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Abstract

Numerical solution of nonlinear second order two-point boundary value problems based on Sinc-collocation
method, developed in this work. We first apply the method to the class of nonlinear two-point boundary
value problems in general and specifically solved special problem that is arising in chemical reactor theory.
Properties of the Sinc-collocation method are utilized to reduce the solution of nonlinear two-point boundary
value problem to some nonlinear algebraic equations. By solving such system we can obtain the numerical
solution. We compared the obtained numerical result with the previous methods so far, such as Adomiad
method, shooting method, Sinc Galerkin method and contraction mapping principle method.
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1 Introduction

Boundary value problems arise in a variety of the fields in applied mathematics, theoretical physics, chemical
reaction and engineering. These categories of the problems have been handled by a reasonable number of
researches who are working both numerically and analytically. The majority of these problems cannot be
solved analytically, so we have to use the numerical methods, but there is not unified method to handle all
types of problems.

In this paper, we consider the nonlinear differential equations:

av” (z) + bu'(x) + F(u(x),z) = 0, (1.1)
with boundary conditions:

{ aou(0) + ayu’(0) = 0, (1.2)

bou(1) + byu/(1) = 0,

where ag,a1,bg,b1,b,a # 0 are given constant, F' is analytic function in (0,1) and may be singular in 0 or
1 or both. The special class of (1.1)-(1.2) arises in chemical reactor theory. This differential equation is
the mathematical model for an adiabatic tubular chemical reactor which processes an irreversible exothermic
chemical reaction. For steady state solutions this model can be reduce to the following ordinary differential
equation given in [7] by

W(2) = Ml (2) + F (u(@), 1, ,1) =0, (1.3)
with boundary conditions

v’ (0) = Mu(0),4/(1) = 0, (1.4)

*Corresponding author.
E-mail addresses: rashidinia@iust.ac.ir (J. Rashidinia) and mohamad_nabati@Qyahoo.com (M. Nabati)



98 J. Rashidinta et al. / Sinc-collocation solution ...

where F(u(m),u,ﬁ, )\) = Mu(B — u)exp(u) .

The unknown w represents the steady state temperature of the reaction, and the parameters A,y and
(3 represent the Peclet number, the Damkohler number and the dimensionless adiabatic temperature rise ,
respectively. The existence solution of this problem has been considered in [4]. This problem has been studied
by several authors [B], [7], [8], [IT] who have demonstrated numerically the existence of solutions for particular
ranges.

Recently equation (1.3) with conditions (1.4) have been consider by Modbouly et. al [7], first by using
Green function technique, converted the problem into a Hammerestein integral equation and then solve the
problem by Adomian’s method. The Galerkin method, based on Sinc function is reported in [I1].

Sinc methods have increasingly been recognized as powerful tools for problems in applied physics, chemistry
and engineering. The Sinc methods are easily implemented and given good accuracy for problem not only in
regular equations but also for problem with singularities. Approximation by Sinc functions are typified by
errors of the form O(exp(—7)) where ¢ > 0 is constant and h is an step size [I3], [I4]. This property is good
reason for many authors to use these approximation for solving problems. Numerical solutions of boundary
value problems by using Sinc functions have been studied first by Frank Stenger more than thirty years ago [12].
The efficiency of the method has been formally proved by many researchers. Bialecki [I] used Sinc-collocation
method to solve a linear two point boundary value problems. Lund [6] applied symmetrization Sinc-Galerkin
for boundary value problems. Dehghan and Saadatmandi [2] used Sinc-collocation method for solving nonlinear
system of second order. El-Gamel [3] solving a class of linear and nonlinear two point boundary value problem
by Sinc-Galerkin method. The books by Stenger [13], [14] and by Lund and Bowers [6] provide excellent over
wive of existing methods based on Sinc function for solving integral equations, ordinary and partial differential
equations. In our pervious work we applied Sinc collocation method for solution of linear and nonlinear integral
equations [9] [10] .

In this study, we first apply Sinc-collocation method for solving (1.1)-(1.2) and also (1.3)-(1.4). Our method
reduce the solution (1.1)-(1.2) to a set of nonlinear algebraic equations. By solving this algebraic equations we
can find the approximation solution based on Sinc function.

In section 2 we give the relevant properties of Sinc function such as definitions, notations and some theorems.
In section 3 we start the treatment on the boundary conditions and then used Sinc-collocation method find
approximation solution for (1.1)-(1.2). In section 4 we solve one test example with various parameters and
demonstrate the accuracy of the proposed numerical scheme by considering this special example.

