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Abstract

This study lies at the interface of fractional calculus and numerical methods. Recent
studies suggest that fractional differential and integral operators are well suited to model
physical phenomena with intrinsic memory retention and anomalous behaviour. The global
property of fractional operators presents difficulties in finding either closed—form solutions
or accurate numerical solutions to fractional differential equations. In rare cases, when
analytical solutions are available, they often exist only in terms of complex integrals and
special functions, or as infinite series. Similarly, obtaining an accurate numerical solution
to arbitrary order differential equation is often computationally demanding. Fractional
operators are non—local, and so it is practicable that when approximating fractional
operators, non—local methods should be preferred. One such non—local method is the
spectral method. In this thesis, we solve problems that arise in the flow of non—Newtonian
fluids modelled with fractional differential operators. The recurrent theme in this thesis
is the development, testing and presentation of tractable, accurate and computationally
efficient numerical schemes for various classes of fractional differential equations. The
numerical schemes are built around the pseudo—spectral collocation method and shifted
Chebyshev polynomials of the first kind. The literature shows that pseudo—spectral
methods converge geometrically, are accurate and computationally efficient. The objective
of this thesis is to show, among other results, that these features are true when the method
is applied to a variety of fractional differential equations. A survey of the literature
shows that many studies in which pseudo—spectral methods are used to numerically
approximate the solutions of fractional differential equations often to do this by expanding
the solution in terms of certain orthogonal polynomials and then simultaneously solving
for the coefficients of expansion. In this study, however, the orthogonality condition of
the Chebyshev polynomials of the first kind and the Chebyshev—-Gauss—Lobatto quadrature

are used to numerically find the coefficients of the series expansions. This approach is



then applied to solve various fractional differential equations, which include, but are not
limited to time—space fractional differential equations, two—sided fractional differential
equations and distributed order differential equations. A theoretical framework is provided
for the convergence of the numerical schemes of each of the aforementioned classes of
fractional differential equations. The overall results, which include theoretical analysis
and numerical simulations, demonstrate that the numerical method performs well in
comparison to existing studies and is appropriate for any class of arbitrary order differential

equations. The schemes are easy to implement and computationally efficient.

Keywords

Fractional calculus, pseudo—spectral method, fractional constitutive relations, Chebyshev
polynomials of the first kind, Chebyshev—Gauss—Lobatto quadrature, one— and two—sided
fractional differential equations, distributed order fractional differential equations,

convergence analysis.
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Chapter 1

Introduction

In this chapter, we give context to this thesis by reviewing literature concerned with
the historical development of fractional calculus, applications of fractional operators and
methods of solution of fractional differential equations. This chapter motivates the choice
of the fractional operators and numerical technique used in this study, and provides a
description of the main mathematical concepts on which Chapters 2 to 8 will draw. For
the development of numerical schemes, we focus on the Chebyshev polynomials of the

first kind.

1.1 Historical development of fractional calculus

The term calculus refers to the analysis of continual change or amassing of quantities [1].
Fractional calculus is the generalization of classical differential and integral calculus to
arbitrary real order [2]. The study of infinitesimal calculus dates back to as early as
500 BC. However, the history of calculus of arbitrary order only goes back to the late
seventeenth century. By the end of the nineteenth century, the theory of fractional
derivatives and integrals had taken root, partially due to the work of Euler, Fourier,
Griinwald, Heaviside, Lacroix, Laplace, Letnikov, Liouville and Riemann [3, 4]. It was
during this period that Lacroix defined the nth derivative of the power function =™, with
m being a positive integer, using mathematical induction and the Gamma I" function to
generalize the factorial. The result obtained by Lacroix through induction is similar to

that obtained through a differential operator, whose definition was later formalized by



Section 1.1. Historical development of fractional calculus Page 2

Riemann and Liouville in their study of fractional operators [5, 6]. Lacroix’s work focused

on generalizing from integer to fractional orders.

Laplace and Fourier proposed the definition of derivatives of arbitrary order using their
respective integral operators [3, 7]. Nonetheless, it was Liouville who made the first
real progress on fractional calculus by successfully applying his definition to problems
in potential theory [5]. Liouville assumed that the fractional derivative of a function
can be expanded in series form and so extended known results for derivatives of integer
order to real order. The result is now known as Liouville's first formula for fractional
derivatives [3, 5]. However, this first formula has the disadvantage that the arbitrary
order must be restricted to certain values for the series to converge. It was due to this
limitation that Liouville proposed a second definition of a fractional differential operator

using the Euler Gamma integral [3].

The theory of fractional integration was expanded in Riemann [6], through a generalization
of Taylor's series.  There are, however, disagreements over the inclusion of a
complementary function in Riemann’s definition. The most commonly used definition of
integration of arbitrary order is Riemann's fractional integral without the complementary
function [3]. The Riemann-Liouville fractional integral is, in fact, a result of the
work of Sonin [8], Letnikov [9] and Laurent [10]. In fact, Laurent [10] obtained the
Riemann—Liouville integral by applying contour integration to Cauchy's integral formula.
The same representation of fractional integration was obtained by Nekrassov [11] and Krug
[12]; albeit, using different integration contours. Unlike classical differentiation, fractional
differentiation is defined through the fractional integral, which explains why most of the
earlier work on fractional calculus is on fractional integral operators. This body of work
culminated in the introduction of the Riemann—Liouville differential operator and later,

the Grinwald-Letnikov derivative. Under certain conditions, the latter is equivalent to
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the Riemann—Liouville definition.

The development of the theory of fractional operators was accelerated by Heaviside's
application of fractional operators to the transmission of electrical current in cables [13].
Many other alternative definitions of fractional operators have been proposed, one of which
is the Caputo fractional differential operator, whose Laplace transform does not contain
limits of the fractional derivatives at the lower terminal [14, 15]. This limitation is often
encountered when the Riemann—Liouville fractional differential operator is used. When the
Laplace transform of the Riemann—Liouville operator is taken, it often leads to differential
equations with initial or boundary conditions that contain limits of the Riemann—Liouville
fractional derivative. During the early development of the theory of fractional calculus,
it was assumed that no physical interpretation can be given for such initial conditions,
and so the solutions of such differential equations are meaningless and impractical, even if
they can be solved mathematically [2]. However, recent development in applied fractional
calculus has shown that differential equations with such non—local boundary conditions
often emerge in applied sciences, especially in the quasi—static theory of thermoelasticity
and reaction—diffusion [16, 17]. Other limitations of the Riemann—Liouville fractional
differential operator include the existence of a singularity at the lower terminal of the
fractional derivatives of certain functions, such as the Mittag—Leffler and exponential
functions, which limit the scope of application of the Riemann-Liouville operator in
modelling physical and engineering processes. The Caputo derivative, on the other hand,
also have its limitations, one of which is, as in the Riemann—Liouville derivative, the use
of power—law kernel which sometimes cannot model the heterogeneities found in many

physical phenomena.

Recently, Caputo and Fabrizio [18] introduced a new definition of a fractional derivative,

which makes use of a non—singular exponential kernel. It was suggested that the new
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definition could model material heterogeneities and fluctuations at different scales. These
heterogeneities and fluctuations cannot normally be modelled by fractional models with
singular kernels [19]. Atangana and Baleanu [20] have extended the Caputo-Fabrizio
definition to a more general form. The differential operator introduced in Atangana and
Baleanu [20] is a convolution of the generalized Mittag—Leffler function and the classical
derivative of the given function [21]. Despite the nuances that distinguish these various
fractional differential operators, one distinctive feature among them is that their definitions

all depend on classical calculus.

1.1.1 Applications of fractional calculus

Following Heaviside's studies on the applications of fractional calculus to the transmission
of electrical currents, research into applications of fractional calculus remained dormant
for nearly a century. This is, in part, due to the theory of fractional calculus being
considered mainly from a purely theoretical perspective. It was Oldham and Spanier
[4] who, in 1974, considered applications of fractional calculus to fields such as physics,
engineering and chemistry. The field of applied fractional calculus has subsequently grown
tremendously since then. For instance, Caputo [22] applied fractional calculus to study the
flow of fluids in porous media, by modifying Darcy's law to introduce a memory term with
arbitrary order derivative to capture the effect of reducing permeability over time. This
was done by replacing the permeability—fluid viscosity ratio with a time fractional order
derivative and pseudo—permeability; an approach that had been used a century before by
Boltzmann [23] for heat flow models. In Caputo and Fabrizio [18], fractional derivatives
with a temporal exponential kernel and spatial Gaussian kernel for both Laplacian and
gradient operators were applied to the linear solid model that had been introduced for
elasticity by Zener and Siegel [24] and Cole and Cole [25] in their electromagnetism model.
The standard linear solid model was generalized to include memory terms by replacing

classical derivatives with derivatives of arbitrary order in Caputo and Mainardi [26]. The
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theoretical result from the fractional model proposed by Caputo and Mainardi [26] was

found to be consistent with experimental data.

The idea of replacing the classical Fick's law by a formulation involving fractional
derivatives was introduced in the study by Oldham and Spanier [27], in which, they
suggested that introducing half—derivatives into the concentration conservation equation
allows the concentration of electroactive species at the surface of an electrode to be
correlated with the current density. It was found that this correlation is not restricted to
a diffusion—modulated system and is true regardless of the degree of reversibility of the
reaction. Jumarie [28] proposed a Malthusian growth model with arbitrary order random
growth rate, in which the birth and death rates, and Poissonian processes are obtained as

differential equations of fractional orders.

Following the introduction of Atangana and Baleanu's [20] derivative, the fractional
differential operator as well as the Caputo [14] and Caputo—Fabrizio [18] operators were
applied to chaotic and hyperchaotic systems; namely, the Labyrinth attractor in Atangana
and Araz [29]. In the study, it was shown that the numerical results obtained for each of
the operator are equivalent. A similar study was carried out in Riaz et al. [30], though
in this case, the fractional differential operators were applied to heat and mass transfer
in a generalized MHD Oldroyd-B fluid subjected to ramped wall temperature boundary
conditions. The model equations used by Riaz et al. were shown to be equivalent to
the classical model under appropriate conditions and certain asymptotic behaviours. The
theoretical framework for a time fractional Keller-Segel model of chemotaxis with the
Mittag—Leffler kernel was proposed in Atangana and Algahtani [31]. This model captures
the metamorphosis that occur during the diffusion process. Further, the fractional model
does not only describe the change in state but also encapsulates the non—local fading

memory of the diffusion process. Atangana and his colleagues have extended the use of
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the Atangana—Baleanu fractional operator to models in neurobiology [32], autocatalytic

reaction networks [33], groundwater transport [34] and disease dynamics [35, 36].

In diffusion processes, the theory of fractional calculus has been used to describe
anomalous diffusion; a phenomenon that is usually observed in cell migration, continuous
time random walks, turbulent plasma transport, long range correlations, photon diffusion
and so on. The term ‘anomalous diffusion’ describes a process where there is a nonlinear
relationship between time ¢ and the mean square displacement o [37-39]. The anomalous
diffusion is characterized by a power-law term o2(t) ~ t*. For a < 1, there is
subdiffusion, which is, diffusion that is slower than typical diffusion, while for 1 < a < 2,
there is superdiffusion or fast diffusion [38]. In her study, Beghin [38] investigated

some augmentations of the space fractional diffusion equations using the Riesz—Feller

exponential and the Riesz logarithmic differential operators [40].

Jacobs and Harley [41] applied a time—fractional diffusion equation to binarize noisy
grayscale images. The study examined a two—dimensional time—fractional diffusion
equation with a nonlinear source term on a bounded domain with both Dirichlet and
Neumann boundary conditions. The study suggested that the time fractional order defined
in the domain (0, 1] can serve as a control parameter in image binarization, and that the
smaller value of the fractional order increases the brightness of the image background. A
review of diffusion—advection and Fokker—Planck type equations of arbitrary order was
carried out by Metzler and Klafter [42]. Other domains of application of fractional
calculus include, but are not limited to, heat and mass transfer, viscoelasticity and wave

propagation [43, 44].

1.1.2 Analytic and semi—analytic methods of solution
In light of the non—locality associated with fractional differential equations, it is typical that

numerical methods are used to obtain solutions. However, some closed—form solutions to
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arbitrary order differential equations have been found. For example, El-Kahlout et al. [45]
derived the exact solution of a time fractional partial differential equation in terms of the
complementary error function and the H—function using the Laplace transform as well as
the Mellin transform. In Damor et al. [46], Laplace—Fourier transforms were used to find
the solutions of space—time fractional Penes bioheat equations. Analytical solutions of
special cases of the equation were obtained in terms of the Fox H—function. Pandir and
Gurefe [47] obtained analytical solutions to the generalized fractional Zakharov—Kuznetsov
equation using a travelling wave transformation and the extended trial equation method,
while Pandir et al. [48] used the same approach for the time fractional nonlinear dispersive
Korteweg—de Vries equation. The differential transform method was used in Arikoglu and
Ozkol [49] to find closed—form solutions of some fractional differential equations such as
the Bagley—Torvik, Ricatti and the composite fractional oscillation differential equations.
Momani et al. [50] introduced the generalized differential transform method, which is a
generalization of Taylor's expansion. This method has been extensively applied to different

classes of fractional differential equations by Odibat and his collaborators [51-55].

Other methods that have been used to obtain closed—form solutions of fractional
differential equations include, but are not limited to, the Adomian decomposition method,
variational iteration method, fractional complex transform and exp—function method
[56-60]. For instance, Jafari and Jassim [61] derived the exact solutions of coupled
fractional partial differential equations using the local fractional variational iteration
method. In Jafari et al. [62], the same method was used to obtain closed—form solution of
the three—dimensional fractional diffusion model. The solution is identical to that obtained
using the local fractional reduced differential transform method given in the same study.
Some decomposition methods were used on time—fractional Klein-Gordon equation in
Jafari [63]. The closed—form solutions were obtained as truncated series and/or in terms

of special functions such as the one parameter Mittag—Leffler function. The methods are
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effective and can be used to obtain analytical solutions of various fractional equations,
although, treating nonlinearity might be tedious, or in some cases, impossible. A common
feature of analytical solutions of differential equations of arbitrary order is the inclusion of
special functions, special integrals and infinite series, which in certain instances, can be

too elaborate for practical purpose.

A hybrid method for time—fractional differential equations, comprising the Laplace
transform and compact finite difference method, was proposed in Jacobs [64]. The solution
is semi—analytic, being continuous in time and discrete in the spatial dimension. On the
one hand, the compact finite difference, which was applied to the spatial domain, is of
fourth order convergence. On the other hand, results from the study indicated that the
temporal convergence rate is geometric. The image binarization time—fractional diffusion
model studied in Jacobs and Harley [41] was solved using a hybridization of the Laplace
transform, Chebyshev collocation and quasilinearization methods. This hybrid technique
had been used in earlier studies by Jacobs and Harley [65, 66]. In the earlier studies,
the time—fractional derivative was evaluated using the Laplace transform and numerically
inverted through a technique that had been proposed by Weideman and Trefethen [67],
which defined an integral contour that maps the complex time domain of the Bromwich
integral to a real space. The integral was then evaluated using the trapezoidal rule.
The nonlinear term in the diffusion equation was linearized using the quasilinearization
technique, and the equation was discretized using the Chebyshev collocation. The resulting
solution is semi—analytic; being discrete in space and continuous in time. The use of
the Laplace transform for the time derivative ensures that no error is incurred during
algebraic representation of the temporal derivative. The error in the temporal dimension
is attributable to the approximation of the inversion integral. Compared to time marching
schemes, such as the Griinwald-Letnikov discretization, the computational time of the

method is small, and unlike in the Griinwald—Letnikov difference scheme, as time advances,



Section 1.1. Historical development of fractional calculus Page 9

the truncation error reduces. However, this method is not suitable for fractional partial
differential equations with both temporal and spatial fractional differential operators. Also,
owing to the Laplace transform being a linear operator, the method cannot be applied to

fractional partial differential equations with nonlinear temporal component.

Semi—analytic solutions of the fractional models proposed in Riaz et al. [30] were obtained
using the Laplace transform. The transformed solutions were numerically inverted using
the Gaver—Stehfest algorithm [68, 69]. Although the solutions obtained are accurate and
are consistent with known limiting cases of the model equations, and with the solutions of
the corresponding classical equations, the transformed solutions contain complicated and
special functions. Finding the inverse of the transformed functions is not straightforward
and can be numerically demanding. Also, using the linear Laplace operator raises concerns
when the fractional differential equation is nonlinear. The schemes presented in this
study are robust for fractional partial differential equations with both spatial and temporal
fractional derivatives, and using a linearization technique, the schemes can be adapted for

fractional partial differential equations with nonlinear component.

1.1.3 Numerical methods for solving fractional differential equations

In this thesis, we focus on developing numerical schemes for differential equations of
arbitrary real orders. Owing to challenges in handling the typical complexity presented
by fractional differential equations, largely precluding the use of analytic methods, many
studies of fractional differential equations have, instead, focused on developing accurate
and efficient numerical schemes. In this regard, Podlubny [2] described an effective method
for evaluating fractional order derivative, using the Griinwald—Letnikov definition and the
fact that under certain conditions, and for a large number of real life and engineering
applications, the Riemann—Liouville and the Caputo fractional derivatives are equivalent to

the Griinwald—Letnikov definition. More recently, Zhang [70] presented an unconditionally
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stable finite difference scheme for space—time fractional differential equations, in which he
used the shifted Griinwald—Letnikov finite difference approximation, applied to space—time
fractional convection—diffusion equations. He determined the accuracy and convergence
of the scheme, using numerical solutions and concluded that the scheme is of first order

accuracy.

Finite difference discretization of derivatives of arbitrary order using the orthodox
Grinwald—Letnikov definition only leads to first order accuracy, so attempts have been
made to improve the order of accuracy. One such attempt was by Tian et al. [71],
who proposed a novel unconditionally stable class of second order finite difference
schemes for space fractional differential equations. The method uses weighted and shifted
Griinwald-Letnikov difference approximations. Chen et al. [72] extended the study by Tian
et al. [71] by applying the method to differential equations of arbitrary order with endpoint
singularities, in which they introduced correction terms to the shifted and weighted
Grunwald—Letnikov difference scheme. They found that the accuracy and convergence

of their method depended on the number of correction terms and starting weights.

Jacobs [73] proposed a Griinwald—Letnikov type difference formula that was of at
least second order accuracy for fractional differential operator. The difference formula
is a modification of the Griinwald—Letnikov approximation introduced in Podlubny
[2]. The reconstructed difference scheme uses the shifted form of the conventional
Grunwald-Letnikov finite difference formula. However, Jacobs’ Griinwald—Letnikov
approximation differs in the choice of the order of the difference formula and in being
derived from the central difference scheme. The new scheme also improves the accuracy
of the conventional shifted Griinwald—Letnikov scheme in approximating the limiting
behaviour of fractional differential operators as the independent variables tends to zero.

The result was a second order accurate difference scheme as opposed to first order
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accuracy of orthodox Griinwald—Letnikov finite difference approximation. Albadarneha
et al. [74] introduced a class of methods by fusing several finite difference formulas
with the composite trapezoidal rule. They used the trapezoidal rule to approximate
the integral and the difference formulas to approximate the integer order derivative in
the fractional differential operator. This resulted in second order accurate difference
schemes. An implicit difference scheme with second order accuracy using the method
of splines was presented by Sousa [75]. The stability, consistency and convergence of
a difference scheme using the shifted Grinwald—Letnikov formula was established by
Tadjeran et al. [76]. However, only first order accuracy was obtained by directly applying
the shifted Griinwald—-Letnikov with the Crank—Nicolson discretization, but Tadjeran et al.
[76] improved their result to second order accuracy by using Richardson's extrapolation.
Shen et al. [77] proposed an explicit higher order accurate finite difference approximation
of the Riesz fractional advection—dispersion equation. In their study, Fix and Roop [78]
gave the least square element discretization of differential equations of fractional order.
Deng [79] developed a finite element scheme of order O(k?~* + h*) for the space—time
fractional Fokker—Planck equation, where k and h are the time and space step sizes

respectively, o and p are orders of arbitrary time and space derivatives, respectively.

Ghanbari and Atangana [80] proposed an implicit product—integration numerical technique
for time—fractional diffusion equations. Their numerical results suggested that the
numerical schemes are efficient with convergence rates of order O(At'*%), a being the
time—fractional order. Although the numerical schemes were only proposed for fractional
partial differential equations with fractional derivative appearing in a single independent
variable, the authors, nevertheless, suggested that the technique could be extended to a
wide range of fractional differential equations. Atangana and Algahtani [31] constructed
accurate numerical schemes for the time—fractional Keller—Segel equation mentioned in

Section 1.1.1. Their numerical approximation, which combines Lagrange polynomial
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interpolation and forward /backward Euler formula, was found to have a truncation error
of order O(I" + h®), where [ and h are the number of grid points in space and time,
respectively, « is the time fractional order and n is the number of times the dependent
variable is continuously differentiable in space. There are many other studies on the
numerical approximation of the solutions of fractional differential equations, which use,
among other approaches, the finite volume method, predictor—corrector method and block

pulse method [81-84].

A major difficulty in developing numerical schemes for differential equations of arbitrary
orders is the enormous computational expense associated with the intrinsic non—local
property of fractional differential and integral operators. Nevertheless, it is important that
non—local numerical methods are developed for this class of differential equations. Efforts
to develop highly effective and accurate global methods that suit fractional differential
equations have grown significantly. For example, spectral methods, because of their
non—local characteristics, have shown great promise in evaluating numerical solutions of
fractional differential equations, where they can accommodate the problematic non—local

property of fractional operators.

1.2 Spectral methods

The underlying principle in spectral methods is the presumption that the solution of a
differential equation can be expanded as a series [85]. The crucial elements of the series
expansion are the trial function and corresponding weight function. What sets spectral
methods apart from other methods, such as finite difference and finite element methods,
is the choice of the basis functions. The approximating functions for spectral methods are

mostly smooth or infinitely differentiable, non—local and predominantly orthogonal [85, 86].
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In a typical spectral method, the approximating functions are generally the eigenvalue
solutions of the singular Sturm—-Liouville problems. For finite difference methods, the
approximations are pointwise, and when viewed from the basis function standpoint, the
basis functions are non—global. Analogously, in finite element approximations, the domain
is subdivided into smaller domains called elements, and the unknowns are approximated
in each element using non—global and non—smooth basis functions. This makes the finite

element method suitable for problems with irregular domains [85].

Different spectral methods are characterized by the choice of the weight function used.
The weight functions are chosen to guarantee that the differential equation and boundary
conditions can be evaluated using a truncated series approximation. This may be done by
ensuring that the residual error is either minimized or it satisfies a certain orthogonality
condition with regard to the basis function [85, 87]. The three most common spectral

approaches are the Galerkin, collocation and tau methods.

In the Galerkin technique, the weight and the basis functions are similar or the same. These
are infinitely continuous and differentiable functions that satisfy the boundary conditions.
For the collocation technique, the weight functions are the Dirac delta function centred
at the collocation points. This method demands that the differential equations must be
satisfied at the collocation points [87]. Boyd [86] noted that there are only two favourable
sets of collocation points; namely, the Gauss—Lobatto points and the Gauss—Chebyshev
points. The spectral tau approach is equivalent to the Galerkin method in the way the
method is applied. The only difference is that in the tau method, the weight functions need
not satisfy the boundary conditions. In that case, an extra system of algebraic equations
is needed to satisfy the boundary conditions. Unlike finite element and finite difference
methods, spectral methods lead to full and dense matrices. Nevertheless, relatively high

accuracy is obtained, as a result of the high order of the trial functions.
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Although, there is comparatively little literature published on spectral methods for
fractional differential equations, significant results have been shown in this regard. In Doha
et al. [88], a Jacobi polynomial spectral tau method was proposed for linear and nonlinear
multi—term differential equations of arbitrary orders. To obtain the numerical solutions, the
system of algebraic equations was interpolated using Jacobi—Gauss quadrature. In the case
of nonlinear multi—term fractional differential equations, they applied Newton's iterative
method to obtain the coefficients of the series expansion. A Chebyshev polynomial
spectral tau method was presented in Doha et al. [89, 90]. In these studies, the Caputo
derivative was obtained using shifted polynomials, from which differential operational
matrices were obtained. Several examples were presented to demonstrate the accuracy
of the numerical methods. Furthermore, results showed fast convergence using only
a small number of interpolation points. Bhrawy et al. [91] developed a quadrature
shifted Legendre tau method for multi—order differential equations of fractional order
with variable coefficients. They presented an explicit formula for evaluating fractional
derivatives using shifted Legendre polynomials and Caputo fractional differential operator.
The entries of the discrete operational matrix were explicitly obtained using the shifted
Legendre—Gauss—Lobatto quadrature. Zaky [92] applied the shifted Legendre tau method
to the equation describing the fractional Stoke's problem for a heated fractional second
grade fluid. Doha and his associates applied the tau method to solve different kinds of

problems with derivatives of arbitrary order [93-97].

