Defect Correction Methods for the Solution
of Singularly Perturbed
Convection-Diffusion Problems

A Thesis
Submitted for the award of degree of
Doctor of Philosophy

in Mathematics

by

Monika Choudhary
(2K18/PHD/AM/03)

Under the supervision of
Prof. Aditya Kaushik

Department of Applied Mathematics

Delhi Technological University
Bawana Road, Delhi 110042 (India)

3 December 2023



© Delhi Technological University—2023
All rights reserved.



To my parents.






Certificate

Department of Applied Mathematics
Delhi Technological University, Delhi

This is to certify that the research work embodied in the thesis entitled “Defect Correction
Methods for the Solution of Singularly Perturbed Convection-Diffusion Problems” sub-
mitted by Monika Choudhary (2K18/PHD/AM/03) is the result of her original research
carried out in the Department of Applied Mathematics, Delhi Technological University,
Delhi, for the award of Doctor of Philosophy under the supervision of Prof. Aditya
Kaushik.

It is further certified that this work is original and has not been submitted in part or
fully to any other university or institute for the award of any degree or diploma.

This is to certify that the above statement made by the candidate is correct to the

best of our knowledge.

Date: 3 December 2023 Prof. Aditya Kaushik
Place: Delhi , India (Supervisor)

Prof. S. Siva Prasad Kumar

(Head of Department)






Declaration

I declare that the research work in this thesis entitled “Defect Correction Methods for
the Solution of Singularly Perturbed Convection-Diffusion Problems" for the award
of the degree of Doctor of Philosophy in Mathematics has been carried out by me under
the supervision of Prof. Aditya Kaushik, Department of Applied Mathematics, Delhi
Technological University, Delhi, India, and has not been submitted by me earlier in part
or full to any other university or institute for the award of any degree or diploma.

I declare that this thesis represents my ideas in my own words and where others’
ideas or words have been included, I have adequately cited and referenced the original
sources. | also declare that I have adhered to all principles of academic honesty and
integrity and have not misrepresented or fabricated or falsified any idea/data/fact/source

in my submission.

Monika Choudhary
Date: 3 December 2023 (2K18/PHD/AM/03)

vii






Acknowledgements

First and foremost, I would like to express my sincere and profound gratitude to my PhD
supervisor, Prof. Aditya Kaushik, for his invaluable guidance, scholarly contributions,
and consistent encouragement throughout the PhD. His tireless work ethic, patience, and
dedication have strongly encouraged me. I could not have imagined a better advisor and
mentor for my PhD work.

Next, I want to convey my sincere thanks to the Head of the Department and other
department faculty members for their constant support and for encouraging me to pursue
a PhD. I would also like to express my appreciation to the departmental staff members for
their assistance during the period.

I am indebted to my parents for all their love and support. I would like to express
my heartfelt gratitude towards my parents for everything they have done for me over the
years. I would also like to express my gratitude to my sister and my close friends for their
encouragement and support during my research.

Finally, I express my gratitude to the almighty God for his blessings and help
throughout the PhD.

Monika Choudhary
DTU Delhi

1X






Abstract

This thesis provides efficient and higher-order methods for solving singular convection-
diffusion perturbation problems. A differential equation is singularly perturbed when
some or all of its highest-order derivatives are multiplied by a small parameter, known
as the perturbation parameter. When limiting the perturbation parameter to a value of
zero, the solution to such problems reveals a multiscale character, which adds stiffness
to the problem. This results in the formation of boundary layers. In these layers, the
physical variable varies rapidly across small domains. As a result of the presence of
layer phenomena, theoretical methods cannot accurately approximate the solution. These
methods are only pertinent to a subset of problems, and prior knowledge of the solution’s
behaviour is required. Consequently, it is an intriguing task to develop uniform numerical
methods for solving such problems.

This thesis aims to develop higher-order defect correction methods for the solution
of four distinct kinds of convection-diffusion problems. Combining a stable, low-order,
precise, and computationally inexpensive upwind difference scheme with a higher-order,
less stable modified central difference operator is possible in these methods. In addition
to being free of directional bias, the process is also unconditionally stable and converges
uniformly. This technique can be utilised in an adaptive procedure to refine the mesh
in non-smooth regions. For a convection-diffusion problem, a defect correction method
over an adaptive mesh produces uniform second-order convergence. For a convection-
diffusion problem with a discontinuous coeflicient and point source, a defect correction
method combining a simple upwind scheme and a central difference scheme at all mesh
points over the Bakhvalov Shishkin mesh is studied. A posteriori error estimates are
established, yielding second-order convergence at all mesh points. Then, a parabolic
convection-diffusion problem with a large shift is solved by utilising an implicit Euler
scheme in time variable on a uniform mesh and a defect correction method comprised
of the upwind scheme and the modified central difference scheme in space variable on a
non-uniform mesh. The second order of spatial convergence and the first order of tem-

poral convergence are obtained. Finally, a parabolic convection-diffusion problem with

X1



Xii Abstract

a discontinuous convection coefficient and a source is solved using an implicit difference
scheme in time on a uniform mesh and a defect correction scheme based on a finite dif-
ference discretisation over an adaptive mesh in space. Estimates of parameter uniform
error reveal uniform convergence of first-order in time and second-order in space. Based
on the contribution of this study, we suggest future research directions for analysing more

complex problems.
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Chapter 1

Introduction

1.1 Perturbation Theory

Differential equations are ubiquitous in mathematical modelling and describe various
physical processes in science and engineering. By expressing the relationship between the
rate of change of a variable and the variable itself, differential equations provide a power-
ful tool for understanding and predicting how systems evolve over time and space. They
allow us to solve and analyse complex problems associated with the underlying physical
phenomena and provide insight into the behaviour and dynamics of the corresponding
systems. Their significance spans various disciplines, making them an indispensable tool
for scientific inquiry and technological advancement.

In scientific disciplines, when dealing with mathematical models of physical phe-
nomena, we often attempt to deal with the essential quantities while ignoring the neg-
ligible ones that involve small parameters. However, a natural question concerning the
role of the omitted terms arises. Does the presence or omission of such terms affect the
solution or the information obtained from the mathematical model? Perturbation theory
helps us answer this. It is a mathematical framework employed to analyse and understand
the effects of disturbances or changes in a system due to these small parameters known
as perturbation parameters. It allows researchers to refine their understanding of systems
by considering both the simplified, unperturbed models and the more complex, perturbed
counterparts. This approach plays a crucial role in fields such as physics, engineering,
and applied mathematics, offering a nuanced perspective on the behaviour of systems in
the presence of subtle influences. The perturbation problems are categorised broadly into

regular and singular perturbation problems.
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Let D be an open bounded set with smooth boundary I' and D denotes its closure.

Consider the boundary value problem
Po:Lou:=Ly+el, = f(x,e); xeD and () is given. (1.1.1)

Here € is a small parameter such that 0 < € < 1, L, is a differential operator, and f(x, £) is
a given real-valued smooth function. We assume that, for each &, P, has a unique smooth
solution u := u.(x). Denote by P, the corresponding degenerate equation obtained by

setting € = 0 in (I.1.1)) and by u, the smooth solution of P,.

Definition 1.1.1. Problem %, is called regularly perturbed with respect to some norm

|| - || if there exists a solution u, of problem %, such that
|| ug — ug ||— 0as e — 0.

Otherwise, P; is said to be singularly perturbed with respect to the same norm.
Here || - || is the supremum norm (or maximum norm) defined for every continuous func-
tiong : Q — R as

19 lla= sup{lgx)l : x € Q).

Example 1.1.2. Consider the algebraic problem #.:
5x§+€x5—3=0, O<ex 1. (1.1.2)

The roots of P, reads

—€ + 2 60
X, = “1— “g*, (1.1.3)

3 3
It follows from (I.1.3)) that as € — 0, the roots x. become + \/g . Clearly, x. = + \/; are
the roots of the corresponding degenerate problem #,. Thus, P is a regular perturbation

problem.

Example 1.1.3. Consider the boundary value problem #.:
u! (x) + 2eu.(x) — 4u(x) = 0 with u(0) =0, u(l)=1land 0 <e < 1. (1.1.4)

The solution of P, reads

A1 x Arx

where 1, = —e+ Ve2 +4, 1, = —e— Ve2 +4. (1.1.5)

u(x) := ue(x) = m,

inh(2
Moreover, note that lir% U, = Ssl.nn }1((2);) := uy. Clearly, u is the solution of the correspond-
€ 1
ing degenerate problem #y. Thus, P, is a regular perturbation problem.
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Example 1.1.4. Consider the boundary value problem %.:
—eu!(x) +u(x)=1, x€(0,1) with u(0) =u(l) =land 0 < e < 1. (1.1.6)

The solution of P, reads

(1) —e(-2)
u(x) == ue(x) =x — —————. (1.1.7)
1 - e(‘?)

The solution u, considered as function of two variables u, : [0,1] X (0,1) — u(x,¢€)
satisfies

limlimu(x, €) = p = limlimu(x, €), Vp € [0, 1).

x—=p e—0 e—0 x—p
Although

limlimu(x,e) = 1 # 0 = lim lim u(x, €).

x—1 e—-0 e—0 x—1
The solution u. as a function of two variables exhibits a singularity at the point (1, 0)
in the (x, €)-plane. Since, |lu. — ug|| - O uniformly throughout the entire domain as €

approaches zero, P, is a singular perturbation problem.

Perturbation theory becomes a powerful ally when navigating the complexities
of convection-diffusion problems, where the interplay of transport phenomena poses a
unique set of challenges. In mathematical modelling for fluid dynamics and heat transfer,
convection and diffusion are key players, each influencing the system in distinct ways. In
this context, perturbation theory allows us to dissect these complex problems by intro-
ducing small parameters that capture nuances in the convective and diffusive processes.
The tailored approach proves invaluable in fields ranging from environmental science to
engineering, offering a lens through which we can unravel the layered dynamics of fluid

flow and heat transfer.

1.2 Singular Perturbation Problems

Singular perturbation problems (SPPs) are of common occurrence in nature. Typically
these problems arise in modelling of various complex phenomena such as chemical-
reactor theory [187], bio-chemical kinetics [157], gas porous electrodes theory [251],
quantum mechanics [37], Reissner-Mindlin plate theory [11], Michaelis-Menton the-
ory for enzyme reactions [197], drift diffusion equation of semiconductor device [250],
diffraction theory [53]], usimulation of oil extraction from underground reservoirs [73],
magneto-hydrodynamics duct problems at Hartman number [91], atmospheric pollution
[226], water quality crisis in river networks [34], mathematical model of liquid crystal

material [203], heat transportation problems with large Peclet numbers [193]], financial
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modelling of option pricing and corporate liabilities [33], predator-prey population dy-
namics [153]], optimum control problems in certain resistance-capacitor electrical circuits
[136]. The study of singular perturbation problems is imperative because of their great

practical value.

1.2.1 Historical Overview

Fluid mechanics in the 19th century developed in two directions: theoretical hydro-
dynamics and hydraulics. The former originated from Euler’s equations for inviscid flows,
reaching a high level of comprehensiveness. However, the results of this classical science
starkly contrasted with experimental findings, illustrated by the famous contradiction of
d’Alembert. The d’ Alembert paradox was only resolved in a revolutionary 1904 paper by
L. Prandtl, who showed that no matter how small the viscosity, viscous effects can never
be neglected [10, 222]. More precisely, the determining factor is the Reynolds number
Re, a dimensionless measure of the relative importance of inertial to viscous forces in
the flow. Prandtl postulated that for certain kinds of high Reynolds numbers or nearly
frictionless flows, for example, the flow past a streamlined body like an airfoil, the vis-
cous effects would be confined to thin regions called boundary layers. In specific high Re
flows, like the flow around a bluff body like a sphere, viscous effects aren’t limited to thin
layers. In these cases, the impact of viscosity is more dramatic than its low value might
initially suggest.

However, the aerodynamic boundary layer was first defined by Prandtl [222].
Friedrichs and Wasow coined the term singular perturbation in their work [80]. In 1957, in
a fundamental paper [284], M. I. Vishik and L .A. Lyusternik studied linear partial differ-
ential equations with singular perturbations, introducing the famous Vishik-Lyusternik
method. From that moment on, an entire literature has been devoted to this subject
[150, 138, 122} [117, 241]. The critical concept of boundary layers has now spread to
many other fields; boundary layers often arise in what is known as singular perturbation
problems [10} 222]]. For a deeper dive into the historical overview, an introduction to
Prandtl’s resolution of the paradox concerning flow past a thin plate, and other classi-
cal examples, the interested reader is encouraged to explore an exciting general article
“Ludwig Prandtl and boundary layers in fluid flow-How a small viscosity can cause large
effects" by J. H. Arakeri and P. N. Shankar [10].

1.2.2 Classification of Singular Perturbation Problems

The singular perturbation problems are further classified into the following two

broad categories:
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1. Singular perturbation problem of cumulative type: These problems are charac-
terised by a small perturbation parameter € whose effect becomes apparent after a
substantial period, generally after an interval of order O (é) For example, consider
the motion of a satellite orbiting the Earth, where the spherically symmetric grav-
itational field is the dominating force. The satellite’s motion would be periodic if
the gravitational field were the sole factor acting on it. However, small influencing
forces from factors such as the thin atmosphere, moon, distant sun, and other stars
significantly alter the satellite’s motion after many orbital revolutions due to their

cumulative effect.

2. Singular perturbation problem of layer type: Characterised by a small pertur-
bation parameter €, these problems exhibit small spatial regions known as layer
regions where the solution undergoes abrupt variations. The solution unveils a mul-
tiscale character, introducing stiffness to the problem over a short interval. Mean-
while, away from these layers, the solution behaves regularly and varies gradually.
The classification of these problems further depends on the location of the layers,

leading to different categories.

(a) Singular perturbation problems of boundary layer type: In these prob-
lems, the layer region is adjacent to the boundary of the domain. Researchers
commonly refer to this region as the boundary layer, a term Prandtl originally
introduced in fluid mechanics. Shock waves are another term for these phe-
nomena in gas dynamics. These layers are typically known as skin layers in
electric applications. On the other hand, in mathematics, it sometimes goes

by the name of Stoke’s surfaces.

(b) Singular perturbation problems of interior layer or free layer type: In
these problems, the layers are located within the domain, away from the bor-
ders. Therefore, these layers are sometimes known as interior layers or free
layers. Several factors might cause the occurrence of these interior layers, in-
cluding turning points, non-smooth coefficients, non-smooth initial/boundary

conditions, non-linearities, or a lack of borders.

In this thesis, we consider singular perturbation problems of layer type. It is crucial to
determine the actual location, width and strength of all the existing layers within the so-
lution to determine the solution to the problem [212]. The characteristics of the layers,
including their strength, width, and location, depend on whether the singular perturbation

problem is of convection-diffusion or reaction-diffusion type. The coefficients and ini-
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tial/boundary conditions stated in the problem also play an essential role. We will now,

therefore, look at the classification of singular perturbation problems as follows:

1. Convection-diffusion problems: Convection-diffusion problems model physical
phenomena involving convection, reaction, and diffusion processes. In these prob-
lems, the order of the degenerate equation reduces by one. Let us consider a two-

point boundary value problem on a unit interval Q = (0, 1)

—eu, (x) +u(x) =0, x€Q

u:(0) = up, u,(1) =u,

where 1, u; € R are some given constants and 0 < &€ <« 1. The exact solution of
e Ve — ug N Uy — Uy

ele —1 e~le —1
erate equation is of order one, and we can impose only one boundary condition. It

the problem is u.(x) = ¢~179/¢_The corresponding degen-
needs to be clarified which of the two possible boundary conditions we can impose.
Since the characteristic direction aligns with the positive x-axis, we cannot impose

a boundary condition at x = 1. The corresponding degenerate problem reads

v;)(x) =0, xeQ
vo(0) = uo,

and its solution is vy(x) = uy. Therefore, a boundary layer will form near x = 1
unless the boundary value of u, at x = 1 agrees with the value of the reduced
solution vy at x = 1. Thus we may say that the solution exhibit only one boundary

layer of width & in the neighbourhood of x = 1.

2. Reaction-diffusion problems: Reaction-diffusion problem models physical phe-
nomena involving both reaction and diffusion processes. In these types of problems,
the order of the degenerate equation reduces by two. Let us consider a two-point

boundary value problem defined on a unit interval Q = (0, 1)

—su:;(x) +u(x)=0, xeQ

u:(0) = up, u(1) =u,

where uy, u; € R are the given constants and 0 < &€ <« 1. The exact solution of the

= woe 1 e, o= et

1 —e2/Ve 1 —e2/Ve
responding degenerate equation has order zero. Consequently, we cannot impose

problem is u.(x) = ¢~ V¢ Note that the cor-

any boundary conditions on its solution. The exact solution of the degenerate equa-

tion is vp(x) = 0. Therefore, a boundary layer will appear at x = 0 unless uy, = 0.
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Similarly, a boundary layer will occur at x = 1 unless u; = 0. The layer correc-
tion function e~/ V* in the solution suggests that the solution has a steep gradient
in (0, V&) but not in (/g, 1). The behaviour of e~/ V¢ is analogous. Therefore,
we may have two boundary layers of width +/g, each at outflow boundary regions.
However, one or no boundary layer may occur for special choices of boundary con-

ditions.

In this thesis, we study singular perturbation problems of convection-diffusion type. To
gain an understanding of the strength and location of layers in the solution of convection-
diffusion problems, consider the model convection-diffusion problem defined on a unit
interval (0, 1)

—eu” (x) + a(x)u'(x) + b(x)u(x) = g(x), x € (0, 1) (1.2.1)

where 0 < € < 1 is the perturbation parameter and appropriate boundary conditions
are specified. The rules presented in Table serve as a valuable resource for inferring
information regarding the strength and location of boundary and interior layers appearing
in the solution of the problem (1.2.1)). If a(x) = 0, the problem transforms into a
reaction-diffusion problem. In that case, Table[I.2] provides helpful information regarding
the strength and location of the interior and boundary layers in the solution for reaction-

diffusion equations.

1.3 Methods for Solving Singular Perturbation
Problems

To solve singularly perturbed problems, researchers commonly employ two principal

methods: asymptotic methods and numerical methods.

1.3.1 Asymptotic Methods

The asymptotic methods are widely used in mathematics to obtain precise approx-
imations for solving singular perturbation problems. These methods offer a straightfor-
ward approach to accurately determining an approximation for the solution. In this study,
the analysis of the problem’s limiting behaviour is conducted through asymptotic expan-
sion methods. The solution is then approximated by constructing an asymptotic series,

which is expressed in terms of the small perturbation parameter €, such as

Lt:l/t()+€l/t1+62u2+"'.
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Table 1.1: Strength and location of boundary and interior layers for singularly per-

turbed convection-diffusion problems

Smoothness of functions Value of the Strength and location of
function
b(x) a(x) f(x) a(x) Boundary Interior Layer
Layer
Smooth <0,¥xeQ Strong, at x =0 —
Smooth >0,Vx e Q Strong, at x = 1 —
Smooth Discontinuous <0,¥x e Q Strong, at x =0 | Weak, on right
atx=deQ side of x = d
Smooth Discontinuous >0,¥x e Q Strong, at x = 1 Weak, on left
atx=deQ side of x = d
Smooth | Discontinuous at x = d € Q <0,¥xeQ Strong, at x =0 | Weak, on right
side of x = d
Smooth | Discontinuous at x = d € Q >0,¥x e Q Strong, at x = 1 Weak, on left
sideof x =d
Smooth | Discontinuous at x =d € Q >0,x€(0,d) — Strong, on both
and sideof x =d
<0,xe(d,1)
Smooth | Discontinuous at x =d € Q <0,x€(0,d) Solution is unbounded
and
>0,xe(d,1)
— =0 SPP is of reaction-diffusion type

Table 1.2: Strength and location of boundary and interior layers for singularly per-

turbed reaction-diffusion problems

Smoothness of functions Strength and location of

b(x) f(x) Boundary Layer Interior Layer
Smooth Strong, at both endpoints —
x=0and x=1
Smooth Discontinuous Strong, at both endpoints Strong, on both sides
atx=deQ x=0and x=1 ofx=d
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Here ug, uy, u, - - - are sufficiently smooth functions. The values of uy, u;, u,,--- can be
obtained by substituting « into the given equation after doing term-by-term differentiation.
After substitution, the first few terms are solved to get uy, u;, up,--- and form an ap-
proximate solution to the problem. The asymptotic solution accurately approximates the
solution to the problem over a large portion of the domain, i.e., the outer region, but is in-
accurate over the small region, i.e., the layer region, because the effect of the perturbation
term in the problem is not negligible in this region. However, the straightforward asymp-
totic expansion leads to a differential equation of lower order than the original differential
equation, and the solution fails to satisfy all the boundaries or the initial conditions.
Thus, the method of asymptotic expansion fails to adequately approximate the exact
solution of the singular perturbation problem. This limitation of the asymptotic expansion

method is removed by using the following methods:

1. Method of matched asymptotic expansions: This methodology involves obtain-
ing two complementary solutions within their respective regions, namely inner so-
lution and outer solution, by treating a specific portion of the domain as a distinct
perturbation problem. In subsequent steps, the solutions obtained from various re-
gions within the domain are patched or matched to obtain an approximate solution
that encompasses the entire domain. The process of matching the inner and outer
solutions was initiated through the utilisation of a stretching transformation [79].
In the 1950s, researchers refined and implemented this method to address various
physical problems [[155, 151, 208} 1251126, 285, 286[]. One can refer to the follow-
ing literature to gain a deeper understanding of this method: [280, 210, [1335].

2. Method of multiple scales: This method focuses on developing uniformly valid
approximations for solving singular perturbation problems by applying multiple
scales for the independent variable. Including additional terms involves introduc-
ing new independent variables to eliminate secular terms and ascertain a uniformly
approximate solution. Cole [31] introduced this idea in the late 1950s, and has since
been thoroughly investigated and analysed in various examples. After that, this ap-
proach has been extensively applied in solving a number of singular perturbation
problems, as documented in various studies [134, [110} 152} 259, 160, 54, 28]. The
multiple scales method has been found to provide a notable advantage when solving
nonlinear problems [148]]. However, introducing additional slow scales can lead to
potential ambiguities in the perturbation series solution, which must be carefully

addressed, as demonstrated in [31]].
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3. WKB approximation: This method is employed to obtain a global approxima-
tion for solving linear singular perturbation problems. The proposed methodology
suggests an exponential dependence of the solution on the boundary layer, a valid
assumption for linear singular perturbation problems. This assumption greatly sim-
plifies obtaining an asymptotic approximation for the solution. The methodology
entails first identifying an approximate set of linearly independent solutions com-
bined using the superposition principle to generate a general solution. In contrast
to other asymptotic approaches, such as matched asymptotic expansions or mul-
tiple scales, the boundary conditions are generally solved exactly at the end of
the process rather than being approximated. This method, known as the Wentzel-
Kramers-Brillouin (WKB) method, was first utilised in the 1920s to approximate
solutions to the Schrodinger equation. The method’s historical development is doc-
umented in [[104], whereas reference [249] provides extensive mathematical details.
The WKB method has been widely employed in quantum and solid mechanics, as
shown by its applications in the respective fields [37/] and [266]. Moreover, this
approach has been extensively employed in solving various singular perturbation
problems [92] 143} [2].

4. Other Methods: In addition to the aforementioned prominent asymptotic meth-
ods, several other asymptotic methods can be applied to both linear and nonlin-
ear problems. For linear problems, some of these methods include the Poincaré-
Lindstedt method [137, 214, 30, 181} 44, 201], the method of strained parame-
ters [202, 258} 2635)], the method of periodic averaging [53) (124} 4], and the lin-
earised perturbation method. For nonlinear problems, there are methods such as the
variational iteration method [100, [103]], the modified Poincaré-Lindstedt method
(101} 174, 2277, 16], the homotopy perturbation method [207, 102, [1]], the parameter
expansion method [239,291] and the perturbation-iteration methods [12} 184, 203].
Books [282] 263] 131}, 209] contain more information on the progressive develop-

ments in the asymptotic theory of singular perturbations.

The asymptotic expansion method applies to a limited range of problems and necessitates
the user’s knowledge of the location and width of the boundary layer. Furthermore, this
method must be optimally designed to solve two-dimensional problems efficiently. The
validity of the asymptotic approximation for complex one-dimensional nonlinear prob-
lems is limited to small perturbation parameter values. One must thoroughly understand

the expected solution behaviour to implement these methods successfully. This serves as
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a source of motivation for individuals to employ numerical methods to solve such prob-

lems.

1.3.2 Numerical Methods

Numerical methods are employed to obtain an approximate solution for problems
that are typically unsolvable using closed-form solutions. These methods are designed
to solve a wide range of problems and offer quantitative information about the problem.
Because these methods are quantitative, their solutions differ significantly from the qual-
itative solutions provided by asymptotic methods.

Over the last few decades, researchers have developed several numerical approaches
for solving singular perturbation problems. Computational methods and parameter uni-
form numerical methods are two broad categories for these methods. When the pertur-
bation parameter is set to a critical value, the standard finite difference, finite element, or
finite volume methods, collectively called classical computational methods, are found to
be insufficient on uniform meshes and require an extremely large number of mesh points
to generate accurate numerical solutions [99]]. The reason behind this limitation of the
computational methods is the presence of steep gradients in the boundary layer(s) of the
analytical solution. These methods fail to reduce the maximum point-wise error until the
mesh size and the singular perturbation parameter have the same order of magnitude. On
the other hand, refining the mesh size to the order of the perturbation parameter increases
the number of mesh points and the related computing cost. Hence, the major constraint of
the computational method is the domain discretization’s dependency on the perturbation
parameter. Therefore, to construct robust computational methods that are independent of
the perturbation parameter in terms of discretization, error, and order of convergence is
desirable. These methods are known as parameter uniform numerical methods. The pa-
rameter uniform methods are broadly classified into two main categories: the fitted finite
difference operator and the fitted mesh method.

A brief survey enumerating the chronological developments in both classical com-

putational methods and parameter-uniform numerical methods is as follows.

1. Finite Difference Methods : The finite difference method (FDM) is a widely recog-
nised and commonly used approach for estimating the solution of a singular pertur-
bation problem. It is a straightforward technique that has been extensively studied
and applied in various fields of research. The introduction of numerical applica-
tions can be traced back to the late 1960s, aligning with the minicomputers. These

minicomputers offered a convenient platform for tackling complex problems. The
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discretization technique employed in this method involves partitioning the domain
of interest into a mesh or grid. In the process, the differential equation is trans-
formed by substituting all the derivatives with algebraic differential quotients. For

example, the derivative d—z may be replaced by first-order forward difference quo-
X

tient
dz N Zi+1 — X
dxl;~ h
or by a second-order central difference quotient
dz| _ zis1 —Zin
dxl;~ 2k

where u; is the value of u at the mesh point i and 4 is the mesh spacing. By substi-
tuting the derivatives at all interior mesh points with their corresponding values, a
system of algebraic equations is formed, where us represent the unknowns. After
implementing the boundary conditions, the system will exhibit a correspondence
between the number of unknowns and interior nodes within the mesh. The val-
ues of these unknowns can be obtained by solving the system of equations by direct
methods or iterative methods such as the Gauss-Seidel method, Jacobi method, Suc-

cessive over-relaxation method, or other advanced techniques.

