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Abstract

In this thesis, we develop accurate and computationally efficient spectral collocation-based methods,
both modified and new, and apply them to solve differential equations. Spectral collocation-based
methods are the most commonly used methods for approximating smooth solutions of differential
equations defined over simple geometries. Procedurally, these methods entail transforming the gov-
erning differential equation(s) into a system of linear algebraic equations that can be solved directly.
Owing to the complexity of expanding the numerical algorithms to higher dimensions, as reported
in the literature, researchers often transform their models to reduce the number of variables or
narrow them down to problems with fewer dimensions. Such a process is accomplished by making
a series of assumptions that limit the scope of the study. To address this deficiency, the present
study explores the development of numerical algorithms for solving ordinary and partial differential
equations defined over simple geometries. The solutions of the differential equations considered are
approximated using interpolating polynomials that satisfy the given differential equation at se-
lected distinct collocation points preferably the Chebyshev-Gauss-Lobatto points. The size of the
computational domain is particularly emphasized as it plays a key role in determining the number
of grid points that are used; a feature that dictates the accuracy and the computational expense of
the spectral method. To solve differential equations defined on large computational domains much
effort is devoted to the development and application of new multidomain approaches, based on
decomposing large spatial domain(s) into a sequence of overlapping subintervals and a large time
interval into equal non-overlapping subintervals. The rigorous analysis of the numerical results con-
firms the superiority of these multiple domain techniques in terms of accuracy and computational
efficiency over the single domain approach when applied to problems defined over large domains.
The structure of the thesis indicates a smooth sequence of constructing spectral collocation method
algorithms for problems across different dimensions. The process of switching between dimensions
is explained by presenting the work in chronological order from a simple one-dimensional problem
to more complex higher-dimensional problems. The preliminary chapter explores solutions of or-

dinary differential equations. Subsequent chapters then build on solutions to partial differential



equations in order of increasing computational complexity. The transition between intermediate
dimensions is demonstrated and reinforced while highlighting the computational complexities in-
volved. Discussions of the numerical methods terminate with development and application of a
new method namely; the trivariate spectral collocation method for solving two-dimensional initial-
boundary value problems. Finally, the new error bound theorems on polynomial interpolation are
presented with rigorous proofs in each chapter to benchmark the adoption of the different numerical
algorithms. The numerical results of the study confirm that incorporating domain decomposition
techniques in spectral collocation methods work effectively for all dimensions, as we report highly
accurate results obtained in a computationally efficient manner for problems defined on large do-
mains. The findings of this study thus lay a solid foundation to overcome major challenges that

numerical analysts might encounter.
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Chapter 1

Introduction

1.1 General Brief on Differential Equations

Differential equations, both ordinary and partial, are fundamental in modelling problems in science,
economics, and engineering [1]. For instance, differential equations find application in the mass-
spring-damper system and in checking the stability of the system. The study of simple harmonic
motion, population dynamics, the spread of disease, and exponential growth; and decay, all lead
to differential equations. In engineering, we often encounter differential equations in the field
of fluid dynamics, which has direct application in the design of containers and funnels, in heat
conduction analysis applied in the design of heat spreaders in microelectronics, and in combined
heat conduction and convection on which the design of heating and cooling chambers is dependent
[2]. Rigid-body dynamic analysis, among other physical applications, also relies on solutions to
differential equations. In economics, differential equations assist in finding optimal investment
strategies. When studying such systems, researchers attempt to find formulas that connect a
dependent variable to one or more independent variables to describe the system’s behaviour at any
given instant, based on prescribed initial and boundary conditions. The complexity involved in
obtaining the solution to differential equations increases as one moves from ordinary to the partial

differential equations, with well-known difficulties encountered in the case of a nonlinear problem

3].

Solving a differential equation involves, primarily, finding a self-contained formula that satisfies
the differential equation. However, this is only possible for a few classes of problems, notably the
linear ones [4]. There exist analytical methods for solving differential equations, and the choice
of a suitable method depends on the nature of the problem at hand. For linear parabolic partial

differential equations (PDEs) with constant coefficients, the method of separation of variables



can be used to solve them; it is based on the assumption that the solution can be expressed as
a product of two terms, each depending on a single parameter. The method of characteristics
(similarity transformation method), involves finding a characteristic curve that reduces the PDE
to an ordinary differential equation (ODE), or simply transforming the PDE to an equivalent
PDE that is easier to solve. The integral transform method and method of change of variables
seek to transform the original PDE to a simple one [5]. It is, nevertheless, difficult to obtain
closed-form solutions of nonlinear differential equations. In most cases, only approximate solutions
(either analytical or numerical) can be expected. Over the years, perturbation methods have
dominated analytical techniques for studying weakly nonlinear problems in science, engineering,
and technology [6]. However, the dependence of perturbation methods on small values for physical
parameters makes them inflexible, thereby limiting their applications, [7]. The limitations of over-
dependence on the existence of a small parameter were solved by the development and introduction
of semi-analytic techniques with the aim of broadening the scope of real-life applicable problems

that could be solved.

Examples of semi-analytic techniques developed for solving differential equations are the series
expansion methods, which include the Adomian decomposition method (ADM) used by Somali
and Gokmen [8] to solve nonlinear Sturm-Liouville problems and the homotopy analysis method
(HAM) of Liao [9]. Unlike the perturbation based techniques, the ADM and HAM are independent
of a physical parameter being small, so giving such methods more flexibility. Another semi-analytic
method that has featured in the solution of nonlinear differential equations is the variational iter-
ation method used by He [10]. The variational iteration method was also applied by Abdou and
Soliman [11, 12] to solve a large class of nonlinear problems, which yielded approximations that
converged rapidly to accurate solutions. Despite the rigorous research in developing the analytic
and semi-analytic methods of solution, their application is also limited in that it excludes the most
practical models. Such models are represented by strongly nonlinear differential equations, for

which only numerical methods give approximate solutions to a certain degree of accuracy [13].

Traditional numerical methods of solution for differential equations are based on the finite
element and the finite difference methods [14]. The finite element methods, on the one hand, seek
to eliminate the differential equation completely, in cases where the problem is time independent,
or to transform the PDE to a system of ODEs, which are then integrated numerically using well

known standard techniques such as Runge-Kutta methods and Euler’s method [15]. The finite



difference methods, on the other hand, approximate the derivatives using finite difference equations.
Although the finite difference based, methods are applicable to a wide range of problems, including
complex nonlinear PDEs where other numerical methods fail, they have the disadvantage that they
require many grid points to achieve sufficient accuracy in the results and so are not computationally
efficient. The challenge of accuracy and increased computational time are attributed, respectively,
to the low order interpolating polynomials used to approximate the solution of the differential
equation and to the large-sized matrices associated with the use of many grid points, Ward [16].
Recent advances on the development of numerical methods focus on the use of spectral based
collocation techniques, which have been demonstrated by Hussaini et al. [17] to yield very accurate

results with few grid points in a computationally efficient manner.

1.2 Spectral Collocation-Based Methods

In the spectral collocation-based methods, the solution of differential equations is approximated by
a linear combination of a finite number of basis functions. The basis functions chosen can be of a
polynomial kind for non-periodic problems, Fourier basis for periodic problems or rational functions,
according to Davis [18]. In the solution process, one seeks to derive the formula that relates the
spectral coefficients of the function being approximated with its derivatives. The approximating
functions are substituted in the differential equations and then evaluated at selected grid points
in a process known as collocation, see Dehghan and Izadi [19]. The equations resulting from the
discretized differential equation, coupled with those from prescribed conditions at the collocation
points, translate into a linear system that can be solved directly in Mathematica, MatLab or any
other mathematics application that supports matrix computation. Many spectral collocation-based
methods have been developed to solve differential equations. They differ in several ways. Firstly,
they differ in terms of the type of the differential equations they can be applied to solve, either
ODEs or PDEs, both linear and nonlinear. They differ in terms of the strategies that are used to
simplify the nonlinearity in the differential equations and procedures by which the approximating

functions are constructed.

Examples of these spectral based collocation methods for solving ordinary differential equa-
tion include, among others; the spectral homotopy analysis method (SHAM), successive local lin-
earization method (SLLM), spectral relaxation method (SRM), and the spectral quasi-linearization

method (SQLM). Motsa et al. [20] used the SHAM to solve a system of second-order nonlinear



ODEs that describes Darcy-Brinkman-Forchheimer equation for a fully developed steady fluid flow
in a horizontal channel filled with a porous medium. The SHAM was found to be more efficient and
converged faster than the standard homotopy analysis method, that had been previously proposed
by Liao [21]. The successive linearization method was applied by Motsa and Shateyi [22] to solve
second order singular initial and boundary value problems of the Lane-Emdem type. Motsa [23]
reported the SLLM and used it to solve a system of highly nonlinear boundary layer flows with
exponential profiles. The SQLM and SRM were used by authors in [24] and [25], respectively, to
solve systems of nonlinear ordinary differential equations. Both the SRM and SLLM decouple the
system of equations and solve them iteratively using the updated solution in any equation immedi-
ately when computing the solution in the subsequent equations, whereas the SQLM linearizes the
system of equations globally and solves all as a coupled system. It is worth noting that the primary
difference between the SRM and the SLLM is that in the SRM the nonlinear terms in the differ-
ential equation are evaluated at the previous iteration, whereas in the SLLM the nonlinear terms
are linearized using the Gauss-Seidel approach. A new numerical method was proposed by Motsa
et al. [26] in order to extend the application of the enumerated spectral based collocation meth-
ods to solutions of PDEs. This new method is termed the bivariate spectral collocation method.
The method uses the spectral collocation on the time variable to first reduce the problem to an
ODE, after which the spectral collocation is applied in the space direction giving systems of linear
equations, which are easier to solve. The method was first tested on evolutionary parabolic partial
differential equations and it has been adapted by Rezazadeh et al. [27] to solve different classes of
partial differential equations involving two independent variables. The spectral collocation-based
methods mentioned above rely on interpolating polynomials to approximate the solutions of differ-
ential equations. It has been observed that the accuracy of spectral collocation methods depends
on the choice of grid points and the type of basis function used in constructing the interpolating
polynomial [28]. In addition, when these spectral based methods are applied to PDEs problems
defined on a large time interval, the accuracy of the results deteriorates. As will be shown later, the
deterioration of accuracy is also noticed in cases of large spatial domains and, in some instances of
fluid flow problems where these involve very small or very large values for the Reynolds number. In
view of the accuracy of the methods depending on the type of grid points used in interpolation, and
the size of computational domains, a better understanding of the underlying theory on polynomial
interpolation will be useful in developing superior numerical methods of solution for differential

equations. First, we address the problem of polynomial interpolation and thereafter the size of the



computational domain.

1.3 Polynomial Interpolation

Polynomial interpolation is an area of research that dates back many decades. Polynomial in-
terpolation arises from the need to find an appropriate polynomial of a finite degree that closely
approximates the underlying function at some given grid points, see Ismail [29]. The interest of nu-
merical analysts is to determine to what extent this approximating function deviates from the exact
function. The error in polynomial interpolations depends mainly on the smoothness of interpolated
function, as shown by Howell [30]. The regularity of functions plays a crucial role in determining
the behaviour of higher order derivatives and, indeed, the literature reveals that the values of the
derivatives within the interval of approximation regulate the magnitude of the error in polynomial
interpolation, see Narcowich and Ward [31]. Quantifying the sizes of these polynomial interpo-
lation errors becomes very important if such interpolating polynomials are used to approximate
solution of differential equations. In consequence, Canuto et al. [32] derived the analytic expres-
sion of error bounds for univariate polynomial interpolation. The findings of their study indicate
that the errors resulting from polynomial interpolation are influenced by the choice of interpolation
nodes. In particular, the symmetrically distributed grid points have been reported to give better
interpolation features than the equispaced nodes. The theorems and proofs on analytic expressions
of error bounds for univariate polynomial interpolation using equispaced nodes and Chebyshev
nodes were given by Ghili and Taccarino [33] and the results showed that Chebyshev nodes give
the least possible polynomial interpolation error. However, this claim was challenged when Fischer
and Freund, [34] established that the best approximation is obtained from the set of interpolation
nodes which gives a Lebesgue constant close to 1. The study of Lebesgue constants for different
sets of grid points had previously been given in [35, 36]. Unfortunately, since it is impossible to
obtain the formula that explicitly defines the set of grid points that gives the best approximation,
the Chebyshev nodes presently remain the best choice of interpolation nodes [37, 38]. An exten-
sion to univariate polynomial interpolation error bound theorems and their proofs are due to the
works of Bhrawy [39] and Bhrawy and Zaky [40], who explored the analytic expression for error
bounds on bivariate polynomial interpolation. The arguments were analogous to those that had
been presented in the case of univariate polynomial interpolation. Close scrutiny of the literature

reveals that the analytic expressions for the error bounds when using Chebyshev-Gauss-Lobatto



(CGL) nodes have not yet been developed. However, as explained by Trefethen and Weideman
in [41], the Chebyshev-Gauss-Lobatto nodes have consistently been used in discretizing differential
equations using spectral collocation-based methods. This raises the question of whether there is
any pronounced difference between CGL and Chebyshev nodes and if CGL nodes would be better

than Chebyshev nodes in terms of their practical application.

In the present work, we aim to introduce theorems and proofs based on CGL nodes. In addition,
analytic expressions of the error bounds for generalized multivariate polynomial interpolation are
constructed. To the best of our knowledge, the analytical expressions for the error bound theorems
using Chebyshev-Gauss-Lobatto nodes are stated and proved here for the first time in the literature.
We remark that when the domain of approximation is large, it is a requirement that many grid
points be used to improve the accuracy of numerical approximations. However, the use of many grid
points is known to be memory inefficient and requires considerable computer time to invert the large
matrices associated with the system of linear algebraic equations being solved. The drawbacks of
using a large number of grid points are exacerbated if the underlying function being approximated
has unbounded higher ordered derivatives [42]. This feature results in large interpolation errors the
magnitude of the approximation error is dependent on the size of these derivatives over the entire
domain of interpolation. To resolve this challenge, a key strategy will be to divide the interval of
approximation into smaller sub-domains and perform piecewise polynomial interpolation on each
subinterval. This approach also creates room to reduce the number of interpolation nodes in
each subinterval while retaining excellent interpolating properties. The use of fewer grid points
reduces interpolation errors associated with ill-behaved higher ordered derivatives, such as those
evident in the Runge function (see Epperson [43]). Based on this idea, several multi-domain based
spectral collocation method approaches have been developed to solve differential equations (see [44]
and references therein). Research findings have indicated that the multidomain approaches yield
very accurate results and are computationally efficient with a small number of grid points. The
multi-domain approaches to spectral collocation methods have been applied to ordinary differential
equations prescribed as initial value problems [45]. In the multi-domain approach, the solution
of the ODE (initial value problem) is sought independently at each subdomain in time and the
approximate numerical solution computed by matching solutions along the common boundaries of
the non-overlapping subdomains. In the case of ODE formulated as a boundary value problem, non-

overlapping subdomains will not suffice due to the presence of boundary conditions that must be



imposed during each solving stage. In such a case, an overlapping grid based spectral collocation
method yields promising results for a large interval of the spatial domain [46]. As it will be
demonstrated, a non-overlapping subdomains approach is key to reducing the size of associated
coefficient matrices, whereas integrating the overlapping grids approach in spectral collocation

method introduces sparsity in the matrices, thus rendering a stable numerical scheme.

In this work, domain decomposition techniques are incorporated into existing numerical methods
of solving the differential equations to present modified spectral collocation methods, which are
applicable in solving ordinary differential equations, one-dimensional partial differential equations
of hyperbolic and parabolic type, and two-dimensional PDEs of elliptic type. The thesis is organized
in such a way that descriptions of the numerical methods are presented from the simplest to the
most complex, with theoretical results of the error bound theorems and proofs being used at
each stage to benchmark the findings of numerical simulations. Finally, a new method of solving
a partial differential equation involving three independent variables is proposed, described and
applied to solve two-dimensional initial-boundary value problems. The method shall be named the
trivariate spectral collocation method and its superiority will be improved through the integration
of a domain decomposition technique. The new error bound theorems and proofs resulting from the
incorporation of domain decomposition techniques and those emanating from trivariate polynomial
interpolation are presented here for the first time in the literature. It is worth mentioning that
the quasi-linearization method of Bellman and Kalaba [47] will be used to simplify the nonlinear
differential equations throughout the thesis owing to its fast quadratic rate of convergence. The
Lagrangian form of polynomial interpolation constructed at Chebyshev-Gauss-Lobatto points will
be used as approximating functions to the solution of differential equations. The preferable choice of
Lagrangian basis functions and Chebyshev-Gauss-Lobatto points is attributed to their convenience
in defining the spectral differentiation matrices. For the sake of clarity, we next introduce the set

of differential equations considered in this thesis.

1.4 Ordinary Differential Equations

Nonlinear ordinary differential equations that are considered in this study are boundary layer flow
problems. Three types of problems are included. The first case considered is that of steady two-

dimensional laminar flow of a viscous incompressible electrically conducting fluid over a continuous



shrinking sheet [48]. The second case is the Falkner-Skan equation which describes a two- dimen-
sional flow of incompressible fluid past a stationary semi-infinite impenetrable wedge surface with
stream-wise gradient [49], while the third case involves a boundary layer flow over the unsteady
stretching sheet in the presence of Hall effect and heat transfer over the stretching surface [50]. The
study of boundary layer flow over a stretching sheet has application in industrial manufacturing
processes such as paper and glass-fibre production, wire drawing, hot rolling, drawing of plastic
films, polymer extrusion, and metal spinning. As reported in [51], the stretching and simultaneous
heating or cooling during these processes influence the quality of the final products. The many
applications of fluid flow over a stretching sheet have led to growing research interest in it. In his
pioneering work, Sakiadis [52] developed the flow model due to a flat surface that is moving with a
constant velocity in a quiescent fluid. Sakiadis work was later extended by Crane [53] to the two-
dimensional problem of considering the surface velocity that is proportional to the distance from
the flat surface. The effect of the transverse magnetic field on the laminar flow over the stretching
sheet has also been studied by a number of researchers, such as [54] to [57]. Similarly, the bound-
ary layer flow of an incompressible viscous fluid over a shrinking sheet has received substantial
attention, due to its increasing application in engineering systems. Wang [58] first investigated the
flow over a shrinking sheet when he was working on the boundary layer flow of a liquid film over
an unsteady stretching sheet. Later, Miklavcic and Wang [59] obtained an analytic solution for
the steady viscous hydrodynamic flow over a permeable shrinking sheet. We remark that when
a strong magnetic field is present, the effect of Hall currents cannot be neglected. The study of
magnetohydrodynamics (MHD) viscous flow with Hall currents has important applications in prob-
lems of Hall accelerators as well as flight magnetohydrodynamics. With this understanding, and
with regard to external hydrodynamic flows, Katagiri [60] and Sato [61] both discussed the effects
of Hall current on the boundary layer flow past a semi-infinite plane. Pop and Soundalgekar [62]
investigated the Hall effects in the steady hydrodynamic flow past an infinite porous plate. Falkner
and Skan [63] first obtained the, so named, Falkner-Skan (FS) equation. In its general form, the
Falkner-Skan equation is a third order boundary value problem that is strongly nonlinear with no
known closed-form solution. The FS equation has been considered by a number of authors [64] to

[66] as a benchmark problem for testing the performance of newly developed solution methods.

It is worth noting that the ordinary differential equations highlighted above are strongly non-

linear and there exists an extensive body of research work invested in the study of methods of



solution for such nonlinear ordinary differential equations. For instance, Elbashbeshy and Bazid
[67] presented the similarity solution of the boundary layer equations which describe the unsteady
flow and heat transfer over a stretching sheet. An attempt to obtain analytic and semi-analytic
solutions for simple cases of boundary layer flow can be found in the work of Liao [68] and Tan
and Liao [69], respectively. In the case of flow induced by shrinking sheet, Hayat et al. [70] de-
rived both exact and series solutions describing the magnetohydrodynamic boundary layer flow of
a second-grade fluid over a shrinking sheet. The boundary layer flow problem over a shrinking
sheet was also solved using the Adomian decomposition method by Noor et al. [71]. A closed
form of analytic solution for the flow over shrinking sheet can be found in the works of Fang and
Zang [72] and Midya [73]. the homotopy analysis method (HAM) was applied by Sajid and Hayat
[74] on boundary layer flows induced by a shrinking sheet. Early attempts to solve the generalized
Falker-Skan equation that were based on traditional numerical approaches such as the shooting
method and finite differences, can be found in studies by Hartree [75], Weyl [76] and Kuo [77]. The
HAM was used by Liao and Campo [78] and Abbasbandy and Hayat [79] to solve the Blasius and
Falkner-Skan problems. To counter the limitation of normal HAM, Motsa and Sibanda [80] applied
the spectral homotopy analysis method (SHAM) to solve the Falkner-Skan equation. In this thesis,
many of the nonlinear ODEs used for numerical experimentation are defined over semi-infinite do-
mains. Before the numerical method is applied, the semi-infinite domain of approximation [0, co)
must be truncated to a finite domain [0, L]. As a rule of thumb, such a truncation should ensure
that L is sufficiently large to approximate conditions at infinity. With this in mind, Lakestani [81]
truncated the semi-infinite physical domain of the problem to a finite domain and expanded the
required approximate solution as the element of Chebyshev cardinal functions. Further, we note the
need to use many grid points when the truncated domain of approximation is large, and when the
accuracy of the approximate numerical solution must be improved. However, as mentioned earlier,
an increase in the number of grid points results in matrices that are large dense. Some large sized
matrices are also ill-conditioned, a phenomenon that leads to an unstable numerical scheme. This
challenges the extent of the reliability of the numerical results that have been presented in literature
so far; a query that we now address. The main concern of the second chapter of this thesis, is,
thus, to provide a robust numerical algorithm that can be applied to solve many nonlinear ODEs
that model physically relevant boundary layer flow problems defined over a semi-infinite domain.

Finer details about the method are contained in Chapter 2.



1.5 One-Dimensional Hyperbolic PDEs

Another class of differential equations that we sought to solve are the hyperbolic partial differential
equations, which are initial value problems [82]. These equations are highly applicable in various
branches of engineering and science [83], particularly, in mechanics [84]. Therefore their study has
generated considerable interest among researchers. With regard to numerical solutions of hyperbolic
PDEs by using domain decomposition techniques, close scrutiny of the literature indicates that
previous studies focused their approach on the application of overlapping grids on only the space
variable. The discretization has widely been performed using the spectral collocation in the space
variable and the finite difference in the time variable. Dehghan and Taleei [85] applied a method,
based on pseudo-spectral collocation, with a domain decomposition algorithm for approximating
the spatial variable in coupled nonlinear Schrédinger equations and demonstrated that such an
algorithm reduces the effect of round-off errors. Later, in [86], the same authors considered the long-
time behavior of numerical solutions for the Klein-Gordon-Schrédinger equations using a similar
approach. Kopriva [87] developed a multidomain Chebyshev spectral method for solving hyperbolic
partial differential equations using spectral collocation discretization in space and finite difference
discretization in time. A pseudo-spectral method based on the overlapping grids multidomain
technique for the numerical solution of the Sine-Gordon equation in one and two spatial dimensions
was also applied by Taleei and Dehghan in [88]. In that work, the overlapping domain decomposition
technique coupled with spectral collocation discretization was performed on the spatial variable, and
an implicit fourth-order Runge-Kutta method was adopted to carry out discretization in the entire
time variable. A substantial literature on the numerical methods of solution for two-dimensional
hyperbolic PDEs can be found in work by the authors in [89, 90] and the references given therein.
Although the overlapping grids approach that had been previously applied to space variable leads to
sparse matrices of the resulting system of linear algebraic equations, such matrices are nevertheless

large and take considerable large computer time to invert.

In Chapter 3, the bivariate spectral collocation method, that had previously been applied on
nonlinear evolutionary parabolic PDEs, is extended to obtain solutions of hyperbolic PDEs de-
fined on large time intervals, by incorporating the non-overlapping subdomains decomposition
technique. The multi-domain approach based on decomposing a large time interval into smaller
non-overlapping subintervals is adopted to solve one dimensional hyperbolic PDEs. This approach

preserves the benefits of dealing with small-sized matrices because the hyperbolic PDE is solved
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independently on each subinterval in time, so few grid points can be used in each subinterval. The
spectral collocation discretization is applied in both space and time variables and the approximate
solution of the differential equation is obtained by matching solutions from different subintervals
in time along the common boundary. In the case of nonlinear differential equations, the matching
procedure is evoked after the solutions in each subdomain converge. We aim to demonstrate that
adopting a multi-domain approach in solving such hyperbolic PDEs yields very accurate results with
notably short computer time. We remark that to the best of our knowledge, the non-overlapping
based multidomain spectral collocation methods with Chebyshev Gauss-Lobatto points have not

been applied to hyperbolic PDEs defined on large time intervals.

The hyperbolic PDEs solved herein are PDEs, both linear and nonlinear, that have been re-
ported in the literature. For simplicity in validating the accuracy of the proposed numerical method,
the selected illustrative examples are those which possess exact solutions. We emphasize that the
choice of the numerical examples was purely meant to facilitate demonstration on the usefulness of
the method and was not tied to the extent of applicability of the problems themselves. However,
a similar approach could be adopted to solve important hyperbolic PDEs that emerge in real-life
applications. The extent of the discussion of the multidomain approach in this study is limited
to only non-overlapping subintervals and is implemented for the time variable. For comparative
purposes, the hyperbolic PDEs are also solved using the single domain approach, namely, the bi-
variate spectral collocation method. The prototypical examples of hyperbolic PDEs that are solved
in this thesis include; the damped wave equation, the telegraph equation, the modified Liouville
equation, and the 1-D Phi-four equation. The first two are linear, and the latter two are nonlinear.
The damped wave equation describes the propagation of disturbances out of the region at a fixed
speed in one spatial direction [91, 92]. This wave equation finds application in areas of elasticity,
plasma physics, quantum mechanics, and general relativity. The telegraph equation originates from
Maxwell’s equation, and, for an electrical transmission line, it describes the variation of voltage
and current with distance and time [93]. The modified Liouville equation plays an important role
in biology and mathematical physics, where it describes the time evolution of the phase space dis-
tribution function [94, 94]. Finally, the 1-D Phi-four equation finds application in many areas of

physics such as plasma physics, fluid dynamics, solid-state physics, and quantum field theory [96].
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1.6 One-Dimensional Parabolic PDEs

Parabolic partial differential equations often arise in many practical problems in fields of mathe-
matical physics and engineering. Parabolic PDEs are useful in describing a wide family of problems
in science that include heat diffusion, ocean acoustic propagation and physical or mathematical sys-
tems with a time variable [97]. Examples of parabolic PDEs that are considered in this study include
the evolutionary equations that are defined as a single equation such as; the reaction-diffusion equa-
tion, the generalized Burgers-Fisher equation [98], and the generalized FitzHugh-Nagumo equation
[99]. Reaction-diffusion equations model reaction-diffusion processes in chemical kinematics, astro-
physics, and biology. The generalized Burgers-Fisher equation describes different mechanisms that
arise in the fields of financial mathematics, fluid mechanics, shock wave formation, traffic flows,
turbulence, heat conduction and transmission of sound waves through viscous media among other
disciplines of applied sciences [100]. The generalized FitzHugh-Nagumo equation [101] arises in
genetics, biology, and heat and mass transfer [102, 103]. In biology, it models the activation and
deactivation dynamics of a spiking neuron [104]. For systems of parabolic PDEs, we consider fluid
flow problems of boundary layer type. In particular, we consider boundary layer flow over a per-
meable flat plane arising from differences in concentration or material constitution in conjunction
with temperature effects. These types of flows have received much attention, by researchers, owing
to their great practical importance [105]. For instance, atmospheric flows at all scales, are driven
appreciably by both temperature and water concentration differences [106]. In addition, flow in

water bodies is driven through equally important effects of temperature [107].

Several methods have been developed and applied to solve parabolic PDEs. They include the
semi-analytical methods such as; the Tanh method [108], Adomian decomposition method [109,
110], homotopy perturbation method [111], the variational iteration method [112], and numerical
methods such as the finite difference methods [113] and the spectral collocation methods [114].
As for the problems considered in this study, in [115], Javidi studied spectral collocation method
for the generalized reaction-diffusion equation and later, working in collaboration with Golbabai
[116], the spectral domain decomposition method was applied on the same problem. Babolian [117]
gave some analytic approaches to the solution of Burgers-Fisher equation. The explicit solutions
and numerical simulations of the generalized Burger-Fisher’s equation were introduced by Kaya
and Sayed in [118]. Wazwaz [108] presented the Tanh method for the generalized Burgers-Fisher
equation which was later solved by Mickens and Gumel [119] and Khao et al. in [120] using a
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nonstandard finite difference scheme and Chebyshev-Legendre pseudospectral method, respectively.
Numerical approximations of the generalized FitzHugh-Nagumo equation also exist. One such
example is, the Hopscotch finite difference scheme, which is a fast second order differential equation
solver, that was first proposed by Gordon [121] and further developed by Gourlay [122]. Other
numerical methods that have been applied to solve the FitzHugh-Nagumo equation include the
pseudospectral method [123] and the polynomial differential quadrature method [124]. In the case
of boundary layer flows, the problem of natural convection flow from a vertical permeable plate
with variable surface temperature and species concentration was solved by Hussain and Hossain
[125] using three methods; finite differences for the entire £ region (where £ is the scaled stream-
wise variable), the series solution method for small £ and asymptotic solution method for large €.
There exists a vast literature on different methods that have been applied for numerical solutions
to boundary layer flow problems (see [126]). Close scrutiny of the literature reveals that among
the numerical methods that are available for approximating solutions of parabolic PDEs, spectral
methods (tau, Galerkin, and collocation-based) are superior, especially where the problem possesses
a smooth solution [127]. Spectral methods are advantageous in that they require a few grid points
to give accurate results and short computation time is needed to realize the results. When solving
initial-boundary value problems, the spectral collocation-based approaches are often used as they
offer a simple treatment of boundary conditions [128]. In this regard, the bivariate spectral quasi-
linearization method has been successfully applied to solve parabolic PDEs defined over small space
and time intervals. However, it has been observed that when the method is applied to solve PDE
defined over a large time interval, the accuracy deteriorates even with a large number of grid points
[129]. In view of this drawback, the utility of the method has recently improved with a new version
that is based on decomposing the time variable domain into smaller non-overlapping subintervals
[130]. In the modified approach, the PDE is solved independently at each time subinterval, and
the resultant solution to the PDE is obtained by merging the solution from different subintervals
along common boundaries. We remark that this approach disregards a large spatial domain, which

is an issue that we now address.

In Chapter 4, we introduce a new overlapping grid based multidomain bivariate spectral col-
location method for the solution of parabolic PDEs that are defined on over large space and time
intervals. We also aim to demonstrate that this multi-domain approach yields very accurate re-

sults in an appreciably short computer time. The new method is based on decomposing the space
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and time variable domains into smaller equal overlapping and non-overlapping subintervals, respec-
tively. The PDE is then discretized at each of these subintervals using spectral collocation with
Chebyshev-Gauss-Lobatto points. The overlapping in the spatial variable is done in such a way
that the first and last two nodes of the interior subintervals coincide with those of the neighbour-
ing subintervals and they remain common. Chebyshev differentiation matrices from the different
spatial subintervals are incorporated to assemble a new Chebyshev differentiation matrix for the
decomposed space variable. The PDE is solved over the entire spatial domain but independently
at each time subinterval using the continuity condition to obtain initial conditions at subsequent
subintervals. The solution of the PDE in the entire time domain is taken as the union of the solu-
tions from different time subintervals. To the best of our knowledge, the spectral collocation-based
methods with Chebyshev-Gauss-Lobatto points have not been applied simultaneously on overlap-
ping grids in space and non-overlapping subintervals in time. To further explain the performance
of the proposed method and the preferred choice of Chebyshev-Gauss-Lobatto points over other
sets of nodes, we develop new error bound theorems that govern piecewise bivariate polynomial

interpolation using CGL nodes and present their rigorous proofs.

1.7 Two-Dimensional Elliptic PDEs

Elliptic partial differential equations describe phenomena that do not change with time. They
have numerous applications in almost all areas of mathematics, ranging from harmonic analysis
to Lie theory and in physics. As reported by Fedoseyev et al. [131] and in a book on differential
equations by Polyanin and Zaitsev [132], many processes in the applied sciences have important
features of the real world phenomena which can only be modeled by elliptic equations. The resulting
nonlinear partial differential equations present mathematical difficulties [133]. The desire to find
and understand the solutions of these equations has inspired mathematicians to develop a diverse
spectrum of numerical methods for their solution, thereby giving rigorous answers to important
questions of the nonlinear world [134]. Over time, many impressive results in this area have further
motivated the introduction of superior methods of solutions. Notably, at the onset of designing a
numerical algorithm for nonlinear differential equations, the most remarkable features to consider
include the requirements of accuracy, the ease to design the algorithm and computational complexity

involved during implementation.

In the literature, there are three basic numerical approaches for solving nonlinear elliptic PDEs;
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finite differences, finite elements, and spectral collocation methods [135]. Finite difference methods
use many subdomains and calculate the discrete solution on a grid, by expanding to low order in each
subdomain. Finite difference methods are simple and the easiest to code, but difficult to work with
on complicated domains [136]. Avellaneda et al. [137] applied the finite difference method to solve
elliptic PDEs with rapidly oscillating coefficients. Later, Conca and Natesan [138] provided a better
approximation to the solution of these elliptic problems using a numerical method based on the
Bloch wave approach. Chan et al. [139] solved two-dimensional nonlinear obstacle problems using
a generalized finite difference method. There is furthermore a vast literature on the application
of finite difference methods to nonlinear elliptic PDEs in work by Jensen [140]. Finite element
methods differ in that they are based on partitioning the domain into small finite elements followed
by expansion of the solution in basis functions [141]. Finite element methods are particularly well
suited to use with irregular domains which appear in many engineering applications: however,
they are more complex to set up and analyze. Hou and Wu [142] introduced a multi-scale finite
element method for elliptic problems in composite materials and porous media. Matache et al.
[143] proposed a p-finite element method for numerically approximating the solution of nonlinear
elliptic PDEs. Spectral collocation methods approximate solutions to nonlinear PDEs on a single
domain, or a few subdomains, with higher expansion orders of the basis functions. They are
generally faster and highly accurate for problems with smooth solutions. [144] presented a pseudo-
spectral collocation-based approach to solutions of nonlinear elliptic PDEs using Chebyshev basis
functions. Yi and Wangy [145] proposed a Legendre-Gauss-type collocation algorithm for nonlinear
partial differential equations and demonstrated the high accuracy and effectiveness of the suggested

algorithms.

Multidomain spectral collocation methods originating from pioneering work of Gottlieb and
Orszag [146] have been applied to solutions of nonlinear PDEs (see for instance [147]). Despite
much attention on this subject, previous studies on the application of spectral collocation methods
with domain decomposition techniques have focused on only one-dimensional problems. Where
higher dimensional problems are involved, a suitable similarity transformation has been applied to
reduce the number of independent variables in an attempt to reduce the computational complexity
before the spectral collocation method with domain decomposition is applied [148]. By contrast,
direct application of spectral collocation methods with overlapping grids to higher dimensional non-

linear problems and in particular nonlinear elliptic PDEs emanating from heat and mass transfer,
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combustion theory and classical fluid flow problems has traditionally been viewed as problematic.
The possible reason for this reservation would be the extent of the anticipated numerical complex-
ity involved in dealing with overlapping subintervals in different spatial directions. Indeed, with a
few noticeable exceptions [149, 150], very little work has been done on adopting a purely spectral

collocation method with overlapping grids for the solution of such an important class of problems.

Chapter 5 focuses on the direct application of a domain decomposition based spectral collocation
method on two-dimensional nonlinear PDEs defined on large rectangular domains. Preliminaries
of the numerical algorithm involve breaking the large computational domain into smaller equal
overlapping subintervals on each space direction. The solution of the PDE is approximated using a
bivariate Lagrange interpolating polynomials constructed using Chebyshev-Gauss-Lobatto (CGL)
nodes. The linearized PDE is discretized on each subinterval and through careful dislodgement of
repeated equations at overlapping regions, a linearly independent system of algebraic equations is
obtained. The numerical scheme is tested using three typical nonlinear elliptic PDEs that have
been reported in the literature. These include the two dimensional heat and mass transfer equation
with a n-th order volume reaction that arise in combustion theory [151], the stationary equation of
Khokhlov-Zabolotskaya that describes different acoustic phenomena [152], and a system of equa-
tions representing the problem of heat and mass transfer effects of a steady magneto-hydromagnetic
flow of viscous, electrically conducting fluid past a semi-infinite inclined porous plate [153]. Nu-
merical simulations confirm that the overlapping grids based approach is highly accurate and com-
putationally efficient when compared to the single domain approach for the considered class of

problems.

1.8 Two-Dimensional Initial-Boundary Value Problems

Finally, despite the benefits of the spectral collocation methods, review of the literature indicates
that previous application of purely spectral collocation methods has focused on the solutions of
either or both of ordinary differential equations and partial differential equations involving two
independent variables [154]. With a few noticeable exceptions such as in [155] where spectral collo-
cation methods have been applied to obtain numerical solutions of two-dimensional time-dependent
PDEs, such has been achieved through the application of spectral collocation discretization on the

space variables and finite difference discretization on the time variable. It is well known that fi-
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nite difference methods require many grid points to yield accurate results. Their accuracy cannot
match those obtained when spectral collocation methods are applied on PDEs defined on simple
geometries if the underlying solutions are smooth. Motivated by the usefulness of incorporating do-
main decomposition technique in the spectral collocation method, we propose an overlapping grid
based multidomain trivariate spectral collocation method for solving nonlinear two-dimensional

time-dependent PDEs defined on large rectangular domains over large time intervals.

Typical examples of two-dimensional nonlinear time-dependent PDEs considered in this study
include the nonlinear PDEs given as single equations that describe the problem of unsteady two-
dimensional heat and mass transfer, firstly, in quiescent media with chemical reaction [156], and
secondly, with power-law temperature-dependent thermal conductivity [157]. The problems of
heat and mass transfer phenomena are found throughout the physical world and frequently in
the industry. For nonlinear PDEs, described as systems of equations, we consider, firstly, a case
of the coupled two-dimensional Burgers system [158] and the two-dimensional reaction-diffusion
Brusselator system [159]. The Burgers equation is a fundamental PDEs from fluid mechanics; it
occurs in various areas of applied mathematics, such as modeling of hydrodynamic turbulence,
shock waves, and traffic flow problems. It also describes the sedimentation of particles in fluid
suspensions under the effect of gravity, transport, and dispersion of pollutants in rivers [160]. The
second system of PDEs considered is the Brusselator system arising in the mathematical modeling of
chemical systems such as enzymatic reactions, and in plasma and laser physics in multiple coupling
between certain modes [161]. The Brusselator model is also evident in the formation of the ozone
layer through a triple collision of oxygen atoms. The problems considered here have exact solutions
and have been reported in the literature to be very useful in testing newly developed numerical
methods of solution for nonlinear partial differential equations that arise in the modeling of various
aspects of the real world. We, therefore, consider them appropriate to demonstrate the effectiveness

of the proposed method of solution.

Exact solutions of two-dimensional heat and mass transfer problem in quiescent media with
chemical reaction were discussed by Polyanin and Zaitsev [156]. The problem has been solved
numerically using an implicit finite-difference method by Chamkha [162]. The problem of two-
dimensional heat and mass transfer with power-law temperature-dependent thermal conductivity
was examined by Pamuk and Pamuk [157], where they obtained a particular exact solution using

the Adomian decomposition method and numerical methods for the solution of this problem can be
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found in references they cite. Burgers [158] pioneered the investigation of the mathematical proper-
ties defined by the so-named Burgers equation. Analytical solution of the unsteady two dimensional
coupled Burgers equation was first given by Fletcher [163] using the Hopf-Cole transformation. In
[164], the differential transformation method was applied to obtain the analytical solution of a
coupled unsteady Burgers equation. Numerical solution of Burgers equation is a natural and first
step towards developing methods for the computation around complex flows. The Burgers equation
has been used frequently to test new approaches in computational fluid dynamics by first applying
the new approaches to it. For instance, a numerical method based on local discontinuous Galerkin-
finite elements was analyzed in [165] to solve the two-dimensional Burgers equation. In another
instance, the local radial basis functions collocation method used to approximate the numerical
solution of the transient coupled Burgers equation was examined in [166]. The Brusellor model
has been extensively studied both numerically and analytically. For instance, Twizell et al. [167]
developed a second-order finite difference method for the numerical solution of the initial-boundary
value problems of the Brusselator model; Khani et al. [168] found exact solutions of the Brusselator
reaction-diffusion model using the exp-function method, while Biazar and Ayati [169] obtained an

approximate solution to the Brusselator system by applying the Adomian decomposition method.

In Chapter 6, a purely spectral collocation method, namely, the overlapping grids multidomain
trivariate spectral collocation method, is introduced and applied to solve two-dimensional initial-
boundary value problems defined on over large space and time intervals. The solution process
involves, firstly, the simplification of the PDE using the quasi-linearization method. Next, the
spatial domain is decomposed into a sequence of equal overlapping subintervals, and the large time
domain is decomposed into equal non-overlapping subintervals. The solution to the linearized PDE
is assumed to be a trivariate Lagrangian interpolating polynomial constructed on Chebyshev Gauss-
Lobatto points defined on each subinterval. The PDE is discretized in all space variables and time
variable using the spectral collocation method to yield a system of linear algebraic equations that
are solved iteratively. The solution of the PDE is computed simultaneously across all subintervals
in space, and independently at each subinterval in time, applying the continuity condition to obtain
the initial condition for the second to last subintervals. The proposed numerical method is then
tested using typical examples of initial-boundary value problems reported in the literature. The
accuracy of the numerical scheme is assessed by computing the absolute difference between the nu-

merical results with the exact solutions. The differences are presented and discussed in tabular and
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graphical form. Numerical results obtained using the new solution approach are compared against
those obtained using the standard single domain based trivariate spectral collocation method. Find-
ings from numerical simulations show that the current method yields highly accurate results in a
computationally efficient manner when applied to problems defined on a large time interval, large
spatial domains, and obtaining numerical approximations of solutions to the differential equation
for large parameter values. To the best of our knowledge, the spectral collocation-based method
with Chebyshev-Gauss-Lobatto points has not been applied simultaneously on overlapping grids
in two-dimensional space and non-overlapping grids in time. The new theoretical results of error

bound theorems support the findings of the numerical simulations.

In summary, the diagram given below in Figure 1.1 demonstrates the nature of the differential equa-
tions that will be encountered in this thesis. They start with one-dimensional ordinary differential

equations and progress through to two-dimensional time-dependent partial differential equations.

