1 Physical Science International Journal g@
| 9(4): 1-10, 2016, Article no.PSIJ.23357 i~ O

e ISSN: 2348-0130 Q%/
| b
1

SCIENCEDOMAIN international SCIENCEDOMAIN

www.sciencedomain.org

Coupling of Laplace Transform and Differential Transform
for Wave Equations

Kiranta Kumari!’, P. K. Gupta? and G. Shanker?

! Department of Mathematics and Statistics, Banasthali University, Banasthali-304022, India.
2 Department of Mathematics, National Institute of Technology, Silchar-788010, India.

3 Centre for Mathematics and Statistics, Central University of Punjab, Bathinda-151001, India.
Authors’ contributions

This work was carried out in collaboration between all authors. All authors read and approved the
final manuscript.

Article Information

DOI: 10.9734/PS1J/2016/23357

Editor(s):

(1) Yang-Hui He, Professor of Mathematics, City University London, UK and Chang-Jiang Chair
Professor in Physics and Qian-Ren Scholar, Nan Kai University, China; Tutor and Quondam-Socius
in Mathematics, Merton College, University of Oxford, UK.

(2) Abbas Mohammed, Blekinge Institute of Technology, Sweden.

Reviewers:

(1) Anonymous, Akdeniz University, Turkey.

(2) Anonymous, Universiti Sains Malaysia, Malaysia.

(3) Mina B. Abd-el-Malek, The American University in Cairo, Cairo, Egypt.

(4) Do Tan Si, Universite Libre de Bruxelles, Belgium.

Complete Peer review History: http://sciencedomain.org/review-history/13121

Received: 27" November 2015
Accepted: 13" January 2016

Original Research Article Published: 30" January 2016

ABSTRACT

In this paper, we apply Differential Transform Method (DTM) coupled with Laplace Transform
Method to solve wave equations and wave-like equations which arise very frequently in physical
problems related to engineering and applied sciences. It is observed that the proposed technique
works very well and gives rapidly converging series solutions. Several examples are given
to re-confirm the efficiency of the suggested algorithm. The graphs were performed by using
Mathematica-8.
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1 INTRODUCTION

In recent years, the rapid development of
nonlinear sciences [1-10] witnesses a wide
range of analytical and numerical techniques by
various engineering and scientific applications.
Most of the developed schemes have focused
on their limited convergence, divergent
results, linearization, discretization, unrealistic
assumptions and non-compatibility with the
versatility of physical problems [1-10].

Different type of schemes and analytical tool have
been proposed for solving wave-like equations
with variable co-efficents [1], linear and non-
linear wave equations [2] and wave systems [3]
etc.

The Differential Transform Method (DTM) is one
of them techniques. It is an iterative procedure
for obtaining analytic Taylor’'s series solution of
differential equations which was first proposed
by J.K. Zhou [4] in 1986, its main application
concern with linear and non-linear initial value
problems in electric circuit analysis. The Laplace-
differential transform method (LDTM) is an
approximate analytical technique for solving
differential equations that recently introduced
by Marwan Alquran et al. [6] and it has been
successfully applied to solve different types of
physical problems by Kiranta et al. [7-8].

The main goal of this work is the coupling
of differential transform method and Laplace
transformation to obtain exact solutions of wave-
like equations. The suggested algorithm is
tested on linear, nonlinear wave equations and
wave-like equations in bounded and unbounded
domains. To the best of our knowledge no such
try has been made to combine LTM and DTM for
solving wave equations. Four problems for wave
equations and wave-like equation are solved to
make clear the application of the transform and
the numerical results are very encouraging.

u(z,0) = go(), ue(z,0) = gi(z), u”(z,0) = ga(x)...,ul

and spatial conditions

u(0,t) = ho(t), uz(0,t) = h1(t),

2 DIFFERENTIAL TRANS-
FORMATION METHOD

The one variable differential transform [7-8] of a
function u(z, t), is defined as:

Un(t) i[ak“(“’*t)Lﬂ k>0 (24)

TR axr |

where u(z, t) is the original function and Uy (t) is
the transformed function. The inverse differential
transform of Uy (t) is defined as:

¢S]

u(z,t) = Z U (t)(z — z0)F,

k=0

(2.2)

where zo is the initial point for the given initial
condition. Then the function u(x, t) can be written
as

u(z,t) =Y Uy(t)z". (2.3)
k=0
Some basic  formulas of Differential

Transformation are listed in Table 1.