The development of a three-point difference scheme on a uniform mesh for a one-
dimensional two-point singular perturbation boundary value problem was first in-
troduced in [218]]. The approach employed consisted of finding mesh regions where
the difference between the computed solution and its adjacent value exceeded a pre-
determined threshold value. An iterative procedure was applied to increase the con-
centration of mesh points at these identified locations. Additionally, a smoothing
approach was applied to mitigate the accuracy loss resulting from sudden changes
in mesh spacing. The Gauss elimination method was employed to solve the system
of linear algebraic equations that were derived from the difference scheme. The nu-
merical results obtained, demonstrate that the computed solution converged to the
exact solution. Later, this method is extended to solve a class of nonlinear problems
[219]. These methods require strict constraints on the mesh spacing to maintain
stability when the perturbation parameter is very small. For example, consider the

following singular perturbation boundary value problem:
—eu’’ (x) + a(0u' (x) + b(xu(x) = g(x), x € (0, 1), u(0) = up, u(l) = u.

Here € is a perturbation parameter, a(x), b(x) and g(x) are smooth functions satis-
fying a(x), b(x) > 0 on (0, 1). It was discovered that the central difference scheme,

implemented on a uniform mesh {x; = ih} with mesh spacing (A = 1/N), becomes
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unstable and oscillates when a(x;)h/2e > 1 [62]. The authors proposed imple-
menting an upwind scheme to solve the stability problem [113]]. In this proposed
scheme, the conventional first derivative is substituted with a one-sided difference
method, either forward or backward, instead of the central difference approach. The
selection between forward or backward difference depends upon the sign of a(x) at
a specific mesh point x;. The scheme is referred to as the II’in-Allen-Southwell
scheme [5)]. It was observed that the upwind scheme demonstrated stability and
exhibited better convergence in comparison to the central difference scheme. The
scheme under consideration is widely recognised as the first fitted operator scheme.
However, it is important to note that this scheme does have certain limitations, it

exhibits first-order uniform convergence in the outer region.

In [63]], a class of SPPs is solved by using an upwind finite difference method. The
author compared the asymptotic behaviour of the solution obtained from the dif-
ference scheme with the exact solution. Later, the authors extended this method to
solve second-order ordinary differential equations [64]. They obtained elementary
estimates for the solution and its derivatives by using the maximum principle [225].
In [3]], the upwind method is further refined and used to solve SPPs with systems of
equations. In this method, a parameter was introduced in the difference equation,
and it was chosen in such a way that an accurate approximation for the reduced
problem is obtained in the interior region as well. Later, this method is extended to

solve SPPs with internal turning points [24].

In [13], the authors modified the upwind scheme to enhance its accuracy for
convection-diffusion SPPs. This modified scheme achieved second-order accuracy,
similar to the central difference scheme, while preserving the stability properties of
the upwind scheme. This modification improved the accuracy of the solution and

provided better convergence properties.

In [84], the author developed a family of uniformly accurate finite difference
schemes for convection-diffusion SPPs using the high-order differences with iden-
tity expansion (HODIE) framework [177,161]. The discretization error analysis was
carried out using the stability results from [205]. The theoretical analysis showed
that the uniform convergence of any order could be achieved, depending on the
smoothness of the data. Achieving higher-order convergence with this scheme re-

quired additional evaluations of the data.

In [70]], the exponential box scheme is introduced to solve singularly perturbed

convection-diffusion problems. This scheme combined the exponential difference
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operator [S] with Keller’s box scheme [[132] to achieve a stable and second-order
accurate approximation of the solution. Later in [32], the authors proved that the
exponential difference, when applied on a uniform mesh with a mesh size of h, pro-
vides uniformly second-order accuracy for solving convection-diffusion problems.
This result demonstrated that the exponential box scheme is reliable and accurate
across the entire computational domain, ensuring consistent second-order accuracy

of the approximation.

In [[75]], it is shown that for convection-diffusion SPPs, the fitted finite difference op-
erator is only necessary for the layer region, while the solution in the outer region
can be accurately approximated using the standard fitted operator. This observation
allowed for more efficient computation by reducing the computational cost in the
outer region. In [76], the author investigated a variety of finite difference schemes
to derive sufficient conditions for uniform convergence. He showed that these con-
ditions are not only satisfied by uniformly convergent schemes but also by a more

general class of upwind schemes.

In [[17]], the authors solved a singularly perturbed reaction-diffusion problem using
the finite difference method on a non-uniform mesh. The non-uniform mesh was
constructed by using a continuous mesh generating function  : Q — [0, 1], which

is defined as

x(@) = —‘;76 In(1 —¢/q), t €[0,1],
Y(@) =161 = (@) + ¢/ (D)t — 1), te[r,1/2],
I —y(l—1), te(1/2,1],
where the transition point 7 is the solution of the nonlinear problem (1 — 27)¢’(¢) =
1 — 2x(7). The mesh generated by this method is known as the Bakhvalov mesh.

This mesh is considered to have a complicated structure, and extending the mesh to

solve the singularly perturbed partial differential equations (PDEs) is difficult.

In [2535]], the author developed a scheme based on the integro-interpolation method
[246] to solve a class of singularly perturbed differential equations of ordinary
type and parabolic type. The scheme was developed on a mesh similar to the
Bakhvalov mesh and exhibited third-order convergence for ordinary differential
equations and first-order convergence for partial differential equations. In [287],
the author generalised the Bakhvalov mesh for the finite-difference discretization
of one-dimensional nonlinear reaction-diffusion SPPs. This generalisation extended
the use of the Bakhvalov mesh to handle nonlinear problems and achieved a uniform

second-order convergence.
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In [85], an exponentially graded mesh was employed for two-point singularly per-
turbed boundary value problems. The graded mesh divided the domain into three
regions: the inner region with an extremely fine mesh, the transit region where the
mesh geometry changes from fine to coarse, and the outer region with a uniform
mesh. The number of mesh points in the inner region was significantly higher (ap-
proximately k times) than the number of mesh points in the outer region. Various
finite difference schemes were applied on the graded mesh and uniform conver-
gence of fourth-order was achieved. However, the complexity involved in creating
the graded mesh made it challenging to extend the mesh to higher dimensions.
Considering this limitation, in [256] G. I. Shishkin introduced a relatively simple
mesh known as the Shishkin mesh, which could be conveniently extended to higher
dimensions. For convection-diffusion problems, he proposed a piecewise uniform
mesh with a transition point defined as T = min (%, etoIn N ), where 7o > p/a. The
parameter p characterises the order of convergence of the numerical method. The
mesh Q = {xi}f\i o 18 constructed by dividing both subintervals [0, 7] and [z, 1] into
N/2 equal subintervals if a boundary layer is present near the left endpoint of the
domain. When eryIn N > %, (for sufficiently large N compared to 1/¢), this mesh
transforms into a uniform mesh. Similarly, if there is a boundary layer near the right
endpoint, the domain Q divided into [0,1 — 7] and [1 — 7, 1] each with N/2 equal
subintervals, to obtain a piecewise uniform mesh. For reaction-diffusion problems,
the transition parameter 7 is defined as 7 = min (}L, \ergIn N ), where 79 > p/a. A
piecewise uniform mesh is constructed by discretizing the domain Q = [0, 1] into
[0,7], [T, 1 — 7], [1 —7, 1], where the subintervals contain N/4, N/2 and N/2 equally
spaced mesh points, respectively. It is important to note that one limitation of the
Shishkin mesh is that it requires prior knowledge about the location and width of
the boundary layers. All these meshes, Bakhvalov [[17], Vulanovi¢ [287], Gartland
[85)], and Shishkin [256]], are constructed based on a priori information about the

width and location of the layers in the exact solution and are thus known as apriori

meshes.

In [[179], the author introduced a posteriori mesh, which does not require prior in-
formation about the width and location of the layers in the exact solution. The
method involves computing an approximate solution on an arbitrary mesh and then
using the error estimate, based on the difference derivatives of the computed solu-
tion to determine a monitor function. This monitor function helps in achieving mesh
equidistribution. Authors in [26] further developed this idea by proposing a moni-

tor function that combines a constant term with an appropriate power of the second
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derivative of the singular component of the solution. This choice of monitor func-
tion improved the mesh equidistribution and enhanced the accuracy of the numeri-
cal solution. In [141,162], the authors utilised the arc-length monitor function for
mesh equidistribution to solve convection-diffusion problems. In [220], the author
introduced numerical methods based on exponential finite difference approxima-
tions with fourth-order accuracy for solving one and two-dimensional convection-
diffusion problems. A nonlinear two-point SPP is considered in [120]. The authors
employed quasi-linearisation to linearise the original nonlinear equation for each
linear case. Then, they used a cubic spline difference scheme on a variable mesh
to approximate the linear equations. Continuing their work, the authors in [[121]
developed an exponentially fitted difference scheme using spline in compression
for solving twopoint singularly perturbed boundary value problems. In [163]], the
author presented a survey on layer-adapted meshes for convection-diffusion prob-
lems, emphasising the importance of using appropriate grids to achieve uniform

convergence.

In [252], the authors introduced a finite difference scheme for discretizing singularly
perturbed boundary value problems. The presented scheme is a combination of the
simple upwind scheme and the central difference scheme on a Shishkin mesh. It is
observed that the proposed scheme exhibited higher-order convergence compared

to the simple upwind scheme alone.

In [82], the authors presented defect correction scheme based on finite difference
discretizations over Shishkin mesh to solve a singularly perturbed convection diffu-
sion problem. The method combines the stability of the upwind difference scheme
and the higher-order convergence of the central difference scheme and results in a
higher order stable scheme. Authors in [81] solved a singularly perturbed linear
convection—diffusion problem using defect correction scheme over some Shishkin
type of meshes. The method is shown to be convergent, uniformly in the diffu-
sion parameter, of second order in the discrete maximum norm. In [94]], authors
presented defect correction method by combining first order upwind scheme and
second order modified central difference scheme to solve a singularly perturbed

convection-diffusion problem in one-dimension.

In [133]], the author analysed a defect correction method for a one-dimensional
convection-diffusion problem without turning points. He showed that the kth ap-

proximation obtained using the defect correction method converges uniformly with
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a rate of O((g — €)* + h?), where ¢ is of the order O(h) in outer regions. However,

the error estimates degrade to O(1) in the inner regions.

In [247], the authors presented an adaptive finite difference method to solve singu-
larly perturbed convection-diffusion problems. The authors combined a first-order
upwind and a second-order central scheme to achieve a higher order of convergence.
In [164]], the author discretized a singularly perturbed convection-diffusion problem
using a simple first-order upwind difference scheme on general meshes. He derived
an expansion of the error of the scheme that enables uniform error bounds with re-
spect to the perturbation parameter in the discrete maximum norm for both a defect

correction method and the Richardson extrapolation technique.

In [217], the authors considered a self-adjoint two-point singularly perturbed
boundary value problem. They employ a fitted finite difference scheme on a
Shishkin mesh for solving the problem by reducing it to normal form. While the
authors in [176] proposed a non-standard finite difference scheme for solving self-
adjoint two-point singularly perturbed boundary value problems using Micken’s

finite difference method.

In [274], the authors introduced a spline difference scheme that uses quadratic and
cubic splines for discretizing reaction-diffusion problems on a non-uniform mesh.
In [273]], the authors discretized reaction-diffusion problems using quadratic splines
on a piecewise uniform Shishkin mesh and achieved an almost second-order accu-
racy in the discrete maximum norm. In [[109], the authors used a cubic spline differ-
ence scheme on Bakhvalov mesh to solve reaction-diffusion problems. The result
obtained using the Bakhvalov mesh was found to be superior to that achieved with
the Shishkin mesh.

In [25]], the author presented a cubic spline in compression to solve two-point sin-
gularly perturbed boundary value problems. In [[139], the author analysed that the
arc-length monitor function does not yield satisfactory numerical approximations
for reaction-diffusion problems. It has been observed that an optimal choice of the
monitor function not only depends on the discretization technique and the norm of

the error to be minimised but also on the nature of the problem.

Authors in [233] applied exponential splines to generate an almost second-order
uniformly convergent difference scheme on standard Shishkin mesh for semi-linear
reaction-diffusion problems. The method exhibits uniform convergence of almost
second-order in discrete maximum norm. Later, they devised an exponential spline

difference scheme on piecewise uniform Shishkin mesh [234]].
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In [233]], the authors used spline in compression to generate second and fourth-order
uniformly convergent numerical techniques for singularly perturbed boundary value
problems. To deal with Robin-type boundary conditions, authors in [200] applied
the central difference method on the regular region of standard Shishkin mesh and

cubic splines to discretize the layer region.

In [9], the authors considered a one-dimensional steady-state convection-diffusion
problem with Robin boundary conditions. To discretize the problem, they use stan-
dard upwind finite difference operators on Shishkin meshes. Furthermore, the au-
thors in [51]] developed a finite difference scheme for solving a one-dimensional
time-dependent convection-diffusion problem with initial-boundary conditions.
They employed the classical Euler implicit method for time discretization and the

simple upwind scheme on a Shishkin mesh for spatial discretization.

In [[196]], the authors investigated the effect of Richardson extrapolation on two fitted
operator finite difference methods (FOFDM), (FOFDM-I) [217] and (FOFDM-II)
[176]. They found that FOFDM-I achieved fourth-order accuracy for moderate val-
ues of the perturbation parameter, while it attained second-order accuracy for small
values of the perturbation parameter. However, they observed that Richardson ex-
trapolation did not improve the order of convergence for FOFDM-I1. For FOFDM-
II, which is uniformly second-order convergent, the order of convergence can be
improved up to fourth-order by using Richarson extrapolation. In [166]], the au-
thor proposed a compact fourth-order finite difference scheme for solving two-point

reaction-diffusion SPPs on a Shishkin mesh.

In [116], the authors proposed a numerical approach to solve the singularly per-
turbed time-dependent convection-diffusion problem in one spatial dimension.
They employed a semi-discretization technique by applying the backward Euler
finite difference method in the temporal direction. To discretize the resulting set
of ordinary differential equations, they utilised the midpoint upwind finite differ-
ence scheme on a non-uniform mesh of Shishkin type in the spatial direction. In
[95], the authors proposed a method in which domain decomposition was com-
bined with higher-order difference discretization for solving two-point singularly
perturbed boundary value problems of convection-diffusion type. In [39], the au-
thors used the same scheme combination as in [200] on an equidistributed grid.
Their approximation scheme uses cubic splines for the mixed-boundary conditions

and the classical central scheme elsewhere.
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In [96]], the author proposes a higher-order numerical scheme to solve singularly
perturbed reaction-diffusion problems. The proposed scheme is a combination of a
fourth-order numerical difference method and a classical central difference method.
In [146], the authors presented a parameter-uniform numerical method on equidis-
tributed meshes for solving a class of singularly perturbed parabolic problems with
Robin boundary conditions. The discretization consists of a modified Euler scheme
in time, a central difference scheme in space, and a special finite difference scheme

for the Robin boundary conditions.

In [88]], a parameter-uniform numerical method is constructed for singularly per-
turbed Robin type parabolic convection-diffusion problems having boundary turn-
ing points. The problem is discretized by means of the implicit Euler method in
time and the non-standard finite difference method in space on a uniform mesh.
Moreover, the non-standard finite difference method is used to discretize the Robin
boundary conditions. While in [254], the authors deal with a singularly perturbed
two-dimensional steady-state convection-diffusion problem with Robin boundary

conditions.

In [193], the authors considered a time-dependent singularly perturbed reaction dif-
fusion problem. They employ the classical backward Euler method to discretize
the problem in time and a fitted operator finite difference method in space. In [93]],
the authors proposed a classical upwind finite difference scheme on layer-adapted
nonuniform meshes to solve singularly perturbed parabolic convection-diffusion
problem. In [194], the authors proposed a uniformly convergent FDM for a cou-
pled system of singularly perturbed ordinary differential equations of convection-
diffusion type. It was proved that the proposed discrete operator satisfies the sta-
bility property in the maximum norm. In [228], the author presented a survey of

non-standard FDMs.

In [86]], the authors proposed an adaptive finite difference technique using the cen-
tral difference scheme on a layer-adapted mesh for a linear second-order singularly
perturbed boundary value problem. It was shown that the proposed technique has
fourth-order convergence. In [[180], the authors considered singularly perturbed de-
generate parabolic convection-diffusion problems in two-dimension. They used an
alternating direction implicit finite difference scheme to discretize the time deriva-

tive and an upwind finite difference scheme to discretize the spatial derivative.

In [206]], the authors introduced a hybrid difference scheme for solving singu-

larly perturbed convection-diffusion problems. Their scheme combined the up-



20

Introduction

wind scheme on the coarse part of the Shishkin mesh with the central difference
scheme on the fine part. In [87], the authors considered a singularly perturbed
fourth-order differential equation with a turning point. They used the classical fi-
nite difference scheme on an appropriate piecewise uniform Shishkin mesh to solve
the problem. In [38], the authors proposed a second-order uniformly convergent
numerical method for a singularly perturbed parabolic convection-diffusion initial-
boundary-value problem in two-dimension. They used a fractional-step method in
the time direction, while a finite difference scheme was used in the spatial direction.
In [260]], a higher-order Richardson extrapolation scheme is presented for solving a
singularly perturbed system of parabolic convection-diffusion problems. Whereas
in [173]], a septic B-spline method is presented for solving a self-adjoint singularly

perturbed two-point boundary value problem.

In [[1135]], the authors presented a second-order robust method for solving singularly
perturbed Burgers’ equation. In [83], a specific class of parabolic singularly per-
turbed convection-diffusion problems is investigated. The problem is discretized
using the backward Euler scheme in the temporal direction and the upwind scheme
on a Harmonic mesh in the spatial direction. In [147], the authors introduce a
high-order convergent numerical method for singularly perturbed time dependent
problems using mesh equidistribution. The discretization is based on the backward
Euler scheme in time and a high-order non-monotone scheme in space. In [198]], nu-
merical approximations are computed for the solution of a system of two reaction-
convection-diffusion equations by a fitted mesh finite difference method. In [261],
authors conducted a numerical investigation of an initial-boundary-value problem
for a singularly perturbed system of two equations of convection-diffusion type.
The authors proposed a numerical method that combined a spline-based scheme
with a Shishkin mesh and achieved second-order uniform convergence. While in
[262], the authors present a uniformly convergent numerical technique for a time
dependent singularly perturbed system of two equations of reaction-diffusion type.
The proposed numerical technique consists of the Crank—Nicolson scheme in the
temporal direction over a uniform mesh and the quadratic B-splines collocation
technique over an exponentially graded mesh in the spatial direction. In [204],
the authors considered singularly perturbed elliptic convection-diffusion differen-
tial equations in two-dimensions. They discretized the problem by using an upwind
difference scheme on a modified exponentially graded Bakhvalov mesh. Further,
in [2960], the authors analysed a higher order numerical method for a class of two-

dimensional parabolic singularly perturbed problem of convection-diffusion type
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for the case when the convection coefficient is vanishing inside the domain. The
Peaceman—Rachford scheme is used on a uniform mesh for time discretization, and
a hybrid scheme is applied on the Bakhvalov—Shishkin mesh for spatial discretiza-
tion. In [52], the authors deal with one-dimensional linear parabolic singularly per-
turbed systems of convection-diffusion type. The diffusion term in each equation is
affected by a small positive parameter of different magnitudes. The numerical algo-
rithm combines the classical upwind finite difference scheme to discretize in space
and the fractional implicit Euler method together with an appropriate splitting by

components to discretize in time.

In [215], the authors considered a second-order singularly perturbed Volterra
integro-differential equation. On a layer adapted Shishkin mesh, the problem is
solved using finite difference schemes. Whereas in [216] author presents a fitted
mesh finite difference method for solving a singularly perturbed Fredholm integro-

differential equation.

. Finite element methods: The finite element method (FEM) is a widely employed

numerical approach for approximating solutions to ordinary differential equations
and partial differential equations. In this method, the dependent variable u in the
differential equation is approximated by a function u, that is constructed as a lin-
ear combination of basis functions S as u ~ u, = ;u;S;. The basis functions,
S, are chosen such that they form a set of functions that span the solution space.
The coeflicients of the basis functions, u;, represent the unknowns that need to be
determined. These coeflicients correspond to the values of the solution at specific
mesh points, i. By substituting the approximation u; into the original differential
equation, the problem is transformed into a system of algebraic equations. This
system is then solved to determine the values of the coefficients u;, which in turn
define the approximate solution u;,. The finite element method offers flexibility in
choosing the shape and size of the basis functions, allowing for adaptability to com-
plex geometries and varying solution behaviour. It is widely used in various fields
of engineering and applied sciences for solving a wide range of problems governed

by differential equations.

In the late 1970s, researchers initiated the use of Petrov-Galerkin techniques, a
modified version of the Finite Element Method (FEM), for the purpose of resolv-
ing singular perturbation problems (SPPs). In [301], the authors acknowledged
the necessity of employing distinct methodologies to tackle SPPs through the use

of finite element analysis. A Finite Element Method technique resembled the up-
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wind scheme by integrating upwinding into the test function. The objective of this
change was to achieve a solution for SPPs that is free from oscillations. In [185], the
author presented a Finite Element Method formulation that reduces to a simple up-
wind scheme in the asymptotic scenario. This formulation was specially designed
for the numerical solution of singularly perturbed Ordinary Differential Equations
(ODEy).

In [268]], the authors applied the FEM with a Petrov-Galerkin approach using expo-
nential basis elements to solve conservative non self-adjoint singularly perturbed
boundary value problems. The method has first-order convergence in L. and
second-order convergence at the nodes. The Authors in [71]] introduced an adap-
tive streamline diffusion finite element method for solving stationary convection-

diffusion problems by using shock capturing artificial viscosity technique.

In [47], the authors introduced a FEM that utilised piecewise linear and quadratic
basis functions to solve second-order differential equations. Further, in [106],
the authors used an upwind finite element scheme for two-dimensional convec-
tive transport equations. Author in [281] proposed a FEM technique employing
piecewise polynomials of degree at most k to solve two-point singularly perturbed
boundary value problems. The proposed method provided parameter-uniform error
estimates of O(h**!) in the maximum norm, indicating convergence rates that de-
pended on the mesh size 4. In [107], the authors conducted a survey summarising
various FEMs and upwind schemes employed to solve convection-dominated flow

problems.

In [272]], the authors applied Galerkin FEMs using a piecewise polynomial ba-
sis functions on a Shishkin mesh to obtain optimal convergence results for high-
order elliptic two-point singularly perturbed boundary value problem of reaction-
diffusion type. They also achieved uniform convergence results for a family of
Galerkin FEMs on a Shishkin mesh for high-order elliptic two-point singularly per-

turbed boundary value problems of convection-diffusion type [273]].

In [159]], the author utilised Galerkin FEM on a Bakhvalov-Shishkin mesh to solve
a linear two-dimensional convection-diffusion problem. It was shown that better
error estimates were obtained on the Bakhvalov-Shishkin mesh compared to the
Shishkin mesh. Further, in [299], the author studied superconvergence approxima-
tions of singularly perturbed boundary value problems of reaction-diffusion type

and convection-diffusion type. He obtained superconvergence with an error bound
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of O(N~'log(N + 1))**!) in a discrete energy norm by applying the standard finite

element method of any fixed order p on a modified Shishkin mesh.

In [[78]], the authors applied Galerkin FEM to solve elliptic convection-diffusion
problems. They analysed the superconvergence property of the method on a
Shishkin mesh and determined that it was almost first-order accurate in the energy
norm. In [48], the authors proposed a multiscale FEM to approximate the solution
to elliptic SPPs with high contrast coefficients using coarse quasi-uniform meshes.
The method achieved first-order convergence in the energy norm and second-order
convergence in the L, norm. Authors in [114]] compared the performance of He’s
homotopy perturbation method with that of FEM for solving the two-dimensional
heat conduction equation. Results proved that there was excellent agreement be-
tween the analytical results obtained using the homotopy perturbation method and
the numerical results obtained using FEM, proving the accuracy and reliability of

FEM in solving heat conduction problems.

In[[178], authors proposed the direct discontinuous Galerkin (DDG) finite element
method, using piecewise polynomials of degree k > 1 on a Shishkin mesh to solve
convection-dominated singularly perturbed two-point boundary value problems.
Authors proved the consistency, stability and convergence of order £ (up to a loga-
rithmic factor) in an energy-type norm. In [45], authors proposed the local discon-
tinuous Galerkin (LDG) method with piecewise polynomials of degree at most k >
0 over three families of layer-adapted meshes: Shishkin-type, Bakhvalov-Shishkin-
type and Bakhvalov-type to solve singularly perturbed convection-diffusion prob-
lem posed on the unit square in R?. In [46], authors solved a singularly perturbed
convection—diffusion problem, posed on the unit square in (R?) whose solution has
both exponential and characteristic boundary layers using the local discontinuous

Galerkin (LDG) method on Shishkin meshes.

In [298]], the authors solved a singularly perturbed convection-diffusion equation
using linear FEM on a Shishkin mesh. They utilised symmetries in the convective
term of the bilinear form over adjacent intervals to achieve superconvergence of
almost second-order accuracy in general cases. This research highlighted the po-
tential for improving the accuracy and efficiency of FEM through the exploitation of
specific problem structures and symmetries. In [293]], the authors construct a finite
volume element method on the Shishkin mesh for solving a singularly perturbed
reaction-diffusion problem. In [231], the authors introduce numerical methods for

singularly perturbed convection-diffusion problems with a turning point. As a re-
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sult of the turning point, the problem typically exhibits exponential-type boundary
layers or a cusp-type interior layer. They develop non-symmetric discontinuous
Galerkin FEM with interior penalties for both cases. Usual Shishkin mesh is in-
voked for the problem with boundary layers, whereas generalised Shishkin type

mesh is used to tackle the interior layer of cusp-type.

In [1035)], the author proposed a FEM that utilised a combination of quadratic trial
and cubic test functions to solve the steady-state convection-diffusion equation. A
series of papers were published investigating the selection of test spaces to sym-
metrize the associated bilinear form; see, e.g., [20} 22| 21, 23]. The goal was to
obtain an optimal approximate solution similar to the ones achieved by applying

Galerkin methods to symmetric problems.

In [267]], the author presented a FEM approach for solving a non self-adjoint SPP. In
[240], the author achieved optimal convergence results for the two-point singularly
perturbed boundary value problem of convection-diffusion type in the energy norm.

The analysis was conducted on a Bakhvalov mesh.

In [65]], a convection-dominated diffusion problem is solved by combining the FEM
or FDM with the method of characteristics. The authors derived optimal order er-
rorestimates in L? and W' for the FEM and various error estimates for a variety of
FDMs. The concept of hinged elements was introduced in [211]. These elements
were essentially piecewise linear finite elements that could vary according to prob-
lem data and were used to solve one-dimensional linear non self-adjoint two-point

singularly perturbed boundary value problems.

Comprehensive discussions on the theoretical foundations and practical implemen-
tations of FEM for various problems can be found in several books; see, e.g.
[40, 35, [15)]. These references extensively cover the theory and applications of
FEM.