<

@ Transition (Time dependent processes)

Figure 1.1: Schematic representation of the nature of differential equations solved in this thesis
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Chapter 2

A Modified Spectral Collocation
Method of Solution for Ordinary

Differential Equations

In this chapter, we present an accurate and computationally efficient overlapping grid based spectral
collocation method for approximating the solutions of nonlinear ordinary differential equations.
The practical applicability of the proposed method is showcased by solving boundary layer flow
problems reported in the literature as a single equation or a system of ordinary differential equations.
The primary focus is to demonstrate that the proposed solution approach is highly accurate and
computationally efficient when applied to solve ordinary differential equations defined over large
computational domains. We conclude this chapter with a discussion of new results on error bound
theorems and proofs on univariate polynomial interpolation using Chebyshev-Gauss-Lobatto nodes
in the single domain and the overlapping grid. The numerical method described in this chapter
can be adjusted and applied to many other classes of ordinary differential equations with diverse

practical applications.
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1. Introduction

Nonlinear ordinary differential equations that are considered in this paper are boundary layer
flow problems and include the cases of, firstly, the steady two-dimensional laminar flow of a viscous
incompressible electrically conducting fluid over a continuous shrinking sheet [1], secondly, the
Falkner-Skan equation which describes a two-dimensional flow of an incompressible fluid past a
stationary semi-infinite impenetrable wedge surface with stream-wise gradient [2] and thirdly, a
boundary layer flow over an unsteady stretching sheet in the presence of Hall effect and heat

transfer over the stretching surface [3].

The study of boundary layer flow over a stretching sheet has application in the engineering
of industrial processes such as the production of paper and glass-fibre, wire drawing, hot rolling,
drawing of plastic films, polymer extrusion, and metal spinning. As reported in [4], the stretching
and simultaneous heating or cooling during these processes influence the quality of the final prod-
ucts. Accordingly, in view of its many applications, there has been a growing research interest on
fluid flow over a stretching sheet. In his pioneering work, Sakiadis [5] developed the flow model
due to a flat surface that is moving with a constant velocity in a quiescent fluid. Sakiadis work
was later extended by Crane [6] to the two-dimensional problem of considering the surface veloc-
ity that is proportional to the distance from the flat surface. The effect of a transverse magnetic
field on the laminar flow over a stretching sheet has also been studied by a number of researchers
such as [7]-[10]. Paralleling this work, the boundary layer flow of an incompressible viscous fluid
over a shrinking sheet has also received considerable attention due to its increasing application in
engineering systems. Wang [11] first noted the flow over a shrinking sheet when he was working
on the boundary layer flow of a liquid film over an unsteady stretching sheet. Later, Miklavcic and
Wang [12] obtained an analytic solution for the steady viscous hydrodynamic flow over a permeable
shrinking sheet. We remark that when a strong magnetic field is present, the effect of Hall currents
cannot be neglected. The study of magnetohydrodynamics (MHD) viscous flow with Hall currents
has important applications in problems of Hall accelerators as well as aeronautical magnetohydro-
dynamics. With this understanding and with regard to external hydrodynamic flows, Katagiri [13]
and Sato [14] discussed the effects of the Hall current on the boundary layer flow past a semi-infinite
plane. Pop and Soundalgekar [15] investigated the Hall effects in the steady hydrodynamic flow
past an infinite porous plate. The Falkner-Skan (FS) equation was first obtained by Falkner and

Skan [16]. In its general form, the equation is a third order boundary value problem that is strongly
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nonlinear with no known closed-form solution. The FS equation has been considered by a number
of authors [17] to [19] as a benchmark problem for testing the performance of newly developed

solution methods.

The examples highlighted above and many others in science and engineering are notably strongly
nonlinear. Although an extensive body of research work has been invested in the study of methods of
solution of nonlinear systems, exact solutions are limited to special simple cases of these problems.
For instance, Elbashbeshy and Bazid [20] presented a similarity solution of the boundary layer
equations which describe the unsteady flow and heat transfer over a stretching sheet. Attempts
to obtained analytic and semi-analytic solutions for simple cases of boundary layer flow can be
found in the work of Liao [21] and Tan and Liao [22], respectively. For the case of flow induced
by a shrinking sheet, Hayat et al. [23] derived both exact and series solutions describing the
magnetohydrodynamic boundary layer flow of a second-grade fluid over a shrinking sheet. The
boundary layer flow problem over shrinking sheet was also solved using Adomian decomposition
method by Noor et al. [24]. A closed form of analytic solution for the flow over a shrinking sheet can
be found in work of Fang and Zhang [25] and Midya [26]. The homotopy analysis method (HAM)
was applied by Sajid and Hayat [27] on boundary layer flows induced by a shrinking sheet. Early
attempts to solve the generalized Falker-Skan equation that were based on traditional numerical
approaches, such as the shooting method and finite differences, can be found in work by Hartree
[28], Weyl [29] and Kuo [30]. The HAM was used by Liao and Campo [31] and Abbasbandy and
Hayat [32] to solve the Blasius and Falkner-Skan problems. To counter the limitation of the normal
HAM, as explained in studies by Motsa et al. [33], the spectral homotopy analysis method(SHAM)

was used to solve the Falkner-Skan equation by Motsa and Sibanda [34].

A close examination of the above class of nonlinear problems reveals that many of the ODEs
are defined over semi-infinite domains. Before the numerical method is applied, the semi-infinite
domain of approximation [0,00) must be truncated to a finite domain [0, L]. As a rule of thumb,
such a truncation should ensure that L is sufficiently large to approximate conditions at infinity.
With this in mind, Lakestani [35] truncated the semi-infinite physical domain of the problem to
a finite domain and expanded the required approximate solution as the element of Chebyshev
cardinal functions. Further, we note that when the domain of approximation is large, any attempt
to improve the accuracy of the approximate numerical solution requires the use of many grid points.

However, as reported by Trefethen [36], increasing the number of grid points results in large-sized
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and dense matrices. Consequently, the computation time required to invert them is compromised.
Furthermore, some large-sized matrices are ill-conditioned; a phenomenon that leads to an unstable
numerical scheme. This effect creates some uncertainty concerning the reliability of the numerical

results that have been presented in literature: a query that we now address.

The main concern of the present paper is to provide a robust algorithm for the solution of
nonlinear ODEs that model physically relevant boundary layer flow problems defined over a semi-
infinite domain. The nonlinear ODEs is first linearized using the quasi-linearization method (QLM)
of Bellman and Kalaba [37]. The linearized QLM scheme is then solved using the spectral collocation
method applied on overlapping grids. In this approach, the truncated computational domain is
subdivided into overlapping subintervals of equal length and the approximate solution is computed
over the entire interval. The overlapping nature is such that two grid points at the ends of each
subinterval coincide with those of neighboring subintervals. We show that the current approach
leads to less dense matrices that require short computation time to invert. The well-posed nature of
the resulting system of linear equations is demonstrated by displacing the condition number of the
coefficient matrices. A well-conditioned system guarantees stability and, consequently, leads to the
highly accurate solutions that we claim are reported. To further explain the proposed algorithm,
we provide a new error bound theorem with a rigorous proof for error bound expressions emanating
from the use of interpolating polynomial to approximate the solution to the ODE for the chosen
basis functions and collocation points. It is the result of this theorem that informed us about the
usefulness of the present solution approach, for which we now demonstrate the superiority. All
calculations were programmed in MatLab and Mathematica and solutions have been presented in

tables and graphs.

The outline of the present article is the following. In Section 2 the numerical method is described.
Section 3 is devoted for the presentation of the new error bound theorems and proofs for polynomial
interpolation. In Section 4 the numerical method is applied to selected boundary layer flow problems
and results and discussions are given in Section 5. Finally, concluding remarks are given in Section

6.

2. Method of solution

In this section, we describe the proposed method of solution. The spectral quasi-linearization

method of solution has been applied to solve systems of ordinary differential equations on a single
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domain, for instance in [38]. In this work, we describe the multi-domain extension of the solution
algorithm. The approach is first described for a single nonlinear equation before considering its
expansion to a generalized system of nonlinear ODEs. The present approach is reliable for giving

highly accurate solutions over large domains.

2.1. The multi-domain spectral collocation method for a single nonlinear ODE

In this subsection, the development of the solution algorithm for a single equation is illustrated

by considering an n-th order ordinary differential equation that takes the form:;
L [u® (@), uV (@), u® (@),...,u"(@)] = h@), @€ (a.b), (1)

where L is a nonlinear operator acting on « and its first n ordinary derivatives, u(®)(z) = u(z), and
h(z) is a known function of the independent variable x. The ODE Eq.(1) is to be solved subject

to the two point boundary conditions which can be expressed as

—

3

3 dlu®(a) = gop, v=1.2,...,0,, (2)
p=0
n—1
Zﬁgplu(p)(b) =Oho, 0=1,2,... 1, (3)
p=0

()

where g, ., gy, are constants, o and ,ng I are the constant coefficients of p-th ordinary derivative,
uP)(z), in the boundary conditions, and n, and n;, denote the total number of boundary conditions
prescribed at x = a and x = b, respectively. The method of solution involves the stages described

in the subsections below.

2.1.1. The quasi-linearisation method

The nonlinear ODE is first simplified using the quasi-linearisation method (QLM) of Bellman
and Kalaba [37]. The QLM is based on the Newton-Raphson method and is built from the linear
terms of a Taylor series expansion about an initial approximation to the solution. The QLM assumes
that the difference between solutions at two successive iterations, denoted by usy1 — ug, is very
small. In particular, the QLM is comparable to providing the linear approximation of a function
of several variables, where, the derivatives of different order and the previous approximation of
the solution assume, respectively, the role of independent variables and the functional value at

the reference point. Finer details about linear approximation of functions can be found in any
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elementary book on differential calculus. Applying the QLM on Eq.(1) we obtain

s (@)ulPh + 1@l @l 0 (@)ussn = Ry(@), (4)
where
OL D @ (n)
Yus(T) = —— [ S,ug ),u( ,...,usn} , 01=0,1,2,...,n,
® 8%(9#)

n (5)

Rs(z) = h(z) + nyc,s(m)uff) —L [us, ugl), ugZ), . ,ug")] .

¢=0

Here s =1,2,..., denotes the iteration level. Starting with an initial approximation to solution uy,

the QLM scheme Eq.(4) is solved iteratively until a solution with the desired accuracy tolerance is

realized.

2.1.2. Domain decomposition and discretization

The spatial domain x € [a, b] is decomposed into ¢ overlapping subintervals of equal length as
A= [:L’l_l,i‘l}, T <z <Ty, Tg=a, Tq= b, 1=1,2,...,q, (6)

where x; < Zj, depicts the overlapping nature. Pictorially, the above decomposition of the z domain

can be represented as in [39] by Figure 1.

A2 A As Ne

E
s |-
x

N
S0 |X—
x

N

Figure 1: Pictorial illustration of decomposition of the x domain into 8 equal overlapping subintervals

The computational domain [x;_1, Z;] in the [** subinterval is transformed into & € [—1, 1] where the

standard Chebyshev differentiation matrix is defined by applying the linear map

2 1
5 = - — (r _ 1.7l 7
Z(x) FR—— x 2(£El-|-l‘z V], T € [r—1,7 (7)

Further, each subinterval is discretized into N, + 1 Chebyshev-Gauss-Lobatto points. The subin-

tervals in the decomposed domain are made to overlap in such a way that the last two points in the

A; subinterval overlap with the first two points of the A;; subinterval and they remain common.
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In general, the set of grid points over the entire x domain can be represented as

{a = :z:g\l,i, . ,wgl) = mg\z,i,x(()l) = :z:g\i)gil, .. ,azgl_l) = :cg\l,)z,a:(()l_l) = xg\l,)zil, ... ,x((JQ) =b, 2<1<gq}.
(8)

The ordering of grid points as illustrated in Eq.(8) signifies that the spectral collocation is done

lth

from right to left of the subinterval. The collocation nodes in the subinterval in x variable are

defined in [36] by
. T
{xi}f\fo = cos <N$> . 9)
An explicit expression of the length L = Z; — x;_1 in terms of the number of overlapping grids ¢ in
x is useful in defining the grid points at the interior subintervals. To obtain this, we first observe
that overlapping of ¢ subintervals in z results in (¢ — 1) regions of overlaps. Further, using the

linear map of Eq.(7) we notice that each of the overlapping space region has the length

L(é—;cos{];;}). (10)

The length L of the subinterval can therefore be obtained from the solution of

qL—L(q—1)(;—;cos{]7V;}>—b—a, (11)

which is

L= : (12)

Evidently, x; and x; are related by

1 1 m
.fUl:.’Bl‘f’L(Q—QCOS{M}). (13)

We remark that this subdivision of the entire space domain into subintervals of the same length
and subsequent discretization of each subinterval into an equal number of grid points is a sufficient

condition for the grid points of neighboring subdomains to overlap.

2.1.8. Spectral collocation
The multidomain spectral quasilinearization method is implemented on the linearised QLM
scheme Eq.(4) as illustrated below. We assume that the approximate solution that is sought is a

Lagrange interpolation polynomial that takes the form
Ng
u(x) m U(x) =Y Ulap)Ly(x). (14)
p=0
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The spatial derivatives of the unknown function u(z) at each subinterval, [ = 1,2,...,q, are ap-

proximated at the collocation nodes, Z;, j =0,1,..., N, as follows:
du = Ne !
e > Ui Li(z;) =Y Dj;U(z;) =DU, i=0,1,...,N,;, 1=12,....q, (15)
i=0 j=0

where Il) = (2) D and D of size (N, + 1) x (N, + 1) is the standard first order Chebyshev
differentiation matrix as defined in [36]. The vector U is defined as
T
U= [u(:zé),u(xll), ... ,u(xﬂvx) , (16)
where 7' denotes the matrix transpose. We note that the solution is computed simultaneously
across all subintervals and that the multi-domain approach only becomes evident when assembling
differentiation matrices in z. Since the last two points in the I*" subinterval and the first two points

in the (I+ l)th subinterval overlap and remain common, we can assemble the differentiation matrix

D for overlapping grids in x by carefully discarding the rows corresponding to the recurrent points

as
roq q q .
Dyo Do, N, -1 Doy n,
q q q
D1 D1 n,—1 D1 N,
q q q
Dn,-10 Dyn,-1N,—1 Dn,-1,N,
2 2 2 2
D1 D11 . Din,—1 D1 n,
D f—
2 2 2 2
Dn,—10 Dy,—1.1 Dyn,~1,N,—1 Dn,—1.N,
1 1 1
Dl,O D171 ... DLNrc
1 1 1
Dn,-10 Dn,~11 ... Dn,-1nN,
1 1 1
L DN@,O DN:I:71 PPN DNI7NZ ]

(17)

l
Here the empty entries of matrix D are zeros and D represents the Chebyshev differentiation matrix

in I"" subinterval in space. The size of matrix D is (r+1) x (r+1), where r = N+ (N, — 1) x (g — 1).
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The z grid corresponding to the assembled differentiation matrix over entire spatial domain in the

multi-domain approach is

{a:xg\lfi,...,xgl),xﬁi_l,...,m?) x%l_l,...,xgl) 3:53)_1 (Q)—b 3<I<qg-—1}
(18)
The higher order differentiation matrix over the entire domain can be approximated using matrix

multiplication as

dPu _
~ DPU 19
L ~DID, (19)
where vector U is defined as
U = [u(xo), u(x1), ..., u(z,)]" . (20)

We assert that the bar in U at Eq.(20) distinguishes it from the vector U at Eq.(16). The z grid
points at Eq.(18) are those in Eq.(8) when arranged from right to left such that o = b = .CL‘((]q), Ty =

a= xgv) Using the definition of discrete derivatives, Eq.(4) can be expressed in matrix form as

['Yn,s(X)Dn + ’Yn—l,s(X)Dn_l +...+ ’Yl,s(X)D + ’YO,S(X)] U= Rs(x)' (21)

Eq.(21) is a (r + 1) system of linear equations which can expressed as an (r + 1) x (r + 1) matrix

system that is given by

Ao Ao Ap2 Ao U Ry
A1 A A1 Ay Uy Ry
= : (22)
Arcio Arcia Arciz oo Ay | Ui R,._1
| Arp A1 Ay ... Ay | LU | Rr |
where
A = 7,5(3x)D" + 79 1,5()D" T 44 71,5(x)D - 0,5(x), 23)
Us = u(zs), Rs=R(zs), 6=0,1,2,...,7.
The boundary conditions are evaluated at the collocation points as
Za[p]ZDmus_H () = Gap, v=1,2,...,ng, (24)
n—1 r
> BN DE ugii(2) = ghor 0 =1,2,...,mp (25)
p=0 ;=0

The discrete boundary conditions Eq.(24) and Eq.(25) are imposed onto the matrix system Eq.(22).

29



2.2. Multi-domain spectral collocation method for systems of nonlinear ODFEs

In this section, we extend the algorithm described in the previous subsection to the solution
of a generalized system of ODEs. We consider a system of m ordinary differential equations in m

unknown functions u;(z), i = 1,2,...,m represented as
L;[ui(z),u2(x), ..., um(x)] = hi(x), =€ (a,b), i=1,2,...,m, (26)

where L; is a nonlinear differential operator acting on unknown functions and h;(z) is a known
function of the independent variable z in the i** equation. For illustrative purpose, we assume that
the system Eq.(26) is to be solved subject to the two point boundary conditions given by

m n]-—l

Z Z oz[gj]jug.p)(a) =Ggay, V=12,...,n4, (27)

7=0 p=0

m nj—1

ZZBJ U, b) =g, 0=1,2,...,mp, (28)

7=0 p=0
[p]

where «,,; and ﬁ[f? ]] are the constant coefficients of ug-p )(x) in the boundary conditions, n;, (j =
1,2,...,m) is the highest derivative order of the variable u; appearing in the system of equations,
and ng, ny denote the total number of boundary conditions prescribed at * = a and = = b,
respectively. Applying the QLM on Eq.(26) we obtain the linearized coupled scheme

m Ny

k,l .
SN @, = +ZZ%S Yult) — L [uy o(2), w2 (@), - um,s ()], i =1,2,...,m,

=1 k=0 =1 k=0

(29)
where
OL;
’Ylk,;l = (k) [ULS(‘T)v UQ,S(x)ﬂ M) um,s(x)] ) (30)
8“1,3

denotes the coefficient of the k" derivative of variable w;(x) in the i*" equation. Applying spectral

collocation in Eq.(29) we obtain

m nj
> !Z ’yf’sl(x)Dk] U =Ris(x), i=12,...,m, (31)

where

I_J_l = [ul(l'()), ul(l’l), . ,ul(xr)]T, Ri S(X) = hl(X)

m Ny ki (k)_ ' (32)
3D AR — Li [u1,s(x), ug (%), -t s ()]

=1 k=0



We remark that the highest ordered derivative in the variable u;, (I =1,2,...,m) may not appear
in every one of the m equations. Consequently, some coefficients may fall to zero. Eq.(31) can be

written compactly as

S AT = Riu(x), i=1,2,....m, (33)
=1
where
nj
k=0

Expansion of Eq.(33) results in an m(r + 1) x m(r 4+ 1) matrix system that can be represented as

AL A2 A0y Am T g | [ Ry ]
AGZD A2 A3 AGm) U, R,
= ; (35)
Alm=hh - A(m=L2) - Alm=tm) o Alm=Lm) g, R, 1
A Am2) A3 Amm) U, R,

where R; = [Ry(z0), Ri(21), ..., Ri(z)]", 1=1,2,...,m
The matrix system Eq.(35) is solved subject to the discrete boundary conditions

J

m
Z Z Dr]u]73+1 l‘k) ga,I/7 V= 17 27 ceoy Na, (36)

7=1 p=0

3

m nj—1

Z Z ng] ZDOJUJ st1(Tk) = G0y 0 =1,2,...,mp. (37)

7j=1 p=0
The boundary conditions Eq.(36)-(37) are imposed on the diagonal submatrices AGD =12 ... m,
of Eq.(35).

2.8. Error bounds in univariate polynomial interpolation

Below, we state the theorem that governs error bounds in univariate polynomial interpolation;

Theorem 1. [40/[Theorem of interpolation errors] If U(x) is a polynomial of degree at most
N that interpolates u(x) at N + 1 distinct grid points xq, x1,x2, ..., TN, in the interval [a,b], and if
the first (N 4 1) derivatives of u(x) exists and are continuous, then, ¥ x € [a,b] there exist an &,

for which
N

N () T — z)). (38)

J=0

1
lu(z) — U(x)| < Nt

where U(x) is the N 4 1-th degree interpolating polynomial that approximates u(x).
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In practical applications, the function u(z) is not known and therefore there is little that can
be done on uN Jrl)(fx) in the quest to improve accuracy. However, the values of N should ideally
be controlled within some optimal value, because it has implications on the memory requirements
and consequently the computation time needed to realize results. if, based on the physics of the
problem, it is possible to predict the behaviour of the function some control of N may be possible.
Eq.(38) suggests that the only sufficient condition to guarantee reduction in approximation errors
as the number of grid points increase is the uniform boundedness of higher order derivatives of u
within the interval of approximation x € [a,b]. We remark that if the values of higher ordered

derivatives increase indefinitely without bound, then the approximations errors may grow as the
N

number of grid points IV increase. It is worth noting that the product term H(w — ;) can be made
§=0

as small as possible by making a suitable choice of grid points, [41]. Going forward, we reveal new

error bound theorems and proofs emanating from an interpolating polynomial constructed using

Chebyshev-Gauss-Lobatto nodes. The ultimate goal is to obtain the upper bound of the product
N
term H(:r — xj) with xg, z1, ,..., 2N, being the Chebyshev-Gauss-Lobatto nodes defined on the

j=0
finite interval [a, b] on both single and multiple domains. The following definition shall be required

in understanding the key elements of the proofs.

The Chebyshev-Gauss-Lobatto nodes on the interval x € [a, b] are defined as

(8,1 = cos (ﬁ) )= 2 - [x _ % (a+ b)] welab). (39)

and are the relative extremes of the N-th degree Chebyshev polynomial [42], Tn(Z), & € [-1,1].

Thus, to obtain the interior Gauss-Lobatto nodes, we solve the equation T\ (%) = 0, where the
prime denotes differentiation with respect to x. The exterior nodes, —1 and 1, are solutions of
(1 —22) = 0. Consequently, the complete set of the Gauss-Lobatto nodes defined by equation (39)
can be said to be the roots of (N + 1)-th degree polynomial,

Ly41(2) = (1= 2Ty (). (40)
We formulate the theorem below.

Theorem 2 (Error bound for Chebyshev-Gauss-Lobatto (CGL) grid points in single
domain). The resulting error bound when CGL grid points, {a:j}é-v:o € [a,b], are used in univariate

polynomial interpolation is given by

4 b—a N+1
B < e (a) W) (an)
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Proof. To prove the analytic expression for the error bound when Chebyshev-Gauss-Lobatto points
are used, we first construct a new (N + 1)-th degree polynomial, Ly ;1 using the relation stated in
[43] as

Lyi1(2) = (1 — &) Ty(2) = =NiTy(&) + NTy_1 (). (42)

Since for z € [—1,1], |Tn(2)| < 1, applying the triangle inequality to the absolute value of Eq.(42)

we have
[Ln+1(2)] = | = N&Tn(2) + NTn-1(2)| < | = N2Tn(2)| + [INTn-1(2)| S N+ N =2N.  (43)
The absolute value of the leading coefficient of Ly 1(#) is 2¥~!N. The components 2¥~! and

N come, respectively, from the leading coefficient of T (%) and the application of N-th rule of
differentiation on T (Z). The factorized monic polynomial expression appearing as a product term

in the error bound expression given at Eq.(38) can therefore be written as
N
A Ln1(2)
HO@ — ) = Sxtiy (44)
j:

This monic polynomial is bounded above by

N
Lyi1() 2N 4
[JEEEDIE ‘ Ty | < oy = v (45)
j=0
For a general interval = € [a, b] this product term is bounded above by
N N N+1 N
B (b—a), . .| [(b—a o
pax [ =)= max || =50 - = (5 ) mae ]G —2))
j=0 j=0 3=0 (46)
_(b—a\ N Lyn(#)| _ 4 (b-a Nt
“\ 2 Ji<ic1 | 2NCIN | S 2N T2 '
Using Eq.(46) in Eq.(38) the proof is completed. O

2.8.1. Error bound theorem for CGL nodes in multiple domains
Here, we extend Theorem 2, the univariate interpolation polynomial error bound to obtain its
variant on a decomposed domain. In the description, it is assumed that the number of grid points

is the same for all subintervals.

Theorem 3 (Error bound in the decomposed domain). The error bound when Chebyshev-
Gauss-Lobatto grid points {xj}é-vzo € [x_1,3], 1 =1,2,...,q, for the decomposed domain x-variable

are used in univariate polynomial interpolation is given by

4 L N+1
50 < g (3) ) (47)
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where L is the length of each subinterval.

Proof. In the entire domain [a, b], we have that

N _a N+1
H(aj—mj) < 2iN <b 5 ) , = € [a,b]. (48)
j=0

This implies that in the decomposed domain and at each subinterval, we should have

N 4 I N+1
H(x —xzj)| < o (2> , X € [m_1,T). (49)
§=0

For smooth u, there exists ¢, € [z,—1,Z,], p = 1,2,...,p, for which the value wWNVHD(EL) g the

absolute extrema of u™¥*Y@) in [z, 1, 7,]. This enables us to define the error bound in component

N+1
{ZN(N4+1) (5) “(NH)““)} | o

1 aN*D(€) [loo= max{u™ (&), ™V (&), ..., ulMHD(E)) (51)

form for each subinterval as

We define

to denote the maximum absolute value of the (N + 1)-th derivative of u(x) with respect to z in
[a,b]. Clearly, || aNFD(€) ||lo= uN+D(&,), where uN+1(€,) is identical to the one at Eq.(41). To
expand the error bound over the entire domain, we shall take the largest possible error across all

sub-domains which is

4 LN v
NN+ 1) (2> W ). (52)
Using the results at Eq.(52) in Eq.(38) completes the proof. O

To the best of our knowledge, the above theorem is presented for the first time in this article. We
note that L < (b —a) and (%)N+1 < (%)NH. Comparing Eq.(41) and Eq.(47) we see that the
error in polynomial interpolation is smaller when interpolation is conducted on multiple domains
than on a single domain. We emphasize that when approximating the solution to an initial or
a boundary value problem using an interpolating polynomial in spectral collocation methods, for
interpolation nodes, using the CGL nodes is preferable to using the well known optimal Chebyshev
nodes [44]. This is because the CGL nodes are convenient in constructing differentiation matrices
as they contain the nodes at the end of computational domain [a, b], which is advantageous when

treating the boundary conditions of the problem as opposed to using Chebyshev nodes. The use
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of a multiple domains approach and subsequent reduction in the number of grids points N at
each subinterval leads to a good approximation. The multiple domain approach is advantageous
if interpolation errors that ought to be propagated into the numerical scheme are attributed to

unbounded higher ordered derivatives of the unknown function u(x).

3. Numerical experimentation

In this section, we consider several examples of boundary layer equations that are defined over

semi-infinite domains to demonstrate the efficiency and accuracy of our proposed method.

3.1. One equation ODE
Example 1. For a single nonlinear boundary layer equation, we first consider a problem of a
steady two dimensional laminar flow of a viscous incompressible electrically conducting fluid over
a continuous shrinking sheet. The governing equation for this problem is given in similarity form
in [1] as

[ = () = M2 =0, (53)
subject to boundary conditions

f(0)=0, f(0)=-1, f(e0) =0, (54)

where prime denotes differentiation with respect to the similarity variable 7 and M is the magnetic

interaction parameter. The QLM scheme for ODE Eq.(53) is

73,sf;,4/rl + 72,sf;/+1 + 71,sf;+1 + '707st+1 = R, (55)

where
2
V3,5 = 1, Vs,2 = fSa Y,s = _2f; - M2, 70,s = fs//v R, = fs é/ - (f;) s (56)

and the coeflicient matrix is

A = 735(n)D? + 49,5(n)D? + 1.5(n)D + 70,5(n)- (57)

The boundary conditions at the collocation points are

for1(m) =0, Y Dyjfera(n) = =1, > Dojfesi(n;) = 0. (58)

J=0 J=0

The exact analytical solution of Eq.(53) exists for M > 1 and is known to be

f(n) =

Y

(7" —1), o =+M2—1. (59)
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This problem is thus chosen to ease validation of the accuracy of the proposed solution algorithm.
The accuracy is found by computing the absolute difference between the numerical approximations
at the current iteration level fs11, and the exact solution. The absolute error formula shall be

defined as the infinity norm
Esi1 = |[|fs+1 = flloos (60)

where f is the exact solution evaluated at the collocation points.

Example 2. Secondly, we consider the Falkner-Skan equation [16] given in non-dimensional form

as
" aff"+ 8= ()] =0, (61)

subject to boundary conditions
f0)=0, f(0)=0, f(o0)=1, (62)

where f is the dimensionless stream function of the dimensionless normal co-ordinate n, «, 8 are
constants and § > 0. Physically, the Falkner-Skan equation describes a two dimensional flow of
incompressible fluid past a stationary semi-infinite impenetrable wedge surface with stream-wise
gradient. The surface is inclined at an angle S, which in the limit of 5 — 0 gives a flat plate, and

consequently the Blasius equation with the same boundary conditions for o = %

The QLM scheme for Eq.(61) is
V3.5 ferr + V2,5 fert + s forr + 0,5 541 = R, (63)
where
Y35 =1, Ys2=afs, Y15 =—2Bf Y0.=0afl, Rs=oaffl—B(1+f7?). (64)
The coefficient matrix becomes
A = 73,5(m)D’ + 72,5(1)D? + 71,5 (M)D +70,5(n). (65)

The boundary conditions at the collocation points are

fs+1(77r) =0, ZDhjferl(nj) =0, ZDO,ijJrl (773‘) =1 (66)

j=0 Jj=0
For this problem, the accuracy of the scheme shall be assessed by considering the residual error at

the current iteration level s + 1, which is defined as
_ _ 1" / 21 _
Resp = ||[Fstlloo,  Fsr1 = fifq +afsiifion + 81— (fi1)°] = 0. (67)
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The iterative scheme is said to have converged after w iterations if the infinity norm || fs11 — fs||oo <

T, Vs > w, for some specified tolerance 7.

3.2. System of ODEs
Example 3. We consider, here, the problem of a boundary layer flow over an unsteady stretching
sheet in the presence of Hall effect and heat transfer over the stretching surface. The governing

system of equations are given in dimensionless form by El-Aziz [3] as

f///+ff//_(f/)Q_A<f/+gf//>_1+m2 (f/—l—mh):(), (68)
h”+fh/—f’h—A(h+Qh’)+L(mf’—h):0 (69)
2 1+ m? ’
T, / / A N
P70 +f972f075(39+n9)—0, (70)

subject to boundary conditions
f(0)=0, f(0)=1, n(0)=0, 6(0)=1, f'(00)=0, h(cc)=0, 6O(cc)=0. (71)

Here, f'(n), h(n), and 6(n) are unknown functions representing the axial velocity, the transverse
velocity, and the non-dimensionless temperature, respectively. The primes denote differentiation
with respect to 1, A is the unsteadiness parameter, M is the magnetic parameter, m is the Hall

parameter and Pr is the Prandtl number.

The QLM scheme for the system of the ODEs Eq.(68) - Eq.(70) is

3,1 2,1 1,1 0,1 0,2
71,3 fsﬁ—;-l + ’Yl’s fg—‘rl + 7175 fé—i—l + 71,3 f5+1 + 7175 h5+1 = R1,57 (72)
1,1 0,1 2,2 1,2 0,2
Vo's For1 T Vols Fst1 + Va5 a1 + 1o Pan + 95 hst1 = Ras, (73)
1,1 0,1 2,3 1,3 0,3
3,5 fé+1 + V3l fs+1+ ’Yg,segﬂ + 730 9;+1 + Y3l Os+1 = R3 s, (74)
where
73,1 -1 72,1 — fS _ Aﬂ 71,1 — _2f/ —A— 70,1 — fl/ 70,2 _ _ Mm
1,s ’ 1,s 27 1,s s 1+ mgv 1,s ER 1,s 14+ mQ’
Mm M
1,1 0,1 2,2 1,2 n 0,2
’72,5 = _hS + m7 72,3 = hi@? 72,8 = 17 72,5 = fS - Ai’ 72,8 - _f.; —A- mv (75)
1 3A
1,1 1,0 23 1,3 n 0,3
V3,5 = —20, V3,5 = 9;7 V3,5 = Pr V3,5 = Js — Ag» V3,5 = —Qf; S

Rl,s = fslf! - (f;)za R2,s = fsh; - f;hsa R3,s = szIS - 2f;05-
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The coefficient matrices are
ALY = 3 (D3 + 47 (D2 + (D + 75 (m), AL =+7%(m), ALY =0
ABD = D+ (m). AP =38 mD? + 3 (D +aps (), AR =0, (76)
ACY =y imD + g (), ACY =0, ACD =2 m)D? + 93 {(m)D + 15 (),
with 0 being a zero matrix of size (r 4+ 1) x (r + 1). The boundary conditions are evaluated at the
collocation points as

f8+1(777”) = 07 ZDr,jfs-i-l(nj) = 17 hs—i-l(nr) = 0: 95+1(77r) = 17
§=0

> Dojfes1(m;) =0, heri(mo) =0, Bst1(no) =0.
=0

4. Results and discussions

In this section, numerical results obtained by solving the nonlinear boundary layer problems
given in Examples 1 to 3 are presented in tables and graphs. The results for each example have been
considered separately and they demonstrate various aspects of the proposed method of solution.
The validity of the present method is checked by comparing the current results with results existing
in literature and good agreement is observed. We emphasize that the numerical results for the first
problem, which possesses an exact solution, were meant to validate the accuracy of the algorithm
by allowing a comparison between the approximate numerical values and the exact solution. The
numerical scheme in Example 1 was implemented on Mathematica and the precision was set at 300
digits. The semi-infinite domain [0, 00) was truncated to the finite interval [0,30] and 200 grids
points were used in both single and multiple domains approaches. The absolute errors given in
Table 1 were computed as the difference between the exact and numerical values of the function f at
different iteration levels. The data in Table 1 confirms that the algorithm is very accurate, because
absolute errors of order 10723 are recorded after only 5 iterations. We affirm that even though
the performance of single domain approach is comparable to that of multiple domains approach
in terms of accuracy, for Example 1, such is attributed to the advantages of high precision that
was set on Mathematica platform where the results were generated. It must be noted that such
high precision is computationally expensive. From Table 1 we can infer that the multiple domains
approach is advantageous in terms of computation time as opposed to the single domain approach.
The problem seems well-posed in the case of the multiple domains approach as signified by the

smaller condition number of the coefficient matrix. The numerical results in Table 1 suggest that
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the iterative scheme converges after 5 iterations. Figure 2 shows the graph of absolute error values
for Example 1, which were recorded after 5 iterations, against the number of subintervals. The
number of grid points in the entire domain was maintained at 200. The aim was to determine the
number of subintervals that are required to yield the most accurate results, while at the same time
saving on the computational time. The figure suggests that the optimal number of subintervals
for Example 1 is 6. With 6 subintervals we obtain the most accurate results, within a remarkably
short computation time. A further increase in the number of subintervals leads to deterioration of
accuracy, because at each further subdivision, the piecewise interpolating polynomial approximating

the unknown function will be of lesser degree.

In Example 2, there exists no exact solution and the accuracy of the numerical scheme is assessed
by considering the residual error as defined in Eq.(67). The numerical scheme for the Falkner-Skan
equation was also implemented in Mathematica. In Table 2, the numerical values of the local skin
friction, f”(0), for the Falkner-Skan equation, using the current method, are compared with some
of the most accurate results found in literature, where the problem was solved using the MatLab
built-in routine bvp4c. A good agreement is observed for different values of the inclination angle,
B. From the results in Table 2, we can infer that skin friction increases with an increase in (5.
This can be explained by an increase in the value of § resulting in an increase in the size of the
boundary layer. In Figure 3, the residual errors obtained by varying the number of subintervals
q is compared at different iteration levels. The number of grid points in the entire domain was
maintained constant. From the graph, we conclude that, in terms of accuracy, the best results for
the Falkner-Skan equation are obtained when 2 subintervals are used. This can be explained by,
in this particular case, a small value of the parameter 5 = 0.5 being considered. The implication
is that the thickness of the boundary layer is small. This restriction informed us when truncating
the semi-infinite [0,00) to the finite interval [0, 10], which is relatively small. For a small interval
of approximation, a low number of subintervals are required to yield the most accurate results,
showing the advantages of approximating a function using interpolating polynomials of higher
degree. It is worth noting that in Example 2, we took advantages of the high precision that was

set on Mathematica just as in the case of Example 1.

The numerical scheme of Example 3 was implemented in MatLab. Experimentally, we estab-
lished that the truncation of the semi-infinite domain to a large finite domain [0, 70] yielded the

best results for this problem. In Table 3, the residual errors values for f, h, and 6 that are obtained
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at different iteration levels using 5 subintervals have been presented. For comparison, residual error
values obtained using 2 subintervals have also been presented in Table 4. We observe that the use of
5 subintervals yields more accurate results for a short CPU time than when 2 subintervals are used.
This is due to the less dense coefficient matrices associated with the use of many subintervals for a
large computational domain, which is the focus in the present approach. Well-posedness is depicted
by the small condition number of the coefficient matrix obtained in the case of 5 subintervals. We
remark that in this particular example, with a large domain of approximation, the usefulness of
the multiple domains approach has been exposed as MatLab platform executes numerals with an
accuracy of up to 16 digits. In Figure 4 we display convergence graphs for the unknown functions
f, h, and 0. The figure depicts that the numerical scheme is convergent and that convergence is

realized after 5 iterations.

Table 1: Spectral approximation of Example 1 on overlapping grids using N, = 40, ¢ = 5, for ., = 30, M = 5.

Iteration, s Single Domain Multiple Domains
1 3.16939x10~2 3.16939x10~2
2 1.21909% 10~ 1.21909x 104
3 1.47038x 1077 1.47038x10~?
4 1.86137x 10719 1.86137x10~ 19
5 1.17462x10723 1.17462x10723
6 1.17462x10723 1.17462x10723
CPU time (sec) 16.6755 4.3368
cond(A) 5.5899x 10" 6.4810x 107
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Figure 2: Graph of the absolute error values against the number of subintervals using 200 grid points

Table 2: Comparison between the overlapping grid approach results and the bvp4c numerical results [45] for f(0)
at selected values of 8 for Falkner-Skan Example 2 using N, = 20, ¢ = 10, for 7o, = 10, a = 1.

I} Current results Numerical
s=2 s=3 bvpdc
0.4 0.854422 0.854421 0.854421
0.8 1.120265 1.120268 1.120268
1.2 1.335723 1.335721 1.335721
1.6 1.521514 1.521514 1.521514
2.0 1.687218 1.687218 1.687218
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Figure 3: Graph of the residual error against iterations for different domain decomposition

Table 3: Spectral approximation of Example 3 on overlapping grids using N, = 40, ¢ = 5, for . = 70, A =

0.5, M =1, m=0.5.

Iteration

Residual error

S

HFS-HHOO

HHS-HHOO

H@s+1|’oo

1.00
2.00
3.00
4.00
5.00

3.75070e-001
3.58227e-002
2.58387e-004
1.01330e-008
3.09963e-012

9.67287e-002
9.17907e-004
2.26789e-005
1.70642e-009
1.16504e-013

5.11974e-002
1.56959e-002
3.87065e-004
6.96569e-008
5.87419e-013

CPU time (sec)

0.074567

cond(A)

5.23456e+07
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Table 4: Spectral approximation of Example 3 on overlapping grids using N, = 100, ¢ = 2, for . = 70, A =

0.5, M =1, m=0.5.
Iteration Residual error
S | Fs11]]oo [ Hs11]|oo 10s+41]]00
1.00 4.38484¢e-002 6.07923e-003 1.41794e-002
2.00 2.00334e-004 8.59323¢-006 5.16436e-004
3.00 6.24130e-007 8.48203e-010 1.04837¢-007
4.00 3.94428e-007 6.67558¢-011 1.60723¢-010
5.00 1.88953e-007 4.69308e-011 1.25923e-010
CPU time (sec) 0.25463
cond(A) 7.86324e+09
| \\
10—3, _
2 - f
= 107 .
S ~h
= theta
o)
()]
10" \/’/0\,\'—‘
2 4 6 10

Number of Iterations

Figure 4: Convergence graphs for f, h, and 6
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5. Conclusion

In this study, the spectral collocation method of solution based on overlapping grids has been
described and successfully applied to solve nonlinear boundary layer equations characterized as
a single or system of ordinary differential equations. It is found that the results of the present
work are in agreement with those obtained by other methods. Our aim was to demonstrate that
the proposed approach is highly accurate and computationally efficient when applied on problems
defined over large computational domains and such has been confirmed. The improved accuracy
is attributed to the well-conditioned nature of the matrices resulting from the use of a multiple
domains approach for large approximation domains. The new error bound theorems and proofs on
polynomial interpolation that have been presented to theoretically form the basis for adopting the
current algorithm. The error bounds theorems are based on Chebyshev-Gauss-Lobatto points and
Lagrange interpolating polynomials that have been used to construct the approximating functions
for the solution of the nonlinear ODEs. The method can be applied to other boundary layer

problems that are described as systems of ordinary differential equations.
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Chapter 3

A Modified Spectral Collocation
Method of Solution for

One-Dimensional Hyperbolic PDEs

In this chapter, we extend the discussion on spectral collocation-based solution techniques to one-
dimensional partial differential equations. The non-overlapping grids based multidomain spectral
collocation method is developed and applied to solve hyperbolic PDEs defined over large time in-
tervals. The proposed solution approach involves decomposing the large time interval into smaller
non-overlapping subintervals and solving the PDE independently on each of these subintervals. We
aim to demonstrate that a reduction in the size of the computational domain in each time subin-
terval guarantees accurate results within a short computation time. A single domain approach
is considered in space to limit the present investigation to the benefits of using non-overlapping
subintervals in a large time interval. The new error bound theorems, with proofs in bivariate poly-
nomial interpolation using Chebyshev-Gauss-Lobatto nodes, are given to explain the advantages of

the proposed solution algorithm.
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In this article, the non-overlapping grids based multidomain bivariate spectral collocation
method is applied to solve hyperbolic partial differential equations(PDEs) defined over
large time domains. The article is among the very first works which consider the multido-
main approach with respect to the time interval for hyperbolic PDEs. The proposed method
is based on decomposing the time domain into smaller non-overlapping subintervals and
solving the PDE independently on each of these subintervals. In this study, we aim at
showing that the reduction in the size of the computational domain at each subinterval
guarantees accurate results within a short computational time. In the solution process, the
approximate solutions of the PDEs are approximated using bivariate Lagrange interpolating
polynomials. The PDEs are discretized in both time and space variables using the spectral
collocation, unlike previous studies where spectral collocation method has been applied on
space variable only and finite difference based discretization in the time variable and vice
versa. The resulting linear systems of algebraic equations are then solved independently at
each subinterval with the continuity equation being employed to obtain initial conditions
in subsequent subintervals. Finally, the approximate solutions of the PDEs are obtained by
matching the solutions on different subintervals along common boundaries. The new error
bound theorems and proofs for bivariate polynomial interpolation using Gauss-Lobatto
nodes given explain the advantages of the proposed solution algorithm. The effectiveness
and accuracy of the proposed method are demonstrated by presenting error analysis and
the computational time for the solution of well known hyperbolic PDEs that have been
reported in the literature. The method can be adopted and extended to solve problems in
real life that are modeled by hyperbolic PDEs.

