPDES) plays an important and significant role in the study of dynam-
ics of those nonlinear phenomena [I0]. Many authors presented various powerful
method to deal with this problem, such as inverse scattering transformation [4],
Hirota bilinear method [23], homogeneous balance method [27], Bécklund transfor-
mation [26], Darboux transformation [19], the elliptic integral method [6], the first
integral method [7, 8] and so on. Because of the complexity of NLPDEs, It is diffi-
cult for us to find exact solutions in a straightforward way. One has to propose and
develop some approximate methods for nonlinear theory, such as the multiple-scale
method [24], the variational iteration method [J], the indirect matching method
[28], the renormalization method [20], and the homotopy perturbation method [13]
etc. The common essential point of these methods is to study nonlinear systems
by using the approximation method.

The homotopy analysis method (HAM) was introduced in 1992 [I6, [I7], which
yields a fast convergence for most of the selected problems. It also shows a high
accuracy and a rapid convergence to solutions of the nonlinear partial evolution
equations. After this, many types of nonlinear problems were solved with the aid
of HAM, such as the nonlinear Vakhnenko equation [29], the Glauert-jet problem
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[B], a generalized Hirota-Satsuma coupled KdV equation [2], and a smoking habit
model [T, [31] etc.

The rest of this article is organized as follows. In Section 2, we obtain some
exact solutions of the general perturbed KdV-Burgers equation by using the map-
ping deformation method. In Section 3, we apply HAM to construct approximate
solutions for the general perturbed KdV-Burgers equation. In Section 4, we discuss
the accuracy of these solutions with the small perturbation term as illustrations.
Also we present a short conclusion.

2. EXACT SOLUTIONS

Consider the general perturbed KdV-Burgers equation
g 4 Py + BuPuy + Yugy + Otger = f(u), (2.1)

where a, 3,7, d, p are arbitrary constants, and f = f(u) is a perturbed term, which
is a sufficiently smooth function in a corresponding domain. If we let f = 0, we
can get the well-known KdV-Burgers equation with nonlinear terms of any order
[12, 16, 14, (15}, ©25, 30]:

us + auPug + BuPuy + Yiugy + OUgye = 0. (2.2)

This equation with p > 1 arises in modeling waves generated by a wavemaker
in a channel and waves incoming from deep water into nearshore zones and some
profound results have been described in [22]. In fact, if one takes different values
for o, 3,7,9,p and f, equation includes quite a few equations as particular
cases such as KdV equation, MKdV equation, CKdV equation, Burgers equation,
and KdV-Burgers equation as follows: Fitzhugh-Nagumo equation [3]:

Ut — Uge = [ =u(u—a)(l —u); (2.3)

Burgers-Huxley equation [21]:
w4 oauduy — Mgy = f = Bu(l — u‘s)(nu‘S —v); (2.4)

Burgers-Fisher equation [21]:
wp + auduy — gy = f = Bu(1l — u‘s). (2.5)

By using the general mapping deformation method [§], we know that (2.2]) admits
the following solutions:

B Py pa —K3(1+2p) ».
up = {A1 (K — \/ﬁtanh[(ZK@—i—p)é + K221 p) 0370 WE2g] /P

(2.6)
Uy = {—6(122 p) 6(12; P) tanh %(x Yot + NP B=6=0; (2.7)
_ (14 p)y? (14 2p)a? pory —K2(1+2p) ,
St g T et ps s KB\ rpm T
(2.8)

where

A =

(L+2p)a 7 \/—K2<1+p>(1+2p>7K’§0

C2K(24p)3 T 2K2(2+p) 30
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and c are arbitrary constants.
Note that itanh(i) = —tan&, tanh({ + 5i) = coth(§), i coth(i§) = cot§, i =
v/—1. Also note that the solution u; o contains all results presented in [15].

3. HOMOTOPY ANALYSIS METHOD (HAM)

To describe the basic idea of the HAM, let us consider the nonlinear equation,
in a standard form,

Nlu(z,t)] =0, (3.1)

where N is a nonlinear operator, u(x,t) is an unknown function,  and t denote
the spatial and temporal independent variables, respectively.