. Finite volume methods: The finite volume method (FVM) is a numerical tech-

nique used to approximate the solution to partial differential equations (PDEs). In
this method, the domain is discretized into mesh elements known as control vol-
umes. The PDE is integrated over each control volume to obtain a set of balance
equations. These balance equation are then discretized into a set of algebraic equa-
tions, resulting in a system of equations with discrete unknowns. The system of
equations can be solved either exactly or approximately using direct or iterative
methods such as the Gauss-Seidel method and the Jacobi method. Iterative meth-

ods iteratively update the values of the unknowns until a desired level of accuracy
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is achieved. Direct methods, on the other hand, solve the system of equations in
one step but may be computationally expensive for large systems. The FVM is an
integral scheme, similar to the FEM, whereas FDM is a differential scheme. In
FVM, the integral form of the PDEs is used to construct the discrete equations,
whereas FDM approximates the derivatives directly using finite difference approx-
imations. Differential schemes are generally faster than integral schemes, but inte-
gral schemes, such as FVM, have the advantage of being more accurate than their
differential counterparts when dealing with irregular meshes. For a detailed descrip-
tion of FVM, several books are available as references. [190] provides a detailed
description of cell-vertex FVMs, [154] focuses on FVMs for hyperbolic problems,
and [182] covers FVMs for general PDEs, providing a comprehensive overview of

the method and its applications.

1.4 Plan of the Thesis

In this thesis, we study, analyse and develop the numerical methods for solving vari-
ous models of singularly perturbed convection-diffusion boundary value problems. As
discussed in the preceding sections, an adaptive discretization approach may adapt to
situations with different physical and dynamic properties by varying the resolution, or-
der, and type of discretization. It is generally used with an adaptive numerical method
that balances the solution accuracy and the associated computational cost. Therefore,
an appropriate numerical method and the discretization technique accurately solve the
problem and improve convergence. Taking this into account, in this thesis, we propose
higher-order defect correction methods to solve singularly perturbed convection-diffusion
problems. We apply the proposed methods to solve four different convection-diffusion
problems of varying complexity.

The thesis is organized as follows: Chapter 2 presents a higher-order defect correc-
tion method to solve a class of singularly perturbed convection diffusion equations that

reads

Lu(x) = —eu (x) + a(x)u (x) + b(x)u(x) = g(x), x € (0, 1), } (1.4.1)

u(0) =u(l) =0,

where 0 < € < 1 is the perturbation parameter, a(x) > 2a > 0 and b(x) > 8 > 0.
The function a(x), b(x) and g(x) are sufficiently smooth functions. The defect correction
method is presented over polynomial-Shishkin mesh to solve the problem. The method
combines an inexpensive, lower-order stable, upwind difference scheme and a higher-

order, less stable central difference scheme. The mesh is designed in such a way so that
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most of the mesh points remain in the regions with rapid transitions. The proposed nu-
merical method is analysed for consistency, stability and convergence. An extensive theo-
retical analysis is presented, which establishes that the method is second-order uniformly
convergent and highly stable. The convergence obtained is optimal because it is free
from any logarithmic term. The rigorous numerical analysis of the proposed method on
Shishkin, Bakhvalov Shishkin, Vulanovic-Improved Shishkin and polynomial Shishkin
mesh establishes the supremacy of the proposed scheme.

Chapter 3 presents defect correction method to solve singularly perturbed
convection-diffusion problem with discontinuous coefficient and point source which is

given as

Lu(x) = —eu”’(x) — (a(x)u(x))" + b(x)u(x) = g(x) + yd., x € (0, 1), (1.42)
u(0) = u(1) = 0, o

where 6, is the shifted Dirac-delta function 6.(x) = §(x — ¢) with ¢ € Q. Assume that € €
(0,1], a(x) > a; > 0 for x € (0,¢), and a(x) > a, > 0 for x € (¢, 1). Let @ = min{a;, a,}.

The function b(x) is assumed to be sufficiently smooth and satisfies
b(x) = 0 and b(x) — (a(x)) = 0, x € [0, 1]. (1.4.3)

A higher-order defect correction methods consists of upwind difference scheme and cen-
tral difference scheme at all mesh points over Bakhvalov Shishkin mesh is proposed to
solve the problem. A posteriori error alaysis is presented in L.,-norm. The error estimates
of the proposed numerical method satisfy parameter-uniform second-order convergence
on the layer-adapted grid. The numerical analysis confirms the theoretical error analysis
and reveals parameter-uniform second-order convergence in discrete maximum-norm.
Chapter 4 proposes the defect correction method to solve a class of singularly per-

turbed parabolic convection-diffusion problem with a large shift that reads

u(x, 1) — €Uy (x, 1) + a(xX)u,(x, 1) + b()u(x, 1) + c(x)u(x — 1,1) = g(x, 1),
u(x,t) = ro(x), (x,1) €[0,2] x {t =0},

u(x,t) =ri(x,t), (x,t) € [-1,0] X [0, T],

u(x,t) = r(t), (x,t) e {x =2} x[0,T1],

(1.4.4)

where 0 < € < 1, a, b, ¢ and g are sufficiently smooth functions such that a(x) > a > 0,
c(x) > 0, b(x) > 0. The solution to the problem considers the present state of the physical
system and its history. The proposed method combines an inexpensive, lower-order sta-
ble, upwind difference scheme and a higher-order, less stable central difference scheme
at some grid points. The mesh has been chosen so that most of the mesh points remain

in the regions with rapid transitions. Whereas an implicit finite difference scheme is used
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to discretize the time variable. The proposed numerical method has been analysed for
consistency, stability and convergence. Theoretical analysis is performed to obtain consis-
tency and error estimates. The method is uniformly convergent and second-order accurate
in space and first-order in time. We do not use asymptotic expansions of discretization
errors in our analysis. Numerical results agree with the theoretical estimates and indi-
cate that the defect correction technique can improve accuracy for singular perturbation
problems.

Chapter 5 presents defect correction method to solve a class of singularly perturbed
parabolic convection-diffusion problem with discontinuous convection coefficient and

source which is given as

Lu(x,t) = €u(x,t) + a(x)u(x,t) — b(x)u(x,t) — u(x,t) = g(x, 1),
(x,0) € (0,¢) x (0, TV (c, 1) x (0,T],

u(x,0) = ro(x), x €[0,1], (1.4.5)
u,1 =r@), t€[0,T],
u(l,1) =nr(), t€[0,T],

where 0 < € < 1 is the perturbation parameter, b(x) is a sufficiently smooth function such
that b(x) > B > 0 on [0, 1], the convection coeflicient a(x) and the source term g(x) are

sufficiently smooth functions on (0, ¢) U (c, 1) satisfying
llal(c)l < C, llgl(o)l < C. (1.4.6)

The problem is discretized using defect correction method over non-uniform Bakhvalov
Shishkin mesh in space. Moreover, the time variable is discretized using an implicit finite
difference method. The error analysis indicates that the numerical solution is uniformly
stable and shows parameter-uniform second-order convergence in space and first-order in
time. The results of numerical experiments corroborate the theoretical findings and verify
the optimal accuracy of the proposed scheme.

Finally, Chapter 6 concludes the thesis with a summary of the work highlighting
its significant contributions. It opens the discussion about future research directions and

points out the challenging steps towards analysing more complicated problems.






Chapter 2

Convection-Diffusion Problems

2.1 Introduction

Singularly perturbed convection-diffusion problems constitute a class of mathematical
models that arise in various fields of science and engineering. These problems involve the
simultaneous interaction of convection and diffusion phenomena, and a small parameter
characterizes them, which multiplies the highest-order derivative term in the governing
equations. This small parameter introduces a significant disparity in the scales of the
convection and diffusion processes leading to boundary layers. The solution of these
equations exhibits a multiscale character since the corresponding degenerate system fails
to satisfy the given boundary data. There are narrow regions across which the solution
changes rapidly and displays layer behaviour.

Standard numerical methods on uniform meshes fail to consistently approximate so-
lutions in these layer regions. The classical finite difference or finite element methods con-
structed on uniform meshes are unsuitable for solving singularly perturbed convection-
diffusion problems [253]. The stable upwind difference scheme is first-order uniformly
convergent in the discrete maximum norm on a layer-adapted grid. On the other hand, the
formally second-order convergent central difference scheme oscillates in domains where
the perturbation parameter is small compared to the local step size [99]. In fact, for prob-
lems with a strongly asymmetric differential operator, the usual discretizations are either
unstable, inaccurate or direction-dependent. For example, the higher-order accurate dif-
ferences based on Petrov-Galerkin weighting are strongly direction-dependent because
they depend on the equation’s flow direction [111]. Symmetric schemes, like the finite
difference method or the usual Galerkin methods with symmetric weighting functions, are

either unstable or only first-order accurate [99, 19, 89].

29
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The search for a uniform numerical approximation led to the advent of fitted mesh
methods defined on layer-adapted grids [230, [173]. Bakhvalov first proposed layer-
adapted meshes in the context of reaction-diffusion problems [17, 240, 39]. Later on,
special meshes were investigated extensively for convection-diffusion problems. That in-
cludes Shishkin’s piecewise equidistant meshes [[140], meshes that are based on equidistri-
bution [27, 198, 97], Gartland type meshes [85]], Bakhvalov-Shishkin mesh [159, 300] and
Vulanovi¢ improved Shishkin mesh [288, 290]]. Further development leads to the layer-
adapted meshes defined using a recursive formula. Examples are the Gartland-Shishkin
meshes [243]] or the graded meshes analysed in [66, 127, 161 38, [294] and others. The
two major classifications of layer-adapted meshes are a priori and posteriori. A priori
mesh depends on advanced knowledge of the width and location of layers present in the
solution. A priori grid appears an attractive choice being easy to generate and less expen-
sive in terms of computational cost. Nevertheless, the prerequisites for the same are too
restrictive.

In this context, Bakhvalov [[18] was the first to propose a mesh for a class of reaction-
diffusion problems. However, the process of mesh construction is too complex to consider.
A relatively simple piecewise uniform mesh proposed by Shishkin [257] too had a draw-
back of waning the order of convergence by a logarithmic factor. Indeed, mesh generation
depends heavily on a priori information about the location and width of the layers. Typi-
cally, the information required is not available in advance. The upwind schemes are one
of the most straightforward and stable discretization schemes. However, they are more
dissipative according to the flow. It uses the values upstream to evaluate the property on
the boundaries and depends on the flow direction. First-order upwind schemes are easily
convergent but are at most first-order convergent [[168, [156]].

In contrast, higher-order upwind methods are highly accurate but more difficult to
converge [283]. In addition to convergence and accuracy, numerical diffusion can be a
significant problem with upwind schemes. It may produce false results, particularly mass
diffusion problems with high Peclet numbers, i.e. singular perturbation problems [248]].
An essential challenge in the numerical solution of the singular perturbation problem is
the different approximations required in the smooth part of the solution and the boundary
or interior layers.

Many researchers have tried to provide consistent numerical approximations to
singularly perturbed convection-diffusion equations using a defect correction method
[108, [168]]. In [[72], the singularly perturbed convection-diffusion problem is solved us-
ing an iterative method based on defect correction. A convection-diffusion problem is

also studied in [14]. In [94], authors used a defect-correction parameter-uniform numeri-
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cal method for solving a convection-diffusion equation. Furthermore, the time-dependent
Navier-Stoke equation was solved using the defect correction method [149, [188]]. This
method is also suitable for singularly perturbed delay differential equations [189].

The analysis of the special methods for singularly perturbed convection-diffusion
problems is a growing area of research and has yet to see much development in the litera-
ture. This chapter presents a defect correction method to overcome some of the limitations
of numerical methods and obtain higher-order accurate solutions for convection-diffusion
problems. Besides, the chapter presents rigorous consistency, stability and convergence

analysis of the proposed scheme and illustrates numerical results.

2.2 Problem description

Consider the non-homogeneous boundary value problem

Lu(x) = —eu’ (x) + a(x)u' (x) + b(x)u(x) = g(x), x€(0,1), } 2.2.1)

u(0) = u(l) =0,

where 0 < € < 1 is the small perturbation parameter, a(x) > 2a > 0 and b(x) > 8 > 0.
The function a(x), b(x) and g(x) are sufficiently smooth functions. The operator L satisfies
the maximum principle [225] and the problem (2.2.1]) has a unique solution [166]]. More-
over, the solution of (2.2.1)) admits a decomposition into regular and singular components
that reads

u(x) = v(x) + w(x). (2.2.2)

The regular component v satisfies Lv = g(x) and the singular component w satisfies

Lw = 0 where |w(0)] < Ce™/¢ and |w(1)| < C [99, pp. 23]. Further, we may obtain
Lemma 2.2.1. Let x € (0,1) and g € N. Then

) < C and |wP(x)] < Ce*e™ 9 for 0 <k <q.
Proof. The proof follows from [186]. m|

The derivatives of the solution to problem depend on the negative powers of
the perturbation parameter. Moreover, the error estimates generated by classical schemes
depend on bounds for these derivatives. Consequently, it fails to hold for arbitrarily small
values of the perturbation parameter. It is indeed the principal layer function wy(x) =
ye=*1=9/€) which causes the trouble. As in [82], the singular component is split into two
parts written as w := wy + w; where w’f = O(e ™) and w satisfies a constant-coefficient

differential equation.
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Remark 2.2.2. (a) In general, one can assume homogeneous boundary conditions by
substracting from u a smooth function « that satisfies the original boundary conditions
[99]]. For example, given Drichlet boundary conditions u(a) = p, and u(b) = py, take

-b

X
K(X) = pa
a

and set ii(x) = u(x) — k(x). Then i is the solution of a differential equation of the same
type but with homogeneous boundary conditions.

(b) Also, one can assume without loss of generality that x € [0, 1] by means of the linear
xX—a

transformation x — 5 .
—-a

2.3 Mesh description

Let N € N be an even integer. Consider the mesh I'y := {0 = xo < x;...xy-1 < xy =1},
2e€pIn N
< 1/2 and

a
€ < CN~!. Partition [0, 1] into two mesh subintervals so that Iy = [0,1 — 7] U [1 — 7, 1].

which is equidistant in [0, xy,2] and graded in [xy/2, 1]. Let 7 =

Here, xy/» = 1 -7 1is the mesh transition point separating the coarse and fine mesh regions.
The mesh takes N/2 points in interval [0, 1 — 7] such that xp = 0 and xy,, = 1 — 7. The
remaining N/2 points lie in the interval [1 — 7, 1] such that each step size h; = x; — X,
satisfies h; > h;, fori = N/2+1,--- ,N — 1. The mesh turns dense as we move towards
the layer region and capture the exponential boundary layers in the solution, and one
can stimulate the solution precisely. The layer-adapted mesh generated on [1 — 7, 1] is
based on a mesh-generating function [242]. Let A be the mesh-generating function that is
monotonically increasing satisfying A(1) = 1 and A(1/2) = InN. Then, for t; = i/N, the

mesh points are given by

2elog N\ 2i N
1- €08 i for0 <i< —,
a N 2
Xi = 2e€ N
1 - —A) for —+1<i<N.
a 2

Define mesh-characterising function ¢ such that » = e™*. Here, we are omitting indices
for mere simplicity. Table [2.4] illustrates the mesh-characterising feature for different
classes of layer-adapted meshes [166, 242, [158]. The polynomial-Shishkin mesh is the
generalised mesh and lies in the centre of this work. One can obtain the original Shishkin
class of mesh by setting m=1. The resulting mesh reads

( - 2elog N ) 2i

N 2 © N N
1- E(2t)'"logN for ) +1<i<N.

N
forO<i< —,
or <3
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Table 2.1: Mesh generating and characterising functions of different layer adapted meshes
[166].

Mesh (1) max | max A’
Shishkin-type meshes N~ ClogN ClogN
Bakhvalov-Shishkin meshes | 1 —2(1 - N~')¢ C CN
Polynomial-Shishkin meshes N C(log N)!'/™ | Cmlog N

Lemma 2.3.1. The step size h; of Ty satisfies hy < CN~! foralli=1,2,...N.
Proof. For 1 <i < N/2 the proof is trivial. In the case N/2 + 1 <i < N, we have

2
hi = ZEN max X (r).
(04

Since A(;) = log N(2t,))™, X' (t;) = mlog N(2t;,)™"'. Consequently, we obtain

2 2 . vm—1
hi = Zmlog NQiy"" = ZEmlog N2 (i) <CN"'form>2.
@ a N

2.4 The difference scheme

For i > 1, a function Z; and step size h; define [264]

Zis—7Z; Zi—7Z;_ Ziv1 — Zi

il , D_7Z; := 2 2l and DyZ; = Zol il
hi+l h,’ hi+l + hi

as the forward, backward and central difference approximation to first-order derivatives.

D.7Z; =

A difference approximation for a second-order derivative is defined [264] to be
2 (Zi+1 % Zi-Zi
hivy + Iy his1 hi .
The upwind operator for problem (2.2.1) takes the form

D.D_Z; =

Z; fori =0,N,
L\Z; = (2.4.1)
—eD,D_7Z;+ a;D_Z; + biZi forl<i<N-1,
and the modified central difference operator for problem (2.2.1) reads
Z; fori=0andi =N,
L}Z:={127; forl<i<NJ2, (2.4.2)
LyZ; forN/2<i<N-1,
where L} Z; = —eD,D_Z; + a;DyZ; + b,Z;.
The method based on defect correction allows us to combine low-order stabilised

schemes with higher-order, less stable schemes. We can outline the two-stage process as
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1. Compute initial approximation U' by solving Ly, U' = g using an upwind difference

scheme.
2. Estimate the defect 7, by solving 7, = g— L% U" using the central difference scheme.
3. Compute the defect-correction & using Ly = 7.
4. The final corrected solution reads U = U' + 6.
The consistency error £ satisfies
E = Ly(Ru-1U)
= Ly(Ru-U"Y+LyU'- LU+ L3U' —¢g
= Ly(Ru-UY+LYU'—¢g
= Ly(Ru-U"Y+ LYU" + LYRu — LyRu — RLu
= (Ly — LY)@Ru - U") + (LYR - RL)u, (2.4.3)

where R is the restriction of continuous function over [0, 1] to the defined mesh. The
above representation for the consistency error is advantageous while performing the error
analysis. To estimate relative consistency error |(L),—L%)(Ru—U")|, we can apply operator

L), to it. Moreover, in the following Lemma, we prove that L}, and L}, — L} commute.

Lemma 2.4.1. The difference operator Ly, and L), — L% defined for (2.2.1)) satisfies
Ly(Ly — L3)Z; = (Ly, — LY)LANZ;

iff hicy = hi = hiyy, aioy = a; = a4y and bi_y = b; = by,,.

Proof. Let us consider

(Ly - LY)Z; = a(D_- - Dy)Z;

I D.,Z,— D_Z7,
= —aifip | ———————
H hiv1 + h;
ihi
R 2“ D.D_Z. (2.4.4)

Apply Ly, to (2:44) and assume that h;1; = h; = h;_; also because the coefficients a; and

b; are constants we obtain

Ly(Ly — L3)Z;

—§D+D_ (aihis1 DLD_Z;) + %D (aihis1 D.D_Z;)
b;
+E (aihiD.D_Z;)

ihi
= % [~eD,D_(D,D_Z;) + D, D_(a;Z)

+(D.D_(biZ))]. (2.4.5)



2.4 The difference scheme 35

Reverse the order of the operators, and we find

—aihii

(Ly — LY)LNZ = 3 D.D_[-eD.D_Z; + a;D_Z; + b;Z;]
aihiz
= T [—ED+D_(D+D_Z,') + D+D_(Cl,'Zi)
+(D,.D_(b;Z)))]. (2.4.6)
Hence, the proof follows. O

The mesh is uniform in the first half and graded in the remaining half of the do-
main. Thus, the above property holds only in the first half of the domain, and the relative
consistency error vanishes in the remaining half due to the assumption that our operator
L?v vanishes. We require the following result from [[186] to obtain a bound for relative

consistency error.

Lemma 2.4.2. Letk > 4 and Z € C?[0, 1]. Then

O
(i) D-(RZ); - Z'(x;) = o f Z"(E)(& — xi1)dE.

L JXi-]

1 Xi+1
(ii) Do(RZ); = Z'(x;) = (hix1 — h)Z" (x;) + 2t ) (L ZOE) (xiyy — £)°dE

- f 2O - x,-_l)zdf).

i~1

1 1 Xit+1
(iii) D.D-(RZ); =~ Z"(x) = o 1)( - 1[ f ZO(E)(xin —f)zdf]
1 i
- f Z0@€ - 3
Proof. For proof, see [180]. O

Moreover, for all grid points x; and smooth function Z, as in Lemma [2.4.2] it is easy

to follow that

| _ N e — X - - : fxm :
Ly(RZ); — RLZ); = I fx Z7(ENE = xim)dE (h,-+h,-+1)(h,-+1 o 2O

1 i
X(xip1 = EPdE— — | ZO(E)(E - xi1)*dE (2.4.7)
hi

Xi-1
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and for grid points x; with h; = h; 4

(i) L\(RZ); - (RLZ); = % f 2O - xi)dé - Z_;(f " ZO(E) (i) — EPdE —
f 2O - x 1)
ai;

X; €
= ¢ e -xa-

- f IZ(4’(§)(§—xi_1)3d§), (2.4.8)

i—1

( f 2@ (e — £

(i) L3(RZ); — (RLZ) = < f " 2O (xins — EdE f EAGIEER

- f " Z0@) i - £ de

i

- [ 2@ - ) (249)

i—1
The initial approximation U/ of problem (2.2.1)) admits a representation U} = V! + W/

fori=0,...N where V! satisfies
LyVi =gi Vo =v(0), Vi =u(l), (2.4.10)

and W/ satisfies

LyW! =0; W =w0), Wy =w). (2.4.11)

Similarly, for i = 0,...N, the corrected approximation U; admits a representation that
reads U; = V; + W; where,

LyVi=(Ly - L)V + g5 Vo=V, Vy=Vy, (2.4.12)

and
LyW; = =3 W}, Wy =W,, Wy=W,. (2.4.13)

Consequently, we obtain

IRu = Ulloog < IRV = Vg + IR0 = Wil g - (2.4.14)
Later, we will employ this formula to obtain error estimates. Next, we define the mesh
N -1
ah;
function Q; = 1—[ (1 + —J) fori = 0,...,N with the usual convention [269, [49]]. It is
€

j=i+l

hi
straightforward to obtain that Q; — Q;_; = a—Qi_l.
€

Lemma 2.4.3. There exist a positive constant C such that

C
L'O;>———Q;, i=1,...,N—-1. 2.4.15
3% max(e,h,-)Q ! ( )
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Proof. For1 <i< N — 1, it is easy to follow that
D.Qi= —Q,, D_Q C _Q/and - eD.D_Q —h
i= 50U, D_Qi= i —€ U= Y
" 2€ 2€ + ah; " 21i(2€ + ahy)
Consequently, we compute
Lzvai = —eD,D_Q;+a;D_Q; + b;Q,
-2 (Qin—-0i 0Oi— Qi 0i— 0
= - ta|—— |+ biQ;
hi + hiy ( his1 h; ¢ h; Q
a h;
= —|ai-2 : i-1 + b0
E(a hi+h,‘+1a/)Q ! Q
a h; + bhia + € 0
= a — a i
hia + € h; + hix a
> LQ:
max (e, h;)
O
Lemma 2.4.4. For each i and mesh function Q;
1-x l ah;
exp(—a(—x)) <[] (1 + (2.4.16)
€ 1 €
j=i+1
Furthermore, Q; is monotonically increasing and for polynomial-Shishkin mesh I'y
Onjp < CN7°. (2.4.17)
Proof. For each i, note that
-1 -1 N -1
exp(—M) < (1 + ahi”) (1 + a—hN) < n (1 + a—h’)
€ € € L €
Jj=i+1
Moreover, for i = ¥
N ah;\™ —a(1 = xyp2) —¢log N
= 1+ —_J < _T AN < L~ 2" | < CN™.
Onr2 U ( € ) _exp( €+ ah )_eXp(1+8N‘1)_
J=7+1
O

The discrete operator L), satisfies the discrete comparison principle, as we next

prove.

Lemma 2.4.5. Let v; and w; be the grid functions satisfying Lyv; < L]lva),- for i

1,2,...,N—1and vy £ wy, vy < wy. Thenv; < w; fori =0,1,..

. N.

Proof. The matrix associated with operator Lzlv is an M-matrix, therefore, has a positive

inverse. Hence, the result follows from [225]].

O
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Next, we prove that operator Ly, of (2.4.1) is (||.lleq. ll-l; 4)-stable, where ||.||, 4 and
|IIl; 4 are the discrete analogues of L*[0, 1] and L'[0, 1] norms. Discrete Green’s functions
are helpful while establishing the L;-norm stability. Define Green’s function G(x;,¢;)

associated with the operator L}\, and grid points &; = {xo, x; ... xy} as

LyG(xi, €) = 6, j(xi,€); G0,€) = G(1,&) =0, (2.4.18)
where 6, ; is the Kronecker deltaand i, j = 1,...N — 1.

Lemma 2.4.6. There exists a positive constant C independent of € such that

0<IG(xi,EPI<C, i,j=1,...N—-1.

Proof. Fixk €{0,1,...,N} and define a mesh function w; as below
k ah . _1
w; = Cmin (1+—’) J1p,i=0,1,---N.
{jl;[l € }

It is easy to follow that w; < C fori < k and w; = C fori > k. If 0 < i < k, we compute

-2€ « a
—(w; —wj_1) + aizwi—l + biw;

Lyw);
( Nw) h; + hi+1 €

a .
= Ew,-_l [Cli - — + b,-w,-

and ifi = k

Ca €
Ll i — +
( Nw) ah;, + € (hk ak)

_ Ca € ahiy

Bl h_k | ahy + € ahk+e]

_ @E(e+ahk)+((ak—a)hk)
[\ah; + € ah; + €

Call (ahk + ahp, + 26)

a,—«a Ca

= Eh—k

e |2

+ Ny

ah, + € ah, + €

SO, w); =01 <1 < N. Moreover, G(xg,¢) = 0 < wy an XN, &) = 0 < wy.
Also, (L\w); = 0ifk <i < N. M G(x0,&,) = 0 d G(xy, &) = 0

Consequently, the required result follows from Lemma [2.4.5] ]

If § denotes the space of grid functions s with so = sy = 0. Then, for s € S
N-1
S = Z hjg,'j[L}VS]j, I = 0, . ,N,
=1

and

_ 1
I5lleog = max <C < CllLys, ,-

N-1 N-1
Z 1;Gij[Lysl; Z 1ylLysl;
j=1 =1
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2.5 Error analysis

In this section, we calculate the consistency error for regular and singular components
separately. Then, we combine both the results and find the error [|[Ru — Ul|,, ,. We begin
our analysis with the regular component. To obtain consistency error on regular compo-
nent Ly (v — V), we will calculate the consistency error (L, — LY)(Rv — V') and relative
consistency error L?V(Rv) — (RLv). We assume & denotes H for 2 < i < N/2 and h; for
N/2+1<i<N-1.

