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Abstract: A class of initial boundary value problem for singularly perturbed parabolic partial differential equation of convection
diffusion type having dominating delayed convection term is examined on a rectangular domain. When the perturbation
parameter specifying the problem tends to zero, a breakdown of singular perturbation occurs in narrow intervals of space and
short interval of time and the solution of the perturbed problem will often behave analytically quite differently. In these narrow
regions which are usually referred as boundary regions, the solution changes rapidly and form parabolic boundary layers in the
neighborhood of the outflow boundary regions. Due to the presence of the perturbation parameter and in particular time delay
classical numerical method on uniform meshes are known to be inadequate for the solution of such type of problems, because the
error in the numerical solution depends appreciably on the value of the perturbation parameter and is comparable with the
solution itself for small value of perturbation parameter. Thus in connection with the stiff behavior it is of interest to develop
special numerical methods whose errors would be independent of the perturbation parameter, i.e. parameter-uniformly convergent
methods. In this paper, a numerical method consisting of standard upwind finite difference operator on a piecewise uniform mesh
is constructed, in order to overcome the difficulties due to the presence of perturbation parameter and the time delay. The first step
in this direction consists of discretizing the time variable with the backward Euler's method with constant time step. This produces
a set of stationary singularly perturbed semidiscrete problem class which is further discretized in space using upwind finite
difference operator on a piecewise uniform mesh. An extensive amount of analysis is carried out in order to establish the
convergence and stability of the method proposed. The analysis in this paper uses a suitable decomposition of the error into smooth
and singular component and a comparison principle combined with appropriate barrier functions. The error estimates are
obtained which proves uniform convergence of the method.
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L. INTRODUCTION

In this paper we construct a numerical method for solving time delayed singularly perturbed convection diffusion problems involving
partial differential equations, which have non smooth solutions with singularities related to the boundary layers. Such problems arise
in diverse area of science and engineering that take into account not just the present state of physical systems but also its past history.
These models are described by certain class of functional differential equations often called delay differential equation and from
mathematical perspective they are singularly perturbed. In most application in the life sciences, a delay is introduced when there are
some hidden variables and processes which are not well understood but are known to cause a time lag. The delay differential is
versatile in mathematical modeling of processes in various application field, where they provide the best and sometimes the only
realistic simulation of observed phenomena. The singularly perturbed differential difference equation with delay arises in general in
the modeling of various real life phenomena, for instance, in studying heat or mass transfer process in composite materials with small
heat conduction or diffusion, in drift diffusion model of semiconductor devices, in fluid flow problems, physiological kinetics, in
various branches of biosciences and population dynamics, control theory, chemical kinetics, etc.

Some modelers ignore the "lag" effect and use an differential equations model as a substitute for a delay differential equation model.
Kuang [1], comments under the heading "Small delays can have large effects" on the dangers that researchers risk if they ignore lags
which they think are small, see also El'sgol's and Norkin [2]. There are inherent qualitative differences between delay differential
equations and finite systems of differential equations that make such a strategy risky.

The concept of singular perturbation is not new, indeed, it has been a formidable tool in the solution of some important applied
mathematical problems. A singular perturbation is a modification of partial differential equation by adding a multiple & times a higher
order term. In accordance with the informal principle, the behavior of solutions is governed primarily by the highest order terms, a
solution u, of the perturbed problem will often behave analytically quite differently from a solution of the original equation, and
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exhibits boundary or the transition layers in the outflow boundary reasons when the perturbation parameter specifying the problem
tends to zero [3, 4]. In these cases the primary mathematical methods fails to provide the desired solutions.

In order to obtain these solutions numerical analysis and asymptotic analysis are two principle approaches for solving these singular
perturbation problems. There is a wide variety of asymptotic expansion methods available for solving the problems of above type. The
method of matched asymptotic expansion [5, 6, 7], or that of multiple scales [8, 9] are available for determining as approximation,
while a general procedure based on the concept of terminal value problems and its boundary layer correction has been described by O'
Mally [10]. A number of authors turns their turned their attention to the question of construction asymptotic solutions one such
procedure is adopted by Wasow [11] and Erdelyi [12]. But there can be difficulties in applying these asymptotic expansion methods,
such as finding the appropriate asymptotic expansions in the inner and the outer regions, which are not routine exercises but require
skill, insight and experimentation. Also asymptotic analysis gives us an asymptotic expansion of the solution, but an asymptotic
expansion for the derivatives of the solutions usually cannot be derived from it. Moreover, even if we have an asymptotic expansion
for the derivatives, it does not follows that this representation of the derivatives suffices for the analysis of the parameter uniform
convergence in the maximum norm of its numerical solution. Then one comes down ultimately to the numerical methods.