Li and Xu [98] gave a theoretical analysis of a space-time spectral Galerkin method
for a time—fractional diffusion equation, in which they established that the convergence
of the scheme is exponential. They observed that, despite the analysis failing when
the order is unity, the scheme still gave high accuracy when the fractional order was
close to unity. In a subsequent study, Li and Xu [99] sought to find a weak solution of

the two—sided space—time fractional diffusion equations. They constructed an effective
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spectral Galerkin scheme for the numerical approximations of the weak solution. They
formulated a theoretical structure in which the variational problem for the fractional

differential equation was rendered into an elliptic weak problem.

1.2.1 Spectral collocation techniques

Unlike the Galerkin and tau methods, spectral collocation schemes can be relatively easy
to use when solving fractional differential equations. These schemes easily circumvent the
challenges associated with nonlinearity and multiple fractional orders. A linear B—spline
collocation scheme for the fractional order Ricatti differential equations was given by Jafari
et al. [100]. These authors applied the collocation scheme to solve a particular class of
fractional partial differential equations. This method gives accuracy and simplicity that are
typically associated with a collocation method. However, this scheme was only developed
for single spatial dimensional fractional partial differential equations. In subsequent studies
by Jafari and his team, other collocation methods, which used alternative polynomials as
basis functions, were proposed. A case in point is in Mahmoudi et al. [101], where a
collocation scheme using Legendre polynomials as approximating functions was developed
for delay fractional differential equations. Another example, where discretization using
Laguerre polynomials as basis functions for the time—fractional Cahn-Hilliard equation
was given in Pandey et al. [102]. The results evidently suggested that the schemes
are accurate, efficient and clearly manifest the properties typical of spectral collocation

techniques.

Zayernouri and Karniadakis [103] used the eigenvalue solutions of the fractional
Sturm—Liouville problem, that is, the Jacobi polyfractonomials, as basis functions to
construct a highly convergent spectral collocation method for fractional differential
equations. In their study, the unknown functions were expanded in terms of fractional

Lagrange interpolants. These interpolants satisfy the Kronecker delta property at the



Section 1.3. Preliminary concepts Page 16

interpolation points. The published numerical scheme was applied to, among others, the
space—fractional advection—diffusion and space—fractional multi—term fractional ordinary
differential equations. Exponential decay of the error using the L—infinity norm was
observed. In Zayernouri and Karniadakis [104], the method was extended to be applicable
for linear and nonlinear two—sided variable order fractional partial differential equations of
the Riemann—Liouville and Riesz types. The method was shown to give accurate solutions
for these equations. Khader [105] proposed an approximate fractional derivative of a
function in the Caputo sense using Chebyshev polynomials, and applied that approximation
to fractional diffusion equations. Other studies that have used spectral collocation
methods for fractional differential equations include Baseri et al. [106], Esmaeili and

Shamsi [107] and Sweilam et al. [108], and some references therein.

1.3 Preliminary concepts

Within the context of this study, we discuss the basic theory of fractional calculus and
Chebyshev polynomial of the first kind. These form the foundation on which the numerical
schemes in this study are constructed. The choice of fractional operators discussed here
is determined by and restricted to those fundamental to this body of work. To this end,

we begin the discussion with the generalization of integer order derivatives and integrals.

1.3.1 Fractional differential and integral operators
For a continuous and differentiable function f : R — R, the first order derivative of the

function f is
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FO(z) = da _ o f@) = fle— A@, (1.3.1)

dr  Az-0 Ax

where Ax is a small change in the variable . By induction, the above expression can be

generalized to the nth—order derivative

n

d" ) 1 n
o % = lim Z(—l)k(k>f(x — kAz), nez, (1.3.2)
k=0

n

where (}

) is the notation for the binomial coefficients. To generalize Equation (1.3.2),

we choose m, an arbitrary integer such that m < n, and define [2]

f"(@) = lim £ (@), (1.3.3)
where
m 1 ¢
éx)(ﬂf) = Agm k_o(—l)k <T]Z)f(;c — kAz). (1.3.4)

For Equation (1.3.4) to hold when m < 0, we use the more general expression of the

binomial coefficients,

my m! B F(m+1)
(k‘) S m—=Kk)k Tm—k+DD(k+1) (1.3.5)
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Here T'(-) is the gamma function. The generalization on the right hand side of
Equation (1.3.5) accepts any complex number as argument. This generalization of the
binomial coefficients allows Equation (1.3.4) to hold for all m < n. However, if m is
negative, Equation (1.3.4) tends to zero as Ax — 0; a result that is unexciting. To
obtain a limit that is non—zero, and consequently obtain the fractional integral operator,
we assume that n — oo as Az — 0 and as such define nAxz = x — a, where a is a real

constant and the lower terminal of f(x) [2]. We define the operator
ot D" f(x) = lim Cm) (), (1.3.6)

and consider the case when m = 1. Using the limit of the Riemann sum as a definition

of the definite integral, we have

Axz—0
nAr=r—a k=0
= / flz—y)dy = (<)ds. (1.3.7)
0 a

It is obvious that .+ D' f(z) gives the 1-fold integral. As a matter of fact, a more general

representation for an n—fold integral can be obtained by induction as shown in Podlubny

[2]:

_ W/ (= )™ f(s)ds. (1.3.8)
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We note that Equation (1.3.2) allows for the generalization of the concept of nth order
derivative and Equation (1.3.8) is the m—fold integral of a continuous function. We further

note that these concepts are particular cases of

4D f(z) = lim (—1)* (’Z) f(z — kAx), (1.3.9)

which generally lead to the notions of derivatives of order m for m > 0, and m—fold
integral for m < 0. Here, m can be arbitrarily real or complex. If we restrict m to
real numbers, we obtain the well-known Griinwald—Letnikov definition D™ [40]. This
definition often serve as a fitting discrete representation of fractional differential and
integral operators in applications [70]. However, the limit cannot easily be obtained,
thereby making computations tedious. To correct this difficulty, in addition to the
assumption that f(z) be continuous, f(x) must also be continuously differentiable
i-times, 1 < i < r 41 in [a,z], where r is an integer such that r < m < r + 1.
This assumption holds in physical and mathematical applications, and thus for the m—fold

integral, we have [2, 4]

f )m+i 1
)= .
Fm+z+1) Fm+r+1

) /x(l‘ =),

(1.3.10)

and for mth order derivative, we have
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mpy N~ 4 @) (@ —a)7 1
DI =3 T(—m+i+1)  T(—m+r+

1=0

1) /:(g; — ) () ds.

(1.3.11)

Equation (1.3.11) can be obtained by repeated integration by parts and differentiation of

MDY f(x) = <%)T+l /j(ﬂf — <) " f(s)ds, (1.3.12)

provided f(z) is continuously differentiable (r + 1) times [2]. Equation (1.3.12) is the
well known Riemann-Liouville definition. Equation (1.3.12) can be written as nth order

derivative of the (n — m)—fold integral. Therefore, for m € R* and n € N, we have

wozse) = (1) i) = s (1) [ -

n—1<m<n, (1.3.13)

where

BRI f (@) = ! ) /w(ﬂc — )™ f(¢)ds (1.3.14)

e)

is the Riemann-Liouville fractional integral operator. If, on the one hand, m = n — 1,

Equation (1.3.13) becomes the integer order derivative of order n — 1:
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dn—l

0 o) = (1) (10 = s o) (1.3.15)

On the other hand, for m =n > 1, BL10 f(x) = BEDO f(2) and 2 > a:

d” d”
REDT () = o (RO F(2) = - f (). (1.3.16)
Equation (1.3.16) implies that for z > a, the Riemann—Liouville fractional differential
operator of order m = n > 1 corresponds to classical derivative of order n. Properties

and discussion of the Riemann—Liouville operator can be found in Podlubny [2] and Miller

and Ross [43].

A limitation of the Riemann-Liouville fractional operator is the existence of initial or
boundary conditions with fractional derivatives at the lower terminal x = a. While
problems with such conditions might be solvable, they make no physical or mathematical
sense. Hence, the formulation of the Caputo fractional operator becomes necessary [14].
In addition to ameliorating the aforesaid limitation, the Caputo fractional differential
operator is better suited for description of physical problems. Caputo’s definition, which

we use throughout this study is defined as

“.D"f(x) = ! - /w(a: — )M (Od, n—1<m <n. (1.3.17)

I'(n—

Podlubny [2] gave an extensive review of the properties of this operator and some of the

similarities and differences between it and the Riemann—Liouville definition.
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1.3.2 Two-sided fractional derivatives

Another important concept in fractional calculus is the notion of left— and right—sided
fractional derivatives. So far, we have only considered and assumed that a < x, which
implies that ,+D2"f(x) has a moving upper terminal = and fixed lower terminal a.
We can also have fractional derivatives with moving lower terminal x and fixed upper
limit, say b. The left— and right—sided differential operators can be defined for all the
differential operators; namely, Griinwald—Letnikov, Riemann—Liouville and Caputo. The
fractional differential operators with fixed upper terminal are called right—sided derivatives.
The right—sided Griinwald—Letnikov fractional derivative is defined by De Oliveira and
Tenreiro Machado [40] as

1 & m
GL ym _ . _1\k
D f(x) = AAlig;(l o kg_o( 1) (k>f(a: + kAz). (1.3.18)

The right—sided Riemann—Liouville fractional differential operator is given by Podlubny

[2] as

2Dy f(x) = % <%)n/x (c—a)" ™ f(q)ds, z<b. (1.3.19)

And lastly, the right—sided Caputo definition is given by De Oliveira and Tenreiro Machado
[40] as

Dy f(x) = (_—1)”) /b(< —x)" T () ds,  x <D (1.3.20)

I'(n—m
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If the function f(x) is a time evolution function, one might view the left—sided fractional
derivative at the point = as dependent on events occurring after the time a, while the
right—sided fractional derivative at = is dependent on events leading up to time b. In a
nutshell, for a time evolving process, the left—sided differential operator is used for past
states of a process, while the right—sided differential operator is used for future states of
a process. However, for a process changing in space, it is logical to consider non—local
rates of change in both direction. Hence one might use left—, right— or, in some cases,
two—sided fractional differential operators. However, in this study, whenever we have a
time—fractional differential operator, we will use the left—sided derivative. Nevertheless,
we also construct numerical schemes for two—sided space—fractional differential equations.
A limited number of studies have presented numerical schemes for two—sided fractional
differential equations. These include Samiee et al. [109], Kelly et al. [110], and Hejazi

et al. [111] and some of the references therein.

1.3.3 Distributed order fractional derivative

Fractional calculus offers a robust tool in the mathematical modelling of physical
phenomena. Another generalization of a derivative is the concept of the distributed
order fractional operator. This operator provides a flexible instrument for modelling
multiscale physics. In the distributed order fractional differential operator, arbitrary
differential orders are distributed over a range of values rather than being just a single
value as with conventional fractional derivatives. There has been massive interest in the
application of distributed fractional calculus, specifically in its application to diffusion

processes [112, 113]. The distributed order derivative is defined as

m2

PODrf() = [ p(m) 1 D2 f(x)dm, (13.21)

T
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where m € R*, f(z) is a continuously differentiable function and *, D”* could be any of
the left—sided differential operators defined earlier. Most studies on the approximation
of distributed order fractional derivatives use difference schemes. Constructing an
approximation for single order fractional differential operators can be computationally
demanding, in terms of memory and CPU time. Additional cost may be incurred in the
simulation of mathematical models with distributed order fractional derivatives. Further,
unlike with fixed order derivatives where exact solutions can be forced by including a
source term, in distributed order models such forcing might be difficult. Studies that
have focused on the development of numerical schemes for distributed order fractional
differential equations include Diethelm and Ford [114], Gao and Sun [115] and Katsikadelis
[116].

1.3.4 Chebyshev polynomials of the first kind

Spectral methods are developed through expansion of a function as an infinite series
of orthogonal polynomials, the most popular series for such an approximation being the
Fourier series [87]. Most of the numerical schemes developed in this study are constructed
using Chebyshev polynomials of the first kind. The Chebyshev polynomials, as defined by

Abramowitz and Stegun [117] are given as

T.(z) = cos(narccosz), n=0,1,2 ..., (1.3.22)

with recurrence relation

Toi1(x) = 22T, (x) — T o1 (x), n>1, (1.3.23)
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where Ty(xz) = 1 and T3 (z) = z are eigenvalue solutions of the singular Sturm—Liouville

problem

!/ n2
V1= 2T (x ) - T)=0, -1<z<1, 1.3.24
( 2@) + =T <w< (13.24)
with weight function w(z) = 1/+/1 — 22. The polynomials can be expanded in series

form as

ZFU"%(%)"‘”. (1.3.25)

The Chebyshev polynomials are defined in [—1,1]. Many physical problems are defined

in the positive upper half domain, so we transform [—1,1] to [0, L] by using the affine

mapping

Tom(z) =T, <2%“" - 1) . (1.3.26)

Applying the transformation above to Equation (1.3.23), we obtain the recursive formula

for the shifted form of the first kind Chebyshev polynomials,
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where 17, o(x) = 1 and T}, ; (z) = 2¢/L—1. The shifted Chebyshev polynomials are defined

as

Trn(z) =n ':0(—1)"ﬂ' <T<ln+ _j];!gﬁ!]xf (1.3.28)

with shifted weight function wy(z) = 1/v/Lx — 22. The shifted form satisfies the

orthogonality condition

/OL Trn(2)Tpm(x)wrn(x) = dpnhn, (1.3.29)

where

T n=20
(1.3.30)

SIE]
S
v
—

If f(z) is a continuous and integrable function defined in the domain [0, L], the shifted

Chebyshev series of f(x) is given as

fN(x) = anTL,n(x)v (1331)

where the coefficients f,, are defined as
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2 L 1 2 n=0
fo=— | f@)Tpn—r—=dr, c,= (1.3.32)

TCn Jo Ly — 22

The above expansion forms the basis upon which the numerical schemes in this study are

constructed.

1.4 Aims and structure of the thesis

Many pseudo—spectral schemes developed for fractional differential equations using
Chebyshev polynomials are appropriate for solving fractional ordinary differential equations.
In instances when fractional partial differential equations were considered, the fractional
order is often only in one of the variables. It is evident that applying this technique to
fractional differential equations of varying degree and dimensionality has received limited
attention. The aim of this study is to bridge this gap, by constructing pseudo—spectral
schemes for fractional differential equations of varying degree and dimensionality. To
address this aim, we introduce, describe and present accurate and computationally efficient
numerical schemes for fractional differential equations, including those that range from
one—dimensional equations to two—dimensional equations, those with nonlinear terms, and
those with multiple and distributed fractional orders. The numerical scheme is developed
to solve fractional ordinary differential equations, as in Chapter 2, and further extended

to solve other classes of fractional differential equations.

The remainder of the thesis is organized as follows. We begin in Chapter 2 by studying

a system of nonlinear fractional ordinary differential equations describing heat and mass
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transfer in a non—Newtonian fluid using fractional constitutive relation. The solutions
to the system of equations are approximated using shifted Chebyshev polynomials of the
first kind. We give a comparison between the solutions of these new equations and the

classical form of the equations. The accuracy of the numerical scheme is established.

In Chapter 3, we include nonlinearity by considering the non—isothermal model for the
boundary layer flow of a fractional Oldroyd—B fluid model. A numerical discretization
scheme is presented for the flow equations and a theoretical analysis of the error bound

is presented.

In Chapter 4, we consider a multi—-dimensional problem, where the focus is on the
numerical solution of the fractional Rayleigh problem of a generalized Maxwell fluid with
Robin boundary conditions. Unlike in Chapter 3, where all derivatives are approximated
using shifted Chebyshev polynomials, in Chapter 4, arbitrary temporal derivatives are
approximated using shifted Chebyshev polynomials of the first kind and spatial derivatives
are approximated in terms of Lagrange polynomials. Analysis of convergence of the
numerical scheme indicates that the absolute error vanishes for a sufficiently large number

of grid points.

In Chapter 5, the numerical discretization method is extended by application to
two—dimensional fractional differential equations with arbitrary orders in both space and
time derivatives. Numerical solutions of both linear and nonlinear differential equations
are presented. The nonlinear differential equation is linearized using the Newton—Raphson
approach. Numerical results show that the scheme is accurate and computationally

effective.

Chapter 6 presents a convergence analysis of the pseudo—spectral method for solving

two—sided space—time fractional partial differential equations. We demonstrate the use
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of the numerical scheme using selected two—sided space fractional partial differential

equations. The numerical results indicate that the method is accurate.

In Chapter 7, we extend the pseudo—spectral method to distributed order fractional
ordinary differential equations. Distributed order fractional differential equations serve as a
robust instrument for modelling multiscale and memory dependent phenomena. However,
the computational cost of obtaining numerical solutions of such differential equations is
high. Chapter 7 gives the case of fractional differential equations with a single variable as

a precursor to the work in Chapter 8.

In Chapter 8, we construct a computationally efficient and accurate numerical method for
the solution of multidimensional two—sided space fractional partial differential equations
with time distributed orders. The convergence analysis is presented, and examples are

presented to establish the accuracy and computational efficiency of the numerical method.

Chapter 9 concludes the study by summarizing and outlining overall findings, and

highlights possibilities for future research.



Chapter 2

A Chebyshev spectral method for heat and
mass transfer in MHD nanofluid flow with

space fractional constitutive model

In this chapter, we present a numerically accurate method for approximating the solution
of a system of ordinary differential equations of arbitrary order. To this end, we consider
heat and mass transfer in a magnetohydrodynamics nanofluid modelled using a spatially
non—local velocity gradient. The shear stress is defined in terms of a space fractional
constitutive model and a fractional dynamic viscosity coefficient. The system of differential
equations describing the fluid flow is then transformed using Lie's symmetry group of
transformations. We solve the system of ordinary differential equations of arbitrary order
numerically by representing the solutions as a truncated series expansion of the shifted
Chebyshev polynomials. An error bound for the numerical method is presented, and
numerical solutions are compared with results from past studies and exact solutions of the
reduced classical form of the system. The results indicate that the method is accurate for
solving this form of equation. The results also show that the non—local velocity gradient

is effective in modelling the flow of a non—Newtonian nanofluid.

30
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ABSTRACT

In some recent studies, it has been suggested that non—Newtonian fluid flow can be modeled by a spatially non—local velocity, whose dynamics are
described by a fractional derivative. In this study, we use the space fractional constitutive relation to model heat and mass transfer in a nanofluid.
We present a numerically accurate algorithm for approximating solutions of the system of fractional ordinary differential equations describing the
nanofluid flow. We present numerically stable differentiation matrices for both integer and fractional order derivatives defined by the one—sided
Caputo derivative. The differentiation matrices are based on the series expansion of the unknown functions using a truncated Chebyshev polynomial
of the first kind and interpolation using Gauss—Lobatto quadrature. We show that the proposed technique is highly effective for solving the fractional

Keywords: Fractional constitutive equations, Spectral method, Chebyshev polynomials, Fractional differentiation matrix

1. INTRODUCTION

The boundary layer flow of both Newtonian and non—Newtonian fluid-
s has been explored extensively in the literature because of the many
industrial and scientific uses of these fluids. Experimental and theoret-
ical investigations of non—Newtonian fluids have shown that they exhibit
anomalous behaviours and are generally more complex than viscous flu-
ids. To describe these behaviours, several models have been proposed to
mathematically describe and experimentally quantify the stress—strain re-
lationship. These constitutive relations include but are not limited to the
power—law, Ellis and Powell-Eyring fluids models. These models and
several others have been subjected to experimental and theoretical inves-
tigations. In some recent studies, attempts have been made to reconstruct
the constitutive relations to incorporate hereditary properties, memory re-
tention and non-local properties of non—Newtonian fluids. The primary
objective is to recast the velocity gradient in the momentum transport e-
quation as a fractional derivative.

Fractional calculus can best describe physical models with long term
memory and non-locality of the spatial domain. For instance, constitu-
tive relations with time fractional derivative are used to describe memory
dependence in dynamical systems (Tarasov, 2013). An investigation and
summary of studies on fluid flow problems in which the rheological prop-
erties of the fluid are described using fractional calculus is given by Sun
et al. (2018). In this study, the classical constitutive equation of a viscous
fluid was reconstructed so that the velocity gradient is expressed using
a non—local spatial derivative. This approach allows for the capture of

TCurre':.\'p(mding author. Email: shina@aims.edu.gh

the non-locality of non—Newtonian fluid and the correlation between the
fluid particles. They conducted a theoretical analysis of a steady pipe
flow of a laminar incompressible flow, obtaining the frictional head loss,
velocity profile and yield stress in terms of the fractional Reynolds num-
ber. Chen er al. (2015) investigated the fractional boundary layer flow
of a Maxwell fluid on an unsteady stretching surface. The constitutive
equation was recast so as to introduce space—time dependent fractional
derivatives. Research on classical boundary layer flow, heat and mass
transfer in magnetohyrodynamics nanofluid has been carried out by, a-
mong others, Dhanai et al. (2015) and Khan and Pop (2010). By applying
the implicit finite difference method, velocity, temperature and nanopar-
ticle concentration profiles were obtained in the study of Dhanai et al.
(2015) which investigated the combined effects of heat and mass trans-
fer parameters on a steady boundary layer nanofluid flow and examined
multiple solutions of the conservation equations. Critical review of litera-
ture shows that heat and mass transfer in viscous nanofluid with fractional
constitutive relation has not been studied. In this study, a fractional sys-
tem of equations describing heat and mass transport in an incompressible
magnetohydrodynamic viscous nanofluid is developed and solved using
a spectral technique that uses Chebyshev polynomials of the first kind as
basis functions.

2. MATHEMATICAL FORMULATION

We consider a steady two—dimension boundary layer flow of an incom-
pressible nanofluid with space fractional shear rate induced by an im-
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permeable horizontal wall along the plane y = 0, where the y—axis is
perpendicular to the wall and the x—axis along the wall. It is assumed
that the flow occurs at y > 0 and a constant magnetic field B is applied
in the y—direction. The temperature and nanoparticle volume fraction at
the wall (T, C'w) are constant and the ambient temperature and concen-
tration are T and C respectively as in Fig. 1. By defining the shear
stress associated with a fluid with fractional dynamic viscosity coefficient
e (kg/m3~*/s) in the following form

“u
T—NQW, 0<a<2, ()
ToiCo
Te =+
o, ] u(xy)
ay* —
—
x

Ug Ty Cy

Fig. 1 Coordinate system and flow geometry.

where « is the order of the fractional space derivative, and 9%u/dy* de-
notes the fractional velocity gradient. A reclassification of non-Newtonian
fluid based on the fractional constitutive equation (1) was given by (Sun
et al., 2018). In the aforementioned study, the case < o < 1 was pro-
posed to describe shear thickening fluids, 2 > « > 1 model shear thin-
ning fluids and o = 1, viscous fluids. The partially coupled system of
equations describing the transport processes is given as (Chen et al., 2015;
Khan and Pop, 2010)

ou v

=0 )
ou U ¢ oat1 B oB?

ug +va—yfuao Dy u Tu 3)

or . or >’T oC oT

o (v +05y) =K + o (Do 5
Dr (9T\?

2 (%) ) @
oC ocC 9°C  Dr &°T

o Y pp L TS

ug +v8y B 5y T PR ®)

subject to the boundary conditions
v=0, u=Uy, T=T, C=0C, at y=0,
u=0, T=Tw, C=0Cx as y— 0.

Here OCD;’ is the Caputo fractional operator of order « of the function
u(y) : (0,00) — R, defined as

1 y (@) =
. e I (yig)nil,,, dj, n—1<a<neN
0 D;}‘u(y) =
d™u(y) —
# a=n¢eN.

(6)

The Caputo fractional operator is the most popular in applications due to
the ease in imposing conditions on the fractional differential equations.
Other fractional operators include the Riemann-Liouville, Riesz and the
Canavati fractional derivatives. We note that the Caputo fractional oper-
ator is a regularized form of the Riemann-Liouville fractional derivative.
The definitions and properties of the Caputo derivative and the aforemen-
tioned arbitrary order derivatives can be found in Miller and Ross (1993);
Podlubny (1998); Atanackovic et al. (2014).