Lemma 2.5.1. The regular component v of the solution u and its initial approximation V!
satisfy
Ly - LRy - VY| < cr. (2.5.1)

N
Proof. F0r5+1$i$N—1,L%:L}V.Thus

(Ly — LY)Rv = V'), = 0. (2.5.2)

N
Now, for 1 <i < 3 Lemma/|2.4.1|and the fact that h; = h;,; = 7 leads to

Ly(Ly — LY)@®Ry = V'Y, (Ly = L) Ly (Rv - '),
= a[D_(LyRv - L\V") - Do (LyRv - LLV")]
= q [D_(L}VRV — Lv(x)) — Do(LyRy — LV(X))]

_ . [(LMRv)i - L1N<Rv>i-1) _ (Lv(xi) - Lv(xi_l))]

/’li hi
B (L}V(RV)I‘H - L/IV(RV)i—l + (Lv(xiH) — Ly(xi_l))
“ hi + hivy hi + hiy
_ 2%1 |2 (LA ®RY); = Ly RV)i1) = 2 (Lv(x:) — Lv(xiy)|
a;

o (LA RVt = Ly(RV)t) + (Lv(xir) = Lv(xicy)|

= = [N RY)1 = Lv(xi)) = 2L (RY); = Ly(x)
+ (LA RV)1 = Lv(xin))]- (2.5.3)
Now, we use to obtain
ILN(Ly — LY)(Rv — VY|
g [ e -2 e mon - '
- [ (e - 2090 + 00 - e - ]
'.

Xi-1

2 [ 0D+ 1y - 200) + VD — e — x,-_])df)] (2.5.4)

hJy.
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An application of the fundamental theorem of calculus leads to
LMLy = LYRY = Vil < € (e[|, + [P2]].) - (2.5.5)

Now on the coarse part, we apply the discrete maximum principle. Consider the barrier
function @, := Ch*(1 + x;). Then (2.4.1)) leads to

L}VU_)I = —€D+D_U_),' + a,-D_u_),- + b,'l,l_)i
—2€ [lf)m — W U_)i_wi—l] [U_)i_u_)i—l] b
= - i| =/ iW;
hi + hixy hisi h; h;
B —2€ [Chz(l + Xxi11) — CR*(1 + X)) B Ch*(1 + x;) — CR*(1 +xl~_1)]
C hit h his h;
Ch* (1 + x;) — CR*(1 + x,_
o[ TOEICRCEID e + )
-2 [Ch2(1 +xp—-1-x) CR(1+x-1- x,-_l)]
R his h;
Ch*(1 + =1 — X
,.[ ( xh al 1)] + Bi(CIA(1 + x7))
> CI.
The required assertion thus follows from (2.5.2)), (2.5.5) and Lemma[2.4.5] |

Lemma 2.5.2. The error associated with the regular component v of the solution u of

(2.2.)) satisfies

. CH* (ey ]| +[V.) fori<i<¥
|Lv(x;) = Ly(Rv),| < ” N
Chi(e|p®|, +|p?|l,) for¥+1<i<N-1

Proof. For1 <i<

N
2 2

LORv); - RLy), = & ( f @) 1 — & f O - x,-_lfdf)

. ( f V@ — EdE - f Ve - x,-_1>3df)

R 16 (Xi1 = X)) 3) (x; — x;i-1)°
e e

(Xis1 = x)* (xi = x;)*
+6—;[||V(4)||w¥+||V(4)||w%]'

CH? (€], + *1L..)

IA
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N
andf0r5+1SiSN—1,

1
hi+1

€
hi + hiy

|Lv(x) — LYy (Rv) X

'%?vflﬁD@X§—nqﬁE—

Xit1 1 i
\f W@WM—W%—EJ‘W@M—My@”

Xi-1

AT (xXi — Xxi.1)° _ € 1 3)
"m”yk 2 6w+mo@HW”w
(i1 —x)° 1 o & xi1)?
T T ]l T)

IA

Chy (e[|, + [V?]..)-
Thus, we find

CH? (e, + M) for1 <i<,
|Lv(x) = LY (Rv))| < o .
Ch; (6”1/(3)”00 + ||V(2)||oo) for % tl<i<N-L.

|

Lemma 2.5.3. The regular component v of the solution u and its corrected approximation
V satisfy
IRy = Vllwa < CN.

Proof. Combining inequalities from Lemma [2.5.1]and Lemma [2.5.2]to obtain

| CH? forl<i<¥
Chi forf+1<i<N.

Since ||[Rv — V||, 4 vanishes at boundary, it follows that

IRV = Vllwo.a

IA

C”Lll\/(v_ V)”l,d

=

H+ hy N-1
CH? + CH3+CHTz+1+ >
k

C(H?+ Hhy,, + 1) < CN2.

IA
l
[\
>~
Il
=
+
(3]

IA

O

The approach based on barrier functions is unsuitable for estimating the consistency
error in analysing the singular component of the solution u. This term is complex when
analysing the defect correction method, particularly on layer-adapted meshes. Therefore,
we analyse the error estimates for singular components using the mesh function argument

[133,1269].
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Lemma 2.5.4. The singular component w of the solution u and its corrected approxima-

tion W satisfy

CN@D forl<i<¥,
Ly(w(x) = W) <{CN-“2 fori= 2,
Ce'N' forf+1<i<N-1

N .
Proof. For1 <i< 5 we can write

|Lv(Rw — W) = |[Ly(Rw = W] + |[Ly(W' = W),

2

and consider both addends separately. From (2.4.11)) and Lemma

de da
[EARo =W = AR < 0t |5 + 57 +5]
< CNOQin
< CN D,
. N
Fori = 5, we compute
2€e 2e da
Ly(Rw - Why| < + +— + b
vRO=WOsl < Cva i P HEm T H
de 4a
< Q%H H_/’li+ﬁ+bi'
< CNN?
< CN 2,
Proceeding in a similar manner, we obtain
|LyW!' = W) = [LYW!] < 0 de L2 ) <onen
N | — N = i+1 H2 H il = .

Thus, we find that

| CN@D forl<i<y,
|Ly(w(x) - W)| <
CN~®2 fori=1%.

N
Again,for5+1SiSN—1,

|Lv(Rw — W)| = |(Ly — LY)Rw — WhH| + |(LYR - RL)w|.

(2.5.7)

(2.5.8)

(2.5.9)

(2.5.10)

(2.5.11)
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Then, the definition of L, leads to

a;

1 Xi+1
—f WP (E)E = xi- 1)d§—h "y l[h 1f W (€)

|Ly(Rw — W) "
1 i
XCuor =~ EPdE - - f &) - xi_ozd-f]

X Xi+1
_ ) € _ _a-9
< C62f e % dé+ [h,-+163f e % dé
X1 hi + hiy xX;
Y s
_hi e df
Xi-1
e~ a1-8)/2e i € e~ @1-8)/2e i+l
< |ce?|—— +—— | hp e | ———
[ —af2e | hi+ha| " —af2e |,
e—(l(l—f)/2e Xi
—af2e |,
—Ce!' Lo -y - e’ —a [ Ty —ax;
< 2e 2 — € — | —=1.p2¢ € — €
< S ez (ez e ? )+2hi(h,e2 (e2 ez))
(che® (¢ F e 2;1))'
—Ce_l —a  ax; —ah 1 =@ ax; ahi g ah;
S @2 p2 p 4 Sln CE @2 p 2 (e 2€ —e25)
a
~Ce™! (= hia hia
< e( 25(1 (Xl ))) nhl—| - —e(25(1+x1))s1nh
o 4e 2 2e
< Ce'NTL (2.5.12)

Combining (2.5.8), (2.5.9), (2.5.10), (2.5.11) and (2.5.12) to obtain

CN D forl<i< %’

Ly(@(x) = W) < CN"¢ fori= .
Ce'N! f0r§+1SiSN—l.

O

Lemma 2.5.5. The singular component w of the solution u and its corrected approxima-
tion W on Iy satisfy
IRw — Wy < CN2.

Proof. Proceeding in the similar manner as in Lemma|2.4.11} we can obtain

IRw = Wllwy < C|LyRw =W,

%_1 H+ hy N-1
< CZHN‘(""”+(T)N @2 4 Z Ch; —1N—)
k=%+1
< CN7%
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O

We can now state the main result of this section, the principle convergence theorem.
The proof follows immediately from Lemma [2.5.3]and Lemma[2.5.5]

Theorem 2.5.6. The approximate solution U on Uy and the continuous solution u of

(2.2.1) satisfies
IRu — Ully < CN72,

2.6 Numerical results

In this section, we consider two test examples from [99, [123] and put to test the effec-
tiveness of the proposed method. Test problems are solved using the higher-order defect
correction method suggested over an adaptive mesh. We compare the results over some
adaptive meshes available in literature like Shishkin mesh [244]], Vulanovic-Improved
Shishkin mesh [160], Bakhvalov-Shishkin mesh [[158] and polynomial-Shishkin mesh
[166]. Moreover, we compare the results of the proposed method with the B-spline collo-
cation method [[123]].

For a given value of N, the maximum absolute error (Ey) and numerical rate of

convergence (Py) is calculated using the formula given below

E
Ey = max |[u — Ullr, and Py = log, (E_N)
€ 2N

Example 2.6.1. Consider the following convection-diffusion problem [99]
—eu” (x) + u'(x) = g(x), u(0)=u(l)=0.

Here g(x) is chosen so that the exact solution of the problem reads

1 -1 _ 1 —(1-x)/e +1-—= —-1-1/e
ux)= —|—-e* + (e e ¢
l+e€ 1 —e Ve

Example 2.6.2. Consider the following convection-diffusion problem [123|]

—eu”’ (x) + u'(x) + u(x) = g(x), u(0) =u(l) =0.

Here g(x) is chosen so that the exact solution of the problem reads

u(x) = acos x + bsinmx + AeM* + Be 21,
whereaq = — =%~ +° -t 4 _Zalre ) p_dlte)
2+ (em? + 1)2 2+ (en? + 1) 1 — eli—12 [ ot

A1(x) < 0 and A;(x) > 0 are the solutions of —€eA”(x) + A'(x) +1 = 0.
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Table 2.2: Maximum absolute error (Ey) and order of convergence (Py) for Example

form =2.

e=2x107° e=2x10"° e=2x10"7
N Ey Py Ey Py Ey Py
16 0.02926078  2.22 0.02926309 2.22 0.02926332  2.22
32 0.00627276  2.44 0.00627324  2.44 0.00627329  2.44
64 0.00114921  2.58 0.00114931  2.57 0.00114933  2.58
128 1.913998e-04 2.67 1.914124e-04 2.67 1.914179e-04 2.67
256 3.004118e-05 2.72 3.004308e-05 2.72 3.004433e-05 2.72
512 4.536608e-06 2.76 4.537018e-06 2.76 4.537061e-06 2.76

Table 2.3: Maximum absolute error (Ey) and order of convergence (Py) for Example

@form = 3.

e=2x107° e=2x10"° e=2x10""
N Ey Py Ey Py Ey Py
16  0.004112682 3.34 0.004113024 3.34 0.004113058 3.34
32 4.041751e-04 3.51 4.042070e-04 3.51 4.042102e-04 3.51
64  3.524795e-05 3.63 3.525091e-05 3.63 3.525117e-05 3.63
128 2.840703e-06 3.70 2.840961e-06 3.70 2.841127e-06 3.70
256 2.174327e-07 3.75 2.174606e-07 3.75 2.174776e-07 3.76
512 1.608364e-08 3.79 1.608370e-08 3.79 1.608425e-08 3.83

Test problems are solved using the proposed defect correction method over the
polynomial-Shishkin mesh. For Example [2.6.1] the maximum absolute error and order of
convergence are obtained numerically and tabulated in Table [2.2] and Table [2.3|for m = 2
and 3, respectively. Besides, Table [2.4] presents a comparative analysis of maximum ab-
solute error for Example when m = 2 over a variety of adaptive meshes available
in literature. For Example 2.6.2] the maximum absolute error and order of convergence
are obtained numerically and tabulated in Table 2.4] when m = 2. Moreover, Table [2.6|
compares the result obtained using the proposed defect correction method for different
values of perturbation parameters over a polynomial-Shishkin mesh with the B-spline
collocation method [123]]. Figures and show the mesh density in the layer regions
for Example for different values of N. Figures and illustrate a comparison
of maximum absolute error obtained using the proposed defect correction method over a

polynomial-Shishkin mesh with the upwind scheme over a Bakhvalov-Shiskin mesh and
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Table 2.4: Comparison of maximum absolute error (Ey), for Example , using the

proposed defect correction method on various layer adapted meshes when € = 2 x 1077,

Shishkin Vulanovic-Improved Bakhvalov-Shishkin polynomial-Shishkin
mesh [244]]  Shishkin mesh [160] mesh [[158)]] mesh [[166]
0.01638513 0.02609376 0.0061189 3.525117e-05

6.365040e-03
2.259211e-03
7.504937e-04
2.378557e-04

9.863050e-03
3.290856¢-03
1.009660e-03
2.934636¢-04

1.746604e-03
4.944540e-04
1.453690e-04
4.626797e-05

2.841127e-06
2.841127e-06
2.174776e-07
1.608425e-08

Table 2.5: Maximum absolute error (Ey) and order of convergence (Py), for Example

@‘,fermzl

e=2x107 e=2x107 e=2x10"7
N Ey Py Ey Py Ey Py
32 2.903882e-04 3.42 3.176081e-04 3.26 3.178090e-04 3.26
64  2.697840e-05 3.17 3.297016e-05 3.41 3.301339¢-05 3.26
128 2.986647e-06 3.23 3.013666e-06 3.14 3.112148e-06 3.14
256 3.164733e-07 2.14 3.402792e-07 2.53 3.529333e-7 2.52
512 5.951543e-08 2.60 5.981563e-08 2.61 6.034316e-08 2.60

the results obtained using other meshes available in the literature, respectively. Further-

more, Figures [2.5] and [2.6] show the solution plot for different values of € for Example

2.6.1land [2.6.2] respectively.

2.7 Conclusion

A higher-order accurate adaptive finite difference method based on a defect correction
method is presented over a non-uniform polynomial-Shishkin mesh to solve singularly
perturbed convection-diffusion problems. The underlying technique combines an inex-
pensive, lower-order stable, upwind difference scheme and a higher-order, less stable
central difference scheme. The procedure starts with a stable, low-order, computationally
inexpensive upwind method. Then, the defect correction proceeds by computing a se-
quence of approximations to the solution using a higher-order central difference method.
Each successive approximation is of higher accuracy than the previous one. The ap-

proximations are sought on the same mesh to increase a numerical solution’s accuracy



2.7 Conclusion 47

Table 2.6: Comparison of maximum absolute error (Ey), for Example using the
proposed defect correction method on a polynomial-Shishkin mesh with m = 3 and B-

spline collocation method [[123]].

B-spline collocation method [[123]] Proposed method
N e =102 e=10"* =102 e=10"*
32 1.6438e-02 2.4642e-02 1.2374e-05 1.9838e-05
64 6.6001e-03 1.2649¢-02 1.7802e-06 2.2779e-06
128 2.4825e-03 6.5826¢-03 1.7109e-07 3.8653e-07
256 6.4332e-04 3.3112e-03 1.3427e-08 2.4679e-08
512 1.613e-04 1.6136¢-03 9.0647e-10 9.3278e-10

without applying any grid refinement. The method yields highly accurate results for sin-
gular perturbation problems avoiding prevalent numerical oscillation in the numerical ap-
proximation. The method is unconditionally stable and free from directional bias. The
convergence obtained is optimal because it is free from the logarithmic term. Numeri-
cal results and illustrations support the theoretical estimates. The results obtained using
the proposed method over the polynomial-Shishkin mesh are superior to other adaptive
meshes in the literature and spline collocation methods. The method presented is easy to
implement and, with a bit of modification, can easily be extended to even more general

situations like problems in higher dimensions and nonlinear evolution equations.
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Figure 2.1: Comparison of maximum absolute error (Ey), for Example , with an

upwind scheme defined over a Bakhvalov-Shishkin mesh.
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Figure 2.2: Comparison of maximum absolute error (Ey), for Example , using pro-

posed method over various layer adapted meshes.
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Figure 2.3: The mesh density towards the boundary layer x
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Chapter 3

Convection-Diffusion Problems with
Discontinuous Coefficient and Point

Source

3.1 Introduction

In Chapter 2, we proposed a defect correction scheme for a class of singularly perturbed
convection-diffusion problems. This chapter extends our study to singularly perturbed
convection-diffusion problems with discontinuous coefficients and a point source.

Singularly perturbed convection-diffusion problems with discontinuous coefficients
and point sources constitute a challenging class of mathematical models that arise in var-
ious fields, including physics, engineering and biology. These problems are stiff as they
have a small parameter multiplying the highest-order differential coefficient and exhibit
sensitivity to small perturbations in the system parameter. The presence of discontinuous
coefficients and point sources adds complexity to the problem.

Discontinuous coeflicients introduce abrupt changes or jumps in the system’s ma-
terial properties or physical characteristics. Moreover, the problem being singularly per-
turbed, the solution of these equations exhibits a multiscale character since the corre-
sponding degenerate system fails to satisfy the given boundary data. There are narrow
regions across which the solution changes rapidly and displays layer behaviour. Standard
numerical methods on uniform meshes fail to consistently approximate solutions in these
layer regions. Consequently, traditional solution techniques may not be directly applica-
ble, requiring specialised methods to handle the discontinuities appropriately.

Many researchers have worked to provide estimation strategies for the discretization

errors in numerical solutions of singular perturbation problems. Essentially, there are two
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distinct categories of error estimation strategies. Instead of estimating the errors for a
particular mesh, a priori error estimators provide information about the asymptotic be-
haviour of discretization errors. In contrast, posteriori error estimators directly determine
actual solution error estimates from the numerical solution. The authors attempted to pro-
vide posteriori error estimates for different singular perturbation problems. Considerable
attempts are seen in literature providing posteriori error estimates for different singular
perturbation problems. In [167]], authors solved a two-point boundary-value problem for
a singularly perturbed convection-diffusion problem using a defect correction method.
They obtained a robust posteriori error estimate of second-order in maximum norm.

In [172], authors considered a two-parameter singularly perturbed two-point
boundary-value problem of reaction-convection-diffusion type. The problem was solved
using a streamline-diffusion finite element method, and the author obtained a posteriori
error estimate in the maximum norm. In [[118]], authors examined a two-parameter singu-
lar perturbation problem using the defect correction method over a Bakhvalov-Shishkin
mesh. A posteriori error estimate they obtained is of second-order in maximum norm.
In [112], a parameterised singular perturbation problem was solved using a hybrid differ-
ence method on an arbitrary mesh. A second-order accurate solution-adaptive algorithm
based on the a posteriori error estimation was designed by equidistributing a monitor
function. In [[142], a singularly perturbed quasi-linear two-point boundary value problem
with an exponential boundary layer was discretised on arbitrary non-uniform meshes us-
ing finite difference schemes. The authors gave first and second-order maximum norm a
posteriori error estimates based on different derivatives of the numerical solution. Later,
in [289]], authors generalised and improved these results using the upwind finite differ-
ence discretization. In [238]], authors considered two types of singularly perturbed, linear
partial differential equations, namely time-dependent convection-diffusion problems and
a two-dimensional elliptic equation having a first-order unperturbed operator and con-
structed finite element approximations via modifications of classical methods of lines and
established a-posteriori estimates for the error between the solutions of the finite element
methods and the boundary value problems arising from the line methods. In [237], au-
thors proposed the Crank-Nicolson-Galerkin method of solving a singularly perturbed
parabolic initial value problem. They derived posteriori error estimates for the finite el-
ement solution of the given parabolic problem on every discrete time level, providing a
basis for adaptive mesh refinement. In [292], the author presents a posteriori error estima-
tor for approximating the solution to an advection-diffusion equation with a non-constant,
vector-valued diffusion coeflicient in a conforming finite element space. Based on the

complementary variational principle, they show that the error of an approximate solution
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in an associated energy norm is bounded by the sum of the weighted L>-norms of solu-
tions to a set of independent complementary variational problems, each defined on only
one element of the partition. The error bound guarantees the overestimation of the ac-
tual error and does not depend unfavourably on €. Although the original equation is a
non-self-adjoint problem, the strong form of each local variational problem is always a
Poisson equation with Neumann boundary conditions. In [297], authors derived poste-
riori error estimates for the nonconforming finite element approximations on anisotropic
meshes for a singularly perturbed reaction-diffusion problem.

The analysis of posteriori error estimates has yet to see much development in the
literature. This chapter presents a defect correction method to solve a singularly perturbed
convection-diffusion problem with a discontinuous coefficient and a point source over a
Bakhvalov Shishkin mesh. We establish a posteriori error estimate of second-order in the
maximum norm. Moreover, the chapter illustrates numerical results to support theoretical

estimates.

3.2 Problem Description

Let Q = (0,1), Q" = (0,¢) and Q" = (¢, 1). Consider the non-homogeneous boundary

value problem

Lu(x) = —eu”(x) — (a(x)u(x))" + b(x)u(x) = g(x) + yo., x € (0, 1), G2.1)
u(0) = u(1) = 0, o

where 0 < € < 1 is the small perturbation parameter, d.(x) = é(x — ¢) with ¢ € Q is the
Dirac-delta function, a(x) > a; > 0 for x € (0,¢) and a(x) > a, > 0 for x € (¢, 1). Let

a = min{ay, a,}, a(x) and b(x) are sufficiently smooth functions such that
b(x) = 0 and b(x) — (a(x)) =0, x € [0, 1]. (3.2.2)
Thus, we may write

. —eu'’ (x) — (a(x)u(x))" + b(x)u(x) = g(x), x€(0,c)U(c,1), (3.2.3)

—€e[u’]l(c) = [al(c)u(c) =y,
where [17](c) = n(c + 0) — n(c — 0) denotes the jump.
The operator L satisfies the maximum principle [225]], and the problem (3.2.1) has a
unique solution, u € C[0, 1] N C*((0,¢) U (c, 1)) [166]. Moreover, from [169], we have

2
lullw < — sup

2
< = (gl + ). (3.2.4)
@ xe(0,1) a

1
f (g +vdc)(s)ds
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For x € (0, ¢), the solution of (3.2.1)) satisfies
Lu=g, x€(0,c), u0)=0, u(c) =p.
From (3.2.4)), note that |p| < C. Therefore, it follows from [133]] that
WP < C {1 ps exp(—%)}, xe©,0), k=0,1,---q, (3.2.5)

where ¢ depends on the smoothness of a, b and g on (0, ¢). For x € (c, 1), the solution of
(3.2.1]) satisfies
Lu=g, xe(c1), u(c)=p, u(l)=0,

and
Pl < € {1 +etexp (—M)} xe@), k=0,1,---q. (3.2.6)
€
Combining (3.2.3)) and (3.2.6)) to find
WP < C {1 Lt {exp (—@) T+ H(x) exp (—M)}} , 3.2.7)
€ €
0, x<c
where H.(x) = is the Heaviside step function.
1, x>c

3.3 Mesh Description

The solution to the problem (3.2.1)) exhibits an interior layer at x = ¢ and a boundary layer
at x = 0. Thus, we construct a non-uniform mesh that condenses points around x = 0 and
x = c. For that, we use Bakhvalov-Shishkin mesh. Let N > 8 and 7, 7, be the mesh
transition parameters such that

1-c¢

T = min{%,ToelogN}, Ty = min{ ,ToelogN}, T0 > 1.

Let 7y = 7, = 1oelog N. Otherwise, N~! is exponentially small compared to €. We

construct a mesh I'y such that
I'vy=[0,c—7]U[c—T1,c]U[c,] =] U[l — 15, 1]. (3.3.1)

The subintervals (0,c — 71) and (¢, 1 — 7,) contain N/4 mesh points, and subintervals

(c —11,¢) and (1 — 73, 1) contain the same number of mesh points placed uniformly such

that xo = 0, xyj4 = ¢ — 71, X3y4a = 1 — 72 and xy = 1. The mesh is generated using a

continuous, monotonically increasing, piecewise differentiable mesh-generating function
1

D () = —log(1 —4(1-NYr), te [O, 4_1]’

(1) = 13
O, (1) = —log(1 = 2(1 = N2t = 1)), 1€ [E’ Z]'



3.4 The Difference Scheme 55

The resulting mesh reads

etodi (1), i=0,---,N/4,
N\(1-
Tl+4(i—z)( NT‘), i=N/A+1,-- NJ2,
X = (3.3.2)
¢ + etgDy(1)), i=N/2+1,---,3N/4,
. 3N\(l-c-T1 .
(C+T2)+4(Z_T)(T2)’ i=3N/4+1,---,N,

where t; = % As in Lemma [2.3.1} the step size satisfies h; < CN~! foralli =0,...,N.

3.4 The Difference Scheme

For i > 1, a function w; and step size h;, the forward, backward and central difference

approximation to first-order derivatives are defined as

W = Wi+ — W e = ey = W; — Wi W = Wit1 — Wi-1 and w-; = Wi+ — W
X1 hi+1 ) X, x,i—1 h,‘ ) X, 271, s X, hi s
with the weighted mesh increment 7 defined by
h .
7Ia 1= Oa
hp= Lt =1, N=1,
h —
TN, i=N.
The upwind operator Ly, for problem (3.2.1)) takes the form
Lyw; = —€wsy; = (@ W)y + (bw); = gi + A, (3.4.1)
and the central difference operator L results in
Ljw; = —€wss; — (@ w)ii + (bw)i = gi + Ac, (3.4.2)
hl_+11’ ce [-xi7 xi+1)7 .
where A, ; = The defect correction method takes the form
0, otherwise.

1. Compute initial approximation " using an upwind difference scheme

[LyUMi=gi+ Ay i=1,2,---N—1. (3.4.3)

2. Estimate the defect o using the central difference scheme

o= [LE0N] = (gi+ Ay, i=1,2,---N—1. (3.4.4)
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3. Compute the defect-correction V by solving

h;
[LAV] = ko, K = =12 N- L (3.4.5)

i+1
4. The final corrected solution is given by

Ul =0"-V,i=12,-,N. (3.4.6)

Next, let us define continuous and discrete operators to help us find the posteriori error

bounds. Following [166]], we define

1
(Aw)(x) = ew'(x)+ (a w)(x) + f (bw)(s)ds,
1 v, x<ec,
F(x) = f g(s)ds + (3.4.7)
x 0, otherwise,
N-1 N-1
77 Xi < c,
[A"w]i = €ws; + (@ )i + ) (bl FY = hige + (34.8)
k=i k=i 0, otherwise,
and
(aw) + (aw) u Y. Xxi<c,
[Aw]; = ews; + ( ) Z I(bw), Ff =) Iuge+ (3.4.9)
i k=i 0, otherwise,

h
where (bw)_; = (bw),_; and i = ?N Note that Lw = —(Aw) and g = —(F) on (0, 1). It
follows from (3.2.1) that (Aw — F)'(x) = 0. Consequently, integration yields

(Aw-F)x) =19, xe€(0,1), (3.4.10)
where ¢ is some constant. From (3.4.3) and (3.4.8)
[Lyw] = —(A"w), and g =—F"

Thus, we get
(Au—-F)x)=cforxe (0,1). 3.4.11)

From (3.4.3)), (3.4.4), (3.4.3) and (3.4.6)), we obtain

[AU — (A“ — A)A - F];=¢ for i=1,2,---,N. (3.4.12)
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3.5 Error Analysis

In this section, we perform an error analysis. The analysis we perform employs the sta-
bility properties of the differential operator [7, [170]. Given an arbitrary function w with
w(0) = w(1) = 0, we have

1
w(x) = f G(x, §)(Lw)(é)d¢ for x € [0, 1],
0

where G is the Green’s function associated with L and Dirichlet boundary conditions,
solves for fixed ¢ € [0, 1]

(LG( £)(x) = §(x - &) for x € (0, 1), } (35.1)

G0.6) =6(1,8) =0,

where ¢ is the Dirac-delta function. Moreover, G can also be defined using the adjoint

operator L'w = —ew” + aw’ + bw for fixed ¢ as

(LGN = 8¢ - ) for £ € (0, 1), } (352)

G(x,0) =G(x, 1) = 0.
Next, we define

1
lwlleo = sup lw(x)l, [lwll; =f lw(x)ldx
0

xe[0,1]
1

fa)(s)ds+C
R 1lJo

lwll-; e = sup (U, w) = min [|V||,, = min
1.1 ViV'=w Ce
MEWO‘ uly1=1

and the W=1* norm as

[

For an arbitrary x € (0, 1) the reader is referred to [[166, [165] to see the bounds on various

norms of G(x, -).