However it is well known that serious difficulties arose [13] with numerical methods consisting of standard finite difference operators
on uniform meshes, in connection with singular perturbation problems since they yield the errors which depend on an inverse power of
the perturbation parameter which results in large errors for small value of the perturbation parameter [14, 15].Thus in connection with
such behavior of the error the quest for parameter uniform methods found special relevance.

For certain problems having sufficiently smooth solutions, e-uniform numerical methods which converge irrespective of & have been
developed and thoroughly studied [16, 4, 13, 17, 18, 3, 19, 20] with the convergence analysis given in the maximum norm. The
literature cited here is only small part of it and lot worth mention, for instance, more recently, the parameter uniform methods for
convection diffusion problems are well treated in literature by several authors, for instance, Shishkin et. al. [21], on the basis of
posteriori adaptive mesh parameter uniform scheme for problems having moving interior layers is constructed, for a class of singularly
perturbed partial differential equation of convection diffusion type. Dunne et. al. in [22], proposed a fitted mesh method consisting of
upwind finite difference operator, for a class of time dependent convection diffusion problem with a boundary turning point, on a
rectangular domain. While the singularly perturbed convection diffusion problem with two small parameters is considered by Roos et.
al. in [23], parameter uniform convergence using the streamline diffusion finite element method on Shishkin mesh is shown in this
paper. Wang [24] present a convergence analysis, for the exponentially fitted finite volume method in two dimension applied to a class
of singularly perturbed convection diffusion equation with exponential boundary layers, which is then shown to be independent of the
perturbation parameter.Another attempt is due to Linf [25], in this paper singularly perturbed convection diffusion problem with a
concentrated source and a discontinuous convection field is considered, using two upwind difference schemes on general meshes the
epsilon uniform convergence of scheme is proved in the maximum norm on Shishkin and Bakhvalov meshes. A method of defect
correction technique is also used by several authors for constructing the parameter uniform methods of higher order accuracy for
convection diffusion problems [26, 27, 28], Hemker [29] presents an e-uniform convergent scheme of higher order accuracy in time
and space, based on the defect correction principle, in the case of boundary value problems for singularly perturbed parabolic
convection diffusion equations.

The fact that singular perturbation problems involves partial differential equation is of crucial importance as many additional technical
issues arise with partial differential equations, such as the smoothness of the solution, the compatibility of the data, and the geometry
of the domain. In fact, given the rich variety of physical, geometric, and probabilistic phenomena which can be modeled by partial
differential equation, the study of partial differential equations is of great practical value. But there is no general theory known
concerning the solvability of all partial differential equations, instead, research focuses on various particular partial differential
equations that are important for applications, within and outside of mathematics.

In spite of their great practical value and applications, there does not seem to have been any attempt to study time dependent
convection diffusion problems in a general setting with a retarded argument. Our aim in this paper is to carry out such a study, at any
rate in connection with the singular perturbation.

A. Notations And Terminology

Most of the notations and symbols we employ are fairly standard. Throughout the paper C will denote a generic positive constant
which may take different values in different equations and inequalities, but are always independent of At, Ax and & and in case of
discrete problems, also independent of the mesh parameters. Also |I-]l denotes the global maximum norm over the domain of the
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independent variable, i.e, || f I= maxg|f(x,t)|.

1. CONTINUOUS PROBLEM
Consider the following class of singularly perturbed parabolic partial differential equation of convection diffusion type having time
delayed convection term
Lou(x, t) = u(x, t) — euy, (x, t) + a(x)u, (x, t — ) + b(x)u(x, t) = f(x,t) (1)
in the region
D = {(x,t) € x(0,T] = (0,1)=(0, T]}.
With initial condition

u(x,s) = uy(x,s) 2
where x € Q = (0,1) and s € [—1,0). Subject to the boundary conditions
u@©0,t)=u(l,t)=0 (3)

where t € (0,T], and ¢ is the singular perturbation parameter, 0 < ¢ << 1 and 7 is the delayed parameter so that 0 < 7 = 0(&?)
and the prescribed function f(x,t), a(x) and b(x) are sufficiently smooth.