© 2019 Published by Elsevier B.V.

1. Introduction

Hyperbolic partial differential equations are highly applicable in various branches of engineering and science [1]. In
particular, many of the equations encountered in mechanics [2] are hyperbolic and therefore their study has long been
a subject of sizeable contemporary interest among researchers. Hyperbolic partial differential equations are initial value
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problems [3]. One of the important aspects that have been reported in the literature in regards to the development of
efficient numerical schemes for solving an initial value problem using spectral collocation-based methods is the size of
the computational domain. It has been observed that, when the size of the computational domain is large, many grid points
are required to achieve results with stringent accuracy requirements [4]. The use of many grid points poses an ominous
problem, requiring a significant amount of computer memory and CPU time. In some instances, the use of large number
grid points does not guarantee improved accuracy [5-7]. An increase in the number of grid points increases the size of the
resulting coefficient matrix and correspondingly its condition number, a property that deteriorates the accuracy of results
of the linear system of equations [8,9]. A large number of grid points also introduces roundoff errors that are associated with
the approximation of a function by an interpolating polynomial of a high degree. A similar decay in accuracy is evident in
results presented by authors in [10,11]. The most elegant technique that has been used in an attempt to revolve around this
challenge is the introduction of multidomain based approaches in the method of solution.

In regards to numerical solutions of hyperbolic PDEs using domain decomposition techniques, close scrutiny of the litera-
ture indicates that previous studies focused on the application of overlapping grids approach on the space variable only. The
discretization has widely been performed using the spectral collocation in space variable and the finite difference in the time
variable. Dehghan et al.[12] applied a method based on the pseudo-spectral collocation method with domain decomposition
algorithm for approximating the spatial variable in a coupled nonlinear Schrédinger equations and demonstrated that such
an algorithm reduce the effect of round-off errors. Later, in [13], authors considered the long-time behavior of numerical
solutions for the Klein-Gordon-Schrédinger equations using a similar approach. Kopriva [14] developed a multidomain
Chebyshev spectral method for solving hyperbolic partial differential equations using spectral collocation discretization in
space and finite difference discretization in time. A pseudo-spectral method based on the overlapping grids multidomain
technique for the numerical solution of the Sine-Gordon equation in one and two spatial dimensions was also applied
by Taleei et al. in [15]. In their work, the overlapping domain decomposition technique coupled with spectral collocation
discretization was performed on the spatial variable, and an implicit fourth-order Runge-Kutta method was adopted to
carry out discretization in the entire time variable. A substantial literature on the numerical methods of solution for two-
dimensional hyperbolic PDEs can be found in work by the authors in [16,17] and the references given therein. Although the
overlapping grids approach that has been applied previously on space only lead to sparse matrices of the resulting system
of linear algebraic equations, such matrices are large and take considerably large CPU time to invert. In the present study,
a multi-domain approach based on the decomposition of large time interval into smaller non-overlapping grids is adopted.
This approach preserves benefits of dealing with small-sized matrices as the solution is solved independently on each time
subinterval. One dimensional hyperbolic PDEs are solved using spectral collocation discretization in both space and time
variables.

The non-overlapping grids based multidomain approaches in spectral methods have been applied to solve nonlinear
ordinary differential equations that model chaotic systems described as first order systems of equations, [18,19]. In the
non-overlapping grids based multidomain spectral collocation method, the differential equation is solved independently
on each subinterval and solutions across the different subintervals are matched along the common boundary. In the case
of nonlinear differential equations, the matching procedure is evoked after the solution in each subdomain converge. Most
recently, Motsa et al. [20] developed and applied the bivariate spectral collocation method to solve nonlinear parabolic
evolutionary PDEs that are defined over a small time interval and reported that the method yield very accurate results over
a short CPU time. When the same method was applied to parabolic PDEs defined over large time intervals, the accuracy of the
numerical results deteriorated. We aim at addressing this downfall in regard to the application of the method to hyperbolic
PDEs.

In this work, we aim at extending the bivariate spectral collocation method previously applied on nonlinear evolutionary
parabolic PDEs to obtain solutions of hyperbolic PDEs defined on large time interval by in-cooperating the non-overlapping
grids domain decomposition technique. We also aim at demonstrating that the adoption of a multi-domain approach in
solving such hyperbolic PDEs yields very accurate results at a considerable short CPU time. We remark that to the best of
our knowledge, the non-overlapping grids based multidomain spectral collocation method with Chebyshev Gauss-Lobatto
points have not been applied on hyperbolic PDEs defined on large time intervals. The hyperbolic PDEs solved herein are linear
and nonlinear PDEs that have been reported in the literature. The selected illustrative examples are those which possess exact
solutions for simplicity in validating the accuracy of the proposed method. We emphasize that the choice of the numerical
examples was purely meant to facilitate demonstration on the usefulness of the method and was not tied to the extent of
applicability of the problems themselves. However, a similar approach can be adapted to solve highly important hyperbolic
PDEs that emerge in real life. The extent of the discussion of multidomain approach in this study is limited to non-overlapping
subintervals only and is implemented on the time variable. For comparative purposes, the hyperbolic PDEs are also solved
using the single domain approach namely, the bivariate spectral collocation method.

The prototypical examples of hyperbolic PDEs that are solved in this article include; the damped wave equation, the
telegraph equation, the modified Liouville equation, and the 1-D Phi-four equation. The first two are linear, and the latter
are nonlinear. The solution of damped wave equation describes the propagation of disturbances out from the region at a
fixed speed in one spatial direction [21,22]. This wave equation fits its application in areas of elasticity, plasma physics,
quantum mechanics, and general relativity. The telegraph equation originates from Maxwell’s equation and it describes the
voltage and current on an electrical transmission line with distance and time [23]. On the other hand, the modified Liouville
equation plays an important role in biology and mathematical physics where it describes the time evolution of the phase
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space distribution function [24,25]. Finally, the 1-D Phi-four equation finds application in many areas of physics such as
plasma physics, fluid dynamics, solid state physics, and quantum field theory [26].

In the next section, we describe the multidomain bivariate spectral collocation method for hyperbolic PDEs. We note that
hyperbolic PDEs differ from evolutionary parabolic PDEs in terms of constructing the numerical scheme due to the presence
of the time derivative initial condition. This is dealt with in this section. In Section 3, we present new error bound theorems
and proofs for bivariate polynomial interpolation in single and multiple domains using Gauss-Lobatto nodes. In Section 4,
we give the examples that have been chosen for numerical experimentation. In Section 5, we present numerical results for
the four example problems. Many practical issues like computational time and conditioning of the matrices are discussed
here. A detailed comparison of multi-domain and single domain approaches is also included. Finally, concluding remarks is
given in Section 6, followed by Acknowledgments.

2. Method of solution

In this section, we describe an algorithm for the multidomain spectral collocation method and apply it to solve second
order partial differential equations of hyperbolic type. To do this, we consider a linear hyperbolic PDE which takes the form;

82u Bu ou
—_— = X, t x, tiu x, t), 1
e = BT gl O Yk O+ Y 1) (1)
and is defined on the domain [x, t] € [a, b] x [0, T], where «, ,82 are known constants and ¢(x, t), ¥(x,t), y(x,t)are
known functions. Towards the end of this section, the scheme is extended to nonlinear hyperbolic PDEs. Eq. (1) is to be
solved subject to the boundary conditions

u(a, t) = gq(t), u(b,t) = g(t), (2)
and initial conditions
u(x, 0) = f(x), u(x,0)= h(x), (3)

where gq(t), g5(t), f(x), and h(x) are known functions. We remark that for the purpose of this paper, the multi-domain
approach is implemented on the time-t variable only. Below we give an illustration that demonstrates the implementation
of the multidomain approach on the solution of Eq. (1);

Lett € I" where I" € [0, T]. The domain I is decomposed into p non-overlapping intervals as

T = [tk—1, &), te1 <t, t0=0, =T, k=1,2,...,p.
The variable t € [t;_1, t¢] in the kth subdomain is first transformed into £ € [—1, 1] using the linear transformation
(tk — ) E+ = (fk + t-1), (4)

before the spectral collocatlon is applied. Similarly, the spatial domain x € [a, b] is transformed into X € [—1, 1] by applying
the linear map

(b—a)x+ (b+a) (5)

The collocatlon nodes are taken to be the symmetrically distributed Gauss-Lobatto grid points defined in [27] on the interval

{xl}l ~, = cos (%) , {fj}]N:to = cos <JN£t> ) (6)

. . .. .. . . . ()
The solution at different sub-domains is made distinguishable by adopting the notation u(x, t), k=1, 2, ..., p, to denote
solution at the kth subinterval in t. The equation is solved independently at each subinterval. Thus we must solve

(k) (k)
9%u 8 u 82 (k) ou *)
W+ o _ﬂ >+ ox, t)8—+1ﬁ(x f)U+J/(X t), (7)
subject to the boundary COIldlthIlS
(k) (k)
u(a,t) = gq(t), u(b,t)=gp(t), (8)
and initial conditions
(1)
u(x, 0) = f(x), (X 0) = h(x), 9)
(k) (k=1) (k) (k=1)
u(X, tk*]) = u (X, tk*])v U[(X, tk’*]) = U (Xs tk*])v fOI‘ k = 2’ 35 ceey p (10)
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We note that the initial conditions for k = 2, 3, ..., p, Eq. (10) are based on the continuity condition whereby the solution
at the right hand boundary of the (k — 1)th subinterval is taken to be the initial condition when computing the solution

. . . k) . . . Lo . .
in the kth subinterval. The unknown solution, (ﬁ (x, t) of Eq. (7) is approximated using a bivariate Lagrange interpolating
polynomial defined as

Nx Nt

x t) = ZZU(x,,, to)Lp(X)Lg (1), (11)

p=0 g=0

where the functions L,(x) are the Lagrange cardinal polynomial

Nx . .
X—X . 1 if p=i
Ly(x) = p,w1thl(x-)=8»={ : ; (12)
p g =X pRH P 0 if p#i.
p#i

The functions Ly(t) are defined in a similar manner [28]. The first derivative with respect to x is approximated at the Gauss-
Lobatto points (x;, t;), forj =0, 1,2, ..., N, as

—ZX:Z[kJ(xp,tq)L () —== ( )

X=X t=lj  p=0 ¢q=0

(k)
ou

0x

X=Xj

_ZD U(xp,t, i=0,1,2,.... N,

= D“’O)Uj, att =t (13)
where D% is obtained from scaling the standard first derivative Chebyshev differentiation matrix of size (Ny + 1) x (Nx+ 1)
as defined in [27] by multiplying it with ;. The vector (’l})] is defined as
(k) T
Uj = [ulxo, ), u(xq, §), u(Xz, 8, ), ..., u(xn,, )] (14)
where T denotes matrix transpose. The second order partial derivative with respect to x is defined as
(k)

02U (k)
— =Dy, (15)
ax X=Xi,t=[j
The derivatives with respect to t are computed at (x;, tj), fori =0, 1,2, ..., Ny, as
8(1’}) M dL ( )
t
ﬁ = ZZU(Xp,tq)L Xl
X=X0=h p=0 ¢=0 =4

ZD“” Uk ), j=0,1,2,..., N,

Z D(O 1! o (16)
where D (0.1) , J,g=0,1,2,..., N, is obtained from scaling the standard first derivative Chebyshev differentiation matrix
of size (Nt 1) x (N; 4+ 1) by multlplylng it w1th Fmally, we obtain the second derivative with respect to t as

(k)
92U XL o®
92 = Dj,"Uq. (17)

X:X,‘,t:tj q=0

We remark that the temporal differentiation matrices D(?’l) depends on k if the subdomains are not assumed to be of the
same length. Substituting the discrete derivatives in the differential equation (7) we obtain

Ne
(k) (k) k) *) )
[,321)(2’” + d(x, DD 4 y(x, tj)} U -> [ '+ oD ”] U, =—y(xt) (18)

q=0
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1
Using the initial condition (u)(x, 0) = f(x) and noting that the grid points are indexed from right to left of the subinterval

in time such that t = 0 correspond to the grid point ty,, at the collocation points in the first subinterval in time we have
(1) (1) (k) (k—1) (k)

UX, ty,) =f(xX)= Uy, or UXX, ty—1) = U (X, tr—1) = Uy,, for k=2, 3, ..., p. Notation wise, X denotes the vector of grid
points in the entire domain in x. Eq. (18) can be written as

(k)
(5029 + p(x. D10 4 y(x, )] U;

Ne—1

(k) (k)
0,2 0,1 (k) 0,2 0,1
- > [0 + e ] U, = . 6)+ [0 + an] U, (19)
q=0
Expansion of Eq. (19)is a (Ny + 1)(N¢) x (Nx 4+ 1)(N;) matrix system given by
- ST W 7 T W
Ag0 A1 Agx ... Aon-—2 Ao,N;—1 (6)0 (li)o
(k) (k)
A1 A1 Az ... AN Ao,N;—1 U; R,
(k) (k)
Az o Az A, ... AN2 Ao N1 U | _| R ’ (20)
: : : : : ) )
AN[—Z,O ANt—2,1 AN¢—2,2 N AN(-Z,Nt—Z ANt—Z,Nt—l (U)N[72 (R)N[72
(k) (k)
LAN-1.0 An-11 An-12 oo An—ane—2 Ave-ine—d [Uy | [Ryoi ]

where
(k) (k)
Aii = B2DP0 + §(x, D + 9 (x, t) = [DGY +aDV[1 i=0.1.2. N - 1,

Ai,jz—[DEfJ’.’z)JraDgf}-”] Li#j, ij=012...,N —1,
) ‘ ®)
R = —Y(x. ) + [DE%) —i—aDg?,\’,:)] Uy, i=0,1,2... N —1,

and I'is an identity matrix of size (Ny + 1) x (Ny + 1). Evaluation of the boundary conditions at the collocation points yields;

(k) (k) .
u(XNX,ti)Zga(ti), u(x07tl):gb(tl)1 l=07 1727"'7Nf_ 1. (21)

The boundary conditions are imposed by replacing the first and last rows of previously defined A; ;, A; j and ng) blocks as

10 ... 00 00 .. 00 8(ti)
®) ©
e . W Y : T el & @
i, i,j .
00 .. 01 00 ... 00 ]

The derivative initial condition at t = 0, in the first subinterval k = 1 is resolved at collocation points as follows;
&) X &)
0,1 .
ue(xi, ty) = Y Dy JUg =h(x), j=0,1,2,....N,. (23)
q=0

. G m () . (k) (k)
Using the condition u(x, 0) = u(x, ty,) = Uy, = f(x), and noting that the values U(xo, ty,), U(xn,, ty,) are known from

the boundary conditions, Eq. (23) can be written as

Ne—1

(1)
> DUy = h(x) — DY N F(x), j=1.2,... . Ny—1. (24)
q=0

The conditions reflected on Eq. (24) are imposed on the last block of sub-matrices as follows;

[1 0 0 ... 0 0]
Ay_10 = Dy g1(1: Ny — 1,0 Ny) , (25)
0 0 0 .. 01
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[0 0 0 .. 0 0]
Ay = DODI(1 s Ny — 1,0 Ny) | i=12. . N-1. (26)
0 0 0 .. 0 0]
Consequently, the right hand side of Eq. (20) is modified as
&p(tn—1)
Riv—1) = | h(X(1: Ny — 1)) = D' F(x(1 : Ny — 1)) |- (27)
| ga(tNt—]) n

We remark that in Egs. (25)-(27), we exerted MatLab syntax “ :” for representation of matrices. Fork = 2, 3, ..., p, Eq. (24)
becomes

pa pa pon’gD kg o
Z DNt q Z Uq = Ulo — Nt Nt UO (28)
q=0

(k1)
Here UU, denotes the value of the first derivative with respect to t evaluated at the right hand boundary of the (k — 1)th

subinterval which acts as the derivative initial condition in the kth subinterval. We remark that Egs. (23)-(28) strikes the
major difference between hyperbolic and parabolic PDEs in terms of solution procedure. An extension of the numerical
scheme to the solution of nonlinear PDEs is illustrated by considering the solution of a second-order nonlinear hyperbolic
PDE of the form

82
at2

where F is a nonlmear operator acting on the unknown function u(x, t). Eq. (29) is to be solved subject to the boundary
conditions

du —ﬁ +¢(x t)a ) + y(x, ), (29)

u(a, t) = ga(t), u(b,t) = gy(t), (30)
and initial conditions
u(x, 0) = f(x), u¢(x,0)= h(x). (31)

To solve Eq. (29), we first linearize it using the quasi-linearization method (QLM) of Bellman and Kalaba [29]. The QLM is
based on the Newton-Raphson method and is constructed from the linear terms of Taylor series expansion about an initial
approximation to the solution. The QLM assumes that the difference between solutions at two successive iterations denoted
by u, and u, 4 is very small. Applying the QLM on Eq. (29) yields

T OUr 41 3%Ur 4 OUr 41
+ o(x, t u — -
e T AEFTS ot

where w = % andr = 1, 2, 3, ... denotes the level of iteration. The QLM scheme Eq. (32) is solved iteratively subject to
the boundary conditions

Ury1(a, t) = ga(t), ury1(b, t) = (1), (33)

and initial conditions

ﬁz

= —y(x, t) + wru — F(uy), (32)

ou 1
1%, 0) = f(x), —=(x, 0) = h(x) (34)
The matrix system resulting from spectral collocation are
(k) )
Aii = B0 + §(x, 610 + 0, — [DG? + a1 1= 0,12, N -1, (35)
A== D57 +aD |1 i £ =012 N -1, (36)
) ) onl®  w W k) _
Rr,i:_y(xa ti) + [ 1N +05D1N ]UNt+wr,iUr,i_F(Ur,i)a 0<i<N -1 (37)

3. Error bounds in bivariate polynomial interpolation

In this section, we present the error bound theorems that emanate from bivariate polynomial interpolation using Gauss—
Lobatto nodes. To the best of our knowledge, the error bound theorems given in this section are new and are been presented
for the first time in literature. The error bound theorems given herein acts a theoretical basis of argument as to why
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multidomain approaches are most suitable when approximating the solutions of differential equations that are defined over
large interval domains. We note that Gauss-Lobatto nodes are relative extremes of the Nyth degree Chebyshev polynomial
of the first kind Ty, (%), X € [—1, 1]. There does not exist a well known explicitly defined polynomial whose roots are the
GL nodes. However, if we think of interior Gauss-Lobatto nodes as the solution of T,’VX(&) = 0, where the prime denotes
differentiation with respect to %, the complete set of the Gauss-Lobatto nodes can be said to be the roots of (N, + 1)th degree
polynomial;

Ly, 11(%) = (1 = &)Ty (R). (38)

Below, we state a theorem that acts as a benchmark for stating subsequent error bound theorems on bivariate polynomial
interpolation and devising their proofs;

Theorem 1 ([30)). Let u(x, t) € CMtNe+2([a, b] x [0, T]) be sufficiently smooth such that at least the (N, + 1)th partial derivative
with respect to x, (N; + 1)th partial derivative with respect to t and (Ny + N; + 2)th mixed partial derivative with respect to x and
t exists and are all continuous, then there exists values &, &, € (a, b), and &, &/ € (0, T), such that

Ny Nt

aNx+1 » aN[+1 L&
u(x, t) — U(x, t) = %H( X —X;)+ Wmn(t—tj)
=0 T j=0

gNx+Ne+2 u(

T AN TN (N, + 1 H(X x,)l_[(t—t] (39)

where U(x, t) is a polynomial interpolant of u(x, t) at {x, o &rid points in x-variable and {t] o &rid points in t-variable.

A similar result was later reproduced by authors in [31]. Taking the absolute value of Eq. (39) we obtain

Ny Ne
Nyt1 l_[(x—x,) Ne+1 n(t_tj)
E(x, t) < max P u( ) I, &) | 1=
T (hen dxNx+1 + 1)! (x,t)e2 otNe+1 (N; + 1)!
Ny Ne
[Jx=x)| [[Tcc =
o |8 0 o (0
e | OxNet1geNe+1 (Ny + 1)Y(N; + 1)!

Here E(x, t) = |u(x, t) — U(x, t)|. Since the function u(x, t) is assumed to be smooth on £2, it follows that its derivatives are
bounded and thus 3 constants Cq, C; and Cs, such that

Nty (x, t) - Nt ly(x, t) -c
ANl , MaX |—————| =< (;, max
oxNx+1 =0 wnen otNe+1 2 (kt)ew

3N)<+Nt-~-2u(x7 t)
max OxNe+19¢Ne+1

<(s. (41)
(x,t)e

3.1. Error bound theorem on a single domain

In this subsection, we state and prove the error bound theorem that govern bivariate polynomial interpolation on a single
domain using Gauss-Lobatto nodes.

Theorem 2 (Error Bound on a Single Domain). The resulting error bound when GL grid points {x,}, *o € la, b], in x-variable and
{tj}jzo € [0, T], in t-variable are used in bivariate polynomial interpolation is given by

8 (H)N)H—] (I)NH-] 82 (b;a)NX+1 (I)Nﬁ—l
E(x,t) < C;—2 C—4 C 4 4 , 42
=G T Fem o T O T - i, = 11 (42)

where Cq, C; and Cs, are as defined in Eq. (41).

Proof. To prove the analytic expression for the error bound when Gauss-Lobatto are used in bivariate polynomial
interpolation, we first apply the relation stated in [32] to write the (N, + 1)th degree polynomial Ly, +1(X) at Eq. (38) as

Ly+1(R) = (1 = BTy, (&) = —Ne&Ty (&) + NxTny—1(R). (43)
Noting that |Ty, (X)| < 1fork € [—1, 1], we have

L1 (R = [—Nik T, (8) + NeTno—1(R)] < [—Nok T (R)] + [NxTiy—1(X)] < 2Ny. (44)
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The leading coefficient of Ly, (%) is 2"~ IN,. The components 2"*~! and N, comes from the leading coefficient of Ty, (%) and
the application of N,-th rule of differentiation on Ty, (X), respectively. The product factor in the error bound expression given

in Eq. (40) can therefore be taken to be the factorized form of monic polynomial Z’X,’;“] Ny . We write
Ly +1(%)
H(X - = 2Nx—1N (45)

Using Eq. (44) we observe that this monic polynomial Eq. (45) is bounded above by

Nx A
A Ly+1(X) 2Ny 4
g(x—x,-) = o | = e = (46)
Considering a general interval x € [a, b], we can show that the first product factor in Eq. (40) is bounded above by
Nx Ny Nx+1 Ny
(b—a) . . b—a\™ o
oo ([ Tox—) = max [ [ =G50 = (=) max, T1& %)
i=l i=0 j=0
b—a\™"! Ly 1(R)
=— max
2 _1<i<1|2Nx—1IN,
—a\Nx+1 Nyx+1
4(%5) b—a\"
<25 ( 2 ) (47)
In a similar manner, it can be shown that for the second product term
Ne Ne+1 A T\Net+1 Ne+1
T Ly+1(0)] _4(3) T
ma t—t) == ma =8| - . 48
Ostg)g' l_[( ]) (2) _1§f)§(1 2Ne—1IN | — 2Nt 4 (48)

j=0
Using Eqs. (47), (48), and (41) in Eq. (40) completes the proof. O
3.2. Error bound theorem on multidomain

In this subsection, we extend the bivariate interpolation polynomial error bound theorem presented in the previous
subsection to obtain its variant on a decomposed domain. In the description, it is assumed that the number of grid points is

the same across all subintervals.

Theorem 3 (Error Bound in the Decomposed Domain). The error bound when Gauss-Lobatto grid points {x,}, o € la, b] for

x-variable and {tj};\’:fo € [ty1, tel, k = 1,2, ..., p, for the decomposed domain in t-variable (expanded over the entire interval
[0, T]) are used in bivariate polynomial interpolation is given by
8 b—a Nx+1 8 T Ne+1 1 Ne+1 82 b—a Nx+1 T Nt+1 1 Ne+1
E(X, t) < Cl ( 4 ) +C2 (4) <_> +C3 ( 4 ) (4) (_) ) (49)
(N + 1)! (Ne+ 1) \p (Nx+ DN, +1)! \p

Proof. Let define the Gauss-Lobatto grid points in the t- variable at the kth subinterval as

(k) jm 1ttt 1/ te—t1\
= COS ot = ——— —— ). 50
{T }f =0 (Nt) J 2 ( N; + 2 N; g (50)

In the entire domain [0, T], we have that
Nt T\Ne+1 Ne+1
4(3) T\"
H(t_tj)fT=8<Z) ,
j=0
which implies that in the decomposed domain, at each subinterval, we should have
Nt © T Ne+1 T Ne+1 1 Ne+1
[Je-t <8 =8(- - . (51)
o 4p 4 p

We remark that there exists t values &, € (t,—1,t,), ;0 = 1,2, ..., p, for which the values of the (N; + 1)th partial derivatives

\Ne+1
with respect to t in each subinterval is the absolute maximum. This enables us to break the second term C, % inEq.(42)
o7
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into different components that are not necessarily equal in the decomposed domain as

T Ne+1 Ne+1 p
Cél()s (4) (1) , (52)
(Ne+1)! \p

k=1

where
Nt ly(x, t) N lu(x, &) (x)
(E})ae)é 9tNe+1 = 9tNe+1 =G, teltior td (>3)
We define
I Gy lloo= max{Ci", c?, ..., cPy, (54)

to denote the maximum absolute value of (N; + 1)th partial derivatives of u with respect to t in [0, T]. Clearly, ||62 loo = Go.
To expand the error bound over the entire domain, we shall take the largest possible error across all sub-domains which is

8 (5)" 1y
G2 = : (55)
(Ne+ 1) \p
2(02)" ()"
In a similar manner, the third term C3 W in Eq. (42) becomes

3

82 (o)™ ()™ <1>M“ (56)

(Nx+ DIN: +1)! \p
in the case of multi-domain approach. Using Egs. (55) and (56) in Eq. (42) completes the proof. O

Comparing Eqs. (42) and (49) it is clear that errors associated with bivariate polynomial interpolation are smaller when using
mul%—dlomain approach than the single domain approach as the second and third terms in Eq. (42) have been multiplied by
t+

(%) « 1 for large p in Eq. (49). The assumption that is made here is that the spatial interval is small and thus the first

term in the error bound expression has less influence on the size of interpolation error. This multidomain approach that is
described here enhances significant reduction in the size of interpolations errors if such errors are mainly contributed by
time, (t) variable. The use of the multi-domain approach allows for a reduction in the number of grids points, N; on the time
variable at each subinterval. Consequently, small-sized matrices that are well-conditioned arises and the approximation
errors are minimized. This is especially the case if the enormous errors are caused by large valued higher order time
derivatives of the function u(x, t) within the domain of approximation. Reducing the size of interpolation error ensures
that more accurate numerical results are arrived at when such interpolating polynomials are used to approximate solutions
of differential equations. Polynomial interpolation error bound theorems using the close variant of Gauss-Lobatto nodes
namely; the equispaced nodes and Chebyshev nodes are well known in the literature and their proofs can be found in any
elementary book in numerical analysis. The equispaced grids points have poor interpolating features as they result in Runge
phenomena [33]. The Chebyshev grids points which upon comparison with the theorems presented in this work yields a
slightly smaller interpolating error (almost half that of Gauss-Lobatto nodes) are not used in spectral based collocation
methods. The reason behind the preferable choice of GL nodes to Chebyshev nodes as collocation nodes is their convenience
in generating differentiation matrices. The Gauss-Lobatto nodes also include the boundary nodes of the computational
domain —1 and 1 which is advantageous when treating the boundary conditions of the problem in question. This is not
the case with Chebyshev nodes.

4. Numerical experimentation

In this section, the applicability of the multidomain bivariate spectral collocation method to solutions of hyperbolic partial
differential equations is illustrated by considering the solution of well known linear and non-linear PDEs that have been
reported in the literature;

Example 1. Consider the linear damped wave equation
0%u s ﬂ
oz ot Fre

where c is a small positive constant. The term Zc - represents a damping force proportional to the veloc1ty .For simplicity,

we will assume that the length of the string is L = m, and the constant 82 = ¢ = 1. These substitution ylelds
0%u N 28u _ d%u
at? at  ax2’

(57)

(58)
58



66 F.M. Samuel and S.S. Motsa / Wave Motion 88 (2019) 57-72

Eq. (58) is solved subject to boundary conditions

u(0,t)=0, u(mw,t)=0, forallt > 0, (59)
and initial conditions
u(x, 0) = sinx, u,(x,0) = —sinx. (60)

The exact solution is given in [22] as

u(x,t) = e 'sinx. (61)

Example 2. Consider the linear Telegraph equation

u  ou ,d%u
F'FUa:ﬂ——Ku. (62)

Eq.(62)describes the voltage u(x, t)inside a piece of telegraph/transmission wire, whose electrical properties per unit length
are resistance R, inductance I, capacitance C and conductance of leakage current G, where 2 = % v = % + ’f. and k = %.
Setting all electrical properties quantities to unity Eq. (62) reduces to

0%u du  d%u
ot2 at x>
Eq. (63) is solved subject to boundary conditions

—u. (63)

u(0,t) =e2, u(1,t)=e'"%, forallt >0, (64)
and initial conditions

u(x,0) = e*, u(x,0) = —2¢". (65)
The exact solution is given in [23] as

u(x, t) = 2, (66)

Example 3. Consider the nonlinear modified Liouville equation

Pu 0% .

F = ,3 @ + ke (67)
Setting B2 = k = A = 1Eq. (67) reduces to

Pu  tu

— = — +e". 68

otz 9x2 + (68)
Eq. (68) is to be solved subject to boundary conditions

6 6

ul, ) =In| ———1|, u2,t)=In| ——— |, forallt > 0, 69

o [(wzt)Z} 20 [(2+zr)2] g )
with the initial conditions

6 4

u(x, 0) = In [ﬁ} , u(x,0)= - (70)
The exact solution is given in [24] as

u(x, t) =In 6 (71)

T U (42t |

Example 4. Consider the nonlinear 1- dimensional phi-four equation

d%u 0%u 3

5 = Bag —u— . (72)
Setting 8 = 6§ = A = —1Eq. (72) reduces to

d%u 0%u 3

— =——tu+tu. 73

ot? 0x2 tus (73)

Eq. (73) is to be solved subject to boundary conditions

t 7+t
u(0, t) = tan <£_1> u (%, t) = tan < 2 1 ), forallt > 0, (74)
59
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Relative error values obtained when Example Example 1 is solved using N, = 20, N, = 100, p = 1.
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t

X 1.0 2.0 5.0 10.0
0.0193 4.66290e—008 7.44967e—008 4,09623e—007 8.70789e—007
0.4601 1.06465e—009 1.30864e—009 1.58031e—009 5.13471e—008
1.3251 3.23212e—010 2.69150e—009 3.21242e—009 1.75804e—008
2.2839 5.15519e—009 2.53688e—009 7.62498e—009 2.60394e—008
2.9704 1.95880e—008 1.54940e—008 4.31666e—008 7.89615e—008
CPU time (s) 1.423548 Cond number 7.0462e+0011
with the initial conditions
X 1 5 /x
u(x, 0) = tan (—) us(x, 0) = — sec (—) (75)
4 4 4
The exact solution is given in [26] as
X+t
u(x,t)=tan | — |. (76)
4
Example 5. Determine the interpolation error in approximating the function
ux,t) =€, xe[-1,1], t e [-2,2]. (77)

We note that Examples 1-4 are used to demonstrate the applicability of multidomain spectral collocation method in
solving hyperbolic PDEs whereas Example 5 is used to test the error bound theorems.

5. Results and discussions

In this section, numerical results in terms absolute error and relative error values obtained at selected values of x and
t when solving Examples 1-4 are presented. The bivariate spectral collocation method (single domain approach) and the
multi-domain bivariate spectral collocation method have both been applied in solving each Example. The computation
time that is taken to produce results and the condition number of the coefficient matrix resulting from collocation is also
presented. The CPU time recorded here is the time taken to execute instructions contained in the algorithm right away from
compilation to the instant when results are realized. The condition number of the matrix A is evaluated as ||A||[|A~] [34]
and is invoked using the MatLab command cond(A). In the case of the multidomain approach, the largest condition number
across all the subintervals is presented. The absolute and relative errors are evaluated as

bSi'j

y and Rel,‘,j = m
e\Ms b

Absij = |ue(Xi, tj) — Ua(Xi, ) , Tespectively, (78)

where u.(x;, tj) is the exact solution and Uq(;, t;) is the approximate solution at the collocation points (x;, t;). The results for
each example have been presented in two separate tables. The first table is a representation of the results obtained using
the single domain approach whereas the second one depicts those obtained from the multi-domain approach in the quest to
compare their performance. We remark that the bivariate spectral collocation method which is the single domain approach
is invoked by setting the number of subintervals p = 1. The results in Tables 1-8 were obtained using MatLab software
where as those in Table 9 were computed on Mathematica platform.

The results obtained from approximating the solution of Eq. (58) are presented in Tables 1 and 2. Table 1 shows the results
obtained when bivariate spectral collocation method is applied. Relative errors of order 10~7 are obtained. Table 2 displays
similar results when the multi-domain bivariate spectral collocation is applied and smaller absolute errors than those in case
of the single domain approach are obtained. The relative errors are of order 10~'°. In addition, Tables 1 and 2 indicate that
a shorter computation time is taken to generate results and the condition number of the coefficient matrix is smaller when
the multidomain approach is adopted. Small condition number is responsible for improved accuracy in the multidomain
approach.

The results obtained from approximating the solution of Eq. (63) are presented in Tables 3 and 4. Table 3 shows the results
obtained when a single domain approach is applied. The relative errors obtained here are of order 10~°. On the other hand,
Table 4 shows similar results that are obtained when the multi-domain approach is applied in the method of solution. The
relative errors (of order 10~%) are smaller in the multi-domain approach than those obtained in case of the single domain
approach. A shorter computation time and a smaller condition number of the coefficient matrix is evident in the case of the
multi-domain approach, Table 4, than that recorded when the single domain approach is adopted, Table 3.

The results obtained from approximating the solution of Eq. (68) are presented in Tables 5 and 6. The results given herein
are those obtained after the 5th iteration. Table 5 shows the results obtained when a single domain approach is used whereas
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Table 2

Relative error values obtained when Example Example 1 is solved using N, = 20, N, = 10, p = 10.
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t

X 1.0 2.0 5.0 10.0
0.0193 5.33321e—012 3.49871e—011 1.95661e—010 7.62712e—010
0.4601 1.74861e—011 5.05352e—011 2.44538e—010 8.89471e—010
1.3251 1.62381e—011 4.84196e—011 2.42403e—010 8.89054e—010
2.2839 1.40134e—011 4.69972e—011 2.40025e—010 8.88724e—010
2.9704 5.11146e—012 3.92272e—011 2.31320e—010 8.73026e—010
CPU time (s) 0.114274 Cond number 8.7192e+006

Table 3

Relative error values obtained when Example Example 2 is solved using Ny = 20, N, = 100, p = 1.

t

X 1.0 2.0 5.0 10.0
0.0062 2.18419e—008 8.27964e—008 2.53078e—007 2.34678e—006
0.1464 5.15727e—008 1.80808e—009 7.05926e—007 1.24505e—005
0.4218 1.11300e—008 5.67612e—008 1.74194e—007 7.61562e—006
0.7270 2.86742e—008 3.67432e—008 2.96557e—007 3.60689e—005
0.9455 2.96515e—008 1.35708e—007 2.21656e—007 8.10334e—005
CPU time (s) 2.846143 Cond number 6.4327e+011

Table 4

Relative error values obtained when Example Example 2 is solved using N, = 20, N, = 10, p = 10.

t

X 1.0 2.0 5.0 10.0
0.0062 3.95601e—012 2.02862e—012 3.39103e—010 6.39796e—008
0.1464 1.50557e—012 3.41663e—012 3.49983e—010 6.77700e—008
0.4218 4.88940e—012 7.25118e—011 5.85170e—010 9.00861e—008
0.7270 3.79695e—012 9.79213e—012 4.54850e—010 9.87302e—008
0.9455 1.87760e—012 2.69463e—011 7.11001e—011 9.78759e—008
CPU time (s) 0.146381 Cond number 8.4572e+006

Table 5

Absolute error values obtained when Example Example 3 is solved using Ny = 20, N; = 50, p = 1, It=5.

t

X 0.2 0.4 0.6 0.8

1.0062 3.47944e—009 3.77384e—009 8.2309e—008 2.18613e—009
1.1464 7.45887e—010 3.02654e—009 3.06068e—009 2.18613e—009
1.4218 3.52577e—010 3.89464e—009 6.36734e—010 4,19664e—010
1.7270 7.02645e—011 9.92337e—011 1.09369e—009 1.09697e—010
1.9455 1.78821e—009 2.73041e—009 1.88447e—009 5.45717e—010
CPU time (s) 1.519801 Cond number 7.8367e+009

Table 6 shows similar results that are obtained when the multi-domain approach is applied in the method of solution. The
absolute errors of order 10! are achieved in the case of the multi-domain approach and are much smaller than those
obtained in the case of the single domain approach (order 10~8). The trend on the amount of computation time and the
value of the condition number of the coefficient matrix is analogous to those presented in preceding examples.

The results obtained from approximating the solution of Eq. (73) are presented in Tables 7 and 8. Table 7 displays the
results obtained when bivariate spectral collocation method is applied in solving Eq. (73). The absolute errors of order
107> are obtained. Numerical results that are obtained when the multi-domain approach is applied are shown in Table 8.
The absolute errors of order 10~ are obtained in the case of the multi-domain approach. In regards to the amount of
computation time and the condition number of the coefficient matrix, a trend analogous to that presented in preceding
tables is evident across the two approaches.

In Table 9, the results obtained from piece-wise polynomial interpolation on multiple domains have been bolded to
distinguish them from those obtained when interpolation performed on a single domain. The column label, Bound, denotes
the maximum possible theoretical value of interpolation error evaluated from the error bound theorems. The ¢ domain was
subdivided into 2 subintervals of equal length. The number of grid points was maintained the same over the entire domain for
comparison purposes. The Table shows that the size of interpolation errors decrease as the number of grid points increase.
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Table 6
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Absolute error values obtained when Example Example 3 is solved using N, = 20, N =5, p = 10, It=5.

69

t

X 0.2 0.4 0.6 0.8

1.0062 6.36269e—011 9.95849e—011 5.44590e—011 1.95023e—011
1.1464 1.69966e—011 2.91311e—011 2.86388e—011 1.75647e—011
1.4218 1.97931e—012 5.97371e—011 2.04829e—011 4.18210e—012
1.7270 8.39218e—013 1.21388e—011 9.29423e—013 4.77738e—011
1.9455 1.54289e—011 3.12200e—011 4.69424e—012 8.03992e—011
CPU time (s) 0.105744 Cond number 2.8509e+006

Table 7

Absolute error values obtained when Example Example 4 is solved using Ny = 20, N, = 50, p = 1, It=5.

t

X 0.02 0.04 0.06 0.08

0.0097 8.79971e—009 4.08907e—008 1.05963e—008 3.71353e—006
0.2300 2.50317e—010 2.50693e—009 2.53192e—008 2.52560e—007
0.6625 2.66273e—010 2.80803e—009 2.75705e—008 2.62539e—007
1.1420 8.84794e—010 1.01925e—008 1.02061e—007 9.73155e—007
1.4852 2.47955e—008 3.31860e—007 3.49922e—006 3.39059e—005
CPU time (s) 1.539690 Cond number 2.3494e+015

Table 8

Absolute error values obtained when Example Example 4 is solved using N, = 20, Ny = 5, p = 10, It=5.

t

X 0.02 0.04 0.06 0.08

0.0097 3.79300e—012 3.65525e—011 3.78129e—010 3.85786e—009
0.2300 6.13676e—014 4.73760e—013 4,12961e—012 3.94241e—011
0.6625 3.66929e—014 3.03868e—013 2.95070e—012 2.78306e—011
1.1420 1.79856e—013 1.17273e—-012 1.06025e—011 9.83894e—011
1.4852 2.71216e—012 3.41522e—011 3.52029e—-010 3.38485e—009
CPU time (s) 0.350592 Cond number 1.5534e-+007

Table 9

Numerical values of interpolation errors obtained when interpolating Eq.(77) in a single and multiple domains.

Ny N¢ P CPU Time(s) Bound Gauss-Lobatto
10 10 1 1.5760 1.4874 x 1076 2.8320 x 1077
10 5 2 1.1437 8.2877 x 107° 3.8721 x 107°
20 20 1 6.7860 2.0460 x 1078 6.4615 x 10714
20 10 2 4.7495 1.7551 x 1078 1.8046 x 10
40 40 1 38.0700 6.3882 x 107° 1.7955 x 10713
40 20 2 15.3842 5.3520 x 10°1° 2.8411 x 107 1¢

It also demonstrates that numerical values of absolute errors are always smaller than the theoretical error bound values
verifying that the function considered here obeys the bivariate polynomial interpolation error bound theorems presented
in Section 3. We observe that performing interpolation over many smaller domains recorded significantly shorter CPU time
than the single domain. Further, an improved accuracy is registered when 40 grid points are used in t on multiple domains
than the single domain which registers a drop in accuracy.

To further discuss the results, the numerical solution of Examples 1-4 is compared with the exact solution through figures.
The numerical solution depicted here is that obtained using the multidomain approach with N, = 20, N; = 5, p = 10.
Figs. 1-4 shows that the numerical solution is in close agreement with the exact solution confirming the accuracy of the
proposed approach. Fig. 5 compares the absolute errors obtained when approximating the polynomial given in Example 5
by an interpolating polynomial using N, = 40, N; = 40 for the single and multidomain approach. The figure confirms that
the multidomain approach records smaller interpolation errors as compared to single domain approach.

6. Conclusion

We have successfully proposed the multi-domain bivariate spectral collocation method for solving hyperbolic PDEs.
Secondly, we have demonstrated that this method yields very accurate approximate solution when it is applied in solving
hyperbolic PDEs that are defined over larger time domains and that results are generated over little time. The reduction in
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5 x107° Comparison of analytic and approximate solution
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0 0.5 1 1.5 2 25 3 3.5

Fig. 1. Comparison of exact and numerical solution for Example 1 evaluated at t = 10.