Lemma 3.5.1. The Greeen’s function G associated with the discrete operator L satisfies

166, Il <16 e < @7,

Ge(x, )|, < 27",

Gue(x, )|, < 27"
Moreover, for all w € WS’”(O, 1), the operator L satisfies

Jollews = max {5 ol 5 lollo)} < MLl
Proof. For proof, see [160]. O

Theorem 3.5.2. Let u be the solution of the boundary value problem

Lu =—-%"on (0,1); u(0) =u(l) =0,
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where

F = Ai1p(x — xi_12) for x € (xi_1, x;).

Then,

h B ]} (2 + 2 lalle + 1Bl + a). (3.5.3)

ull., £ max <|Al;—i,, min|—
lll i_l,...,N{' 172 [2,86 -

Proof. Let x € (0, 1) be arbitrary but fixed. The Green’s function representation yields

1
uw = fo GOx E)Lu(E)dé
1
- - fo Glx, EYF (€)de
1

= fo Ge(x, OF (H)dE + G(x, 0)F (0) — G(x, DF (1)
N xX;

- O [ enoren
ll=vl ’Xi

= Zf gg(X,f)Ai—l/z(f—Xi—]/z)df
t;l i .

= DA f Ge(x, )€ = xi10)dé
11:\,1

= ZAi—l/ZIia
i=1

where
I = lgg(x,f)(f—x,-_l/z)df
h{l Xi X — x; 2
- T [ Getmaas- [ Gatno e
X; hZ — X 2
= f ng(x,f)df[g’—w]dﬁ (3.5.4)

Thus, we have

B 2
s f Gl £)dg and 1] < -+ f Gee(x, OIdE.

Hence 5

hi B\ (T
|L~|srnin{5,—} f (€|Gec(x. )] + |Ge(x. £)]) dé.

€
Therefore, it follows that

N h, h?
|u(x)| < ; |Ai_1/211'| < z:nlla),(N (|Ai—1/2| min{j, 8_16})

x( f ' €lGee(x. E)E + f | |§§(x,§)|d§)- (3.5.5)

i—1 i—1
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From (3.5.2), we get
f €Ge(n &) = — f (& - x) + llall f Ge(x EdE + [1blle f G E)ldE. (3.5.6)
Thus, from (3.5.3)) and (3.5.6)), we obtain
A (b Xi5
) < igg>;N{| ,-_1/2|mm(5,8—6)}x(— f O =0+l
x f Ge(x EdE + bl f G E)ldE + f ’ |g§(x,§)|d§)

(i B\ (2 +2dlle + 1Bl + @
maxN |Ai—j 2l min| —, — .

i=1,, 2’ 8e a

A

IA

O

With these stability results, we now derive posteriori error estimates which is the
main result of this paper. Let (3.2.2)) holds true and x € (x;_1, x;). From (3.4.11)) and
(3.4.12), we obtain

A — U)(x)

F(x) + & - (AU)(x)
= F(x)+¢—(AV)x) +[AU - (A" - A)A - F°] - ¢
= (F )= F)+ (AUl = (AV)) = [(A" = ADA]; +c = ¢

1 N
= [ f (g - bU) (s)ds = > ulgi = (DU + [elUs; = (UY ()]
x k=i

N [(aU) +2(aU)_1 @) - [_ (al) +2(aA)_1 (@A)
N-1 N l

. Z By (DA, + Z B (bA) + ¢ — c] . (3.5.7)
k=i k=i

Put T = g — bU in (3.5.7) to obtain

1 N
Au-U)x) = [f Y(s)ds - Z hk(‘Y’k)] + €Uz — (U) ()]
x k=i

+ [w —-(@U )(x)] - %(aA)fCJ

1
hiwt — h h(cA
_ Z k”z K(cA), + MBIy (3.5.8)

k=i
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Let Y’ be the piecewise linear interpolant of T, then by using the definition of nodal linear

interpolant, we get

f T(s)ds — Z ()

k=i

1 1 N
f (r = YH(s)ds + f T’(s)ds—th(uk)
x x k=i
1 Xi 1 N
f Cr — Y)(s)ds + f T!(s)ds + f T’(s)ds—th(Tk)
Xkl - N
f Cr — Y)(s)ds + f 'Y'I(s)a’s+Z f ‘Y'I(s)ds—th(Tk)
Xk k=i

f (T = YD(s)ds + (xie12 = )iy jn + P(x), (3.5.9)

where ||\AIJ||00[X, S < ChIY ||oo

Following [171]] and the Taylor expansion to write

s[xi- lA

Ui - U
h;
(xi212 = 0)(U)" + Pi(x), (3.5.10)

Uz — (U) (%) —(U) (xi + x = x3)

where ||‘i’||oo < Chi2 ||(U)(3)||oo. Similarly, we can write

U);, — (aU),_ _
(a ) 2(0 ) 1 — (aU)(X) = (X,'_l/z — x)(aU))_C,i + \Pi(_x), (3511)
where [[P] . | | < CRI@UY llwys, 1y - Hence, B:5:8) becomes

i
Au-U)x) = f (T = C(s)ds + (xis1jp — 0)Fioijp + Pi(x) + € [(xi—l/2 - )W)’

+¥i(x )] + (Xi1/2 = (al)z; + Fi(x) — _(bA)xt

N- 1

hy(cA
> Pt = Pk p), N(; W c—e. (3.5.12)
k=i
Also, from [119]
1 N
1
ol < 3 17 ) 5.
fx (T = Y)(s)ds| < 12;’1’ [N (35.13)

Theorem 3.5.3. The solution u of (3.2.1)) and the solution U of satisfies

lu —Ulle, <6 :=6, +6,+ 05 + 6, + 65, (3514)
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where
hi B3\ (2 +2lalle + 16]le
6 = max {|‘r, 12 + (@U)z; + €(U;)”| min { }( latle, + 111 +1)},
i=1, 2 8 a
1
6, = — max hi|(ad)sl,
« i=1,-,N
2 O s = Iy (bA)why
b = Ei_r{%;—(bmk— .
1 N
O, = — > BV e,
} 6a; 1o,
2 2 3)
bs = = max {1/l + @) g, + €U, )

and I; = [x;_1, x;].

Proof. Using the fact that Lw = —(Aw)’ and the Green’s function repersentation of the

solution, we calculate

w-U)w = fo G 6L - U
- - fo G XA - U )
- Gl £X AW~ V)Y () + G, A0 - Gz DA,
From it follows that

1 —~—
w-U)(x) = f G:(x,6) [Ti—l/z + ey + (aU)z; + Wi(x) + Pi(x) + Pi(x)
0

. S h; S sy + Iy
He-0ldé+ ) f Ge(x.8)| =5 (ah)s; = Y =5 (bA);
i=1 Y Xi-1

=i

N X 1
+(bA)NhN) dé+ Yy f G:(x,6) ( f (T—T’)(s)ds) dé.  (3.5.15)
2 i=1 Vil 0

Therefore, from Lemma3.5.1]and Theorem3.5.2] (3.5.15)) becomes

h; b
lu—-Ull, < max {|‘I’l 1/2+(aU)x,+e(U)”|m1n{2 2e }}

o [2F 2l +1blls + @
a

1
) + (0 + 05+ 0, + es)f |Ge(x, &)| de.
0

Hence
||I/t—l]||Oo <0:=0,+60,+0;+ 04+ 05,
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max {|Ti—1/2 + (aU)s; + €(Uy)"

b

heer — h
Z k+]2 k(bA)k—

where
6, =
1
6, = — max h|(ah)ys;
Q i=1,- N
) N-1
6; = — max
a i=1,- ,N -
k=i
1 N
_ 3 7
6, = 6a;h,~ [N
6; =

3.6 Numerical Results

2 ’ 3
= max B {1 o, + 1@UY ||y, + €U,
a i=1,-,N

min {

(bA)yhy

2’ 8e

’

00,/;

W) (242
h; }( + ||a||m+||b||m+1)},
a

In this section, we examine the performance of the proposed method and numerically

verify the theoretical estimates. We consider a test problem for numerical computations.

Example 3.6.1. Consider the following convection-diffusion problem [245]]

—eu”’ (x) —u'(x) = x+ 012, u(0) =u(l)=0.

Table 3.1: Maximum absolute error (Ey) and order of convergence (Py) for example

F64

e=10"3 e=10""
N Ey Py Ey Py
32 2.73914e-03 1.963  2.74024e-03 1.964
64  7.02162¢-04 1.985  7.02190e-04 1.985
128  1.77261e-04 1.962  1.77285e-04 1.962
256  4.54710e-05 1.942  4.54789e-05 1.938
512 1.18318e-05 1.970  1.18620e-05 1.973
1024 3.01941e-06 1.982  3.02003e-06 1.980

Test problem is solved using proposed defect correction method over Bakhvalov-

Shishkin mesh. The maximum absolute error and numerical rate of convergence is calcu-

lated and tabulated in tables. Table [3.1] presents maximum absolute error and numerical

rate of convergence for Example [3.6.1| using proposed method over Bakhvalov-shishkin
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Table 3.2: Comparison of maximum absolute error (Ey) and order of convergence (Py),
for example using the proposed defect correction method on layer adapted meshes

when € = 1079,

Shishkin Mesh Bakhvalov-Shishkin mesh

N Ey Py Ey Py

32 4.78532e-02 1.584 2.74021e-03 1.964
64 1.59538e-02 1.570 7.02189¢e-04 1.985
128 5.37041e-03  1.590 1.77282e-04 1.962
256  1.783104e-03 1.580 4.54787e-05 1.938
512 5.962051e-04 1.594 1.18619¢-05 1.973
1024 1.974065e-04 1.589 3.02003e-06 1.979

mesh. Besides, Table [3.2] presents the comparision of the maximum absolute error and
numerical rate of convergence of proposed method over two layer adapted meshes and
results over Bakhvalov shishkin mesh are better than Shishkin mesh. Log-log plot for dif-
ferent values of € is shown in Figure Figure shows the comparision of maximum
absolute error over Shishkin mesh and Bakhvalov-Shishkin mesh. Moreover, presents
the numerical solution for Example for different values of €.

3.7 Conclusion

A class of singularly perturbed convection-diffusion problem with discontinuous coef-
ficient and point source is solved numerically. The presence of discontinuous data and
point source makes the problem stiff. In the limiting case, the solution to the problem
exhibits a multiscale character. There are narrow regions where solution derivatives are
exponential and exhibit turning point behaviour across discontinuities besides a strong
boundary layer. A higher-order defect correction method over Bakhvalov Shishkin mesh
is proposed to solve the problem. The mesh has been designed so that most of the mesh
points remain in the region with layers. The method is investigated for consistency, sta-
bility and convergence. A posteriori error estimates in L. are presented. It provides
computable and guaranteed upper bounds for the discretization error. The error estimates
of the proposed numerical method satisfy parameter uniform second-order convergence.

Numerical experiments corroborate the theoretical findings.
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102 : : ——
[ — =107
—© —e=10®

o - E=10-7
S 103} ~ .
© ®
5 N
(e} ~
1] .
Qo N
< N
§ e
£ ~
= N
o 4L ~ b
s 1071 A ]

@
©
10—5 1 L L
102 10°

Figure 3.2: Error plot for Example 3.6.1|for different values of e.




3.7 Conclusion

Solution

for different values of e.

Figure 3.3: Numerical solution to Example |3.6.1







Chapter 4

Parabolic Convection-Diffusion
Problems with a Large Shift

4.1 Introduction

In the previous chapters, we proposed defect correction schemes for different classes of
singularly perturbed convection-diffusion problems. This chapter extends our study to a
class of singularly perturbed parabolic PDEs.

Singularly perturbed parabolic PDEs with large shift are mathematical problems that
arise in various applications, including fluid dynamics, heat transfer, and chemical engi-
neering. These problems are characterised by the presence of a small parameter in the
highest-order derivative term, leading to multiple timescales within the system. The in-
terplay between fast and slow dynamics and non-local effects induced by large shifts give
rise to complex phenomena such as boundary and interior layers. These layers are regions
of rapid variation in the solution, and they can pose significant challenges for numerical
solutions. The incorporation of shifts in these equations captures the influence of neigh-
bouring states or events on the current evolution of the system. Shifts add memory-like
behaviour to the PDEs, making their analysis and numerical solution more intricate. Stan-
dard numerical methods on uniform meshes fail to consistently approximate solutions in
these layer regions.

Many researchers have tried to provide consistent numerical approximations to sin-
gularly perturbed differential equations with a large shift. In [67], a singularly perturbed
differential equation with a large negative shift is solved using an exponentially fitted
numerical scheme. The authors divided the original domain into six subdomains: two
boundary layer regions, two interior layer regions, and two regular regions. The authors

constructed an exponentially fitted numerical scheme on each boundary and interior layer

67
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subdomain and combined it with the solutions on the regular subdomains. The proposed
scheme is second-order e-uniform. In [68], a parameter-uniform numerical scheme was
presented to solve singularly perturbed parabolic differential equations involving large
spatial delay. The numerical scheme combines the weighted average (#-method) differ-
ence approximation on a uniform mesh in time variable and the central difference method
on a piecewise uniform spatial mesh. The method is second-order convergent in the tem-
poral direction and almost second-order in the spatial direction. In [276], singularly per-
turbed reaction-diffusion problems with large spatial delay are solved numerically using
the Crank-Nicolson method for the time derivative and a non-standard finite difference
method for spatial derivative. The Richardson extrapolation technique is applied to im-
prove convergence order and achieve fourth-order convergence in time and space. In [90],
authors solved a class of singularly perturbed parabolic reaction-diffusion problems with a
large negative shift and integral boundary condition. Splines are used on a Shishkin mesh
to discretize the spatial derivative, and the Crank—Nicolson method resolves the temporal
derivative. The method is uniformly convergent to almost second-order in space and time.

In [57], a class of second-order singularly perturbed parabolic differential equations
with discontinuous coefficients involving large shifts was dealt with using the implicit
Euler and the cubic spline in compression methods for time and spatial dimensions, re-
spectively. The proposed method is second-order accurate in space and first-order accu-
rate in time. In [145], a stabilised central difference method is used to solve singularly
perturbed boundary value problems with a large negative shift. The central difference
approximations for the derivatives were modified by re-approximating the error terms,
leading to a stabilizing effect. In [223], authors presented a computational method for
solving a class of differential equations with a negative shift in the differentiated term.
The author constructs an exponential spline finite difference scheme using the continu-
ity of its first-order derivative condition at the joint nodes. In [144]], authors solved a
class of parabolic singularly perturbed initial-boundary value problems with a large shift
in the spatial direction. They used a crank-Nicolson scheme on a uniform mesh in time
and a standard finite difference scheme on a piecewise uniform mesh for the system of
ordinary differential equations obtained in the semi-discretization process. The method
is second-order convergent in the temporal direction and almost first-order in the spatial
direction. In [183], singularly perturbed differential-difference equations involving small
shifts in the reaction terms are solved numerically. Taylor’s series approximation approx-
imates the reaction terms. The resulting singularly perturbed boundary value problem

was solved using the exponentially fitted operator finite difference method. The author
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proves the formulated scheme converges uniformly with linear order before Richardson
extrapolation and quadratic order after Richardson extrapolation.

In [199], authors presented exponentially fitted finite difference methods for solv-
ing time-dependent singularly perturbed one-dimensional convection-diffusion problems
with small shifts. In case shifts are of the order of perturbation parameter, the author
expands the terms involving shifts using the Taylor series and devises an exponentially
fitted tridiagonal finite difference scheme first-order convergent in time and second-order
convergent in space. When the shift parameters are larger than the perturbation parameter,
an exponentially fitted scheme is proposed on a special mesh so that the shifts always lie
on the nodal points.

In [69]], authors constructed a uniformly convergent numerical scheme using the im-
plicit Euler method in the temporal direction and a fitted tension spline method in the
spatial direction with uniform meshes to solve a singularly perturbed reaction-diffusion
problem with a negative shift. In [S6]], authors solved singularly perturbed time-dependent
differential-difference equations with small shifts. Taylor’s series expansion is used to ap-
proximate the terms containing shifts. The resulting singularly perturbed parabolic partial
differential equation was solved using an implicit Euler method in temporal direction and
cubic B-spline collocation method for the resulting system of ordinary differential equa-
tions in spatial direction, and an artificial viscosity was introduced in the scheme using the
theory of singular perturbations. In [229], a fitted non-polynomial spline approach was
applied to solve singularly perturbed problems with negative and positive shifts. In [236],
singularly perturbed differential equations with delay and shift were solved numerically
using an efficient Haar wavelet collocation method. The authors applied the Taylor series
to convert the problem with delay and shift into a new problem without delay and shift
and solved the resulting problem using the Haar wavelet collocation method.

Nevertheless, none of the available methods seems appropriate if we scrutinise for
a dependable and direction-independent discretization. A fundamental challenge in the
numerical solution of the singular perturbation problem is the distinct approximations
needed in the slow and fast motion phases.

The analysis of the special methods for singularly perturbed parabolic partial func-
tional differential equations has yet to see much development in the literature. This chap-
ter presents a numerical method to solve singularly perturbed parabolic partial differential
equations with a large shift. Besides, the chapter presents rigorous consistency, stability

and convergence analysis of the proposed scheme and illustrates numerical results.
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4.2 Problem Description

LetS =D UD*":=(0,1)x(0,T1U(1,2) x(0,T], F := S/S and for (x,t) € S consider

the nonhomogeneous initial-boundary-value problem

U (X, 1) — €U (X, 1) + a(X)uy(x, 1) + b(X)u(x, ) + c(Xu(x — 1,1) = g(x, 1),
u(x,t) = ro(x), (x,1) €[0,2] x {t =0},

u(x,t) =ri(x,1, (x,t) e [-1,0] x [0, T],

u(x,t) = r(t), (x,1) e {x=2}x1[0,T],

4.2.1)

where 0 < € < 1, a, b, ¢ and g are sufficiently smooth functions such that a(x) > a > 0,
c(x) > 0, b(x) > 0. The functions ro(x), ri(x, t), and r,(¢) are Holder continous and satify

the following compatibility conditions

r0(0) = r1(0,0), ro(2) = r2(0),

2
arl(o, 0) _ 68 rO(O) + a(o)ar()(o) + b(o)ro(o) + C(O)rl(—l, O) = g(oa O)a
ot ox? Ox
2
ar(0) 66 ro(2) N a(z)‘%(z) + b(2)ro(2) + c)ro(1) = g(2,0).
ot x> dx

Under the assumptions above, the solution of (4.2.1)) exists and is unique [8} [129]. The
simultaneous presence of a small parameter and shift makes the problem stiff. The corre-

sponding degenerate equation obtained by setting € = 0 in (4.2.1) is given by
u(x,t) + a(x)u(x,t) + b(x)u(x, 1) + c(x)u(x - 1,1) = g(x, 1) (4.2.2)

which is a hyperbolic partial differential equation. A key difference between (4.2.1) and
is that the former has a second-order derivative. In contrast, the latter contains first-
order derivatives and can not satisfy the given initial or boundary data. Consequently, as
€ — 0, the solution of the problem exhibits multiscale character and leads to a weak

interior layer and a strong boundary layer [166].

Let us rewrite (4.2.1)) as
Lu(x,t) = G(x,1), (4.2.3a)
where
I u(x, 1) — €y (X, 1) + a(X)u(x, 1) + b(xX)u(x, 1), (x,n) e D7,
u =

u(x, 1) — €u(x, 1) + a(X)u(x, 1) + b(xu(x, 1) + cxul(x— 1,1, (x,t) € D*,

and

G(x, 1) = glx,t) —c(x)ri(x—1,1), (x,1)e D,

g(x, 1), (x,t) € D*
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with
u(x, 1) = ro(x), (x,1) € [0,2] x {t = 0},

u(x,t) = ri(x, 1), (x,t) € [-1,0] x [0, T,

u(x,t) = r(t), (x,1) € {x =2} x[0,T],

u(l1=,0) =u(1*,0), w'(17,0) =u'(17,1).
Following [[166} 99], we now establish that the differential operator in (4.2.3) satisfies the

(4.2.3b)

following maximum principle.

Lemma 4.2.1. Let ¢ € C°(S) N C*(D~ U D*) satisfies y(x,t) > 0, (x,1) € F, Lys(x,1) > 0
forall (x,t) € D" U D™ and y,(17,1) — y(17,1) < 0. Then y(x,t) > 0 for all (x,1) € §.

Proof. Let (x',1) € S such that ¥(x', ) = min ¥(x, f) and assume that y(x',#) < 0. Then

(x,H)eS

(x,£) ¢ Fand y(x', 1) = 0, Y, (x', 1) = 0 and ¢ (X', 1) > 0.

CaseI: If (x,1) e D,
Ly(x', 1) = Y(xX', 1) — e (X, 1) + a(xX (X, 1) + DX (', 1) < 0.

Case II: If (x',#) € D",

Ui, 1) = (X, 1) + a(x (X, 1) + b, 1)

+e(xY(x' = 1,1)

= Y 1) — e (X, 1) + a(X (X, 1) + B, 1)
+e(XNWY = 1,1) =y, 1)) + (XD (x', 1)

= (', 1) = (X, 1) + a(x WX, 1) + (b(X) + c(x DY (X', 1)

+e(x )W = 1,1 —w(x', 1)) < 0.

Ly(x', 1)

Case IIL: If (x',7) = (1,7),
Y(x, 1) = g (x, 1) > 0.

A contradiction to our assumption. Consequently, the required result follows from a con-

tradiction. O

An important application of the maximum principle is establishing the bounded-
ness of the solution. As an immediate consequence, we establish the following uniform

stability result.

Lemma 4.2.2. Let u be the solution of (#.2.3)). Then

1
s < lltlloofp + = MG lleoss - (4.2.4)
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. X |Glleo s
Proof. Define Y= := ||ul|f + +u, x €[0,2].
o’

Casel: If (x,1) € D™,

Gllows
LY*(e.) Gl 5

+u, — €Y + a(x)( + ux) + b(x) (||M||oo,F +

Gl
x[|G]| ,F) - 0.

x[Glle s )
+u

Gl 5

+Lu+ a(x) + b(x) (Ilullwf +

Case II: If (x,1) € D*,

Gl 5

LY*(x,t) = =+u,—€Y; + a(x)(

x||Glleo s
+ Uy | + () |ulloo p + +u

x— D||G|los
+e(x) (nu(x 1+ SO 1,t))
04
Glleos X||Gl|e.s
= +Lu+ a(x)” lews b(x) (||u||oof el ’S)
— D |Gllews
+e(x) (llu(x — L O)lls + w) > 0.
04
Case III: If (x,1) = (1,1),
[Yi(1,0] = £[u,](1,1) = 0.
The required result (4.2.4) now follows from Lemma[4.2.1] o
Lemma 4.2.3. Let u be the solution of (4.2.3)). Then
0 ~
Cl<c (nel and i=0,1,2.
ot
Proof. For proof, see [133]. O

4.3 Time Semidiscretization

Let us partition the given time interval [0, 7] into K subintervals of uniform mesh width

At =T/K, K > 0. The mesh in the time direction reads
I'“=1{y=IT/K,0<1<K)}

Applying the implicit Euler method in the time variable, the resulting semidiscretized

problem reads

LLU(x, t101) = G(x, t41); 0<x<2,0<[/<K-1 (4.3.1a)
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subject to the following initial and boundary conditions

U(x,0) =rp(x), 0 < x <2,

Ux,ti41) = rni(x,fi11), -1<x<0,0<I<K-1,
(4.3.1b)
U2, t111) = n(ti1), 0<I< K -1,

U7, 1) = U, 1), U (17, 141) = U(17, 1141),

where

—€AtU . (x, t141) + a(X)AtU (X, f111) + [;(X)U(X, i), 0<x<1,
Ly U(x, 1101) = { —€AtU o (x, 1141) + a()ALU (X, 1141) + DU (x, 1111)
+c()AtU(x — 1,1141), 1<x<2,

and
Atg(x, t141) — Atc()ri(x = L) + U(x, 1), 0<x<1,
G(x, f11) =
Atg(x, t1) + U(x, 1), l<x<2.
Here, b(x) := Atb(x) + 1. Next, we establish the following semidiscrete maximum princi-
ple to ensure the stability of the method (4.3.1).

Lemma 4.3.1. Let P(x, 1) be a sufficiently smooth function such that P(x,t;,) > 0 for
x=1{0,2}, Ly P(x,1141) 2 0, x € (0,2) and P(17, t;,1)—P,(17, t141) < 0. Then P(x,1;,1) 2 0
forall x € [0,2].

Proof. Let (xP,t;11) € {(x,t;11) : x € [0,2]} and P(x?, t;41) = rr[%%] P(x,t;11) < 0. Clearly,
(X, 1141) & F, Po(x”, 1141) = 0 and P (x, 1,,1) > 0. Moreover,

Casel: If x* € (0,1)

Ly P(XP 1) = —€AtPo (X", 1) + a(x”)AtP(xP, t141)

+b(xP)P(x", 1141) < 0.

Case II: If x” € (1,2)

LoP(XP, 11,1) = —€AtPo(xP, 1)) + a(xP)ALP(xP, 1141) + c(XP)ALP(xP = 1,11,1)
+h(x")P(x", 1141)
= —€eAtP (X, 111) + a(XP)ALP(XP, 1141) + At(c(xP) + b(xP))P(x", 1141)

+c(XP)AL(P(x" = 1,1141) — P(X", 1141)) + P(x, 11.1) < 0.

CaseIll: If x» =1
P.(17,1111) = P.(17, 1141) > 0.
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A contradiction to our assumption. Consequently, the required result follows from a con-

tradiction. O

The operator L satisfies the semidiscrete maximum principle. Consequently, from
[166]), it follows that [|L¢

truncation error at (/ + 1)th time step satisfies |lej,1]lc < C(Af)*>. We combine the local

o S C and stability of the method follows. Moreover, the local

error estimates to obtain the following uniform convergence result.

Lemma 4.3.2. The global discretization error (E;) at the Ith time step satisfies

IEll. < CAt

where the constant C > 0 is independent of € and At.

Proof. The local truncation error at each time step contributes to the estimate for global

error. Consequently,

IEmillee = < lletlle + llealle + -+ - + llerlle < CAL

!
2.6
J=1

(9]

O

This in turn ensures the uniform convergence of the time semidiscretization process.

Next, we obtain a priori estimate on the solution of the semidiscretized problem (4.3.1)).