However, for € — 0, the solution of the problem typically exhibits layer behavior depending on the sign of the time delayed
convection term. In this paper the delayed convection diffusion problem is considered, which exhibits only boundary layer behavior
i.e. a(x) = >0, where 8 is some positive constant and also b(x) = 6 > 0 can be assumed without loss of generality on D for
some constant 8, since this can be easily obtained by a change of variable independent of the perturbation parameter. The
investigation here is to examine the solution when the delay is non-zero and the effect of the delay on the boundary layer solution.

1. ANALYTICAL RESULTS
A. Lemma3.l Let d(xt), P(xt) € C21 i.e., twice continuously differential in space and once in time, and satisfy the relation
|[L[®]] < —L[W¥] where L is the operator defined in (1). If |®| < ¥ holds on the boundary, then |®]| < W holds through out the

domain.
B. Theorem 3.2 There exist a number C independent of the perturbation parameter € such that for all sufficiently small positive
values of &, [u(x, t) —d(x)| < Ct, te(OT]

Furthermore |u(x,t)] < C, (x,t) € Ox(0,T].
C. Lemma 3.3 By keeping x fixed along the line {(x,t):0 <t < T} the bound of u, is given by

lu(x,t)] <C.

Furthur
| 249 <¢ for i=0123
Proof. We assume that the solution u(x, t) is sufficiently smooth in the domain Qx[0, T] and by mean value theorem there exitsa t*
in the interval (t,t+ k) along the line {(x,t):0 <t < T} such that
u(x,t+k)—u(x,t)

U(x,t) = =————— 4)

* 2lu(x)|
Ju ()] < 22

using the equation (??), we get

u(x, )] <C (5)
Similarly we get the bounds of the u,(x,t) and u..(X,t) along the line {(x,t):0 <t < T}, i.e. we have
| 249 <¢ for i=0123 ©6)

|
V. THE TIME SEMIDISCRETIZATION
Writing the equation in the form,

U = ely, —a(Que(X, t — 1) — b(X)u + f(x, 1) (7
We discretize the time variable by mean of the Euler's implicit rule with uniform stepsize At,
u(x,0) = u,
A0 = [ — AU (x t = 1) —beu + fli4

©IJRASET (UGC Approved Journal): All Rights are Reserved

279



International Journal for Research in Applied Science & Engineering Technology (IJRASET)
ISSN: 2321-9653; IC Value: 45.98; SJ Impact Factor:6.887
Volume 5 Issue VIII, August 2017- Available at www.ijraset.com

= €[Ujr1lxx — @0 [Uj_ks1]x = DOYU;1 +F(X ). (8)
ie
Uj = Ujyq — EAL[Uj 1 ]xy + @00AL [Uj_jpq]x + DOOAL Uy — AL f(X t44) ©)
with boundary condition
Us1(0) =0, U (1) =0. (10)
for j=0,..,M—1.
We may write,
—€At [Ujy ] + (1 + At b(X)) U4y = h(X) (11)
ie

LxeUj+1 = h(X)
with boundary condition

U1 (0) =0, U (1) =0, (12)

for j=0,..,M— 1, where
Lye = —eAt=2 + (1 + At b(X)) (13)
h(X) = U — AG)MU; 1] + X ). (14)

Now, since the solution of (4) is smooth enough, it holds
u(t;) = u(ty, — AY)
= U(tj) At S () + )7 (G- D@ o
= U(tj11) — At(euy, — a(X)u, (X, t — 1) — b(X)u + f(x, 1)) + O(At?) (15)
subtracting (4) from (??), and note that the local truncation error €;,; = u(t;,;) —0j,; at (j + 1)t time step is the solution of
boundary value problem of type
Lxe€j+1 = O(AL?) (16)
&j+1(0) = &4, (1) =0. (17)
where Q;,, is the solution of the boundary value problem of semidiscretized problem class (4). Now, the operator L, clearly
satisfies the maximal principle, consequently

Il L5t o< C.
Which ensures the stability of the semidiscretized scheme, where C is the positive constant independent of At. Thus we have
Il €41 llo< C(AL)?. (18)