3 DIFFERENTIAL TRANS-
FORM METHOD COUPLED
WITH LAPLACE TRANS-
FORM

Consider the general nonlinear, inhomogeneous
partial differential equation with a variable
coefficient given by

L[u] = N[u] + Rlu] + ¢; z€ R, t€ R" (3.1)

subject to the initial conditions

(n—1)

(2,0) = gn-1(z) (3.2)

(3.3)

where £ is the n'" order derivative w.r.t ‘t', R[.] is linear operator and N|.] is non-linear operator with
second degree. And ¢ = ¢(x,t) and u = u(z, t) are known and unknown functions respectively.
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Table 1
Original Function Transformed Function
u(z,t) = f(z,t) £ g(x, t) Uk(t) = Fi(t) + Gi(t)
u(z,t) = of (z,t) Uk(t) = aFk(t)
u(z,t) = af(z 3 Ui(t) = (k4 1) Fry1(t)
(e, 1) = T4ET Un(t) = (k+ 1) (k + 2).w.(k + 1) Fier (1)
u(z,t) = (x —x0)"(t —to)® | Uk(t) = (¢t — t0)°6(k — r) where,§(k —r)= (1)’ e];s; "

u(z, ) = f(z,)g(z. 1) Un(t) = ; F(6)Gr (1)
u(z,t) = f(z,t)g(z, t)h(z, t) Uk(t) = Xi:o X;O Fo(t)Gr—q(t) Hi—r(t)

u(z,t) = sin(az + a) U (t) = ﬁ sin(EF + o)

u(z,t) = cos(az + ) Uk(t) = % cos(iF + )

In this technique, first we apply the Laplace transformation on equation (3.1), with respect to ‘t,
therefore we get

L {E[u(:ﬂ, t)]} =L [N[u(a:, #)] + Rlu(z, t)]} +L {gf)(aj, t)} : (3.4)
By using I.C. (3.2), we get
s"u(z, s) = h(z,s) + L {N[u(w, )] + Rlu(z, t)]} + é(z, ), (3.5)
where
h(z,s) = ni s" DM (2 0)

and @(z, s) and ¢(z, s) are the Laplace transformed forms of u(z, t) and ¢(z, t) respectively.
Now, dividing by s™ on both sides, we get

u(z,s) = h(;s) + S%L{N[u(w,t)] + R[u(x,t)]” + ¢(:,;8)7
or
B . 1
u(xz,s) = f(z,s) + S—TLL [N[u(x,t)} + Rlu(z, t)]} , (3.6)
where

~ ﬁ(a:, s) N g(x, s)_

Jla.s) = 222 4 20

In the second step, we apply inverse Laplace transform on the equation (3.6) with respect to ‘s’, and
we get

L*l[a(x,s)]zrl{( )}+L { L[Nfu(z,t)] + Rlu(z,1)]]
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or
u(z,t) = flz,t) + L7° LinL [N[u(z,t)] + Rlu(z, t)]]} . (3.7)

Now, we apply differential transform method on equations (3.7) and (3.3) with respect to ‘z’, and we
get

k

Ur(t) = Fy(t) + L™ LinL {N[Z U, (t)Ur(8)] + R[Ux (t)]” (3.8)
and
Uo(t) = ho(t), U1(t) = h1(t), (3.9)

where Uy (t) and Fj(t) are the differential transform of w(z, t) and f(z, t) respectively.
By the above recurrence equation (3.8) and the initial conditions (3.9), the closed form of the solution
can be written as

u(z,t) =Y Uk(t)(x)". (3.10)
k=0

4 NUMERICAL APPLICATIONS

In this section, we apply Differential Transform Method (DTM) coupled with Laplace transform to solve
linear & nonlinear Wave Equations [9]. Numerical results are very encouraging.