Lemma 4.3.3. Let U(x, t41) be the solution of (4.3.1). Then

IGl|
|U(X, tl+l)| < max {lU(O’ tl+l)|5 79 |U(25 tl+1)|} , X € [09 2]

G
Proof. Define P*(x, ;) := max<|U(0, t,+1)|,u,|U(2, t1+1)|} + U(x,t41). Note that
a

P=(x,t;.1) > 0 for x € {0,2}. Moreover,

Casel: If x € (0,1),
Gl

L PE(x, 14) = b(x) max {|U(0, 1)l gt U2, f1+1)|} + Ly U(x, ti11) 2 0.

Casell: If x =1,
[PI1(1, t141) = £[U,](1,141) = 0.

CaseIIlI: If x € (1,2),
G|

LS PE(x,t bl
K (x, t141) o

(c(x) + b(x)) max {|U(0, tr)l,
+L5U(x, t1) > 0.

, |U(2,ll+1)|}
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An application of Lemma 4.3.1|leads us to the required result. O

To obtain sharp bounds on the solution of semidiscretized problem (4.3.1)) and its
derivatives, we write U(x, 1) as a sum of regular component V(x, ;) and singular
component W(x, t1,1), U(x,t;11) := V(x,t141) + W(x, t;41) [186]. The regular component

V(x, t;;+1) takes the form
2

Vi) = ) €Vinti), x € (0.1)U(12)
7=0

For x € (0, 2], solution of the reduced problem V;(x, ;) satisfies
a(X)AH(Vo)(x, f141) + B Vo(x, 1) + c()AVo(x — 1,111) = g(x, tm),} 43.2)
Vo(x, t111) = ri(x, f141), x € [-1,0],
and for x € (0, 1) U (1, 2], Vi(x, t;,1) satisfies
a()AHV) (X, 1) + DOV (x, 1) + CQOAV (x = 1, 1141) = (Vo) el l‘z+1),} 43.3)
Vi(x,t141) = 0, x € [-1,0],
whereas for x € (0, 1) U (1,2), Va(x, t;51) satisfies
L Va6, t11) = (Vi) ), }
Vo(x,1141) =0, x € [-1,0], V2(2,141) = 0.

Taking into account (4.3.2), (4.3.3) and (4.3.4), the regular component V(x,1#,) of
U(x, t;,1) satisfies

4.3.4)

L V(x, t111) = G(x,1111), x€(0,1)U(1,2), 0<I<K -1,
V(x,t141) = Vo(x, t141), x € [-1,0],

(4.3.5)
V1, t1) = Vo(l, t101) + €Vi(1, t11) + €Va(1, 1141),
V(2,11:1) = Vo2, 111) + €V1(2, 1141).
On the other hand, the singular component W(x, ;1) of U(x, ;) satisfies
LiW(x,1141) =0, x€(0,HU(1,2), 0<I<K-1,
W(-x7 tl+1) = 0, X € [_190],
(4.3.6)

W2, t11) = (2, t141) = V2, t141),
W (A", t141) = W (17, t111) = V(17 1) = V(15 1140).

Let us further write the singular component W(x, ) of U(x,t,) as W(x,t1) =

Wi(x, ti1) + Wa(x, t1,1) where Wi (x, t;,1) and W,(x, t;,1) satisfies
LeWi(x,t.1) =0, x€(0,2), 0<I< K -1,
W1(0,141) =0, x € [-1,0], (4.3.7)
W2, 11.1) = 2, 111) = V(2,111),
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and
LEWo(x,t01) =0, x€(0,)U(1,2), 0<[/<K-1
W2(~x’ tl+l) = 09 X € [_190]9
(4.3.8)
Wa(2,141) =0,
W) (1%, t11) = (W) (17, t41) = V(17 t141) = V(17 t10),
respectively.

Lemma 4.3.4. For j = 0, 1, 2, 3, the regular component V,,, and singular component
Wi of Uy, satisfies

|V/(x, 11)| < Ce, x € (0,1 U(1,2),

. , —a2 -
|Wix, trp)| < Ce™ exp(u), xe (0,1 U (l,2),
€

. —a(l -
e exp (M) xe(0,1),
€

e’ xe(l1,2).

|W§(x, f1+1)| <
Proof. For proof, see [271]. O

4.4 The Space Discretization

4.4.1 Mesh Description

The problem (4.2.3)) is known to have a primary discontinuity at x = 1 [29]. More-
over, the problem’s solution exhibits a strong boundary layer at x = 2 and a weak interior
layer at x = 1. For a positive integer N > 8, we define the mesh I'y so that the mesh
points are condensing in the boundary and interior layers region. Let us partition the

domain [0, 2] as

I'v=10,1-7JU[l -7, 1JU[l,1+7]U[l+7,2-7]U[2-T,2],
2epIn N < l
a 2
non-uniform mesh I'y reads

where 7 =

is the mesh transition parameter and ¢ > 3. Consequently, the
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xo =0,

X, =xo+iH;, 1 <i<
Xi+N/4 = XNj4 + ihl, 1<i<
(4.4.1)

Xi+N/2 = Xnj2 + ihg, 1<i<

Xissnyg = Xsng +iHy 1 <0 <

Xis7Ny8 = X7nyg +ihp, 1 <0 <

4(1 - 41 -2 4
where H, = (TT), h = (TT), h = NT and h, = % Furthermore, we use the

notation /; to denote the step size in different intervals and write

Hi, 1<i<

&=

b

~.

N N
N (4.4.2)
hy, 5+1<i<3, WH+l<i<N,

IA
2
=z

Hz,%'i‘lﬁl. <

4.4.2 The Difference Scheme

For i > 1, a function Z;;,, and step size A;, the forward, backward and central differ-

ence approximation to first-order derivatives are defined as

Z'+ll+1 _Z'l+1 Z'l+1 _Z'—ll+1
;’ D—Zi,l+1 c= L el and DOZi c=
his h; hivi + h;

Zi+1,l+l - Zi—l,l+l

D+Zi,l+1 =

On the other hand, the second derivative approximation reads

2 (Zi+1,l+1 ~Ziw1 Zige1 — Zic1

hivi + h; hisi - h;

D.D_Z;, =
The upwind operator Lzlv,  for probelm (4.3.1) reads

Zi1, i=0,N,
1 - .
Ly xZij1 = 4 —€AtD D_Z; 1 + aiAtD_Z; 11 + biZ; 1, 1<i<f-1,

—€AtD,D_Z; 41 + aiAtD_Z; 14y + biZ; 11 + GMZ_y 1y, FH1I<iISN-L
and the modified central difference operator LY , reads
Zi,l+l’ l = O’N’

0 . _ 2 . N
Ly xZii = Ly Ziv, 1<i<35 -1

Ly gZi, Y+1<i<N-1,
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where L12V,KZi,l+1 = —GAZ‘D_'_D_Z,'J_H + a,AtDOZ,-,Hl + BiZi,l+1 and

. Atgip — Ater (i = S, 1+ D)+ Uy, 1<i<¥-1,
G =

Atgi,l+l + U,"], I1<i<N-1.

2=
+

The two-step defect correction method takes the form given below.

First Step: L\, U, =G/, .i€{l,---,N—1}\{N/2}

il+1 iLl+1°

Second Step: Ly U1 = (Ly, — LY DU}, +Gippni€{1,--- N = 1}\{N/2}

Ll+1

with
D+ UN/2,1+1 =D_ UN/2,1+1 P

Uip = (ro)i, i €{1,--- ,N},
Uiiv1 = (r)igs1, 1€{=N/2,---,0},

(4.4.3)

Uyt = (r)nsr-

Here, U'! and U denotes the initial and the corrected approximation, respectively.

Lemma 4.4.1. Let Y; ;.1 be a mesh function such that Y1 > 0, Yy 1 >0, Lzlv, i1 20,
i € {1, - N — 1}\{N/2} and D+YN/2’1+1 - D_YN/27]+1 < 0. Then Yi,l+l >0, i€ {0, s ,N}

Proof. Let Z;;,; > 0 fori € {0,---,N}, L}V’KZL-JH > 0 fori € {0,---, N}\{N/2} and
[D]ZN/2,1+1 < 0. Define

=Y

z//::max{ ,ie{0,~--,N}}.

i,l+1
Then there is an i* € {0,---, N} such that Y; ;.1 + ¥Zy 4y = 0 and Y4 + ¥Z; 141 > 0 for

i €{0,---,N}\i*. Thus the function Y., + ¥Z;;; attains its minimum at x;.

Suppose that Lemma 4.4.1|is false. Then, for i* € {1, cee % - 1}

Ly x(Ye o1 + ¥Zi 1p1) = —€AtD.D_(Yp oy +YZp 1a1) + ap AID_(Yi 141 + Y Zj 141)
+Z7i*(Yi*,l+1 +yYZi141) <0,

and ati* = &

[DI(Yi 1 + ¥ Zi 151) = [D1Yi 131 + Y[D1Z; 141 > 0.

A contradiction and the required result follows. In the case i* € {% +1,---, N}, a similar

arguments leads to the desired result. O

Following (2.4.3), we can write the consistency error £ of the defect correction
scheme as
E=(Lyg =LYy = Ul ) + (LY x = L) Uiy (4.4.4)

where U, is the solution of (4.3.1)) and U, ., is the corrected approximation of (4.4.3)).
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Lemma 4.4.2. The difference operator Lzlv, « and LIZV’ « defined for (4.3.1)) satisfies
Lzlv,K(lev,K - szv,K)Yi,lH = (Lzlv,K - L%V,K)L}V,KYLHI
iff ai.y = a; = @iy, bioy = by = biyy and hiyy = hy = hi_y.

Proof. Let a; be a constant. For i € {0, 1,---, %’} and an arbitrary mesh

—a;h; At
(Lyx — Lyx)Yiis1 = aA(D_ — Do)Yipy = T+D+D—Yi,1+1-

Applying Ly, . to obtain

—€At —At(ajp1hisoD D_Y; —a;hi.1D.D_Y;
LIIV,K(L}V,K_LIZV,K)YLIH [ (@ir1hira Dy +Lil +174 1+1)

2(h; + his1) his1
—At (aihi+1D+D— Yii1 —ai-ihiD.D_ Yi—l,l+l)
_ a ]
+ a;At [—Al (aihi+1D+D— Yijo1 —aisihiDyD_ Yi—l,l+1)]
2 h;
b, 2B (4.4.5)

2

For a constant a;, b; and the Shishkin mesh, a;_y = a; = a1, bi.y = b; = b, and

l’l,’+1 = ]’li = hi—l- It follows that

—Clihl’ At
Lyx(Lyx = Ly)Yimi = ——— [~€AtD.D_(DsD_Y;11) + AtD.D_(a:D_Y; 1)
+Bl’D+D_ Yi,l+l] . (446)

If we reverse the order of the operator

(LII\’,K - LIZV,K)LJIV,KYLIH = (—eAtD+D_ ( :

~ (—aihi 1 At
+b;| ———
[=5)

—a;hi 1 At )

—a;hi At
= SN [~€AID,D(D.D_Y1) + AtD.D_(aD-Yir1)
+b,D.D_ Y,;,H] . (4.4.7)
From (4.4.6) and (4.4.7) the required result follows. Similarly, we can obtain the result
forie{§+l,---%v}. O

Analogous to the solution of semidiscretized problem U, , the initial approximation
U!

! admits a representation U}, = V!, + W]

Q141 il+1 i1+ Where

=G*

LIIV,KVi{Hl e LEAL2, - N = TI\{N/2},

Vé,m = Vi1(0), [DIV),(xnp2) = [V}, 1Gow2)s Vi = Vin(2),
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and
Lyx Wiy =0, i €{1,2,---N = 1)\[N/2},
Wo.1 = Wi (0), [DIW),,(xnp2) = =[DIV},, (xnpa)s Wy iy = Wi (2).

Moreover, the resulting corrected approximation reads

L}V’KVi,Hl = (L]I\I’K - L?V,K)Vil,Hl + Gzl+1’ ie€{l,2,---N—1}\{N/2},
Vourt = Vo s [DIVii(inp) = DIV (xnpa), Vit = Vs

and
Ly Wi = =L Wl i €(1,2,---N = 1)\{N/2},
Wous1 = W(},m’ [DIWi1(xns2) = =DV (xny2), Wagsr = W,{,’M.

4.5 Error Analysis

To analyse the truncation error associated with the numerical approximation, we decom-
pose the discrete approximate solution as U;;.; = Vi1 + Wiy and calculate the error
separately. Then, we combine both results and find the error ||Ul+ 1= Ulll+1||oo, - We begin
our analysis with the regular component. To obtain consistency error on regular compo-
nent Ly (Vi1 = V1), we will calculate the consistency error (Ly ¢ — LY ¢ )(Vis1 — Vlll s

and relative consistency error (L?\,’ x — L) Vi1, separately. Let us define

jzﬂl (1 + ;hj) L
N2 R 0<i< 5
[T(1+2h))
Qi1 = j;l_l
[T (1+ 2h.)
— , Y<i<nN
ij/z(l + 2h)

Lemma 4.5.1. For the mesh function Q; .1, we have

C :
LIIV,KQi,Hl 2 in,m, i={1,2,--- ,N = 1}\{N/2},

and (D+ — D—)Q§,1+l < _Cﬁ_il.
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N
Proof. Note that 0 < Q; ;41 < 1. Moreover, for 1 <i < 3" 1

1
LN,K Qi,l+1

Ati=N/2, by, =h =

(D+ -

—€AtD,D_Q;s1 + a;AtD_Q; 11 + b0, 141

a\ 2k 1
o] e
€ € hi + ]’li+1 (1 + %hi)Q,Hl
+a,~At(

Qi1 +biQir

m|R

) 1

(1+2m)

[—2At (“—2) + At (g) 1 13,-} i
€ e/ (1+2h)

aAt
ah; + €

C
max(e, h;)

2 A h;

(Cli - —a(a/hi +€)+ bie s a) Qi s+1
€ alAt

Qi1 > 0.

hy,, and in that case

- 1 @ 1
()l
- 2

€ (1+% )

£<O.
€

D—)Q%,Hl

IA

N
Similarly, for 3 +1<i<N-1

1
LN, K Qi,l+1

v

_EAID D_ Ql +1 + a; AtD_ Q, +1 b Ql 41+ CzAtQ,_ﬂ
@\ 2h; 1
—eAt(—) !
€/ hi+ hiy (1 + %hi)
+Z7[Qi,l+1 + CiAtQi—%,lH

[—2At(“—2) + ait (9) _1 Ei] Oirn + A, v 11,
€ € (1 + gh.) 2
alt
ah; + €
C
max(e, h;)

I+1

1%
Qi1 + aiAt (—) Qi1

€/ (1+ gh,.)

€+ hja
a At

(l-——(ah +e)+b )Q,,+1+cAtQ N 141

Qi1 > 0. 4.5.1)

O

Next, we use Lemma[4.4.1| 4.4.2]and [4.5.1| and the argument following Chapter 2| to

obtain the error bounds on the regular and singular components.
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Lemma 4.5.2. The regular component V,, of the solution U,,, and its corrected approx-

imation V., satisfies

| Ch; forl<i<?% -1,
|Ly x (Vi1 = Vi)l <
Ch; forf+1<i<N-1

Proof. Referring to representation (4.4.4)), we can write
Ly g (Vier = Vigs)l = (L g = Ly ) Vit = Vi Dl + (g = L) Vil
Following Lemma [2.5.T]and Lemma [2.5.2]it follows that
Ly k= LS ) (Viay = VI DI < CR2, i€ {1,--- N = T)\[N/2)

and

2 ) (3) i< N _
(L — L) Vil < Ch; (6||Vl+1||oo + ||Vl+1||oo) forT<i<3 -1,

Chi(e|lVill.+Viall,) for¥+1<i<sN-1.

Next we estimate the error in the singular component of the solution.

Lemma 4.5.3. The singular component W,,, of the solution U, and its corrected ap-

proximation W; ., satisfies

1 CN? forl<i<f -1,
|LN,K(WZ+1 - Wi,l+1)| <
Chie! forf+1<i<N-1.

Proof. Fori e {1,-~~ ,

D=

- 1}, we can write
Ly x| (Wiet = Wil = Ly g (Wisr = WL Dl 1Ly o (W] = Wi,

Proceeding in a similar manner as in Lemma [2.5.4] it follows that

ILy k(Wi = WDl = Ly g Wi < CN77Y,
and

|L11V,K(Wi{l+l - Wil = |L?V,KW1‘1,I+1| < CNY,
Moreover, for i € {% +1,--- ,N— 1}, Lemmal4.3.4/and Lemma|2.5.4|leads to

ILy k(W1 = Wizl < Ce 'hy.
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Lemma 4.54. Let U(x,141) be the solution of (4.3.1) and U, ., be its approximation.
Then, fori = N/2
Ch;
|(Dy = D)(Uga1 = Ulx, t11))| < =

Proof. The proof is straightforward if we consider

(D) = D)(Uigs1 = UCx, t11)| = 1Dy = DU, 11:1))]
d d
< I(D+ - d_) U(x, ti1)| + (D— - —) U(x,t41)
X dx
1 - d2U(x7tl+1) 1 + dzU(x’tl+1)
< = P — R
< gl MAX T | T e M T
d?U(x,t
< Ch max |LYRI)
xe(0,1)U(1,2) dx?
Ch
< —.
62
O

Lemma 4.5.5. The solution U, of the problem (4.3.1) and its corrected approximation
U, .1 satisfies

U1 = Uisal < CN7*(log N)* for i € {0,1,--- , N}.
Proof. Collecting results from Lemma4.5.2) Lemma[4.5.3|and Lemma 4.5.4]to write

Chi forl<i<i -1,

Ch _
Lk (Ut = Ul S 3 fori =4,
Ch;
— for§+15iSN_1_
€

Moreover, L;-norm stability argument for operator L}, . yields

& hi+h
||Ul+1 - Ui,l+1||oo § C— = |L11V,K(Ul+l - Ui,l+1)|
—

- 2
j
%_1 N+ hy N-1
3 7 7+l 2 -1
< ) Ch+Chrerm t D Chle
J=1 j=5+1

IA

CN2(log N)*.
O

We are now able to state the main result of this chapter, the principle convergence

theorem.
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Theorem 4.5.6. Let u be the solution of (4.2.3) and U, be its corrected approximation
onT'y xT%. Then
JuCxi, tr1) = Uy < C(AL+ N7 (log N)YY).

Proof. The proof follows from Lemma 4.3.2] Lemma 4.5.5| and the triangle inequality.
O

4.6 Numerical Results

This section presents numerical results for two test examples. The exact solution of the
problem is not available for comparison. Therefore, we estimate the error using the double
mesh principle[166]. For given values of N and K, the maximum absolute error EN,K 1S
given by

Enk = max |Uyg(xi,ti11) — Uanok(Xi, ti1)l,
(X,',ZI)EFNXFZK

where Uy g (x;, t1+1) and Uy ok (x;, t41) are the computed numerical solutions on I'y X I,
and I’y xI', ., respectively. Whereas the numerical order of convergence Py  is calculated
using A
Py =log, (Fﬂ)
Eonok
Example 4.6.1. Consider the following parabolic convection-diffusion problem with

large shift

u(x, 1) — €up(x, 1) + u (x, £) + exp xu(x, 1) + xu(x — 1,1) = 10x(1 — x)3, (x,1) € (0,2) x (0,2]
u(x,0) =0, x €[0,2]

u(x,t) =x, (x,1) € [-1,0] x [0, 2]

u2,t) =0, t€[0,2].

Example 4.6.2. Consider the following parabolic convection-diffusion problem with

large shift

U (x, 1) — € (X, 1) + up(x, 1) + Su(x, 1) + u(x — 1,1) = £x(2 — x), (x,1) € (0,2) x (0,2]
u(x,0) =0, x€[0,2]

u(x, ) = 3%x, (x,1) € [-1,0] X [0,2]

u2,1 =0, t€[0,2].

Test examples are solved numerically using the proposed defect correction method
over a non-uniform mesh. The maximum absolute error and order of convergence are ob-
tained numerically for K = N and tabulated in the form of Tables 4.1 and |4.3|for Example
4.6.1) and Example [4.6.2] respectively. Moreover, Table [4.2] and Table [4.4] presents the
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Table 4.1: Maximum absolute error (£ ~.x) and order of convergence (f’N,K) for Example

when K =N.

€ N=32 64 128 256 512

1072 1.4203e-03 5.2890e-04 1.9967e-04 8.0218e-05 3.1218e-05
1.42 1.40 1.31 1.36 1.37

107*  1.4212e-03 5.3819e-04 2.0985e-04 8.0893e-05 3.2781e-05
1.40 1.35 1.37 1.30 1.34

107 1.6015e-03 6.2932e-04 2.3989¢-04 8.8801e-05 3.3093e-05
1.34 1.39 1.44 1.41 1.39

1078 2.7203e-03 9.8332e-04 3.8124e-04 1.3006e-04 4.7056e-05
1.46 1.36 1.56 1.46 1.41

10719 2.7206e-03 9.8351e-04 3.8264e-04 1.4019e-04 4.9610e-05
1.46 1.36 1.46 1.49 1.42

Table 4.2: Maximum absolute error (£ ~.x) and order of convergence (f’N,K) for Example

when K = N2

e=2x107 e=2x107
N Enk Py Enk Py
32 3.0834e-04 1.84 3.0839¢e-04 1.81
64  8.6081e-05 1.90 8.7498e-05 1.92
128 2.2952e-05 1.87 2.2996e-05 1.86
256 6.2671e-06 1.83 6.2931e-06 1.73
512 1.8913e-06 1.89 1.8901e-06 1.80

maximum absolute error and corresponding order of convergence when K = N? to justify

the spatial order of convergence for Example 4.6.1| and Example 4.6.2] respectively. The
surface plot of solution for Examples 4.6.1]and 4.6.2] are displayed in Figures 4.1jand 4.3]
respectively. Moreover, Figures 4.2 and 4.4] present the solution for different time 7. In
addition the log-log plots of errors are given in Figures {.5 and 4.6] for Examples

and[4.6.2] respectively.

4.7 Conclusion

The chapter presents a defect correction method based on finite difference discretizations

over a non-uniform mesh for parabolic partial differential equations with a large shift.
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Table 4.3: Maximum absolute error (E“N,K) and order of convergence (PN,K) for Example

@when K =N.

€ N=32 64 128 256 512

1072 2.4246e-02 7.8278¢-03 2.5659¢-03 8.2137e-04 2.7808e-04
1.63 1.60 1.64 1.56 1.59

107 2.5267e-02  8.266e-03  2.6382e-03 8.3496e-04 2.8916e-04
1.61 1.64 1.65 1.52 1.58

107 2.5445¢-02 8.3159¢-03 2.6842e-03 8.4029e-04 2.9411e-04
1.61 1.63 1.67 1.51 1.60

1078 2.5488e-02 8.3169e-03 2.6905e-03 8.4109e-03 2.9486e-04
1.61 1.62 1.67 1.51 1.59

10719 2.5493e-02 8.3176e-03 2.6937e-03 8.4147e-03 2.9491e-04
1.61 1.62 1.67 1.51 1.59

Table 4.4: Maximum absolute error (EN,K) and order of convergence (ﬁN,K) for Example

when K = N-.

e=2x107 e=2x10"
N Enk Pyk Enk Py
32 4.3467e-03 1.88 4.5138e-03 1.86
64  1.1784e-03 1.93 1.2350e-03 1.92
128 3.0846e-04 1.87 3.2453e-04 1.94
256 8.3853e-04 1.85 8.4073e-04 1.84
512 2.3191e-05 1.82 2.3372e-05 1.82

The proposed defect correction method improves the efficiency of a numerical solution
through iterative improvement and generates a stable second-order method in space over
a non-uniform mesh. The mesh has been chosen so that most of the mesh points re-
main in the regions with rapid transitions. Whereas an implicit finite difference scheme is
used to discretize the time variable. The proposed numerical method has been analysed
for consistency, stability and convergence. Theoretical analysis is performed to obtain
consistency and error estimates. The method is uniformly convergent and second-order
accurate in space and first-order in time. We do not use asymptotic expansions of dis-
cretization errors in our analysis. Numerical results agree with the theoretical estimates
and indicate that the defect correction technique can improve accuracy for singular per-

turbation problems.
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Solution(u)

Figure 4.1: Numerical solution to Example 4.6.1/when K = N = 64 and € = 2 x 107%,

Solution(u)

Figure 4.2: Numerical solution to Example 4.6.1|for different # when € = 2 x 107%,




88 Parabolic Convection-Diffusion Problems with a Large Shift

Solution(u)

Figure 4.3: Numerical solution to Example 4.6.2/when K = N = 64 and € = 2 x 10719,

2.5 T T T T T T T T T
— — —1=05
2+ .
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Figure 4.4: Numerical solution to Example |4.6.2| for different  when € = 2 x 1071°.




4.7  Conclusion

89

Maximum Absolute Error

210"
—© 2010

e=2#10710

M|

P |

102
N

Figure 4.5: Error plot for Example

4.6.1

for different values of e.
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Figure 4.6: Error plot for Example

4.6.2

for different values of e.






Chapter 5

Parabolic Convection-Diffusion
Problems with Discontinuous

Coeflicients and Source

5.1 Introduction

In Chapter 4, we proposed a defect correction scheme for solving singularly perturbed
parabolic PDEs with delay. In this chapter, we extend the scope of our work to solve sin-
gularly perturbed parabolic PDEs with discontinuous convection coefficients and sources.

Singularly perturbed parabolic PDEs with discontinuous coefficients and sources
constitute a challenging class of mathematical models that arise in various fields, includ-
ing physics, engineering and biology. These equations include time-dependent variables
and exhibit sensitivity to small perturbations in the system parameters. The parabolic
nature of these PDEs indicates their ability to describe dynamic processes with diffusion-
like behaviour, where quantities such as temperature, concentration, or population density
evolve over time and space. However, what sets them apart is the presence of discontinu-
ous coefficients and source terms, which introduce additional complexity to the problem.

These problems involve an arbitrary small parameter that multiplies the highest-
order derivative in the equation, leading to stiffness in the mathematical model. The solu-
tion to such problems exhibits strong interior layers across the discontinuity and demon-
strates turning point behaviour [209, [19]. The solution varies exponentially in relatively
small spatial regions and short time intervals called layer regions and slowly elsewhere.
This multiscale behavior makes it challenging to accurately compute it with traditional
numerical methods [[166, [253]]. Numerical discretization of singularly perturbed differ-

ential equations is burdened with difficulties. For example, the finite difference method

91
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[97,196] and the finite element method [277, 278, 279, 127, [128] require a mesh to ap-
proximate solutions. In fact, the discrete solutions obtained using standard Galerkin or
centered finite difference methods exhibit oscillatory behavior for small discretization pa-
rameters [99]. However, layer-adapted meshes seem promising in the discretization of
such equations, leading to growing interest in their generation [209].

Many researchers have studied parabolic singular perturbation problems with dis-
continuous coeflicients and sources and proposed various numerical methods for their
solution. For example, in [[133], the author proposed two upwind difference schemes on
non-uniform meshes to solve a convection-diffusion problem with a concentrated source
and discontinuous convection coefficient. In [74], the author examined a convection-
diffusion problem with a discontinuous convection coefficient using an upwind scheme
over a piecewise uniform mesh. In [213], researchers constructed a numerical method
based on piecewise uniform meshes for parabolic differential equations with discontin-
uous data. They presented a hybrid difference scheme to solve a convection-diffusion
problem with a discontinuous convection coefficient and established almost second-order
convergence. In [191]], the authors propose another hybrid method for solving a parabolic
convection-diffusion problem with a discontinuous convection coeflicient.