We have proved the following

A. Lemma4.llf |% u(x, t)| < C, for (x,t) € Qx(0,T] and 0 < i < 2. Then the local truncation error satisfies the estimate
I €41 o< C(AL)?.
|
Now, using the local error estimates upto the (j + 1)™ time step, followed by classical combination of stability and consistency

property of the scheme leads us to,
B. Theorem 4.2 Under the hypothesis of the preceding lemma, the global truncation error satisfies the estimate

I E; o< CAL. (19)
Proof.
IE; o=l 21 _, e lleo
<lle; llo +ll €z ot -+l € Il
<C TAt
= CAt, (20)
since jAt < T. Where C is a positive constant independent of ¢ and At.

|
Which ensures, first order uniform convergence of the time semidiscritization process.
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V. SOME A-PRIORI FOR SEMIDISCRETIZED PROBLEM
In this section of the paper we discuss qualitative properties of the solution of the semidiscretized problem, giving a-priori information
that can be used advantageously in the development of the numerical approximations. An intuitive idea about the behavior of the
semidiscretized problem is obtained by associating with this equation some physical interpretations. We now give to the maximal
principle a mathematical basis, that can be a useful tool for deriving a priori bounds on the solutions of the differential equations and
their derivatives. More background may be found in Protter and Weinberger [30] and Sperb [31] for a comprehensive discussion of
these principles. The differential operator L, satisfies the following maximum principle.
A. Lemma 5.1 (Maximum Principle)If a function @, twice continuously differentiable in space and once in time, i.e. ® € C21(Q)
be such that ®d(x,t) = 0, for all (x,t) € aD Then L ®(x,t) > 0 for all (x,t) € D implies that d(x,t) > 0 for all (x,t) € D.
Proof. Let (x*,t*) be such that ®(x*,t*) = min,.5P(X t), and suppose that ®(x*,t*) < 0. It is then clear from the hypothesis that
(x*,t*) ¢ aD, from this it follows (x*,t*) € D, hence &, (x*,t*) =0, and &, (x*,t*) =0,
Ly @(X" %) = —eAtd,, (x*, t7) + (I + Atb(x)) P (x*, t*)

<0 (21)
which is a contradiction to our assumption, hence our assumption ®(x*,t*) < 0 is wrong. Hence, ®(x,t) > 0 for all x € D. Hence
the result holds.

|
In the next two lemmas we establish a priori bound on the exact solution and its derivatives, of time semidiscretized problem class (4),
B. Lemmab5.2 Let u, be the solution of any problem from semidiscretized problem class (4), then
IIug ll,< C. (22)

Proof. Consider the functions
1

= 5 II'h I U (X, t). (23)

Note that the functions {* are nonnegative at x=0,1 for all t € (0, T], and that for all (x,t)

Ly L2 1) = {_SM% + (1 + Atb(x))} (% I h o= Ue (X, t))

1 b(x)At
=1 1h g+ 22

)
b(x)At

hillexLly ug(x1)
1

=3 IIh "°°+T I hllo=xh(x)
>0, (24)
since b(x) =0 >0=b(x)071 =1 and |l h ll,= h(x). Thus maximal principle gives {*(x,t) = 0 and so,
U lw< < I1h Il forall (x,t) € D.
|
C. Remark 5.3 Uniqueness of the solution follows from lemma (5.1), existence follows from uniqueness as the problem under
consideration is linear, and the boundedness of the solution is implied by the lemma (5.2).
|

D. Lemma 5.4 Let u, be the solution of any problem from semidiscretized problem class (4), then
k
luk] < C(1 + £72E(x, 0)). (25)
Bounds for the derivative of u, were first obtained obtained by O'Riordan et. al. [32] , using the technique based on those of kellogg
et. al. [33]. However, stronger results than these are required to obtain the e-uniform convergence results in this paper.

DECOMPOSITION
The solution u, of the semidiscrete problem is decomposed into a smooth component v, and a singular component w, as follows :

U, = v, +wg
where

Ve = vy + vy,
where v, is the solution of the reduced problem i.e. by keeping € = O in the semidiscritized problem and w, is the solution of the
homogeneous problem

Ly ewe =0,
we(0) =uy —v,(0) and w.(1) = u; — vy(1).
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and consequently v, satisfies
Lyevy = v,
r,(0)=0, v,(1)=0
Lemma 5.5 At each time step (j + 1), the smooth component (v,);,, of the decomposition of the solution u, of the semidiscrete
problem, for 0 < k < 3 satisfies
[(Ve)js1 ()] < C(1 + e7¢22 E(x,6)) (26)
for all x € Q, where