We define u and v (m/s) as the horizontal and vertical velocity com-
ponents respectively, vo (m'T/s) = pia/py is the fractional kinemat-
ic viscosity, py and p, (kg/m?®) are constant basefluid and nanoparticle
densities respectively. If we assume the reference length L and velocity
Uy, we have the following dimensionless variables

. —1 —1 -1 -1 TfToo Cfcoo
VX Y0.0) = (w5 o5 oty T S
(@)
UoL* oB’L k

(Rea, M?, Le, Pr,Nbt, Sc) = (

LUo(pc)f Nb DB>

Vo = pUy " (pc)pDAC’

kNt LU ®
where Nband Nt are respectively the Brownian diffusion and thermophore-
sis parameters, e, is the fractional Reynolds number, M is the magnetic
parameter, Le is the Lewis number, Pr is the Prandtl number, and Sc is
the Schmidt number (Dhanai et al., 2015). Introducing the stream func-
tion ¢ defined by U = 99 /Y and V. = —09v /90X, Egs. (3) to (5)
become

a_w_a% 78_1&5)2_1&7#_8““1[17]\/[28_1[1 9)
9Y OX0Y DX OYZ  Ren Y12 ay
o 90 oY a0 . 9%  dp 90 1 (90
Lepr[a_ya_x_a_xa_)/]‘ “ov? T av oy T Net \ay
(10)
S| 08 0w 30 _ ¢ 1 9% an
“lavax ~axay|” avz " Netove

We perform a scaling transformation by introducing the new variables
x,9,, 0, ¢ defined as

(X,Y,,0,0) = (A2, A2y, A%, A0,08) . (12)

Here, A is the scaling parameter and a; for i = 1...5 are constants
to be determined such that Egs. (9) to (11) remain invariant under this
group transformation. Upon substituting Eq. (12) into Egs. (9) to (11),
and dropping the tilde for convenience, we get

\2as—2az+ar [ O¥ Py 0Py _ Aag—(&+2)agiaa+2w
dy dxdy Oz Oy? Re, Oyt2
- A“S‘“?W%’ (13)
as—ag+ag—a o 00 9y 90 a1—2a5; 070
3—aztag—ary p,. (Y¥ IV YUY UV — )\% 2 e—"
A LePr [ﬁy 9 B 8y] A Leay2
o205 D OO ey 1 (00
ag+as—2ay 0P 00 2a4—2ay 1 [ 00
+X dy dy A Nbt (8y) (%
ast+as—az—a oY 0 Y 09 as—2a3 070
3+as—az—ay T _ZrZr| — 5 22 7
A Se [0y dx Oz dy A dy?
2
+)\a4—2a2L8 0 as)

Nbt 0y2”
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For the system of equations to remain invariant, we set a; = a3z = a (ar-
bitrary) and a2 = a4 = as = 0. The characteristics equations associated
with the transformation is given as

de _dy _dv _d9 _ do

@ =0 a0 0 (1o
which give the similarity functions
y=mn, Yy =zf(n), 0y =0mn), ¢@y)=adn).
17

Using the Caputo fractional operator to obtain the fractional derivative of
the similarity function ¢ (z,y) = xf(n) and substituting Eq. (17) into
Egs. (9) to (11) gives the following similarity equations

et _ ReoM?f' — Reaf” + Reaff' =0 (18)
Let” +0'¢ + %9’2 + LePrf@ =0 19)
i - v — 2
¢ +th9 + Sef¢’ =0, (20)

with boundary conditions

f0)=0, f(0)=1, 0(0)=1,
f'(m)=0, 0(n)=0, ¢

We note here that setting &« = 1, Reo, = 1 and M = 0, the system of
equations reduces to the problem studied in Khan and Pop (2010).

3. NUMERICAL APPROXIMATION

Existing numerical methods for integer order differential equations have
been extended to fractional order differential equations. Numerical and
approximate methods such as the differential transform, homotopy, Ado-
mian decomposition and finite difference methods have been used to solve
fractional differential equations (Wang, 2006; Diethelm et al., 2002; Er-
jaee et al., 2011; El-Sayed et al., 2010; Momani and Odibat, 2007a,b).
Despite the fact that some of these methods are considered accurate and
reliable, they have certain limitations. For example, due to the histo-
ry dependence associated with fractional derivatives, approximations can
be computationally expensive. Fractional derivatives are defined glob-
ally, hence numerical methods that discretize non—locally would be ap-
propriate in approximating the derivative. One such method is the spec-
tral method. Spectral methods are synonymous with exponential rate of
convergence. We discretized the dependent variables and their arbitrary
order derivatives using the spectral collocation methods. The Chebyshev
spectral collocation method uses trial functions to represent the functions
as truncated series expansions. The trial functions are usually orthogo-
nal basis functions such as the Lagrange, Jacobi, Chebyshev and other
polynomials. A crucial difference between spectral methods and other
methods is that the test functions for spectral methods are inherently con-
tinuous and infinitely differentiable global functions. Some recent studies
have demonstrated the use of the operational matrix for certain orthogo-
nal polynomials. Ahmadi Darani and Saadatmandi (2017) introduced the
operational matrix of a class of fractional order Chebyshev functions us-
ing classical Chebyshev polynomials of the first kind. Doha et al. (2011)
and Atabakzadeh et al. (2013) presented a matrix operator for shifted
Chebyshev polynomials and used it to approximate multi—order fraction-
al ordinary differential equations and Doha et al. (2012) obtained the ma-
trix operator of the Jacobi polynomials. In recent studies by Kazem et al.
(2013) and Kayedi-Bardeh et al. (2014), the operational matrices of the
fractional Legendre polynomials and fractional Jacobi polynomials are
respectively obtained. Direct implementation of the operational matrices

$(0) =1,

=0 as n— oo. 21)

usually lead to accurate solutions. However, dealing with nonlinearity
and coupling can be time consuming. Hence, in this study, we follow a
different approach by using approximations based on the shifted Cheby-
shev polynomials of the first kind and integration on the Gauss—Lobatto
quadrature to obtain the coefficients of expansion.

The series form of shifted Chebyshev polynomials 7; , of degree
n > 0, where [ is the truncation of the positive half domain, is defined
(Abramowitz and Stegun, 1965; Doha et al., 2011; Ahmadi Darani and
Saadatmandi, 2017) as

)" n+] n¥
22
= )12/ n, (22)

ﬂn*nz

and satisfies the orthogonality condition

1
/ T ()T (M) wi(n)dn = S . (23)
0

We discretized the dependent variables using the shifted Chebyshev Gauss
Lobatto grid points 7 € [0, ]

1 _ ! l—cosﬂ
=3 N

The weight function w;(n) for the shifted Chebyshev polynomials is giv-
enby 1/4/in —n? and hy, = ¢,,m/2, withco = 2and ¢, = 1 forn > 1.
If we assume F'(n) = {f(n),0(n), #(n)}, to be a square integrable and
smooth function defined over the truncated semi infinite interval [0, 1],
then the function can be approximated as N + 1 terms of the shifted
Chebyshev polynomials

i=0,...,N. (24)

N
=Y FuTin(n), 25)

n=0

the coefficients F;, satisfy the orthogonality condition

N
1 T
Fo = L N T ), n=00 N 20

If F(n) is approximated using the shifted Chebyshev polynomials and
evaluated at the shifted Gauss-Lobatto collocation points, then any arbi-
trary order derivative of F'(n) is given as

DFy(np) = szﬂF(m @7
Here,
PR AL |
D P:ijZZT ln(7/J)anle(7/p)7 Jp=0,1,...,N.
T n=0k=0 "
(28)
and
yra( 2 .
D) n+] —1)12 TG+1) 29
"’C’"Z e TG —atnr @

where g;, . are entries of a matrix defined as (Ahmadi Darani and Saadat-
mandi, 2017; Ahmadi-Darani and Nasiri, 2013; Atabakzadeh et al., 2013;
Doha et al., 2011)
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0 j=0,1,...,[a] -1,

Bk =\ kv/E s~k ()P T (ktr—1)1227 i a Di—atr+1/2) .
BfE sk Gt e Lot )~ (], [a] +1,..., N;
k=0,1,...,N.
(30

We note here that if & = 1, Eq. (27) is equivalent to

DFn(nk) =

N
7=0

N
2wy n
TJ Z Zn,n(m)sl,n*l(nk) F(n;),

n=1

k=0,....,N, @31

where S;,,, is the shifted second kind Chebyshev polynomials of degree
n > 1. In order to approximate f(n) in terms of the Chebyshev polyno-
mials, it has been assumed that f(n) is a smooth function, so it is safe to
take advantage of the semi—group property of the Caputo fractional oper-
ator, therefore when approximating f**2(n), we can have (Matlob and
Jamali, 2017; Dabiri and Butcher, 2018)

2 2
iz (§s) =65 (T10) =603 s. o

3.1. Error bound estimation

If F'(n) is a square integrable function and w; (7) is a Lebesque integrable
function defined in the interval (0, 1), we can define a Lﬁ)l space in which
F(n) is measurable and the norm of F(n) associated with the space is
defined as

1 5
||F<n>||wz:(/0 IF(T/)Izwz(n)dn) . fnite, (33)

and this norm is induced by the inner product

l
(F(n), F()) = / F(n)F(n)un(n)dn. 34

If we consider T, the space of all Chebyshev polynomials of degree
< N, such that Tn F(n) is the approximation of F'(n) on the shifted
Chebyshev—Gauss—Lobatto nodes. Assume that the derivative F¥ ()
exist and is continuous on the interval (0,[), and using the error term
of the generalized Taylor’s approximation of F'(n), for any 7, the error
bound is defined as

lenllw, = 1F(n) = T F(n)ll2, (35)
1 1 7,]2N+2
STEwTE e, N e dn 36)
_ 1 an+2 (2N +5/2)
T~ T(N+2)2 @nt T(2N +3) St

where Qn = (maxo<y< FN+1(17))2. For sufficiently large N, we can
see that |len||w, — 0.

4. NUMERICAL RESULTS

In this section, we obtain approximate solutions of the equations describ-
ing heat and mass transfer in a nanofluid with space fractional constitu-
tive relation using the technique described in Section 3. The aim is to
obtain approximate solutions of the system of differential Eqgs. (18) to
(20) rather than giving an analysis of the effects of the flow parameters.
The parametric analysis of heat and mass transfer process has been given
in studies such as Dhanai ef al. (2015); Khan and Pop (2010); Fang and
Zhang (2009); Chen er al. (2015). Some results obtained using the above

scheme are compared with results in these studies. The nonlinear sys-
tem is first linearized using quasilinearization as in Bellman and Kalaba
(1965); Motsa et al. (2011, 2014) [see Appendix A for the discretization
of the equations]. In developing numerical schemes, a pertinent question
often asked centers around the accuracy of the numerical scheme. For an
approximation method, it is expected that when the approximate solutions
and their derivatives are substituted in Egs. (18) to (20), the residual er-
rors should vanish. That is, given the points n; € [0,!] forj =0,..., N,
we should expect

o d d 2
§D3 ) — Read* L (1) = Rea (%7(771))

Ef =
a2 f
+Reuf(7b)ﬁ(n]) ~0 (38)
y L]zy[
| d? 9, _do 1 [/do 2
g0 = Led_nz(m) + %(m)%(m) N (5(771))
do
+L5P7‘f(771)%(771) ~0 39

w)y

d 1 d* d
o = | G0m) + i s ) + ST () G (n)

~0. (40)
L2

wy

Tables 1 to 3 show the solutions obtained for different values of N and «
and the residual errors as defined in Eqgs. (38) to (40). The approximate
solutions are obtained with Nt = Nb = 0.5,Le = Pr = 5, Req =
1, M:s: 0. It can be seen that the errors are bounded between 10~ ¢ and
1071,

An analytic solution of the momentum equation for « = 1 and Re, = 1
was obtained by Fang and Zhang (2009) as

fn) = == i — (1 - e“/m") : @1

and so the skin friction is given as

£7(0) = =1+ M2, (42)

1074
1071

Ef

101 T T T T
] 4 I3 g

1074

1]

10—1'3 4
10-12 2 a 8

1022 ] W
107 W
10—15

iterations

£

Fig. 2 The Lf,l norm error of the numerical solutions to the model e-
quations using different number of collocation points. The blue
line corresponds to N = 10, green line to N = 15 and red line
corresponds to NV = 20 for o = 0.2.
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Table 1 Computation results of f’(7) and the maximum residual error for

06
l=2.
0.5 7
o N f'(n) 25
04 05 4 [1,0.7111,0.0007, —0.2103, 0] 1.33¢71°
o 6 [1,0.7734,0.1885, —0.0036, —0.0526, —0.1339,0]7  1.09¢
o . 1 4 [1,0.7439,0.3115, 0.0675, 0] 6.11e7'¢
! 6 [1,0.8671,0.5768, 0.3046, 0.1236, 0.0288, 0] 4.40e 1
oz 1.5 4 [1,1.001,0.6175,0.1164,0]" 77710
’ 6 [1,0.9702,0.7793, 0.4531, 0.18308, 0.0391, 0] 1.07¢~ 13
01
Table 2 Numerical results of #(n) and norm of the residual error for I = 2
010 015 0.20 025 030 035 0.40 045 0.50
Nb
a N 0(n) =)
@ 05 4 [1,0.9219,0.5083,0.1128,0]" 4.44e71°
6 [1,0.9863,0.8981,0.6650,0.3585,0.1035,0]7  4.10e'°
1 4 [1,0.9052,0.3961,0.0301, 0] 8.05¢1°
6 [1,0.9770,0.8048,0.4140,0.1170,0.0214,0]7  6.14¢~'°
1.5 4 [1,0.8571,0.2085,0.0310, 0] 8.33¢71°
6 [1,0.9757,0.7606, 0.3093, 0.0562,0.0124,0]"  3.43¢~'°

Table 5 Comparison of the heat and mass transfer coefficients at the wall
for different values of Nt and Nb with & = 1 and fixed values
for Pr = Le = 10, Req = land M =0

050

025

oo Nt Nb —0'(0) —¢'(0)
010 015 020 025 030 035 040 045 050 Present Study Khan and Pop (2010) Present Study Khan and Pop (2010)
Nb 0.2 02  0.36572 0.3654 2.49971 2.5152
(b) 03 018262 01816 250181 25150
04 0.08745 0.0859 2.46878 2.4807
0.3 02 0.27395 0.2371 2.63457 2.6555
Fig. 3 Variation of heat and mass transfer rates with Nb for different 0.3 0.13639 0.1355 2.59230 2.6068
values of fractional order cv. 04 0.06496 0.0641 2534 2.5486
04 02 0.21160 0.2110 2.75631 2.7818
0.3 0.10507 0.1046 2.66824 2.6876
04 0.04996 0.0495 2.58740 2.6038
Table 3 Approximate solution of ¢(n) and the maximum residual error
forl = 2.
Table 6 Numerical values of the shear stress at the wall, rate of heat
a N ¢(n) £ and mass transfer coefficients for different values of the fractional
05 4 [1,0.5661,0.1631,0.0565, 0] 5.55¢ 10 order c, magnetic parameter M, and Prandtl number Pr when
6 [1,0.7769,0.3273,0.0650, —0.0047, —0.0107,0]”  1.54¢~* Le=5Nt=Nb=0.5.
1 4 [1,0.5749, 0.2088,0.0752, 0] 7 1.55¢1°
6 [1,0.7658,0.3564,0.1916,0.0928,0.0140,0]7  1.50e~* M o Pr fOt0) —90) -¢(0)
15 4 1,0.5443,0.2174, 0.0348, 0] 2.66¢"°
6 [1,0‘745[7, 0.3362,0.1917,0.0665,010010,0]7' 755715 0 05 07 1231787 037124 1.04856
10 1231714 0.00415  1.46487
1 0.7 —1.05859 0.42433 1.59908
10. —1.06348 0.03665 1.81565
1.5 0.7 —2.19141 0.44243 1.70113
Table 4 Comparison of the shear stress at the wall £+ (0) for v = 1 10 —2.17969 0.03934 1.95014
between the exact solution as obtained by Fang and Zhang, 2009 05 05 07 1234448 036922 1.02365
and approximate solutions based on the proposed method. 10 1234473 000340 145313
1 0.7 —1.16309 0.42146 1.58259
M Exact _ Approximate 10 —1.16406 0.03584 1.79791
0 —1.0000 —1.000039 1.5 0.7 —2.38672 0.44005 1.69217
0.1 —1.0049 —1.004979 10 —2.40234 0.03960 1.93226
0.2 —1.0198 —1.019658
0.3 —1.0440  —1.043674 To establish the accuracy of the numerical scheme, we compare Equa-
04 -1.0770  —1.076404 tion (42) with the approximate solutions. Table 4 shows the compari-
0.5 —1.1180 —1.117066

son between the exact and approximate values of the skin friction coef-
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Fig. 4 Variation of heat and mass transfer rates with Nt for different
values of fractional order cv.

ficient for different values of M. The approximate values are found to
be close to the exact values. The approximate values in Table 4 are ob-
tained with V = 10 and [ = 5.9. The heat and mass transfer coefficients
{0'(0), ¢'(0)} obtained using this method are compared with earlier re-
sults by Khan and Pop (2010). Table 5 shows that the new results are
in agreement with the published data. Figure 2 shows that the solutions
converge for different number of collocation points, especially in the e-
quation where we have the fractional order. In Table 6, the approximate
values of the skin friction and heat and mass transfer rates are presented.
Figs. 3 and 4 respectively show the variation in the heat and mass transfer
rates with the Brownian diffusion and thermophoresis parameters for dif-
ferent values of the fractional order «. It can be clearly seen that the heat
and mass transfer rates increase as « increases. Fig. 3(a) shows that the
heat transfer rate decreases as the mass diffusion parameter Nb increas-
es, while Fig. 3(b) shows that the mass transfer rate is a monotonically
increasing function of Nb. From Fig. 4, we can see that the mass trans-
fer rate decreases as the thermal diffusion parameter increases, while the
heat transfer rate strictly decreases. Previous studies have suggested that
increasing the number of collocation points for spectral methods does not
necessarily improves the accuracy (Dabiri and Butcher, 2017b,a; Zay-
ernouri and Karniadakis, 2014).

5. CONCLUSION

This study proposed a new numerical technique for finding solutions of
fractional differential equations. The method uses Chebyshev polynomi-
als as basis function for the series solution and interpolating using Gauss—
Lobatto quadrature. Differentiation matrices for fractional and integer

order derivatives were introduced. To test its accuracy, the method was
used to solve the model equations that describe momentum, heat and mass
transfer in a nanofluid with fractional constitutive relation. The residual
error norms in the solutions were found to be less or equal to 10~ %, thus
demonstrating the accuracy and convergence of the method.

APPENDIX A: DISCRETIZATION OF THE MODEL
EQUATIONS

In this appendix, we describe the full discretization of the coupled system
of the equations (18) to (20). We obtain the numerical solution f(7) by
solving Eq. (18) independent of Egs. (19) and (20) and then Egs. (19) and
(20) are solved as coupled system. In order to linearize each equation, we
apply the quasilinearization method of Bellman and Kalaba (1965). The
linearization method is a generalization method of the Newton—Raphson
method and is constructed using the Taylor’s series expansion about an
initial guess of the solution. Applying the linearization on Egs. (18), we
have

i+ (Reafr) fli1 + (—2Rea f; — Rea M?) 141
+ (Reaf) fri1 = R, 43)

where Rl = Reaf!f. — Reaf/? and f, and f,41 are solutions f ()
at two successive iterations. The linearization method assumes that the
difference between these solutions approaches zero as r — oo (Bellman
and Kalaba, 1965). If we now apply the Chebyshev approximation on
the linearized Eq. (43) by substituting Egs. (25), (27), and (31) where
appropriate and using the semi—group property, so that we have

[D°D” + diagfit{Reo f,]D” + diagfit[—2Req f; — Rea M°]D
+diagfit{Rea f']] fnr+1 = RL, (44)

in which diagflt[. . .] constructs a two—dimensional matrix with the input
as a diagonal. upon obtaining the solution fn,r41(7), we use the known
solution in the linearization of Eqgs. (19) and (20) which is solved as sys-
tem. The linearized form of Eqs. (19) and (20) is given as

Le§ 1 + (¢ + (2/Nbt)0 + LePrfri1)0hyy + (0))d1 = RY
45)

(1/Nbt)0) 1 + ¢ 1 + (Scfri1)drsr =0, (46)

where R? = .0, + (1/Nbt)0;*>. Again we apply the Chebyshev ap-
proximation to the linearized coupled system and this yields

[LeD? + diagfit|¢,, + (2/Nbt)0,. + LePr fr1]D] On .41
+ [diagfit[0,]D] ¢n,r41 = RY @7
[(1/Nbt)D?] 0,41 + [D + diagfit[Scfr+1]D] ¢n.rs1 = O, (48)

where O is a zero matrix of size (N + 1) x 1. Note also that the right
hand side of Egs. (44) and (47) are expressed in terms of the N + 1-
truncated shifted Chebyshev approximation. As stated earlier, the semi—
infinite domain [0, co) has been truncated to [0, [], therefore, the coupled
linearized system of algebraic equations are solved subject to

fNr+1(mo) =0, Dogfnrsi(no) =1, Onpgi(mo) =1,

ONrr1(no) =1
Dn.gfnrs1(nn) =0,

ONr+1(N) =0, énr+1(nn) =0 (49)

to obtain a consistent system.
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Chapter 3

A Chebyshev based spectral method for
solving boundary layer flow of a fractional

order Oldroyd—-B fluid

In Chapter 2, a space fractional ordinary differential equation was solved and we showed
that approximating the solutions as a truncated series expansion of the Chebyshev
polynomials of the first kind gives accurate results. In this chapter, we extend this
method to time fractional one—dimensional nonlinear partial differential equations of
arbitrary orders. The time—fractional partial differential equations model the boundary
layer flow of an Oldroyd—B fluid. The solutions of these equations are represented as
a linear combination of shifted Chebyshev polynomials of the first kind, and are then
interpolated using the Gauss—Lobatto quadrature. The nonlinear terms are linearized using
a Newton—Raphson like approach. We present error bound estimates for the numerical
results. We also investigate the effect of the fractional order objective stress rate on the

shear stress and fluid velocity.
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We focused on developing an accurate numerical scheme for the flow of a fractional-
order Oldroyd-B fluid model with the non-isothermal property. In many cases, the
direct application of the Chebyshev tau method using the operational matrix of the
Chebyshev polynomials usually leads to an accurate solution. However, in some cases,
dealing with non-linearity and coupling can be tedious. In this study, we present a
numerical method based on Chebyshev polynomials of the first kind and interpolation
using Gauss-Lobatto quadrature. The coefficients of the series expansion of the
pseudospectral method are obtained through integration of the Chebyshev polynomials
orthogonality condition. The numerical results show that the scheme is accurate and
reliable. The effects of the fractional-order objective stress rate of the Oldroyd-B fluid
on the velocity and shear stress are also presented. The error bound theorems presented

in this study support the findings of the numerical computations.

1. INTRODUCTION

The Oldroyd-B fluid is a rate type model for viscoelastic
fluids that have been studied extensively since its formulation
by Oldroyd [1]. This model is part of a large class of rate type
viscoelastic fluids models, which include, but are not limited
to the upper convected Maxwell model, Jeffrey model and
Burgers’ model. The Oldroyd-B model gives a good
representation of the rheological response of viscoelastic
fluids in shear flow. The Cauchy stress tensor for the classical
Oldroyd-B constitutive model has the form

Sij = —pbij + Tij, M

v v

|14 D]z = [+ 2.D] ey, @

where, 7jj is the extra stress tensor, e; is the stress tensor. The

material parameters x, 4 and Ar are the viscosity, stress
v

relaxation time and retardation time respectively and D is the
upper convected time derivative. The constitutive model of the
Oldroyd-B is a generalization of the Maxwell fluid model [2].
Unlike the Maxwell model, the Oldroyd-B fluid uses the
objective stress rate that takes into account frame indifference
of the deformation rate. The deformation rate is represented by
the upper convected derivative in Eq. (2). Because of the
memory retention characteristics of viscoelastic fluids, recent
studies have suggested using non—local time derivatives [3].
Non-local objective stress rate exhibits complex dynamical
and viscoelastic behaviours. Taking advantage of the inherent
non—locality and memory retention characteristics of
fractional derivatives, we generalize the Oldroyd-B
constitutive relation by replacing the local time derivatives in
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Eq. (2) with fractional time derivative [4]:

v v
[1 + A"‘D“] = [1 + AED!*] ey, 3)
where,
v o 9%
De = FITh U-Vr—1VU - (VU)"z. 4)

In the constitutive model Eq. (3), 0<a, <1 and g, 4, 4>0. If
o>p, it should be noted that the model is physically unrealistic.
This case corresponds to an increasing relaxation function [5].
Hence, the constraint on the order of the derivatives must
satisfy 0<a<p<I. It is evident that if a=£=1, the constitutive
relation is the classical Oldroyd-B fluid. Setting /r to zero in
Eq. (3) corresponds to the fractional Maxwell fluid, if 2=0, the
model is equivalent to the fractional second-grade fluid, if
0<4<4, we obtain the fractional Jeffrey fluid [6] and when
A=4=0, the model corresponds to the classical Newtonian fluid.
If we consider an incompressible fluid with constant pressure
and using established notation, the momentum conservation
equation for an unsteady flow of a magnetohydrodynamic
(MHD) fluid is:

p[Z—?+U-VU] = Vr;; — 0B2U, 5)
where, p is the fluid density, o is the electrical conductivity of
the fluid and By is the applied magnetic field. To write the
conservation equation and the shear stress relation in non—
dimensional form, we assume a reference length L and
velocity U, so that we define t = {LUg?, y = yL for all y in
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the domain of the flow, U(y,t) = U, U, 1) , 7;;(y. t) =
UouL™'%;(3, ), and 4, = 2,LUg*. Therefore, we write Eq.
(3) and Eq. (5) in the dimensionless form (dropping the tilde
for convenience):

ou
Re [E+U~VU] =Vr;; — Ha?U 6)

\v v
[1 + We”‘D”‘] ;= [1 + AfD/”] eij. )

Here, Re = pLUyu™! is the Reynolds number, Ha =
ByL(o/u)'/? is the Hartmann number, We = U,AL™! is the
Weissenberg number, A, is a dimensionless retardation
parameter. Some special cases of interest include the Jeffrey
fluid (0<A<We), Maxwell fluid (4=0), second-order fluid
(We=0), Newtonian fluid (We=4,=0) and hydrodynamic fluids
(Ha=0).