In contrast, the author in [221]] presents a hybrid difference scheme over Shishkin
mesh for a class of reaction-convection-diffusion problems with a discontinuous source.
In [41], the author used a hybrid difference scheme to solve parabolic convection-diffusion
problems with a discontinuous convection coefficient and obtained almost second-order
convergence. The authors in [[169] constructed an implicit upwind finite difference
scheme on Shishkin-type meshes to solve parabolic convection-diffusion problems with
a discontinuous convection coefficient. In [36], the authors presented a uniformly con-
vergent method to solve a two-point boundary value problem with discontinuous data.
In [224]], researchers used a hybrid difference scheme to analyse a second-order ordi-
nary differential equation with a discontinuous convection coefficient subject to mixed-
type boundary conditions. In [S0], researchers analysed a parabolic convection-diffusion
problem with a degenerating convective term and a discontinuous source. They consid-
ered a second-order convection-diffusion Robin-type problem with a discontinuous source
term in [171]. In [42]], the author studied a two-parameter singularly perturbed parabolic
convection-diffusion problem with non-smooth data. In [S7], the author uses the com-
putational method for a class of second-order singularly perturbed parabolic differential
equations with discontinuous coeflicients involving large negative shifts. The formulated
method comprises the implicit Euler and the cubic spline in compression methods for

time and spatial dimensions, respectively. Furthermore, [131,/130] solved parabolic delay
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differential equations with discontinuous convection coefficients using finite difference
discretization over Shishkin mesh.

In [293]], authors proposed a nonsymmetric interior penalty Galerkin (NIPG) finite
element method to solve convection-dominated-diffusion problems with discontinuous
coefficients. In [232], authors proposed a nonsymmetric discontinuous Galerkin finite
element technique with interior penalties (NIPG) to solve singularly perturbed convec-
tion—diffusion problem with a discontinuous source term. In [[16]], authors examined a
weakly coupled system of two reaction-diffusion equations with discontinuous source
terms. They used a numerical method based on finite elements over the Shishkin and
Bakhvalov-Shishkin mesh to derive an error estimate in the energy norm. In [270], the
author used a standard numerical method with piecewise linear interpolation on Shishkin
mesh to solve a weakly coupled system of a singularly perturbed problem for second-order
ordinary differential-difference equations with discontinuous convection coefficients and
source terms. In [43], authors solved a coupled system of second-order singularly per-
turbed differential equations of reaction—diffusion type with discontinuous source term
subject to Dirichlet boundary conditions using a classical finite difference scheme in con-
junction with Shishkin mesh and Bakhvalov mesh. Despite significant progress in this
area, the solution of parabolic singular perturbation problems with discontinuous coeffi-
cients and sources remains a challenging problem. Thus, developing efficient and accurate
methods for solving such problems is important and continues to attract attention from the
scientific community.

The theory and the area of numerical approximation for time-dependent singular per-
turbation problems with discontinuous coefficient terms still need to be developed. This
chapter presents a parameter uniform numerical method to solve such a class of singularly
perturbed parabolic partial differential equations. Moreover, the chapter presents rigorous
consistency, stability and convergence analysis of the proposed method and illustrates

numerical results to support theoretical estimates.

5.2 Problem Description

Let Q =(0,1) =Q UQ*", Q" =(0,0), Q" =(c,1), D =D UD* = Qx(0,T] and
F := D/D. Consider the parabolic problem

Lu(x,t) = euy(x,t) + a(x)u(x,t) — b(x)u(x,t) — u(x,t) = g(x, 1),
u(x,0) = ro(x), (x,1) € D,

u(0,t) = r(r), t € (0, T],

u(l,t) = (1), t € (0,7T],

(5.2.1)
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where 0 < € < 1 is the perturbation parameter, b(x) is a sufficiently smooth function
such that b(x) > B8 > 0 on D, the convection coeflicient a(x) and the source term g(x) are

sufficiently smooth functions on Q™ U Q* satisfying
[al(o)l < C, llgle)l < C. (5.2.2)

Moreover, the solution u(x, t) to the problem (5.2.1)) satisfies the interface conditions
d
[u](c) = 0, [—“] (c) = 0. (5.2.3)
Ox
Here [u] denotes the jump of u at the point of discontinuity, written as
[ul(c,t) = u(c™, 1) —u(c™,1).

Due to a discontinuity in the convection coefficient at x = ¢, the solution to the prob-
lem (5.2.1) has an interior layer of width O(¢) in the neighbourhood of x = ¢ [77]. To

accentuate the occurrence of the strong interior layer, we consider the case

—a; <a(x)<-a; <0, x< c,} (52.4)

ay > a(x) >ap >0, x> c,

and write @ = min{a;,a,}. Furthermore, the functions ry(x), ri(f) and r,(¢) are Holder

continuous and satisfy the compatibility conditions

ro(0) = r1(0), ro(1) = rp(0),
0%ry(0) 0ro(0) or1(0)

e+ al0)— = = b(0)ry(0) - == = ¢(0,0),
0ry(1) oro(1) 0r,(0) B

€ Ep +a(l) Fra b(Dre(1) — Fraie g(1,0).

The operator L in (5.2.1) satisfies the following continuous minimum principle.

Lemma 5.2.1. Let y € CO(D)NCAH D~ UD") satisfies y(x,1) < 0, (x,1) € F, [, ](c, 1) > 0,
t>0and Ly(x,1) > 0 for all (x,t) € D~ U D*. Then y(x,1) <0, (x,1) € D.

Proof. Let y(x,t) > 0 for (x,t) € D, g(x, t) be a function such that

a1(x), x<c,
W(x, ) = e @O D2y and a(x) =]

a(x), x> c.

Let (x;,2,) € D and g(x,,t,) = max g(x,1) hence q.(x,,t;) = 0, q(x,,t) = 0 and
(x,H)eD

Gx(Xs, 1) < 0. Moreover, if
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Casel: If se D" UD*

wax(xs’ ts) + al(xs)wx(xsa ts) - b(Xs)lﬁ(Xs, ts) - wt(xsa ts) < 0, (xs’ ts) € 9_7
lel’(-xs’ ts) =

€ (X, 15) + ar(X W (Xs, 1) — (XY, 1) — Yi(xg, 1) <0, (x4, 1) € DT
Casell: If s = (¢, ")

(a1 +a»)

[, 1) = [g:](e, 1) — [ e

]q(c, ) < 0.

A contradiction to the assumption and the required result follows from a contradiction.

O

A direct application of the minimum principle guides us to the following stability

estimate.

Lemma 5.2.2. Let u be the solution of (5.2.1). Then

1 . (a1 ap
lullp < il + — llglls s where =mm{—, }
D F ﬁ 9 00,5 B c1l-c

Proof. Define barrier functions Y* as

= |lulloo g — *lgl +u(x, 1), x <c,
Yi — C
1 _
g - S ks e
T pl-o)

Casel: If (x,1) € D

LY*(x,1) = €Yi(x,t)+a(x)Y:(x,1)—bx)Y*(x,1) = Y (x,1)

+eu,,(x, 1) + a;(x) (—”ﬁg—cll +u,(x, t)) —b(x,1) (— lleell oo 2 — % +u(x, 1)

= a1(x) (_,B_C) —b(x,1) (— lleello 2 — %) + Lu(x,t) > 0.

CaseIl: If (x,¢) € D
LY*(x,1) = €Yi(x,t)+ax(x)Y:(x, 1) —b(x)Y*(x,1) = Y (x,1)

ﬁ(lllg_ll 5 (X, t)) = b(x, 1) (= llullo

= teu,(x, 1) + ax(x) (

A -2 llgll _
s ) Tucen
1 —

CaselIll: If x =c¢
[Yi1(e, 1) = [ud(c, 1) = 0.

The required result now follows from Lemma[5.2.1] O
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5.3 Time Semidiscretization

Let us split the given interval [0, T'] into K subintervals of length Ar = T/K, K € Z*. The

resulting mesh becomes
X ={y=1I1A1,1=0,1,2,---K}.

An application of the implicit Euler scheme leads to the semidiscrete problem

LeU(x, t11) = G(x,141); 0<x<1,0<I<K-1 (5.3.1a)
such that

Ux,0)=rp(x), 0 <x<1,

UQ©,14) =), 0<I<K -1,

(5.3.1b)

UL, t41) = n(t1), 0<I<K -1,

U(c™, tiy1) = U(c™, t141), Uy(c™, t41) = Uy(c, ti1),
where

Ly U(x, 1) = €AtU (X, t141) + a()ALU(x, 1101) = DU (x, 1.1), x € D™ U D,

and
G(x,t11) = Atg(x,t1.1) = U(x, 1), x € D" U D",

Here, B(x) := 1+ b(x)At. Next, we set up the semidiscrete minimum principle. The
operator L satisfies the semidiscrete minimum principle ensuring that the method (5.3.1)

1s stable.

Lemma 5.3.1. Let R(x, 1) be a sufficiently smooth function for x € [0, 1]. If R(x,t;11) <
0, x = {0,1}, LYR(x,t141) =2 0, x € Q™ U Q" and [R(c,t;11)] > 0. Then R(x,t1.1) < 0,
Vx e Q.

Proof. Let (s,1;41) € {(x,t;11) : x € [0,1]} and R(s, t;41) = m[(z)ul(]R(x, t;.1) > 0. Conse-
x€[0,

quently, R (s, t41) = 0, R(s, t11) = 0, Ryi(s, 141) < O and (s, 1111) ¢ F.
Casel: If se Q" UQ"

LR(s, 111) = €AIR (5, 1101) + A()AIR (5, 151) — B(SIR(s, 1) < 0.

Casell: If s=¢
RX(S+’ tl+1) - RX(S_, tl+l) < 0

A contradiction to the assumption and the result follows. O
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Lemma 5.3.2. The solution U(x, t,,1) of semidiscretized problem (5.3.1)) satisfies

G
Gt < max {10, " wa,nif, ve o
G
Pl’OOf Let Yi(x, t.1) = —max<|U(0, t[+1)|,u,|U(1,tl+])|} + U(x,t,1). Note that
(0

Y*(x,t,1) < 0for x € {0, 1}. Moreover,
Casel: If xe QU Q*
Ly Y*(x, t141) €Yi.(x, t) + a(0)Y (X, t141) — b(Ax)Yi(X, f11) = Y (X, t41)

n G
b(x)max{|U<o,t,+1>|, IS

gt |U(1,f1+1)|} + Ly U(x, t41) > 0.

Casell: If x =c
[Yy1(e, ter) = £[U(e, t141) 2 0.
The required result follows from Lemma[5.3.1] O

From [166], it follows that ||L¢,

Moreover, it is easy to follow that the local truncation error satisfies |les|lo < C(Af)%.

.. < C and the stability of the method is immediate.

Combine local error estimates to obtain the following estimate for the global discretization

error (E)).

Lemma 5.3.3. The global discretization error E, at the Ith time step satisfies
|E1]|, < CcAr

where the constant C > 0 is independent of € and At.

As a result, uniform convergence is achieved using the temporal semidiscretization
process. To get sharp bounds on the solution of the semidiscretized problem (5.3.1)), we
express U, as a sum of smooth component V;,; and singular component W, |, writing

Ui+ = Viy1 + Wi . Furthermore, the smooth component Vi, takes the form
V(X t141) = Vo(x, t141) + €Vi(x, t1) + € Va(x, 1),
where Vi (x, ;1) is the solution of the reduced problem

a(X)AH(Vo)(x, tre1) — D) Vo(x, 1141) = G(x, 1141), x € QU Q*,
Vo(0, t111) = ri(ti41),

Vi(x, ti41) satisfies

(5.3.2)

a(O)AL V) (x, t131) — DOYVI(x, t11) = =(Vo) (X, 1141), x € Q™ UQF, (53.3)
Vi(0,141) =0, o
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and V,(x, t;,) satisfies

L Vo(x, t101) = =(VD) X, 1141), x € Q™ U QT
(5.3.4)
V20, 1111) = 0, Vo(1,1141) = 0.
Thus, the smooth component V,,; of U, satisfies
L%V(x, t1) =G(x, t), xe Q™ U QY 0<I<K-1,
V(0, t141) = ri(t1),
V(e t11) = Vo(c™, tip1) + €Vi(¢, f101) + € Valc™, t41), (5.3.5)

V(e ti1) = Vo(c¥, trr) + €Vi(ch, t1) + €Va(ct, 1),

VA, 1) = ().

The singular component W, of U, on the other hand, satisfies

LW, t,1) =0, xeQ UQY, 0<I<K-1,
W(,t,1) =0, W(l,1,,) =0, (5.3.6)
[W(e, ti:0)] = =[V(e, )], [Wale, ti)] = =[Vile, t11)].
Lemma 5.3.4. Let V(x, t111) be the solution of (5.3.2)-(5.3.5) and W(«x, t,11) be the solution
of (5.3.0). Then, for each integer 0 < g < 3 and x € (0, 1)
IV(x, t)ll < C, IV, t)llpye < CET9,
ILV(e, t1: D11 IVa(e, 2D TV an(es )]l < C
m), xe{0juQ,

€
—a(x —c)

€ ‘exp (

IW(x, t11)] <
€ exp(

), xe QT U{l}.
€

Proof. Apply the arguments given in [[77] to each of the subinterval Q™ U Q* separately,

and the proof follows. O

5.4 The Space Discretization

5.4.1 Mesh Description

The solution to the problem (5.2.1) exhibits a strong interior layer in the neighbour-
hood of x = ¢ [77]. Thus, we construct a mesh I'y that condenses the points around
x = c¢. For that, we use the Bakhvalov-Shishkin mesh to discretize the domain in the

spatial direction. Let 7, and 7, be the mesh transition parameters defined as

1-c¢

T = min{%,ToelogN}, Ty = min{ ,T()ElOgN},
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1 —
where 19 = ? and ¢ > 3. Note thatif 7| = % and 7, = TC, the mesh is uniform. Divide
€

the spatial domain I'y into four subintervals as
I'v=[0,c—71/]U[c—T11,c]U]c,c+12]U|c+T11]. (5.4.1)

The subintervals [0, c— 7] and [c+ 73, 1] contain N/4 mesh points, each placed uniformly
such that xo = 0, xy4 = ¢—71, X354 = c+72, and xy = 1. However, the other two intervals,
[c — 71,c] and [c, ¢ + 7], have the same number of mesh points. The mesh is generated
nonuniformly by a continuous, monotonically increasing, piecewise differentiable mesh-

q)L(t)a re [Alp% ’

generating function ®(¢r) = such that

Dp(1), 1€(5.3

1 3 1 1
(DL (Z) = —lOgN, q)R (4_‘-) = IOgN, (DL (5) = O, and (DR (5) =0.

The resulting mesh reads

4(c — T)t;, i=0,---,N/4,
c + eto®(1), i=N/4+1,--- ,N/2,
X; = 5.4.2)
c + etoDp(1), i=N/2+1,--- ,3N/4,
. 3N\[{l-c-71 .
(c+7’2)+4(1— T)(TZ) i=3N/4+1,---,N,

where t; = ﬁ Leth; := x; — x;_1, i = 1,--- N denotes the mesh width. Then in the smooth

region, the width of coarse uniform mesh is

A(c —

HL=¥, =1, N/4,
h: = (5.4.3)
i 41_ _

HF%, = 3N/ N,

and in the layer region, mesh width satisfies

]’l,’ZhH.l, i:N/4+1,--',N/2—1,
hi = (5.4.4)
/’l,’ShiH, l:N/2+1,,3N/4—1

In the layer region, consider the mesh-characterising functions
1 1
_ -1 _ -1
yrty=1-4(1-N )(5 —t), and, Yx()=1-4(1-N )(z— E)’ (5.4.5)

related to @, and @ by relation ®; = logy; and ®g = —log Y, respectively. Moreover,
1 1 1
the mesh-characterising functions satisfies ¢ (Z) =N, /5% (5) =1, Yg (5) =1, and

3
Wr (4_1) = N~!. For uniform mesh 4; = h;,, := h.
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Lemma 5.4.1. The step size h; of Ty satisfies h; < CN~! fori € {1,---NJ}.

N 3N N 3N
Proof. If 1 <i < 7 and T < i < N, the proof is evident. Fori € {Z +1,--- ,—}, it

4
follows from|2.3.1|that A; < x€ and the result follows. O
0%

5.4.2 The Difference Scheme

For i > 0, a function Y;;,; and mesh width 4; the forward, backward and central

difference approximation to first-order derivatives are defined as

i Yi+1,l+1 - Yi,l+1 o Yi,l+l - Yi—l,l+1
DY = — D_ Y. = —
i+1 i
Yiovwr = Yicim
and D,Y; = . .
hivi + h;

At the same time, a difference approximation for a second-order derivative reads

2 Yieiger =Y Yigr — Yi—l,l+1)
hiv1 + h; hisi h;

D.D_Y; =

The upwind operator for problem (5.3.1) takes the form

Yi,l+1’ i:()’N’
L}V,KYi,lH = EAtD_,.D_Y,"lH + a,'AtD_YiJH - i),‘Yi’H_], 1<i< % -1, (5.4.6)
€AtD.D_Y; 1 + @ADL Y —biYipe1, ¥ +1<i<N-1L.
Moreover, the modified central difference operator L?\,  Teads
Yi,l+1’ i:07N7
LyxYim = L2 Yo, 1<i<¥ M i1<i<cN-1, (5.4.7)

1 N :
LN,KYU‘H’ T +1<i<

=

-1, ¥+1<i<

where L}, xYiio1 = €AtD.D_Yiiy + a;AtDoY; 1y — biYiss1 and Gipy = g(xi,ti) — Yis,
iefl,---,N—1}\{N/2}. The two step defect correction scheme takes the form

First Step: L\, U, =G, i€{l,--- ,N—1}\{N/2}.

i,l+1

Second Step: L}V,KUi,m = (LJIV,K - L?\,’K)U1 + G, i €{1,--- N = T)\{N/2},

Ll+1

such that
D, Uyjpis1 = D_Unpapir, L€{l,--- K =1},

Uip = (ro)i, i €{1,--- ,N},
Uips1 = )i, Lefl,--- K =1},
Uyt = (r)ngsr, Le{l,--- K -1}

(5.4.8)
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Here, U' and U represent the initial and the corrected approximation of (5.3.1), respec-

tively. Following (2.4.3)), the consistency error E of the defect correction scheme reads
E=(Lyx - Lyx) (Uni = Ul) + (Lik = L) Users (5.4.9)

where Uy, is a solution to (3.3.1) and U/

i,l+1

denotes initial approximation to (5.4.8).

Lemma 5.4.2. Let P;;; be a mesh function. If Py;.y < 0, Py <0, L}V’KPI-JH > 0,
ie{l,--- ,N=1)\{N/2}and D.Py/21+1 — D_Pnj24:1 = 0. Then P;;,; > 0,i € {l,--- ,N}

Proof. Let P;;;y = max Pj;q > 0. Then

)C,EFN,Z‘[HGFtK
D—Pi,l+l =0, D+Pi,l+1 =0, and D—D+Pi,l+1 <0.
N

CaseI: Iflsisz—l

L}V,Kpi,m = €AtD,D_P;;. + a;AtD_P;;,y — BiPi,l+1 <0.

Casell: Ifi = g
[D](Pi;41) <0, since P;zq > 0.

Case I11: Ifg+1§i§N—l

Ly xPiis1 = €AtD.D_Pi 1 + a;iAtD, Py — biPiysy < 0.

Consequently, the result follows from a contradiction. m|
Next, we establish that operators L), , and Ly, , — L} , commute.

Lemma 5.4.3. The difference operators Ly and Ly, — Ly, ., defined by (5.4.6) and
(5.4.7), satisfies

L}V,K(LJI\I,K - LJZV,K)Yi,lH = (L}V,K - L?v,K)L}V,KYi,lH
iff aisy = a; = ajyy, bisy = by = biyy and hiyy = hipy = by = hi_y.
. N
Proof. For1 <i< T observe that

(Lzlv,K - Lzzv,K)Yi,m = —a;At(D_ — Dy)Y; 4
" Athi1D.D_Y;ju1. (5.4.10)
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Apply L}V,K to (5.4.10), and if 4y = h; = hiyy = hjss, bioy = b; = by and a;y = a; = Gy,
then

LIIV,K(LZIV,K - LIZV,K)Y i+

eAtD,D._ (%‘”Azhmmb_ Yi,m) + a;AtD. (%‘”Athmmb_ Yl-,m)
b (_TaiAthmILD— Yi,l+1)

= Athi) (eAtD.D_(D.D-Yiju1) + GAD(D.D-Yy111)
~bi(D.D_Y;1.1).

If we reverse the order of the operator

4, A
(LIIV’K B LIZV’K)L}V’KYUH - TAth”lDJ’D‘ (GAID+D— Yii1 + aiAtD_Y; 0y — biYi,1+1)
= " Athy1 (€AtD.D(D.D_Yit1) + &ibtD-(D,D-Yit1)

~bi(DyD_Yip)).
Similarly, if %TN +1<i<N-1
(Lik = Lyt = @Dy = Do)Yipy = SAND.D Yigsr.  (54.11)
Apply Ly to 3.4.T1), and if h;_y = h; = hixy = hiya, bioy = b; = by, then
L}V,K(L}V,K - LJZV,K)YI',IH = €AtD,D_ (%Alhi+1D+D—Yi,l+l) + a;AtD, (%AfhmDJ)— Yi,l+1)
_l;i (%AlhmDJrD— Yi,l+l)
= Ath(eAtD,D_(D.D_Y;1.1) + GAID,(D.D-Yi(1)
~bi(DD_Y;111)).
If we reverse the order of the operator

a; A
(Liox = Ly)LyYieer = 5 Athis D,D_(eMD.D_Yijr + aAID Yo = bYir)

- %Athm (€AtD,D_(D,D_Y;111) + aAD,(D,D_Y, 1)

~bi(D.D_Y;1.1).
Hence, the required result follows. O

Let us decompose solution U;,; into regular and singular components to bound the
consistency error as

Uil,l+l = V'l,l+1 + Wil l = 09 1’ LI ’N- (5.4.12)

i J+10
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The regular component V!, is defined as

)
IA
IA

V}(xi, ti1),

lee(xia fi11)s

-1,

Vixi, tiy) = (5.4.13)

. N[ =

| =
+
p—
IA
IA

N,

which is the first approximation to the left and right of the point of discontinuity x = ¢ of
the regular component V;,; of the semidiscretized solution U, to (5.3.1)). Similarly, for

singular component, we write

N
1 W[ll(-xi’ tl+1)7 0 S l S E - 15
W (xi, ti1) = N (5.4.14)
Wi tis1), 5 +1<i<N,

such that the size of the jump |[V!(c,#,1)]| determines the amplitude of the jump
W}e(xi, tii) — WLl(xi, t1+1). Using the regular and singular components, we can bound the

consistency error within and outside the layer region. Here, VLl(xl-, ti1) and Ve(x;, t141)

satisfies
Ly Vi ) = Gxtiy), i=1,..., 5 — 1,
NKTL T . 2 (5.4.15)
V0, 1141) = Vie1(0), V] (xnj2s 1) = Vier (¢,
and
L[I\/,Kvli(xl" tl+1) = G(xi’ tl+1)a l = % + 13 e ,N - 13 (5416)
Ve(ngas tier) = Vier(¢¥), Vi, i) = Vi (D).
Similarly, W] and W}, satisfies
L]I\I,KWZI‘('xh tl+1) = 05 I = 19' ) % - 1’
LII\I’KWé(-xi9tl+]) = 07 i = % + 17” : 7N_ 17
WIIA(O’ tl+l) = Wl+l(0)’ W]]Q(N’ tl+l) = Wl+l(1)’ (5417)

Wa(xny2s tie1) + Vip(xng, 1) = Wi (Xngas ti1) + Vi (v, fi1)s

D_Wi(xnp, t1e1) + D_Vi(xny2, 1) = Da W] (xXnj2s tie1) + DV} (Xnp, 141).

Moreover, the corrected approximation Vi (x;, t141), Vr(X;, t1+1), Wir(xi, t141) and Wr(x;, t41)

satisfies
Ly Vixitin) = (Ly g = LY Vi (i t1ay) + G(xi f141), i = 1, 5 = 1, (5.4.18)
VL0, t141) = V0, 1101), Vi(xnya, 1) = Vi (Xnp2, 1),

Ly xVr(xi, t141) = (L}V’K - L?V,K)Vé(xi, fi1) + G(xi, b)), © = % +1,--- ,N-1, (5.4.19)
VR(XN/z, ti) = Vlg(xN/Za ti1), VR(xn, fie1) = Vlle(xN’ f141),
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and
L[IV’KWL(xi’ tl+1) = _LS)V’KWlll(xi’ tl+1)a l = 1’ R % - 13
L}v,KWR(Xi, fiv1) = _L?V’KW}lz(xia i), i=5+1,--- ,N—-1,
WL, t101) = Wi (1, 1111), Wr(N, 1101) = Wi(N, t141),

Wr(xns2, tie1) + VeR(Xng2, te1) = Wilxnga, fie1) + Vi(xny2, L),

D_Wgr(xn/2, t141) + D_Vg(xns2, tic1) = DiWi(xnp2, tier) + Dy Vi(xngo, tie).

Following [191]], define mesh functions on I'y = {xi}f)v as

and N
_l ah N
Qi1 =]_[(1+—"), S <isN-1

€
k=1
with the usual convention Ry = 1 and Qy = 1. It is easy to follow that

R%,m = Q%,m <CN™.

Lemma 5.4.4. For some constant C,

C N
—LY o Rip > Ry, 1<i<— -1, and
N,K i+ e+ozh,~ JU+1 )
C N
—LL 01 > ————Qip, —+1<i<N-1.
vk Qi et ol Qi+ >
Moreover, for i =5
-C
(D+Q%,l+1 - D—Rg,m) S
. ah;
PI"OOf: Since Ri,l+1 - Ri—l,l+l = _Ri,l+1 and a; < —a; £ —a,
€
—L}V,KRi,m = - (GAfD+D—Ri,l+1 + a;AtD_R; 1y — [;iRi,m)

—2aAt aAt

= (Riv1+1 = Rigs1) — ai—Ri_1 141 + biR; 14
hi + hiq €
—aAt ah; C
> —Ri—l,l+1 +a;| =2 Ri,l+1-
€ ]’li + ]’li+1 €+ (Y]’li

Fori > %, it follows that

—ahy_;

(Qi+l,l+1 - Qi,l+l) =

Qir1v1 and a; > ap 2 a.