2 Preliminaries and Fundamentals

In this section , some definitions, notations and theorems from [6] are presented. The Sinc function is
defined on the whole real line —oo < x < oo by

sin(wx)
Sinc(z) = s> 270
1, z=0.

For h > 0 and k = 0,41, £2, ... the translated Sinc function with evenly space nodes are given as follow

S(k, h)(z) = Sinc( . (n /) (a—Fh)

x—kh)_ sin((n/h)(2—kh)) x + kh
] 1, z = kh.

The Sinc function form for the interpolating points x; = jh is given by

. 0, k=#£7
st =9 ={ 170

If a function f(x) is defined on the real line, then for h > 0 the series

Cif, @) =Y k) Sine(E="

k=—o00

),
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is called the Whittaker cardinal expansion of f whenever this series converges. The properties of Whittaker
cardinal expansion have been extensively studied on [I5].
These properties are derived in the infinite strip Dy, of the complex w-plane, where for d > 0

. iy
Dd:{w:£+mslnl<dS§}~

Many problems that arise in applied mathematics do not have the whole real line as their natural domain.
There are two point of view. One is to change variables in the problem so that, in the new variables, the
problem has a domain corresponding to that of the numerical process. A second procedures is to move the
numerical process and to study it on the new domain. The latter approach is the method chosen here. The
development for transform Sinc method from one domain to another is accomplished via conformal mapping.
Approximation can be constructed for infinite,semi-infinite and finite interval.

Definition 2.1. Let D be a domain in the w = u + iv plane with boundary points a # b, let z = ¢(w) be a
one-to-one conformal map of D onto the infinite strip Dg where ¢p(a) = —oo , ¢(b) = +00. Denote by w = 1(z)
inverse of the mapping ¢ and let

r= {weC’ cw = Y(x), ve(—00, OO)} = 1((—o00, 00)),
T, = {weF cw=¢(x) xe(—oo,O)} = ((—00,0)),

Ty = {weF cw=(z) , €0, oo)} = ([0, 00)).

Definition 2.2. Let B(D) denote the class of analytic functions F in D which satisfy for some constant o with
0<ax<1,

/ \F(w)dw| = O(z*) 7 — +oo,
P(x+T)
where I' = {iy : ly| < d} and for v a simple closed contour in D

N(F,D)= lim |F(w)dw| < oo.
y—0D y

Further , for h > 0 , define the nodes
wy, = Y(kh) k=0,£1,42,43, ... (2.1)

Theorem 2.1. [6] Let ¢'F € B(D) and h > 0 . Let ¢ be a one-to-one conformal map of the domain D onto
Dy. Let = @~ 1 | wy = 1p(kh) , furthermore assume that there are positive constant o, 3 and C so that
exp(—a|¢(C)|), C € Fa
F <C
Fols o onCaeon, con
If the selections

N = [|%M+ 1], (2.2)
d N\ 1/2
h= (;—M) : (2.3)
are made, then, for all { ¢ T
N
c= PO~ 3 Psind "I,

s bounded by

lelloo < KM exp(—(rdaM)'/?),

and K is a constant depending on F,d,¢ and D.
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To construct approximation on the interval (0, 1), which is used in this paper, consider the conformal map:

é(2) = log (1 - Z) (2.4)

The map ¢ carries the eye-shaped region
z T
D= { = Y _ d< 7},
z=x+iy |arg(1_z)|< <3

onto the infinite strip Dy. The basis function on the interval I' = (0, 1) for ze D are derived from the composite
translated Sinc functions

Si(2) = S(k, h)od(z) = Sinc(&};kh} 2 eD. (2.5)

The inverse map of w = ¢(z) is

2= ¢ (w) = (w) = % (2.6)

The collocation method requires derivatives of composite Sinc function evaluated at the node so that we need
to use the following lemma.

Lemma 2.1. [6] Let ¢ be the conformal one-to-one mapping of the simply connected domain D onto Dy given
by (8) then

0 _ ) . 1, .7 = kv
6jk - S(Ja h)0¢(zk) o { O7 ] # k’
d ] =r
5 = a5 S0 Mod(@](zx) = -
(_klj ’ i7k,
== =k
d2 ‘ 1 . T
0% = 2315 Mod(2)] (1) = 5 ,
p h —2(=1)"7 EX"
o Ik

For the assembly of discrete system, it is convenient to define the following matrices:
10 = 8\ r=0,1,2 , (2.7)

where 5;2) denotes the (j, k)th element of the matrix I("),

3 Discretization of Problem by Sinc-Collocation Method:

For discretization of the following problem
au” (z) + bud' () + F(u(m), x) =0, (3.1)

with boundary conditions:

{ apu(0) + aru’(0) =0, (3.2)

bou(l) + bﬂ/(l) =0.