65 x107° Comparison of analytic and approximate solution
——— Approximate
6l O  Analytic

x

Fig. 2. Comparison of exact and numerical solution for Example 2 evaluated at t = 10.

the size of the computation domain and consequently the use of fewer grid points at each sub-domain reduces the size of the
coefficient matrix. The small-sized matrices are easy to invert, and this translates to short computation time that is required
to generate results. The more accurate results are attributed to small condition numbers of the coefficient matrices obtained
when using the multi-domain approach. The performance of the method is reliable, and it gives a more general scheme
that is easily adaptable. The multi-domain bivariate spectral collocation method can thus be extended to solve many other
problems in real life that are modeled by hyperbolic PDEs. We have also successfully proved and tested new error bound
theorems for bivariate Lagrange interpolating polynomial which is used to approximate the solution of the hyperbolic PDEs.
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Fig. 3. Comparison of exact and numerical solution for Example 3 evaluated at t = 1.
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Fig. 4. Comparison of exact and numerical solution for Example 4 evaluated at t = 0.1.
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Fig. 5. Comparison of interpolation errors for Example 5 using the single and multidomain approach.
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Chapter 4

A Modified Spectral Collocation
Method of Solution for

One-Dimensional Parabolic PDEs

In this chapter, we aim to take full advantages of the combined benefits of incorporating both the
overlapping grid approach in space and the non-overlapping subdomains approach in time. An ef-
fective overlapping grid based multidomain spectral collocation method is developed and applied to
solve parabolic partial differential equations defined on large spatial and time domains. Numerical
experimentation to illustrate the applicability of the modified solution approach is conducted using
typical examples of parabolic PDEs that have been reported in the literature. We demonstrate that
concurrent decomposition of large spatial and time computational domain into smaller subintervals
guarantees improved accuracy and reduced computational time as opposed to further increase in
the number of grid points in a single large domain. To benchmark, the current method of solution,
new versions of the error bound theorems and proofs for bivariate polynomial interpolation emerge
as a consequence of incorporating the overlapping grid approach and non-overlapping subdomains
approach in space and time variables, respectively. The current method of solution could handle

other classes of parabolic PDEs modeling different real-life scenarios.
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Abstract

In this article, an efficient multidomain spectral collocation method is introduced and applied to
solve parabolic partial differential equations (PDEs) that are defined on large intervals. In the
literature, there exist multidomain spectral collocation approaches that have been applied in ei-
ther space or time variables, but not simultaneously on both. In this work, we demonstrate that
rather than incrementing the number of grid points in a single domain, concurrent decomposition
of large spatial and time computational domains into smaller subintervals ensured better accuracy
of results and reduced computational time. In the solution process, the domain of approximation
is decomposed into smaller, equal overlapping and non-overlapping subintervals in space and time
directions, respectively. The PDE is discretized on each subinterval using spectral collocation at
Chebyshev-Gauss-Lobatto (CGL) points. The PDE is then solved simultaneously across all subin-
tervals in space. In the time direction, the solution is computed independently at each subinterval
and the approximate solution is obtained by matching solutions at different subintervals along the
common boundaries. We demonstrate the accuracy and effectiveness of the proposed method by
presenting numerical results of well known parabolic PDEs that have been reported literature as a
single equation or systems of equations. New error bounds theorems and proofs have been presented

to benchmark the current method of solution.
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1. Introduction

Partial differential equations often arise in many practical problems in fields of mathematical
physics and engineering. In particular, parabolic PDEs are useful in describing a wide family of
problems in science and engineering that include physical and mathematical systems with a time
variable such as heat diffusion and ocean acoustics propagation [1]. Many highly nonlinear PDEs
that are encountered in engineering are difficult to solve analytically; the few that may possess
analytic solutions, finding the solution is cumbersome, and the solution process may depend on
making a number of essential assumptions [2]. Consequently, owing to the potential applicability of
the nonlinear PDEs, the quest to seek the best methods that approximate the solutions of nonlinear

models has remained an active area of research in recent decades.

Examples of parabolic PDEs that are considered in this article include the evolutionary equa-
tions that are single equations such as the reaction-diffusion equation, the generalized Burgers-
Fisher equation [3], and the generalized FitzHugh-Nagumo equation [4]. Reaction-diffusion equa-
tions model such processes in chemical kinematics, astrophysics, and biology. The generalized
Burgers-Fisher equation describes different mechanisms that arise in fields of financial mathematics,
fluid mechanics, shock wave formation, traffic flows, turbulence, heat conduction and transmission
of sound waves through viscous media, among other disciplines of applied sciences [5]. The gener-
alized FitzHugh-Nagumo equation [6] arises in genetics, biology, and heat and mass transfer [7, 8].
In biology, the FitzHugh-Nagumo equation models the activation and deactivation dynamics of a
spiking neuron [9]. For systems of parabolic PDEs, we consider fluid flow problems of boundary
layer type, in particular, the boundary layer flow over a permeable flat plate arising from differences
in concentration or material constitution, in conjunction with temperature effects. These type of
flows have received much attention from researchers owing to their great practical importance [10].
For instance, atmospheric flows at all scales, are driven appreciably by both temperature and wa-
ter concentration differences [11]. In addition, flow in water bodies are driven through equally

important effects of temperature [12].

Several methods have been developed and applied to solve parabolic PDEs. They include the
semi-analytical methods such as; the Tanh method [13], Adomian decomposition method [14, 15],
homotopy perturbation method [16], the variational iteration method [17], and numerical meth-
ods such as the finite difference methods [18] and the spectral collocation methods [19]. As for

the problems considered in this study, Javidi [20] studied the spectral collocation method for the
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generalized reaction-diffusion equation and later, working in collaboration with Golbabai [21], they
applied the spectral domain decomposition method on the same problem. Babalian and Saeidian
[22] gave some analytic approaches to the solution of the Burgers-Fisher equation. The explicit
solutions and numerical simulations of the generalized Burgers-Fisher equation were introduced
by Kaya and El-Sayed [23]. Wazwaz [13] presented the Tanh method for the generalized Burgers-
Fisher equation which was later solved by Mickens and Gumel [24] and Zhao et al. [25] using a
nonstandard finite difference scheme and the Chebyshev Legendre pseudospectral method, respec-
tively. Numerical approximations of the generalized FitzHugh-Nagumo equation also exist. For
instance, the Hopscotch finite difference scheme, which is a fast second order differential equa-
tion solver first proposed by Gordon [26], was further developed by Gourlay [27] and applied to
solve the FitzHugh-Nagumo equation. Other numerical methods that have been applied to solve
the FitzHugh-Nagumo equation include the pseudospectral method [28] and the polynomial dif-
ferential quadrature method [29]. For the case, of boundary layer flows, the problem of natural
convection flow from a vertical permeable flat plate with variable surface temperature and species
concentration was solved by Hussain et al. [30] using finite differences for the entire £ region (where
¢ is the scaled stream-wise variable), series solution method for small { and asymptotic solution
method for large £&. There exists a vast literature on different methods that have been applied to

numerically solve boundary layer flow problems (see [31]).

Among the numerical methods that are available in the literature for approximating solutions
of parabolic PDEs, spectral methods (Galerkin, tau, and collocation-based) have been shown to
be superior, especially where the problem possesses a smooth solution [32]. Spectral methods
are advantageous in that they require low numbers of grid points to give accurate results and
short computation time is needed to realize the results [33]. When solving initial-boundary value
problems, the spectral collocation-based approaches are often used because they offer a simple
treatment of boundary conditions [34, 35]. Motsa et al. [36] used spectral and collocation techniques
to develop the bivariate spectral quasi-linearization method for solving nonlinear parabolic PDEs.
In this method, the spectral approximation of the PDE that is sought is a bivariate Lagrange
interpolating polynomial. The quasi-linearization (QLM) method of Bellman and Kalaba [37] is
first applied to simplify a nonlinear PDE, which is then discretized using spectral collocation in both
space and time variables. The method has since been successfully applied to solve problems that are

defined over small space and time intervals. However, it has been observed that when the method is
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applied to solve a PDE defined over a large time interval, the accuracy deteriorates even with a large
number of grid points [38]. In view of this drawback, the applicability of the method has recently
been widened in a new version that is based on decomposing the time variable domain into smaller
non-overlapping subintervals [39]. In the modified approach, the PDE is solved independently on
each time subinterval and the resultant solution of the PDE is obtained by merging the solution
from different subintervals along common boundaries. We remark that, nevertheless, this approach

still disregards a large spatial domain an issue that we now address.

In this study, we aim to introduce a new multidomain spectral collocation method for the
solution of parabolic PDEs that are defined over large space and time intervals. We also aim to
demonstrate that the current multi-domain approach yields very accurate results in a remarkably
short CPU time. The new method is based on decomposing the space and time variable domains
into smaller equal overlapping and non-overlapping subintervals, respectively. The PDE is then
discretized for each of these subintervals using spectral collocation with Chebyshev-Gauss-Lobatto
points. The spatial variable domain overlapping is carried out such that the first and last two nodes
of the interior subintervals coincide with those of the neighboring subintervals and they remain
common. Chebyshev differentiation matrices from the different spatial subintervals are incorporated
to assemble a new Chebyshev differentiation matrix for the decomposed space variable. The PDE
is solved over the entire spatial domain, but independently at each time subinterval. For the
subintervals in time, the continuity condition to obtain initial conditions at subsequent subintervals.
The solution of the PDE in the entire time domain is taken as the union of the solutions at the
different time subintervals. To the best of our knowledge, such a spectral collocation-based method
with Chebyshev-Gauss-Lobatto points has not been applied simultaneously on overlapping grids
in space and non-overlapping grids in time. To further explain the performance of the proposed
method and our preferred choice of Chebyshev-Gauss-Lobatto points over other sets of nodes, we
develop new error bound theorems that govern piece-wise bivariate polynomial interpolation using

CGL nodes and present their rigorous proofs.

The rest of this article is organized as follows; In Section 2, we briefly introduce the multidomain
spectral collocation method and establish numerical discretization for a single nonlinear PDE. This
numerical scheme is then extended in Section 3 to solve systems of nonlinear parabolic PDEs of
boundary layer flow type. Results that show the performance of the proposed method are given

and discussed in Section 4. That section ends with an exploration of error bounds theorems in
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piece-wise bivariate polynomial interpolation using CGL grid points. Finally, the conclusion of our

work and acknowledgment are given in Sections 5 and 6, respectively.

2. Method of solution for a single nonlinear equation

In this section, we describe an algorithm to show how the multi-domain spectral collocation
method can be applied to solve a single equation parabolic PDEs defined on the domain (x,t) €
[a, b] x [0, T] for large (b—a) and T". The method is illustrated by considering a general second-order

nonlinear parabolic PDE;

ou ou 0%u

— = Uy == |, =€ (a,b), t € (0,7, 1
5 =7 (1o 5a ) welan). te ] 1)
where F' is a nonlinear operator operating on the unknown function u(z,t) and its first two spatial

derivatives. The PDE Eq.(1) is solved subject to the boundary conditions

a1gZ(a,t) + agu(a, t) = gq(t), 5121;(b,t) + Bou(b,t) = gy(t), t e (0,T], 2)

and initial condition

u(z,0) = f(z), z € la,b. (3)

The components g, a1, fo, S1 are known constants and f(z), gq(t) and g,(t) are known functions.

The method of solution involves the stages given in the subsections below.

2.1. The quasi-linearisation method

The PDE is first simplified using the quasi-linearisation method (QLM) of Bellman and Kalaba
[37]. The QLM is based on the Newton-Raphson method and is built from the linear terms of a
Taylor series expansion about an initial approximation to the solution. The QLM assumes that the
difference between solutions at two successive iterations, denoted by usy1 — ug, is small. Applying

the QLM on Eq.(1) we obtain

62,8(‘T7 t)u;/+1 + 51,8('1;7 t)u,/erl + 50,S<x7 t)us-f—l - Tl5+1 = Rs(ma t)a (4)
where
2 OF
Ry(z,t) = Zégs(x,t)ug@ — Fug,uyu!’), s(a,t) = W(“&Ulfsaug)a p=0,1,2. (5)
(=0 Us

Here the prime and dot denotes differentiation with respect to x and t, respectively, s is the iteration
level and u(®) = w. Starting with an initial approximation for solution ug, the QLM scheme Eq.(4)

is solved iteratively until a solution with the desired accuracy is realized.
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2.2. Domain decomposition and discretization

The domain of approximation is decomposed in both space and time direction into smaller
subintervals. First, we consider the fragmentation of time variable domain. If we let ¢ € I' where

I' € [0,7]. The domain I' is decomposed into p equal non-overlapping subintervals as
Iy = [tkfl,tk], tp_1 <tg, to=0, tp =T, k=1,2,...,p. (6)

The domain t € [tx_1,tx| in each of the kth subintervals is transformed into ¢ € [—1, 1] using the

linear map

() = tk_ztk_l [t _ % (b + tkl)] Lt [ty tal. (7)

In the next step, each subinterval is further discretized into Ny+1 Chebyshev-Gauss-Lobatto points,

before the spectral collocation is applied. The entire grid in the ¢ variable can be represented as

(0=t ot = T =P =T 2 <k < p) (8)

t

The superscripts and subscripts are the subinterval and grid point indices, respectively. The spatial

domain z € [a, b] is then decomposed into g equal overlapping subintervals as
Al = [$l,1,f[}, Ti—1 <21 <y, To=a, ‘i.q = b7 I = 1727' -4, (9)

where z; < &, depicts the overlapping nature. The computational domain [z;_1, ;] in the [t

subinterval is next transformed into & € [—1, 1] by applying the linear map

2 1
% e — — —(7r _ o T . 1
z(x) — x 5 (T +x1-1)|, ® € [z_1,T] (10)

Finally, each subinterval is further discretized into N, + 1 Chebyshev-Gauss-Lobatto points. The
subintervals are made to overlap in such a way that the first two grids points in the A;;; subinterval
coincide with the last two grid points in the A; subinterval. In general, the set of grid points over

the entire x domain can be represented as

{a = x%i, . 73351) = xﬁi,xél) = $5\2—17 .. 7:65171) = x(l)x,ngl) = xg\l,)x_l, e 7:581) =b,2<1<q}.
(11)

The ordering of grid points as illustrated in Eq.(8) and Eq.(11) signifies that the spectral collocation
is done from right to left of the subinterval. The collocation nodes in the & subinterval in ¢ variable

I*" subinterval in = variable are defined in [32] by

{fj}jy:to = coS (%Z) , and {:ﬁi}f\fo = cos (;&;) ) (12)

and
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An explicit expression of the length I = Z; — x;_1 in terms of the number of subintervals ¢ in x
is useful in defining the grid points at the interior subintervals in space. To obtain this, we first
observe that overlapping of ¢ subintervals in x results into (¢ — 1) regions of overlaps. Further,

using the linear map Eq.(10) we notice that each of the overlapping space regions has the length

(-t (3)

The length L of the subinterval can, therefore, be obtained from the solution of

qL—L(q—1)(;—;cos{]7V;}>—b—a, (13)

which is

Evidently, x; and x; are related by

_ 1 1 T
:cl—xl+L<2—2cos{Nx}>. (15)

We remark that this subdivision of the entire space domain into subintervals of the same length
and subsequent discretization of each subinterval into an equal number of grid points is a sufficient

condition for the grid points of neighboring subdomains to overlap.

2.8. Spectral collocation

The multidomain spectral collocation method is implemented on the linearized QLM scheme
Eq.(4) as illustrated below. The PDE is solved independently over each ¢ subinterval; with the
label (1]?, k=1,2,...,p, being used to distinguish solutions at different ¢ subintervals. We note
that the solution in the spatial direction is computed simultaneously across all subintervals and

that the multidomain approach is evident only when assembling differentiation matrices in x. We

must solve

(k) (k) (k)

9% u s+1 ou s+1 (k) ou s+1 (k)
62,5(9371;)W+5178($7t) o +50,S(J;)t)us+l - ot = Rs(mvt)a S [CL, b]7 te [tk—lutkL
(16)
subject to boundary conditions
(k) (k)
ou (k) ou (k)
al%(aat) +a0u(a,t) :ga(t)¢ Bla(bat) +60u(bvt) :gb(t)a le (O7T]a (17)
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and initial condition

W(@,0) = f@), Wi, te) = "0 @ti), k=2, p, @€ a,b]. (18)

In the solution process, the approximate solution that is sought is a bivariate Lagrange interpolating

polynomial that takes the form

*) (k) Noy Nt (k)
u(z,t) U, t) =Y > Ulap,tg)Ly(x) Lo(t). (19)
p=0 q=0
The spatial derivatives at each subinterval, [ = 1,2,...,q, are evaluated at the collocation nodes
(2i,1), for 5 =0,1,2,..., Ny, as follows
(k) (k) (k)
ou - (k) 2\ k) 92y . (k) omu . oK)
%(l‘i,t]’) = DUJ' = <L) Uj, W(l’i,tj) = DQU]', W(l‘i,t]’) =D Uj (20)

where D = (£) D of size (N, + 1) x (N, + 1) is the standard first order Chebyshev differentiation

(k)
matrix as defined in [32]. The vector Uj is defined as

(k) [(k) M 4y ®

Y (xgl)’tj), (k) k), @

T
l
w (2P 1), W@y ), w @ )], =12, (21)

where T denotes matrix transpose. Since the last two points in the [*" subinterval and the first two

points in the (I + 1) subinterval overlap and remain common, we can assemble the Chebyshev
(1,0)
differentiation matrix D for the multidomain approach in x by carefully discarding the recurrent

points as
- g q q 7
Doo ... Don,—1 Dy N,
q q q
Dig ... Din,—1 D1 N,
q q q
Dn,~10 ... Dn,-1N,-1 Dn,-1.N,
2 2 2 2
(1,0) D1 D1, oo Din,a D N,
D =
2 2 2 2
Dn,-10 Dy,~11 ... Dn,-1N,—1 Dn,-1,N,
1 1 1
D1 D1 D1 n,
1 1 1
Dn,—10 Dy,—1.1 Dy,—1.n,
1 1 1
D, 0 Dy, 1 D, N,
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(22)
(1,0)
Here the empty entries of matrix D are zeros and D represents the Chebyshev differentiation
(1,0)
matrix in the I*" subinterval in space. The size of matrix D is (r 4+ 1) x (r + 1), where r =
Ny + (N —1)x (g — 1). The higher order differentiation matrices with respect to x can be obtained
using matrix multiplication. The x grid corresponding to the assembled differentiation matrix over

entire spatial domain in the multidomain approach is

{a:xs\lfi,...,xgl),:cs\?i_l,...,x?) xg\lf)x_l,...,xgl) mg\?)_l (Q)—b 3<I<q—1}.
(23)
The time derivative is approximated at the collocation nodes (a:z, i), for i =10,1,2,...,7, as
(k) N,
o, W Joo o W
x“ Z dj,qU Z <tk—tk—1> dj.qUyq, (24)

where cij,q = (t’“_;’“‘l) djq, J,q=0,1,2,..., N, are entries of the standard first order Chebyshev

differentiation matrix of size (Ny 4+ 1) x (N; +1). In Eq.(24), ¢ is used in the grid points sense and
(k)
does not refer to the number of subintervals in x. The vector Uj; is defined as

(k)

T
k k k
Uj = [(u)(azo,tj),(u)(acl,tj),. . ,( )

w(zp,t)| (25)

(k)
where T' denotes matrix transpose. We recognize that the bar in U; at Eq.(25) distinguishes it

(k)
from the vector U; at Eq.(21). The « grid points at Eq.(25) are those in Eq.(23) when arranged
from right to left such that xg =b = m(q) Ty =a= 935\7) Using the definition of discrete derivatives
and the initial condition, Eq.(16) can be expressed in matrix form as

(2,0) (1,0) (k) Nl (k) (k)
52’S(X, ti) D —|—(5173(X,t1') D —|—605 X t U; Z RS(X,ti) +di,NzUtNt' (26)
=0

J
Eq.(26) is a system of N¢(r + 1) linear equations in N¢(r + 1) unknowns which can be expressed as

the Ni(r + 1) x Ni(r + 1) matrix system given by

A A A .. Agn,— (k) RGN
0,0 0,1 0,2 0,N¢—1 U, Ry
(k) %
U 1
Ao A, A ... Ain- ' ! = . ; (27)
(k) (f{)
[AN,—10 An-11 ANn-12 -0 ANt | UNt—l_ L N1
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where
(2,0) (1,0)
Aii =025(x,t;) D 4+ 815(x,8) D + 80s(x, ;) — di 1, A;j =—d; I, i # 7,

R = RO (x, ) + d oy UL

5,u,s (-TO’ ti)

1) xl,t’
5p,s(xati) = :“75( Z) ) , M= 07 17 27

5u,s(xra ti)_

and I is an identity matrix of size (r + 1) x (r 4+ 1). The boundary conditions when evaluated at
the collocation points give

(k) " (k) (k)
a1 Z D! 0) U (@p, ti) + a0 U (20, ) = galts), B D(()?I;O) U(zp,ti) + BoU (wo, ti) = gu(ts). (28)
p=0

The boundary conditions are imposed on the first and last row of the diagonal sub-matrices in

Eq.(27).

The practical applicability of the multidomain spectral collocation method to solutions of parabolic
PDEs that are described as a single equation is illustrated by considering the solution of well known
linear and nonlinear evolutionary PDEs that have been reported in the literature. We notice that
the scheme for the nonlinear PDEs described in this section can be adapted to solve linear PDEs
and in this case the coefficients d, s, © = 0,1,2, and %) will be free of the dependent variable
u. The selected test examples below are parabolic PDEs that possess an exact solution for easy

validation.

Example 1. Consider the following linear reaction-diffusion equation [14]

ou B 9%u

o, = ooz % ©€(0,20), te(0,10] (29)

Eq.(29) is solved subject to the boundary conditions

u(0,t) =1, u(20,t) =e 20 +20e7", t >0, (30)

and initial conditions
u(z,0) =e "+ x. (31)

The exact solution is
u(z,t) = e * +xe " (32)
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Example 2. Examine the solution of a generalized Burgers-Fisher equation [5]

ou ou 0%

—tu—=— 1-— 0,20), te (0,10 33
50 T Ua, = gpz Tul—w), w€(0,20), e (0,10, (33)
solved subject to the boundary conditions
1 1 5t 1 1 5t 20
= — + —tanh | — 2 =—+ —tanh | — — — 4
u(0, ) 2+2tan (8)’ u(20,t) 2—1—2tan <8 4),t>0, (34)
and initial condition
(2,0) = 5 — 5 tamh (%) (35)
u(xz,0) = = — —tanh ( —
’ 2 4
The exact solution is given in [5] as
1 ot
— _ h .
u(x,t) + 5 tan (8 4> (36)

Example 3. Inspect the solution of the generalized FitzHugh-Nagumo equation [4]

ou  0*u

o = ooz Tuu—1(1-u), ze(15), te(01] (37)

that is solved subject to the boundary conditions

u(l,t)zi[l—coth(z_\g—l—iﬂ, u(5,t):;[1—coth<2_\/5§+i>], £>0,  (38)

and initial condition

u(z,0) = % {1 — coth (;\%ﬂ . (39)

The exact solution is given in [8] as

u(z,t) = % {1 — coth (2_\;% + i)} . (40)

We remark that Example 3 is chosen to emphasize the fact that the benefits of the proposed method

may not be manifested in problems that are defined over small computational domains.

3. Method of solution for systems of parabolic PDEs

In this section, we present an extension of the numerical scheme that was described in the
previous section to now include systems of nonlinear partial differential equations of boundary

layer flow type. The numerical scheme is illustrated in the examples given below.
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Example 4. Consider a system of two equations that describe the problem of steady two-dimensional
laminar free convection flow past a non-isothermal porous cone with variable surface temperature.
The governing non-similarity system of partial differential equations are given in the dimensionless

form by Hussain et al. [30] as

- )
Pt R e = e (1~ 1) (a)
1 n n+7 o 1—n 0f
Pr0 1 —— [0 —nfo+£0 = <f§_93£> (42)

where Pr = = is the Prandtl number, n is the temperature gradient, £ is the dimensionless suction
parameter and the primes denote differentiation with respect to the similarity variable n. The

appropriate corresponding boundary conditions are

f(oag) =0, f/(o,f) =0, 9(0,{) =1, f/(OO,f) =0, 9(0075) =0. (43)

The skin friction coefficient C'y, and the Nusset number N, describe the shear-stress and the heat

flux rate at the surface, respectively, and are defined in [40] as

Cr.Gri/* = f7(£,0), g = —0'(£,0). (44)
For convenience, Eq.(41) and Eq.(42) are first expressed in the form

af of
067 9¢’

9)—0 and H = H<f f,a‘g 9”9’069>:o, (45)

GzG(WJﬂﬂﬁ 5

respectively, where G and H are nonlinear operators acting on the entities inside the parenthesis.
The linearized QLM scheme that can be used to approximate the solution at the (s+1)-th iteration
level is given by the coupled system

of, afs
85—1 + O[573 ng_l + a67395+1 = R1787 (46)

1 1" /
a0,5f5+1 + al,sf5+1 + 042,sf5+1 + a3,sfr+1 + ays

Ofs 00
ggl +/835 +1+/B4s 5+1+/B5s 5+1+/663

L — Ry, (47)

ﬁ(),sf;+1 + ﬁl,sfs-i—l + ﬂ2,s 65
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oG _0G  n+7 1—n _0f _5‘£_ , 1—n _0f!
aoﬁ_afé//_l? al’s_afé/_ 4 fs+§+ 4 5857 aQ’S_afg_ (n+1)f:, 4 585’
as= g0 = g = oo = A g, = SO S LR g, = S0 =1,
foo 4 a(@) 1 o (%) 29,
€ 23
_aH_ 1—n _3H n—|—7 0H _l—n , _37H_L
ﬂO,s—afS/—_nos_ 4 f 67 Bla—afs 4 57 626—8%% Ty EX 53’3_392'_P7“7
_87H_n+7 1—n _0fs _BH__ , B H n, .,
54,5 — 89; - 4 fs +£+ 4 g 8£ 3 ﬂ5,s - 865 = nfsa ﬁﬁ,s - (%705) gfsa
n+7 n—l—l 1-n of! Ofs
Rl,s = fsf// - f s 4 < ! 82 - fs// 6]; ) )

Ry = ””fse’ nfion -+ (1 - 052,
In the solution process, the semi-infinite domain [0, 00) in 7 is first truncated into a finite domain
[0, L] where L, is taken to be large enough to approximate conditions at infinity. The truncated
domain in 7 is then decomposed into smaller overlapping subintervals as illustrated in variable x,
Eq.9, for the case of a single nonlinear equation. The domain in £ is decomposed into smaller
non-overlapping grids, just as demonstrated in ¢, Eq.6. The initial conditions for this problem at

& = 0 can be found by solving the equations

n+7 n+1

S - fAre=o, (48)
1 n + 7
—0" + 0 — =0 49
o 18 = nf'o =0, (19)
subject to the boundary conditions
f(0,0) =0, f'(0,0)=0, 6(0,0)=1, f'(c0,0)=0, 6#(c0,0)=0. (50)

(k) (k)
We denote the solutions at the k-th subinterval in € by f (n,€) and 6 (n,£). Applying the continuity

conditions
(k) (k—1) (k) (k—1)

f (777616—1) = f (n)é.k—l)a 0 (n,fk—l) = 0 (nugk—l)a
to obtain the initial conditions for £k = 2,3, ..., p, subintervals in £, the multidomain approach is

applied on the QLM scheme Eq.(46) and Eq.(47). Thus we must solve

(k) (®)
® 5w W wm P B wdfly 0 e BB (5

1
Qpsfsr1 T Qlsfsp1 T Q25 3+1 + a3, sfst1 +a 4 s o€ Qs s o€ + 046,5054—1 = Rl,s;
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I N I N R .

(k) (k) (k) (k) ) O ; (k
f“+633 O Bostlor + Boslors + o

BO sf5+1 +Bl sferl +ﬁ23 845 § Rs,s,
subject to the boundary conditions
(k) (/k) (k) (,k) (k)
f5+1(07§) =0, fs+1(07§) =0, 98+1(07€> =1, fs+1<00,§) =0, 954-1(0075) = 0. (53)

Applying spectral collocation, Eq.(51) and Eq.(52) can be converted into a 2Ny(r + 1) system of

linear equation in 2N¢(r + 1) unknowns as

K k k PREG) Ry N (k) B N ®)
|:0(‘O?SD3 + O(CI?SD2 + C&Q?SD + 0(43?s:| Fz 541 + 0(54)3 Z dz jD F] s+1 + 0(‘5)3 Z dz \J F],s+1
3=0 j=0 (54)
(k) (K) (k) (k) (k) (k) (k)
+a5s0; 511 = Ry;s—asdi nDF N, 511 — a5sd; N, F N, 541,
(k) (k) (k) (k) N2l (k) (k) (k) (k)
130,SD+161,S 1,5+1 +/625 Z leFJS-H—'_ 163SD +ﬁ4sD+ﬂ5s ZS+1
7=0
(55)
(k) Nl (k) (k) (k) (k) (k) (k)
+ ’367T dl:] @j,8+1 = R27i»s - BQ,Sdi7Nt F Nt,S-‘rl - ﬁﬁ,sdi,Nt ®Nt,s+17
§=0
or compactly as
(@) (k) ® k) @) (k) (k)
Alles—l—l+a4szd,jDFjs+1+a5szdzijs+1+A12®zs+1 Bl,i,s; (56)
7=0
(@) (k) (k) (k) (@) (k) (k) Nt (k) (k)
A2,1F15+1+a5szd7,] ]s+1+A22®zs+1+ 6szd,] gys+1 — B2,i73a (57)
Jj=0 7=0
where
(%) k k k k (4) k
A= O(fo?sD?’ + O(ﬁl?sD2 + O(éz)sD + O(ﬁ?)?s’ Ao = 0(46)51
(4) (k) (k) (4) (k) ) (k) (k)
A271 :BO,SD+BI,5> A22 _1638D +1643D+165s7 53
(k) (k) (k) (k) (k) (k) (58)
Biis=Ris—assdinDF N, 541 — a5sd; N, F N, 511,
(k) (k) (k) (k) (k) (k)
Bois=Raois—Basdin, Fn,s+1— B sdiN,ON, s+1-
The boundary conditions given in Eq.(53) when evaluated at the collocation points, give
(k) T (k) (k)
fs+1(777'a gz) = 07 Z Dr,pferl(n[h 62) = 07 Herl(nTv fl) = 11
p=0
59
r (k) (k) (59)
> Dopferi(mp: &) =0, Oer1(no,&) =0
p=0
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Here F and © are vectors of size r + 1 that are defined just as vector U in Eq.(25) . The scheme
described above can be extended to a system of three or more equations in a straightforward

manner.

Example 5. For a system of three equations, we consider the problem of natural convection
boundary layer flow, influenced by the combined buoyancy forces of mass and thermal diffusion from
a permeable vertical flat surface with non-uniform surface temperature and non-uniform surface
species concentration, but with a uniform rate of suction of fluid through the permeable surface.

The problem is governed by the non-similarity system of equations given in dimensionless form in

[40] as
m 3., n+l o " _1-n ,0f nOf
Pt g R e (- w o= PR - S o)
Iy n+3., ;1—m _,ag_ /al
59 T g +¢&g = 1 f_fafg 985]’ (61)
Loy n+3., /_1_n -/%_ /ﬂ
S e = — 4—‘_ 5 hag}‘ (62)

Here, f, g, h, are the non-dimensional stream function, temperature function and concentration
function, respectively; n is the pseudo-similarity variable and £ is the transpiration parameter and
the primes denote differentiation with respect to 1. The boundary conditions appropriate to the

above equations are;

£(0,6) = £(0,6) =0, g¢(0,6) = h(0,¢) =1,
f’(OO,{) = 9(0075) = h(OO,{) =0.

(63)

In Eq.(60), w is the measure of relative importance of solutal and thermal diffusion in causing the

density changes that drive the flow.

4. Results and discussion

In this section, numerical results that are obtained after solving Examples 1 to 5 using the
multidomain spectral collocation method are presented and discussed in tabular and graphical
forms. The numerical schemes were implemented in MatLab 2017b and 5 iterations were used
for the nonlinear problems. To demonstrate the superiority of the proposed method in terms of

accuracy, absolute errors obtained with the multidomain approach are compared with the equivalent
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absolute errors obtained when the spectral collocation method is applied on a single domain. The
absolute errors are computed at selected grid points in x and ¢ for Examples 1 to 3 and are defined
by

Eij = |Uwisty) = Ul ty)|. (64)

Here lc} and U denote the spectral approximation and the analytic solution, respectively. Further, to
show the advantages of adopting the multidomain approach, we determine the effect of increasing
the number of subintervals in both z and ¢ directions, as opposed to incrementing the number
of grid points on a single large domain. This investigation is aimed at relating the size of the
resulting linear system of equations to the condition numbers of the associated coefficient matrices
and thereby predicting the magnitude of the CPU time that the proposed method of solution would
take to realize results. The condition number of a matrix A is invoked using the MatLab built-in

command cond (A).

The numerical results obtained from spectral approximation of Eq.(29) using the multidomain
spectral collocation method are given in Table 1. Results indicate that the method is very accurate,
as shown by the absolute errors of order 10~! being registered. The algorithm is executed over a

short CPU time as results are generated within a fraction of a second.

The results obtained from approximating the solution of Eq.(33) are given in Tables 2 and 3.
Table 2 shows the results generated when multidomain spectral collocation method is applied
whereas Table 3 presents the results obtained when the single domain based approach namely, the
bivariate spectral collocation method, is used. The number of grid points over the entire interval
is kept constant. It is evident that the results obtained when using the multidomain approach
are more accurate than those realized with the single domain approach, as approximation errors
of order 10712 and 107%, respectively, are recorded. Additionally, we notice that a shorter CPU
time is required when the multidomain approach is adopted. This is attributed to the fact that
decomposing the domain into smaller subintervals and consequently reducing the number of grid
points per subinterval shrinks the size of the coefficient matrix at each subinterval and thus shorter
time is needed to invert them. The use of a few numbers of grid points at each subinterval also
reduces the effects of roundoff errors that are associated with approximating functions with an
interpolating polynomial of higher degrees. Furthermore, small-sized matrices are also advantageous
as they are well conditioned and this renders a well-posed problem ensuring that stable results are

obtained [41].
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Tables 4 and 5 give the numerical results obtained when approximating the solution of Eq.(37)
using the proposed multidomain spectral collocation method. In Table 4, there are 5 subintervals
and 20 grid points are used in the space variable z; for Table 5, we used 10 subintervals with 10
grid points each. Contrary to the results displayed in Table 2 and 3, in this particular case, the
use of many subintervals deteriorates the accuracy of the spectral approximation. This can be
attributed to the fact that the spatial domain in Example 3 is small, b — a = 4. In this particular
case, increasing the number of subintervals at the expense of the number of grid points is not
advantageous as it translates into approximating a function using an interpolating polynomial of
a very low degree. However, we observe that in both cases the difference in sizes of the coefficient
matrix is insignificant. This is because the size of the matrix is a function of both the number of
spatial subintervals ¢ and the number of grid points N, at each of these subintervals. We remark
that this unforeseen difference in matrix dimension is linked to the number of common nodes that
are discarded when assembling the spatial differentiation matrix in the multidomain overlapping

grids based approach.

For the boundary layer flow problem in Example 4, the results are presented in terms of the local
skin friction and local Nusselt number for different values of £&. The numerical values of local skin
friction and local Nusselt number are depicted in Table 6 for Pr = 0.7, n = 0 and they show a
similar trend to those obtained in [30]. We observe that the values of skin friction values decrease
as & increases. From Table 6 it can be seen that the values of the local Nusselt number increase
with the increasing values of the suction parameter £&. The accuracy of the numerical scheme for
a system of PDEs is assessed by considering the residual error profiles at different iteration levels.

The residual error for f and 6 equations is evaluated, respectively, as
Guil. and [Holy. (65)

where G and H are as defined in Eq.(45) when evaluated at the collocation points. The residual
error profiles, as displayed in Figure 1, suggest that the numerical scheme is very accurate and that

convergence occurs after the 4th iteration.

Finally, to dissect the numerical results for the boundary layer flow problem given in Example
5, the effect of the transpiration parameter £ on the dimensionless velocity, f'(n,£), the dimen-
sionless temperature g(n,£), and the dimensionless concentration h(n, &) in the flow field is shown
graphically. Figures 2 and 4 show, the values of the dimensionless velocity, temperature and con-

centration, respectively, against the similarity variable 7 for different values of the transpiration
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parameter £ = 5,10, 15,20, 25, and 30 with Pr = 0.72, w = 1/3, n = 0 and Sc = 0.94. We remark
that the value Sc¢ = 0.94 signifies the presence of carbon dioxide as the chemical species. From
Figure 2 it can be observed that the velocity profiles decrease with an increase of transpiration
parameter £. It can also be seen that for each value of the transpiration parameter £ there exist
local maximum values of velocity in the boundary layer region. From Figure 3 and Figure 4, we
see that owing to increase of the values of transpiration parameter & both the temperature and

concentration decrease. These results are in agreement with those of Hussain and Paul [40].

Table 1: Absolute error values obtained when Example 1 is solved on multiple domains: N, = 20, ¢ = 5, Ny =

10, p = 10.
t

T 2.0 4.0 6.0 8.0
0.0247 1.33227e-015 1.01030e-014 1.05471e-014 5.77316e-015
4.0934 4.25215e-014 1.15602e-014 2.21004e-015 8.50015e-016
8.2092 8.63754e-014 2.30649e-014 4.78437e-015 8.36570e-016
12.3690 1.29452e-014 3.40006e-014 6.84175e-015 1.22732e-015
16.5689 1.92735e-014 4.61853e-014 8.52096e-015 1.31492e-015

CPU time (sec)  0.612198

Matrix Size

970970

Cond Number

6.6254e+4-003

Table 2: Absolute error values obtained when Example 2 is solved on multiple domains: N, = 20, ¢ = 5, N;
10, p = 10.
t

T 2.0 4.0 6.0 8.0
0.0247 1.27898e-013 1.55431e-014 3.65263e-014 4.66294e-015
4.0934 3.17268e-012 2.87881e-013 8.21565e-015 1.08802e-014
8.2092 2.57208e-012 1.17450e-012 6.35048e-014 6.88338e-015
12.3690 3.05943e-013 4.66849e-014 1.12266e-012 2.50910e-014
16.5689 1.95508e-014 5.72674e-013 3.03307e-012 1.06271e-012

CPU time (sec)  7.304909

Matrix Size

970x970

Cond Number

7.2791e+4-003
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Table 3: Absolute error values obtained when Example 2 is solved on a single domain: N, = 100, ¢ = 1, V;

100, p = 1.

T

t

2.0

4.0

6.0

8.0

0.0247
4.0934
8.2092
12.3690
16.5689

6.41265e-009
8.37108e-011
3.05311e-012
4.75314e-012
3.45154e-011

5.62239e-009
4.13558e-010
4.10783e-012
2.85327e-011
9.77239e-011

1.34481e-009
1.26998e-012
8.32667e-012
6.15064e-011
2.90989¢-010

2.44027e-009
3.33289e-010
1.10125e-008
1.43219e-011
7.44960e-011

CPU time (sec)  453.126036

Matrix Size

10100x10100

Cond Number

5.4326e+4-008

Table 4: Absolute error values obtained when Example 3 is solved on multiple domains: N, = 20, ¢ = 5, N;

10, p = 5.
t

T 0.2 0.4 0.6 0.8
1.4649 9.87432e-013  4.31388e-012 1.21436e-012 4.47731e-012
2.3252 4.10338e-013  3.31291e-013 2.75113e-013 5.81757e-014
3.1825 5.83977e-014  4.68514e-014 1.26343e-013 3.93685e-013
4.0353 7.18536e-013  9.76996e-015 1.01830e-012 2.28217e-012
4.8823 3.25540e-012  1.29252e-012 9.20575e-012 3.28981e-012

CPU time (sec)  3.919302

Matrix Size

970x970

Cond Number

2.1610e4-005

Table 5: Absolute error values obtained when Example 3 is solved on multiple domain: N, = 10, ¢ = 10, NV;

10, p = 5.
t

T 0.2 0.4 0.6 0.8
1.4649 4.80942e-011 2.47637e-010 1.61166e-009 1.50184e-008
2.3252 7.77756e-012 4.67542e-011 2.63619e-010 2.00697e-009
3.1825 2.47358e-013 3.48788e-012 2.01479e-011 1.24099e-010
4.0353 7.79377e-014 7.28306e-014 1.23390e-012 8.24474e-012
4.8823 3.01759e-013 1.22102e-012 1.64313e-013 4.37206e-013

CPU time (sec)  3.379178

Matrix Size

920x920

Cond Number

5.1185e+4-004
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Table 6: Numerical values of local skin friction f”(0, &), and local Nusselt number —6’(0, £) for different values of &

for Example 4 using N, =50, ¢ =5, N, =5, p=40, Lx =20, ,Pr=0.7, n=0.5, Iterations=5

Multiple Domains Solution

5 f”(oa 5) _9/(075)

5 0.2842719 3.5066677

10 0.1428115 7.0008399

15 0.0952321 10.5002490

20 0.0714271 14.0001050

25 0.0571424 17.5000538

30 0.0476189 21.0000311
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Figure 1: Residual error profile against the number of iterations
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Figure 2: Velocity profile at different values of £
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Figure 3: Temperature profile at different values of £
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Figure 4: Concentration profile at different values of £

4.1. Error bounds theorems in bivariate polynomial interpolation

In this subsection, we present new error bound theorems and proofs emanating from bivariate
polynomial interpolation using Chebyshev-Gauss-Lobatto nodes on single and decomposed do-
mains. The error bound theorems given herein form the basis for theoretical argument as to why
multidomain approaches are most suitable when approximating the solutions of partial differential
equations that are defined over large domains. We note that CGL nodes are the relative extremes of
the N -th degree Chebyshev polynomial of the first kind, T, (%) = cos [V arccos(2)], = € [—1,1].
To the best of our knowledge, there does not exist a well-known family of polynomials whose roots
are the CGL nodes. However, if we think of the interior CGL nodes as the roots of T}y () = 0,
one would recognize that a complete set of the CGL nodes can be obtained from the roots of the

(N, + 1) degree polynomial given by
Ly,+1(2) = (1 = &%) Ty, (2). (66)

Below, we state a theorem that acts as a benchmark in formulating error bound theorems on

bivariate polynomial interpolation.
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Theorem 1. [{2] Let u(z,t) € CNetNt+2([q,b] x [0,T]) be sufficiently smooth such that at least
the (N +1)t" partial derivative with respect to x, (Ny+ 1) partial derivative with respect to t and
(N + Ny + 2)th mized partial derivative with respect to x and t exists and are all continuous, then

there exist values &;,&!. € (a,b), and &, &, € (0,T), such that

u(:L',t) - U(x’t) = 8.%'N“”+1 N +1 l H tNt"rl Nt _|_ 1 | H t_ t]
HN=tNi+2,, Nt (67)
x t
© QxN=F1GtNAL(N, 4 1)) Nt+1 N i 0

where U(x,t) is a bivariate interpolating polynomial of u(x,t) at {xi}fv:“”o grid points in x-variable

and {tj}jy:to grid points in t-variable.