Exact solutions to fractional partial differential equations
are, in general, challenging to find. Even when found, the
solution may contain complicated integrals and special
functions that have to be approximated numerically. Several
studies have proposed various methods, both numerical and
analytic, for solving fractional differential equations [7-12].
However, recent studies have identified spectral methods as
efficient for approximating solutions of fractional partial
differential equations. Spectral methods are favoured because
of their spectral rate of convergence and accuracy, especially
for differential equations with sufficiently smooth solutions.
Doha et al. [13] and Atabakzadeh et al. [14] presented the
operational matrix of the shifted Chebyshev polynomial and
used the polynomial to approximate multi-order fractional
ordinary differential equations. Liu et al. [15] presented
numerical solutions to multiterm variable-order fractional
ordinary differential equations using the Chebyshev
polynomial of the second kind as the basis function.
Operational matrices of the shifted Chebyshev wavelets,
generalized Laguerre polynomials, and Bernstein polynomials
are presented in the studies of Benattia and Belghaba [16],
Bhrawy and Alghamdi [17], Baseri et al. [18] respectively.
These matrices are used to approximate the solutions of
fractional differential equations. The numerical results that
were reported in the studies as mentioned earlier are typical of
spectral method, and they exhibit the spectral convergence
property of spectral methods. From literature, many authors
have used the spectral tau method to solve fractional
differential equations with different orthogonal polynomials as
basis functions. In this study, we propose a spectral method
that uses the shifted Chebyshev polynomials of the first kind
as basis functions and interpolates using Gauss—Lobatto
quadrature. We obtain the coefficients of the series expansion
in the spectral method by integrating the orthogonal condition
of the Chebyshev polynomials using Chebyshev-Gauss-
Lobatto quadrature. We then apply the resulting fractional
differentiation matrix to solve fractional partial differential
equations that describe the unsteady boundary layer flow of a
generalized MHD Oldroyd-B fluid and a non—isothermal flow
of an Oldroyd-B fluid (see Section 4). We also investigate the
effects of derivatives of arbitrary order in Eq. (6) and Eq. (7)
on fluid velocity and shear stress.
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2. FRACTIONAL
MATRIX

ORDER DIFFERENTIATION

The most used definitions of fractional operators are the
Riemann-Liouville and Caputo fractional operators. In the
Riemann-Liouville case, we have the definition

1 dm ¥ H()
RLna _ “
DYHO) =t = dy"fo =i ®)
and the Caputo case is defined as
§DFH()
(1 [_H"6
I -_—
_Jrn- a)jo (y — o)ati—n dg, n—-1<a<n ©
d™"H _
o a=n

In both cases, n-l1<a<n, and n €N and H(y) is a
continuously bounded function with n derivatives in [0, L], for
x>0. For an in-depth exploration of these definitions, see
Podlubny [19], Atangana [20]. Using the Caputo operator, the
following holds

CD® K =0, K isaconstant, (10)
0 forj € Nyand j < [a]
peyl = rg+1 . (11)
v j-a ; i > Tal.
G+i-a” forj € No,j = [a]

Considering that most physical problems are defined in [0,
L], L being a truncation of the semi-infinite domain, we define
the series form of the shifted Chebyshev polynomials Ty, of
degree n>0 as ([21, 22])

S (=D (n+j — 1)128

Tyn = —/,
R S T IR (12
which satisfies the orthogonality condition
L
[ T TG 0)dy = S 13)
0

Here, the weight function of the shifted Chebyshev
polynomials is given by w, (v) = 1/,/Ly — y? and hy=cn /2,
with co=2 and c,=1 for n>1.

At this point, we discuss some lemmas and theorems that
are used in developing the approximation of the fractional-
order derivative of a square-integrable function that is
expanded by a shifted Chebyshev series and integrated using
the Chebyshev-Gauss-Lobatto quadrature.

Remark 2.1: For the shifted Chebyshev—Gauss—Lobatto
quadrature, the Christoffel numbers are the same as those of
the Chebyshev-Gauss-Lobatto quadrature. The shifted Gauss—
Lobatto nodes are defined as ([21])

L mj\ L
v =505 (3) +3

and the associated Christoffel weight number wyj=z/ci N,
0<j<N, where co=cn=2 and c¢;=1 for j=1,2,..., N-1.

(14
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Lemma 2.2: Assume that u(y) is an integrable function
defined on the domain[0,L], then the function can be expanded
in terms of shifted Chebyshev polynomials as a N+1 truncated
series:

N

uy(y) = Z unTL,n(y):

n=0

s)

where, the coefficients u, satisfy the orthogonality condition,
which is given in discrete form as

N
1 b3
2, h—z_—Nu(y,-)n,nm). n=0..N. (6

Lemma 2.3: Let Ty (y) be a n—th order shifted Chebyshev

polynomials, then the a-th order derivative based on the
Caputo’s definition is defined as [13, 14]

N
DT, (») = ). DT, (), (a7
k=0
where,
D%
n : .
_ z D" /(m+j-1D12% TG+1) (18)
LT pIep TG —a+ DU
£

and g are entries of a matrix and these entries are defined as
(Ahmadi - Darani and Saadatmandi [22], Ahmadi - Darani and
Nasiri [23])

" j=01,..[a]l-1,
_{Ik\/?r o Do T(iatrey) )
- h_k; (ke —m)t(2r)! rG—a+r+1)’ Sl s

l k=01,.,N.

The proof of this lemma can be found in Atabakzadeh et al.
[14] and Doha et al. [13].

Theorem 2.4: Assume u(y) is a continuously bounded and
integrable function defined on the truncated semi-infinite
domain [O,L]. If u(y) is approximated using the shifted
Chebyshev polynomials and evaluated at the shifted Gauss-
Lobatto collocation points, then any arbitrary order derivative
of u(y) is given by

Duy(y) = Z (). 0)
Here

N N 1

Vs

— (
Dﬁp - C}_NZ Z h_nTLn(yJ')anTLk(yp) @20
n=0 k=0
j,p=01,..,N.

Proof. If we consider the first N + 1 shifted Chebyshev
polynomials, and a combination of the results of Lemma 2.2
and Lemma 2.3, the proof is completed.

Hitherto, we have only focused on functions of one variable.
We now focus on functions of two variables, precisely time
and spatial variables. We will use the results of the lemmas
and theorem stated above to obtain the approximated values of
a bivariate function and its fractional-order partial derivatives.
The most straightforward approach to expanding a function of
two variables is to take the tensor product of the expansion in
each variable [24]. For a function u(y,t), the expansion by
shifted Chebyshev polynomials is given as

Ny Nt

uNy,N;(yJ t) = Z Z un,mTL,n(y)TT,m(t)'

n=0 m=0

(22)

where, unm are entries of the matrix which consist of the
coefficients of expansion.

379

Proposition 2.5: If u(y,t) is a function defined on the
rectangular domain [0,L]>]0,T], then it can be approximated at
the shifted Gauss-Lobatto nodes in terms of N+1 shifted
Chebyshev polynomials so that we have
vec(d) = [It ® Iy]vec(ﬁ'). (23)
Here, both I, and I are interpolation matrices (Lemma 2.2)
in y and t respectively, and vec(u) is formed by piling
columns of {u(yi,j) | i=0,..., Ny, j=0,...,N¢} into a vector.

Proposition 2.6: Any arbitrary order, say >0 derivatives of
u(y,t) can also be expanded and approximated in terms of the
shifted Chebyshev polynomials and shifted Gauss—Lobatto
nodes. The o—th order derivatives in terms of both variables
are given as

vec(ty) = [I; ® Dg]vec(ﬁ),

vec(i®) = [Df ® I, |vec(®),

vec(u%) = [D‘t" ® D;’f]vec(ﬁ),

where, the superscript indicates the derivative with respect to
the temporal variable and the subscript is the derivative with
respect to the spatial variable and D“ is from Theorem 2.4.

3. ERROR ESTIMATION
APPROXIMATION

FOR THE

Assume that u(y) is a square-integrable function and w. (y)
is a Lebesgue integrable function defined in the interval I =
[0,L]. Then, we can define a L%VL space in which u(y) is
measurable and the norm [l u(y) Il,,, is defined as

1/2
12 lhyy = (f |u(y>|2wL(y)dy> <o, 24
I

such that the norm is induced by the inner product
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L
w®),2()) = f U (AW, (¢)dy. 25)

If u(y) is the exact solution and un (y) is the approximated
solution based on the Chebyshev polynomials given in Eq.
(15) with the coefficients un obtained by the normalized inner
product

u T,
u, :( ) L,n(zy))’ (26)
T, () 113,
We can define an error bound for the approximation in the
LZ, norm.

Theorem 3.1 (Error estimation for a single variable
approximation): Given the shifted interpolation nodes defined
in Eq. (14) and let Py u(y) be the approximation through these
nodes given in Eq. (15), where Pn s the space of all Chebyshev
polynomials of degree less than or equal to N. Assume that
d"*lu/dyN*! exist and is continuous on the interval I, then the
error bound is defined as

lu(y) = Pyu@)l s
et (2N F2) @)
T'(2N +3)°

=t + ) o [y |

Proof. Consider the generalized Taylor’s approximation of
u(y) in which the error bound is known as

[y|V+t |dN+1u(y)|
2
Ry < TN +2) OrBy<XL| dyN Tt |. (28)
then for any y in the collocation points
lu@) — PyuIz, < IRyO)IIE,
< 1 ( dN+1u(y)|) J- 2N+2 (29)
T (rwv+2) o | “ayv|) )y iy
_ 1 |dN+1u(y)| iz 7N *3) (2N+§) (30)
Tty (Jl‘fs’ﬂ dyN+1 |> TN +3)

This leads to the desired result.

Theorem 3.2: Let w:Ix]J—R be a continuously
differentiable function such that at least (Ny+1)th partial
derivative with respect to y, (N¢+1)th partial derivative with
respect to t, and (Ny+N+2)th mixed derivative with respect to
y and t exist, then based on the mean value theorem, the
following remainder formula holds ([25])

Kyt KptNer1

+
r(N, +2) TN +2)
KayNytighe+t

T(N, + 2)I(N, +2)'

|RNy,Nt(y. t)| <
(€2))

where, 1 =1[0,L], J =[0,T] and Ki, Kz, Ks are constants,
defined as

aNy+1u ot

K, = sup{ o u0,t)

Sy 62

:y,tE]IxJ]},
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aNt+1u(y, t)
KZ=SUP{W ytEHXH}
3 6NJ’+Nf+2u(y, t) . 3
K; = sup 7@}],%“0’:%“ oy, t eI Xy, (33)

respectively.

Theorem 3.3 (Error bound for functions of 1+1 variables
approximation): We define the error bound for the
approximation of a function of two variables as

”RNy'Nt wywy
1(1271\/51,21\@+Z (2N, + g)

="(C(N, + 2))2 T(2N, +3)
KEny@TNe+2 TN, +3)
(C(Ny + 2))? T(2N; + 3)

K?,ZHLZNy+2T2N‘+2

(34

r (ZNt + %) r (ZNy + %)
T, + 2)2C (N, + 2))2 TN, +3) T(2N, + 3)

Proof. Given that PNythu(y,t) is the space of all

Chebyshev polynomials which approximate u(y,t). In a similar
sense as in Theorem 3.1, for any points y, t in the collocation
points and using the relation in Eq. (31), we define

||u(y, t) = Py, n,u(y, t)”

WLWT

(35)
< g orol;

LWT
2 | KytNet1 |2
Ir(ve + 2)]

Ny+1
< J | Kay™"
Ix] |F(N +2)

KyyNytighe+t

+ A\t
dydt
T, T, 2| ) Vie— e Jiy =y

(36)

K
T TN, +2))?

1 2Ny+2
f Y dydt

1y VTt — t2 /Ly — y?
KZ f t2Net2 1
(F(Nt +2))? Jpg VTt — t2 [Ly — y2

2Ne+2 2Ny+2
K2 tete yey

HOTE A +2))2fnx,,\rt_tz,/—Ly D

=dydt (37)

The integrals in Eq. (37) are evaluated as

2Ny +2

y

1
JHXBVTt —t2/Ly —y?

dydt

T(2N, + %) G8)

- 2Ny +2
il T(2N, +3)

£2Ne+2

J;x]]\/Tt —t2\/Ly —y?

dydt

39
” +2I‘(2Nt+%) 39
= t —_— =7
m/aT T(2N, + 3)
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£2Ne+2 2Ny +2

Yy
f]]x]]\/Tt —t2\ /Ly — y?
T(2N, + %) T(2N, + %)
T(2N, + 3) T(2N, + 3)’

dydt

(40)
= qL2Ny+t2T2Ne+2

Substituting Eq. (38) to Eq. (40) into Eq. (37) completes the
proof. If we consider uNy,Nt(y, t), the L%A,L_WT orthogonal
projection of u(y,t)onto Py, nps then

|u(y, t) — uNy,Nt(yJ t)l

= [uG. ) = Py, v, 0) @)
+ Py, nu(@, 0) —un, v, (0, t)|
< [u.©) - Py, vu(, )| @)

+ |uNy,Nt(y, ) = Py, n,u(y, t)|

Based on Theorem 3.3, Eq. (42) tends to zero as N,, N, —

0o,

4. NUMERICAL ILLUSTRATION

In this section, we apply the numerical scheme using the
Chebyshev—Gauss—Lobatto quadrature to the flow of an MHD
and non-isothermal generalized Oldroyd-B fluid.

4.1 Flow of an MHD Oldroyd-B fluid

We investigate an unsteady unidirectional flow of an MHD
Oldroyd-B fluid occupying the upper half-plane bounded by
an impermeable wall at y=0. The y-axis is perpendicular to the
rigid flat plate, and the plate oscillates parallel to itself. The
fluid is assumed to be at rest until startup. The momentum and
shear stress equations for this unsteady flow are given as [26]

9 aa+1 62 8 aﬁ+2
Re|—+We*——|u—|=—+2 —]u
ot at““] [Oyz T gtﬁayz 43)
+ Ha? [1 +Weaﬁ]u =0
L Fil 5 aﬁ+1
a__|7=|— 44
[1+We Fre ay+’1ratﬁay]”' (44)
with initial conditions

a

u(,0) = > u,0 =0, 15,0 =0, 43)

and boundary conditions with a sine oscillation at the wall and
dimensionless frequency of oscillation @
u(0,t) = sin(wt), u(y,t) =0 as y - oo, t>0. (46)
We seek a solution in the form of truncated Chebyshev
polynomials
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Ny N
u(y; t) = Z Z un,mTL,n(y)TT,m(t):
A “7)
G.0= )" D TunTin ) Trm(®),
n=0 m=0

where, the coefficients 1, ,, and £, ,, are defined by Lemma
2.2. Using the results of Proposition 2.6, we resolve Eq. (43)
and Eq. (44) into a system of discrete equations

Re[[(D} ® I,) + We (DF™ @ 1,)]
— [0 ® D3) + A (D

® D2)|+Ha?[(I, @ L) (48)
+ We®(Dg1,)]| vec(@) = vec (D)
[(I: ® L) + We*(DE ® L) |vec(?)
= [t ® D}) + 27 (D] (49)

® D})]vec (@),

where, vec(0) is a vector of zeroes of size (Ny+1) times (N+1)
and each system is solved independently by matrix inversion.
The accuracy of the solutions for different values of a, 8, Ny,
Ny are presented in Table 1 in terms of the maximum residual
error and condition number. The condition number was
computed using the python package ‘numpy.linalg.cond’. The
results in Figure 1 are shown for two frequencies of oscillation
and =0.25, $=0.75, t=10, Re=0.1 and Ha=0.5. We consider
the cases: We=1<Ar=1.5, Jeffrey fluid (ir=1.2<We=1.5),
Maxwell fluid (We=1.5, ir=0), second-grade fluid (We=0,
Ar=1.2) and Newtonian fluid. The figure shows the velocity
and tangential shear stress profiles. In Figure 1a, the velocity
profiles are plotted for special cases of the fractional Oldroyd—
B fluid. In all cases, the oscillation of the fluid velocity decays
as it approaches the boundary layer region. The fractional
second-grade fluid has the lowest amplitude of oscillation,
while the fractional Maxwell fluid has the highest amplitude.
This result is in agreement with the study of Jamil et al. [26].
In Figure 1b, the shear stress profiles for fixed time t are
plotted for special cases. This figure shows that the case We=0
(second-grade fluid) has the highest shear stress at the wall,
while the case when 4,=0 (Maxwell fluid) has the smallest
shear stress. Figure 2 and Figure 3 illustrate the behaviour of
the velocity and shear stress for different values of the
fractional orders o and . Figure 2 shows that as the order «
increases, the shear stress decreases, while the net effect of
increasing f is that the shear stress increases. In Figure 3, it
can be seen that as g increases, the amplitude of oscillation
becomes smaller while the amplitude becomes more
significant as o increases. This result, in effect, shows that the
likelihood of having a region of reverse flow close to the wall
is less likely for fixed 3, decreasing « and fixed «, increasing
. We remark that the degree of « is related to the relaxation
time. Hence, the lack of reverse flow or small amplitude of
oscillation for small values of a can be associated with the
short memory of the fluid and slow response to shear stress.
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Table 1. Residual and condition number for the problem in Section 4.1

(a,f) (Nt,Ny) Resu CNy Res: CN:
(0.25,0.5) (5,5) 4.1482¢-16 203.5 1.3210e-15 17.35
(10,10) 2.8511e-14 6.0310e+04 7.2893e-15 18.99
(15,15) 1.3015e-07 6.1347e+11 1.7146e-07 8.6119¢+04
(0.5,0.75) (5,5) 9.0899¢-16 313.1 1.1055¢-15 24.02
(10,10) 3.1403¢-14 1.5079¢+03 5.2698e-15 44.92
(15,15) 3.5876e-07 5.6432e+11 1.2344¢-06 4.1606e+06
(0.75,1) (5,5) 5.7333e-16 477.8 2.0091e-15 36.39
(10,10) 4.8934e-14 4.3557e+04 7.8238e-15 104.4
(15,15) 1.2859¢-07 2.2473e+11 3.4619¢-07 2.7625e+06
(1,1 (5,5) 7.8409¢-16 625.5 1.4658e-15 60.11
(10,10) 7.6247¢-14 7.0962e+04 1.7502¢-14 236.8
(15,15) 1.1289¢-08 2.6527e+10 3.9879¢-07 4.1076e+06
06
1Y 3
04 :'\‘:‘l'
AN 2
02 Y 1
= = T
>- 00 5 0 :?J_!N--/ ~ =SS ===
E] =
02 — We<i, - — We<a,
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@

Figure 2. Variation of the tangential shear stress profiles with w=10+#/2 for (a) different & with =1 and (b) different g with
0=0.25
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Figure 3. Velocity profiles with «=10+x/2 for: (a) different « with =1 and (b) different g with ¢=0.25
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4.2 The non-isothermal flow of an Oldroyd-B fluid _ Ho
WD = 5T =T (50)
Here we consider the unsteady non—isothermal flow of a . o
generalized Oldroyd—B fluid. The thermal property of the fluid to model the non-isothermal viscosity. The system of
(), the specific heat (c) and the thermal conductivity (k) are equations describing the conservation of momentum Eq. (6)
constant and isotropic, except the viscosity which is assumed [Ha=0], the shear stress Eq. (7), and the energy equation are
to be temperature-dependent with reference viscosity, . We given as [28, 29]:
use [27]
e |2 4 wee L9%Tu]  [ou a Loy, 0Py 9 ( 1y, 1 %u 1 9Ftu] 51
Clac TV Graert ayay 1+6, 9 ™ 3tPay dy 1+959) 146,00y " 1+6,00tP0y° GD
e |? 4 a0 _L[0%0 076 1 (6u)2+ A oFruou] .
elac P We  Grart| T pr|ayz T W€ Grmayz| T E¢|TH6,0\ay) TTx 68080y ay| 62)
[1 + We® a_a] = ;[a_u_,_ AE& i (53) [Re[(D% ®1,) + We(Df** @ I)] + ao, (I ® D7)
ate 1+ 6,60y atkay +ay,(I: ®D,)
B 2 B
where, .=yAT, the temperature ratio, Ec = UZ(cAT)™!, the * aar (Df ® Dy) +asr (D‘
Eckert number, Pr=cuo k*, the reference Prandtl number, ®D},)] vec(iy41) (6)
0=(T-To)AT?, the dimensionless temperature are + [a4-(I, ® DY)
dimensionless pé\ran:;ters.(;rge inztfisal an((ij boundary conditions + as. (I, @ L)) |vec(8y1,)
are given as in Eq. (45) and Eq. (46) an = vec(Ryy)
9(}1,0)259(}1,0)20 Vy>0 (54) Re(D1®1y)+ReWea(Da+1®1 )__(1t®D )
6(0,t)=1, 8(y,t)=0 as y— oo,t > 0. (55)  ® D) + by (U
o I ] 6 (7
We seek a solution in the form of Eq. (22) for each ® Iy) | vec(Brea)

dependent variable and apply the quasi-linearization method + [bor(ll: ® D}) + by, (DY
to linearize the system of equations (see Bellman and Kalaba
[30], Motsa et al. [31]):

D})| vee (i) = vee(Rzr)

Table 2. Residuals for the dependent variables in the problem in Section 4.2

(a,f) (Nt,Ny) Resy Resy Res:
(0.25,0.5) (7,10) 2.1518e-14 1.0823e-13 9.8749¢-16
(10,15) 1.7957e-13 6.2928e-13 6.8437¢e-15
(12,20) 2.0137e-12 5.9289%¢-12 3.9240e-14
(0.5,0.75) (7,10) 3.2932¢-14 1.7114e-13 1.0634e-15
(10,15) 4.0798e-13 9.5568e-13 4.3160e-15
(12,20) 5.1502e-12 8.9247e-12 4.9766e-14
(0.75,1) (7,10) 4.4381e-14 1.3593e-13 2.2664e-15
(10,15) 1.1795e-12 1.3475e-12 2.0567e-14
(12 ,20) 1.4751e-11 1.9498e-11 3.6492¢-14
(1,1) (7,10) 7.675%¢-14 1.3427¢-13 3.5037e-15
(10,15) 2.0559%¢-12 3.0306e-12 1.7538e-14

05
12
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Figure 4. Velocity and temperature profiles for non-isothermal flow of the special cases of the fractional Oldroyd-B fluid
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Figure 5. Velocity profiles of the non-isothermal flow for (a) f= 0.5 and (b) «=0.1

Table 2 shows the maximum residual error for 0<<t<10 for
different values of a and g. In Figure 4, the velocity and
temperature profiles are illustrated for the special cases of the
fractional Oldroyd - B fluid with «=0.25, #=0.5, Re=1.1, Pr=5,
Ec=0.2, 6e=0.33 and ®=10+z/2. We consider the cases:
We=0.2<Ar=1.5, Jeffrey fluid (ir=1.2<We=1.5), Maxwell
fluid (We=1.5, Ar=0), second-grade fluid (We=0, ir=1.2) and
Newtonian fluid. It can be seen that, as in Section 4.1, the
second-order fluid has the smallest amplitude while the
Maxwell fluid has the highest oscillation amplitude. However,
for the temperature profiles, the Maxwell fluid reaches its
thermal boundary layer region quicker than the other fluids,
and the second-grade fluid has the most extensive thermal
boundary layer. Figure 4b also show increased temperature
close to the wall. The study of Ishfaq et al. [28] attributes this
behaviour to the accumulation of energy in the fluid particles
in the vicinity of the wall because the viscous effect is
profoundly felt in this region. The effects of different orders of
derivatives are shown in Figure 5. Unlike the problem in
Section 4.1, where velocity profiles are either strictly
increasing or decreasing functions of o and B, in this flow, the
velocity profiles intersect. We ascribe this behaviour to the
coupling effect and non-isothermic nature of the fluid.