Example 4.1: Wave-like equation (see Fig. 1.)
Consider the following homogeneous wave like equation

Pu 22 0%u

= (4.1)

oz 2 9z’
with the initial conditions,
u(z,0) =0, w(z,0) =, (4.2)
and
u(0,t) =0, u.(0,t) = 0. (4.3)

In this technique, first we apply the Laplace transformation on equation (4.1) with respect to 1,
therefore, we get
2 dx?

$*Lu(z,t)] — su(z,0) — w(x,0) = L [5”2 82“].

By using initial conditions from equation (4.2), we get

x2 1 22 9%u

Now, we apply the Inverse Laplace transformation w.r.t.'s’ on both sides:

1 292
w(z,t) = 2%t + L [?L{%T;;H (4.4)
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(a) (b)

Fig. 1. (a): 3D plot of u(x, t) and (b): 2D plot of u(x, t) for Example 4.1.

The next step is applying the Differential transformation method on equations (4.3) and (4.4) with
respect to space variable X', we get

k
Up(t) = t8(k — 2,t) + L™* [%L {Z(r +2)(r 4+ V) Upg2(t)0(k —r — 2,t)” ; (4.5)

r=0

0 otherwise

1 k=2
where §(k —2,t) = { )

and
Uo(t) =0, U:(t)=0. (4.6)

Substituting (4.6) into (4.5 ) and the following approximations are obtained successively
Uz(t) = sinh(t), U3(t) = 0, U4(t) = 0, Us(t) =0...

Finally, the closed form solution is given by

u(z,t) = Z Ui (t)z* = 2 sinh(t).

which is the exact solution.

Example 4.2: Inhomogeneous wave equation (see Fig. 2.)
Consider the following inhomogeneous nonlinear wave equation

0? 02
371; a;;—l—u—i—u — at — 22, (4.7)

with the initial conditions,
u(z,0) =0, wu(z,0) =z, (4.8)
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and
u(0,t) =0, wux(0,t) =t. (4.9)

In this technique, first we apply the Laplace transformation on equation (4.7) with respect to 1,
therefore, we get

9 T 222 *u 5
s*L[u(z,t)] — su(z,0) — u(x,0) = 2 s —Q—L{@ +utu|.
By using initial conditions from equation (4.8), we get
T T 222 1 &u Py
Llu(z,t)] = g T S—ZL{@Jrquu ]

Now, we apply the Inverse Laplace transformation w.r.t.'s’ on both sides:

xtd  22%t? [ 1 . [8% 9
u(m,t)zxt—?— 1 +L L—QL[@—i—u—i—u”. (4.10)

The next step is applying the Differential transformation method on equations (4.9) and (4.10) with
respect to space variable ‘x’, we get

3 4

Ui (t) = to(k —1,t) — %5@ —1,t) — %m —2, )+ L7" L%L [Uk(t)”
k
+L7! [S%L |:(k + 2)(k 4+ 1)Ug42(t) + Z Ur(t)ka'r(t):|:| ; (4.11)
r=0
where
6(k—1,t)—{1 k=1
0 otherwise
and

Uo(t) =0, Ui(t)=t. (4.12)
Substituting (4.12) into (4.11 ) and the following approximations are obtained successively
Uz(t) =0, Us(t) =0, Usa(t) =0, Us(t) =0...

Finally, the closed form solution is given by

[e9]

u(z,t) = Z Ui (t)z" = xt.

k=0

which is the exact solution.