A result similar to Eq.(67) was reproduced by Bhrawy in [43]. Taking the absolute value of Eq.(67)

we obtain
N, Ny
GNat1 H(x - i) N1 H(t ~ 1)
|u(m,t) _ U(IL‘ t)| < max (gma ) 1=0 + max u(x,f’t) -
(zt)eq| OalNetl (Nz +1)! @pea| OtNtl (N, + 1)! (68)
N, N,
(@ — )| |J]t 1))
o |2 €| 0
(zt)eQ | OxNet1otNet+l (N, + DN+ 1) 7

where Q = [a,b] x [0,T]. Since the function wu(z,t) is assumed to be smooth on the interval of

approximation, it follows that its derivatives are bounded and thus 3 constants C, Co and Cs,

such that
ON=Hy(z, 1) oNtHLly(z, t) ONat N2y (1, 1)
max |———————-| <], max |———w——| < Oy, max | < Cs. 69
@iea| oxNetl  |= TV i ottt | = 7 giica | 9pNetigiNerl | =3 (69)

4.1.1. Error bound theorem on a single domain
The error bound for bivariate polynomial interpolation using Gauss-Lobatto nodes on a single

domain is governed by the theorem below,

Theorem 2 (Error bound in a single domain). The resulting error bound when CGL grid
points {:ci}gv:’JO € [a,b], in z-variable, and {t; }j o € [0,T], in t-variable, are used in bivariate

polynomial interpolation is given by

E 1) < 4 4 4 4 70
@8 <Om, o T T T i, 4 1 )
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Proof. First, using the relation stated in [44] we express Eq.(66) as
L, +1(&) = (1 = 2Ty, (&) = =Nu@Tw, (&) + NI, -1(2). (71)
Using the triangle inequality and noting that [T, (2)| < 1, V Z € [—1, 1], we have

|Ln,+1(2)] = | = No@Tn, (%) + NoTn,—1(2)] < | = No@Tn, (2)] + [No T, —1(2)] < 2Nz (72)

The leading coefficient of Ly, 11(2) is 2V*~'N,, where the components 2Ve—1

and N, come, re-
spectively, from the leading coefficient of T, (%) and the application of N,-th rule of differentiation

on Ty, (z). The product factor in the first term of the error bound expression given at Eq.(68) can

therefore be taken as the factorized form of monic polynomial ;}VV;%%](V@ We write,
N,
Tio oo Dnei(®)
H(x — &) = ININ, & € [-1,1]. (73)
i=0

Using Eq.(72), it is easy to establish that the monic polynomial Eq.(73) is bounded by

Ny
H‘ . Ly, +1(2) 2N, 4
=) = ' 2N—IN, | = 2Ne—1N, ~ 2N (74)

Considering a general interval x € [a,b], we can show that the first product factor in Eq.(68) is

bounded by
NI (b—a),. | (b—a\TT o
oo 1= = e {1570 =00 = (7)o 1@ =20
=0 =0 1=0 (75)
X —a\NVz+1
_ (b—a\T max | ENet1(E) | 4 (°z%) _g(b=e Nt
2 —1<a<t | 2N —IN, | T 2Nz 4
Similarly, the second product factor is bounded above by
Ny Ni+1 » 7\ Ne+1 N+1
T\™ Ly(®)| _ 4(3) T\
—+) = = < = — .
oLter H(t t) <2) B 2NN, | ST 2N (1 (76)
Using Eq.(75), Eq.(76), and Eq.(69) in Eq.(68) the proof is completed. O

4.1.2. Error bound theorem on multiple domains
Here, we extend the bivariate polynomial interpolation error bound Theorem 2 to obtain its
variant on a decomposed domain. In the description, it is assumed that the number of grid points

is the same for all subintervals in either space or time direction.
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Theorem 3 (Error bound in the decomposed domain). The error bound when Chebyshev
Gauss-Lobatto grid points {xi}f\go € [x—1,73], | = 1,2,...,q, for the decomposed domain in z-
variable, and {tj}jy:to € [tk—1,tx], k=1,2,...,p, for the decomposed domain in t-variable, are used
in bivariate polynomaial interpolation is given by

e <1>Nt+1+0 GG (1>Nt+1. (77)

» 3 (Ny + DI(N, + 1)1

(&)™

4 +C

Bl t) = Oy o i, 5

p

Proof. First, we consider the ¢ variable. In the entire domain [0, 7], we have that

N

N¢+1
It g8<§) CteoTl. (78)

J=0

The implication is that in the decomposed domain and at each subinterval, we must have

Moo <s(E) (0 () e

=0
For smooth u, there exists &, € (t,—1,tu), p =1,2,...,p, for which the values of (N; + 1)*" partial

derivative of u with respect to t in each subinterval is the absolute extrema. This enables us to
(D™

N which appears in the error bound expression at Eq.(70), into

break the second term Cy

different components that are necessarily not equal in the decomposed domain as

(k) 8 (YN o\ N )"
a6 o

k=1
where
ONtlu(a, )| _ [N u(e,g) | _ )
(ijen | o ‘ - ‘ e A
We define
R (1) (2 (p)
H 02 HooE maX{CQ,CQ,-..,CQ}, (81)

to denote the maximum absolute value of (N; + 1)!* partial derivative of u with respect to t in
[0,7]. Clearly, || Co ||co= Ca, where Cy is identical to the one given at Eq.(70). To expand the

error bound over the entire t domain, we shall take the largest possible error across all subintervals

) T Ni+1 1 Ne+1
v () 2

In a similar manner, we can show that the first component in the error bound Eq.(70) in the

in ¢, which is

decomposed domain translates to
s (5"
C,——2

N, (83)
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where L is the length of each subinterval in space variable, as defined at Eq.(14), and

(%)Nﬂc—H << (Z’TT“)NZH for a large number of subintervals g. Consequently, the third component
in Eq.(70) becomes
82 L Ng+1 T Ni+1 1 Ni+1
Cg ( 4 ) ( 4 ) <> ’ (84)
(N + DN+ 1) \p

in the multi-domain approach. Using the results at Eq.(82), Eq.(83), and Eq.(84) in Eq.(70)

completes the proof. ]

Comparing Eq.(70) and Eq.(77) we note that the error in bivariate polynomial interpolation is
smaller when interpolation is conducted on multiple domains than when conducted on a single
domain. We reveal that when using spectral collocation methods to solve initial-boundary value
problems, CGL nodes are preferable candidates for interpolation, because they are convenient in
constructing differentiation matrices due to their containing the boundary nodes. This is advanta-

geous when treating the boundary conditions of the problem.

5. Conclusion

In this work, we have described the multidomain spectral collocation method for solving parabolic
PDEs that are defined on large space and time intervals. The superiority of the current method
has been demonstrated by presenting numerical results for well known evolutionary parabolic PDEs
that are defined over large domains. It has been confirmed that the results obtained using the mul-
tidomain spectral collocation method are very accurate and such accuracy is realized with short
CPU time. This contrasts with, a single domain approach, which leads to accuracy deterioration
when the computational domain is large. The short CPU time that is required in the multidomain
approach is linked to the small-sized matrices, which are easy to invert. Improved accuracy is
attributed to the small condition numbers of the coefficient matrices. The present results have
also been compared against results in the literature and a good agreement is observed. Further,
to show that the proposed method is well suited for problems defined over large domains, we have
applied the multidomain spectral collocation to a problem defined over a small interval and the
results suggest that the multidomain approaches are not fit for such applications. Owing to the
performance reliability of the proposed method, the general numerical scheme can be extended to
solve many practical problems in real life that are modeled by parabolic PDEs defined on large

intervals, as demonstrated by the case of boundary layer flow problems. The preference for the
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CGL nodes as the choice of interpolation nodes have been backed up by rigorous proofs of new

error bound theorems.
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Chapter 5

A Modified Spectral Collocation
Method of Solution for
Two-Dimensional Elliptic PDEs

In this chapter, we develop a spectral collocation solution-based approach for solving two-dimensional
elliptic PDEs. This is an extension of the discussion of the solution techniques for one-dimensional
PDEs considered in Chapters 3 and 4. The solution algorithm involves the decomposition of a
large computational domain in each space variable into a sequence of overlapping grids. We remark
that the current method of solution is applicable to solving many classes of two-dimensional elliptic
PDEs, including those in two-dimensional steady fluid dynamics problems formulated on rectan-
gular cavities. However, in the present study, the proposed method is tested on typical examples
of elliptic PDEs that have been reported in the literature. The numerical results show a good
agreement. Error bound theorems presented in this chapter with proofs, due to the decomposi-
tion of the spatial domains confirm the theory explaining the benefit of the proposed numerical
method of solution. Numerical results show that the proposed method of solution is accurate and
computationally efficient when applied to solve nonlinear elliptic PDEs defined on large spatial

domains.
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Abstract

Spectral collocation methods on a single domain have been proven effective for solving nonlinear
partial differential equations (PDEs) defined on small domains but are inefficient when applied to
solve problems defined on large domains. In this article, an overlapping grid based spectral collo-
cation method, which addresses this limitation, is presented and applied to solve two-dimensional
nonlinear PDEs. The problems considered are nonlinear elliptic PDEs defined on large rectangular
domains. The aim is to demonstrate that solving this class of problems on overlapping grids yields
highly accurate results in a more computationally efficient manner than would the application of a
similar approach on a single domain. The current solution approach involves decomposing the do-
main of approximation into smaller overlapping subintervals of equal length in each space variable.
The PDE is linearized using the quasi-linearization method and bivariate Lagrange interpolating
polynomials are employed to represent the solution in each subinterval. Subsequently, discretiza-
tion is performed on each subinterval using Chebyshev-Gauss-Lobatto (CGL) nodes. Removal of
repeated equations at overlapping regions leads to a linearly independent system of algebraic of
equations that are solved iteratively. We compare our numerical solutions with those obtained using
a single domain spectral collocation method and display results in the tabular and graphical form.
Current numerical results show a good agreement with results published in the literature. Finally,
error bound theorems and proofs have been presented to unfold the theory behind the benefits of
the proposed numerical method of solution.
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1. Introduction

Elliptic partial differential equations have numerous applications in almost all areas of mathe-
matics ranging from harmonic analysis to Lie theory, as well as numerous applications in physics.
Elliptic PDEs describe phenomena that do not change with time. Many processes in the applied
sciences that are modeled by elliptic equations present nonlinear problems. However, as reported
by Fedoseyev et al. [1] and in the book on differential equations by Polyanin and Zaitsev [2], non-
linear partial differential equations, and systems of them, exhibit a number of properties associated
with an essential to important features of real-world phenomena, which the mathematical model
is supposed to describe; these complexities lead to new difficulties in the mathematical treatments
of the equations [3]. When dealing with differential equations, the most challenging task is to find
explicit formulas for their solution. However, this can only be done in the simplest situations, which
excludes the strongly nonlinear elliptic PDEs encountered in many real-life applications. The desire
to understand the solutions of these equations has inspired mathematicians to successfully develop
a diverse spectrum of numerical methods for solutions that give sufficiently rigorous answers to im-
portant questions of the nonlinear world [4]. Over time, new methods have given some impressive
results in this area, which has motivated the quest for even more superior methods of solutions.
Notably, at the onset of designing a numerical algorithm for nonlinear differential equations, the
most remarkable features to consider include; the accuracy requirements, the ease of design for the
algorithm and the computational complexity involved during implementation.

In the literature, there are three basic numerical approaches for solving nonlinear elliptic PDEs;
namely, finite differences, finite elements, and the spectral collocation methods [5]. Finite difference
methods use many subdomains and find the discrete solution on a grid by expanding the solution
to low order in each subdomain. Finite difference methods are simple and the coding is easy,
but they are difficult to work with on complicated domains [6]. Avellaneda et al. [7] applied the
finite difference method to solve elliptic PDEs with rapidly oscillating coefficients. Later, Conca
and Natesan [8] provided a better approximation to the solution of these elliptic problems using a
numerical method based on the Bloch wave approach while Chan et al. [9] solved two-dimensional
nonlinear obstacle problems using a generalized finite difference method and there exists a vast
literature on the application of finite difference methods to nonlinear elliptic PDEs in work by

Jensen [10]. Finite element methods, by contrast, are based on partitioning the domain into small
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finite elements followed by expansion of the solution in basis functions [11]. Finite elements methods
are particularly well suited to the irregular domains that appear in many engineering applications;
however, they are more complex to set up and analyze. Hou and Wu [12] introduced a multi-scale
finite element method for elliptic problems in composite materials and porous media. Matatche et
al. [13] proposed a p-finite element method for numerically approximating the solution of nonlinear
elliptic PDEs. Spectral collocation methods approximate solutions to nonlinear PDEs on a single
domain or few subdomains with higher expansion orders of the basis functions. They are generally
fast and highly accurate for problems with smooth solutions. They are, however, not useful on
irregular domains or for problems with discontinuities. Ghimire et al. [14] presented a pseudo-
spectral collocation-based approach to solutions of nonlinear elliptic PDEs using Chebyshev basis
functions. In [15], Yi and Wang proposed a Legendre-Gauss-type collocation algorithm for solving
nonlinear partial differential equations and demonstrated its high accuracy and effectiveness.

Since their inception, spectral collocation methods have gained popularity for the numerical
approximation of the solution of nonlinear PDEs, owing to their superior accuracy. One important
aspect that has been reported in the literature regarding the development of efficient numerical
schemes for solving the boundary value problem using spectral collocation-based methods is the
size of the computational domain. It has been observed that, when the size of the computational
domain is large, many grid points are required to achieve stringently accurate results [16]. The use
of many grid points requires a significant amount of computer memory and CPU time. However,
as highlighted by Don and Solomonoff [17], the use of a large number of grid points does not always
guarantee improved accuracy. Indeed, the opposite happens because increasing the number of
grid points increases the size of the resulting coefficient matrix and, correspondingly, its condition
number, which leads to deteriorating accuracy of the results of the linear system of equations [18].
The most elegant technique that has been used in an attempt to remedy this challenge is the
introduction of multidomain based approaches in the method of solution.

Multidomain spectral collocation methods originate from the pioneering work of Gotltlieb and
Orszag [19] and have been applied to solutions of nonlinear PDEs (see for instance [20]). Despite
much attention on this subject, previous studies on the application of spectral collocation methods
with domain decomposition techniques limited their focus to one-dimensional problems. Where
higher dimensional problems are involved, in an attempt to reduce the computational complexity,
a suitable similarity transformation has been applied to reduce the number of independent variables

before the spectral collocation method with domain decomposition is applied [21]. As an alterna-
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tive, direct application of spectral collocation methods with overlapping grids to higher dimensional
nonlinear problems, and in particular to nonlinear elliptic PDEs emanating from heat and mass
transfer, combustion theory and classical fluid flow problems has traditionally, been viewed as prob-
lematic, due, possibly, to the extent of the anticipated numerical complexity involved in dealing
with overlapping subintervals in different spatial directions. Indeed, with a few noticeable excep-
tions [22, 23], very little work has been done on adopting a purely spectral collocation method with
overlapping grids for the solution of this class of such important problems.

This paper focuses on the direct application of a domain decomposition based spectral colloca-
tion method on two-dimensional nonlinear PDEs defined on large rectangular domains. Preliminar-
ies of the numerical algorithm involve breaking the large computational domain into smaller equal
overlapping subintervals on each space direction. The solution of the PDE is then approximated
using a bivariate Lagrange interpolating polynomial constructed using Chebyshev-Gauss-Lobatto
(CGL) nodes. The linearized PDE is discretized on each subinterval and through careful dis-
lodgement of repeated equations at overlapping regions, a system of linearly independent algebraic
equations is obtained. The numerical scheme is tested using typical nonlinear elliptic PDEs, which
have been reported in the literature and which includes the two dimensional heat and mass transfer
equation with a n-th order volume reaction that arise in combustion theory [24], the stationary
equation of Zabolotskaya and Khokhlov that describes different phenomena in acoustics [25], and a
system of equations representing the problem of heat and mass transfer effects of a steady magneto-
hydromagnetic flow of viscous, electrically conducting fluid past a semi-infinite inclined porous plate
[26]. Numerical simulations confirm that the overlapping grids based approach is highly accurate
and computationally efficient when compared to a single domain approach for the considered class
of problems.

The rest of this paper is organized as follows. In Section 2, we give a detailed description of
the numerical algorithm for the solution to nonlinear elliptic PDEs defined as a single equation.
This novel approach is adapted and extended to systems of nonlinear elliptic equations in Section
3. then Section 4, is devoted to presenting new error bound theorems, and their rigorous proofs
for bivariate interpolating polynomials on overlapping subdomains. These new theorems unveil
the theory behind the benefits of the proposed numerical method of solution. In Section 5, we
present and discuss numerical results for the selected examples. Finally, concluding remarks and

acknowledgment are given in Sections 6 and 7, respectively.
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2. Method of solution for a single nonlinear elliptic PDE

In this section, we describe the solution algorithm for a two-dimensional problem described by
a single nonlinear equation. To do so, we consider a second-order nonlinear elliptic PDE that takes

the form;
9%u 0*u 9*u Ou Ou
S — —_— — pr— 1

where F' is a nonlinear operator operating on u, and its first and second order spatial derivatives

and h is a known function. Eq.(1) is to be solved subject to the Robin boundary conditions

ou

aggZ(a,y) +agu(a,y) = fa(y), a15(by) + agu(b,y) = fiy),

Ou . L0u ) (2)
61@(‘% C) + 50u(x7c) = gc(x)a 51 @($,d) + 040“(377 d) = gd(x)a

where af, o, of, of, B¢, 85, B¢, B¢ are known constants and f,(y), fo(v), ge(z), ga(w), are
known functions. We note that the Robin boundary conditions in Eq.(2) can be reduced to either
Neumann boundary conditions by setting o, 048, 86, Bg to zero or to Dirichlet boundary conditions

by setting af, af, B¢, B¢ to zero.

The PDE Eq.(1) is first simplified using the quasi-linearization method (QLM) of Bellman and
Kalaba [27]. The QLM is based on the Newton-Raphson method. It is constructed using linear
terms of Taylor series expansion about an initial approximation to the solution, on the assumption
that the difference between solutions at two successive iterations, denoted by us1—us, is very small.
In particular, the QLM is comparable to the linear approximation of a function of several variables
where the derivatives of the different orders and the previous approximation to the solution assume
the two respective roles of independent variables and of the functional value at the reference point.
Finer details about the linear approximation of functions can be found in any elementary book on

differential calculus. Applying the QLM on Eq.(1) we obtain

0 usiq Ougsi1 O*usi1 D*usia Ousy1
/BO,S 8$2 + Bl,s O + ﬁ2,sus+1 + 63,3 ayax + 64,3 8y2 + ﬁ5,s 8y - Rs + h(l‘, y)a (3)
where
OF, OF, OF, OF, OF, oF,
5732755,8275575275 B,Sziaﬁ,sziaﬁ,sz )
0 O(Uzs)s ! O(ug)s ? Ous ’ O(uzy)s ! Auyy)s ° O(uy)s

R, = BO,S(uwx)S + /Bl,s(ux)s + B2,sus + 63,3(“:}:3;)5 + /84,s(uyy)s + 65,s(uy)s — Fj.
(4)
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The spatial domain x € [a,b] is decomposed into g overlapping subintervals of equal length as
Al - [1'[,1,373[}, T < < CEZ? o = a, fi’q = ba [ = 1727' -y g, (5)

where x; < Z;, depicts the overlapping nature. Pictorially, the above decomposition of the z domain

can be represented as in [28] by

Figure 1: Pictorial illustration of decomposition of the x domain into 8 equal overlapping subintervals

lth

The computational domain [z;_1,Z;] in the subinterval is then transformed into z € [—1, 1]

where the standard Chebyshev differentiation matrix is defined by applying the linear map

. 2 1, _
flf(m) = m T — 5 (l’l + xlfl) , T € [xl717$l]. (6)

Further, each subinterval is discretized into N+ 1 Chebyshev-Gauss-Lobatto points. The subinter-
vals in the decomposed domain overlap in such a way that the last two points in the A; subinterval
overlap with the first two points in the A;;1; subinterval and they remain common. In general, the

set of grid points over the entire x domain can be represented as

{a= xg\l,), . ,a:gl) = xﬁ\z,i,xél) = x%il, . ,wgl_l) = a:g\lf)z,w(()l_l) = aﬁg\l,)zil, . ,m(()q) =b, 2<1<gq}.
(7)

Similarly, the spatial domain in y variable [c, d] is decomposed into p equal overlapping subintervals
which are further discretized into N, + 1 collocation points. The subdivision of the computational

domain in y is illustrated by

Fk:[yk—lagk]7 yk—1<yk<gk7 Yo = C, gp:da k:1727"'7p7 (8)

and the overlapping nature is analogous to that in = variable. The computational domain [yx_1, U]

in the k¥ subinterval is transformed into ¢ € [~1,1] by applying the linear transformation

2 1, _
= ——y— =W+ yk-1)|+ Y€ Yr—1, Tk, 9)
Yk — Yk—1

A~

9(y) 5
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before spectral collocation is applied. The points in the entire y domain can be represented as

{c= y](\}z, .. ,ygl) = y](\?y),y(()l) = yﬁzfl, .. .,ygk_l) = yg;y),y(()k_l) = yz(\’f?—p .. .,y(()p) =d, 2 <k<p}.

(10)
We remark that the number of subintervals ¢ in « need not to be equal to the number of subintervals
p in y. The ordering of grid points as illustrated in Eq.(7) and Eq.(10) signifies that the spectral
collocation is done from right to left of the subinterval. The grid points in the k** subinterval in 3

and the I*" subinterval in x variable are defined in [29] by

1

{g)j}j.vgo = cos (?\Z) , and {ﬁci}f\fo = cos <J\Z:) . (11)

To obtain the explicit expression of the length of each subinterval L = Z; — x;_1 in z and K =

Yr — Yp—1 in y, in terms of the number of subintervals ¢ and p, respectively, we solve

gL — L(q—1) (;—;cos{]z;m}> =b—a, pK—K(p—1) (;—;cos{]gy}) =d—c, (12)

to obtain

L= ba , and K = d—c

g+ (1 —gq) (%—lcos{]\%})

Consequently, we obtain the following relations:

1 1 1 1
9612:131+L<2—2608{]\2}>7 ykzyk+K<2—2COS{]\T,ry})- (14)

Eq.(14) is used in defining the boundaries of the overlapping subintervals when performing dis-

cretization.

In the solution process, the approximate solution of the nonlinear elliptic PDE Eq.(1) is assumed

to be a bivariate Lagrange interpolating polynomial that takes the form;

Nz Ny

p=0 q=0
The derivative of u with respect to x in the I*" subinterval for [ = 1,2,...,q, is approximated at
the collocation nodes (&;,9;), for j =0,1,2,...,N,, as follows

ouw,. . !

@) 1£3Uj, (16)
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! !
where D = (%) D is the standard first order Chebyshev differentiation matrix of size (N, + 1) x
(Nz + 1) as defined in [29]. The vector Uj is defined as

T
U; = [u(wo, yj), u(r1,y5), u(®2, Y5, )5 - - s w(@N,, Y5)] (17)
where T denotes matrix transpose. The spatial derivative in y in the k*" subinterval k = 1,2, ..., p,
is approximated at the collocation nodes (Z;,y;), for i = 0,1,2,..., N,, as follows
N, N, k
ou, . . Lk 272\ 2
afy(xi,yﬁ ~ Z D;jqaUq = Z (K) D;qUy, (18)
q=0 q=0

k

where D;, = (%) Dj4,  j,q = 0,1,2,...,N,, are entries of a standard first order Chebyshev
k
differentiation matrix of size (N, + 1) x (Ny 4+ 1). We recognize that the bar in D at Eq.(18)

distinguishes the differentiation matrix in y from that in =z, ]:l) The higher order differentiation
matrices with respect to z and y can be obtained using matrix multiplication in Eq.(16) and
Eq.(18), respectively. It is worth noting that L and K appearing in Eq.(16) and Eq.(18), are the
usual lengths of the overlapping subintervals in x and y, respectively, and the simplification arrived
therein employs properties of Lagrange interpolating polynomials. Finally, the mixed second order

derivative of u is approximated as

O%u Ny ok !
%(lﬁ,y‘j) ~ Dj’q |:DUq:| y ],q:O,l,Q,...,Ny. (19)
Y =0

The solution in each spatial direction is computed simultaneously across all subintervals and the
multidomain approach is noticeable only when assembling the differentiation matrices. The mul-
tidomain overlapping grids based spectral collocation method is implemented on the linearized
QLM scheme Eq.(3) as detailed below; the first step is to assemble the differentiation matrices in
both space variables. To achieve this, we take the x variable as an example and since the last

1" subinterval and the first two points in the (I + 1) subinterval overlap and

two points in the
remain common, we discard the rows corresponding to the recurrent grid points and assemble the

Chebyshev differentiation matrix D (without the superscript /) for the multidomain approach in z
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as

roa q q 7
Doo .. Do n,—1 Do n,
q q q
Diog ... Din,—1 D1 n,
q q q
Dn,~10 ... Dn,-1,N,-1 Dn,-1.N,
2 2 2 2
D1 D1 oo Din,a D1 N,
D=
2 2 2 2
Dn,-10 Dy,~11 ... Dn,-1N,—1 Dn,-1,N,
1 1 1
Dy Dy o Dy N,
1 1 1
Dn,—10 Dyn,-11 ... Dn,—1,N,
1 1 1
D, 0 Dn,i ... Dy,

(20)
Here the empty entries of matrix D are zeros and ll) represents Chebyshev differentiation matrix
in the [ subinterval in space variable x. The size of matrix D is (§ + 1) x (6 + 1), where § =
Ny + (Ng — 1) x (¢ — 1). The differentiation matrix in y is assembled using ]]j) in a similar manner
to obtain a matrix D of size (0 + 1) x (o + 1), where 0 = N, + (N, — 1) x (p — 1). The second
order differentiation matrices with respect to z and y, D? and DQ, respectively, can be obtained
using matrix multiplication. Notation wise, the bar in D has been used to distinguish the assembled

differentiation matrices in y from those in . The mixed second order derivative of w in the multiple

domains case is approximated as

Pu 7. = .
M(xlay]) ~ Dj,q [DUq] y 4= 07 1727 ..., 0. (21)
q=0

In the multiple domains approach, the vector Uj, of size (§ + 1), corresponds to vector U; given

in Eq.(17), and is defined as

U; = [u(zo,y5), u(z1,y5), - - .,u(x(;,yj)]T, j=0,1,2,...,0, (22)

where T denotes matrix transpose. The = grid points at Eq.(22) are those in Eq.(7) when arranged
from right to left such that g = b = xéq), Ts=a= :1;5\2 The bar in U; at Eq.(22) is meant to

distinguish it from the vector U; at Eq.(17). Using the assembled differentiation matrices in both
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x and y directions in Eq.(3) we obtain a (§ + 1)(o + 1) system of linear algebraic equations given

by

[B0,sD? + B1,sD + B2,sI] U; + Bs,s Z D, ; [DUJ; + [B4,sD}; + Bs,sDi ;] Uj =Ry,  (23)
=0 =0

where R; is a vector of size (§ + 1) defined by R; = R; s + h(x,¥;), i =0,1,2,...,0. The linear
system of equations Eq.(23) can be expanded into a (§ + 1)(c + 1) x (0 + 1)(o + 1) matrix system

that takes the form

Ao Agr Agz ... Age| [ U Ry
Aig Aix A ... Al U R,
= ; (24)
_AO',O Aa,l AO',2 Aa,o’_ _I_JO'_ _RO'_
where
Aii = Bo,sD? + B1,sD + B2 1+ B3,sDD;; + [Ba,sD}; + Bs,sDii] 1, (25)

Ai,j = /63,SDDi,j + [/84,8Di27j + ﬁ5,SDi,j] I7 { 7£ j7 Za] = 07 17 27 cees 0,

and I is an identity matrix of size (§ + 1) x (d + 1). The boundary conditions are evaluated at the

collocation nodes as

) )

O/11 Z D(S,pu('TZH yz) + agu(xév yz) = fa(yi)a 0/17 Z DO,pu(x;lN .%) =+ Olgu(x(% y1) = fb(yZ)a 1= Oa 15 27 s 0,y
p=0 p=0

(26)

and

ﬁf ZDU,qu(xja yq) + ﬂ(c)u(x]a yO') = gc(x])a ﬁld ZDO,qu(xjqu) + ﬁgu(x], ZJO) = gd(‘r])v ] = Oa 17 27 s 76'

q=0 q=0

(27)
The boundary conditions are imposed on the matrix system Eq.(24) to yield a different matrix

system that takes the form

,BlliDQpI + B(C)ZI ﬂiiDQlI ,BilDQQI - ,BlliDQpI I_Jo Gd
A Ay A o A, U, R,
Asg Ag, Ass e As, U, R,
. | . . - L (28)
A, 1p A, Aglip .. Y U, Ro_1
I BDg 01 BiDy11  B{Dyol f5... 55Da,a1+581_ I U, ] I G, ]

107



where

Oél{Do’0+Oég Oél{D(]J OKI{DO?Q Ocl{DO,g
A= Ai(1:6-1,0:0) L i=1,2,...,0—1,
acllDd,O 04(11D§71 OécllD(s,Q O/llD&(;—{—OéS_
_ a (29)
0 0 0 ... 0
A= A (1:6—1,0:0) it i=1,2...,0—1,j=01.2,...,0
0 0 0 0]
and
fo(vi)
R;= [R;(1:0-1)|, i=12,...,0—1,
(30)
fa(yi)

Ga = [94(70), 9a(21), ga(@2), . - -, 9a(@5)]", Ge = [ge(w0), ge(21), ge(2), - - ., ge(s)]"

We remark that we have employed the MatLab syntax for representing a matrix in Eq.(29) and
Eq.(30). Starting with an initial approximation to the solution, the system Eq.(28) is solved
iteratively until a solution with the desired accuracy is realized.

The practical applicability of the multidomain overlapping grid based spectral collocation
method to solutions of nonlinear elliptic PDEs given as a single equation is illustrated by con-
sidering the solution of typical examples of nonlinear elliptic PDEs that have been reported in the
literature. For easy validation of the method, the selected test examples are nonlinear elliptic PDEs

with exact solutions.

Example 1 (Steady heat and mass transfer equation with an n‘* order volume reaction in two
dimensions [24]). This equation arises in combustion theory and is given by

Pu 0% B

w + 87;2 = k:u". (31)
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We analyze the nonlinear PDE for the case k = 8 and n = 2, which has the exact solution

(e, y) = <x + % + 1) - (32)

Eq.(31) is solved subject to the boundary conditions

—92 -2 -2
u(0,y) = <\Z//§ + 1) , u(10,y) = (11 + 53) s u(z,0) = (z+1)7%, u(z,10) = (x—!— \1/0§ + 1) .
(33)
Example 2 (Stationary PDE of Zabolotskaya and Khokhlov [25]). The stationary equation of
Zabolotskaya and Khokhlov describes different phenomena in acoustic, nonlinear mechanics, heat
and mass transfer theory. Its general form is given by

Pu 0 ou
5 gy et B gy ] =0 oy

The analytical solution for a« =1, =0 is

u(x,y>=—(y“)2. (35)

r+1

Eq.(34) is solved subject to the boundary conditions

w(0,y) = — (y+1)%, u(5,2) = — <y6+1>2 u(z,0) = — <xi1>2, u(z, 10) = — (xljl)z.
(36)

3. Method of solution for a system of nonlinear elliptic PDEs

In this section, we extend the multidomain overlapping grids based spectral collocation method
described in the previous section to solutions of a system of two-dimensional nonlinear PDEs. This
is demonstrated by considering the problem of heat and mass transfer effects on a steady magneto-
hydromagnetic flow of a viscous, incompressible, electrically conducting and dissipating fluid past
a semi-infinite porous plate inclined at an angle of « to the vertical. The flow is assumed to be
in the x direction, taken as being along the semi-infinite inclined porous plate, and the y-axis is

normal to it.

Example 3. The equations governing this flow were given in dimensionless form in [26] as

o 0% WY O 1Y oy

By 920y Oz O O + Grfcosa + Gep cos o M + %)y (37)
op00 _ 900 _ 1 0% . (0w (38)
Oy O0x  Oxdy  Proy? Oy?
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OYop 0Ydp _ 19
Oy 0x Oz Oy  ScOy? Kre, (39)

where 1, 6, and ¢ are unknown functions of z and y representing the stream function, the tem-
perature distribution, and concentration distribution, respectively. The governing parameters are,
namely, thermal Grashof number Gr, mass Grashof number Gc¢, magnetic field number M, perme-
ability parameter K, Prandtl number Pr, Eckert number Fc¢, Schmidt number Sc¢, and chemical

reaction parameter Kr. The appropriate boundary conditions for this problem are

a—w:a—wzo, =1, v=1, at y=0
or 0Oy (40)
glyb_}()’ 0—0, ¢—0, as y— oo.

As in the case of a single nonlinear equation, the system of PDEs Eqs.(37)-(39) is first simplified
using the quasi-linearization method. Applying the QLM on Egs.(37)-(39) we obtain

B5) ()1 + B W)y + B8 Byy) gor +B5 () o1 B8 () +B82051 +850511 = R
(41)

BE (a) gy + B () guy + BE) () gy + 85 (0a)y i1 + B (Oyy)yor + B (0y),1 1 = Roys (42)

B8 (W) gur + B (W) y + B (D0)y i1 + B bsr + B (Dyy)sin B ()01 + = Ras  (43)

where

1
Bl = G Bl = =)0 B0 =1 B = )y A=~ (), — (M),

BY = Greosa, B = Gecosa, Riy= (), (), — (), (bry)

B =6, Y =2Be(y), B =—0),, BD=-Ww),, B =1
BE = ()y.  Row=Ee(by)? + (), (By), — (1), (6x),

B = (B, BC)=—(6),, Blaly=—(y),. Boly=-Kr B =2

Sc’
By = (), Ras = (), (8), — (1), (60),-
(44)

Here, the subscripts inside parenthesis denote the partial derivatives of the various functions with

respect to the indicated independent variable. For instance, (1) is the first derivative of ¢ with
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respect to z. Using an initial approximations gy, 6y, and ¢y that satisfies the given boundary
conditions, the linearized QLM scheme in Eqs.(41)-(43) is solved iteratively until a solution of the
desired accuracy is obtained. Before applying the spectral collocation, the semi-infinite domains
of [0,00) in z and [0,00) in y are first truncated into the finite domains [0, L,] and [0, L,], re-
spectively, where Lz and L, are taken to be large enough to approximate conditions at infinity in
their respective directions. The finite domains of approximation are then decomposed into smaller
subintervals, exactly as demonstrated in Eq.(5) and Eq.(8) in the previous section. The smaller
subintervals are further discretized into Chebyshev-Gauss-Lobatto points as illustrated in Eq.(11).
In the solution process, the approximate solutions sought for the system of PDEs Eqs.(37)-(39) are
bivariate Lagrange interpolating polynomials that take the form

Nac Ny

U(z,y) ZZ‘I’ Tp, Yq) Lp(2) Lq(y),

p=0 ¢=0
NINZ/

0(z,y) => ) O(@p, yg) Lyp(x) Ly (y), (45)

p=0 ¢=0
NzNy

o(z,y) ZZ(I) (T, Yg) Lp(x) Lg(y).

p=0 g=0
The spectral approximation of derivatives for the unknown functions ¥ (z,y), 6(x,y) and ¢(zx,y)
is achieved by adopting the strategy described in the previous section. By making an appropriate
substitution of the discrete derivatives, the QLM scheme Eqs.(41)-(43) is converted into a 3(o +

1)(6 + 1) system of linear algebraic equations given by

BDW, +B(1)ZD” DW,] +Z |B8)D2; + BS)D2, + B Dis | w5+ 8L O+ 650 P = Ruyi

(46)

8D, + Y BED2, + 881D | w; + 8IS, =S BEADE; + B5)Di5| © = Ray, (47)
j=0 7=0

AP + > BCID,; v, + [BID + 65| @, [ﬁ(‘“’)D? +BS)Dis| @y =Ry, (48)
=0 g=0
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where ¢ = 0,1,2,...,0. The boundary conditions are evaluated at the collocation nodes as

Ny
1/];+1($j7y0') = 07 Z Da,qwsﬁ-l(mjqu) = 07 08+1($j7y0') = ]-7 ¢8+1($j7ya) = 17
i a=0 (49)
Z DU,qd}SJrl(xja yU) = Oa 98+1(‘Tja yO) = 07 ¢s+1(xj? yO) = Oa ] = 07 ]-a 27 cee 75-

q=0
In Eq.(49) the prime in ¢’ denotes the vector of discrete derivative, 1/ = DW. The vectors ¥;, O,
and ®; for : =0,1,2,...,0 are defined analogouslyt o ij in Eq.(22). The boundary conditions at
Eq.(49) are imposed by replacing the corresponding equations in Eqgs.(46)-(48) with Eq.(49) to yield
a new system of linear algebraic equations, that can be expressed as a 3(c+1)(6+1)x3(c+1)(6+1)
matrix system. As will be shown in the results, we notice that, in the single domain approach, when
enlarging the size of the truncated intervals [0, L,] and [0, L,] in 2 and y directions, respectively,
in an attempt to properly approximate conditions at infinity, leads to deteriorating accuracy even
with increase in the number of collocation points. This is the challenge that the overlapping grids

based algorithm described in this paper seeks to address.

4. Error bounds theorems in a bivariate polynomial interpolation

In this section, we present new error bound theorems and their proofs which emanate from a
bivariate Lagrange interpolating polynomial that is constructed using Chebyshev Gauss-Lobatto
nodes on a domain that has been decomposed into smaller overlapping grids of equal length. The
error bound theorems given herein form the foundation for the reasoning behind the theoretical
argument as to why multidomain approaches are most suitable for approximating the solutions
to partial differential equations defined over large domains. Fundamental components related
to the construction of proofs of the theorems include understanding, firstly, that CGL nodes
are the relative extremes of the N,-th degree Chebyshev polynomial of the first kind Tx, (Z) =
cos [N, arccos(z)], & € [—1,1], and, secondly, the general properties of Chebyshev polynomials.
Although to the best of our knowledge, there does not exist a well-known family of polynomials
whose roots are the CGL nodes, it is easy to discern that the interior CGL nodes are roots of
Ty, () = 0. This fact leads to the discovery of a complete set of the CGL nodes as the roots of

the N, + 1-th degree polynomial given by
Ly,+1(2) = (1 = &) Ty, (2). (50)

Below, is the theorem that benchmarks formulation of the error bound theorems on bivariate

polynomial interpolation.
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Theorem 1. [30] Let u(x,t) € CNe+tNvt2([a,b] x [c,d]) be sufficiently smooth such that at least the
(N + 1) partial derivative with respect to x, the (N, + 1) partial derivative with respect to t and
(Ny + Ny + 2)”” mized partial derivative with respect to x and y all exist and are all continuous,

then there exist values &, &), € (a,b), and &§,,&;, € (c,d), such that

(@)~ Ul.) = 5o H s H
u(x,y T,Y) = 9xNe (N, + 1)! ayNyH N, +1)! Y —Y;)
No+Ny+2,, Ny (51)
8 Y (£x7€y) H H( )
" 9a Ny N (N, + DN, + 1) - Yl

7=0
where U(x,y) is a bivariate interpolating polynomial of u(x,y) at {mz}fvzlo grid points in the x-

variable and {yj}jyzyo grid points in the y-variable.

A result similar to Eq.(51) was reproduced by Bhrawy in [31]. Taking the absolute value of Eq.(51)

we obtain
Na ﬁ
(x — ;) (y —y;)
— X X
Y W= oea aa;Nm (N, + 1)1 eea | gyl (N, + 1)!
Ny Ny
(z — i) (y — yj)
e gy ||
T @wea| 9NN | T (N + DI(N, + 1)L
(52)
where Q = [a,b] X [¢,d]. Since the function wu(z,y) is assumed to be smooth on the interval of

approximation, it follows that its derivatives are bounded and thus 3 constants C7, Cy and Cj,

such that
ONaHly(z,y) ONvtly(z, ) ONatNyt+2q (2, )
max |———————|<(y, max |———-">|<Cy, max =2 < Cs. (53
(@ytyen|  OxN=t = (@yea| OyNvtl =2 (z.y)e | OxNet1gyNutl | — 3 (53)

4.1. Error bound theorem on a single domain
The error bound for bivariate polynomial interpolation using Chebyshev-Gauss-Lobatto nodes

on a single domain is governed by the theorem below

Theorem 2 (The error bound in a single domain). The resulting error bound when CGL
grid points, {ZL‘Z} Zo € la,b], in z-variable and, {y;}; yo € [c,d], in y-variable are used in bivariate
polynomial interpolation is given by

(l)_J)Nz-&-l

4
(Np +1)!

(dT)Ny-i-l

(Ny + 1)! (54

+C’2

+Cs

E(z,y) < Ch
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Proof. First, using the relation stated in [32] we express Eq.(50) as
L, +1(&) = (1 = 2Ty, (&) = =Nu@Tw, (&) + NI, -1(2). (55)
Using the triangle inequality and noting that [T, (2)| < 1, V Z € [—1, 1], we have

LN, +1(2)] = | = Nad@Tn, (2) + NoTn,—1(2)| < | = No@Tn, (2)] + [ NaTn,—1(2)] < 2Nz. (56)

The leading coefficient of Ly, 11(2) is 2V*~'N,, where the components 2Ve—1

and N, come, re-
spectively, from the leading coefficient of T, (%) and the application of N,-th rule of differentiation

on Ty, (z). The product factor in the first term of the error bound expression given in Eq.(52) can

therefore be taken as the factorized form of a monic polynomial 2}\\,’%11](\[) We write
N,
Tio oo Dnei(®)
111)(95 — &) = ININ, & € [-1,1]. (57)

Using Eq.(56), it is easy to establish that the monic polynomial Eq.(57) is bounded by

Ny
H‘ . Ly, +1(2) 2N, 4
=) = ' 2N—IN, | = 2Ne—1N, ~ 2N (58)

Considering a general interval x € [a,b], we can show that the first product factor in Eq.(52) is

bounded by
NI (b—a),. | (b—a\TT o
oo 1= = e {1570 =00 = (7)o 1@ =20
=0 =0 1=0 (59)
b—a)\™ Ly, +1(2)| _ 4 (5™ g(b=@ Mo
= m ==
2 <is | 2NTIN, [ ST 2N 1
Similarly, we conclude that the second product factor is bounded by
Ny Ny+1 Ny+1 Ny+1
d—c Y LNy—H ( ) d—rc Y
— )l = < .
o Tl = (55°) 7 e |50 w =5 (60)
Using Eq.(53), Eq.(59), and Eq.(60) in Eq.(52) the proof is completed. O

4.2. Error bound theorem on decomposed domain

Here, we extend the bivariate polynomial interpolation error bound Theorem 2 to obtain its
variant on a decomposed domain. We assume that the number of grid points is the same for all

subintervals in either direction of the space variable, x or y.
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Theorem 3 (The error bound in the decomposed domain). The error bound, when Chebyshev-
Gauss-Lobatto grid points {xi}f\go € [x—1,73], | = 1,2,...,q, for the decomposed domain in z-
variable and {yj}jyi‘o € [yk—1,0k), k=1,2,...,p, for the decomposed domain in y-variable are used
i bivariate polynomial interpolation, is given by

L\ Nz+1 K\ NVy+1 I\ Nz+1 g\ Ny+1
1) (3) " &) (3)"

E(z,t) < C (5 + Cy—12 + C: 4

(N.+ D! 2 (N, + 1) (N + DN, + 1) (61

where L and K denote the length of each subinterval in x and y, respectively as defined in Eq.(13).