5. CONCLUSION

In this study, efficient and accurate numerical solutions for
unsteady and unidirectional flows of generalized Oldroyd-B
fluids have been obtained using the shifted Chebyshev
polynomials of the first kind as the basis function. The two
problems presented have a varying degree of complexity,
which are mainly non-linearity and coupling. The accuracy of
the solutions was investigated through the calculation of the
residual error norm. The condition number of the
discretization matrices was also presented for various values
of the orders of derivatives and truncation of the Chebyshev
series. The effects of the fractional-order derivatives in the
constitutive equation of the Oldroyd-B fluid on shear stress
and velocity are also discussed. We found that small values of
the order of the relaxation term can be used to model the flow
of viscoelastic fluid with short-term memory and slow
response to shear force. Since many fluid dynamics problems
exist on complex geometries, improvement can be made to
accommodate problems with complex geometries.
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NOMENCLATURE

Bo
c
Ec
€ij
Ha
k
Pr
Re
Uo
We

the applied magnetic field, N s/ C ‘m
specific heat capacity, J/ K/ kg

Eckert number

stress tensor, N/m?

Hartmann number

thermal conductivity, W/ m -K
reference Prandtl number

Reynolds number

reference velocity, m/s

Weissenberg number

Greek symbols

of
Oe

BRI

fractional orders

temperature ratio

relaxation time, s

retardation time, s / dimensionless retardation time
viscosity, kg/m/s

reference viscosity, kg/m/s

fluid density, kg/m?

electrical conductivity, S/m

shear stress, N/m?

frequency of oscillation, s
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APPENDIX

The vectors R,, and R,, in Eq. (56) and Eq. (57) are
defined as

%u, ou, aF+2y,
Ry = a0ra—yz+ alra_y+ ©r 3B ay?
oF+1y, a0, (58)
+ az, 3tPay + Gar 5 + as, 0,
- Nu,,
where,
ou, 0 1 s 0F+ly, a 1
e ) )
dy oy \1+ 6,6, atPay oy \1 + 6,0,
1 0%u, 1 9f*2y,
1+6.6, dy? 1+6,0,0tPay?

-1 -2 96,
aor = —(1+6,0,)7", ayr = 0,(1+6.6,) Ev
agr = —(1+6.6,)7",
B -2 96,
azr = 0.4 (1 + 6.6;) Wr

386

ou 9F+1y
Ay = 0,(1+6,6,)2 < Oyr +2° 6tﬁayr)'
96, du 06, 081y,
= —202(1+0,0,)3 (ot + 2 L
Asy e( + 0, r) (ay ay T ay atﬁay
6.1+ 0,02 (L, 2w
+6.(1 + 6.6,) a_y2+at!f_ayz )
and
ou 9h+1y
Ry = by, B_yr + by, Wayr + b,,.6,. — NOr. (59)
Here,
1 [dun> A 9k au
N6, = —Ec —(—r) "7
1+6,0,\ay/) " 1+6,0, atPay ay
ou 9h+1y
by, = —2Ec(1 + 6,6,)" ayr -2+ 9"6')_1Wayr'
ou
by = =25 (1+6,6,)" 7"
du,\? 0F+ly, du
_ -1 T B T T
by = 6,(1 + 6,6,) (Ec ( 6y) + 27 3y 3 )



Chapter 4

A Chebyshev pseudo—spectral method for the
multi—dimensional fractional Rayleigh
problem for a generalized Maxwell fluid with

Robin boundary conditions

In Chapter 3, one—dimensional time—fractional partial differential equations were
considered, and the solutions approximated using shifted Chebyshev polynomials of
the first kind in both space and time. In this chapter, we consider multidimensional
time—fractional partial differential equations that model the Rayleigh problem for a
generalized Maxwell fluid. The model equations are solved with mixed boundary
conditions. Unlike in Chapter 3, here, we approximate the solutions of the equations
by writing them as a linear combination of shifted Chebyshev polynomials of the first
kind in the time variables and Lagrange basis polynomials in the spatial variables. Both
temporal and spatial differentiation matrices are presented. The temporal derivatives,
which are of arbitrary order, are approximated using Chebyshev polynomials, while the
space derivatives are approximated in terms of the Lagrange function. A convergence
analysis of the numerical scheme is given, and numerical results are obtained for both one—
and two—dimensional cases of the Rayleigh problem. When these results are compared

with the closed—form solutions, good accuracy and convergence are obtained.
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A Chebyshev pseudo—spectral method for the multi-dimensional
fractional Rayleigh problem for a generalized Maxwell fluid with
Robin boundary conditions

Shina D. Oloniiju®*, Sicelo P. Goqo®, Precious Sibanda®

2School of Mathematics, Statistics and Computer Science, University of KwaZulu-Natal, Private Bag X01,
Scottsville, Pietermaritzburg, 3209, South Africa.

Abstract

Many pseudospectral schemes have been developed for time fractional partial differential
equations, most of which use the spectral tau method. In this study, we develop an ac-
curate numerical scheme using a combination of Lagrange and Chebyshev polynomials of
the first kind for the multi-dimensional fractional Rayleigh problem integrated using the
Gauss—Lobatto quadrature. The Chebyshev expansion coefficients are evaluated using the
orthogonality condition of the polynomials. Arbitrary temporal derivatives are approxi-
mated using shifted Chebyshev polynomials, while the spatial derivatives are approximated
using Lagrange basis functions. To establish the accuracy of the proposed scheme, we
present a convergence analysis of the absolute errors. The convergence analysis shows that
the absolute error tends to zero for sufficiently large number of collocation points.

Keywords: Fractional Maxwell fluid, Spectral method, Chebyshev polynomials, Lagrange
interpolating polynomials, Rayleigh problem, Robin boundary conditions.

1. Introduction

Fractional calculus has spawned renewed interest by mathematicians because of the broad
prospects for modelling complex problems with multiple temporal and/or spatial scales.
Fractional calculus generalizes the classical integral and differential calculus by accommo-
dating integration and differentiation of arbitrary order. Over the last few decades, there has
been a paradigm shift from mere mathematical investigations and formulations to numerous
applied disciplines. By introducing arbitrary order derivatives, fractional partial differen-
tial equations are suited to better describe physical phenomena such as viscoelasticity, fluid
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dynamics, electrodynamics and image and signal processing [4, 18, 19, 21]. The pioneer-
ing study of Bagley and Torvik [4] established a theoretical basis for which arbitrary order
derivatives can be used in linear viscoelasticity with an experimental model that realisti-
cally depicted the mechanical properties of the viscoelastic material’s regions of transition.
Viscoelastic materials exhibit both viscous and elastic characteristics with dynamics that
are intrinsically memory dependent. Therefore, it is ideal to construct constitutive relations
with non-local derivatives. Mainardi [16] provides an exhaustive review of the connection
between fractional calculus and linear viscoelasticity, viscoelastic models and wave propa-
gation in linear viscoelastic media. A dynamical analysis of a fractional viscoelastic fluid
using a general boundary element formulation was given by Makris et al. [17]. Following the
study by Bagley and Torvik [4], a considerable number of studies have been carried out on
fractional viscoelastic fluids. Sheikh et al. [27] presented an analysis of the free convection
flow of a generalized second grade fluid in a porous medium using the Caputo—Fabrizio frac-
tional operator. A fractional boundary layer flow of Maxwell fluid on an unsteady stretching
sheet was investigated by Chen et al. [12]. The partial differential equations describing the
boundary layer flow with both time and spatial fractional derivative was solved using the
explicit finite difference method and the shifted Griinwald-Letnikov formula. In the study
by Saqib et al. [25], an exact solution to the equations of free convection flow of a general-
ized Jeffrey fluid with Caputo—Fabrizio fractional derivatives was presented. A study of an
unsteady flow of fractional Maxwell fluid in a channel was carried out by Qi and Xu [22].
Exact solutions were obtained using the finite Fourier cosine and Laplace transforms.

The Rayleigh problem, also referred to as Stokes’ first problem describes the behaviour of
a fluid occupying a semi-infinite domain bounded by an impermeable wall at y = 0 and
initially at rest. The wall is then spontaneously accelerated and moves on its plane at a
constant speed Uy. The problem, first described and formulated by Stokes [29] and later
explored and solved by Rayleigh [24] has been reformulated for different kinds of fluids
[1, 2, 8, 14, 20, 23, 30]. The fractional Rayleigh-Stokes’ problem for non—Newtonian fluids is
important in our understanding of the flow and behaviour of viscoelastic fluids. In this study,
we are concerned with the multi-dimensional fractional Rayleigh problem for a generalized
Maxwell fluid. If we consider a bounded spatial domain T C R'? with boundary Y and
time domain ® = [0,7], 7' > 0, then the fractional Rayleigh problem model for a generalized
Maxwell fluid is given by the equation

1+ )\‘IOCDS)Z—? =vAu in Tx® «ac(01] (1)

where A is the Laplace operator and §D¢ is the Caputo fractional operator of order «
defined in Miller and Ross [18], Podlubny [21] as
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t 7\—adu g7
miay Jo(t =D Gkdt, 0<a<l,

ou

ot a=1.

The corresponding fractional integral operator of order 0 < o < 1, > 0, , ¢t € R is defined
as

1 R

WUy ) = s / (t — D uly. Bydr. (3)

The existence of a time—fractional derivative in the equation captures the inherent memory
dynamics of the fluid flow. Significant attention has been drawn to this kind of problem.
Both exact and numerical solutions have been obtained for the fractional Rayleigh problem
for viscoelastic fluids. Sene [26] studied the fractional Rayleigh problem for a generalized
second grade fluid using the Atangana-Baleanu fractional derivative and obtained the exact
solution using the Fourier sine and fractional Laplace transforms. Shen et al. [28] obtained
an exact solution for a heated fractional second grade fluid and Xue and Nie [32] presented
an exact solution for the fractional Rayleigh problem of a second grade fluid in a porous
medium. Exact solutions for multi-dimensional fractional Rayleigh problem are difficult
to obtain, and when available, may require the use of special functions and/or infinite
series. However, accurate numerical methods can be used to solve this kind of model.
Zaky [33] developed a numerical algorithm using the Legendre-Tau method for a one— and
two—dimensional fractional Rayleigh—Stokes’ problem for a heated generalized second grade
fluid. Chen et al. [11] developed an implicit finite difference algorithm and Lin and Jiang
[15] used the method of reproducing kernel to develop a numerical scheme for Stokes’ first
problem for a heated generalized second grade fluid. Prevailing numerical approaches for
classical differential equations have been broadened to differential equations of arbitrary
order. The fundamental problem in the development of numerical methods for fractional
partial differential equation is the huge computational cost due to the inherent non—local
property associated with fractional derivatives. This suggests that non—local methods such
as the spectral collocation method could be an appropriate tool in approximating solutions
of fractional differential equations. The history of spectral collocation methods for fractional
differential equations is relatively short, although promising studies have been presented in
the literature. The spectral collocation method for fractional order differential equations has
been used by Bhrawy and Zaky [5] and Bhrawy and Zaky [6]. Literature review shows that
the spectral collocation method using a combination of Lagrange interpolating polynomials
and first kind shifted Chebyshev polynomials has not been used to solve the fractional
Rayleigh problem for a generalized Maxwell fluid with Robin boundary conditions. In this
study, we develop a numerical scheme that approximates the spatial derivative with Lagrange
polynomials and the temporal derivative with Chebyshev polynomials of the first kind, and
interpolating using Gauss-Lobatto quadrature.
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2. Basic Concepts

2.1. Constitutive equation

The constitutive relation of an incompressible Maxwell fluid is given by [12]

0i; = —pl + 7, (4)

where I is the identity tensor, p is the mechanical pressure, o;; is the Cauchy stress tensor
and 7;; is the extra stress tensor defined by

0
(1 + )\815) Tij = ,ueij. (5)

Here, ;1 > 0 is the dynamic viscosity, A is the relaxation time of the fluid and e;; is the
Rivlin—Ericksen tensor, defined as

_ow | Oy,
8Yj dy;

€ij

For a fractional Maxwell fluid, we define the stress tensor as

(1+ X6 D)y = pej. (7)

Stokes’ first problem for an incompressible fluid with constant pressure and no body forces
is defined as

ou

The fluid is motionless when ¢ < 0, but for ¢ > 0, it flows with velocity u = u(y, t)i, with
shear stress applied at the boundaries. The shear stresses are given as

aC o\ — au

Try:Tyw:N(1+)‘th) lafy 9)
« a\— Ou

Tez = Tow = (1 + X OCDt) 1&. (10)

4
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The remaining shear stress components are all equal to zero. Substituting the shear stresses
into eq. (8) gives

B)
1+ Aang)ai; = vAu(y, 1). (11)

2.2. Differentiation and integration matrices

The shifted Chebyshev polynomials is used to approximate temporal derivative. The time
interval is defined in the positive real domain [0, 7], where 7' is a truncation of the semi
infinite time domain. We define 77, (t) = 7, (% — 1)7 the first kind shifted Chebyshev
polynomials of degree n > 0 is defined in series form as

n

()" (n+j—1)12%
(=i

Trn=mn (12)

=0

where T7 comes from the fact that we are considering a domain [0, T]. The set of polynomials
Tra(t) satisfy the orthogonality condition

T
(T (), T (£)) = /0 T (&) T (w0 ()t = i, (13)

where wy(t) is the weight function associated with the shifted Chebyshev polynomials de-
fined as Y/vTt—2, h, = 72 with ¢g = 2,¢, = 1V n > 1 and §,,, is the Kronecker delta
symbol. For a square integrable function u € [0,7T] expanded in terms of an M-truncated
shifted Chebyshev polynomials, we have

where 4, : 0 < n < M satisfies the orthogonality condition

i = 5 [T (Our)ar (15)

Equation (15) can be expressed in discrete form as
5
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1 M
An*fz 7}71 ) ’I’LZO,...,M, (16)
=0

where wr is the associated Christoffel number of the shifted Chebyshev-Gauss-Lobatto
quadrature defined as

wT,j:ijl,OSjSM,COZCMZQande:1V1§j§M—1. (17)
<]

Using the fractional differential and integral operators defined above, the following holds

0 for j € Ng and 7 < [a]
S Dt = (18)

D+ a . .
r(;iﬁ L)tj for j € No,j > [a].

F(] + 1) tj+a.

It =
T TG tat)

2.2.1. Integer order time derivative

For the evaluation of the integer order derivative of the function u(t) using the truncated
shifted Chebyshev polynomials, we have

M o4
= gu%%,n(w (20)
= ninSrna(ty), k=0,..., M. (21)

where Sr,,—1 is the shifted second kind Chebyshev polynomials of degree, n > 1 [3]. By
substituting eq. (16) into eq. (21), the first order derivative of u(t) is given as

auM Zd]ku k=0,...,M, (22)
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where

M

TL .
§ hf Tn STn 1(tk)wTJ k77 :Oa‘“aM' (23)
n=0

2.2.2. Fractional order time derivatives

The fractional order derivative of u(t) is defined as

M
§ Dfum(t) = DS ulty), (24)
§=0

where Df, are entries of a (M + 1) x (M + 1) matrix defined as

M M
1 o .
D, =wr; Y Y —Tralt) D) Tri(ty),  jip=0,.... M. (25)

Here, Dﬁf“,z is obtained by taking the a—th order derivative of the shifted first kind Chebyshev
polynomials and the entries are defined as [see [13]]

—~(=D)"Mntj -1)12Y T +1)

Dna>. =n A q’,k7 (26)
s =) TG -+ )Y
where g;, is defined as
0 j=0,1,...,[a] =1,
djk = 1)F =7 (ktr—1)122" i D(j—atr+1/2 . .
! Zr 0 2 (k— 'r);2r)') 7= 1&7(] :+j+{)) J= |—(J(-|, |—O/—| + 17 s 7M7
k=0,1,..., M.

(27)
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2.2.8. Fractional order integration matriz

We consider the integral of the expansion (14), such that any arbitrary integral of u(t) is
given by

M
oIfup(t) =t o I8 Trn(1) 0<a<l. (28)

n=0

Theorem 2.3. Let Tr,,(t) be shifted Chebyshev polynomials of degree n, then any arbitrary
order integral is defined as [7]

oI T (1) ZO T a(t) 0<a<l, (29)

where

(- (i DI2Y 0 T(i+1) 2k
s (n —J4)4(2))! [ +a+1) Ve

zk: krk+r71)'22'l"(j+r+o¢+l/2)

<.
Il

30
— NeHITG+a+r+1) (30)
Proof. The fractional integral of the shifted Chebyshev polynomial is given by
1)"3n+j71)'2j .
LT, (t) = I 31
0 7} =n Z (n j 2] ) 'T'] 04t ( )
—1)"= ] —DR¥ TG+l .
(n—)@2HT7  TGH+a+1)
We now represent #/7% in terms of series of the Chebyshev polynomials, so that
H = 05 Tra(h), (33)

where 6, satisfies the orthogonality condition (13) and is given as



Page 59

Z YVe=r( k+r71) XTIt T(j+a+71+1/2) (34)
—r)l(2r)! Fj+a+r+1) "
Substituting Equations (33) and (34) into Equation (32) proves the theorem. O
Therefore, we can now write the arbitrary order integral of the expansion (14) as
M M M
OI UM( ZO TJZZOTC”%n 7}]%( ) (tj)7 j>p:0>"‘>M' (35)
K n

2.4. Spatial differentiation matriz with Lagrange polynomials

We use the Lagrange interpolating polynomial to approximate the spatial derivative. If u(y)
is a continuously differentiable function, then it can be approximated at the Gauss—Lobatto
nodes as

Ny

UN, (y) = Zu(ys)ﬁs(y)7 (36)

s=0

where L4(y) is the Lagrange interpolating polynomials defined as

Hy Y and c(yT):(sST:{OS#r (37)
o Ys —Yr ls=r.

Here, y, is the Gauss—Lobatto grid points defined by

-

To approximate the first order derivative of u(y), we differentiate the interpolating function
to get

Ny Y
uy() =3 ulw) ) ZS D), =0, N, (39)

where D, are entries of the differentiation matrix defined by Trefethen [31]
9
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Definition 2.5 (Sobolev space [10]). We define the Sobolev space H™(T), m > 0 as

R
H™(T) = {u € L*Y): a—u € L*Y),0<i< m} , (40)
y'L
such that the semi-norm and norm associated with the space H™(Y) are respectively defined
as
1/2 m - 1/2
omu|® Jd'u
e T : Y
H™Ny(T) 8y n 121) ; ayt 201

Definition 2.6 ([10]). We define the weighted norm over the interval ® as

n 2 1/2
o, o) = 2 , (42)
Lz, (®)

Jj=0 wyp

o
ot

where Hy, (®) is the Hilbert space associated with the norm and the semi-norm is defined
as

1/2
n

Hy (®) = >

j=min(n,M+1)

2

o'
ot

|u

13,,.(®)

Definition 2.7 ([9, 10]). Denote the norm

1/2
P W AL (1)
o JT

where L2 (Q) = L2, (®; L*(T)). We define the Hilbert space
Oy 9 . .

L ogion €L;(2),0<i<m,0<j5< n},
(45)

9 1/2
. (46)
LZ,(Q)

HI™NQ) = HE, (@5 H™(T)) = {u e 12,(Q)

and the associated norm

m n
HUHHL’,."'”(Q) = (
i=0 j=0

3. The one—dimensional Rayleigh problem

Oty
Oyioti

We consider the one-dimensional Rayleigh problem for the fractional Maxwell fluid

10
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t 2u(y,t
QWD egptug =D LG, wneTxe, @
ot dy?
with initial and the Robin boundary conditions defined as
0

u(y, 00 =gi(y), Zuy,0)=gly), yeT (48)

1
u(—l,t)—l—M:al(t) ted (49)

dy

ou(1,t

u(1,t) + % = ay(t) (50)

The first step is to approximate u(y,t) using a combination of M-truncated Chebyshev

polynomials and A,~truncated Lagrange polynomials as

[

Ny M M
ISRURTED 95 91 ) SPTAL OO NN M)
s=0 j=i n
Using egs. (22), (24) and (39), we obtain the following discrete representation of the deriva-
tives
Pup, m(y Ny M
D L) wec NN ORI
y s=0 j=0 n=0
ou N M
M) SN dalit). 0. M (53
s= O] 0
S Diun, i (Yr, ZZE (yr) DS yu(ys, t5), p=0,...M. (54)
s=0 j=0

Substituting the expressions for the approximations of the derivatives into eqs. (47), (

and (50) results in

11

49)
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Ny=1 M Ny—1 M
Lo(y)dipuys t;) + A > > La(y) DS ulys )
s=1 j=0 s=1 j=0
Ny—1 M
—v Yy Y D Z —Trn(t;) Tra(t )wT,J] u(ys, t;) =0, (55)
s=1 j=0 n=0 hn
u(Yo, t;) + Drou(yo, t;) = Ai(t;), (56)
(y./\[y7 ])+DTMJ (y/\/y7t]):142(t])7 r:()v"'w/\/;ﬁ j:O>"'7M7 (57)

where A; and A, are defined respectively as

M M 1

- Z [Z ;TTT,n )%ﬁn(tj)wT,j:| ai(t;)  and (58)
]/;10 n/;lO 1

= Z |:Z hf%n )%,n(t]‘)wTyj:| ag(tj). (59)
7j=0 Ln=0 n

To obtain the solutions of egs. (47) to (50), we must solve the linear algebraic system of
egs. (55) to (57). The algebraic system was solved using the PYTHON NUMPY library.

4. Convergence analysis

We present in this section the convergence analysis of the spectral method for the Rayleigh
problem for a generalized Maxwell fluid. We however confine the analysis to the one-
dimensional flow given in Equation (47). We define the error function ex,, am(y,t) = un;, m(y,t)—
u(y,t), where u(y,t) is the exact solution and wuay, a4 is the polynomial approximation of
u(y,t). First, we provide some important lemmas needed for the analysis.
Lemma 4.1 (see [10]). Assume that w € H™(Y) and the Py;, is the interpolation associated
with (M, + 1) Gauss—Lobatto points, then the truncation error is estimated by the following

| Pn,u — ull g1, vy < K./\/;Ql_m|u\H$,Ny(T>, 1<i<m (60)

| Pryue — | 2 vy < K./\/;m|u\H;n,Ny(T>. (61)

Lemma 4.2 (see [7, 10]). Let uy, m(y,t) denote the orthogonal projection of u(y,t) onto
Py, m, then for all m,n >0, we have

ey allzz @) = I1Ew, mu = ullzz ) < KaNy ™ llull gpogg) + KeM T lull gy, (62)

where the K'’s are positive constant independent of the number of collocation points.
12
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Using the above lemmas, we will prove the convergence of the numerical scheme for the
one—dimensional Rayleigh problem.

Theorem 4.3. Suppose that the exact solution of Equations (47) to (50) is u € L*(Q) and
its approzimation is uy, pm. For sufficiently large Ny and M, we have |lun, pm — ull 2,0
tends to 0, provided that u is regular in §2.