E(x,0) = e_X\/g + e_(l_x)\/g

Proof. Because of the bound on v," it is clear that v, is the solution of a problem similar to the semidiscretize problem (4), this
impliesthatfor 0 <k < 3

|(vE)j+1 ()] < C(L + e=®2"2 E(x,8)).
Since,

uk = vk +wk

the above estimates for v§, vk, and wX yields, for 0 < k < 3

|(Ve)js1 ()] < C(1 + e7¢22 E(x,6))
for all x € Q.
Lemma 5.6 At each time step (j + 1), the singular component (w,);,; of the decomposition of the solution u, of the semidiscrete
problem, for 0 < k < 3 satisfies

[((We)")j41 ()] < C e72 E(x,6) (27)

for all x € Q, where

E(x,0) = e_X\/g + e_(l_x)\/g

Proof. Introducing the barrier function,

W1 00 = CE(X, 8) % (We)j41 (X) (28)
where C is arbitrary constant chosen sufficiently large so that, following inequality follows
LPj%;l(O) >0, LPj%;l(l) =0 (29)

and
Lee®2,(0) = {—eatZ + (1 + Ath(x))} (CE(x, 8) = (W) (X))
= —CsAtg E(x,0) + (I + Atb(X))CE(X, 8) £ Ly o (W41 (X))
>0 (30)

since b(x) = 6 > 0 and by the fact that singular component of the decomposition satisfies the corresponding homogeneous problem.
The maximum principle then gives

|(Wz)j+1 ()] < CE(x, 8) (31)
for all x € Q. To bound the first derivative Since the singular component satisfies Lxe(We)j41 = O, it follows that Ly . ((W,)j41)" =
—b’At(w,);,,. Now introduce the barrier functions

Ui 00 = ZE(X,0) 2 (We)j11) (%) (32)

where C is arbitrary constant chosen sufficiently large so that, following holds,
U51(0) = ZE(0,0) % (Wy);41)'(0) 2 0, (33)
Ui (1) = ZE(L0) = (We)ja)' (1) 2 0, (34)

and
LW, 09 = {—eat2 + (1 + Ath(0)} (ZE(X, 6) £ (We);41)'(9)

= {—eBt s + 1+ B1GO)} FZE(X,8) £ Lye ((Wo)ys)
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ZHE(0)(b(x) — 0) + ZE(x 0) T b'ALCE(x, )

= % E(x,8)(b(x) — 8) + CE(x, 0)(= F b'At)
>0, (35)
for sufficiently small € and large C.
The maximum principle then yields,

=

, C
|((We)j1)'| < ZE(x,8). (36)
The estimates for the second and the third derivative of the singular component wy,; can easily be obtained from the differential
equation and the estimates of wf,,, and (w5;,)". Thus, for 0 <k <3

(W) < € £7E(x,0). (37)

VI. THE SPATIAL DISCRETIZATION

When we apply a finite difference method to a singular perturbation problem, with boundary layers in its solution, the question of
choice of the mesh immediately arises. Since we allow the use of a simple interpolent in the case of finite difference methods to
capture the boundary layer we must place some of the mesh point in the interior of the boundary layer region. In case of the uniform
meshes none of the mesh point is in the boundary layer region unless N is of order 1/¢, that seems to be too restrictive, and that leads
one to decide what kind of non uniform mesh is to use then. It is often sufficient to construct a piecewise uniform mesh, that is adapted
to the singular perturbation, such meshes are referred in general as fitted meshes. The piecewise uniform fitted meshes were first
introduced by Shishkin [34]. The first numerical result using a fitted mesh method were presented in Miller et. al. [35]. Different
approaches to adapting the mesh, involving complicated redistribution of the mesh points, have been taken by several authors,
Bakhvalov [16], Gartland [36], Liseikin [37], and Vulanovic’ [38] but none has the simplicity of the piecewise uniform fitted mesh. So
we are proceeding further with piecewise uniform mesh, that is a mesh composed of a uniform fine mesh in the boundary layer and a
uniform coarse mesh outside the boundary layer region having different mesh parameters.