By using the basic idea of the traditional homotopy method [16], we construct
the zero-order deformation equation

(1 = @) L[¢(x, t; ) — uo(x, t)] = ghH (z,t)N[¢(z,t; )], (3.2)

where ¢ € [0,1] is the embedding parameter, % is a nonzero auxiliary parameter,
H(x,t) is an auxiliary function, L is an auxiliary linear operator, ug(x,t) is an
initial estimate of u(z,t) and ¢(z,t; ¢) is an unknown function. It is important that
we have much freedom to choose auxiliary things in HAM. Obviously, when ¢ = 0
and ¢ = 1, it holds

¢(z,£0) = uo(x,1),  ¢(z,t;1) = u(z,1). (3-3)

Thus, as ¢ increases from 0 to 1, the function ¢(z,t; q) varies from the initial value
uo(x,t) to the exact solution u(z,t). Expanding ¢(z,t;¢) in the Taylor series with
respect to ¢, we have

d(z,t;q) = uo + Z Umq™;  uo = uo(,t),  Um = um(x,t), (3.4)
m=1
where
m
um(xat) = maqimgb(x’t;q)’q:() . (35)

If the auxiliary linear operator, the initial estimate, the auxiliary parameter and
the auxiliary function are properly chosen such that they are smooth enough, the
Taylor’s series (3.4)) with respect to ¢ converges at ¢ = 1, and we have

u=¢(z,t;1) = Z Uy« (3.6)
m=0

The above series solutions generally converge very rapidly. A classical approach of
convergence of this type of series has already presented by Abbaoui and Cherruault
[1]. Liao proved that it must be one of the exact solutions of the original nonlinear
equation [I7]. As i = —1 and H(z,t) = 1, equation becomes

(1 —q)L[¢(z,t; q) — uo(x, )] + qN[¢(z,t; q)] = 0, (3.7)

which is frequently used in the homotopy perturbation method (HPM). The com-
parison between HAM and HPM can be found in [I8]. As H(z,t) = 1, equation

becomes
(1 —q)L[o(z,t;q) — uo(z,t)] = ghN[d(, t; ). (3.8)



4 B. HONG, D. LU EJDE-2014/195

According to definition (3.5)), the governing equation can be deduced from the
zero-order deformation equation (3.2]). Define the vector

’ljm(.’L',t) = {UOau17u27-~~7um}~ (39)

Differentiating equation (3.2) m times with respect to the embedding parameter
q, then setting ¢ = 0 and dividing them by m!, we get the mth-order deformation
equation

L{um (z,t) = Xmtm—1(z,t)] = RH (2, t) Rp—1 (Gm—1, , ), (3.10)
where
Ron1 (@ He—L " NG 3.11
m—1(Um—1,,1) = (m =i g [6(x, 7q)]|q:0, (3.11)
0, m<1
D R 3.12
X {1, m > 2. ( )

It is notable that the m-th order deformation equation is linear, and
U (2, t) for m > 1 can be easily solved by the boundary conditions and the symbolic
computation software such as Mathematica and Matlab.

To solve by means of HAM, we choose the initial approximation

uo(x,t) = tg (@, t)],_, = g(x), (3.13)
where @g(x,t) is an arbitrary exact solution of (2.2). According to (2.1f), we define
the nonlinear operator

N[@] = ¢¢ + adP ¢y + B by +1bus + 0bu0z — [(9), &= o(z,t:q).  (3.14)

By following the process above, it is straightforward to choose H(z,t) = 1, the base
functions g, (x)t"™, n > 0, and the linear operator

Lo, 1) = 2AZED, (3.15)
with the condition
Lic(z)] = 0. (3.16)
From equations , and , we have
Ry 1(Um—1,2,t) = Um—14 + YUm—1,20 + OUm—1,200 + @Dp_1(0Pd2) (3.17)

—|—ﬂDm71(¢2p¢x) _F(UO,U17...,Um71),
where
n 1 2 m. 2 m—1
CRNCTZEED D5 DD SRS b Sretc et
k1—0k2—0k3 0 km 1= =0 =0

o ey ko Km—o—kn—1, km
><C Yug” k1 kl k"‘ugz k3...um o e e

andn > ki > ko > >k 20eN,withz’;glkj+z’=m—1,i=0,...,m—
1. Furthermore, we have

1 gtm=h

F(ug,t1y ..., Um—1) = WW}C(@‘(I:O.
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The solution of the m-th order deformation equation (3.10)) with the initial condition
Um (2,0) = 0 for m > 1 becomes