Since -L[S(k, h)og(z)] is undefined at 2 = 0 and = = 1 (by ¢(z) in (2.4)) and because the mixed boundary
conditions must be handled at endpoints by the approximation solution, thus we consider the approximation
solution as follows

N

ﬁ Z xSk () + enprwp(), m=DM+N +1. (3.3)
k=—M

U (T) = c_pr—1wa(T) +



J. Rashidinta et al. / Sinc-collocation solution ... 101

In (3.3) Sk(x) is from (2.5) and the boundary bases function w,, w, are cubic Hermit functions given by
we () = apz(1 — 2)? — ay (2 + 1)(1 — z)?,

and
wy(z) = by (=22 + 3)a? + bo(1 — x)2>.

These boundary functions interpolate the boundary conditions in (3.2) via the identities
wa(0) = —ay,w, (0) = ao,

wy(1) = by, wy(1) = —bo,
and
wa(1) = we (1) = 0,

wp(0) = wy(0) = 0.
For the purpose of illustrating the exposition of our method we define
Lu(z) = au” (z) + bu/(z), (3.4)
then, (3.1) is now given by
Lu(x) = —F(z,u(x)). (3.5)
In (3.3) the M + N + 3 coefficients {c;}V1! |, are determined by substituting wu,, () into equation (3.1) and

evaluating the result at the Sinc points

exp(jh)

= e = —M —1,-M,..,N,N +1 3.6
J 1+exp(jh) j ) 9 9 9 + ) ( )

where h is defined in (2.3).
For evaluating the result we need to evaluate first and second derivatives from (14), so we first differentiate
from —1~S(k, h)og(x) as

¢ (z)
d 1 1y’ d
i (G 5 Mes(@) = (57) Su(@) + g5 8u(@), (3.7)
so the first derivative of u,,(z) is
/ / al 1 ! d !/
(@) = @)+ D0 e|(57) Sul@) + oSk +eviaf(a), (3.5)
k=—M
similarly by taking the second derivative from ﬁs (k, h)od(x) we have
" 2 a 1 " / 1 ! d / d2 1
@) = eonwlf() + 32 e (5) Skl + 6 (55) oSk + () 38| +evnf @), (39)
k=—M

and we know that
com—1wq(25) + ﬁ;” + enq1wp (), J=-M,.,N,
U (25) =
c-M-1Wa (7)) + ent1wb(T5), Jj=—-M-1,N+1
Substituting (3.3), (3.8), (3.9) in (3.1) and multiplying the resulting equation by {%} and then setting « = z;
as collocation points in (3.6), finally by using of w,,(x;) definition above, we obtain the following nonlinear

System
Lwg () - d? d
cuir G+ 2 e agESilen) + o) GO + oalr)Sila)]
wa(ifj) :_F(Um(xj)vxj) i——M—1.---.N
+CN+1 ¢/(x]) ¢/($_y) 9 .7 17 ) + ]-7 (310)
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where
Lw, = aw] + bw!, (3.11)
Lwy = awy + bwy, (3.12)
g1(x) = (sz)) +b(¢’( )):a(l—Qa?)—i—bw(l—x), (3.13)
g2( ( [ ( ) +b (ﬁ)] —a(1— ) (~2a+b (1 - 22)). (3.14)

Equations (3.10) gives M + N +3 nonlinear algebraic equations which can be solved for the unknown coefficients
¢k by using Newton's method. Consequently, w,,(z) given in (3.3) can be calculated.

4 Numerical Results

To validate the application of Sinc-collocation method to equation (1.1) with conditions (1.2) we camper
the solution with numerical results by some classical techniques. We consider the special problem (1.3) with
conditions (1.4) that occurs in adiabatic tubular chemical reactor. For this problem, the entire discrete system
n (3.10) is constructed as follows.
Define the components of the (M + N + 3) x 1 columns vectors by