Proof. First, we consider the x variable. In the entire domain [a, b], we have that
b g\ Vet
§8< 4a> .z € [a,b]. (62)

Since interpolation is performed piece-wise and noting from the previous theorem that the error

Nz

H(w — ;)

=0

bound depends on the length of the interval, there is a direct implication that in the decomposed

domain and at each subinterval in x, we must have

N I Nz+1
H(:U —xz;)| <8 <4> , {ﬂzi}fvjo € [xi—1, 3], 1=1,2,...,q. (63)
=0

Under the assumption that the unknown function wu(z,y) is smooth, it is logical to assert that

3¢, € (v4-1,2,), p=1,2,...,q, for which the values of the (N, + 1)** partial derivatives of u with

respect to x in each subinterval, is the absolute extrema. This enables us to break the first term
8 b—J)NxJFl

ClW’ which appears in the error bound expression at Eq.(54), into different components

that are necessarily not equal in the decomposed x domain, as

) L N:+1y 4
{08(](\,)“),} , (64)

=1
where
ONetlu(a,y) | [ONTu(g,y)| _ ) )
|| = [Pt < € e clann
We define
R 1) (2) (q)
|| C1 ||oo=max{C1, C1,...,C1}, (65)

to denote the maximum absolute value of the (N, + 1) partial derivatives of u with respect to
z in [a,b]. Clearly, || Cy ||oo= Ci, where C} is identical to that given in Eq.(54). To expand the
error bound over the entire x domain, we shall take the largest possible error across all overlapping

subintervals in x which is

018(4

N, (%)
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Similar reasoning can be applied to show that the second component in error bound Eq.(54) in the

decomposed y domain translates to

Ny+1
8 (5)"

Cy—-2 67
(N, + ) (67)

Consequently, the third component in Eq.(54) becomes,
: : (68)

( -+ 1)! (N +1)!

in the decomposed domain and (%)NI+1 << (bTT“)NxH and (%)Nerl (dT) " for a large

number of subintervals ¢ and p in x and y, respectively. Using Eqgs.(66) to (68) in Eq.(54) completes
the proof. ]

Comparing Eq.(54) and Eq.(61), we note that the error in bivariate polynomial interpolation is
smaller when interpolation is conducted on multiple overlapping domains than on a single domain.
Further, we remark that CGL nodes are the preferred candidates for interpolation when using
spectral collocation methods to solve boundary value problems because they are convenient for
constructing differentiation matrices as they contain the boundary nodes, which is advantageous
when treating the boundary conditions of the problem. To conduct a numerical validation of error
bound theorems, we consider the interpolation error in approximating the function of two variables,

as given below.

Example 4. Consider constructing an interpolating polynomial to approximate the function

u(z,y) ="V, € 0,4], y € [-2,2]. (69)

5. Results and discussion

In this section, numerical results obtained after solving the test Examples 1 to 3 using the
overlapping grid based spectral collocation method are presented in tabular and graphical forms
and discussed. The numerical schemes were implemented on the MatLab 2017b platform. We
demonstrate the superiority of the proposed method in terms of accuracy by comparing absolute
errors obtained using the overlapping grids approach against the equivalent results using a single
domain. The absolute error values computed at selected grid points in x and y for Examples 1 — 2
are defined by

Eij= ﬁ(mi,yj) —Ul(zi,y5)|- (70)
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Here [a] and U denote the approximate and the analytic solution, respectively. To highlight the
advantages of adopting the overlapping grids approach, we examine properties of the coefficient
matrices for the resulting linear system of algebraic equations. To set a base for comparison, the
number of grid points across the entire domain is maintained constant. We investigate the effect of
increasing the number of subintervals in both x and y directions, as opposed to incrementing the
number of grid points on a single large domain. The aim is to quantify the size of the resulting
linear system of equations, find condition numbers of the associated coefficient matrices and keep
track of the CPU time that the proposed method of solution takes to realize results. The condition
number of the matrix A is found using the MatLab build in command cond (A). For the nonlinear
system of equations in Example 3, for which no exact solutions exist, the accuracy of the numerical
scheme is evaluated by presenting residual error values at different iteration levels. To define the

residual error, it is convenient to first rewrite Eqs.(37)-(39), respectively, in the form;

Ey (9,0,0) =0, Fy(1,0,¢) =0, and Fy (¢,0,¢) =0, (71)

where Fy, Fp, and F}, are nonlinear differential operators. The residual error is thus computed as

Ry =|[Fygqlloos Ro=I[Forsqillocs Ro = [[Fesyqlloo- (72)

To assess convergence of the iterative scheme for the system of equations, the graph of solution
error values versus iteration number is presented. Solution error is measured using the infinity

norm of the vector obtained by taking the difference between solutions at successive iterations as
Sw = H‘I's+1 - ‘I'suom Sy = H@s+1 - 95"007 Sd> = H‘I)s—&-l - (I)SH<><>~ (73)

The effect of several flow parameters on the temperature and concentration profiles is also investi-

gated and compared with results already published in the literature.

The numerical results obtained from approximating the solution of Eq.(31) using the spectral
collocation method on overlapping grids are given in Table 1. Results indicate that the method is
very accurate, as absolute errors of order 10713 were registered. The algorithm is also executed over
a short CPU time as shown in Table 1 by the small CPU time of less than 0.14 seconds. Equivalent
results obtained using the single domain approach are displayed in Table 2. It can be seen that
absolute errors of order 107! are reported, which is 100 times larger than those in Table 1, and
the CPU time is more than 5 times greater than for the overlapping grids approach. The number

of grids points across the entire interval is maintained constant in both approaches. The numerical
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results from Table 1 and 2 suggest that the overlapping grids based spectral collocation method is
more accurate and computationally more efficient than the single domain approach when applied to
solve nonlinear elliptic PDEs defined on large rectangular domains. The improved accuracy for the
overlapping grids approach can be attributed to smaller condition numbers of the matrices. The
shorter CPU time required to realize results in the multiple domains approached can be explained
by the sparse nature of the coefficient matrices, which are then easy to invert. We remark that
the unanticipated difference in matrix dimension between both approaches relates to the number
of common nodes that are discarded when assembling the spatial differentiation matrix in the

multidomain overlapping grids based approach.

The results obtained from approximating the solution of Eq.(34) are given in Table 3 and Table
4. Table 3 shows the results generated with the multidomain overlapping grids based spectral
collocation method whereas Table 4 presents the results obtained using the single domain based
approach namely, the bivariate spectral collocation method is used. As in the previous example, the
number of grid points over the entire interval is kept constant. It is evident that the results obtained
when using the multidomain approach are more accurate than those realized from the single domain
approach, with absolute errors of order 1071% and 107, respectively, being recorded. Additionally,
we notice that the CPU time required for the multidomain approach is about 5 times shorter than for
the single domain approach. For the new approach, the need for only a few numbers of grid points
at each subinterval also reduces the effects of roundoff errors that are associated with approximating
functions with interpolating polynomials of higher degree. Furthermore, sparse matrices are also
advantageous as they are well conditioned and so render a well-posed problem, ensuring that stable
results are obtained [33]. Noticeable difference in magnitudes of absolute errors obtained when
Example 1 and Example 2 are solved is caused by the smoothness of solution for Eq.(31), which
contrasts with the discontinuity of the solution of Eq.(34) at x = —1. Finally, we observe that the
relative difference between the absolute errors in Tables 3 and 4 are smaller than those in Table
1 and 2. This is because in Example 2, we considered a relatively smaller x domain b — a = 5,
compared to that in Example 1, b — a = 10. This comparison is significant as it indicates that the
superiority of overlapping grids approach is most noticeable in problems that are defined over large

domains.

Numerical results for the system of nonlinear equations given in Example 3 are presented in terms of

graphs of the residual error and solution error values at different iteration levels, in line with findings
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of investigating the effect of several parameters on the behaviour of the flow. The following default
values of flow parameters are adopted during experimentation; Gr = 2.0, Ge¢ = 2.0, M = 1.0,
K =1.0, Ec = 0.01, Pr = 0.71, Sc = 0.6, and Kr = 0.5. The angle of inclination of the porous
plate was taken to be a = %. All graphs, therefore, correspond to these values unless indicated
otherwise on the appropriate graphs. The domain of approximation was truncated as L, = 30 and
L, =5, in z and y directions, respectively. In the case of single domain approach, 40 grid points
were used in z domain whereas 20 grid points were used in y. Spectral collocation on overlapping
grids is invoked using ¢ = 2 overlapping subintervals in = with 20 grid points in each subinterval, and
p = 2 overlapping subintervals in y with 10 grid points in each. The values of residual error against
iterations are depicted in Figure 2. The graphs in Figure 2 suggests that the present numerical
algorithm works perfectly well on systems of nonlinear elliptic PDEs as small residual error values
of order 1072 are recorded. The dotted lines represent residual error profiles obtained from the
overlapping grid approach whereas continuous line denotes the residual error profiles for the case of
single domain approach. The superiority of the overlapping grids based approach is manifested in
the graphs. As confirmed by the residual error profiles displayed in Figure 2, the best approximate

solutions are obtained after 4 iterations. In addition, Figure 3 shows that the numerical scheme

converges quadratically and that convergence is indeed achieved after the 4" iteration.

The overlapping grid approach was employed to generate graphs shown in Figures 4-7, which
demonstrate the effect of different parameters on flow fields. Figures 4-9. Figures 4-7 show the
temperature profiles for different parameters. The Prandtl number, Pr, defines the ratio of mo-
mentum diffusivity to thermal diffusivity. From Figure 4, it is observed that an increase in the
Prandtl number decreases the thermal boundary layer thickness and in general lowers the average
temperature within the boundary layer. This phenomenon can be explained by the decreased values
of Prandtl number being equivalent to increased thermal conductivity, consequently, heat diffuses
away from the heated plate more rapidly than it would for higher values of Prandtl number. The
effect of the viscous dissipation parameter, Eckert number Ec, on temperature is shown in Figure
5. The Eckert number expresses the relationship between the kinetic energy and enthalpy in the
flow and it embodies the conversion of kinetic energy into internal energy by work done against
the viscous fluid stress. Greater viscous dissipative heat causes an increase in temperature, which
is evident from Figure 5. The effect of different values of the magnetic field parameter M on tem-

perature profiles is plotted in Figure 6. It is observed that as the magnetic parameter increases,
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the temperature also increase. Figure 7 represents the effect of the porosity parameter K on the
temperature profiles. We notice that very small changes occur in the thermal boundary layer when
changes are made to the porosity parameter. The temperature increases with an increase in the
porosity parameter. The influence of the Schmidt number, S¢, on the concentration profiles, is
plotted in Figure 8. The Schmidt number embodies the ratio of the momentum to mass diffusivity
and therefore it quantifies the relative effectiveness of momentum and mass transport by diffusion
in the concentration (species) boundary layer. As can be seen from Figure 8, increasing the Schmidt
number decreases the species concentration. The influence of the chemical reaction parameter Kr
on the concentration profiles across the boundary layer are presented in Figure 9. We see that
the concentration distribution across the boundary layer decreases with an increase in chemical
reaction parameter. Overall, the observations made on the effects of different parameters on flow

as shown in our results are in agreement with those made by Reddy et al. [26].

Finally, Table 5 presents interpolation errors obtained from approximating the function given in
Eq.69 using a bivariate Lagrange interpolating polynomial at CGL points. The results for over-
lapping grids based approximation are shown in bold to distinguish them from those obtained by
interpolation on a single domain. The column label, Bound, denotes the maximum possible the-
oretical value of interpolation error evaluated using formulas given in the error bound theorems
Eq.(54) and Eq.(61). The domain of approximation was subdivided into 2 overlapping subintervals
of equal length in both z and y directions. The number of grid points over the entire domain
was maintained constant to achieve a fair comparison. Table 5 shows that the interpolation errors
decrease as the number of grid points increase. It also demonstrates that numerical values of inter-
polation errors are always smaller than the theoretical error bound values, thereby verifying that
the function considered here obeys the bivariate interpolating polynomial error bound theorems
that were presented in Section 4. We observe that performing interpolation over many smaller
overlapping domains records a significantly shorter CPU time than the equivalent process over a
single domain. Further, improved accuracy is registered when 40 grid points are used in multiple

domains, whereas for a single domain 40 grid points results in a drop in accuracy.
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Table 1: Absolute error values obtained when Example 1 is solved on overlapping domains: N, = 20,q = 2, N, =

20, p = 2.

Y
x 9.9384 5.7822 0.5450
9.9846 1.08637e-15 3.16414e-15 3.00255e-14
8.8020 2.68188e-15 5.75581e-15 8.24072e-14
7.6125 5.65693e-15 3.49876e-14 2.51086e-13
6.1672 6.96491e-15 1.47209e-14 2.09039e-13
3.0866 5.94733e-14 5.78860e-13 2.09039e-13
CPU time (sec) 0.135284
Matrix Size 1600x 1600
Cond Number 4.87352e+003

Table 2: Absolute error values obtained when Example 1 is solved on a single domain: N, = 40, N, = 40.

Yy
x 9.9384 5.7822 0.5450
9.9846 9.42779e-13 6.38465e-13 5.78079e-13
8.8020 5.26489%¢-14 1.91149e-13 3.81223e-13
7.6125 3.51628e-13 5.07198e-13 2.98928e-13
6.1672 1.50756e-12 1.39328e-12 4.09846e-13
3.0866 3.17623e-11 8.84608e-12 3.97314e-11
CPU time (sec) 0.743578
Matrix Size 1681x1681
Cond Number 7.6543e4-004
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Table 3: Absolute error values obtained when Example 2 is solved on overlapping domains: N, = 20,q = 2, N, =

10, p = 5.

Y
x 9.9691 7.1000 1.7328
4.9923 1.07443e-11 1.38911e-11 8.56769e-11
4.2739 2.23288e-11 1.74158e10 1.12733e-10
2.9300 3.18758e-11 1.06726e-10 3.52343e-10
1.5909 5.98632e-12 6.45883e-11 1.78728e-11
0.2588 5.16565e-11 2.39211e-10 2.02153e-10
CPU time (sec) 0.243617
Matrix Size 19401940

Cond Number

4.2389e+-007

Table 4: Absolute error values obtained when Example 2 is solved on a single domain: N, = 40, N, = 50.

Y
x 9.9691 7.1000 1.7328
4.9923 6.49512e-11 3.81219e-10 1.27900e-10
4.2739 1.20477e-10 1.94005e-09 9.43050e-10
2.9300 3.15801e-11 1.94005e-09 8.00239e-10
1.5909 4.48859¢-10 9.23929e-10 1.27900e-10
0.2588 9.82577e-10 1.34028e-09 4.07725e-09
CPU time (sec) 1.383625
Matrix Size 2091x2091

Cond Number

2.7812e4-009
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Residual Error

Solution Error

Number of Iterations

Figure 2: Residual error profile against the number of iterations

Number of Iterations

Figure 3: Solution error profile against the number of iterations
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Figure 4: Temperature profiles for different values of Pr
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Figure 5: Temperature profiles for different values of Ec
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Figure 6: Temperature profiles for different values of M
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Figure 7: Temperature profiles for different values of K
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Figure 9: Concentration profiles for different values of Kr
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Table 5: Numerical values of interpolation errors obtained when interpolating Eq.(69) in a single domain and over-

lapping domains.

N, Ny q D CPU Time(Sec) Bound Interpolation Error
10 10 1 1 1.5760 1.4874 x 1076 2.8320 x 1077
10 5 2 2 1.1437 8.2877 x 107> 3.8721 x 107°
20 20 1 1 6.7860 2.0460 x 10~8 6.4615 x 10~
20 10 2 2 4.7495 1.7551 x 10~8 1.8046 x 10713
40 40 1 1 38.0700 6.3882 x 107° 1.7955 x 10713
40 20 2 2 15.3842 5.3520 x 10710 2.8411 x 10716

6. Conclusion

We have described and successfully applied an overlapping grid based spectral collocation
method to solve typical examples of two-dimensional nonlinear elliptic partial differential equa-
tions defined on large rectangular domains. We have demonstrated that in comparison to the
single domain approach applying the spectral collocation method on overlapping grids gives supe-
rior accuracy and computational efficiency when applied to solve nonlinear elliptic PDEs defined
on large domains. Improved accuracy is attributed to the small condition numbers of coefficient
matrices in the overlapping grids approach. The computational efficiency of the proposed numerical
algorithm rests on the ease of inverting the sparse coefficient matrices of the linear algebraic systems
of equations that are to be solved. The evaluations of the method have confirmed that the benefits
of overlapping grid spectral collocation approach only manifest when the domain of approximation
is large. Current numerical results show a good agreement with published results in the literature.
Although the numerical scheme developed has been tested on nonlinear elliptic PDEs, the same
concept could be adapted and applied to solve other class of nonlinear two-dimensional problems
representing certain real-life phenomena. New error bound theorems and proofs on bivariate poly-
nomial interpolation have been proven and tested. The error bound theorems unfold the theory
behind the benefits of the proposed numerical method of solution and indeed, it is what motivated

adoption of current numerical technique to nonlinear elliptic problems.
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Chapter 6

A New Spectral Collocation Method
of Solution for Two-Dimensional

Initial-Boundary Value Problems

This chapter is the climax of the study. We propose herein an accurate and computationally
efficient overlapping grid based multidomain trivariate spectral collocation method for solving two-
dimensional nonlinear initial-boundary value problems defined over large spatial and time domains.
The numerical scheme is tested on typical examples of two-dimensional nonlinear parabolic PDEs
reported in the literature as a single equation or system of equations. Numerical results confirm that
the method is highly accurate and computationally efficient when applied to solve two-dimensional
initial-boundary value problems defined on large spatial domains and time intervals when com-
pared to the standard method on a single domain. Adopting the structure of the previous chapters,
this particular one ends with a discussion of error bound theorems and proofs on trivariate poly-
nomial interpolation. Extension of the trivariate spectral collocation method described in this
chapter to the solution of three-dimensional problems is achievable in a straight forward manner.
A manuscript on the single domain version of this method has been published in the Journal of
Applied Mathematics and Computation. This paper is attached, as an appendix, at the end of this
thesis. A paper detailing incorporation of a domain decomposition technique on trivariate spectral

collocation method, then, constitutes chapter 6, thereby, retaining the central focus of the thesis.
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Abstract

In this article, we propose an accurate and computationally efficient overlapping grid based multido-
main trivariate spectral collocation method for solving two-dimensional nonlinear initial-boundary
value problems over large time intervals. In the current solution approach, the quasi-linearization
method is used to simplify the nonlinear PDEs. The spatial domain is decomposed into a se-
quence of overlapping subintervals of equal length whereas the time domain is broken into equal
non-overlapping subintervals. Trivariate Lagrange interpolating polynomials constructed using
Chebyshev-Gauss-Lobatto (CGL) points are used to approximate the solutions to the nonlinear
PDEs. A purely spectral collocation-based discretization is employed on the two space variables
and the time variable on each subinterval to yield a system of linear algebraic equations that is
solved. The PDEs are solved simultaneously across all subintervals in space, but independently
on each subinterval in time, with the continuity condition been applied to obtain initial conditions
in subsequent time subintervals. The numerical scheme is tested on typical examples of two di-
mensional nonlinear parabolic PDEs reported in the literature as a single equation or system of
equations. Numerical results confirm that the proposed solution approach is highly accurate and
computationally efficient, when applied to solve two-dimensional initial-boundary value problems
defined on large time intervals and large spatial domains when compared with the standard method
on a single domain. In addition, it is demonstrated that the overlapping grids technique preserves
the stability of the numerical scheme when solving fluid mechanics problems for large Reynolds
numbers. The new error bound theorems and proofs on trivariate polynomial interpolation that

we present support findings from the numerical simulations.
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1. Introduction

Spectral collocation-based methods, have since their first appearance, gained popularity for the
numerical approximation of the solution of partial differential equations, owing to their superior ac-
curacy when applied to solve problems with smooth solutions [1]. They are particularly appropriate
for approximating solutions of nonlinear PDEs defined on regular geometries, and they require few
grid points to achieve highly accurate results [2]. Despite the benefits of these spectral collocation
methods, previous applications of purely spectral collocation methods have focused only on the
solutions of ordinary differential equations For instance, or partial differential equations involving
two independent variables [3]. For instance, Zhao et al. [4] and Tadmor [5] indicate extensive
examples in the literature where the spectral collocation methods have been applied successfully on
such problems with highly accurate results being achieved in a computationally efficient manner.
In nearly all cases these results have been achieved through the application of spectral collocation
discretization on the space variables and finite difference discretization on the time variable. The
few noticeable examples include [6] and references give therein, where spectral collocation methods
have been applied to obtain numerical solutions of two-dimensional time-dependent PDEs. It is
well known that finite difference methods require many grid points to yield accurate results which
can hardly match those obtained when spectral collocation methods are applied on PDEs defined
on simple geometries particularly if the underlying solutions are smooth. As observed in [7], the
accuracy of a single domain based spectral collocation method deteriorates when the method is
applied to solve PDEs defined over a large time interval even with a large number of grid points.
As shown by Motsa et al. [8], the utility of the spectral collocation method can be improved by
decomposing the large time domain into smaller non-overlapping subintervals and solving the dif-
ferential equation independently for each of these subintervals in time. Further, as will be shown
later, decomposing the spatial domains into a sequence of overlapping subintervals improves accu-
racy when solving differential equations defined over large spatial domains and presents a stable
numerical scheme when solving a differential equation for very large or small values of the pa-
rameters. Motivated by these facts, we propose an overlapping grid based multidomain trivariate

spectral collocation method for solving nonlinear two-dimensional time-dependent PDEs defined
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on large rectangular domains over large time intervals.

Typical examples of two-dimensional nonlinear time-dependent PDEs considered in this study
include the nonlinear PDEs given as single equations that describe the problem of unsteady two-
dimensional heat and mass transfer, firstly, in quiescent media with a chemical reaction [9], and
secondly, with power-law temperature-dependent thermal conductivity [10]. Heat and mass trans-
fer phenomena are found throughout the physical world and the industrial domain. For nonlinear
PDEs described as systems of equations we consider the case of the coupled two-dimensional Burg-
ers system [11] and the two-dimensional reaction-diffusion Brusselator system [12]. The Burgers
equation is a fundamental PDEs from fluid mechanics, that appears in various areas of applied
mathematics, such as modeling of hydrodynamic turbulence, shock waves theory, and traffic flow
problems. It also describes the sedimentation of particles in fluid suspensions under the effect of
gravity, transport, and dispersion of pollutants in rivers [13]. The second system of PDEs consid-
ered is the Brusselator system arising in the mathematical modeling of chemical systems such as
enzymatic reactions, and in plasma and laser physics in multiple coupling between certain modes
[14]. The Brusselator model is also evident in the formation of the ozone layer through a triple
collision of oxygen atoms. The problems considered here have exact solutions and have been re-
ported in the literature to be very useful in testing newly developed numerical methods of solution
for nonlinear partial differential equations arising in modeling of various aspects of the real world.
We, therefore, consider them appropriate to demonstrate the effectiveness of the current method

of solution.

Exact solutions of equations modelling two-dimensional heat and mass transfer problem in qui-
escent media with chemical reaction were discussed by Polyanin and Zaitsev [9]. The problem has
been solved numerically using an implicit finite-difference method by Chamkha and Aly [15]. On the
other hand, the problem of two-dimensional heat and mass transfer with power-law temperature-
dependent thermal conductivity was examined by Pamuk and Pamuk [10] who obtained a particular
exact solution using the Adomian decomposition method. Further numerical methods of solution
for this problem can be found in the references they give. Burgers [11] pioneered the investigation
of the mathematical properties of Burgers equation. The analytical solution of the unsteady two
dimensional coupled Burgers equation was first given by Fletcher [16] using the Hopf-Cole trans-
formation, and in, [17], the differential transformation method was applied to obtain the analytical

solution of a coupled unsteady Burgers equation. Numerical solution of the Burgers equation is,
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therefore, a natural first step towards developing methods for the computation of complex flows.
Accordingly, the Burgers equation has been used intensively to test new approaches in computa-
tional fluid dynamics. For instance, a numerical method based on local discontinuous Galerkin
finite element was analyzed in [18] to solve the two-dimensional Burgers equation. The local radial
basis functions collocation method to approximate the numerical solution of the transient coupled
Burgers equation was examined in [19]. In another development, the Brusellor model has been
extensively studied, both numerically and analytically. For example, Twizell et al. [20] developed
a second-order finite difference method for the numerical solution of the initial-boundary value
problems of the Brusselator model. Khani et al. [21] found exact solutions of the Brusselator
reaction-diffusion model using the exp-function method and Biazar and Ayati [22] obtained an

approximate solution to the Brusselator system by applying the Adomian decomposition method.

In this paper, a purely spectral collocation method, namely, the overlapping grids multidomain
trivariate spectral collocation method is introduced and applied to solve two-dimensional initial-
boundary value problems defined on over large space and time intervals. The solution process
involves, first, the simplification of the PDE using the quasi-linearization method. Next, the spatial
domain is decomposed into a sequence of equal overlapping subintervals and the large time domain
is decomposed into equal non-overlapping subintervals. The solution to the linearized PDE is
assumed to be a trivariate Lagrange interpolating polynomials constructed on Chebyshev-Gauss-
Lobatto points defined on each subinterval. The PDE is discretized in all space variables and time
variable using the spectral collocation method to yield a system of linear algebraic equations that are
then solved iteratively. The solution of the PDE is computed simultaneously across all subintervals
in space and independently at each subinterval in time. Applying the continuity condition allows
us to obtain the initial condition for the second to last subintervals. The current numerical method
is tested using typical examples of initial-boundary value problems reported in the literature. The
accuracy of the numerical scheme is assessed by computing the absolute difference between the
numerical results with the exact solutions, these are presented in tabular and graphical form and
discussed. Numerical results obtained using the current solution approach are also compared with
those obtained using the standard single domain based trivariate spectral collocation method.
Findings from numerical simulations show that the current method yields highly accurate results in
a computationally efficient manner when applied to problems defined on a large time interval, large

spatial domains, and obtaining numerical approximations of solutions to the differential equation
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for large parameter values. To the best of our knowledge, the spectral collocation-based method
with Chebyshev-Gauss-Lobatto points has not been applied simultaneously on overlapping grids
in two-dimensional space and non-overlapping grids in time. The new theoretical results of error

bound theorems support the finding of the numerical simulations.

The rest of this paper is organized as follows. In Section 2, we describe the overlapping grids
based multidomain trivariate spectral collocation method for approximating the solution of two-
dimensional nonlinear initial-boundary value problems described by single equations or systems of
equations. In Section 3, the error bound theorems and proofs emanating from trivariate Lagrange
interpolating polynomials constructed on Chebyshev-Gauss-Lobatto grid points emerge. In Section
4, we give four test examples where the numerical method is applied to demonstrate its applicability.
Section 5 is devoted to results and discussion. In Section 6, we summarize the findings and point

out the direction of future work.

2. The method of solution

In this section, we describe the algorithm for solving two-dimensional partial differential equa-
tions of initial-boundary value problems type. The present investigation focuses on the partial
differential equations of the second order. For purposes of simplicity, this section is divided into
two subsections. In the first subsection, we construct numerical algorithms for solving nonlinear
PDEs that are expressible as a single equation and in the second subsection, the idea is extended

to systems of nonlinear PDEs.

2.1. Method of solution for a single nonlinear PDE

In this subsection, the overlapping grids based multidomain spectral collocation algorithm for
solving two-dimensional partial differential equations of initial-boundary value problems type given
as a single nonlinear equation is described. To illustrate the solution process, we consider a general

second-order nonlinear PDE that takes the form
ou %u 9%u Ou Ou

—=F\| ==, 575,55 b d), t T 1
ot <8x2’3y2’3x’3y’u>7 (2,9) € (a,0) x (e, d), t € (0,T), (1)

where F' is a nonlinear operator operating on the unknown function w and its first and second order

spatial derivatives. Eq.(1) is solved subject to the boundary conditions

ou ou
a(lz%(a7 Y, t) + agu(a, Y, t) = fa(ya t)? O‘l{aix(bv Y, t) + agu(b, Y, t) = fb<y7 t)a
2)
9 P (

ﬁf(%(a:, e t) + BSu(z, ¢, t) = golx, 1), ﬁf%(m, d,t) + Blu(z, d,t) = ga(a, 1),
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where of, af, of, af, B5, BS, B¢, B3 are known constants and f.(y), fo(v), ge(x), ga(x), are

known functions. The initial condition for this problem is given as

u(:):,y,O) = h(x,y) (3)

The solution process involves the stages given in the subsections below.

2.1.1. The quasi-linearization method

The PDE Eq.(1) is first simplified using the quasi-linearization method (QLM) of Bellman and
Kalaba [24]. The QLM is based on the Newton-Raphson method and is constructed from the
linear terms of a Taylor series expansion about an initial approximation to the solution. The QLM
assumes that the difference between solutions at two successive iterations, denoted by usy1 — ug, is
very small. In particular, the QLM is comparable to giving the linear approximation of a function
of several variables, where the derivatives of a different order, and the previous approximation to
the solution, assume the respective roles of independent variables and the functional value at the
reference point. Finer details about the linear approximation of functions can be found in any

elementary book on differential calculus. Applying the QLM on Eq.(1) we obtain

0?usi1 O*usi1 Ousi1 Oug i1
0 s s sT o _ ) s a ] slUs - 's = Iig, 4
15 + 83, By + do, D + 41, 2y + 00,5Ust1 — Ust1 = R (4)
where
oF oF oF oF oF
54,5 = a7 63,8 = a7 52,8 = a7 N 51,5 =577 60,5 = )
a(uﬂﬂﬂ’»‘)s 8(“93/)3 8(ul')s a(uy)s 8(”)5 (5)

R = 54,5(“:)%)3 + 53,s(uyy)s + 52,3(“:}:)5 + 61,s(uy)s + 60,3“3 — Fs.

The subscripts in u, and u,,, denote, respectively, the first and second partial derivatives of v with
respect to x. Similarly, the first and the second derivatives with respect to y are denoted by u, and
Uyy, Tespectively. The dot in % denotes the derivative with respect to t and s signifies the previous

iteration.

2.1.2. Domain decomposition and discretization
If we let t € T" where I' = [0,7]. The domain of approximation in the time direction I' is

decomposed into p equal non-overlapping subintervals as
I, = [tTfl,tq—], tr—1 <tr, to=0, ty = T, =1,2,...,p. (6)
The domain decomposition in the ¢ variable is illustrated below.
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The subdomain ¢ € [t,_1,t,] in each of the 7% subintervals is transformed into ¢ € [—1, 1] using

the linear map

. 2 1 .
t(t):H[t—z(tT+tT1)], teltynt], fe[-1,1, r=12....p, (7)
T Ur—1

before the spectral collocation is applied. The domain of approximation in each time subinterval

is further discretized into N; + 1 Chebyshev Gauss-Lobatto nodes defined in [25] as

~ 3 N: km
{ii} oty = cos (N) - (5)
The entire grid in the ¢t variable can be represented as

(0=t ) =TT =P =T 2 < < p) (9)

J/ERERERA)

The superscripts and subscripts are the subinterval and grid points indices, respectively. The spatial

domain z € [a,b] is decomposed into ¢ overlapping subintervals of equal length as
A= [a:l,l,cil} , X1 <2 < T, To=a, Tg= b, 1=1,2,...,q, (10)

where x; < Z;, depicts the overlapping nature. Pictorially, this overlapping domain decomposition

in  can be represented as
o) Ay T ) As T3 Aq
A =a,b]: ! i | - +— l |

1 Ay T2 3 Ay Lg-1 Tq

The computational domain [z;_1,Z;] in the [** subinterval is then transformed into # € [—1,1]
where the standard Chebyshev differentiation matrix is defined by applying the linear map

2 1
i(:c) = — |z — = (SEZ + xl—l) , T€E [331_1,531], T € [—1, 1]. (11)
T] — X1 2

Further, each subinterval is discretized into N, + 1 Chebyshev Gauss Lobatto points. The subin-
tervals in the decomposed domain overlap in such a manner that the last two points in the A;
subinterval overlap with the first two points in the A;;1 subinterval and they remain common. For

illustrative purpose, the case N, = 5 is considered.
(1 @ (1) (1) (1 @ @) 3 (3)

T5 T4 T3 Z2 1 To T5 T4 €3
Ny,=5: eo—e ° ° *—eo *—o—@ i
—o ® ' o—eo
2 @ (2) (2) (2) (2
T5 X4 3 T2 T1 X
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In general, the set of grid points over the entire x domain can be represented as

{a = xg\l,i,...,xgl) = xg\z,i,x(()l) = x%il,...,wgl_l) = xg\l,)z,w(()l_l) = acg\l,)zil,...,m(()q) =b, 2<1<gq}.

(12)
Similarly, the spatial domain in y variable [c, d] is decomposed into m equal overlapping subintervals
which are further discretized into N, + 1 collocation points. The subdivision of the computational

domain in y is illustrated by

Qe = [ye—1.0¢c)s Ye1 <Y <Ue» Yo=0C Ym=4d, ¢=1,2,...,m, (13)

and the overlapping nature is analogous to that in the x variable. The computational domain

[Y¢—1,Yc] in the (" subinterval is transformed into § € [—1, 1] by applying the linear transformation

2 1, L
Y)=———\y—z W +yc-1)|, vElye-1,9], 9e€l-1,1], (14)
Yo — Y1 2

before spectral collocation is applied. The grid points in the entire y domain can be represented as

{e= yﬁjygl) = y%?yf}l) = yﬁz_p--.,y(gfl) = y](@,yécfl) = y%j_p---,yém) =d, 2<(<m}.

(15)
We remark that the number of subintervals ¢ in x need not to be equal to the number of subintervals
m in y. The ordering of grid points as illustrated in Eq.(12) and Eq.(15) signifies that the spectral

lth

collocation is done from right to left of the subinterval. The grid points in the subinterval in x

and the ¢** subinterval in y variable are defined in [25] by

. T 3N, g
{x}l\f = cos <> , and {g;}.Y, = cos <> . (16)
1Ji=0 N, 74 5=0 ]\fy

x
To obtain explicit expression of the length of each subinterval L = Z; —x;—1 in x and Z = ¥¢ —y¢c—1

in y in terms of the number of subintervals ¢ and m, respectively, we solve

gL — L(q—1) (;—;COS{J\Z}> —b—a, mZ—Z(m—1) (;—;COS{J\Z}) —d—c, (17)

to obtain
L= bl_al ,and Z = dl_cl :

Consequently, we obtain the following relations:

1 1 1 1
il:xl+L<2—2cos{]\2}>, g<:y<+Z<2—QCOS{£y}>. (19)
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Eq.(19) is used in defining the boundaries of the overlapping subintervals when performing dis-

cretization.

2.1.8. Spectral collocation

The overlapping grids multidomain trivariate spectral collocation method is implemented on the
linearised QLM scheme Eq.(4) as detailed below. For simplicity, the label ({L), T=12,...,p, will
been used to distinguish solutions at different subintervals in time. We note that the application of

the non-overlapping technique is limited to the time interval only. The PDE is solved independently

at each subinterval in ¢, 7 = 1,2,...,p, and therefore we must solve
() (7) () () ()
O 41 0% 511 0 541 O 541 () 0 511
0. s 0 s 0. s Y s 0, s Us - = R57
o Tgar O T g O Ty T gy TNs e T Ty (20)

(x,y) € [a,b] x [e,d], t € [tr—1,t7],
subject to the boundary conditions

(1) (1)

U o(m) pOu ()
%(aayﬂl’) —|—CkO'LL (avyut) = fa(y)7 al ox (b y7 )—i—Oég’U, (b7y7t) = fb(y)7

o' ") 0% -
5f7y(x,c, t)+ B5u (2, ¢,t) = ge(z), 5d ( Jd,t) + B (z,d, t) = gg(z),

af
(21)

and the initial condition

(r=1)

1 T
(u)(a;,y,O) = h(z,y), (u)(x,y,tT_l) = u (z,y,tr—1), T=2,...,p, (x,y) € [a,b] X [e,d]. (22)

In the solution process, the approximate solution of the linearized QLM scheme Eq.(4) at each
subinterval in time is assumed to be the trivariate Lagrange interpolating polynomial that takes

the form

N, Ny Nt()

. 9
Dy )~ U@,y t) =355 U (@, g, 1) Lp() Ly () Lo (2). (23)

p=0 q=0 r=0
The spatial differentiation matrix in « is approximated at the collocation nodes, (Z;,9;,t) for
j=0,1,2,...,Ny,and k= 0,1,2,..., Ny, in the [-th subinterval as follows

() N, Ny N Ny ()

ou (7) ) . A )
(i)~ 323 S Ut L) Lalis) Lo i) = 3 U (e )Ly (3) = DU

p=0 q=0 r=0 p=0

2\ L
- () D0

(24)
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! !
where D = (%) D is the standard first order Chebyshev differentiation matrix of size (N, + 1) x
(N; + 1) as defined in [25]. The higher order differentiation matrices are obtained using matrix

J
multiplication. The vector Uy is defined as

J
Uk‘ — [u(x()ayjatk)vu(xlayjatk)v'"7u(xNzaijtk)]Ta .] = 0717'--7Ny7 k= 07]-7' . 'aNtv (25)

where T' denotes the matrix transpose. Similarly, the spatial differentiation matrix in y is approx-
imated at the collocation points, (ii,g)j,fk) fori =0,1,2,...,N;, and k = 0,1,2,..., N, in the

(-th subinterval as

(r) Ny N, N, ¢
o (1) ¢ gq 2\ 2 ¢
- (&4, 95, t) = U (i, ygr te) Lo (95) = > Dj Uk = — | DUk, (26)
Dy Z
q=0 q=0

¢
A <
where D, = (%) Djq  J,q =0,1,2,...,N,, are entries of a standard first order Chebyshev

differentiation matrix of size (N, + 1) x (N, + 1). The higher order differentiation matrix with
respect to y can be obtained using matrix multiplication. Finally, the differentiation matrix in
t at the collocation points (:Ei,g)j,fk), for 7 =0,1,2,...,N;, and j = 0,1,2,..., Ny, in the 7-th

subinterval is approximated as

ou Ny Ny (1) Ny Ny Ny Ny 2 q
T ity )~ Y03 Uiy t) ) = Y03 iU, = zz(t_t )Dk,ruﬁ

r=0 ¢=0 r=0 ¢=0 r=0 qg=

(27)

where lx)]w = <M> Dk s k,r=0,1,2,..., Ny, are entries of a standard first order Chebyshev
differentiation matrix of size (N;+1) x (N;+1). We remark that the bar in D in Eq.(26) and double
bar in D in Eq.(27) distinguishes the differentiation matrices in y and t, respectively, from that in
x. We note that in generating the sequence of vectors Uk, =0,1,2,...,N,, k=0,1,2,..., Ny,
the superscript j is varied of each subscript k. Such a pattern will be useful when arranging the

system of linear algebraic equations to assemble coefficient matrices.

The solution in the spatial directions is computed simultaneously across all subintervals and the
multidomain approach only becomes noticeable when assembling differentiation matrices. A key
step towards the solution involve assembling the differentiation matrices in both space variables. To

achieve this, we take z variable as an example, and since the last two points in the [** subinterval
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and the first two points in the (I + 1) subinterval overlap and remain common, we discard the
rows corresponding to the recurrent grid points and assemble the Chebyshev differentiation matrix

D (without the superscript {) for the overlapping grids multidomain approach in z as

B q q q T
Doo ...  Don,-1 Do, n,
q q q
Dip ... Din,—1 D1 N,
q q q
Dn,~10 .- Dn,—1N,-1 Dn,—1,N,

D1 D1 Din, 1 D1 N,
D=
2 2 2 2
Dn,-1p0 Dn,-11 Dn,-1,N,-1 Dn,-1,N,
1 1 1
DI,O Dl,l ... DLNz
1 1 1
Dn,-10 Dn,~11 ... Dn,-1,N,
1
Dn, 0 Dn,i - Dnyn,

(28)
Here the empty entries of matrix D are zeros and ll? represents the Chebyshev differentiation
matrix in the [ subinterval in space variable z. The size of matrix D is (6 + 1) x (J + 1), where
0 = Ny + (N —1) x (¢g—1). The differentiation matrix in y is assembled using Ig) in a similar
manner to obtain a matrix D of size (0 + 1) x (o + 1), where 0 = N, + (N, — 1) x (m — 1). The
second order differentiation matrices with respect to = and y, D? and ]_32, respectively, can be
obtained using matrix multiplication. Notation wise, the bar in D has been used to distinguish the

assembled differentiation matrices in y from those in x.

2.1.4. Assembling linear system of algebraic equations
Using Eq.(24), Eq.(26) and Eq.(27) in the QLM scheme Eq.(20), we obtain a (N;+1)(c+1)(d+1)
system of linear algebraic equations given by

(e

Nt .
J
[64,3D +528D+5OSI Uk+§ 533D]q+513 ]q Uk E =Ry, 7=1,...,p,

q=0 =
(29)

for j =0,1,2,...,0, k=0,1,2,..., Ny and where I is an identity matrix of size (6 + 1) x (§ 4+ 1).