Proof. Consider the integration of Equation (47) given as

u(y,t) = =\ ngu + v oltlgi;; + Q(y, t), (63)
where
@ww:«w+/Qm@@. (64)
()

Define the approximation ua;, r¢ which uses M-truncated Chebyshev approximation in time
and N, -truncated Lagrange approximation in space, such that wy, r¢ is given as

2
P up, m

o + PNy,MQ(yv t). (65)

UNy,M(% t) = -)\¢ PNy,M OCD?’LLNMM + v P./\/'y,./\/l ojtl

Subtracting Equation (63) from Equation (65) results in

2

EN, M = UN, M — U = —A* Py, b D un, i — ] + VPMJ,MOI?@[UNH,M — uj
2 92 o
_ )\aPNy,M[?D;SXu + )\ugD?u + I/PNy,Mojgaizﬂ’u, — VO[iaaleu —+ [PNy,MQ — Q}
(66)
o 2
= —)\O‘P/\/;/vMO D?EMWM + VPNy"MOItaai’!ﬁgM“M + ENy,M:- (67)
Using Lemma 4.2 and the fractional operators 2 and 3, we have
~7w85M,M ~ 825/\/%/\4 ~
lesailizio < 5| [ =Sl iy | [ Mg
® t L2,() o Y 12(Q)
KNyl oy + KoMl - (69)

Using Young’s inequality and the properties of Sobolev norm, we have

13
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lens, mllzz @) < K /t*‘“di Md{ 1K, ‘922#
@ LL(9) 12,(9) Y 12(9)
+ Kg-/\/;m”uHH;”'O(Q) + KMl yon o) (69)
< Killew,mllgor ) + Kallen, mll 2o o)
+ KNl o) + KaM T ull g o), (70)

which tends to zero for sufficiently large A, and M, provided that u is regular in €, thus
concluding the proof. O

5. The two—dimensional Rayleigh problem

We broaden the numerical scheme to the two—dimensional Rayleigh problem

ou(y, z,t) c Puly, z,t)  0%*u(y, z,t)
P al patl — ) ) <y 1
o ATy, 2 t) o T o= | TRwat (1)
with initial and boundary conditions
0
’U/(y,Z70) = gl(y7z)’ au(y7z>0) = g?(yaz)7 Y,z € T (72)
1,2,t
(1,20 + 22D ey reo (73)
Ay
1,2,
u(l, 2, t) + %j) es(z, 1) (74)
ou(y, —1,t
u(ya_lvt)_'—% = fily,t) (75)
Ou(y, 1,t
z
where T = [—1,1] x [—1,1] is a finite rectangular domain. The function u(y, z,t) can be
approximated as
My Ne MM
UNy N M ymzm ZZZ Z}T ZZ)'E"H( )TTn( )wT] U(ymzq?tj)' (77)

s=0 ¢=0 j=0 [n=0

14
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The discrete forms of the derivatives are given as

OZUM,Nz,M(yrazivtj) A 2,0 1
i = ZZDT,’sﬁq(Zz) thn%,n(tj)%n(tj)wtoo,j w(Ys, 2, t5),
s=0 ¢=0 j=0 n=0
(78)
Pune, N (Yrs 20 1) e M 02 N
622 :ZZZ‘CS(%)D%;‘! Zaﬁ,n(tj)ﬁ,n(t])wtw,] u(ys7zq7tj)7
s=0 ¢=0 j=0 n=0
(79)
a T 13 z
M0 ) SESES L ) =0 M,
s=0 ¢=0 j=0
Ny N. M
§ D un, (e 2 t) = Y Y Lor)Lo(z) Dipulys: 2 ty),  p=0,... M (81)
s=0 ¢=0 j=0

Substituting eqs. (78) to (81) into eq. (71) results in a system of linear equations which are
solved with the boundary conditions

u(y()ﬂzqa ) +Dr0u(y0>zqa ) El(zqa ) ( )
(yNy’ an ) + D, N, U (y/\/y? an ) EQ(an ) (83)
( (84)
( (85)

S

Ys, ZO-t)+D10u(yS7z07 ) Fl(ys7 )
uyS7ZNz7 )+Di7Nz (ysvz./\fzv ) FQ(yS7 )7

u

where Fy, Fs, Fy, Fy are obtained by approximating the functions ey, es, f1, fo using a com-
bination of the Lagrange interpolation polynomials and shifted first kind Chebyshev poly-
nomials, respectively.

6. Illustrative Examples

In this section we consider some numerical examples. We consider both one— and two—
dimensional cases.

15
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Example 6.1. We consider the one—dimensional case

ou o?

S iD= (‘TyZ +Q(y. 1), (86)
uly,0) = 5 u(y, 0) =, 7
w(—1,t) + a“(a_yl’t) =t (sin(—7) + 7 cos(—)) (88)
w(l,t) + %;’t) =t (sin(7) + 7 cos(r)) (89)

(90)

The exact solution is given as u(y,t) = t1*sin(ny) and Q(y,t) = sin(ry)[(1 + @)t® + (2 +
O[) + 7T2t1+a].

Table 1 shows the maximum absolute error defined as

Emaz = orgzang IUM,,M<Z/7 t) - ’U,(y7 t)l
—1<y<1

The errors indicate that the results are accurate even for some choices of N, and M. Figure 1
shows algebraic rate of convergence of the numerical scheme. The figure shows that the
computational error decreases exponentially as the number of grid points is increased as
the value of « is varied. The results are typical of a spectral method. Figure 2 shows the
quarterline velocity of the one-dimensional flow. The figure shows that the flow of fractional
Maxwell fluid with larger fractional order « starts up quicker at ¢ = 0 and the effects
on velocity become reversed at a critical point. This same phenomenon was observed by
Zaky [33] for a fractional second grade fluid. Figures 3 and 4 show the velocity profiles for
increasing time and increasing values of the fractional order a respectively. It can be seen
that the magnitude of the velocity increases as both the time and fractional order increase.

Table 1: Computational errors for Example 6.1, with 7' = 2 and N, = 40.

o M=4 M=6 M=38 M =10
01 14x107% 1.1x107% 25x107% 1.6x10~*
0.3 31x1072 42x107% 1.2x107% 9.8 x 1073
05 32x1072 51x107% 2.9x1073 6.6 x 1073
0.7 14x1072 24x1072 32x107% 6.3 x 1073
09 43x1072 1.1x107?2 1.8x107% 7.3x 1073
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Figure 2: Quarterline region velocity profiles of the one-dimensional Rayleigh problem for the fractional
Maxwell fluid, with 7' = 1.6, N, = 40 and M = 15. Numerical: solid lines. Exact: star

Example 6.2. Consider the two-dimensional problem defined on [—1,1] x [—1,1] x [0, T
by
Pu  O*u

C na+l
D =—+—+R t 91
+0 t U ayg + 922 + (y,Z, )7 ( )

au
ot
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Figure 3: Comparison of the time progression of the fluid velocity of example 6.1 with a = 0.5 with the

exact solutions. Numerical: solid lines. Exact: star.

a=0.1
a=0.3
a=0.5

P
i

100 075 —050 —025 000 025 050 075 100

y

Figure 4: Comparison of the velocity profiles of example 6.1 at ¢ = 2 for different values of o with the exact

solutions. Numerical: solid lines. Exact: star.

with initial and boundary conditions

0
U’(yv 270) = au(yvzv()) =0

ou(—1,z,t)
Ay
ou(l, z,t)
dy
u(y, —1,t) + w = t""(cos(y?® + 1) + 2sin(y? + 1))
du(y,1,t)
0z

u(—1,2,t) + = t17(cos(1 + 2%) + 2sin(1 + z%))

u(l, z,t) + = t1+a(1(:é)s(l + 2%) — 2sin(1 + 2%))

u(y, 1,t) + = t"(cos(y* + 1) — 2sin(y® + 1)).
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The exact solution is given as u(y, z,t) = 7 cos(y? + z%) and R(y, z,t) = sin(y? + 2%)[(1 +
At + T(2 + a) + 41 (y? + 22)] + 4t sin(y? + 22).

Table 2: Computational errors for Example 6.2 for different values of the fractional order a and time ¢ and

Ny =N = 40.

a t=05 t=1.5 t=2

0.1 37x107% 89x107% 1.0x 1073
03 1.2x107% 24x107% 4.7x 1073
05 81x107* 1.6x10~% 3.5x107°
0.7 47x107% 64x1072 1.2x107°
0.9 75x107 78x107% 1.6x 1073

Figure 5: Approximate solutions of Example 6.2 for a = 0.5, N}, = N, = 20 and M = 15 at different values
of t.

With fractional order & = 0.5, and N, = N, = 20 and M = 15 collocation points, we
present in Figure 5 the numerical solutions of the two dimensional problem for different
values of t. It can be seen that the magnitude of the velocity increases as the time increases.
This observation is similar to the one-dimensional case. We see in Figure 6 that the errors
at different time values show some degrees of accuracy. In Table 2, the maximum errors at
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different values of fractional order v and time ¢ are presented, and some level of precision
with the exact solutions can be seen. Owing to the inherent memory effect of fractional
derivative, the maximum absolute error increases as the time interval [0, 7] grows as evident
in Figure 7.

7e-03
6e-03
5e-03 %
4e03 %
303
203"
1003

"Gy sg_js ‘L-%-liz.ig_j;

g’ 5
0%'25“5‘117100 —1'309 O%'Z%vs‘h?smg —]:BU?$

(a) t=0.5 (b)t=15

10B 15 g gy
‘2\30%255%?5‘00 —EBDPS

(c)yt=2

Figure 6: Spatial graphs of the absolute errors of the solutions of Example 6.2 for a = 0.5, N}y = N, = 20
and M = 15 at different values of ¢.

7. Conclusion

The objective of this study was to develop a spectral algorithm for solving the multi-
dimensional Rayleigh problem for a fractional Maxwell fluid. We developed a numerical
scheme for approximating a function using a combination of truncated shifted first kind
Chebyshev polynomials and Lagrange polynomials. In the numerical scheme, the spatial
derivatives were approximated using the differentiation matrix based on Lagrange orthogo-
nal basis functions and for temporal derivatives, we used the Chebyshev polynomials of the
first kind. We presented some numerical results and compared these with exact solutions.
Based on the size of the computational errors, we noted that the numerical solutions are
in agreement with the exact solutions and thus can conclude that the numerical scheme is
reliable and accurate. In future works, we hope to extend this scheme to higher dimensional
problems, coupled differential equations and equations with non-linearity.
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1D-J 4

Emat’

10—2 4

10 15 20 25 30 35 40 45 50

Figure 7: Maximum error for different time intervals [0, 7] for Example 6.2 with Ny, = N, = 20 and M = 10.
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Chapter 5

Shifted Chebyshev spectral method for
two—dimensional space—time fractional partial

differential equations

In Chapters 2 to 4, fractional orders are considered only in one variable. In Chapters 5
and 6, we solve fractional differential equations with arbitrary real orders in more than

one variable.

In this chapter, we consider linear and nonlinear two—dimensional space-time differential
equations of arbitrary real orders. The numerical solutions of the differential equations are
approximated as linear combinations of shifted Chebyshev polynomials of the first kind in
all three variables, and are then evaluated using the shifted Chebyshev—Gauss—Lobatto
points. In the nonlinear case, a quasilinearization approach is used to linearize the
fractional partial differential equation. An error analysis is presented to demonstrate the
convergence of the numerical scheme. Besides the convergence of the scheme, which is
geometric, the results indicate that the method is accurate and computationally efficient.
Although, some of the assumed exact solutions are not necessarily smooth, accurate

numerical results are, nevertheless, obtained.
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system of linear algebraic equations. The scheme is tested on selected FPDEs and the numerical
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the convergence of the numerical method. These positive attributes make the proposed method a
good approach for solving two-dimensional fractional partial differential equations with both space
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1. Introduction

Fractional partial differential equations (FPDEs) are a generalization of classical partial dif-
ferential equations to include derivatives of arbitrary order [27]. For the past three centuries,
FPDEs were considered to be of little mathematical or practical interest [21, 23]. However, in
the last few years, they have been used in applications such as fluid dynamics [5, 34], finance
[26, 33] and physics [3, 20]. Fractional partial derivatives provide an excellent instrument for
the description of physical systems with inherent memory [2, 8]. Fractional partial derivatives
are more flexible in modelling real world dynamical systems.
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In many problems of interest, FPDEs have no recognized analytical solution, so approximate
and numerical techniques must be used [15]. Several numerical methods such as the finite
difference method [24, 25], wavelet methods [17, 18], adomian decomposition method [11, 19],
predictor—corrector method [22] and spectral methods [7, 32] have been developed for FPDEs.
One of the earliest contributions to numerical solutions of FPDEs was by Lynch et al.[24],
where they applied an approach based on the L2 method proposed by Oldham and Spanier[29]
to solve an anomalous diffusion equation. In their study, the FPDEs were fractional in the
spatial dimension and the second derivative was approximated by the standard three-point
centred finite difference formula. Meerschaert and Tadjeran[28] gave a detailed study of a
one-dimensional fractional diffusion equations using the finite difference method. They used
a truncated Grunwald-Letnikov derivative evaluated on a shifted grid. Meerschaert and
Tadjeran[27] later extended the method to one-dimensional space FPDEs.

The literature on spectral methods for solving FPDEs is comparatively short, although,
interest has grown steadily in recent years. The spectral methods are an excellent tool for
computing approximate solutions of differential equations because of high-order accuracy
(see for instance Bhrawy[6] and Doha et al.[14]). With this high-order accuracy, spectral
methods are useful for both temporal and spatial discretizations of FPDEs. Using spectral
methods may significantly reduce the storage requirement because fewer time and space grid
points are needed to compute smooth solutions. The basic concept of spectral methods is
to express the solution of the differential equation as a sum of basis functions and estimate
the coefficients of expansion such that approximation error is minimized [7]. Doha et al.[12]
derived an operational matrix of the fractional derivatives and used the spectral tau method.
The study of Doha et al.[12] was later extended to the more general Jacobi polynomials by
Doha et al.[13], but was only applied to fractional ordinary differential equations.

In this study, a purely spectral based method is introduced and applied to solve (2 + 1) di-
mensional FPDEs of the initial-boundary value problems type. The solution method involve
approximating the variable and its fractional order partial derivatives in terms of the first
kind shifted Chebyshev polynomials constructed on the Chebyshev—Gauss—Lobatto quadra-
ture. In the case where the FPDE is nonlinear, we simplify using the quasilinearization
method of Bellman and Kalaba[4]. The FPDE is discretized to yield a consistent system of
linear algebraic equations. The method is tested using some FPDEs of the initial boundary
value type and the numerical results obtained are compared with the exact solutions.

2. Preliminaries and Notations

In this section, we provide some preliminary results on fractional operators and the shifted
Chebyshev polynomials of the first kind.
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2.1. The fractional operators

Definition 2.2. The Riemann—Liouville fractional integral of order a > 0 is defined as [31]

I29(0) = o / g(#F)dE, a>0,z>0, (1a)
ol2g(x) = g(x), (1b)
where I is the Fuler gamma function.

The fractional integral of a power function 27 is given as

- rg+1 .
T%7 — j+u. )
“ F(j+a+ 1)9[; @

Definition 2.3. We defined the corresponding differential operator of order o in the Caputo
sense as [31]

x d"g di
dr (n— a)f dzﬂ = I§+1 o) n—1<04<n,
oDale) = otz (o)) = .
v o)
don =

We also define the fractional derivative of order a of 27, which will be useful later in this
study as

0 J €Ny, j < [al,
OD;‘xj = 4)

T(j+1 i— . .
%I] oz7 J € N07 Jjz [a]7

where [«] denotes the smallest integer greater than or equal to c.

2.4. The shifted Chebyshev polynomials

Consider the Sturm-Liouville eigenvalue problem
/ n2

1— 22T (z ) +—

(Vi—en@) + L=

The Chebyshev polynomials are eigenvalue solutions of the eigenvalue problem, defined as [1]

To(z)=0, -1<z<1,n=0,1,.... (5)

T,(z) = cos(narccosz), n=0,1,..., ze€[-1,1], (6)

and are defined recurrently as

Toti1(x) = 22Th(x) — T-1(z), n=1,2,..., (7)



Page 77

4 S. Oloniiju, N. Nkomo, S. Goqo, P. Sibanda

where the zeroth and first order polynomials are respectively defined as Tp(z) = 1 and
Ti(z) = z. We shall consider the interval Z € [0, 1], hence we define the shifted Chebyshev
polynomials by using the affine mapping * = 2% — 1. Therefore the shifted Chebyshev
polynomials can be generated through the recurring formula

Trs1(®) =228 — V)Tp(2) — Tuer(2), 0<2<1, n=12,..., (8)

where Ty(#) = 1 and T (&) = 22 — 1, and the polynomials can be expanded in series form as
(dropping the hat for brevity)

i (n+45—1)12%
T, (x) —nz( -y '(]23)') 7. (9)

The shifted Chebyshev polynomials of the first kind satisfy the orthogonality condition
1
/ T ()T, (2)w(x)de = dpmphn, (10)
0

where w(z) is a weight function defined as 1/vx — 2% and hy, = ¢,7/2, with ¢p = 2 and
¢, = 1 for n > 1. The shifted Chebyshev—Gauss—Lobatto points on which the interpolation
is performed are extrema of T, () on the interval z € [0, 1] defined as

L .
xj=§<lfcos(%)>, 0<j<N. (11)

The corresponding Christoffel numbers are the same as those of the standard Chebyshev—
Gauss-Lobatto quadrature and are defined as w; = m/¢;N, 0 < j < N, where ¢g = cy = 2
and ¢j =1for j=1,2,...,N — 1.

3. Solution method

In this section, we describe the scheme for solving a (2 + 1) dimensional fractional partial
differential equations. For conveniency, we divide this section into three subsections. In
Section 3.1, we propose the arbitrary derivative of a square integrable function in terms of
the shifted Chebyshev polynomials. The resulting fractional differentiation matrix is used
to approximate the derivatives of the dependent variable using Chebyshev—Gauss—Lobatto
quadrature. In Section 3.4, we construct a scheme for solving linear fractional partial differ-
ential equations and in Section 3.5 we describe an iterative scheme for finding the solution of
nonlinear fractional partial differential equations based on quasilinearization and Chebyshev
collocation approaches.
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3.1. Function and derivatives approximations

Consider a smooth function u(z) defined on the interval [0, 1], then u(z) can be approximated
in terms of the truncated shifted Chebyshev polynomials as

N
u(z) =~ Un(x) = Z U, T, (x), (12)
n=0

where the coefficients U,, are given to satisfy the orthogonality condition, and we write in
discrete form as

N
1
n:h—ZU n(zj)wj, n=0,...,N. (13)
n =0
Therefore,
N
N =Y |@ Z To(zj)Tul(zx) | U(z;),  k=0,1,...,N. (14)
j=0

In order to approximate the arbitrary order derivative of Uy (), we first obtain the fractional
derivative of the shifted Chebyshev polynomials.
Lemma 3.2. The fractional derivative of the shifted Chebyshev polynomial is (see [12, 30])

oD (x ZD<” Ti(z), (15)
where
(@) ~ ()" (n+j-DI2Y T(+1)
D7/ =n - - - Qi ks 16
h ;) (n—)'2)  TG—a+n™* (10
and qj y is given as
0 j=0,1,...[a] -1,
S k k—r 2r ;
QGk = N kyw (—1) (k+T—1)!2 F(g—a+r+1/2) .
=z = 1,...,N
o 2:: (k —r)l(2n)! TG—atrsn J-loblal+l.N,
k=0,1,...,N.
(17)

Theorem 3.3. The arbitrary order derivative of u(x) is given as

N
oDu(z)) = D*Un(z)) = Y _ D§U(x;) = DU, (18)
j=0
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where the entries of D are defined as

],7@22 nT(m] D\ Ti(x), j,1=0,1,...,N. (19)
n=0 k=0

Proof. If we use the result of Lemma 3.2 and the expression in Equation (13), together with
the expansion in terms of the shifted Chebyshev polynomials given in Equation (12), the
theorem is proved.

3.4. Linear FPDEs

In this section, we describe the scheme for solving linear FPDEs. We consider a linear FPDE
with variable coefficients of the form

aOl
ot

(20)
where 0 < a <1, /1 < o< ...m <7 <..andd-1< Bz <d(d=12,...,),
e—1<v <e(e=1,2,...). Moreover, fy(z,y) (d =1,2,...,) and ge(z,y) (e = 1,2,...,)

are functions of x and y and ¢(z,y,t) is dependent on all three variables. Equation (20) is
solved subject to the initial condition

u(m,y,O) :I(.’L',y), (21)

and boundary conditions

u(0,y,t) = B (y,t), u(l,y,t)=Bi(y,t),
u(z,0,t) = BY(z,t), u(z,1,t) = BY(z,1), (22)

where Z(z,y), BE(y,t), B{ (y,t), By (z,t), BY(z,t) are known functions. If a > 1, additional
initial condition will be needed to make the differential equation well-posed. We define
the fractional order derivative with respect to x approximated at the interpolation points
(@i, y5,tg) for i =0,1,...,Ng, j=0,1,...,Ny,k=0,1,..., N; as follows

P o°
o /3 (l Y, t) O ﬁU(llvyJ7tk) ,DﬁU]Jw (23)

where U, = [U (20, Y5 tr), U@, Yj th)s - - U@ngs v, t6)] 55 = 0,1, Ny, k=0,1,..., Ng.

Fractional order derivatives with respect to y and ¢ are approximated in similarly manner.
Therefore, we can approximate Equation (20) in terms of the shifted Chebyshev polynomial
as

N, Ny—1

SS3 b

k=1 j=1 j=1

ZG J’HL

e=1

Z Fd/Dﬂd

d=1

Ujk — Ujk = Ujk = Qjik,

=t 3 fue) pal # 0l aant, @) € 0.1 0.0, (€01,
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7
n=0,1,...,Ny, m=0,1,..., Ny, (24)

where Qj,k = [Q(.T?Q,yj, tr), Q(x1, Yjs 177 PP Q(xNx7yj7 tk)]T,j =0,1,...,Ny, k=0,1,...,N;
is the approximation of ¢(x,y,t) on the Chebyshev-Gauss-Lobatto points (z;,y;,t;). The
above is a linear algebraic system which when combined with the initial and boundary con-
ditions evaluated at the interpolation points as

U(Tmy()»tk) :Bg(z”mtk)v U(I'L7yNy7tk) :B%(thk% (26)
and
U(wi,y5,t0) = Z(wi, y5) (27)

yields a consistent system.

3.5. Nonlinear FPDEs

In this section, we detail how to use the proposed method to solve nonlinear FPDEs. Consider
the nonlinear FPDE

%7 %1y P2y OMu Oy N ( t) (28)
6ta7 u7axﬁ178z627"‘7ay,-yl7ay727"' q'x’y7 7

with the initial and boundary conditions in Equations (21) and (22) and F is a nonlinear
operator. In order to solve Equation (28), we first linearize using the quasilinearization
technique of [4]. This quasilinearization method is based on the Newton-Raphson approach
and developed from the linear expansion in terms of the Taylor’s series about an initial
solution. Applying the approach on Equation (28), we obtain the iterative scheme

aaur+1 (BFT) < aF»,- ) 861UT+1 ( aFr ) aﬂ2ur+1
— Upy] — — — ...

ote ou oDPy) 0ah 0DPy) " 0uP
- (8?)};11) 6;;;1+1 - (aapl;u) 6”;:;;1 —o= Brtal@yt), (29)
where
R, = (3812) Uy — (818)21‘) DAy, — (%) Dy, — . — (;Dgﬁu) D},
- (5zs) P == B 0

and 7 in this case signifies the previous iteration. Equation (29) can then be expanded
in terms of shifted Chebyshev polynomials, when combined with the initial and boundary
conditions form a consistent linear algebraic system.
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4. Space of fractional derivative and convergence analysis

In this section, we establish some functional spaces of fractional derivatives and then present
a convergence analysis of the spectral method for a space-time fractional partial differential
equation of the form Equation (20). We introduce the domain Q = ® x Y, where ® = (0, 1]
and T = [0,1] x [0, 1]. Define (-, -)q and ||-||o,q the inner product and norm L?(2) respectively
and assume that u(z,y,t), fa(@, ¥)|d>1, ge(x, y)|e>1 and q(z,y,t) are defined in the space of
smooth functions.