Lwa(z;) -

(@-m-1)j = @) (b-m-1); = wa(z;), (4.1)
J
Lwy(x; _
(@ ny1); = (b,(;;), (b Ny1); = wp(ay), (4.2)
J
— Al
(f)] = (]5’(3)')’ 1:(1717'-'7131)T7 (43)
J
then the discrete system (3.10), by using lemma 2.1 can be represented by
AC + D(f) (diag(ﬁ.l - BC)diag(exp(BC))) 1=0, (4.4)
where the (M + N 4 3) x (M + N + 3) matrix A is the border matrix
A= [?,M,l | A, | E’NH], (4.5)
such that
Ay =1® 4 D(g1) IV + D(go) 1V (4.6)

where @ _p7_1, @ n11 are vectors defined in (4.1), (4.2) and I") is (M 4 N +3) x (M + N + 1) matrices which
are defined in (2.7) and D(g(z;)) denote the (M + N + 3) x (M + N + 3) diagonal matrix with

g(xi)v J=1,
D(g(x;)) =
0, J#1,
the (M + N + 3) x (M 4+ N + 3) matrix B is the border matrix
— —
B= [b_M_l | B, | bNH}, (4.7)

where ?,M,l and ?NH are vectors defined in (4.1), (4.2) and

0 0 0 ... 0
(7)(@-m) 0 0o ... 0
0 (7)(@—p+1) O ... 0
B, =
0 0 (3)(@N)
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Table 1: Comparative of the result from existing methods

X (CMP) [71  (SM) [7] (AM) [ (SGM) [2] (N=20)
0.0 0.006079  0.006048 0.006048 0.006048
0.2 0.018224 0.018192 0.018192 0.018192
0.4 0.030456 0.030424 0.030424 0.030424
0.6 0.042701  0.042669 0.042669 0.042669
0.8 0.054401 0.054371 0.054371 0.054371
1.0 0.061459 0.061458 0.061458 0.061458

Table 2: Result of the Sinc-collocation method

X N=10 N=15 N=20
0.0 0.006045 0.006048 0.006047
0.2 0.018189 0.018192 0.018192
0.4 0.030422 0.030424 0.030424
0.6 0.042666 0.042668 0.042669
0.8 0.054367 0.054370 0.054371
1.0 0.061441 0.061455 0.061458

and C = (c_p—1,C—M, - N eN+1)T and exp(C) = (exp(c_nr—1),exp(c_nr),...,exp(ens1))?, furthermore
diag(C) is the (M + N 4+ 3) x (M + N + 3) diagonal matrix with

Ci J=1,
diag(C) =
O’ .] # 7:7
For Sinc-collocation method we use v = 1, d = 7 and also truncate the numerical results after the sixth decimal
points.
Case 1
In this case, in problem (1.3)-(1.4) we use particular value of the parameters, A = 10, 8 = 3, u = 0.02. For
such value of the parameters, a unique solution is guaranteed by the contraction mapping principle [7] and
several authoress solve this problem by these parameters, we compared our results with them. Table (1) gives
a comparison of the results from the contraction mapping principle (CMP) [7], the shooting method (SM) [7],
the Adomian’s method (AM) [7] and the Sinc-Galerkin method (SGM) [2] but in Table (2) numerical results
based on our method with N=10, 15, 20 are reported.
As shown in Table (1) and (2), the results using our method with N=20 agree with those of the shooting
method, Adomian’s method and Sinc-Galerkin method up to sixth decimal place. For this problem the results
from the contraction mapping principle agree to at least three decimal place, because by using this method,
the required integrations can not be done analytically so are evaluated numerically by using the trapezoidal
rule which will involve errors.
Case 2
In problem (1.3)-(1.4) we use another values of the parameters for A, 3, 4 that for them the existence of solution
is guaranteed by [4]. In Table (3) the numerical results for A = 5, 3 = 0.53, u = 0.05, in Table (4) for A\ = 5,
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Table 3: Numerical results for A =5, 8 = 0.53, u = 0.05 by Sinc-collocation method

X N=10 N=15 N=20 N=30

0.0 0.005214 0.005216 0.005216 0.005216
0.1 0.007814 0.007816 0.007816 0.007816
0.2 0.010394 0.010395 0.010395 0.010395
0.3 0.012943 0.012944 0.012944 0.012944
0.4 0.015446 0.015448 0.015448 0.015448
0.5 0.017879 0.017881 0.017881 0.017881
0.6 0.020199 0.020200 0.020201 0.020201
0.7 0.022336 0.022338 0.022338 0.022338
0.8 0.024175 0.024177 0.024178 0.024178
0.9 0.025527 0.025530 0.025530 0.025530
1.0 0.026076 0.026080 0.026081 0.026081

w=0.7,8=0.8 and in Table (5) for A = 0.05, u = 0.5, § = 0.6 are reported.
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