J
The vector Uy, of size (§ + 1) represents the values of the unknown function u(zx,y,t) evaluated at
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the (§ + 1) grid points in entire the x domain of Eq.(12) and the j h and the k™ grid points in
y and t, respectively. The bar in Uk distinguishes it from vector Uk of size (N + 1) defined at

Eq.(25). The initial condition when evaluated at the collocation points yields

(1) (1) J ‘ )
u(zi,y5,0) = w(zs,y;,tN,) = h(zi,y;) = Un,, 1=0,1,2,...,0, 7=0,1,2,...,0,

(30)
() (r=1)
u(xiaijtTfl) = u (xiayjatTfl)a 7—22737'”7]?
Using the initial condition Eq.(30), we can reduce Eq.(29) to
q Ni—1 o _ q j
[64,sD% + 324D + Jo,1] Uk+z 03,603, + 01,6Dj] Ux — > > " Dy, Ur = Ry,
q=0 r=0 ¢=0 (31)
T=1,2,3,...,p
where 7 =0,1,2,...,0, k=0,1,2,..., N, — 1 and
J j .- 4
Ry, =Ry + > DpnUn, k=0,1,2,...,N,— 1. (32)

q=0
The linear system of equations in Eq.(31) can be expanded into an N¢(c+1)(0+1) x Ni(o+1)(6+1)

matrix system given by

[ Aoo Ao Aoy ... Aonr | [ T A
) ) ) )4 VE UO RO
ar
U, 1
Al,O A171 A172 e ALNt*l ] = ) , T = 1, 2, 3, RN OB (33)
ma
An,—10 An-11 ANn-12 oo Anin1] | Une—1] LNl

The matrix system Eq.(33) can be written compactly as

[A} [8]2[%{)] 7=1,2,3,...,p (34)

where
Apr =B —Dpiluy, Apy=—-Dp,luy, k#r, kr=012... N —1,

B;; = 04,sD* + 25D + 80 sL; + 53,31_71-271-1;1; + 81,5 D; i1z,

_, _ . (35)
Bi,j - 63,8Di,j1$+61,sDi,jIl’7 ? 75‘7) )= 0)1)2)”'70

() (r) . T

(1) (1) () (7)
U = u('anyO;tO)v"'y (55673/07750) (530,91,750) 3 u(xNxayoatO)a"'7 U(iU&ytht) )
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o (r)
and R is the right hand side corresponding to the unknown vector U. The quantities I, and I,

are identity matrices of size (6 +1)(d +1) x (6 +1)(6 + 1) and (0 + 1) x (6 + 1), respectively. The

boundary conditions Eq.(21) are evaluated at the collocation nodes as

5
() (7)
A" Doy ti (2, yj, tr) + a5 U (5,55, te) = falyjs b)),
p=0

(36)
W (r)
0/1) ZDO,p u (:I:Ihyjatk) +Oél6 u (.T(),y_j,tk) = fb(y]7tk)7 j == 07 1727 e 707 k = 07 1727 e 7Nt7
p=0
and
= = (1) ()
181 -DO',qu(x’iayQ7tk)+/80u(xiayaatk) :gC(xiatk)7
— (37)

= (7) (1) .
Blli DO,qu(l‘iayqatk)+/8(C)lu($’iay07tk‘):gd('xi?tk‘)a 12071727"%67 k:0a1525"'7Nt-

The boundary conditions are imposed on the main diagonal sub-blocks of matrices in Eq.(33) to
yield a new consistent system of linear algebraic equations. The required solution of this system
is obtained through an iterative process starting with an appropriate initial approximation to the

solution.

2.2. Method of solution for systems of nonlinear PDEs

In this subsection, we extend the algorithm described in the previous subsection to the solution
of systems of nonlinear PDEs. To demonstrate the construction of the algorithm, we consider a

system of two nonlinear PDEs that can be expressed in the form

Oou (82u v 9%u 0%v Ou v Ou v )
EAgy o) Su gy et el ),
ot

ov <02u 0%v 0*u 0%*v Ou Ov Ou Ov >
o= o0 0 oy 3y )

(38)

where F; and F5 are nonlinear operators acting on the unknown functions v and v and their
derivatives with respect to x and y as illustrated. The system Eq.(38) is solved subject to the
boundary conditions

ou ou
a(fi((% Y, t) + 048”(@» Y, t) = fa(ya t)? alf*(l% Y, t) + agu(ba Y, t) = fb(ya t)a
ox ox (39)

ou ou
ﬁfa—y(m, ¢, t) + B§u(z, ¢, t) = ge(x,1), Bfa*y(f”’ d,t) + Blu(z,d,t) = ga(z,t),
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and
ax 8U a* a bx
aq ai(a)yvt) +a0 U(avyat) = fa*(ya t)’ al a (b Y, )+ %) v(bayat) = fb*(yat)a
40)
P (
Be* (:r o t) + BS (e t) = gew(z,t), BE* v( Ld,t) + B v(z,d, t) = gau(z,t).

The star * in Eq.(40) distinguishes the boundary conditions in v from those of u. The initial

conditions for this problem are

u(x,y,O) = h1($,y>, U(%,y,O) = hg(%,y). (41)

Applying the QLM, Eq.(38) can be expressed as the linearized coupled system

62u +1 62@6 +1 ou +1 ou +1
L TR L (U .
. 1 82v5+1 1 82”s—|—1 1 OVs11 1 Ovsy1 1 ( )
~ s+ 04— o O By o255, TOLs By +00sUs+1 = R,
0%u 9%u ou ou
2 s+1 2 s+1 2 s+1 2 s+1 2
54,8 8332 5375 ay2 + 5 8 + 5 ay + 60,8u3+1
O*vs i1 0%v441 OVsi1 Ovgyt1 (43)
+ - + + :
+ O-Z,S a;g Ug,s a;g + O—g,s 81 + 0—%75 asy + 0-8,5’084-1 —Us+1 = R2,87
where
y 0F, y oF, y oF, . oF, y oF,
54,5 = 677 63,5 = 877 62,5 = 877 1,s — 87? (50,5 = 877
(uﬂ?x)s (uyy)s (uz)s (uy)s (u)s (44)
» oF, v oF, » oF, » oF, oF, 19
o1 = , O3 = , O9 o = , 01 ¢ = y 00.¢ = , V=1,4,
YT 0 (uga)s T O (uyy), P O (uw), T O(uy), YT 0 (w),
Ry s :5Z,s(um)s + 6§,s(uyy)s + 55,5(“:8)5 + 511/,s(uy)s + 50V,sus+ (45)
UZ,S(Um)s + Ug,s(vyy)s + Ug,s(vx)s + Uis(vy)s + Ug,svs —Fs, v=12
For each subinterval in time, we must solve
() o(7) (7) ()
s % i1 s Us+1+51 OU 541 51 aUs+1+5 () |
4,s 8:62 3,s a 2 2,8 ox ay 0,s U s+
() () () () (1) (46)
T T T T T
_8us+1 ol 821)5+1 g 822’s—irl ol 0 si1 1 0V | (g) - R
ot 4,s 8.’E2 3,8 ayz 28 ox 1,s 8y 0,5 YV s+1 1,s5
() (1) (1) ()
2 0% Ui 2 32us+1+52 O 541 52 aus+1+52 (&) ,
4,s axZ 3,s ay2 2,8 ax ay 0,s s+
(1) (1) () ) () (47)
T T T T T
+0_2 82Us—i—l o2 aQUs—i-l o2 avS—H—i—Uz 8vs+1+0_ (17)) _avs—i-l - R
4,s o2 3,s ayg 2,8 o 1,5 ay 0,s V s+1 ot 2,85



subject to the corresponding boundary conditions. Here the initial conditions are evaluated at

collocation points as

1) 1) J (1) (1) J
u (xzayjuo) =u (xiaijtNt) = hl(xhy]) - UNtu v (xzay]70) = (‘rivyj7tNt) - hQ(xl)yj) = VNtu

(1) (r=1) (1) (r=1)
u (-ria yjatTfl) = u (xi7yjat7——1)7 v (xia yjat"rfl) = v (.7)@', yjatTfl)a T=23,...,p.
(48)
Applying the spectral collocation method to the linearized QLM scheme Eqs.(46)-(47) and account-
ing for the effect of the initial condition we obtain a system of 2Ny(o + 1)(§ + 1) linear algebraic

equations for each subinterval 7 =1,2,...,p, in t given by
_ d - 49
61,D?+8},D + 5}, } U, + Z (63,02, + 81 D50 Uy - Dy, U,

J _ q J
+ [UiSDQ + U;’SD + 0'(11731} Vi + Z [0'?1,’8 gt 0'1 <D, q] Vi =Ry,
q=0

_ j
62,D?+83,D + 57 } Oy + Z (63,02, +82,D; q} Ui+ 0%, D%+ 03 D+ 03 1| Vy

0,s
o g N1 N g j
2 2 N \/ B \/ D
+ [0'3 SD + o-l,sDj7q:| Vi — ZDk,rVr = R2,k-
q=0 r=0 ¢=0

(50)
Eqs.(38)-(39) can be expressed as a 2N (0 + 1)(6 + 1) x 2N (0 4+ 1)(6 4+ 1) matrix system given by

A—1,1 A—1,2 fj’ ﬁ
1

@ | = lo | (51)

A. A..llV] R

where
N, N,
() Yo q (7) L. q
R, = R15+2Dk,NtUNt7 R2:R2,s+sz,NtVNt, k=0,1,2,...,N; — 1. (52)
q=0 q=0

(1) (1)
The vector V is defined in similar manner to vector U given in Eq.(35). The right hand side vectors
() () (1) (1)
R1, and R correspond to vectors U and V, respectively. The boundary conditions Eq.(39) and
Eq.(40) are evaluated at the collocation points in a manner similar to that illustrated at Eq.(36)

and Eq.(37). We remark that if the initial conditions u(z,y,0) and v(x,y,0) are not available,

146



the system of differential equations is first solved for ¢ = 0 to approximate the initial conditions.
In summary, we assert that the algorithms described so far can be adjusted easily and applied to
PDEs of higher orders (> 2) and on problems modeled by larger systems of nonlinear PDEs. An
extension to numerical schemes of solutions of two-dimensional time-dependent PDEs exhibiting

slightly different forms of nonlinearity can be achieved in a straightforward manner.

3. Error bound theorems in a trivariate polynomial interpolation

In this section, we present new error bound theorems that govern polynomial interpolation er-
rors in a trivariate Lagrange interpolating polynomial constructed using Chebyshev-Gauss-Lobatto
nodes. Fundamental elements related to the construction of proofs of the theorems include; first,
understanding that the CGL nodes are the relative extremes of the N -th degree Chebyshev poly-
nomial of the first kind Tn,(Z) = cos[N,arccos(z)], & € [—1,1], secondly, understanding the
general properties of Chebyshev polynomials, and thirdly, understanding the mean value theorem
in calculus. Although to the best of our knowledge, there does not exist a well-known family of
polynomials whose roots are the CGL nodes, it is easy to discern that the interior CGL nodes are
roots of Ty () = 0. This fact leads to the discovery of a complete set of CGL nodes as the roots
of the N, 4+ 1-th degree polynomial given by

Ly, 11(2) = (1 = #*)Ty, (£). (53)

The theorem given below benchmarks the formulation of the error bound theorems on trivariate

polynomial interpolation.

Theorem 1. [27] Let u(z,y,t) € CNetNvANe43([q b] x [c,d] x [0,T]) be sufficiently smooth such
that at least the (N + 1) partial derivative with respect to x, the (N, +1)" partial derivative with
respect to y, the (Ny + 1) partial derivative with respect to t, and the (N + Ny + Ny + 3)t" mized

partial derivative with respect to x, y, and t exist and are all continuous, then there exist values

§x7§;3 € (avb)7 gyagém € (C, d); and €t7§1/£7 € (07T)7 such that

aN +1 gmayv x éy,t) 6Nf+1 $ Y, ft
U(x7y7t) - U(%?J’ ) al’N":+1 N n 1 ' H( — .I'l —ayNi/+1 N I 1 T H —ath+1 Nt n 1)' H — tk)
8NI+N?!+Nt+3u( !¢l gt) Ny N
_ 8me+16yNy+18tNt+l(Nz 4 1) (N ¥ 1)| N, + 1 1 H l_IO Yy — y]) ]]I(t — tk),
J =0

(54)
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where U(x,y,t) is a trivariate interpolating polynomial of u(x,y,t) at {xi}f-vz”‘o grid points in x-

variable, {y; ;V:yo grid points in y-variable, and {tk}gio grid points in t-variable.

The remainder formula Eq.(54) is based on the mean value theorem and is derived recursively from
the corresponding univariate error formula given in [28] for a sufficiently smooth function u(z,y, t).

Taking the absolute value of Eq.(54) we obtain

N
N,+1 v xl)
a * u(§x7y7t) =0
t)y—U <
|U($7ya ) (.13, Y, )‘ (Ifly’l?))éﬂ ale,Jrl (Nz + 1)!
Ny

IIw-v)

+ max MNvtlu(z, &, 1) | |i=0
(z,y,t)eQ AyNvt1 (N, +1)!
Ny
[t
+ max N (@, y, &) | limo
(z,y,t) €N OtNe+1 (Nt ¥ 1)|
N, N, N,
H T = 33 H Y- y] H t - tk)
+ max ONe N (G, yo &) | li=0 k=0
(@ytye| OxNetLoyNut1oENet+1 (N + 1).( y + DIV +1)! ’

(55)

where Q = [a,b] x [¢,d] x [0, T]. Since the function u(x,y,t) is assumed to be smooth on the interval
of approximation, it follows that its derivatives are bounded and thus 3 constants C7, Cs, C5 and

C4, such that

ONetlu(z,y,t ONvtlu(x, y,t
max |2 UM@Y) o e |22 M@y
(@yte|  OxNatl (@ybte| Oyt 56
8Nt+1u(x y,t) HGNat+Ny+Ne+3,, (z,y,1) (56)
max |———— 2| <Cs, max ~ 2 < Oy
(2,y,1)€Q OtNet1 (zy,0)eQ | OxNaF1gyNyH1 gt Ne+L

The error bound for trivariate polynomial interpolation using Chebyshev-Gauss-Lobatto nodes on

a single domain is governed by the theorem below

Theorem 2 (The error bound in a single domain). The resulting error bound when CGL
grid points {z;}7, € [a,b], in x-variable, {yj}jy:yo € ¢, d] in y-variable, and {tk}kNio € [0,7], in
t-variable are used in trivariate polynomial interpolation is given by

8 (

(N, +1)!

8 L)Nﬂ:‘i’l

(N +1)!

,C)Nyﬂ )N W1 ( )N,+1
1

s(HM ()™
N0 TN, NN, + DN + 1)

(57)

+ Cs + C3

E(Z’,y, ) < Cl
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Proof. First, using the relation stated in [29] we express Eq.(53) as
Ly, +1(&) = (1 = #*)Ty, (&) = —NoaTw, (£) + NoTn,-1(2). (58)
Using the triangle inequality and noting that |7, (2)| <1, V & € [—1, 1], we have
LN +1(2)] = | = Nad@Tn, (2) + NoTn,—1(2)| < | = No@Tn, (2)] + [ NaTn,—1(2)] < 2Nz, (59)

The leading coefficient of Ly, 41(Z) is 2Nz=1 N where the components 2V*~1 and N, come from
the leading coefficient of T, (%) and the application of N,-th rule of differentiation on T, (%),
respectively. The product factor in the first term of the error bound expression given at Eq.(55)

can therefore be taken as the factorized form of the monic polynomial Sf\,vj%l(m) We write

N, *
N.
T/~ - Ly, 41(2)
H(x_x’l) = ﬁ? T e [_171] (60)
i=0 z

Using Eq.(59), it is easy to establish that the monic polynomial Eq.(60) is bounded by

2N, 4
—2Ne—IN, 2N

Ly,+1(2)
ONIN,

[[z— 20| =

Jj=0

Ny
' (61)

Considering a general interval = € [a,b], we can show that the first product factor in Eq.(55) is

bounded by
B (b—a), . | [(b—a\"" o
s, L =20 = o [T[=570 00 = (757 ) e (116G )
= =0 Nt =0 (62)
_(b—a et s | ENer1(E) | 4 (34) " _oflb=a et
2 —1<i<1 | 2Na—1N, | = 2Nz 4 '

Similarly, we conclude that the second and the third product factors are bounded, respectively, by

N, . e\ Ny+1
max ﬁ( —yj)| = d—c\™ max Ly, 1(9) < LG d-c o (63)
e<y<d |+ y=¥i = 2 —1<g<t | 2Nv=IN, | — 2Ny - 4 ’
and
Ni Ni+1 h T\ Netl Ni+1
T\™ Lyi(D)] _ 4(3) T\
t—tL)| = | = ! < =8| — . 64
oteT ka( 2 (2) Sk 2NN | =T 2N 1 (64)
Using Eqs.(62) — (64) and Eq.(56) in Eq.(55) the proof is completed. O

Theorem 3 (The error bound in a decomposed domain). The resulting error bound when

CGL grid points {mi}f-v:“”o € lxi-1,3), L =1,2,...,q, for the decomposed domain in x-variable and
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{yj}j-v:yo € lye—1,9¢), ¢ = 1,2,...,m, for the decomposed domain in y-variable, and {tk}k o €
[tr—1,t:], T=1,2,...,p, for the decomposed domain in t-variable are used in trivariate polynomial

interpolation is given by

Nz+1 VA Ny+1 N¢+1 Ne+1
(%) 8(%) 8 (%) (1> t
E z,Y, C -+ C + C —
(@y,1) < 1(N+ 1)! (N, + 1)! (N, + 1! \p )
83 ( )Nz-i-]. (Z)Ny-‘r]. Nt-i-]. 1 Ni+1
+ Cy 4 -
(N + DI(N, + 1)! Nt+1 <p)
Proof. First, we consider the t variable. In the entire domain [0, 7], we have that
Nt T Nt—l-l
Tt - ) §8<4) L te 0T, (66)
k=0
The implication is that in the decomposed domain and at each subinterval, we must have
Ny Ni+1 Ni+1 Ne+1
T\ T\ 1\
[1¢-t)|<8(— =8(= - L tE[tr—its], T=1,2,...,p,. (67)
k=0 4p 4 p

For smooth u, there exists &, € (t,—1,t,), p = 1,2,...,p, for which the values of the (N; + 1)t
partial derivatives of u with respect to ¢ in each subinterval is the absolute extrema. This enables
us to break the third term Cg% that appears in the error bound expression at Eq.(57) into
different components, which are necessarily not equal in the decomposed domain, as

(7) 8(I>Nt+1 1 N¢+1 p
o G} o

T=1
where
oNt Ly (2, t) oNeHly(x, &)
(ien | o ’ - ‘ g | S G teltrnt
We define
) 1 © (p)
| C3 ||loo=max{C3, C3s,..., Cs}, (69)

to denote the maximum absolute value of the (N; + 1) partial derivatives of u with respect to ¢
in [0,7]. Clearly, || C3 ||co= C3, where C3 is identical to the one given at Eq.(57). To expand the
error bound over the entire ¢t domain, we shall take the largest possible error across all subintervals

in t, which is

Nt+1 N¢+1
S

Similar reasoning can be applied to show that the first and the second component in error bound
Eq.(57) in the decomposed z and y domains translate to

] (L
02 (4
(Ny + 1)!

)Ny+1 (Z)Nerl

s andC' W,

respectively. (71)

150



Consequently, the forth component in Eq.(57) becomes

]3 (%)NIJrl (%)Nerl (%)Nerl <1>Nt+1’ (72)

Y (N, + DN, + DN, + 1) \p

in the decomposed domain. Using Eqs.(70) — (72) in Eq.(57) completes the proof. O

Comparing Eq.(57) and Eq.(64) we note that the error in trivariate polynomial interpolation is
smaller when interpolation is conducted on multiple domains than it would be on a single domain.
Further, we remark that CGL nodes are preferable candidates of interpolation when using spectral
collocation methods to solve boundary value problems because they are convenient in constructing
differentiation matrices. For the reason that they contain the boundary nodes they are advantageous

when treating the boundary conditions of the problem.

4. Numerical experiment

In this section, we apply the method described in the previous section to a selected class of
two-dimensional nonlinear initial-boundary value problems. The accuracy and efficiency of the

proposed method are demonstrated by comparing the numerical results with the exact solution.

Example 1. Consider the problem of two-dimensional heat and mass transfer in quiescent media

with chemical reaction given in its general form by

@ Pu 0%
o ¢

where a is a real constant. As a special case, we analyze this problem when a = 1 and f(u) =

—4u? — 2u® and solve the problem subject to the boundary conditions

w(2,y,t) = 2+y+20)"", u,y,t)=0G+y+2t)"", 2<y<5, t>0,

u(z,2,t) = 24+ +20)7Y, wu(x,5t) =0G+ax+2t)7, 2<z<5 t>0. o
The initial condition for this problem is given by
u(z,y,0) = (z+y)7 L 2<2<5, 2<y<5. (75)
The exact solution is given in [9] as
u(z,y,t) = (x+y+2t)" " (76)
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Example 2. We consider the two-dimensional heat and mass transfer equation with power-law

temperature-dependent thermal conductivity [10]

o2 (B [ ()]

where n, m can be integers or fractions and a, b, and 3 are some parameters. For simplicity, we
consider the special case of Eq.(77) when a =1, b =1, m =n = 1, and 8 = 0 in which Eq.(77)

reduces to the Boussinesq equation

o = Lo ()] + o (3] ™

The Boussinesq equation arises in nonlinear heat conduction and the theory of unsteady flow

through porous media with a free surface. Eq.(78) is solved subject to boundary conditions

u(0,y,t) =y +2t, ud,y,t)=5+y+2t, 0<y<4, t>0,

(79)
u(z,0,t) =z +2t, u(x,4,t)=44+x+2t, 0<z<5 ¢>0.
The initial condition for this problem is given by
u(@,9,0) =3+ . (30)
The exact solution is given by authors in [9] as
u(z,y,t) = x +y+ 2t. (81)
Example 3. We consider the system of two-dimensional Burgers equations given by
ou N ou N ou 1 (32u N OQU)
—dtu—trv—=— | =— + —
ot 0 0 Re \ 022  0y2 )’
x Y e \ Ox Y (82)

v n Ov n v 1 (0% n 0%
—tu—Fv—=— =5+ =—
ot Ox Oy Re\0z%2 0y2)’

where u(z,y,t) and v(z,y,t) are velocity components to be determined and Re is the Reynolds

number. Eq.(82) is subject to boundary conditions

0= : Goyt) = - ;
WY =370 [1+ e(ReCiy—0)/32)] WY =177 [1+ e(BeCiy—20-1/32)]" -
3 1 3 1
u(a;, O,t) = 1 - A [1 T e(Re(,éL,E,t)/gz)] ) U(x7 57t) = 1 - 4 [1 + e(Re(2074x7t)/32)] ’
3 1 3 1
00 = Gt e VYD = 1 e
0.¢ 3 1 54 — 3 1 (84)
'U(x) Y ) Z + 4 [1 + e(Re(_4$_t)/32)j| ’ ’U(fL’7 ) ) - Z + 4 [1 + e(Re(20—4Z’—t)/32)] ’
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The initial condition are

1 3 1

3
u(x,y,O) = Z - 4 [1 T e(Re(yf:B)/SB)] s U(l’, Y, 0) = Z + 4 [1 T e(Re(yfz)/S)] . (85)
The exact solutions for this problem are given in [30] as
3 1 3 1
u(z,y,t) = 4 1 [1+ e(Reliy—ta—)/32)] v(@,y,t) = 171 [1+ e(BeCiy—ta—0)/32)] (86)
Example 4. We consider the two-dimensional Brusselator system given by
ou u  0%u
— =B+u*v—(A+1 —+ —
5 +uv— (A+ )u+u<ax2+ay2>, .
v _ Au —u?v + & + &
ot H\ 822 oy2 )’

where u(z,y,t) and v(x,y,t), representing dimensionless concentration of two reactants A and B
are constant concentrations of the two reactants, and g is the diffusion coefficient. The exact

solutions for this problem are given in [31] for A=1, B=0, p= i as
u(w,y,t) = e TV p(a,y,t) = T2, (88)

Eq.(87) is solved subject to boundary conditions

v(0,9,1) = T2 w(2,y,1) = ST w(,0,) = T2 (@, 2,8) = T2 (90)
The initial condition for this problem are

u(r,y,0) =e 7Y, wv(r,y0) ="V (91)

5. Results and discussion

In this section, results obtained after solving selected initial-boundary value problems using
the overlapping grids based multidomain spectral collocation method are presented in tabular and
graphical forms and then discussed. The results demonstrate various aspects of the proposed
numerical method of solution. For comparison purposes, results from the new modified solution

approach are compared with those from the standard spectral collocation method on a single
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domain to reveal the benefits of incorporating techniques of both overlapping and non-overlapping
grids in the solution algorithm. The selected test examples possess exact solutions and, therefore,
we evaluate the accuracy of the method by displaying the absolute error norms obtained after 5
iterations, upon which the iterative numerical scheme is discerned to have converged. The error
norms are computed as

Es=|u—-U|. (92)

where v and U are vectors representing, respectively, the exact and approximate solutions evaluated
at selected collocation points. We examine the dependence of accuracy on the length of time
interval, length of the spatial domain and the size of the parameters present in the given differential

equation.

Results obtained when Eq.(73) is solved are displayed in Table 1. The single domain approach
is invoked using N, = 20 and N, = 20 grid points in the spatial domains and N; = 10 grid points
per unit interval in the time domain, in such a manner that when T'= 1, Ny = 10, when T = 2,
Ny = 20 and so on until Ny = 50 is used for T' = 5. In the multidomain domain approach, each
spatial domain is broken into two overlapping subintervals, with 10 grid points in each subinterval;
thus N, = 10, N, = 10, ¢ = 2, m = 2 in all five cases of time interval considered. The domain
decomposition on the time interval is achieved as follows: N; = 10 is used per unit time, which
implies that when T' = 1 only one interval in time is considered with Ny = 10, but when T' = 2, two
non-overlapping subintervals are used, each with Ny = 10 grid points and so on such when 7' = 5,
five non-overlapping subintervals are used, each with N; = 10 grid points. The CPU time displayed
in this table is the cumulative computation time required to run the algorithm over the different
time levels, T'=1 to T = 5. Comparison of results in the second and the third columns suggests
that incorporating the domain decomposition technique for large time intervals yields more accurate
results than those given by increasing the number of grid points on a single interval. The entries
in the first row show that this is so, even for smaller time intervals. Decomposing the large spatial
domain into overlapping subintervals improves the accuracy of the numerical approximation. It can
be seen in Table 1 that shorter computation time is taken to yield results with the multidomain
approach than with the single domain approach. The condition number displayed is that of the
coefficient matrix of the system of linear algebraic equations when T'= 5. With the single domain
approach, deterioration of accuracy with large time intervals can be explained by the large condition

number of the coefficient matrix resulting from many grid points. In the multidomain approach,
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the shorter computational time is attributed to the resulting small-sized matrices, which are easier

to invert.

Results obtained when Eq.(78) is solved are displayed in Table 2. The grid points distribution
used to generate these results is similar to that for the previous table. From Table 2, we observe that,
although the error norm is slightly larger in the single domain approach than in the multidomain
case, it remains relatively steady as the length of the computational domain in time increase. Close
scrutiny of the exact solution of Eq.(78) reveals that its higher ordered derivatives are bounded
within the interval of approximation. For problems whose higher ordered derivatives are bounded,
the accuracy ought not to deteriorate with an increase in the number of grid points. This observation
agrees with the error bound theorems given in the previous section. However, since, in many
practical applications, there is no prior knowledge of the exact solution of the differential equation
and in view of the computational time constraint, the multidomain approach is superior to the
single domain approach where the domain of approximation is large. The trend in CPU time and

condition numbers is similar to that of the previous table.

Results obtained when Eq.(82) (the 2-D coupled Burgers system) is solved are displayed in Table
3, and Figures 1 and 2. In Table 3, the single domain approach is invoked using N, = 40, N, = 40
grid points in the spatial domains and N; = 50 grid points over the entire time domain of length T" =
10. In the multidomain approach, ¢ = m = 4 overlapping subintervals are used in space directions
with NV, = N, = 10 grid points, and in time direction p = 5 non-overlapping subintervals with
Ny = 10 are used. In Table 3, we observe that as the values of the Reynolds (Re) number increase,
the single domain approach shows a greater drop in accuracy than the multidomain approach.
It is worth mentioning that the factor ﬁ is the coefficient of higher ordered space derivatives
in Eq.(82) and so for large values of Re, this coefficient is small. Multiplying the differentiation
matrices by this small value leads to reduced in the precision of the entries of the coefficient matrix
derived from the resulting system of linear algebraic equations. Numerical computations with small
valued matrix entries have pronounced round-off errors, which reduces the accuracy of numerical
approximations. Incorporating the overlapping grids technique in the spatial domain introduces
scaling in the coefficient matrix, which in turn counters the effect of large values of Re. Figure 1
shows the graph of error norms plotted against the length of the time interval. We examine the

variation of error norms by considering results from both a single domain approach (p = 1) and a

multidomain approach, in which the large time domain has been broken into 5 and 10 subintervals
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(p =5 and p = 10). The total number of grid points over the entire domain is kept constant with
Nt = 10 per unit time. The algorithm is run using T'=4, T =8, T =12, T = 16, T = 20,
time intervals. Here the spatial domain is not decomposed and values of Reynolds number are
kept small at Re = 5. The results in Figure 1 make clear the need for the non-overlapping grids
technique when solving problems over large time intervals. It can be observed that for small time
intervals, single domain approach gives the best accuracy for a fixed number of grid points across
all the three cases considered. Breaking a small time interval into further intervals comes at the
expense of increasing the number of grid points, which is equivalent to reducing the degree of the
interpolating polynomial approximating the solution of the differential equation, thereby, leading to
poor approximations. Having examined the usefulness of the non-overlapping grids technique in the
case of large time intervals, in Figure 2 we maintain a large time interval at 1" = 20 and subdivide
it into 5 subintervals, then compare this to the single domain approach while investigating the
effect of varying the Reynolds number values on the accuracy of numerical approximations. We
observe that for the large Reynolds (Re) numbers and large time intervals, using both overlapping

subintervals in space and non-overlapping subintervals in time give the best accuracy.

Results obtained when Eq.(87) (the Brusselator system) is solved are displayed in Table 4, and
Figures 3 and 4. Table 4 shows results obtained using the single and multiple domains approach for
both small and large time intervals. Results given in Table 4 are closely explained by theoretical
results of the error bound theorems. We notice that unlike in the previous three examples, in which
higher ordered derivatives of the solution are bounded, the solution of Eq.(87) is unbounded within
the domain of approximation. Consequently, increasing the number of grid points leads to large
interpolation errors, which are propagated into the numerical solution of the differential equation.
For a large time domain, the single approach gives less accurate results; there is a noticeable
improvement in accuracy when the multiple domain approach is adopted for large time intervals.
In Figure 3, error norms resulting from the use of N; = 20 and N; = 10 grid points over a single time
interval of length T' = 5 units are compared. We notice that when the interval is large, using many
grid points has little effect on accuracy. This phenomenon is caused by the unbounded nature of
higher ordered derivatives of the solution of Eq.(87). In Figure 4, we re-examine the decomposition
of a large time domain and compare the solution by a single domain approach with that for the
multiple domain approach, while maintaining a constant number of grid points over the entire

time interval. Consequently, as supported by error bound theorems, the use of a large number of
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grid points on a single domain records less accurate results for problems with unbounded higher
ordered derivatives. In fact, beyond a certain threshold length of the time interval, the numerical
scheme becomes unstable. A domain decomposition approach improves the accuracy of numerical

approximations and constitutes a stable numerical algorithm.

Table 1: Absolute error norms values for spectral approximation of Example 1 using different lengths of time intervals

[0,T): N, =10, Ny, =10,q=2,m =2, N;= 10/ per unit length in time.

T Single Domain Multiple Domains
1.0 2.26291e-12 2.97384e-13
2.0 2.95380e-12 4.15001e-13
3.0 7.35126e-11 2.37643e-13
4.0 6.01130e-10 1.85810e-13
5.0 2.75105e-09 1.52454e-13
CPU time (sec) 15.259924 1.717759
Cond Number 4.7356e+05 7.9950e+03

Table 2: Absolute error norms values for spectral approximation of Example 2 using different lengths of time intervals

[0,T]: N, =10, Ny, =10,q =2, m =2, N;= 10 per unit length in time.

T Single Domain Multiple Domains
1.0 2.29941e-11 1.71063e-12
2.0 2.19984e-11 2.13518e-12
3.0 2.30047e-11 3.24896e-12
4.0 5.26619e-11 6.46949e-12
5.0 3.48477e-11 5.11946e-12
CPU time (sec) 6.507918 0.636237
Cond Number 7.3179e+04 1.8094e+-03
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Table 3: Error norm values obtained when Example 3 is solved for different values of Reynolds number, Re : N, = 10,

N, =10,q=4,m=4, [0,7] = [0,10], N, = 10, p = 5.

Single Domain Multiple Domains
Re Error Norm in u Error Norm in v Error Norm in u Error Norm in v
1.0 4.09006e-13 5.62328e-13 2.37022e-12 4.03122e-12
5.0 4.26503e-12 4.26625e-12 2.46692e-12 3.52773e-12
10.0 9.17247e-09 9.17326e-09 3.56237e-12 6.11633e-12
15.0 4.22525e-08 4.22845e-08 3.00593e-11 4.43479e-11
20.0 4.23489¢-07 4.32432e-07 2.69562e-10 3.20433e-10
— Re=5, p=10, g=1, m=1
Re=5, p=5, g=1, m=1
1079 CE o A e
g — Re=5, p=1, g=1, m=1
> 10—107
£ i
£
o
=z
S 107"
0
10—12 |

5 10 15 20
Length of time interval

Figure 1: Error norms in u for different time intervals [0, 7] for 2D coupled Burgers system
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- =20, p=1, g=1, m=1
T=20, p=5, g=1, m=1
10-9E — T=20, p=5, q=4, m=4

—
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o

Error Norm in v
—
<

10—12»

5 10 15 20
Values of Reynold Number (Re)

Figure 2: Error norms in v for different values of Reynolds number for 2D coupled Burgers system

Table 4: Error norm values for different time intervals obtained when Example 4 is solved: N, = 10, N, =10, q =

2, m =2, Ny =10/ per unit length in time.

Single Domain Multiple Domain
T Absolute Error v Absolute Error v | Absolute Error v Absolute Error v
1.0 1.89722¢-13 2.13396e-13 9.53246e-14 1.10242¢-13
2.0 1.10363e-12 1.19616e-12 7.75372e-13 8.65135e-13
3.0 2.23119e-09 2.33731e-09 2.80567e-12 3.01118e-12
4.0 4.35874e-01 3.38041e-01 2.22283e-11 2.31627e-11
5.0 4.71456e+-02 5.69322e+-02 4.13003e-09 7.22800e-09
CPU time (sec) 17.345153 1.826348
Cond Number 3.6427e+07 2.9215e+03
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Figure 3: Error norms in u for different time intervals [0, T for 2D coupled Brusselator system (Varying grid points)
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Figure 4: Error norms in v for different time intervals [0, 7] for 2D coupled Brusselator system (fixed grid points)
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6. Conclusion

In this work, a modified numerical method, namely the overlapping grids based multidomain
trivariate spectral collocation method, for solving nonlinear two-dimensional initial-boundary value
problems is proposed. The method has been described and successively applied on typical examples
of two-dimensional initial-boundary value problems reported in the literature as a single nonlin-
ear equation or systems of nonlinear equations. From the numerical simulations, we arrive at the
following conclusions. The standard single domain based trivariate spectral collocation method,
when applied to solve nonlinear two-dimensional initial-boundary value problems, is accurate only
for those defined on a small time interval. When the time interval is large, many grid points are
required to achieved results with sufficient accuracy and this is only applicable if the solutions’
higher ordered derivatives are bounded within the computational domain. For solutions with un-
bounded higher ordered derivatives, the application of the standard single domain based trivariate
spectral collocation method is limited to problems defined on a small time interval because a large
number of grid points would be computationally expensive and would not guarantee the accuracy
of the numerical approximations. For fluid flow problems, demonstrated in this case by the two-
dimensional Burgers system, the single domain approach gives accurate results only for small values
of the parameters governing the flow. The main challenge in deciding whether to use the standard
trivariate spectral collocation method is that in many practical problems the exact solutions are not
known at the outset. Therefore, the standard single domain trivariate spectral collocation method
has many shortcomings. By contrast, the modified overlapping grids based multidomain spectral
collocation method is reliable, as it gives highly accurate results in short CPU time. In terms of
accuracy, the superiority of the current method of solution can be attributed to the purely spectral
collocation discretization performed in all variables coupled with the small condition numbers of
the coefficient matrices in the multidomain approach. The short CPU time required to generate
results is linked to the small-sized coefficient matrix in the multidomain approach, which is easy
to invert. Owing to its remarkable benefits, the current method of solution is a suitable alterna-
tive method for solving two-dimensional nonlinear initial-boundary value problems defined on large
regular spatial domains over a large time interval. In addition, the overlapping grids technique is a
useful tool when solving differential equations with large parameter values and those defined over
large spatial domains. Future work will entail an extension of the current numerical method to

problems defined on circular domains.
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Chapter 7

Conclusion

In this thesis, we have successfully developed and applied new modified spectral collocation-based
methods to find solutions of nonlinear ordinary differential equations, one-dimensional partial dif-
ferential equations of hyperbolic and parabolic type, and two-dimensional nonlinear elliptic PDEs.
The final chapter showed the development and application of the new numerical method, namely
the trivariate spectral collocation method, for the solution of two-dimensional initial-boundary
value problems. The numerical methods used relied on the quasi-linearization method to simplify
the nonlinear differential equations and Lagrange interpolating polynomial as the approximating
functions for the solution of the differential equations. A purely spectral collocation discretization
at Chebyshev-Gauss-Lobatto points was applied in both space and time variables. The improve-
ment in the current solution techniques from the traditional, which were based on a single domain,
was achieved through the introduction of an overlapping grids approach on large spatial domains
and using the non-overlapping subdomains approach on large time intervals. New error bound the-
orems, and proofs, on polynomial interpolation for univariate, bivariate, and trivariate cases were
presented. Most importantly, new versions of the error bound theorems, and proofs, that are as
a consequence of incorporating the overlapping grid and non-overlapping subdomains were added
to demonstrate the theory behind the remarkable benefits of both approaches. From the general

numerical results and the new findings of this study, we arrive at the following conclusions.

i. Incorporation of an overlapping grid approach on large spatial domains and the use of non-
overlapping subintervals when solving differential equation over large time intervals using spec-

tral collocation methods give accurate numerical results over relatively short computation time.

ii. the overlapping grid approach introduces sparsity in the spatial differentiation matrices, thereby

rendering a stable numerical scheme.

iii. Improved accuracy is attributed to the small condition numbers of the coefficient matrices
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vi.

vii.

viii.

1X.

obtained when using the multidomain approach.

The small-sized matrices in the multidomain approach are easy into invert, and this translates

to short computation time for generating numerical results.

The performance of the numerical methods described in this thesis is reliable. These numerical
methods give general schemes, that are easily adaptable to solve a wide range of differential

equations encountered in real life.

Methods of solution used to solve ordinary differential equations of boundary layer flow types
represent a modified solution approach to the existing method. In addition, the methods
developed and applied on one-dimensional hyperbolic, one-dimensional parabolic, and two-
dimensional elliptic partial differential equations represent an extension of the spectral collo-
cation methods that already exist. Furthermore, incorporating overlapping grid concepts on a

purely spectral collocation numerical method is new.

Error bound theorems, and proofs, on Lagrange polynomial interpolation using Chebyshev-
Gauss-Lobatto nodes, are new. The error bounds are useful as they give an idea of the sizes of
errors that are propagated in the solution of the differential equations when using interpolating
polynomials as the approximating functions. Indeed, the different version of error bounds in
the cases of a single domain and multiple domains gives an interesting theoretical illustration
of the benefits of adopting domain decomposition technique when solving differential equations

over large domains.

The trivariate spectral collocation method developed and applied to solve two-dimensional
initial-boundary value problems is new. We have demonstrated that incorporation of the
domain decomposition technique improves its accuracy and computational efficiency over that
of the single domain approach. It is worth noting that this method can be adapted to solve

three-dimensional problems.

As demonstrated in the numerical results for two-dimensional Burgers equations, benefits of
the overlapping grid approach are also evident in solving reaction-diffusion problems for very

small or large values of the diffusion coefficient.

. The benefits of incorporating the domain decomposition technique in a spectral collocation

method over the single domain approach are not manifested when differential equations are
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solved over small domains.

Future research would include extensions of similar solution techniques to solve differential equa-
tions defined over irregular domains. This can be achieved through development of new numerical
methods of solution of differential equations, that, combines the benefits of the spectral collocation-

based methods and the finite element-based methods.
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1. Introduction

Spectral collocation-based methods, since their existence, have gained popularity in the numerical approximation of the
solution of partial differential equations owing to their superior accuracy when applied to solve problems with smooth so-
lutions [1]. They are particularly desirable for approximating solutions of nonlinear PDEs defined on regular geometries and
they require a few number of grid points to achieve results with stringent accuracy [2]. Despite the benefits of the spec-
tral collocation methods, review of the literature indicates that previous application of purely spectral collocation methods
has focused on the solutions of ordinary differential equations and partial differential equations involving two independent
variables [3]. There exists extensive literature in the studies by Zhao et al. [4] and Tadmor [5] where the spectral collocation
methods have been applied successfully on these type of problems and highly accurate results achieved in a computationally
efficient manner have been reported. In a few noticeable exceptions, for instance, in [6] where spectral collocation methods
have been applied to obtain numerical solutions of two-dimensional time-dependent PDEs, such has been achieved through
the application of spectral collocation discretization on the space variables and finite difference discretization on the time
variable. It is well known that finite difference methods require many grid points to yield accurate results which can hardly
match those obtained when spectral collocation methods are applied on PDEs defined on simple geometries particularly
if the underlying solutions are smooth. Motivated by this fact, we propose a purely spectral collocation-based method for
solving nonlinear two-dimensional time-dependent PDEs defined on small rectangular domains.

Typical examples of two-dimensional nonlinear time-dependent PDEs considered in this study include the nonlinear
PDEs given as a single equation that describes the problem of unsteady two-dimensional heat and mass transfer, firstly, in
quiescent media with chemical reaction [7], and secondly, with power-law temperature-dependent thermal conductivity [8].
The problems of heat and mass transfer phenomena are found throughout virtually all of the physical world and the indus-
trial domain. Further, we consider nonlinear PDEs described as systems of equations a case of the coupled two-dimensional
Burger’s system [9] and the two-dimensional reaction-diffusion Brusselator system [10]. The Burger’s equation is a funda-
mental PDEs from fluid mechanics. Burger’s equation occurs in various areas of applied mathematics, such as modeling of
hydrodynamics turbulence, shock waves theory, and traffic flow problems. It also describes the sedimentation of particles
in fluid suspensions under the effect of gravity, transport, and dispersion of pollutants in rivers [11]. On the other hand, the
Brusselator system arises in the mathematical modeling of chemical systems such as enzymatic reactions, and in plasma
and laser physics in multiple coupling between certain modes [12]. Brusselator model is also evident in the formation of
the ozone layer through a triple collision of oxygen atoms. The problems considered here have exact solutions and have been
reported in the literature to be very useful in testing newly developed numerical methods of solution for nonlinear partial
differential equations arising in modeling of various aspects of the real world. We, therefore, consider them appropriate to
demonstrate the effectiveness of the current method of solution.