Example 4.3: Homogeneous wave equation (see Fig. 3.)
Consider the following homogeneous wave equation

%u 0%
92 02 3u, (4.13)
with the initial conditions,
u(z,0) =0, w(z,0) = 2cos(z), (4.14)
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-10 =5 ¢ § 10

Fig. 2. (a): 3D plot of u(x, t) and (b): 2D plot of u(x, t) for Example 4.2.

and
u(0,t) = sin(2t), wu(0,t) =0. (4.15)

In this technique, first we apply the Laplace transformation on equation (4.13) with respect to ‘t,
therefore, we get
0%u
2
s*L{u(z,t)] — su(z,0) — u(2,0) = L [@ — 311}.

By using initial conditions from equation (4.14), we get

Llu(z, t)] = 260852(‘%) + iL[% - 3u].

52
Now, we apply the Inverse Laplace transformation w.r.t.'s’ on both sides:

w(z,t) = 2teos(z) + L~ [S%L {% - 3u” (4.16)

The next step is applying the Differential transformation method on equations (4.15) and (4.16) with
respect to space variable X', we get

Un(t) = %cos(%r) L LiQL {(k +2)(k + DUnpal(t) — 3Uk(t)H : (4.17)
and

U(t) = sin(2t), Uy(t) = 0. (4.18)

Substituting (4.18) into (4.17 ) and the following approximations are obtained successively

Us(t) = —%sin(%), Us(t) =0, Ua(t) = %sm(m Us(t) = 0...
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mE
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Fig. 3. (a): 3D plot of u(x, t) and (b): 2D plot of u(x, t) for Example 4.3.

Finally, the solution in series form is given by

u(z,t) = iUk(t)xk = sin(2t) |1 — AT —
k=0
the closed form solution is given as
u(x,t) = sin(2t)cos(x).
which is the exact solution.

Example 4.4: Wave-like equation in unbounded domain (see Fig. 4.)
Consider the following homogeneous wave equation in an unbounded domain

Pu_ ot

o2~ 922’
with the initial conditions,
u(z,0) = sin(z), u(z,0) =0,
and

u(0,t) =0, wug(0,t) = cos(t).

(4.19)

(4.20)

(4.21)

In this technique, first we apply the Laplace transformation on equation (4.19) with respect to ‘t,

therefore, we get
0%u
2
s*L{u(z,t)] — su(z,0) — u(x,0) = L{@}
By using initial conditions from equation (4.20), we get

Llu(z,t)] = Sms(w) + S%L[%].
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(b)

Fig. 4. (a): 3D plot of u(x, t) and (b): 2D plot of u(x, t) for Example 4.4.

Now, we apply the Inverse Laplace transformation w.r.t. ‘s’ on both sides:

w(z,t) = sin(z) + L~ L%L {%H .

(4.22)
The next step is applying the Differential transformation method on equations (4.21) and (4.22) with
respect to space variable X', we get

Un(t) = %szn(%) L L%L [(k o)k + 1)Uk+2(t)” : (4.23)
and
Uo(t) = 0, Us(t) = cos(t). (4.24)

Substituting (4.24) into (4.23 ) and the following approximations are obtained successively

U2(t) =0, Us(t) = —%cos(t), Us(t) =0, Us(t) = %cos(t)...
Finally, the solution in series form is given by
= & 3 2P
u(z,t) = ZUk(t)w = cos(t)|x — ;T + S
k=0

the closed form solution is given as

u(zx,t) = sin(x)cos(t).
which is the exact solution.
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5 CONCLUSION

In this study, the coupling of Differential Transform
Method (DTM) and Laplace Transformation is
successfully expanded for the solution of linear
& nonlinear Wave equations. The proposed
algorithm is suitable for such problems and it
gives rapidly converging series solutions. The
Laplace differential transform method is an
effective and convenient method to handle these
type of physical problems. The present method
reduces the computational work and subsequent
results are fully supportive of the reliability
and efficiency of the suggested scheme. The
computations of this paper have been carried out
using Mathematica 8.
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