Definition 4.1. Define the space H™(®),m > 0, the Sobolev space [9, 10]

H™(®) = {UELQ((I)) : g%.‘ € L*(®),0<j Sm}, (31)

endowed with the respective weighted semi-norm and norm

1/2 m ; 2
omu||? du
s = (H ) D e = [ 302 (32)
O™ |l 2 (a) el CLIPETED)
Definition 4.2. We define the fractional Sobolev space H*(®) for any o > 0 as [9, 16]
HY(®) = {u e L*®): D*u e L*(®)}, (33)
such that the semi—-norm and norm associated with the space are defined respectively as
e 2 2 1/2
lula,e = oD ull2@),  lullae = (HUHLz(cp) + \U\u,q>) : (34)

Lemma 4.3. For u € H*(®), if 0 < p < «, then there is a non-negative constant C such
that [16]

[ullp.e < Cllulla,e- (35)

Lemma 4.4. Let u € H™(®) and Ty be the expansion in terms of (N + 1) Chebyshev—
Gauss—Lobatto nodes, then the error is estimated as [10]

e < ONZ""|ullpma, | <m (36)
lv — Tnullzz, @) < CNT"|ullm,o. (37)

lu—Tnu
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Lemma 4.5. Assume that Uy n,, with N = (N, + Ny + 2) be the orthogonal projection
operator of L2(Q)) onto Ty n, (), then for all m,n > 0, there exist a positive constant C not
dependent on N and Ny such that [9, 10]

lu = Tn.vullzz @) < C (N7 ullmo + Ny " [[ullon) - (38)

Theorem 4.6 (Convergence). Assume that u is the ezact solution of Equation (20) and its
approzimation is given as U, and q € C(Q) N HOP2(&; HPLO(Y)), then

Ju— Ullzg e = 0. (39)

Proof. Considering the integration of Equation (20), we have

OBy ONew
Uzoftaqu;fdoI?erzlgeoftaW+01taq7 (40)
= e=

and let U represents the approximation of u which uses N, truncated Chebyshev approxima-

tion in =, N, truncated Chebyshev expansion in y and NN; truncated expansion in ¢ is given
as

9By NeU
U:OI?U+;deItam+219601?W+017§1Q~ (41)
- -

In view of Equations (40) and (41), we obtain

4
L3,(9)

+ 1oL (a = Q)12 (o) - (42)

Bd (1 —
S fa Ojgw

luw = Ullz ) < llod(u = U)llp20 + : S
d=1

8y7e

e(u—U
de 0]2?4(7)
e=1

L3(Q)

For a Chebyshev-Gauss-Lobatto quadrature and using the properties of a Sobolev norm and
Young’s inequality, we have

(01 (4 = @)l 12 () = (0L (¢ = TNn.Na + T veg — Q)]
< IMI(g = TnNg +Tnng — Q)]
<Clqg—TnnNg+TnnNg— Q)
< C(l(¢ = Tnna)| + [(Tnvg — Q))
< C(ll(g — Tn,weallo + 17w, g — @) llo)
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< CIN"gllpyo + Ny llgllo.p)- (43)

Therefore, Equation (42) becomes

lu—="Ullz, @) < <ofza||u = Ulo+ | faolf|lu—Ulg, + > ge oI| lu— U|’Ye>
d=1 e=1
+C(N""|gllp, 0 + N;m lallops) (44)
<¢ (H“ =Ulo+llu="Ullg, + llu = Ullye + N7 [lqllpr0 + Nt_p2||q||0,p2) :
(45)

In order to estimate ||u — Ul|g, we have

lu—"Ullg < [lu—Tn,nul

80+ [|Tn,nu—Ullgo
< NZB_mHuHm,O‘FNz_nHU 0,n- (46)

For any B4(d =1,2,...) or ve(e = 1,2,...), there exist non negative constants Cy or C. such
that (by Lemma 4.3 )

lu—"Ullg, < Callu=Ullgo or |lu—Ull, < Cellu—"Ullyo. (47)

Therefore, we have

lu=Ullrz @ <C (N”"HUHm,o + N " lullon + N7 |lullim,o + Ny ullo.n

ENB T g + Ny llon + N allpo + N P llaloga) s (48)

where C' is non-negative and not dependent on N, N, and N;.

5. Numerical examples

In this section, we applied the numerical scheme to selected linear and nonlinear two—
dimensional time-space fractional partial differential equations of the initial-boundary value
type. The accuracy and efficiency of the method is demonstrated by comparing the results
with exact solutions.
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Example 5.1. We consider the two-dimensional time—space fractional diffusion equation
with variable coefficients on a finite domain

908y, ol8y, 15,
D108 =f($7y)m+9($7y)w+qw7yﬁv (49)

where f(x,y) and g(x,y) are the diffusion coefficients. We investigate the case where

.7}1'8 .
FER)’ g(z,y) = wy”’, (50)

flz,y) = 6

and subject to the boundary conditions

u(0,y,8) =0, u(l,y,t)=33(1+t?), 0<y<1,0<t<1 (51)
u(z,0,t) =0, u(x,1,t) =231 +1%), 0<z<1,0<t<1. (52)

The initial condition for this FPDE is given as
u(z,y,0) = 2%, 0<z<1,0<y<1, (53)

and the source term q(x,y,t) is defined as

t142
q(z,y,t) = =2 (t2 ~T@) + 1) 2283 (54)
The exact solution is given in [35] as
u(z,y,t) = 2*5y° (1 +1%). (55)

Example 5.2. Consider the two—dimensional generalized space—time fractional diffusion e-
quation with variable coefficients (see Zheng and Zhang[35])
0*u
ot

= f( )—u—i- ( )—u+( y,t), 0<a<l, 1<pf,v7<2 (56)
T x x « .

? y E? ﬂ g ’ y 9 o q 2 ’ = b ) i

In this test pr oblem, the ezpllczt solution is chosen as

u(z,y,t) = vy, (57)

such that when we substitute the solution into the equation, we obtain the diffusion coefficients
as

. 3-2x)'(3—-p 4—y)I'4—~
fley) = EZ2ROZ0 gy - GoBEZ0) (59)
and the source term as
2
q(z,y,t) = =———222 27 + 212 (223 F — 32270) + 222yt — 4yP). (59)

r'3—a)
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The FPDE is solved subject to the initial condition

u(z,y,0) =0, (60)

and boundary conditions
u(0,y,t) =0, u(lyt)=y’t*, 0<y<1,0<t<], (61)
u(z,0,t) =0, wu(z,1,t)=2%% 0<z<1,0<t<l (62)

Example 5.3. We consider the nonlinear two—dimensional space—time Fisher’s partial dif-
ferential equations [35]

%u 8% Nu
o 4 - < <
o~ a0f o TP wWHd@yt), 0<asll<fiysy, (63)

with ezxact solution
u(z,y,t) = 2yt (64)

The equation is solved subject to the boundary conditions

u(0,1,t) =0, w(l,y,t)=9%, 0<y<1,0<t<l, (65)
u(z,0,t) =0, wu(z,1,t)=2%, 0<z<1,0<t<l1, (66)

and the initial condition
u(z,y,0) = 0. (67)

The function q(x,y,t) is defined as

_ 1 2, 2,1-a 2 2-8, 2 2 22—y 2,2
q(x,y.,t)—r( _a)xyt F(3—5)$ yot F(S_ﬂy)xy t— oyt

2
+ x4y4t2. (68)
6. Result and Discussion

This section discusses the numerical results obtained by applying the method to Examples
5.1-5.3. We focus on the accuracy of the scheme and the ease of implementation. The nu-
merical simulations were made using the PYTHON programming language run on a computer
with Intel Core i5-7200U, CPU @ 2.50 GHz, and 8 GB DDR/ installed memory. The
results show how the orders of the shifted Chebyshev polynomials in each variable affect the
accuracy of the numerical method. In order to determine the accuracy of the method, we
define the infinity error norm which measures the maximum of the absolute values of the
difference between the exact and numerical solutions

lelloo = llulzi s, th) = Ui yj, th)lloo (69)
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where u and U are respectively the exact and numerical solutions. This is a good measure
for accuracy because we expect that the difference between the exact and numerical solutions
at every grid points to be close to zero.

Figure 1 shows the numerical and exact solutions for Example 5.1. It can be seen that
both solutions are in agreement. The errors presented in Tables 1 and 2 are associated with
Example 5.1. In Table 1, the number of grid points in both the spatial and temporal domains
are varied. The result show accurate results for different combinations of the numbers of grid
points and/or orders of the shifted Chebyshev polynomials. We observe that the numerical
solutions become better as the orders of the polynomials increase. The table also shows the
condition number of the matrix, as well as the computational time. The condition numbers
are obtained using the PYTHON package “numpy.linalg.cond”. Both the condition number
and the computational time increase as the combination of the grid points increases. This is
explained by the higher number of algebraic equations that need to be solved with an increase
in number of grid points. For instance, in the case when N, = Ny = 15 and N; = 10, there
are 2816 coupled linear algebraic equations to be solved, and when N, = N, = N; =7, there
are 512 linear algebraic equations. This well-conditioned system of equations was solved and
accurate solutions obtained in less than 2 seconds, thus showing that the method is not only
accurate but also efficient. The high number of coupled linear algebraic equations solved in
few seconds establish the efficiency of the method. Given that fractional derivatives are non—
local, we remark that this is a fairly good result. Table 2 shows the comparison between the
exact solution and the approximate solution obtained at selected points (z,y,t). We observe
that the magnitude of the error at these selected points is small.

The numerical solutions of Example 5.2 at t = 0.5 and ¢ = 1 are shown in Figure 2. These
solutions are in agreement with the exact solutions. In Tables 3 and 4, we present the error
norm, condition number and computational time for Example 5.2 for different combinations
of the numbers of terms in the polynomials and different combination of the fractional orders
respectively. Again, we observe accuracy in the results which is evident from the magnitude
of the error norms and efficiency, evident from the CPU time required to solve the system
of algebraic equations. Table 4 shows the accuracy for different values of a@ € (0,1) and
8,7 € (1,2) for fixed numbers of grid points N, = N, = N; = 10. In Table 5, we present the
error norms for Example 5.3 which is a nonlinear space-time fractional differential equation.
The results presented in Table 5 are obtained after the sixth iteration. A distinctive difference
between the result obtained in Example 5.3 and that obtained in Examples 5.1 and 5.2 is
the computational time to solve the resulting system of algebraic equation in Example 5.3.
The CPU time in Example 5.3 is higher than that in Examples 5.1 and 5.2. This owes
to the fact that Example 5.3 is solved through an iterative process. Figure 3 depicts the
numerical solution and absolute error for Example 5.3 at t = 0.5 and ¢ = 1 with o = 9/10
and # =y = 1.9. One obvious advantage of the method over many other methods that have
been used to find solutions of FPDEs is the fact that it only requires small numbers of terms
of the shifted Chebyshev polynomials, and as a result small numbers of grid points to achieve
accuracy.

Although, we assumed that the solution u(z,y,t) must be continuously differentiable for the
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approximation to be convergent. However, a closer inspection of the examples in the previous
section shows that the exact solutions may not be continuously differentiable. Nevertheless,
as it has been shown, the method converges and perform well.

It is quite ubiquitous in

literature to construct approximations for equations whose solutions are non—smooth.

Table 1: Error norms of Example 5.1 for different combinations of the values of N,, Ny, N;.

(Nz, Ny, Ny) llel oo condition number CPU time(sec)
(5,5,5) 1.7367e — 04 1.0050e + 03 0.0304
(7,7,5) 2.5291e — 05 4.9732e + 03 0.0463
(7,7,7) 2.0069¢ — 05 5.6195¢ + 03 0.0688

(10,10,7) 7.9423e — 06 5.1577e 4 04 0.2336
(10,10,10)  3.3726e — 06 5.4943e 4 04 0.2863
(15,15,10)  3.2808e — 06 2.2740e + 09 1.8369

Table 2: Comparison of the numerical and exact solutions at some random points of z,y, ¢:

Example 5.1 N, =10, N, = 10, N; = 10

(z,y,t) u(z,y,t) Ulzr,y,t) abs(u—1U)
(0.50,0.50,0.10)  0.0181 0.0181  3.0437e¢ — 07
(0.50,0.90, 0.10) 0.1072 0.1072 6.4668¢ — 07
(0.90,0.90, 0.10) 0.5638 0.5638 1.5162e — 07
(0.50,0.50, 0.50) 0.0224 0.0224 3.0558e — 07
(0.90, 0.50, 0.50) 0.1180 0.1180 4.9251e — 07
(0.50,0.90, 0.50) 0.1328 0.1328 8.2658e — 07
(0.90,0.90,0.50)  0.6984 0.6984  3.1169¢ — 06
(0.90, 0.50, 0.90) 0.1716 0.1716 1.9308¢ — 07
(0.50,0.90, 0.90) 0.1932 0.1932 3.3049¢e — 07
(0.90,0.90, 0.90) 1.0158 1.0158 9.3025e — 07

(a) Numerical solution

Figure 1: The numerical and exact solutions for Example 5.1 at t = 1.

(b) Exact solution

175
1.50
1.25
1.00
0.75
0.50
0.25
0.00
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Table 3: Absolute error norms of Example 5.2 for different values of Ny, Ny, N; and o =

0.7,8=15v=16

(N, Ny, Ny) llel oo condition number CPU time(sec)
(5,5,5) 1.4801e — 04 1.5767¢ + 03 0.0248
(7,7,5) 6.5902¢ — 05 4.4287¢ + 03 0.0499
(7,7,7) 6.2105e — 05 4.7101e + 03 0.0713

(10,10,7) 3.2852e — 05 1.4321e + 04 0.2672
(10,10,10)  3.2941e — 05  1.4905¢ + 04 0.3124
(15,15,10)  9.0358e — 06 3.8865¢ + 08 1.7789

Table 4: Error norm values obtained when Example 5.2 is solved with N, = N, = N; = 10
for different values of «, 3,7.

(o, B,7) lleloo condition number CPU time(sec)
(0.1,1.1,1.2) 1.1259¢ — 05 8.6909¢ + 03 0.2882
(0.3,1.3,1.4) 2.7852¢ — 05 9.1981e 4 03 0.2972
(0.5,1.5,1.6) 3.3015e — 05 1.3738e + 04 0.3062
(0.7,1.7,1.8) 3.1277e — 05 2.1455e 4 04 0.3032

0.20

0.15

0.10

0.05

(a) t =1/2

Figure 2: Numerical solutions of Example 5.2 for different ¢ with Ny = N, =
a=1/2and f=v=23/2.

085 los
06
04 S

> 0.4
0.2

0.0

(b)t=1

, = 10,

Table 5: Absolute error norms obtained for Example 5.3 for different values of «, 8, after
the sixth iteration: N, = Ny, = N; = 10.

(o, B,75) el oo condition number CPU time(sec)
(0.1,1.1,1.2) 3.4572e — 04 1.1729¢ + 04 1.2437
(0.3,1.3,1.4) 1.3217e — 04 9.0201e 4 03 1.2407
(0.5,1.5,1.6) 1.2695¢ — 04 1.2389%¢ + 04 1.2377
(0.7,1.7,1.8) 1.1264e — 04 2.0124e 4 04 1.2277
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t=1/2 t=1/2

0.0

0.2 0.4
04 56 0.2 y
X 08 ;45 00

Figure 3: Surface plots of the numerical solution and absolute error for different values of ¢
for Example 5.3 with N; = N, = Ny =15 and « =9/10 and § =~ = 1.9.

7. Conclusion

In this study, we presented a numerical scheme for two—dimensional space—time fractional
partial differential equations. The method is purely spectral and approximates the dependent
variable and its fractional derivative (both spatial and temporal) using shifted Chebyshev
polynomials and integrated using shifted Chebyshev—-Gauss—Lobatto quadrature. In the case
of nonlinear two—dimensional space-time FPDEs, we used quasilinearization to linearize the
equation and then expanded the solution in terms of the shifted Chebyshev polynomials .
The method was described and applied to some FPDEs of the initial-boundary value type.
In the examples considered, we found that the method is accurate, reliable and efficient.
The accuracy was confirmed through an analysis of the magnitude of the error norms. The
accuracy of the method can be attributed to the fact that the approach is purely spectral,
and spectral methods are non-local in nature. They generate an approximate solution over
the entire grid points instead of using neighbouring points. The efficiency is evident in
the computational time required to solve the system of algebraic equations resulting from
the expansion in terms of shifted Chebyshev polynomials. In future, the method may be
extended to a large time domain and irregular spatial domains.
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Chapter 6

A geometrically convergent pseudo—spectral
method for multi-dimensional two—sided

space fractional partial differential equations

In Chapter 5, a shifted Chebyshev pseudo—spectral method was presented for space—time
fractional partial differential equations.  This chapter extends the pseudo—spectral
method to two—sided space fractional partial differential equations. As in Chapters 2,
3 and 5, the solutions of the differential equations are approximated as truncated series
expansions using shifted Chebyshev polynomials of the first kind as basis function. The
approximations are evaluated using the Chebyshev—Gauss—Lobatto collocation points.
Left— and right—sided differentiation matrices, which serve as approximations of both the
left— and right—sided fractional differential operators, are presented. Convergence analysis
of the full discretization scheme is performed, and numerical examples are presented to
illustrate the effectiveness of the numerical scheme. The results show that the numerical

scheme is computationally efficient and accurate.

93
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A geometrically convergent pseudo—spectral method for
multi-dimensional two-sided space fractional partial differential
equations

Shina D. Oloniiju*, Sicelo P. Goqo, Precious Sibanda

School of Mathematics, Statistics and Computer Science, University of KwaZulu-Natal, Private Bag X01,
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Abstract

In this study, we present a geometrically convergent numerical method for solving
multi-dimensional two—sided space—time fractional differential equations. The approach
allows for the representation of solutions of differential equations in terms of
the shifted Chebyshev polynomials.  The expansions are evaluated at the shifted
Chebyshev-Gauss—Lobatto nodes. We present the left—sided integration matrix and the
left— and right— sided differentiation matrices based on Caputo fractional operators. The
performance of the method is demonstrated using selected two—sided space fractional partial
differential equations in one and two dimensions. The numerical results obtained show
that the method is accurate and computationally efficient. A theoretical analysis of the
convergence of the method is presented, where it is shown that the numerical solution
converges for sufficiently large number of grid points provided the solution is continuously
differentiable.

Keywords: Shifted Chebyshev polynomials, Chebyshev-Gauss-Lobatto quadrature,
two—sided space-time fractional partial differentials, fractional calculus, convergence
analysis

1. Introduction

Interest in the description of physical processes using models with arbitrary order derivatives
has grown tremendously over the last few decades. Physical models, including the diffusion
equation [1, 2], the wave equation [3, 4], viscoelastic fluid models [5-8], flows in porous
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medium [9, 10], hydrological models [11], have been generalized using fractional order
derivatives. Arbitrary order differential equations can model intricate systems deftly and
describe physical parameters precisely [12, 13]. The global nature of the time fractional
derivative is fundamental to astutely describing long term memory characteristics of
dynamical systems, where these are inherently present. In physical applications, particularly
in diffusion and dispersion processes, space fractional derivatives are used to model
anomalous diffusion, in which a nonlinear relationship exists between the mean squared
displacement and time. Of interest, is the two—sided space fractional derivatives which allow
the influence from either side of the physical domain of a process to be measured [14]. The
literature shows that physical processes that are modelled with two—sided space fractional
derivatives have been studied extensively. In fact, the Riesz fractional operator is defined
to incorporate both the left-sided and right-sided Riemann-Liouville fractional operators
[12, 14].

In this study, we describe a numerical scheme for the approximation of the solution of
two—sided fractional differential equations. A two—sided space fractional partial differential
equation can be reduced to either a left-sided or right—sided fractional differential
equation, or reconstructed to form the space Riesz fractional differential equation. Due
to the complexity of fractional differential equations, obtaining analytical solutions can
be demanding, hence necessitating the use of numerical methods. Published articles on
the numerical solution of two—sided fractional partial differential equations are relatively
few. Meerschaert and Tadjeran [15] used an implicit Euler method with the shifted
Griinwald formulae to solve two—sided space time dependent fractional partial differential
equations. They used the shifted Griinwald formulae to circumvent the instability that is
usually associated with the finite difference schemes based on the left— and right-sided
Griinwald-Letnikov definitions. This numerical method was also used to solve space
fractional differential equations in [4, 16-19]. In Chen and Deng [2], an alternating direction
implicit method was proposed for two—sided space fractional convection diffusion equations.
The numerical scheme was based on a linear spline approximation of both the right— and
left—sided Riemann—Liouville fractional operators. A full discrete scheme was described in
detail for one— and two— dimensional two—sided space fractional, time dependent convection
diffusion equations. In Liu et al. [20], a semi implicit form of the method proposed by Chen
and Deng [2] was used to solve a two—dimensional FitzHugh-Nagumo monodomain model
defined using the Riesz space fractional derivative. Using the shifted Griinwald formulae
proposed by Meerschaert and Tadjeran [15], Liu et al. [21] presented explicit and implicit
difference schemes for the space-time fractional advection—diffusion equation. In Feng et al.
[22], a finite volume method for the two-sided space fractional diffusion equation based
on the nodal basis function was presented. An implicit finite volume method was used,
and the resulting discrete system was solved in matrix form. Chen et al. [23] used a
semi—implicit difference method, and an iterative procedure developed by decomposing the
dense coefficient matrix into a combination of Toeplitz—like matrices, thus diminishing the
storage requirement and high computational cost associated with difference methods.

One of the many challenges in numerical mathematics is the high computational costs
2
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associated with obtaining accurate numerical solutions of fractional differential equations,
on account of the global nature of fractional operators. Research into more efficient methods
can mitigate this high computational expense. Owing to the non—local nature of fractional
operators, non—local methods are useful in approximating solutions of fractional differential
equations. One such non—local numerical method is the spectral method. Different versions
of the spectral method have been developed and applied to solve one-sided fractional
differential equations [see [24-28] and the references therein]. However, studies on spectral
methods for two—sided fractional differential equation are comparatively uncommon. Among
the few such studies are Mao and Shen [1], Bhrawy et al. [29], Mao and Karniadakis
[30], Bhrawy et al. [31] and Bhrawy et al. [32].

In this study, we consider general two-sided space time fractional partial differential
equations of the form

d
oDju(x,t) = Z [eq . (x)o Do u(x, t) + c—u(X)e, Dl u(x, O] +s(x,t), 0<t<T (1)
=1

on the finite domain 0 < z, < L,, such that z, € RY where ¢y ,(x),c_,(x) are variable
coefficients and s(x,t) is the source function.

Equation (1) is defined in its general form, with d = 1,d = 2 respectively corresponding
to the one and two—dimensional cases. For two—dimensional cases, we redefine the spatial
variables 1 = x and z3 = y, and the fractional orders oy = o and @ = . In the case of
the one—dimensional two—sided space time fractional differential equation, all subscripts on
a,x,L are dropped. The left-sided fractional derivative (DS of any function at a point z
depends on all the values of the function to the left of x. In like manner, the right—sided
fractional derivative , D of any function at a point x depends on all values of the function
to the right of . These two fractional operators are not identical, except, on the one hand,
when « is an even integer; in which case, the derivatives are classical and equal. On the
other hand, when « is an odd integer, the two operators are local and opposite in sign
[15]. In this study, we introduce a spectral method to solve two-sided space-time fractional
differential equations (1). The method involves approximating u(x, ¢) in terms of shifted first
kind Chebyshev polynomials integrated at the Gauss—Lobatto quadrature. We perform a
convergence analysis of the method for the general two—sided fractional differential equation
(1). We present several examples to illustrate the effectiveness of the method and compare
the results obtained with those from closed form solutions, and where possible, with those
obtained in past studies.

2. Preliminaries and Notations

In this section, we provide definitions of fractional operators, the properties of the shifted
Chebyshev polynomial of the first kind and other important concepts that are relevant for
this study.
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2.1. Fractional operators

Definition 2.2. Consider a function f(x) : [0,L] — R, which is integrable and continuously
differentiable in R. The left— and right-sided Riemann—Liowville fractional integrals of f(x)
of any arbitrary order v are defined as [12, 15]

oly f(x) == F(loz) /0z @ i(‘gliadi, a>0,z>0 (2)
and
- i
LS f(x) = F(la)/z @ i(x))liadi“, z <L, (3)

respectively, where T is the Euler gamma function. For the case a = 0, we have
ol f(x) = f(2). (4)

We define the fractional integral of a power function 2/ as

PG+Y 5

Jop = —
YT TG tat]

Definition 2.3. For any a € R, such that n — 1 < a < n, with n € N, the left-sided
Riemann—Liowville and left-sided Caputo fractional derivatives are defined as [12, 13]

o Dif(x) = I‘(nl— «) dci:” /OI (x —f:ig)i)“*"dj (6)
and
C Nna e 1 ’ fn('%) 7 x
o Do f(x) = T —a) /0 - i’)aﬂind , >0, (7)

respectively.  The corresponding right-sided Riemann—Liouville and right-sided Caputo
fractional derivatives are defined as [12, 13]

apoy . Loodm ot (@) .
S () = I'(n — a) dz™ /x (z— x)““_"dx )
and
1 A R
C nHa -
SDX f(x) = T —a) /T = I)aﬂindaﬁ, x <L, 9)
respectively.
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In both the Riemann-Liouville and Caputo definitions, the fractional operators
BLpa ODx — d"/dz™ as o — n, thus recapturing the classical derivative with respect
to x. As noted in Section 1, the Riesz fractional derivative incorporates both the left— and
right-sided Riemann-Liouville fractional derivatives.

Definition 2.4. For any a € R, the Riesz fractional derivative of order o is defined as

[14]

Do) = G =~ Gse () (D@ + EDEA@]. (0

The fractional operators defined above can be rewritten for multivariate functions.
Additionally, from the Caputo derivatives, we have the following properties, which are
important in the proposition of the numerical scheme

0 J €Ny, j <Jal,
§Dsad = (11)
sosaite, jeN, j > [a],
and
0 j €Ny, j < Jal,
s Di(w L) = (12)
() s (L -y, jeN, j>[a].

2.5. The shifted Chebyshev polynomials

The Chebyshev polynomials T,,(z) = cos(n arccosz),n = 0, 1,. .. are eigenvalue solutions of
the Sturm-Liouville eigenvalue problem [33]

/ n?
— 27! - = _1<z< =
(\/1 7 n(x)) t o= Tl@) =0, —1Szsla=01... (13)
If we consider a change in variable z = 2z/L — 1, such that z € [—1,1] — z € [0, L], then
we have the shifted Chebyshev polynomials generated through recursive formula
27 . .
Trpa() = 2 ({ - 1) Ton(d)— Topa(d), 0<i<lin=12...  (14)
where Tj o(Z) = 1 and Ty, (%) = 2#/L — 1. The shifted Chebyshev polynomials is given in
series form as (tilde dropped for simplicity) [27, 33]

- "Jn—l—j—l)'ZQJ i
e nz eI (15)

(n+371)'22] j
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These sets of polynomials satisfy the weighted LiL(O, L) — orthogonality condition

/0 Ty (@) T (@) (2)dz = S, (17)

where wy (z) = 1/v/Lz — 22 is the weight function of the shifted polynomial, h, = c,7/2,
such that ¢g = 2,¢, = 1 for n > 1. In approximating on the Chebyshev—Gauss—Lobatto
quadrature, we define the Christoffel number as w; = 7/¢;N, 0 < j < N, with ¢y = ¢y =2
andc; =1forj=1,2,...,N 1.