(5.4.20)

(5.4.21)

(5.4.22)

(5.4.23)

2 10 o a o
— | eAt (_Ri+1,l+1 - _Ri,l+1) + aiAl‘(—Ri,m) —biR; 11
hioi+h; \e € €
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Hence
~LyxQir1 = - (6A1D+D—Qi,l+1 +a;AtD, Qi1 — BiQi,lH)
2 [04 [0 1% n
= —|€Ar (_Qi+1,l+1 - _Qi,l+1) + aiAt(—QiH,[H) —b;0i141
hii +hi \ € € €
—2aAt alAt A
= hi + It (Qis1i1 = Qign1) — aiTQiH,lH + b Qi1
aAt ah; C
> —O; _ el
2 6 Ql+1,l+l [al it ot |~ €+ ahy Q I+l

Moreover, if i = §

—ahy ahy ahy
(D+Q§,z+1 - D—R%,m) = ( - y N] (1 + ?)
7/ k=1

N
—2ahwy 2 _
= ( 2 ) (1 a—hk) < =< <0
€+ ahy € 1%
2/ k=1
O
If S denotes the space of grid functions sy, it follows from [74, [77] that
lIsellos < C || Liviesil], - (5.4.24)

5.5 Error Analysis

Let us next calculate the consistency error for regular and singular components sep-
arately. Then, we combine both results and find the error ||U1+1 - U,-J+1||OO. We be-
gin our analysis with the regular component. To obtain consistency error on regu-
lar component L}V,K(V(x, tis1) — V(xi,t41)), we calculate the consistency error corre-
sponding to the upwind difference scheme consisting of modified central difference
consistency error (Ly, — Ly )(V(x,71) = V'(xi,1,11)) and relative consistency error

LEV(x,11,1) = LY ¢ V(xi, 1141) separately.

Lemma 5.5.1. Let V(x,t,,,) and V'(x;,t1.1) be the regular components of the semidis-

cretized solution U(x,t,,1) and initial solution U'(x;,t..1), respectively. Then for each
x; € Iy\{N/2},

(Lyx = Ly )(VCx, t141) = V' (xi 1140)) < Ch7, i€ {1, -+ N)\{N/2). (5.5.1)
N N N 3N
Proof. Note that for 7 +1<i< 37 1 and 5 +1<i< T L}V’K = L?V’K. Hence

N N
Ly = Ly VO ti) = Vi 0)) = 0, 2+ 1 <i< = = 1,

3N

(5.5.2)
N .
(LIIV,K - LON,K)(V(X’ fiv1) — V;%(xi,lln)) =0, E +1<i< —4 .
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N
Now, for 1 <i < T assumption of Lemma|5.4.3|holds true. Consequently,

L}V,K(L}V,K - L?V,K)(VZH - Vi(xi’ t1+1)) (LJIV,K - L?V,K)lev,[((vlﬂ - Vi(xi’ t1+1))

= a; [D_ (LIIV’KVZ.H - L}V’KVL(xia tl+l))

—-D, (LJIV,KVIH - L}VKVL(XI', ll+l))]
—a;

= o (@i = 2Ly Vo

+(L11\,’KV1+1)1~_1) - ((L§Vl+l)i+1
—2(LEVL )+ (LEVi)i)]

= o | (B = LV

~LEVin), + (L Vier = LEVia),_ |-

-2 (L}V,K Vl+1

i+1

Following Lemma [2.5.1], we obtain
a —€ Xit]
v = L) Vien = Vot = ‘Z_HL (@ [ f (Ve +m -2V @©
L Xi

+VEH(E = 1)) (xiy — £)°dé - f (V& +n)
“2VENE) + Vi (€ = 1) (€ - xim)'dé)|
o[ e -2« viye - n)

X(¢& - Xi—l))‘-

An application of the fundamental theorem of calculus yields

[k (Ehk = L20) (V@ ) = Vi, wo)| < CHE (VL + [VEAIL) . 553)

N
Similarly, for 5 +1<i<N -1, it follows that

ki (L = L) (Vs 1) = Vit )| < CHE (e [Vl + IIVEAIL) - 554

Define barrier function Y;;,; := C hi(x; — 3). Next, we apply Lemma|5.4.2| with boundary

points xi, XN, X, and xy4q.

CaseI: For 1 sis%

LygYin = €D.D_Yyu +aD Y — biYi s

2e Chi(xis1 — x1)  Chi(x; — xi-1)

B hi + hiyy [ his - h;
—b;|Ch}(x; - 3)]

_ € [CHi(xm - X;) _ CH%(Xi - Xi-1)
H; H; H;
—b(CH?(x; - 3)) > CH?. (5.5.5)

] + a; [Chi(x; — xi_1)]

] +a; (CHy (x; — xi-1))
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3N
Case II: ForTsiSN—l

LyYire1 = €D.D_Yypy +aD, Y — biYip
B 2e Chi(xis1 — x1)  Chi(x; — xi_1)
B hi + hiy his h;
—b; |Ch}(xi - 3)|
€ CH,%(XM - X;) CH,%(Xi - Xi-1)
FTH - +a; (CHg (Xiy1 — X
HR[ Hx Hy a; (CHg (Xi41 — X;))

—bi(CH3(x; - 3)) > CH3. (5.5.6)

] + a; [Chi(xiy — x;)]

Therefore, for a suitable choice of constant C, from (5.5.3)), (5.5.4), (5.5.5) and (5.5.6)), it
follows that

(Lyx = Ly )(V(x, 111) = V' (x5, 1131)) < ChZ, i€ {1,--- ,NJ\[N/2}.

O

Lemma 5.5.2. The error due to the regular component V(x, t;,1) of the solution U(x, t;,1)
to the semidiscretized problem (5.3.1)) satisfies

Ch2 (E ||V(4)(xi, tl+1)||oo + ||V(3)(xi, tl+l)||oo) s

1<i<—, —+1<i<N-1,
_l_4, 4 SIS

LEV(x, tr1)i = Ly Vi ti1)] < Chy (e [VO G i), + [V,
E | % +1<is % 1,

Chin (€][VO G )|, + VO )|

l l .
2 —_ =

(5.5.7)

N 3N
Proof. For1 <i< 7 and e +1<i< N -1, it follows that

(ll’Al'
4h

C— )3
M + ||V(3)(xi, tl+l)||oo

|LON,1<(V(xi, 1) — LEV(x, l1+1))i| = ' [||V(3)(Xi’ tl+l)||oo

(x;—xi.1)’ | €At (Xie1 — x)*
X—?) 1 ] + 62 [||V(4)(Xi, tl+1)||00 el 3
L\

+ ||V(4)(xl', l‘1+1)||00 —(XI ;l_l) ]

IA

Ch? (e||V(4)(xi, f1+1)||oo + ||V(3)(Xi, tl+1)||oo)
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N N
dfor —+1<i<—-1
an or4+ sis

|L?V,K(V(xia ti1)) — LEV(x;, tl+l))i| : el
i i i+1

aiAt [ eAt
—_ f VOUE, t10)(E — xim1)dé -

X

1 Xi+1
= f VOE, tr1) (it — O2dE

hi+1
1
- VOUE )€ - xi—l)zd‘f”
1 Jxig
a;At €At
= Tl ||V(2)(xi, t1+1)||oo (x;i — xi—l)2 - m
1 (X141 — Xi)3
X E ||V(3)(~xi9 tl+1)||oo HT
1 (xi = x;-1)°
_E ||V(3)(xi, fz+1)||oo Tl]

< Chi(e||VO G ||, + VO t))) -
N 3N
M if —+1<i<—
oreover, i > +1<i< 1
CliAl il EAt
|L?V,K(V(xl‘, fi11)) — LfV(X, fz+1))i| = f VOE, 110)(€ — x)dé -
hiv1 Jy, hi+ iy
Xi+1
X - f VOUE t141)(xiey — €)°dE
i+1 Xi
1
5 f VOE, 111)(& - Xi—l)zdf”
i Jxig
= |— ||Vt i = Xio1) dE — ————
1 (Xip1 — X;)°
hi+1 || (X l+l)||o0 3
1 (x; — xi-1)°
(3)
T ||V (X, f1+1)||00 —3 |

Consequently, we have
L%k (V(xi, t141)) = LEV G, 1)) < Chis (6 VOt + VP i, f1+1)||oo)
and the required result follows. O

Lemma 5.5.3. The error due to the singular component W(x, t,.) of the solution U(x, t;,1)

and its corrected approximation W(x;, t;.) satisfies
CN D 1<i<f-1,8+1<i<P -1,
1 .
|LN,K(W(X, 1) — W(xi, fl+1))| <ACN Y2 j=N 3N

CN'e!, ¥ 41<i

IA
NIES
|
-
(5]
=
+
—_
A
A
=
|
—_
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N
Proof. For1 <i< T we may write

|L]1V,K(W(X, ti1) — Wi(x, fz+1))| = |L}V,K(W(x, ti1) — Wi (x;, tl+1))| + |L}V,K(WL1(X1', ti1)
=Wr(xi, ti)| -
Consider the first addend and the result for the second addend will follow analogously.
N
Forl<i< —
orl <i 2
|L]1V’K(W(x’ fre1) = Wi (i tl+1))| = |L11v,K(W(X, fl+1))|
deAt  4daAt
< Rivm h—lz T
< CNRi+1,l+l
< CND. (5.5.9)
N
Fori= —
or i 1
4eAt  4dalt
|L11V,K(W(xa tl+1) - WLI(XZ', t]+1))| < Ny 7 _ 7
< CNT97. (5.5.10)

N
Similarly, for 1 <i < 7

|L}V,K(W£(xi, fi1) — Wi(x, f1+1))| |L11V,KWL(XI', ll+1)| = |L?V,KWL(xi, f1+1)|

deAt 2aAt
< Riim h_lz T
< CN YD, (5.5.11)
N
Fori= —
LY kW G tr0) = Wi 10)| = L Wi G 11| = 0. (5.5.12)
Hence

|LL kW, t11) = Wi (xi 112))] < Ty (5.5.13)
Y
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N N
Also,forz+1§i<§

1 1 X1
|L11v,K(W(x’ t1) — Wilx;, lz+1))| = €At (— W(3)(§-‘)(x,-+1 - f)zdf

hi + hicy \hic1 Jy,

+iAf_—
‘ [h

i

1 [
T f W) —xi_l)df)

x f WOEE - x,-_odf]

Ce! —ac ax; ahiyy
< exp (—)exp (—) exp
2a € € 2e
. Cl’h,q.l ahi . ozhi
smh( e )+ exp (2—6) Smh(Z_e))
< Ce'NTL (5.5.14)

Moreover, for g +1<i< 3TN we obtain

CN- @D, g+1sis 3—N—1,

Ly kW, 1) = Wi, 11)] < w4 (5.5.15)
CN~@2, = o

9

andfor?iTN+lsi$N—1

|L11V,1<(W(x,fz+1)—WL(Xi,f1+1))| = €At

1 1 Xi+1
WOE) (xia1 — £)d
T (hH1 WO - e

1 [
o f LARIEII3 —xi-l)dé‘")

-1
+ a;At| —

i+1

X f W& E - x)dé| < Ce !N (5.5.16)

The required result now follows from (5.4.14). O

N
Lemma 5.54. For i = X the solution U(x,t.1) to (5.3.1) and its approximation

U(x;, ;1) satisfies
Ch;
|((Dy = D)(U(x;, t141) — U(x, ti01)| < =
Proof. Consider

(D = D)(U(xis t111) = U, 11:0))) [(D+ = D)(U(x, t11))

d*U(x,t
< ch max |EYI)
xe(0,1)U(1,2) dx?
Ch
< —.
2
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Lemma 5.5.5. The solution U(x, t;,1) and its corrected approximation U(x;, t;11) over I'y

satisfies
IUx, t141) = Uxi te)lle < CN72, i €40, 1, NN\ {N/2}. (5.5.17)

Proof. The result follows from Lemma [5.5.1, Lemma [5.5.2] Lemma [5.5.3] and (5.4.24).

O

We are now able to state the main result of this section, the principle convergence
theorem. The proof of which follows immediately from Lemma|[5.4.1 Lemma|[5.5.4] and
Lemmal5.5.6

Lemma 5.5.6. Let u be the solution of (5.2.1) and U(x;, t;41) be its corrected approxima-

tion on TX x T'y. Then

lu(x;, trs1) — Uxi, tre1)| < C (At + N‘z). (5.5.18)

5.6 Numerical Results

In this section, we examine the performance of the proposed method and numerically ver-

ify the theoretical estimates. We consider three test problems for numerical computations.
Example 5.6.1. Consider the following singularly perturbed parabolic problem

€y, + a(X)u, —u—u;, = g(x, t), (x,1) €(0,1)x(0,1],
u(x,0) =0, xe€[0,1],
w0, =0, u(1,t) =0, t € [0, 1],

where

-1, 0<x<0.5, 21+ x)*, 0<x<0.5,
a(x) = and g(x,t) =
I, 05<x<1, 31+ x)%, 05<x<1.

Example 5.6.2. Consider the following singularly perturbed parabolic problem

€Uy, + a(X)u, — Su, = g(x, 1), (x,1) € (0,1) x (0, 1],
u(x,0)=0, xe€[0,1],
u0,0) =0, u(l,n =0, re[0,1],

-2, 0<x<0.5, 2x exp(—1)t? 0<x<0.J5,
a(x) = and g(x,t) =
3, 05<x<1, 2(1 = x)exp(-=t)?, 05<x<1.
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Example 5.6.3. Consider the following singularly perturbed parabolic problem [192]]

€y, + a(Xu, —u, = g(x, 1), (x,1) € (0,1)x(0,1],
u(x,0)=0, xe€[0,1],
u(0,0) =1, u(l,1) =0, t€[0,1],

where

2xt 0<x<0.5,
and g(x,t) =

2(1 = x)e,

-1, 0<x<0.5,
a(x) =

I, 05<x<1, 05<x<1.

Table 5.1: Maximum absolute error (EN,K) and order of convergence (PN,K) for Example

when K = N.

€ N=32 64 128 256 512
1072 1.20142e-02  3.70899e-03 1.14397¢-03  3.53190e-04 1.10280e-04
1.695 1.696 1.695 1.679 1.682
107%  1.55921e-02  4.80274e-03 1.50387¢-03 4.72108e-04  1.46902¢-04
1.698 1.675 1.671 1.684 1.671
107 1.561105e-02 4.81489e-03 1.50662¢-03 4.75420e-04 1.47612¢-04
1.697 1.676 1.664 1.684 1.672
1078 1.56231e-02 4.81501e-03 1.50679e-03 4.78193e-04 1.47822¢-04
1.698 1.675 1.655 1.693 1.671
10719 1.56240e-02 4.81502e-03 1.50680e-03 4.79220e-04 1.48155e-04
1.698 1.676 1.652 1.693 1.673

Table 5.2: Maximum absolute error (£ ~.x) and order of convergence (ﬁN’ k) for Example

when K = N2.

e=2x1072 e=2x107
N Eyk Py k Enk Pyk
32 1.37311e-02 1.871 1.69840e-02 1.878
64  3.75390e-03 1.913 4.61863e-03 1.912
128 9.96179e-04 1.884 1.22692e-03 1.895
256  2.69749e-04 1.903 3.29738e-04 1.904
512 7.21204e-05 1.896 8.81049¢-05 1.889
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Table 5.3: Maximum absolute error (£ ~.x) and order of convergence (f’N,K) for Example

@when K =N.

€ N=32 64 128 256 512
1072 1.01220e-04 2.88103e-05 8.51976e-06 2.52150e-06  7.62419e-07
1.812 1.757 1.756 1.725 1.745
10*  1.21177e-04 3.57103e-05 1.10398e-05 3.22857e-06  9.72216e-07
1.762 1.693 1.773 1.731 1.710
107 1.21388¢-04 3.57840e-05 1.11228e-05 3.31829¢-06  9.72831e-07
1.762 1.685 1.745 1.770 1.725
1078 1.21390e-04 3.57847e-05 1.11235¢-05 3.37215e-06 9.731693e-07
1.762 1.685 1.721 1.792 1.724
10719 1.21390e-04 3.57847e-05 1.11236e-05 3.37216e-06 9.73351e-07
1.762 1.685 1.721 1.792 1.724

Table 5.4: Maximum absolute error (£ ~.x) and order of convergence (f’N,K) for Example

when K = N2

e=2x1073 e=2x107°
N Eyk Py Eyk Py
32 1.78479e-04 1.945 1.81191e-04 1.938
64  4.63295e-05 2.025 4.72589e-05 1.997
128 1.13821e-05 1.974 1.18351e-05 1.991
256 2.89721e-06 2.086 2.97721e-06 2.090
512 6.82193e-07 2.010 6.99263e-07 1.998

Test examples are solved using an implicit Euler scheme over a uniform mesh in
time and a defect correction scheme over a Bakhvalov Shishkin mesh in space. The max-
imum absolute error and order of convergence are calculated and tabulated in tables. For
Examples[5.6.1},[5.6.2|and [5.6.3|the maximum absolute error and order of convergence are
tabulated in Tables 5.3|and [5.6for N = K. Tables[5.2| and [5.4] present the maximum

absolute error and order of convergence for N = K? and justify the spatial order of con-

vergence. Table compares the results obtained using the proposed defect correction
method over Bakhvalov-Shishkin mesh in space and an implicit Euler method in time
with the hybrid method over shishkin mesh in space and backward euler scheme in time
[192]]. Besides, Table [5.5| presents a comparison of maximum absolute error obtained

using the defect correction scheme over a variety of adaptive meshes developed in the
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Table 5.5: Comparison of maximum absolute error (E ~.x) and order of convergence (f'N, &)

for Example @when K = N using proposed method on various layer adapted meshes.

€ N=32 64 128 256
Vulanovic-Improved 1072 6.35976e-03 2.55314e-03 1.14821e-03  4.93341e-04
Shishkin mesh [166] 1.316 1.152 1.218 1.231
107°  6.37231e-03 2.58429¢-03 1.15724e-03  4.96327e-04
1.302 1.159 1.221 1.229
Shishkin 1072 1.24896e-04 4.96582e-05 2.14383e-05 9.13216e-06
mesh [158]] 1.330 1.211 1.231 1.250
107 1.30943e-04 4.99312e-05 2.16539¢-05 9.13583e-06
1.390 1.205 1.246 1.256
Bakhvalov-Shishkin 1072 1.01220e-04 2.88103e-05 8.51976e-06 2.52150e-06
mesh 1.812 1.757 1.756 1.725
107 1.21388e-04 3.57840e-05 1.11228e-05 3.31829¢-06
1.762 1.685 1.745 1.770

literature. Numerical solutions are plotted in Figures [5.1) and [5.3| for Examples [5.6.1] and
5.6.2] respectively. Numerical solutions at fixed time levels are plotted in Figures [5.2] and
5.4l Aditionally, log-log plots for errors are shown in Figures [5.5| and [5.6| for Examples

5.6.1and [5.6.2] respectively.

5.7 Conclusion

A higher-order defect correction method was proposed to solve singularly perturbed
parabolic differential equations with discontinuous coefficients over a Bakhvalov Shishkin
mesh. The method combines the stability of the lower-order scheme with the convergence
of the higher-order less stable scheme and results in a higher-order stable scheme. The
method yields highly accurate results for singular perturbation problems avoiding preva-
lent numerical oscillation in the numerical approximation and is independent of pertur-
bation parameters. We have shown theoretically that the proposed method is first-order
convergent in time and second-order convergent in space. Moreover, numerical illustra-
tions are presented for two test examples that demonstrate the efficiency of the scheme.

Convergence obtained numerically agrees with theoretical predictions.



5.7 Conclusion

115

Table 5.6: Maximum absolute error (E v.x) and order of convergence (IA)N, k) for Example

@whenl{ = N.

€

N=32

64

128

256

102

10~

107°

1078

10—10

3.06504e-03
1.583
3.59544e-03
1.623
3.60099¢-03
1.597
3.60104e-03
1.596
3.60105e-03
1.596

1.02247e-03
1.603
1.16685e-03
1.654
1.19035e-03
1.641
1.19083e-03
1.634
1.19102e-03
1.629

3.36363e-04
1.609
3.70748e-04
1.643
3.81538e-04
1.666
3.83561e-04
1.666
3.84925e-04
1.667

1.10253e-04
1.673
1.18631e-04
1.652
1.20173e-04
1.631
1.20825e-04
1.658
1.21152e-04
1.642

Table 5.7: Comparison of maximum absolute error (Eyx) and order of convergence

(f’N, k), for example

5.6.3, using the proposed method and results in [192].

Results in [[192]] Proposed method
N e=107 e=10"1 e=107° e=10"1
32 9.9736e-03 9.9737e-03 3.6004e-03  3.6010e-03
1.279 1.279 1.605 1.596
64  4.1094e-03 4.1095e-03 1.1832e-03  1.1910e-03
1.220 1.220 1.664 1.629
128 1.7641e-03 1.7641e-03 3.7836e-04  3.8492e-04
1.094 1.095 1.659 1.667
256 8.2587e-04 8.2580e-04 1.1973e-04 1.20176e-04
1.057 1.057 1.642 1.641
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Figure 5.1: Numerical solution to Example [5.6.1|with K
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64 and e =2 x 1077,
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Figure 5.3: Numerical solution to Example |5.6.2| with K
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Figure 5.5: Error plot for Example [5.6.1|for different values of e.
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Figure 5.6: Error plot for Example |5.6.2| for different values of e.




Chapter 6

Conclusions and Future Scope

6.1 Summary

This chapter summarises the thesis’s primary accomplishments and outlines potential fu-
ture research directions with possible extensions of the current work. As simple upwind-
ing yields only low accuracy, it is natural to look for higher-order alternatives. This thesis
contributes to developing higher-order numerical methods for analysing singularly per-
turbed convection-diffusion boundary value problems. The numerical method combines
a high-order defect correction method based on finite difference approximations with the
adaptive mesh refinement strategy to capture the layer behaviour of the solution. The
following are some of the thesis’s major contributions and important results.

Chapter 2 presents and analyses a higher-order defect correction method to solve
a class of singularly perturbed convection-diffusion boundary value problems. The nu-
merical method involves the combination of a first-order upwind difference scheme with
the classical central difference method over a non-uniform polynomial Shishkin mesh.
The mesh is generated using a mesh-generating function in the layer part and divided
uniformly elsewhere. The theoretical and numerical analysis for the proposed method
confirms the parameter uniform convergence of order two. The results obtained using
the proposed method over the polynomial-Shishkin mesh are superior to other adaptive
meshes in the literature and spline collocation methods. Thus, the numerical experience
with standard finite difference methods on layer-adapted meshes reveals that the proposed
method yields uniformly stable, inverse monotone and highly convergent approximations.

Chapter 3 solves a class of singularly perturbed convection—diffusion problems with
discontinuous coefficient and point source. A defect correction scheme consisting of an
upwind difference scheme and central difference scheme at all mesh points is proposed to

solve the problem. A non-uniform Bakhvalov-Shishkin mesh is considered to discretize

119
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the domain. A robust a posteriori error estimate in the maximum norm is derived. It
provides computable and guaranteed upper bounds for the discretisation error. The er-
ror estimates of the proposed numerical method satisfy parameter uniform second-order
convergence. Numerical experiments complement our theoretical results.

Chapter 4 presents a higher-order numerical method to solve a class of singularly
perturbed parabolic convection-diffusion problems with a large shift. The numerical
method involves a defect correction scheme on a layer-adapted Shishkin mesh in space
and a backward Euler method in time on a uniform mesh. The proposed numerical method
is analysed for consistency, stability and convergence. Extensive theoretical analysis is
performed to obtain consistency and error estimates. The error estimates of the proposed
numerical method satisfy parameter uniform second-order convergence in space and first-
order convergence in time. The rigorous numerical analysis of the proposed method on a
Shishkin class mesh establishes the supremacy of the proposed scheme.

Chapter 5 proposes a higher-order numerical scheme to solve a class of singularly
perturbed parabolic convection-diffusion problems with discontinuous convection coeffi-
cient and source. A defect correction scheme is used on a Bakhvalov-Shishkin mesh in
space, while a backwards-Euler scheme is used on a uniform mesh in the time variable.
The proposed method is unconditionally stable and converges uniformly, independent
of the perturbation parameter. The error analysis indicates that the numerical solution
is parameter-uniform second-order convergence in space and first-order convergence in
time. The comparison of the results of the proposed method on a priori chosen Shishkin
mesh, Vulanovic-Improved Shishkin mesh, and the Bakhvalov-Shishkin mesh corrobo-

rates the optimal accuracy of the proposed scheme.

6.2 Future Scope

The thesis is primarily concerned with the development and use of extremely accurate
adaptive numerical methods for a wide range of singularly perturbed convection-diffusion
problems. The use of the defect correction schemes to layer-adapted meshes results in
higher-order convergence. In this section, we describe some of the interesting problems
to which the thesis’s approach/idea can be extended. It might be interesting to think about

the following problems for future work.

e Using the defect correction scheme, we can possibly extend the analysis to find

the solution of the following coupled system of singularly perturbed parabolic
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convection-diffusion problems

- O au  Jud 5
Lu(x,t) = _GW + A(x, t)a + ar + B(x,t) = g(x,0), (x,1) €S =(0,1)x(0,7),

T (x,0) = do(x), x€[0,1],
70,1 =0, re[0,T],
W(,0=0, t€[0,T].

Here T > 0, & = diag(e, &) is a diagonal matrix with small perturbation param-

eters 0 < €,6 << 1, A = diag(a;(x),a(x)), B =
21 b»

b b
! ”},—u’:(ul,uzfand

G = (g1,92)". These types of problems can be traced in modelling various phys-
ical phenomenon, particularly in the field of electro analytical chemistry, predator
prey population dynamics, modeling of optimal control situations and resistance-

capacitor electrical circuits.

It will be interesting to extend the analysis of the defect-correction method for 2D
problems. Consider the following class of 2D time dependent singularly perturbed

convection-diffusion problems with turning points

Lu=%+ (L) + Ly()u =g, (x,z,1) € Dx (0, T],
u(x,z,0) = f(x,2), (x,2) € D,
u(x,z,t) =0, (x,z,t) € 0D x [0,T],

where D = (0, 1)*> and the operators L;, i = 1,2 and defined by

2 A
Li(0) = —el5 + ay(x, 2,0 % + ki (x, 2, 1),

2 A
Ly(1) = €5 + ay(x, 2, D)2 + ka(x, 2, 1).

Here 0 < € << 1 is perturbation parameter, reaction term k;(x, z,7) > 0 fori = 1,2

convection coefficients and given by

a1(x,z,1) = =(x = 3)ay(x, 2, 1),

& (x,2,1) = —(2 = 3)ax(x, 2, 1),

with a; and a, such that a;(x,z,7) > @; > 0 for i = 1,2 both components of the
convective terms has a simple turning point which is located at x = % for the first
component and at z = % for the second one. Such type of problems appears in
many fields of applied mathematics and enginnering including hydrodynamic dis-
persion process, pollution control, soil physics, bio-physics, petroleum engineering

and chemical engineering.
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e The proposed method can be extended to solve the time-dependent singularly per-
turbed problem involving a fractional-time derivative with initial-boundary condi-

tions on a rectangular domain § = (0, 1) x (0, T']

Lu=9D!+Lu=g(x1), (x,t) €S,

u(x,t) = Ky, (x,t) eI, =[0,1] x {0},

u(x,t) = K@), (x,) el ={(x,0) : x=0,0<r< T},
ulx,n) = K., (x,)el’, ={(x,0): x=1,0<t<T}.

Here L.u = —eu,, + a(x,t)u, + b(x, Hu(x,t), 0 < € << 1 is small perturbation pa-
rameter and S = S UT. The operator D? is the Caputo fractional derivative of order
a € (0,1). The coefficients a(x,t) and b(x, t) are assumed to sufficiently smooth.
These type of problems model various physical phenomena such as complex sys-
tems, including electric conductance of biological systems, glassy and disordered
media, anomalous diffusion transport, signal processing, fluid flow in porous mate-

rials, acoustic wave propagation in viscoelastic materials, and signal processing.
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