In this paper we are considering the upwind discretization on piecewise uniform fitted meshes, i.e. the derivative term at a given mesh
point is approximated by a discrete derivative, which uses the mesh points only in the upwind direction from that mesh point, also, it
reduces the truncation error. Since in practice we often want to construct a numerical method whose system matrix is a M-matrix.
Much has been written in the literature about the pros and cons of upwind discretization. The interested reader may consult Roache
[39], or Gresho and Lee [40].

A. Fitted Mesh Finite Difference Method
In this section, we discretize the boundary value problem (4) using the fitted mesh finite difference method composed of a standard
upwind finite difference operator on a piecewise uniform mesh condensing at the boundary points. The fitted piecewise uniform mesh

ﬁf = {X;}¥, on the interval [0,1], is constructed by partitioning the interval into three subintervals, (0, 8), (5,1 —8) and (1 —
6,1). on each of the subintervals, a uniform mesh is placed, i.e., the interval (0,8) and (1 — §,1) are each divided into N/4 equal
mesh points and the interval (5,1 — &) is divided into N/2 equal mesh points. The resulting piecewise uniform mesh depends on one
parameter which is called the transition parameter & and is chosen such that

6 = min[1/4,C eAt In N], (38)
where C is the constant whose value depends upon the method applied.
Define
ih;, for0 <i<N/4
x; = 6 + (i — N/4)h;, forN/4+1<i<3N/4 (39)

1-6+(i—3N/4)h;, for3N/4+1<i<N
where N is the number of mesh points.

48/N, for0 <i<N/4
h; =12 —28)/N, forN/4+1<i<3N/4 (40)
48/N, foraN/4+1<i<N.

The fitted mesh finite difference method for the time semidiscretized problem (4) at (j + 1)™ time step on the piecewise uniform
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mesh O is defined by

LI)\(I,sui,j+1 = h(x;) (41)
Ugj+1 = Unj41 =0 (42)

where the discrete operator is defined as
LXeUijer = —€AD*D U541 + (1 + AtO(X))U; 544 (43)

with
e _ 2(D*ujj41-D7ujj11)
DD = T (44)
D_ui,j+1 — (ui,j+1—huii—1,j+1) (45)
D+ui,j+1 — (ui+1,j;.1—ui,j+1). (46)
i+1

1) Remark 6.1 At first sight, the parameter At seems to behave like another pertubation parameter into the time semidiscretized
problem, but under enough smoothness and compatibility requirements on the data of the continuous problem we have seen that
this parameter does not have any severe effect as that of the perturbation parameter €, to the multiscale character of the
semidiscrete solutions.

VII. CONVERGENCE AND STABILITY ANALYSIS
In investigating the differece schemes, primary considerations is given to the fundamental question of stability of the difference
solution with respect to the perturbation parameter. by now the most complete results have been obtained for computational methods
approximating the linear problems of mathematical physics Samarskii [?], Samarskii and Gulin [41] and Thomee [42]. On the basis of
the stability estimates one can trivially study the convergence rate of the difference scheme as well.

A. Stability Analysis

A discrete maximum principle can also be established directly, without appealing to the properties of the elements in the system
matrix. Analogously to the continuous case, this is usually proved by the method of contradiction as we now show

1) Theorem 7.1 (Discrete Maximum Principle) Assume that mesh function W;;,; satisfies ¥,;,; =0 and Wy;,; = 0. Then

LN Wij., > 0 for all x; € QY implies that ¥;;,, > 0 for all x; € ﬁf.
Proof. Assume that there exists a positive integer k such that Wy ,; = ming.<y'¥;j4; and assume Wy;,; < 0. Then we have
Woj+1 =0 and Wy, = 0, therefore it follows from the hypothesis that k & {O,N} also Wy, — Wik_1j41 < 0 and Wyyqj41 —
Wyj+1 = 0 and therefore
LY eWPhjer = —AD*D™Wyjyq + (I + AO(X;)) Wieja1

_ Wr-1j+172%kj+1+tWPke1,j+1
= —sAt[ 2 + (1 + Atb(X;)) Wk j+1
—2eAt Pkt1j+1=Prj+1 Prj+1=Pr-1j+1
= [ . - - + (I + Atb(X;)) Wk j+1
kj+1thkesj41 k+1 Kk

<0, (47)
since Wy 41 < 0 by assumption and (I + Atb(x;)) = ® > 0. Which is a contradiction to our assumption, therefore the assumption