Um = XmUm—1 + Lil[hRm—l(ﬁm—ly z, t)} (318)

Thus, from equations (3.13)), (3.17)) and (3.18]), we can successively obtain

ug = o(z,0) = g(x), (3.19)
. _ 0 .
uy = —ht[éo(z) + f(uo)], éo(x) = &uo(x,t)hzo, (3.20)
ug = (1 + h)uy + ht[aubuy , + ﬂu%pulwz + YUt gz + OUL pze — fuluo)ur], (3.21)

Um = (]- + h)um—l + ht[’yul,mm + 5u1,xzz + aDm—1(¢p¢m)

3.22
+ﬁDm—1(¢2p¢w) _F(U/O,Uq,...,um_l)]. ( )

Consequently, we obtain the following m-th order approximate solution, and exact

solution of (2.1)):

m m
Um,appr = Z Uk, Uexact = ¢($, t; 1) = n}gnoo Z Uk - (323)
k=0 k=0

4. EXAMPLES AND DISCUSSION

In this section, three specific examples about equation are presented to
illustrate the effectiveness of the HAM. We plot the A-curves of u;,,.(0,0) and
tyr o (0,0) to discover the valid region of i, which corresponds to the line segment
nearly parallel to the horizontal axis. A comparison among the initial exact solution
for the traditional unperturbed equation when f = 0, the exact solution for the
perturbed equation when f # 0 and the fourth order of approximate solution for

the perturbed equation is given through numerical simulations.

Example 4.1. Consider the CKdV equation with a small perturbed term
wp + 6utly — 6u Uy + Uy = cu®, 0<e < 1, (4.1)

with the initial exact solution

1 1
to(x,t) = 373 tanh[§($ —t)]. (4.2)
From the preceding section, we have
1 1 1 1 1
ug = 5 — itanh(§l’),60(fﬂ) = Z SeCh2(§[L’)7

I T 11 1 .,
up = ﬁt{4sech (2x)+s[2 2tanh(2x)} 1,
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1 1 1 1 1
up = —(1+ h)ht{ 7 sech?(5x) + €[5 — 5 tanh(52)]%}

2
- thQ{G[% - %tanh(%x)]{i sec hQ(%x) + g[% - %tanh(%x)]z}w
+ 6h2t2[% - % tanh(%x)]z{% sec hz(%x)
+ e[% - %tanh(%x)]Q}w - thz{i sec hQ(%m)
+els = 5 ()P
+ 2{—:h2t2[§ - %tanh(%x)}{i sec hQ(%x) + 6[% — % tanh(%x)?}
ht

cosh( ) — sinh(g)] sec h? (2 S){h(5t =3 3¢) =3 3¢
+ 2hte(1 + g) + 2cosh(x)[2e — 2 — 20(1 +¢) + hit(26? + Te — 3)]
+ [t — e — 1+ 2te2) — e — 1] cosh(2z) — 2sinh(g)[1 —e+h—ch

+ht(2 -3 +2e*) + (1 —€)coshw + A1l —t — e+ 2t€2)COShl‘)]},

1 1 1,1 11
Uappr = 5 itanh(ix — h{i sec h (ix) + 5[5 ~3 tanh }t
ht x LT 5, &
+ 3—2[cosh(§) - 81nh(§)] sech (5){5(5t —3—3e) —3—3c+2hte(1 +¢)

+ 2 cosh(z)[2e — 2 — 2h(1 + €) + ht(2e% + Te — 3)]
+ [A(t — e — 1+ 2te?) — e — 1] cosh(2z) — 2sinh(§)[1 —e+h—¢ch
+ht(2 — 3¢ +2e?) + (1 — &) cosha + h(l —t — e + 2te*) cosha]} +....

The A-curves of u;,,,.(0,0) and uyj, (0,0) to equation are shown in Figure
1. A comparison between the initial exact solution and the approximate solution of
the fourth order is provided in Figure 2 (a)-(b), which indicates that the solution
series is convergent when —1.2 < i < 0, and the approximate solution for
h=-0.1 and A = —1 (HPM) is compared. We can see that the best value of % in

this case is not —1.