The exact solution to the problem of two-dimensional heat and mass transfer in quiescent media with chemical reac-
tion was discussed by Polyanin and Zaitsev [7]. The problem has been solved numerically using an implicit finite-difference
method in [13]. The problem of two-dimensional heat and mass transfer with power-law temperature-dependent thermal
conductivity was examined by authors in [8] where they obtained a particular exact solution using the Adomian decompo-
sition method and numerical methods of solution for this problem can be found in references given therein. Mathematical
properties of Burger's equation were first investigated by Burger [9]. Analytical solution of unsteady two dimensional cou-
pled Burger’s equation was first given by Fletcher[14] using the Hopf-Cole transformation. In [15], the differential transfor-
mation method was applied to obtain the analytical solution of a coupled unsteady Burger's equation. Numerical solution
of Burger's equation is a natural and first step towards developing methods for the computation of complex flows. Burger’s
equation has been used intensively to test new approaches in computational fluid dynamics by first implementing novel
and new approaches to it. A numerical method based on local discontinuous Galerkin finite element was analyzed in [16] to
solve two-dimensional Burger’s equation. The local radial basis functions collocation method to approximate the numeri-
cal solution of the transient coupled Burgers equation was examined in [17]. In recent the decades, Brusellor model has
been extensively studied both numerically and analytically. Twizell et al. [18] developed a second-order finite difference
method for the numerical solution of the initial-boundary value problems of the Brusselator model. Khan et al. [19] found
exact solutions of the Brusselator reaction-diffusion model using the Exp-function method. Biazar and Ayati [20] obtained
an approximate solution to the Brusselator system by applying the Adomian decomposition method.

Another set of studies that has considered the use of spectral-based collocation methods to solve differential equations
in the same family as those expounded in this paper include; the work by Abbasbandy and Shivanian [21] where they
applied pseudo-spectral collocation method in erudite way to analytically calculate dual solutions considering a model of
mixed convection in a porous media with boundary conditions on semi-infinite interval. Ellahi et al. [22] used a hybrid
technique based on pseudo-spectral collocation to obtain the solution of a nonlinear system resulting from a problem of
generalized Couette flow Eyring-Powell fluid. Later, authors in [23] conducted a nonlinear analysis of generalized Couette
flow problem using spectral homotopy analysis method (SHAM). On the other hand, Shivanian et al. [24] developed a spec-
tral meshless radial point interpolation (SMRP) technique for solving the fractional reaction-subdiffusion equation in one
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and two-dimensional cases. The spectral meshless radial point interpolation (SMRP) technique was later applied in [25] to
solve inverse source problems of the time-fractional diffusion equation in two dimensions and in [26] to solve fractional
evolution equations of arbitrary fractional order in two-dimensions.

In this paper, a purely spectral collocation-based method, namely, the trivariate spectral collocation method is introduced
and applied to solve two-dimensional initial-boundary value problems. The solution process involves, first, the simplifica-
tion of the PDE using the quasi-linearization method. The solution to the linearized problem is assumed to be a trivariate
Lagrange interpolating polynomials constructed on Chebyshev-Gauss-Lobatto points. The PDE is discretized in all space vari-
ables and time variable using spectral collocation method to yield a system of linear algebraic equations that are solved
iteratively. The current numerical method is tested using typical examples of initial-boundary value problems reported in
the literature. Comparison of numerical results with the exact solutions is presented and discussed in tabular and graphical
form. Findings from numerical simulations show that the current method yields highly accurate results in a computationally
efficient manner when applied to problems defined on a small time interval.

The rest of this paper is organized as follows. In Section 2, we describe the trivariate spectral collocation method of
approximating the solution of two-dimensional nonlinear initial-boundary value problems described as single equations or
systems of equations. In Section 3, the error bound theorems and proofs emanating from trivariate Lagrange interpolating
polynomials constructed on Chebyshev-Gauss-Lobatto grid points emerge. In Section 4, we give four test examples where
the numerical method is applied to demonstrate its applicability. Section 5 is devoted to results and discussion. In Section 6,
we summarize the findings and point out the direction of future work.

2. The method of solution

In this section, we describe the algorithm for solving two-dimensional partial differential equations of initial-boundary
value problems type. The present investigation focuses on the partial differential equations of the second order. For pur-
poses of simplicity, this section is divided into 2 sections. In the first section, we construct numerical algorithms for solving
nonlinear PDEs that are expressible as a single equation. In the second section, the idea is extended to systems of nonlinear
PDEs.

2.1. Method of solution for a single nonlinear PDE

In this section, we describe the algorithm for solving nonlinear PDEs given as a single nonlinear equation. To illustrate
the solution process we consider a nonlinear PDE that takes the form,;

u <82u 92u du Ju

EZ W,W,a)(,ay,u>, (X,y)e(a,b)X(C,d), tE(O,T), (1)

where F is a nonlinear operator operating on the unknown function u and its first and second order spatial derivatives.
Eq. (1) is solved subject to the boundary conditions

ou du
af 5 (@y.0) +agu@y.t) = fay,0), ez (by,0) +agu(b,y,t) = fyy, 1),
ou c 40U d
pi 3y (x,c.t) + Bou(x,c.t) =g (x. 1), p 3y (x.d.t) + Bou(x.d.t) = gq(x. 1), (2)

where of, of, ab, ob, B¢, Bs. BY. Bd are known constants and fo(y, t).f(y, t).8c(x, t).g4(x, t), are known functions. The
initial condition for this problem is given as

u(x,y,0) = h(x,y). (3)

The PDE (1) is first simplified using the quasi-linearization method (QLM) of Bellman and Kalaba [27]. The QLM is based
on the Newton-Raphson method and is constructed from the linear terms of Taylor series expansion about an initial ap-
proximation to solution. The QLM assumes that the difference between solutions at two successive iterations, denoted by
Us,1 — Us is very small. In particular, the QLM is comparable to the linear approximation of a function of several variables
where the derivatives of different order and the previous approximation to solution assumes the role of independent vari-
ables and the functional value at the reference point, respectively. Finer details about linear approximation of functions can
be found in any elementary book on differential calculus. Applying the QLM on Eq. (1) we obtain

0%u 0%u ou ou .
54,5 3xsz+1 +53,s 8y52+1 +52,s 35;1 + 815 35;1 + 80,sUs11 — Us1 = Ry, (4)
where
oF oF oF oF oF
L S S S N 8o = ,
T ) T Auy) T )y T ), T ),

Rs = 84,5 (uxx)s + 53,s(uyy)s + 825(Ux)s + 815 (uy)s + dosUs — F. (5)
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The subscripts in uyy and uy denotes second and the first partial derivatives of u with respect to x. Similarly, the first and
the second derivatives with respect to y are denoted uy, and uyy, respectively. The dot in i denotes derivative with respect
to t and s signifies the previous iteration. Using an initial approximation to solution ug, the QLM scheme Eq. (4) is solved
iteratively until the solution converges. As a rule of thumb, a simple choice of ug is a polynomial that satisfies the given
boundary conditions. The domain of approximation is discretized into Chebyshev Gauss-Lobatto nodes defined in [28] as

(%)™ = cos (ﬁ) %0 =2 [x-30+0)] xefab
(7,1 = cos (ﬁ;) J0) = 7 [y-5@+0] yeleal

{fk}llj[:o = cos (l;\ylf) i) = %[t - %] t [0, TJ. (6)

Here, Nx, Ny, and N; denotes the number of grid points in x, y, and t, respectively. In the solution process, the approximate
solution of the PDE Eq. (1) is assumed to be the trivariate Lagrange interpolating polynomial that takes the form;

Ny N}’ Ne

Uy, ) U Y. =Y Y URp Yo t)Lp()Lg0)L (D), 7

p=0q=0 r=0

where the functions Ly(x) are the Lagrange cardinal polynomial

N . )

T X—X . 1 if p=i
Ly(x) = P withl,(x) = 8, = : ,
p () gxi—xp p (i) =0y {0 if p#i.

p#i

The functions Lq(y), Ly) are defined in a similar manner [29]. The spatial differentiation matrix in x is approximated at the
collocation nodes (&;,J;.ty), for j=0,1,2,...,Ny, and k=0,1,2,..., N, as follows;

Ny Ny Nt 2

(x,,y,, B~ D3 S U yg. t)Ly R Ly @)L () = ZU(xp Vi toLy®) = DU, = (m)ﬁﬁk, (8)
p=0q=0 r=0 p=0

where D = (%)D is the standard first order Chebyshev differentiation matrix of size (Nx +1) x (Nx + 1) as defined in [28].
We remark that the labels, i, j, and k in Eq. (8) are used to index the grid points in x, y, and t variables, respectively. The
labels p, q, and r are used as indices for Lagrange cardinal functions in x, y, and t variables, respectively. We note that
the factor b% comes from the application of the chain rule of differentiation due to the transformation used in Eq. (6).
Simplification of Eq. (8) is based on the properties of Lagrange cardinal functions. The higher order differentiation matrices

are obtained using matrix multiplication. The vector Ui is defined as

j T .
U = [u(Xo0. ¥j. ) u (X0, Y5, ti), - un, ¥ i) ] 5 =0,1,... Ny, k=0,1,.... Ny, (9)

where T denotes matrix transpose. Similarly, the spatial differentiation matrix in y is approximated at the collocation points
(Ri.9j.6). fori=0,1,2,....,Ny, and k=0,1,2,... N, as

Ny Ny

2 2 9
(x,,y,, B~ 3 UG yo tOLL () = ZDJ =3 (77 )Diali (10)
q=0 q=0
where ﬁj,q = (dgc) g J,9=0,1,2,... Ny, are entries of a standard first order Chebyshev differentiation matrix of size
(Ny +1) x (Ny +1). Higher order dlfferentiation matrix with respect to y can be obtained using matrix multiplication.
Finally, we approximate the differentiation matrix in t at the collocation points (X;, yj,fk), for i=0,1,2,...,Ny, and
j=0,1,2,...,Ny, as;
N: Ny N Ny _ N Ny 2
3. 9.80 ~ 3.2 UGy LG = 33 By =30 ( )Dk U, (11)
r=0 g=0 r=0 =0 r=0 =0
where 5,” = (%)Bkyr, k,r=0,1,2,..., N, are entries of a standard first order Chebyshev differentiation matrix of size (N; +

1) x (Nt +1). It must be noted that the factors ﬁ and % in Eq. (10) and Eq. (11), respectively, are as a result of applying
chain rule of differentiation due to the transformation used in Eq. (6) to map the respective computational domain to [-1, 1].
We remark that the bar in D at Eq. (10) and double bar in D at Eq. (11) distinguishes the differentiation matrix in y and ¢,
respectively, from that in x. We note that in generating the sequence of vectors U/, j=10,1,2,..., Ny, k=0,1,2,..., N, the
superscript j is varied of each subscript k. In general, the vector of unknowns U is built in such a manner that, for every
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grid point in t, the grid points in y are varied, and for every grid point in y, the grid points in y, the grid points in x are
varied. Indeed, this arrangement of grid points, explains the presence of single and double sum in the last expression at
Eq. (10) and Eq. (11), respectively. Such a pattern will be useful when assembling the system of linear algebraic equations
to obtain coefficient matrices.

Using Eqgs. (8), (10) and (11) in the QLM scheme Eq. (4), we obtain a (N; + 1)(Ny + 1)(Nx + 1) system of linear algebraic
equations given by;

) jN - N L N
[84,5[) + 82,sD + SO,SI]Uk + Z [SB,SDM + Sl,sDj,q]Uk - Z ZDk,rUr =Ry, (12)
q=0 r=0 q=0

for j=0,1,2,...,Ny, k=0,1,2,...,N; and an identity matrix I of size (Nxy+ 1) x (Nx + 1). The initial condition evaluated
at the collocation points yields

j
u(Xi’yj’O)ZU(Xi’yj’tNt)=h(xivyj)=UNz' (13)

Using the initial condition Eq. (13), we can reduce Eq. (12) to

; N Ne—1 N j
J v _ _ .4 d Y- ¢ ]
[84,5D° + 826D + 8o s1|Uy + > [83,6D2, + 81,6D;q[Uc — > Y Dy /Uy =R, (14)
q=0 r=0 q=0
where j=0,1,2,...,Ny, k=0,1,2,...,Nr — 1 and
l J Ny = q
Ry =Ry +> DynUy. k=0,1.2,... N —1. (15)

q=0

The linear system of equations in Eq. (14) can be expanded into N;(Ny + 1) (Nx + 1) x Nt (Ny + 1) (Nx + 1) matrix system given
by;

Jj J
Ao, Ao Ao ... Aon-1 Uy Ro
Jj J
Al‘O A]J A],z Al‘N[—l U] — Rl (16)
Ay 10 Av11 Ay is ... Avoina |l J
N-1,0  Bn-11 Ne—1,2 Nt | Ry 1

The matrix system Eq. (16) can be written compactly as
[A][u] =[R]. (17)
where
A =B—Dyly. Ay, =Dy, k#7 kir=01,2,... N1,
B = 84,sD° + 82,6D + 8o sk + 83,sD7 1 + 81,5D; k.
B j = 83D L+ 816Dk, i#j i.j=0.1.2,....N,,
U= [U(XOJ’O’ to), ..., u(Xn,, Yo, to), u(Xo, y1, to), - . ., U(XN,, YN, o) - - -, U(XN,, YN, » fN[)]Ty (18)

and R is the right hand side corresponding to the unknown vector U. The quantities I, and Iy, are identity matrices of size
(Ny +1)(Nx+ 1) x (Ny+1)(Nx+ 1), and (Nx + 1) x (Nx + 1), respectively. We remark that subscripts in Eq. (18) have been
used in dummy sense to denote the rows and columns of sub-matrices ib Eq. (16) and do not preserve their usual meaning
of indexing the grid points. The boundary conditions Eq. (2) are evaluated at the collocation nodes as;

Ny
af Y Dy, pi(Xp. Y. ti) + @fu(Xn,. ¥j. t) = fa ;. ).
p=0
Nx
af > Do pu(xp. ¥j. t) + aguXo. ¥j. t) = f(vj te), j=0,1,2,.... Ny, k=0,1,2,.... Ny, (19)
p=0

and
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Ny
BS > Dy quu(Xi. Yq. ti) + BEUXi. Y- i) = Ze (X, B,
q=0
Ny
BYY Do qu(xi,yg. te) + Biuxi, yo. ti) = ga(Xi,t), i=0,1,2,..., Ny, k=0,1,2,..., Np. (20)
q=0

The boundary conditions are imposed on the main diagonal sub-blocks of matrices in Eq. (16) to yield a new consistent
system of linear algebraic equations with a unique solution.

2.2. Method of solution for systems of nonlinear PDEs

In this section, we extend the algorithm described in the previous section to the solution of systems of nonlinear PDEs.
To demonstrate the construction of the algorithm, we consider a system of two nonlinear PDEs that is expressible in the

form;
du_ (P o ot g v g v
at — "\ 9x2° 9x2° 9y2’ 9y2’ 9x’ dax’ dy’ dy’ )
v 0%u 0%v d%u 0%v du dv du v
8t:5(8)@’8)@’85/2’83/2’&’8)(’83/’83/’”’”)’ 21)

where F; and F, are nonlinear operators acting on the unknown functions u and v and their derivatives with respect to x
and y as illustrated. The system Eq. (21) is solved subject to boundary conditions

ou ou
a?a(a’yv t) +a8u(avy7 t) = fﬂ(.yv t)a a?ﬁ(b!yv t) + O‘gu(bv% t) = fb(y’ t)’

d 9
ﬂfafz(x, . t) + BSux. c,t) = g(x. 1), ,Bfa—s(x, d.t) + Blu(x.d. t) = g4 (x.t), (22)
and
ax av ax bx av bs
of a(a,y, ) +adv(a,y,t) = feu(.t), o ﬁ(b,y,t) +abub.y.t) = fr. (1),
I v
f*afy(x, c.t) + BEvx, ¢, t) = geu (X, t), ,Bf*a—y(x, dt) + Bv(x, d, t) = gg, (x, 1). (23)

The star * in Eq. (23) distinguishes the boundary conditions in v from those of u. Applying the QLM, Eq. (21) can be
expressed as the linearized coupled system

021 02U s 1 Ol

6}1,5 Jx2 +8;.s 8y2 +8%.s Ix +8},s ay +8(]),su5+1
. %y 1 0%y 1 ov. 1 av 1

_us+1+azll,s axs; +03],s 8;; +02],s 85; +01],s a;r +0(},5US+1 =R1.57 (24)

0%u 0%u ou ou
6421,5 8x52+1 +8§.s 8y52+1 +8%.s 83;1 +8%,s a;j] +8(2),su$+1

82]} 1 821) 1 av. 1 av. 1 .
+02, 8x52+ + 02, 8y52+ +0%, as; +ofs as; + 08 VUsi1 — Usi1 = Ros, (25)
where
v _ O o O o, O o 0K  _ 0F
S T R IO e T

4T Dn)s ST Dy,
aF, JF, 9F, JF, 3F,

e S e ANl S el A e =1,2, 26

Tas = Fluw)y T T By, 72T dwy T T dwy), 7% T a), (26)

Rys =8} s (Une)s + 83 s (tyy)s + 83 s (x)s + 87 s (uy)s + 8¢ 5
+ O—X,s (Uxx)s + Uglfg(vyy)s + 0'2‘)_5 (1)s + 0’1‘)_5 (vy)s + 0—0‘},51/5 —E;, v=1,2. (27)

Application of spectral collocation method to the linearized QLM scheme Egs. (24) and (25) and in account of the effect
of initial condition yields a 2N;(Ny + 1)(Nx + 1) system of linear algebraic equations given by;
190



EM. Samuel and S.S. Motsa/Applied Mathematics and Computation 360 (2019) 221-235 227

; N, N:—1 N
) Y _ _ q ¢ Y= g
[63.D° + 83 D+ 83 J|U, + " [83 D2, + 81 Djg]U— > > Dy, U
q=0 r=0 q=0
) j Ny _ _ .4 i
+[04D* + 03 D+ 0y AV + > [03,D%, + 07 Djg Vi =Ry (28)
q=0

. N, .
j 4 _ _ q j
[65D° + 85 D+ 8 J|U,+ > [83 D7, + 8% D Ui + 02 D° + 03 D + 03 1|V

q=0
Ny _ _ q Ne—1 Ny - q l
+ > [035D%, +03Diq]Vie— Y Y DirVr =Ry (29)
q=0 r=0 q=0

Egs. (28) and (29) can be expressed into 2N (Ny 4+ 1)(Nx + 1) x 2N¢(Ny + 1) (Nx + 1) matrix system given by

Air Az ||U] Ry
|:A2,1 A2,2j| |:Vi|_|:R2i| (30)

where
Ny = q Ny = q
Ri =Ris+ Y DenUn. Ro=Rps+)> DyyVn. k=0.1,2,.... N — 1. (31)
q=0 q=0

The vector V is defined in similar manner to vector U given in Eq. (18). The right hand side vectors R;, and R, correspond
to vectors U and V, respectively. The boundary conditions, Eqs. (22) and (23) are evaluated at the collocation points in a
manner similar to that illustrated at Eqgs. (19) and (20). We remark that if the initial conditions u(x, y, 0) and v(x,y, 0)
are not available, the system is first solved for t = 0 to approximate the initial conditions. In summary, we assert that the
algorithms described so far can be easily adjusted and applied to PDEs of higher orders ( > 2) and to problems modeled by
larger systems of nonlinear PDEs. An extension to numerical schemes of solutions of two-dimensional time-dependent PDEs
exhibiting slightly different forms of nonlinearity can be achieved in a straightforward manner.

3. Error bounds theorems in a trivariate polynomial interpolation

In this section, we present new error bound theorems that govern polynomial interpolation error in a trivariate Lagrange
interpolating polynomial constructed using Chebyshev Gauss-Lobatto nodes. Fundamental ingredients of this subject related
to the construction of proofs of the theorems include; first, the understanding that CGL nodes are the relative extremes of
the Ny-th degree Chebyshev polynomial of the first kind Ty, (X) = cos[Ny arccos()], X € [-1, 1], secondly, the general proper-
ties of Chebyshev polynomials, and thirdly, the understanding of the mean value theorem in calculus. Although to the best
of our knowledge, there does not exist a well-known family of polynomials whose roots are the CGL nodes, it is easy to
discern that the interior CGL nodes are roots of Tl\’,x (X) = 0. This fact leads to the discovery of a complete set of the CGL
nodes as the roots of the Ny + 1th degree polynomial given by;

L1 ®) = (1 - )T}, (). (32)
Below, is the theorem that benchmarks formulation of the error bound theorems on trivariate polynomial interpolation;

Theorem 1. [32] Let u(x,y,t) € CNe+Ny+Ne+3([q, b] x [c, d] x [0, T]) be sufficiently smooth such that at least the (Ny + 1)th par-
tial derivative with respect to x, (Ny + 1)th partial derivative with respect to y, (N; + 1)th partial derivative with respect to t, and
the (Nx + Ny + Nt + 3)th mixed partial derivative with respect to x, y, and t exists and are all continuous, then there exists values
&, &, € (ab), éy,éjﬁ e (c,d), and &, &/ € (0,T), such that

CNuEly ) M U(x, &y ) 1 NU(x,y, &)
U(X,y, t) —U(X,y,t) = mg()(—xl) + Wg(y—y]) + mg(t—ﬁ()

8Nx+N3’+N‘+3u(§;,§§,§{) Ny Ny Ne
= By a1 DN, + i, 5 LT o= e 63

where U(x, y, t) is a trivariate interpolating polynomial of u(x, y, t) at {xi}f\i‘o grid points in x-variable, {yj}?]i o &rid points in
y-variable, and {tk}I,:": o &rid points in t-variable.

The remainder formula Eq. (33) is based on the mean value theorem and is derived recursively from tshe corresponding
univariate error formula given in [31] for a sufficiently smooth function u(x, y, t). Taking the absolute value of Eq. (33) we
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obtain
|H§V:Xo(x _Xi)|
Ny + 1)1
M=)
Ny + 1)1
|H1]:lr:0(t - tk)’
(N + 1!
[T (¢ = 0 110 0 = )| [ TR € = t0)
(Nx + DI(Ny + 1) I(N; + 1)! ’

where Q = [a, b] x [c,d] x [0, T]. Since the function u(x, y, t) is assumed to be smooth on the interval of approximation, it
follows that its derivatives are bounded and thus 3 constants C;, C;, C3 and C4, such that

8NX+] u(é:x’ y! t)
OxMt1

|lu(x,y,t) —UX,y,t)| < max
(x,y.t)e2

oNvHly(x, &, t
+ max *x &y, 1)
(xy.0)eQ oyNvt1

x|V G 8D
(xy.0)eQ otNe+1

© max BNX+NY+NT+3u(§,f,§)ﬁ,§{)

xyne@| OxNt1gyNy+19¢Ne+1 (34)

Nty (x, y,t) aNHtlu(x, y, t)
max W S C], max W S Cz,
(x,y.t)e2 X xy.t)e yy
aNﬁ»lu X, ).t aNX+Ny+Nr+3u X, y,t
max & < (3, max (x.5.£) < Cy. (35)
(xy.0)eQ otNe+1 xy.ne | OxNet1gyNyt+1g¢Ne+1

The error bound for trivariate polynomial interpolation using Chebyshev Gauss-Lobatto nodes on a single domain is
governed by the theorem below;

Theorem 2 (The error bound in a single domain). The resulting error bound when CGL grid points {x,-}:.\’;‘o € [a, b], in x-variable,
{yj}?li o € lc. d] in y-variable, and {t; 2’;0 € [0, T], in t-variable are used in trivariate polynomial interpolation is given by

b\ Net1 dec\Ny+1 Ne+1 bea\ Nt T £ g\ Ny+1 /7y Net1
(%) 8(%)” 8(%) £ (%) (1)
E(x,y.t) <G +G +G +C4 : (36)
(Nx + 1)! (Ny + 1! (Ne + 1)! (Nx + )TNy + ) I(N: + 1)!
Proof. First, using the relation stated in [32] we express Eq. (32) as
Ly 1(®) = (1 = R)T (R) = —NyRTy, () + NxTyy,—1 (R). (37)
Using the triangle inequality and noting that [Ty, (8)| < 1, V& € [-1, 1], we have
ILn,+1(R)] = | = NxXTn, (R) + NxTn, 1 (R)| < | = NeXTy, (R) | + [NxTn,—1 (R)| < 2Nj. (38)

The leading coefficient of Ly, ,1(%) is 2¥~IN,, where the components 2M~1 and Ny comes from the leading coefficient
of Ty, (%) and the application of Nyth rule of differentiation on Ty, (), respectively. The product factor in the first term of
the error bound expression given at Eq. (34) can therefore be taken as the factorized form of monic polynomial LZ’X;‘XT]%(). We

X
write,

Nx

o oy v (R
i];!(x—xl)_m,xe[ 1,1]. (39)

Using Eq. (38), it is easy to establish that the monic polynomial Eq. (39) is bounded by

N .
- s Ly 41 (%) 2Ny 4
Jl;[](x—x,») = |, | = Zhoin, = o (40)
Considering a general interval x € [a, b], we can show that the first product factor in Eq. (34) is bounded by
N, N Ny+1 N,
x = (b-a), . . b—a A
max X —Xj)| = max —X)| = max X —X;
a<x<b 1_[( l) —1<%<1 2 ( 1) 2 —1<k<1 1_[( 1)
i=0 0 i=0
Ny+1 R h—a\Nxt1 Ny+1
_(bza max | et @ (%) =8 b—a (41)
2 “1<g<1 | 2MNIN, | T 20N« 4 ’
Similarly, we conclude that the second and the third product factor are bounded, respectively, by;
AN+ Ly o1 (D) 4( )V AN+
maxcgygd Hljvio(y _yj)’ = (%) Y max—lsﬁsl 217\!);,71113,; ‘ =< ( 221\3 = 8(%) - s (42)
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and

Ly,1 ()
2Nf7]Nt

max
0<t<T

A"y
= TN 4) '

:8(—

N[ T N¢+]
[Te-t|= (5) max
k=0 —1<t<1

Using Eqgs. (41)-(43), and Eq. (35) in Eq. (34) the proof is completed. O

We remark that the error bound for Chebyshev Gauss-Lobatto nodes is slightly larger than that of the optimal Chebyshev
nodes [35]. Precisely, if we compare the results of the current theorems on error bounds with those extensions of error
bound theorem presented in [31], we notice that error in interpolation errors due to Chebyshev Gauss-Lobatto notes is
almost twice that of optimal Chebyshev nodes. However, Chebyshev Gauss-Lobatto nodes have been preferred as a choice
of discretization nodes to Chebyshev nodes since Chebyshev Gauss-Lobatto points include the boundary point which is
convenient in the treatment of the boundary conditions of the problem been solved.

4. Numerical experiment

In this section, the method described in the previous section is applied to a selected class of two-dimensional nonlinear
initial-boundary value problems. The accuracy and efficiency of the proposed method are demonstrated by comparing the
numerical results against the exact solution.

Example 1. Consider the problem of two-dimensional heat and mass transfer in a quiescent media with chemical reaction
given in its general form by

ou 9%u  9%u
m_:a(axz"-ayz)-f'f(u), (44)

where a is a real constant. We analyze special case of this problem where a=1 and f(u) = —4u3 — 2u? and solve the
problem subject to the boundary conditions

uR,y,)=Q+y+20)7", u@yt)=@A+y+2t)"1, 2<y<3, t>0,

ux,2,t)=Q+x+20)"", ux3.6)=C+x+2t)"", 2<x<4, t>0. (45)
The initial condition for this problem is given by
ux,y.,0)=x+y)!, 2<x<4, 2<y<3. (46)
The exact solution is given in [7] as
ux,y.t)y = (x+y+2t)"L (47)

Example 2. We consider the two-dimensional heat and mass transfer equation with power-law temperature-dependent
thermal conductivity [8]

o) 53]

where n,m can be an integer or fraction and a, b, and 8 are some parameters. For simplicity, we consider a special case of
Eq. (48) whena=1,b=1, m=n=1, and 8 =0 in which Eq. (48) reduces to Boussinesq equation

ou 0 u 0 Ju
= L)+ [ ()] )

The Boussinesq equation arises in nonlinear heat conduction and the theory of unsteady flow through porous media with a
free surface. Eq. (49) is solved subject to boundary conditions

u0,y,t)=y+2t, u(5,y,t)=54+y+2t, 0<y<2, t>0,

ux,0,t) =x+2t, u(x,2,t)=2+x+2t, 0<x<5, t>0. (50)
The initial condition for this problem is given by

ux,y,0) =x+y. (51)
The exact solution is given by authors in [7] as

u(x,y,t) =x+y+2t. (52)
Example 3. We consider the system two-dimensional Burgers’ equations given by

ou uau Uau_l 0%u  9%u
ﬁ—’_ a‘f’ @_E - |

ax2 + ay?
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ov  dv  dv 0%v 0%
+U—+V a5 ta3 | 53
at ax ay ax2 ~ dy? (53)

where u(x, y, t) and v(x, y,t) are velocity components to be determined and R is the Reynolds number. Eq. (53) is subject to
boundary conditions

u(0,y,t) = 3 L u2,y,t) = % - 1
% 4 4[1 + e(R(4y- t)/32)] V0= 4 4[1 + e(R(4y787t)/32>]’
1 3 1
,0,8) =+ — , ,2,0) =~ — , 54
ux ) 4 4[1 + e(R(—4x—t)/32)] uix ) 4 4[1 + e(R(8—4x—t)/32)] (54)
3 1 3 1
0 b)) = — 5 2» ) =~ s
v@0.y.6) = 4 4[1 + e(R<4y—r>/32>] V2.0 4 + 4[1 + e<R<4y—8—r>/32>]
3 1 3 1
0,t) =~ ,2,t) == . 55
vix0.6) = 4 4[1 + e(R(—4x—t)/32)]’ vix ) 4 + 4[1 + e(R(8—4x—t)/32)] (55)
The initial condition are
3 1 3 1
0 —_ 0 —_ 56
ux.y.0) = 4 4[1 + e(RO- x)/8>] v(x.y.0) = 4 4[1 + eRy- x)/S)] (56)
The exact solutions for this problem are given in [33] as
3 1 3 1
Vb)) =—— , t 57
ux,y,t) 4 4[1 +e(R(4y—4x—t)/32)] vx.y.0) = 4 4[1 + e(R(4y—4x- t)/32)] (57)
Example 4. We consider the two-dimensional Brusselator system given by
ou d0%u  0%u
— =8B -(A+1 —
T +utv— A+ )u+u<82+8y2),
ov 9%v  9%v
— =Au— — 58
ap =Au ”v+“<8x2+8y2>’ (58)

where u(x, y, t) and v(x,y, t) represent dimensionless concentration of two reactants, A and B are constant concentrations
of the two reactants, and p is the diffusion coefficient. The exact solutions for this problem are given in [34] for A=1, B=
0, =4 as

Uy, t) = eV 2 p(x,y t) = etvH2, (59)
Eq. (58) is solved subject to boundary conditions

u(0,y,t) =e Y2 uQ,yt)=e2V2 u(x,0,t)=e*2 ux2t)=e2x1t2 (60)

U(O’y, t) — ey+t/2’ v(z’% t) — eZ+y+t/2’ v(x, 0’ l') — ex+t/2’ v(x, 2’ l') — ez+x+t/2. (61)
The initial condition for this problem are

ux,y,0) =e*Y, v,y 0)=e"". (62)
5. Results and discussion

In this section, numerical results obtained after solving the test Examples 1-4 using trivariate spectral collocation method
are presented and discussed in tables and graphs. The current analysis particularly emphasizes the accuracy of the method
and the ease to obtain the numerical results. Implementation of the numerical schemes was performed on Matlab 2017b
platform. We investigate how the length of the computational domain and the number of collocation points influence the
accuracy of the method. For the case of coupled two-dimensional Burger’s system, we study the dependence of the accuracy
on both the Reynolds number (Re) values and the size of the time interval. The accuracy of the method is demonstrated by
presenting infinity error norms computed as;

[IE]loc = max [UN (xi,yj, i) — u (X3, Y5 6, (63)

0<j=<Ny,
0<k<N;
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Table 1
Absolute error norms values for spectral approximation of Example 1 using different
time intervals [0, T]: Ny = 20, N, = 10, N; = 10.

T Errornorm CPU time(sec) Condition Number
0.5 2.26291e-12 0.898684 2.4567e+04
1.0 2.95380e-12 0.905972 2.5045e+04
1.5 7.35126e-11 0.910378 2.5290e+04
2.0 6.01130e-10 0.912381 2.5468e+04
2.5 2.75105e-09 0.916514 2.5607e+04
Table 2

Absolute error norms values for spectral approximation of Example 2 using different
time intervals [0, T]: Ny = 10, Ny = 10, N; = 10.

T Error norm CPU time(sec) Condition Number
0.5 2.29941e-11 0.230755 1.1804e+04
1.0 2.19984e-11 0.232808 1.3548e+04
1.5 2.30047e-11 0.234972 1.5161e+04
2.0 5.26619e-11 0.235249 1.6779e+04
2.5 3.48477e-11 0.236863 1.8372e+04

where UM and uf denotes the numerical and the exact solutions, respectively. In order to access the convergence of the
iterative scheme, we keep track of the infinity error norm at different iterations. We shall call these values the solution
error. The solution error at each iteration is calculated using the formula;

[1Ss+1lloe = max UM (X, y5, 6) — uE G Xy b))l (64)
0=j=N,,
0<k<N;
In Table 1 and 2, we capture the dynamics of error norms as the length of the subinterval in t variable [0, T] is varied.
The number of grids in the spatial domains and time were kept constant. Unless otherwise stated, the results presented
are those obtained after the fifth iteration. Table 1 shows that very accurate results are obtained as error norms with small
orders of magnitude are recorded. However, we notice from this table that the accuracy deteriorates as the length of the
time interval increase. This can be explained by the error bound Theorem 2 given at Eq. (36) since its expected that the
error grows with an increase in the size of the interval in t. There is a negligible effect on the condition number of the
coefficient matrices and computation time that result from a change in the size of the time interval for a fixed number
of grid points. On the contrary, as shown in Table 2, a corresponding increase in the length of the interval in t does not
significantly influence the accuracy of the method in the numerical solution of Example 2. This is common expectation as
the solution of the problem examined in this Example (given Eq. (52)) is smooth as compared to that of Example 1 (given
Eq. (47)) which is not smooth and exhibit a discontinuity at the origin. In general, we can expect that as long as the interval
in t is kept small, accurate numerical results will be guaranteed for problems with smooth solutions. Reducing the number
of grid points in x space variable saves on the computational time and this evident when the third column of Table 2 is
compared with that of Table 1.
The computational order of the iterative scheme is evaluated as

UN _UN
p=In|-2t2 il (65)
Us+1 - Us

Table 3 shows the values of the computational order p at different iterations. From 3, we can infer that the rate of
convergence of the iterative scheme is 2. These results are expected as the quasi-linearization method is based on Newton-
Raphson scheme for approximating root of an equation which has been proven to exhibit quadratic convergence in many
elementary books in numerical analysis.

For comparison purposes, Example 1 was also solved using 4th order Runge-Kutta method and the numerical results in
terms of absolute error values obtained were given in Table 4. Comparing Tables 1 and 4 we can conclude that the trivariate
spectral collocation method is more accurate and computationally efficient than 4th order Runge-Kutta method.

In Table 5 we investigate the effect of increasing the Re on the accuracy of the numerical scheme for different sizes of
intervals in the time variable t. We notice that an increase in the value of Reynolds number beyond Re = 4.0 decreases the
accuracy of the method. However, we can attest that with large values of Reynolds numbers, better accuracy can still be
achieved as long as the length of the interval in t is small as seen in last column of Table 5. Infinity error norms obtained
using Ny = 10, Ny = 10, Re = 4.0 for various lengths of the time interval are shown graphically in Figs. 1 and 2. Fig. 1 shows
the graph of error norms in approximating the unknown velocity function u whereas Fig. 2 show the error norm obtained
when approximating v. From both Figures we can see that for a sufficiently small interval in t, use of N; = 10 grid points
yields accurate results, however, for a large computational domain in ¢, there is need to increase the number of grid points
in order to maintain highly accurate numerical approximations. In this particular case, an increase in number of grid points
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Table 3

Values of computational order
p at different iteration levels
when approximating results of
Example 1 using [0, T] = [0, 1]:
Ny =20, N, =10, N; = 10.

[teraton s )

1.804
1.956
1.983
1.989
2.010
1.997
1.998
2.002
2.001

= O 000N U A WN =

o

Table 4
Absolute error norms values obtained after approximation of Example 1 using 4th order
Runge-Kutta method for different time intervals [0, T]: Ny =20, N, = 10, N; = 10.

T Error norm CPU time(sec) Condition Number

0.5 3.45346e-08 2.342466 4.34237e+06

1.0 7.32458e-08 2.436882 4.43821e+06

1.5 8.43256e-08 2.497213 4.56922e+06

2.0 5.04287e-07 2.600215 4.74521e+06

2.5 2.79546e-06 2.716534 4.79507e+06
Table 5

Error norm values obtained when Example 3 is solved for different values of Re : Ny = 10,
N, =10, N; =10, It = 5.

T=1.0 T=20
Re Absolute Error u Absolute Error v Absolute Error u Absolute Error v
1.0 5.65326e-13 5.86309e-13 4.71401e-13 7.32414e-13
2.0 2.22267e-13 2.58793e-13 2.38143e-13 2.94431e-13
3.0 1.23457e-13 1.08802e-13 1.32672e-13 3.01648e-13
4.0 3.29181e-13 3.26739e-13 3.28182e-13 3.28182e-13
5.0 4.21252e-12 4.21174e-12 4.22551e-12 4.22706e-12
10.0  8.08547e-10 8.08547e-10 9.39105e-09 9.39104e-09
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Fig. 1. Error norms in u for different time intervals [0, T] for 2D coupled Burger’s system.
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Fig. 2. Error norms in v for different time intervals [0, T] for 2D coupled Burger’s system.
4= T -
10 — Nt=20
- Nt=10
1 i
=}
£
E 1074 1
o
pd
S
i i ]
1078 1
1 0—12 | .
1 2 3 4 5

Length of t interval

Fig. 3. Error norms in u for different time intervals [0, T] for 2D coupled Brusselator system.

from N; = 10 to N; = 20 was considered. We remark that this improvement in accuracy with an increase in the number of
grid points is apparent only if the solution and its higher ordered derivatives are bounded within the interval of approxi-
mation which is indeed the case for the solutions of the system of 2D Burger's equation given in Eq. (57). This fact does
not hold for functions whose higher ordered derivatives are unbounded within the interval of the computational domain. It
must also be noted that an increase in the number of grid points is at the expense of the computational time.

Finally, in order to access the convergence of the method, the values of error norms obtained from the solution of
Example 4 at different iteration levels are given in Table 6. We observe that after only 4 iterations, the numerical scheme
converges and the best approximate results are obtained. In order to affirm the fact that an increase in the number of grid
points for large interval in the time t variable does not always guarantee improved accuracy, error norms obtained after
the fifth iteration are plotted against the length of the time interval for N; = 10 and N; = 20 grid points in t. We observe
that for a large interval in t, increasing the number of grid points worsens the approximation errors. The loss in accuracy
when a large number of grid points is used is an additional disadvantage to the increased computational time and intensive
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Fig. 4. Error norms in v for different time intervals [0, T] for 2D coupled Brusselator system.
Table 6
Error norm values at different iterations obtained when Example 4 is solved: Ny = 10, N, = 10, N; = 10.
T=1.0 T=20
Iterations Absolute Error u Absolute Error v Absolute Error u Absolute Error v
1.0 1.89722e-02 2.13396e-02 9.53246e-02 1.10242e-01
2.0 1.10363e-04 1.19616e-04 7.75372e-03 8.65135e-03
3.0 2.23119e-09 2.33731e-09 2.80567e-05 3.01118e-05
4.0 4.35874e-13 3.38041e-12 2.22283e-10 2.31627e-10
5.0 4.71456e-13 5.69322e-12 4.13003e-13 7.22800e-12
6.0 4.59466e-13 2.74447e-12 2.73559e-13 7.85416e-12
CPU time (sec) 1.305253 1.323658
Cond Number 2.4249e+03 2.4493e+03

memory requirements involved while handling large-sized matrices and thus must be avoided at all cost. We attribute the
loss of accuracy with a large number of grid points to the unbounded nature of the solutions to 2D Brussellor system and
their derivatives. In practice, since the solution to the differential equation is not known prior to the development of the
numerical scheme, the proposed method will be well suited for problems defined over small intervals of the computational
domain. It is worth noting that domain decomposition approaches can be employed to remedy this limitation.

6. Conclusion

In this work, a new numerical method namely, the trivariate spectral collocation method for solving nonlinear two-
dimensional initial-boundary value problems has been proposed. The method employs the quasilinearization method to
simplify the nonlinear differential equations and the spectral collocation to accomplish discretization in both space and
time variables. The method has been described and successively applied on typical examples of two-dimensional initial-
boundary value problems reported in the literature as a single nonlinear equation or systems of nonlinear equations. From
the numerical simulations, we arrive at the following conclusions, the trivariate spectral collocation method yields highly
accurate results when applied to solve nonlinear two-dimensional initial-boundary value problems defined on a small time
interval. For fluid flow problems demonstrated in this case by the two-dimensional Burger’s system, values of the governing
flow parameters ought to be small to obtain accurate results. A significantly large time interval requires a large number of
grid points to achieved results with stringent accuracy if the solution and its higher ordered derivatives are bounded within
the computational domain. The new error bound theorems and proofs on trivariate interpolating polynomials that have been
presented supports this claim. However, for problems with unbounded solutions, the application of the present method is
limited to problems defined on a small time interval which requires a few grid points. The use of a large number of grid
points is computationally expense and does not guarantee accuracy for problems with unbounded solutions which is not
known at the onset of the application of the method. Under the suitable conditions, the current method is reliable as it gives
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highly accurate results over short CPU time and the iterative scheme converges after a few iterations. Accuracy wise, the
superiority of the method can be attributed to the purely spectral collocation discretization performed in all variables. Owing
to the remarkable benefits the current method is a suitable alternative method for solving nonlinear two-dimensional initial-
boundary value problems defined on small regular domains. Potential direction of future work would consider the extension
of the current numerical method to solve problems defined on a large time interval by employing a domain decomposition
technique.
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