—N
Wyj+1 < 0 iswrong, hence W ;,, = 0. We have chosen k fixed and arbitrarily, so ¥;;,, = 0 for all x; € Q.
2) Lemma 7.2 Let Z;;,, be any mesh function such that Z,;,, = Zy;4; =0 thenforalli, 0 <i <N

1Zij41] < e_llsTsaNX_llLl)\(I,SZk,j+1|' (48)
Proof. To prove the estimate we construct two mesh function
Wiy, =071 max |LY.Zy| = Ziji (49)
clearly we have
Woier =071 max LN eZijaal % Zojia 20 (50)
Wi =07 MaxX |LYeZijial +Zyjer 2 0 (51)

andfor 1<i<N-1
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LN W, = —eAtDYD W, + (1 + Ath(x)) ¥

ij+1 — ij+1 ij+1
=07'(l+ Atb(xi))ISTS?\IX_llLI)\(I,sZk,Hl| * LY Zija

N =N Z..
= ISTS?\IX_Ile,SZk,Hll - Lx,szl,]+1

>0, (52)
since (1 + Atb(x;)) = 6 > 0.
Thus discrete maximum principle gives us

+ .
W1 =20 0<i<N,
ie
-1 N
0 1<T<?\IX_1|LX,sZk,j+1| *7j,, 20
which implies,

1Zij41] < G_IISTS?\IX_JLI)\(I,SZK]‘HL

which proves the required estimates.

B. Convergence Analysis
1) Decomposition: At each time step (j + 1) the solution uY of the discrete problem are decomposed in a similar manner to the
decomposition of the solution u, of the continuous problem (1), (2). Thus
ul (% j11) = v (X 1) + W (X j41)
where vY is the solution of the inhomogeneous problem
Lla\cl,svév(xi,j+1) = f(xij+1)s
Vév(xo,ju) =0 and Vév(x1,j+1) =0.
and w) (x; ;1) is the solution of the homogeneous problem
Lla\cl,swév(xi,j+1) =0,
Wév(xo,j+1) =0 and Wév(xl,ju) =0.
Then the error at each time step (j+1) can be written in the form
W —u)(xij41) = (0 = v) (X j41) + WY — W) (X j41)-
Now in the next two result we estimates the error in the smooth and singular component respectively.

2) Error in Smooth Component
Lemma 7.3 At each time step (j + 1) and mesh point x; € ﬁf the smooth component of error satisfies
|(ve' = V) (Xij41)| <C NTTMH (53)
Proof. This is obtained using the following standard stability and consistency argument, we consider the local truncation error,
I-I)\(I,S(Vé\I - Vs)(Xi,j+1) = (I-I)\(I,své\I - Ll)\(l,svs)(xi,j+1)

= (f - Ll)\(l,svs)(xi,j+1)

= (Lx,s - Ll)\(l,s)vs(xi,j+1)

= —eAt (i - D+D‘) Ve (Xii41)

ax2 i
< = 2 (Kar = Xim)Ve (40, (54)
Now, since X;,; — X;_; < 2N~ holds for all choice of piecewise uniform meshes, therefore we have

eAt
LY e (v = Vo) (X0 < | — = Xipr =X)Ll Ve'"'(Xij+1) Nloo
eAt

< |5-CNTH|(C(L + 7/2E(x, 8)))

<C N7IM™1 (55)
by an apllication of the preceeding lemma 7.2, we have
(v = V) (Xijen)| < ILEe(Ve — Ve)(Xijaa)| < C NTIMTH, (56)

hence the result follows.
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C. Error in Singular Component

Lemma 7.4 For all N > 8, at each time step (j + 1) and mesh point x; € ﬁf the singular component of the error satisfies the
estimates
|(w' = we)(Xij41)] < CNTIM~HIn N. (57)
Proof. To estimate the error in the singular component of the solution the argument depends on whether
5= % or 6= %In N

when the mesh is uniform and ?ln N >1/4
The classical argument used in the estimation of the smooth component of the error leads to
I-l)\(l,s(wé\I - Ws)(Xi,j+1) = (I-I)\(I,SWEI - LI)\(I,SWS)(XLHI)
= (O - Ll)\(l,sws)(xi,j+1)
= (Lx,s - LI)\(I,S)WS(XLHI)
02
= —eAt (ﬁ - D+D‘) W (Xij41)
< =2 (Ker = Xim)We (o). (8)
Taking modulus both the sides we have,
LY e (W — W) (X0 < | — %M(Xiu = Xim)] W' (Xi541) lloo
Since (Xi1; — Xi—1) < 2N~1, and using the fact that third derivative w,”’ is bounded by Ce=3/2E(x,0) we have,

eAt

LY (W' — W) (xij41)] < [ 5-2N7"Ce™/2E(x,6)
2Atc N-1E(x, 6). (59)