Example 4.2. Consider the KdV-Burgers equation with a small perturbed term

Up + 6UUy + Ugy — Ugee = esinu, 0<e <1, (4.3)
with the initial exact solution
1 1 6 2
U = — 1 — h - - t . 4'4
fo(,1) = == {1 cothl—o(x — -]} (14)

From the preceding section, we have

3 , 1 1
3125 ¢ h (TOx)[l + coth(—ox)]

1 1
up = —hasin{%[l - coth(—ﬁx)] - %ht csc h2(—0x)[1 + coth(l—ox)]

1 1 o .
ug = %[1 - coth(—l—ox)] , Colx) =
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Ug appr
€=0.01 15r
1.0
0.5+
I — —_— 5
-05 "~
- - i

FIGURE 1. h-curves of uy,, (0,0) and u;,,,.(0,0) at the fourth or-
der approximation

u u

€=0.01,7=-1,t=1

~ 10f €=001,7=-01t=1 —_— ri\of
\ \ . ) )
NG approximate solution
Y{. r _ approximate solution 08r- -~
- 1 ’/ s
\

.
064 initial exact solution
|

initial exact solution \[y

04F,

02r

FIGURE 2. Comparison between the curves of initial exact solution
and the fourth order approximate solution with A = —0.1, —1.

1 1 1 1
Uappr = %[1 — coth(—ﬁgc)]2 — he sin{%[l — coth(—mx)]z}t
3 1 1
— ——htesch?(—x)[1 + coth(—
3125 ose M (gL + coth(gge
The h-curves of uj, . (0,0) and u}},,.(0,0) to equation (4.3) are shown in Figure
(a). A comparison between the initial exact solution and the approximate solution

of the fourth order are shown in Figure [3(b).

) +us+....

Example 4.3. Consider the Burgers-Fisher equation

g + U Uy — Uge = cu(l —u?), 0<e<1, (4.5)

with the initial exact solution and the exact solution

- 1 1 1 1

1 1 1 14 9¢
Uexact = \/2 — 5 tanh[gx — 9 t+ EO] (47)
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Uz appr
initial exact solution

Uy app(101n2, O
. 0.0015f

o
A
\

N\ Upapp(10In2, 0

/‘ 0.0005+
(a) ~

/ = 0)

‘ ‘ ‘ = .

/(1.0 08 -06 -04  -02 02 ‘
-10

(a)

approximate solution

0.001C

Y\ €e=0054=011t=1

FIGURE 3. (a) The h-curves of u;,,,.(10In2,0) and u},, (10In2,0)
at the 4th order of approximation. (b) Comparison between the
curves of initial exact solution and the fourth order of approximate

solution.

Following the process above, we have

1 1 1 1
ug = ifitanh(fx), Eo(x)fsechQ( x)/18 272tanh(fx),

htsec h?(3x
up = ta h tanh ))
18\ /2 — 2tanh
ht sec h?(3)
Uappr = tanh
18, /2 — 2tanh(3x)

1 1 1 1 1
The A-curves of u;,,,.(0,0) and uy,,(0,0) to equation (4.5)) are shown in Figure

[4(a). A comparison between the initial exact solution and the approximate solution
of the fourth order is shown in Figure [i{(b).

Conclusion. In this work, the HAM has been applied to find the approximate
solutions of the general perturbed KdV-Burgers equation. Numerical simulations
show that, compared to HPM, this method provides us more accuracy and reduc-
tions in the size of calculations. In addition, the results of the HPM can be obtained
as a special case of the HAM when i = —1. The parameter i provides us with a
simpler way to adjust and control the convergence region of solution series for large
values of ¢t. It was shown that the HAM is a very powerful and efficient technique
for solving various kinds of nonlinear systems in science and engineering without
any assumptions and restrictions, and the auxiliary parameter h plays a critical
role within the frame of the HAM which can be determined by the Zi-curves.
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Us appr

1 0.2}

| Urappf© O ¢
;

‘\'

\ Usapp(0, O
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FIGURE 4. (a) The h-curves of u,,(0,0) and u;},.(0,0) at the
4th order of approximation. (b) Comparison between the curves
of initial exact solution, exact solution and the fourth order of

approximate solution.
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