But in this case 7 % In N and so by the preceding inequality, we obtained

LY W — W) (Xi541)] < C N7IE(x,0) <C N"IM~tIn N. (60)
Now an application of lemma 7.2 to the functlon (WEI w,), yields
[(We' = We)(Xijon)] < [LEe W = We)(Xij41)]
<C N7 IM~1In N. (61)
When the mesh is piecewise uniform with the mesh spacing 2(1 — 2§)/N in the subintervals [§,1 — 6] and 46/N in each of the

subintervals [0, 8] and [1 — &, 1]. A somewhat different argument is used to bound [(wY — w,)| depending on which mesh spacing
occurs. For x; lying in the open subintervals (0,8) and (1 — §,1). A similar classical argument used in the preceding case, leads to

8At In N

At " 4AtS
LY e WY = W) ()] < 15 (in = Xim )W (Ki51) Ml <57z C NT'E(x,0).
since the mesh width is 48/N and the fact that w."” is bounded by Ce~3/2E(x, 8). But since & = %, we have
Lo (WY = W) (Xij41)] < *55C NTIE(x,0) = CN'M~1In N, (62)

On the other hand, for x; lying in the closed submterval [6,1 — 6] the local truncation error of the singular part of the solution is
estimated as follows
LR e(We' — We)(Xij41)| = eAt|(D*D™W, — W) (Xij41)
< 2eAt maxxe[xi_lyl_ﬂyxim“]|WS”(x)|
< 2At maxxe[xi_ljﬂyxiﬂjﬂlCE(x, 0)

0
) /e—xi—l,i+1\/;’ iinj+1 <
=CM~
\ -(1- X1]+1)I ifx.

since [(D*D™W,(X;j41)] < maxxe[xi_ljHYXiHjH]|wS '(x)] and the fact that the second derivative of w, is bounded by Ce~1E(X, 6).

N | =

(63)

I =

1]+1

In the case X;j,; < 1/2 then Xx;;,, = 6. If the former is true then x;_;;,, = & either x;;,; > & or X;;,; = & and so

0 0
e—Xi—1,j+1\/; < e—S\/; —eg InN_—N-1 (64)
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If the later is true then X;;,; =&, and SO X;_q 41 =8 — % Thus

e—(l—Xi,j+1)Jg — e—SJg . e‘;]_s S —gIn N, g4Nln N — N-1. (NYN)* < CN-? (65)
since NN < C for all N > 1. It follows that
LY e (WY — W) (i j41)] < CNTIM~2In N,
Applying lemma (7.2) to the mesh function (wY —w,) leads to
[(We' = W) (Xijo1)] < ILEe(We = We)(Xij41)] < C NTIM7Hn N (66)
the required estimate of the error in the singular component of the solution. This concludes the proof of the lemma.
By now we have proved the main result of this article.
Theorem 7.5 The fitted mesh finite difference method with the standard upwind finite difference operator and the piecewise uniform

fitted mesh ﬁf, condensing at the boundary points, is e-uniform for the continuous problem (1), (2) provided that & is chosen to
satisfy condition (38). Moreover the solution u, of the continuous problem (1), (2) and the solution uY of the discrete problem
satisfies the following e-uniform error estimates

SUPp<e< l UY — U IIWEQS C(N"IM~lIn N+ M™1)

where C is a constant independent of .
Proof. Follows immediately from lemma (7.3) and lemma (7.4) and Theorem (4.2).

VIIl.  CONCLUSION
In this paper, we initiated the numerical study for singularly perturbed time delayed partial differential equation of convection
diffusion type. To look after the solution of such type of problem, one encounters with two difficulties; one is due to the existence of
the singular perturbation parameter multiplied in the diffusion term and another one is due to the presence of time delay. We sort out
both the problems via generating some special type of meshes in both the directions i.e space as well as time. An extensive amount of
theoretical study is carried out to obtain the stability and error estimates for the numerical scheme so constructed. These estimates
shows that the numerical scheme is unconditional stable and converges independently with respect to singular perturbation parameter.
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