3. Shifted Chebyshev spectral approximation

In this section, we describe the left and right sided fractional differential matrices. In
approximating the fractional derivatives of any function, we use the differentiation matrices.
The left-sided fractional differentiation matrix is used whenever we approximate the
temporal derivative. In general, we seek a solution in terms of the shifted Chebyshev
polynomials:

Nk Ny
u(x,t) = U(x,t) = Z Z Uni s Tin, (%) Trny (), x € [0,L], £ €[0,T], (18)
n1=0n2=0
where Umm 10 <y < Ny, 0 < my < NV, satisfies the orthogonality condition

1 1 L T
U =5 [ [ VG0 Tn (0T (O () ()it (19
ny fn2 JO JO

and can be represented in discrete form as

N, Ny
A 1 1 &
Unl n2 ho h E E Wiy wj2U(Xj1 ’ tj2)TL,n1 (le )TT,TLQ (tjz)' (20)
" 1=0 2 =0

Therefore, the approximate solution for u(x,t) is

Nx N Nx  Ni
1 1
Ux,t) = Z Z Wi Wiz Z Z hihiTL,m (%) Tin (%p0) T s (82) T s (B ) | U (%55 855)
j1=0 j2=0 n1=0np=0 " "1 M2
p1=0,1,...,Nx, p2=0,1,..., Ny. (21)

Equation (21) can be rewritten to approximate a function of three variables by simply
expanding it in terms of shifted Chebyshev polynomials in three variables.
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Theorem 3.1. Consider a smooth function u(x,t) approzimated in terms of the truncated
shifted Chebyshev polynomials. The left-sided fractional integration of u(x,t) with respect
to t is given by

U t) = zz[whwﬂzzzh T (5 T (3 i 5

71=0j2=0 n1=0n2=0 k=0 "}
T k()| U G302, (22)
where
0, gy 3 CU B o = DT Lo+ 1)
na, k et (n — j2) (2]2) F(]Q +v+ 1)
2/<: zk: )i- Tk+r—1) 22T (jy + 17+ 7+ 1/2) (23
— 2T (e +y+7r+1) ’
Proof. The derivation of leftfr(g?k can be found in Oloniiju et al. [8]. O
We define the approximation of the left-sided integration of u(x,t) as
Ne Ni
IPYUX t ZZleft j2,p2 levtj2)> p2=0,..., N, (24)
J1=0 j2=0
and the entries of the left—sided fractional integration matrix are defined as
letI;YQ p2 = Wi Wi Z Z Z hh TL 1 X]l)TL n1 (XPI )TT TL2( ]2)l€ft[7<z’;?kTT-,k(tp2)
n1=0n2=0 k=0 L
p17j1:O717~"Nx7 p2aj2:0-,11-~-7Nt- (25)

Theorem 3.2. The left-sided fractional derivative of u(x,t) with respect to z, where u(x,t)
is a continuously bounded and integrable function is given as

CDQ Z Z |:lewJ2 Z Z Z L h TL ,n1 le)TTn2( ]2)TTTL2( pz)

j1=0 j2=0 n1=0ne2=0 k=0
ICftDig?kTLyk(Xpl)} U(levtjz)v (26)
where
ni 71)n17j1(n + s 1) 22j1 F( + 1)
estp(@ _ o N 1+ i ji _ -
ERDD (m— 2L TGri—a+DPh (27)

j1=0

7
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and
’ N 07 ]'7 : [a] - 17
= k k T 2r .
Bk = v k+r—1)l2 ST —a+r+1/2)
e L = 1,...,N
i ; (QT) F(j17a+r+1) ’ Ji [a]v[a]+ ’ 54V
k=0,1,....,N
(28)
Proof. See [8, 27, 28] for the derivation of gj, , and /! Dgf)k -

The left-sided derivative of wu(x,t) with respect to x, approximated on the shifted
Chebyshev—Gauss—Lobatto quadrature, is defined as

Nx Nt

¢peu Z Z leftDjl U ti2), p1=0,..., Ny, (29)

J1=0j2=0

such that the entries of the left—sided fractional differential matrix with respect to the
variable x are given as

Nx Nt Nx

e, « E 1 e, «
: ﬂDJL = Wi Z Z A I TL n1 (Xh)TT nz( JZ)TT nz( pz)l ﬂD( ) TL k(Xpl) (30)
n1=0n2=0 k=0 m1

Theorem 3.3. Let T\ ,,(z) be a shifted Chebyshev polynomial of order n, then any arbitrary
order derivative based on the right-sided Caputo’s operator is defined as

N
CDPTL(x) = "M DY) T (), (31)
k=0
where
rlghtD(Of =n - (_1)](7'L +.7 B 1)'22J F(] + 1)
h (n—=NI2)L> T(—a+1)

Jj=0

2k o= (—1)(k + 7 — )12 /7T —a+r+1/2)
mo = (k-2 T(-atr+1)

(32)
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Proof. Consider the series form of the shifted Chebyshev polynomials T} ,,(x) of order n,
given in Equation (16). By taking the right-sided Caputo derivative, we have

ODPT () =n 3 I D ey, (33)
> |

—-1) 1227 T(j+1 .
_nz n+7 (7+) (L_l,)j—a

NEHIUT(G —a+1) , n=[al,[a]+1,.... (34)

JH

where (L —x)7™* can be expressed in terms of the truncated shifted Chebyshev polynomials
as

N
=Y daTia(a), (35)
k=0

and ¢;, satisfies the orthogonality condition of the shifted Chebyshev polynomials. This is
given as

bin = — / (L2~ TLua)un (o) (30

_ & (k+r—1)122r / (L— )i
s oo = (k=) Jy Ve —a?

(z — L)"dx. (37)

After evaluating the integral in Equation (37) above, we have

2% & k+r—1)'22’ Lot /al(j — a + 7 + 1/2)
kT e I(2r)IL" I(j—a+r+1) '

=

Therefore,

R 2%k N (kDRI /AT — a4 1)2
(L—oy :Ziz((k—r)!@)r)! \;(;(—Ja-i-r—i-l) D). @)

Substituting Equation (39) in Equation (34) completes the proof. O

Theorem 3.4. Assume that u(x,t) is a continuously bounded and smooth function,
approzimated in terms of the truncated shifted Chebyshev polynomials, and integrated over
the Gauss—Lobatto quadrature, then its right—sided derivative of arbitrary order in the Caputo
sense is approximated as

Nx N

Cpeu Z Z rzghiD?l 2 U t2), pr=0,..., Ny (40)
71=0 j2=0
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where

x L x
rightyo
DS, = whwhg E E

n1=0n2=0 k=0

TL 1 X]1 )TT nz( J2)TT nz( z)mghtD'f;Y?kTL,k(xpl ) '

] Lnl no

(41)

Proof. Using the result of Theorem 3.3 and Equation (21), the theorem is proven. O

Remark 3.5. Fach approximation leads to a system of algebraic equations that are
approximated at the shifted Chebyshev—Gauss—Lobatto nodes. The approximations here are
presented for functions of two variables, this analysis can easily be extended to trivariate
functions.

Using the results in this section, we can easily obtain the discretization for the two-sided
space-time fractional differential Equation (1) in both the (14 1) and (2 + 1) dimensions.

4. Convergence analysis

This section discusses the general convergence of the numerical scheme for two-sided
fractional differential equation. =~ We demonstrate the convergence in the weighted
L2 (4 L2, () norm, where ; = [0,T] and Q, = [0,L]. We restrict the discussion to
the general two-sided fractional partial differential equation (1). It is however important to
establish certain results first.

Definition 4.1. We define HE (Qx),p > 0, the weighted Sobolev space of a function u(x)

[34]
du(x)
ox?

H? () = {u €L (): €L (),0<i< p} , (42)

such that the semi—norm and norm associated with the space are, respectively,

9 1/2 p 1/2
) Nl (@ (Z ) . (43)
L2, (Qx) 0 Nz, @0
2

Definition 4.2. We define the weighted norm [34, 35]
lull 2.0 (/ / (e, &) wy (<) (¢ )dxdt) , (44)

where L2 (Q) = L2, (Q; LY, (). We define the weighted Hilbert space

Z

oPu
g, () = (] o

oxP

Otiy
H(9) = L (0 H (00) = {ubx.t) € L3(0) s % € (@), € Dl € D]}

(45)

10
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The associated norm is defined as

P q 2 1/2
o) = ( ) . (46)
i=0 j=0 L3, ()

Lemma 4.3. Let T, nu(x,t) be the orthogonal projection of u(x,t) onto Tn,n, and
assume that the Gauss—Lobatto points relative to the shifted Chebyshev weights are used
for integration. Then, for all p,q > 0, the truncation error estimate holds [29, 34]

Oty

Oxiots

lul

lu(x,t) = Tr (36, 1) [ 22,0) < CLN [0l o) + Co Ny |ull ooy (47)

Here, the C'’s are independent of Ny and Ny and are positive constants.

Theorem 4.4. Consider the 1-d case of Equation (1). Assume that u(z,t) is the exact
solution of Equation (1) and Ty, nu(z,t) = U(z,t) is the solution obtained through
approzimation in terms of the shifted Chebyshev polynomials. Then, for sufficiently large
ME?NtJ

u(z,t) = U(z,t)| 2, — 0, (48)
provided cy(z),c_(x), s(x,t) from Equation (1) are smooth functions.

Proof. Consider the one-dimensional case of Equation (1). By direct integration, the exact
solution is given by

u(z, t) = c+(x)OI?gD:u(m, t) + c_(x)OI?wCDE‘u(:L’, t) + ol s(z, 1), (49)

and we define the general approximation using the V,~truncated Chebyshev expansion in z
and N;—truncated Chebyshev expansion in ¢ as

U(z,t) = T, 5Cr(2)o ] § DIU (2, t) 4+ T, 5, C—(2)o 1] S DYU (2, t) + T, n,017 S (2, 1).
(50)

If we define E(x,t) = u(zx,t) — U(z,t) and subtract Equation (50) from (49), we have

u(x,t) — Uz, t) = e (2)o ]S Dou(z, t) — T, 5Cy (2)oI]§ DU (0, 1)
+c_(2)o ]S DRu(z, t) — T, 5, O (2)o ]S DRU (0, )
+ ol s(x,t) — T, nol] S, t) (51)
= ey (@)ol]§ D3u(z,t) — Ty, nicr (2)o ] § Dyulz, t)
+c_(2)o ;¢ DR u(w, t) — T, nyc—(2)ol;C Diu(a, t)
+ ol s(x,t) — Ty, noly s(x,t) + R(x, 1), (52)

11
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where R(z,t) is the residual. Taking the weighted norm of Equation (52), we have
[u(a,t) = U, t)rlliz o) < lles (@)o 7§ Dyule,t) — T, nes (@)o 17§ Diule, )] 12,0
+ le—(x)o 7S DR u(z, t) — T, voe—(2)oL] S Diulz, t) || 12 (o)
+ lloff s(@,t) — T, w0 ld s(@, )12 0) + [ R(z, D) [|12,@)  (53)
< G (N2l gy + Nl g
+ G (N2l oy + N0 Nl ()
+ O (N lsll gy + N lsll o)
+ Cs (Nz_pHu”Hﬁ;U(Q) + N[”WHHE;‘!(Q)) (54)
< G (N2 Jull gy + Nl g
+ G (N2l oy + N0 Nl g
+C (N slgogey + N “llsl o) (53)

Each term in Equation (55), given that 0 < a < p, tends to zero for sufficiently large NV,
and Ny, therefore, the proof is complete. O

The convergence of the numerical solution U(z,t) to the exact solution u(z,t) is dependent
on the number of times that u(z,t) is continuously differentiable with respect to x and t.

5. Numerical Examples

Having demonstrated the convergence of the numerical scheme in the previous section, we
now present some numerical examples to test the numerical scheme. In this section, we solve
selected one— and two—dimensional two—sided fractional differential equations to demonstrate
the performance, accuracy and efficiency of the proposed numerical method.

Example 5.1. We consider a one-dimensional two—sided space fractional partial differential
equation (FPDE) [15]

0
a—? =c, §DMu+c YDy + s(x,t) (56)
on a finite domain Q, =0 < x < 2 and t > 0, with the coefficient functions defined as
cy(z) =T(1.2)z"8, c_(z) =T(1.2)(2 — )" (57)

If we consider the forcing function
1 25
s(z,t) = 327 g;52(2 —2) 4+ 2+ (2-2)? 252+ (2-2)) + ﬁ(954 +2-2)Y],
(58)
12
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the closed form of Equation (56) is obtained as u(z,t) = 4de~*x?(2—x)2. The initial condition
s given as

u(x,0) = 422(2 — )%, (59)
and boundary condition as

u(.Z‘,t)sz =0. (60)

In general, we seek a solution of the form in Equation (21). The left— and right—sided
derivatives are approximated accordingly. Upon approximating the function and its
derivatives using the proposed method, the expansions as well as the initial and boundary
conditions result in a consistent system of algebraic equations evaluated on the shifted
Chebyshev-Gauss—Lobatto points, and written in matrix form as

AU =S, (61)

where A is a matrix of size (N4 1)(Ni+1)) x ((Nz+1)(N:+1)) and Sis a ((Ny+1)(NV:+1))
column vector. Table 1 examines the performance of the proposed scheme in terms of the
weighted error norm for Example 5.1. We compute the error norm at ¢ = 1.0 and the error
norm is compared with the maximum error observed in Meerschaert and Tadjeran [15]. As
the order of the shifted polynomials in time/space is increased geometrically, there is an
geometric reduction in the L2 error norm, which is an attribute that is synonymous with
spectral based methods, unlike the linear reduction in error reported in the finite difference
scheme of Meerschaert and Tadjeran [15]. The convergence of the error of the proposed
scheme also gives credence to the convergence error estimate presented in Theorem 4.4.
Example 5.2. In this example, we consider a one—dimensional space—time FPDE of the
form

SDju=rcy §Du+c_ CDfu+s(z,t), 0<y<1,1<a<?2 (62)
on the domain Q, =0 < x < 1,t >0 and the variable coefficients given as

x® (1—x)>

cr(z) =5 (@) =——F", (63)
and the source function defined as
s, ) = 222(1 — 22 F(g jw) - F(; _77)} (1) [F(Sla)(:ﬂ +(1—2)?)
e -0 et -0 (o1

The exact solution is obtained as u(z,t) = (t — 1)%2%(1 — x)2, such that the initial condition
is given by u(x,0) = 2%(1 — z)? and the boundary condition as
13
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Again, we seek a solution of the form in Equation (21), and all derivatives are approximated
as discussed in Section 3. In Table 2, we present the weighted error norm using
approximations in terms of different orders of the shifted Chebyshev polynomials in the
two variables (z,t) for different values of the fractional orders (v, «) at ¢t = 1.0. Again, we
observe the geometric convergence of the error norms, as well as the accuracy of the method.
Example 5.3. Consider the general two-dimensional two—sided space fractional partial
differential equation of the form [36]

2
0*u c

oz chto
l<a,p<2, (66)

Du+c_, ¢DY u—l—c+20D u+c chﬂu—}—euz—l—fuy—s—s(:r y,t),

defined on Q = Q, x Q, =1[0,1] x [0,1], t > 0. The variable coefficients are given as
cra(@) =T@B —a),z% c_1(z) =TB —a)(1—2)%,
cray) =TB = B)y’, caly) =TB - B)(1—-y)’,

e(z) = ,f@):%7 (67)

IR H

and the analytical solution is obtained as

u(z,y,t) = sin(7t)x?(1 — )%y (1 — y)?, (68)

for which the forcing function can be obtained by simply substituting the exact solution and
the coefficients into the Equation (66). The initial conditions are given as

u(@,y,0) =0, w(z,y,0) =ma*(1 - 2)*y*(1 - y)>, (69)
and boundary condition as

U/(.I,y,t)lag = 0. (70)

We seek a solution as an expansion in terms of the shifted Chebyshev polynomials in three
variables of the form

Ne Ny N N,
Uy ) =3, > > |%n@ui Z > Z - h
J1=0 j2=0j3=0 n1=0ny=0n3=0 "1
hiTl,m (wﬁ )Tl,m (xpl )Tlﬂbz (yjz )Tl,nz (yzlz )TT,ns (tjs)TT-,n3 (tp:;) U(Ij17 Yja» tj:;)
n3
p1=0,1,..., N, po :0,1,...,Ny, p3=0,1,..., Ny, (71)

and the derivatives are approximated accordingly.

In Table 3, we present the weighted error norms and CPU times for different points in z, v,
which demonstrate the accuracy and efficiency of the proposed numerical scheme. The error

14
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norms and CPU time obtained are compared with average absolute errors and computational
time obtained in Cheng et al. [36] through the improved moving least square approximation.
While the Cheng et al. [36] approximation and the method proposed in this study perform
well in terms of accuracy, as is evident from the order of the errors, the approximation in
this study fare better in terms of computational time used, despite both approximations
having been carried out on computers with similar processors and speed. From the table,
the geometric convergence associated with spectral based methods is obvious as the orders
of the shifted Chebyshev polynomials increase.

Table 1: Weighted error norm (L2—error) for Example 5.1 compared with the maximum error norm in
Meerschaert and Tadjeran [15].

Current results Meerschaert and Tadjeran [15]
N, =N, 4 8 16 10 20 40 80
Error  0.8291 0.0342 2.5244 x 107° 0.1417 0.0571 0.0249 0.0113

Table 2: L2, error norm for Example 5.2 for different values of the arbitrary orders of derivatives (v, @).

]\faC = Nt
v o« 4 8 16
0.1 1.1 0.0331 0.0025 4.3034 x 1076
1.5 0.0079 0.0010 2.4993 x 1076

2 0.0079 1.4579 x 10™°  2.3669 x 1079
05 1.1 0.0175 0.0019 5.9794 x 1075

1.5 0.0078 0.0009 7.3358 x 107
2 0.0077 0.0002 1.2629 x 107°
1 11 0.0152 0.0014 1.4488 x 10~¢
1.5 0.0083 0.0009 2.5627 x 1077

2 0.0079 1.4015 x 1078 2.1101 x 10~

Table 3: L2 error norm for Example 5.3 at t = 0.5, = 8 = 1.5, N; = 16 compared with the average
absolute errors obtained in Cheng et al. [36]

Current results Cheng et al. [36]
N, x N, 4 x4 8§x8 12 x 12 16 x 16 11 x 11 16 x 16 21 x 21 26 x 26
Error 0.0034 9.9636 x 1075 1.3783 x 107% 5.1381 x 1077 4.337 x 107° 2.345x 107 1.409 x 107° 8.78 x 107¢
CPU time (secs) 0.053 0.370 1.900 6.835 26.25 15.45 8.08 3.46

Example 5.4. Consider the general two—dimensional two—sided space—time differential

15
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equations of arbitrary order

CDJu = Cia SDou + c_1 “Dou + Cio OcDgu +c_o 5Df}u + s(z,y,t), (72)
0<v<1,1<a,B<2, (73)

whose ezact solution is given as u(z,y,t) = (£ + 1)2?(1 — 2)**(1 — y)?. The differential
equation satisfies the boundary condition

u(z,y,t)|aq = 0, (74)
where Q= Q, x Q, = [0,1] x [0, 1], and initial condition is given by
uw,y,0) = 2*(1 - 2)**(1 - y)*. (75)
The variable coefficients are defined as
cra(z) = 2% coq(z) = (1—2)% cia(y) = v’ ca(y)=(1- y)ﬁ (76)
and the source term is defined to satisfy the differential equation.

Table 4: Weighted error norm for Example 5.4 at t = 2, N, = 12 for different sizes of x,y grid points and
fractional orders.

N, x Ny
v a=0 4x4 8x8 16 x 16
0.5 15 0.0048 0.0009 1.7575 x 1077
1.9 0.0048 85615 x 107° 8.2109 x 107®

0.9 15 0.0048 0.0004 1.3885 x 1077
1.9 0.0047 8.4207 x 107 2.0854 x 1077

We seek a solution of the form in Equation (71). Table 4 shows the weighted error norm
between the approximation and exact solution at ¢ = 1 for different values of the fractional
orders (v, = ). It can be seen that the approximated solution is in agreement with the
exact solution and the geometric convergence of the solution is also obvious. This result is
consistent with the theoretical analysis of the convergence error norm.

6. Conclusion

In this study, we have presented a geometrically convergent numerical method in terms of
the shifted Chebyshev polynomials for two—sided partial differential equations with arbitrary
temporal and/or spatial orders. The fractional derivatives were defined in the Caputo
sense and the approximations of fractional differentiations follow the Caputo fractional

16
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operators. The approximations in terms of the shifted Chebyshev polynomials were
evaluated at the Gauss—Lobatto quadrature. To demonstrate the applicability of the method,
we solved several partial differential equations of arbitrary orders, which included one—
and two—dimensional two-sided space fractional equations and one— and two—dimensional
two—sided space time fractional partial differential equations. In addition to the accurate
results obtained, the convergence of the scheme was shown to be geometrically convergent
similar to other spectral based methods. The method is computationally efficient which is
evident in the computational time.
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Chapter 7

A Chebyshev pseudo—spectral method for the
numerical solutions of distributed order

fractional ordinary differential equations

In Chapters 2 to 6, numerical solutions of fractional differential equations with fixed real
orders were presented. In Chapters 7 and 8, we consider fractional differential equations
with distributed orders. Unlike in fixed real order fractional differential equations, the
orders of the derivatives are distributed over a range of real values. Distributed order
fractional differential equations are robust in modelling physical processes. However, in
solving this form of differential equations, additional computational cost is incurred. In
most cases, as in fixed real order fractional differential equations, closed—form solutions

cannot be obtained. This makes seeking numerical or approximate solutions essential.

In this chapter, we present a spectral method for finding the solutions of distributed
order fractional ordinary differential equations. The solution process involves using
a Newton—Cotes quadrature formula and a series expansion in terms of shifted
Chebyshev polynomials of the first kind. The approximations are then integrated using
the Gauss—Lobatto quadrature. Numerical examples are presented to illustrate the

convergence and accuracy of the numerical method.
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Abstract

Distributed order differential equations offer new perspectives in the modelling of multi—scale physical
problems. In distributed order fractional differential equations (DO-FDEs), the order of the derivatives
is distributed over a range of real numbers. In this study, we present a numerical scheme for obtaining
solutions of DO-FDEs. The method is a hybrid technique, comprising the composite trapezoidal rule
and the Chebyshev pseudo spectral method. In the pseudo spectral method, the premise is that solutions
of DO-FDEs may be written as a linear combination of shifted Chebyshev polynomials of the first kind,
and integrated using Gauss-Lobatto quadrature. Numerical examples are presented to demonstrate the
accuracy and convergence of the method. The accuracy is determined through comparison with exact
solutions presented in earlier studies in the literature.

1 Introduction

Evidence of memory retention and anomalous behaviour abound in complex physical phenomena. Fractional
differential and integral equations provide new possibilities for the rigorous modelling of such phenomena.
The theory of fractional calculus has been extensively applied to physical problems such as those of vis-
coelasticity [1], diffusion [2] and growth models [3].

Fractional differential models are usually non-local and defined in terms of classical integrals, these make
obtaining closed form solutions difficult. For this reason, numerous studies have been dedicated to developing
accurate and effective numerical schemes for arbitrary order differential equations. Among these schemes
are the finite difference method [4], finite volume method [5] and spectral methods [6, 7]. Recent studies
have been geared towards exploring the global property of spectral methods to approximate the solutions of
differential equations of arbitrary orders. The development of spectral methods such as the tau, Galerkin and
collocation methods for fractional differential equations with single order has been relatively well treated in
literature. For instance, [8] presented spectral tau method with Chebyshev polynomials for arbitrary order
differential equations. [9] developed a spectral collocation method using the eigenvalue solution of the
fractional Sturm-Liouville problem as basis functions. In the study by [10], a spectral Galerkin method was
proposed for the time fractional diffusion equation.

In this study, we consider a distributed order fractional differential equation (DO-FDE) of the form
[ o) § D2y da= 7o), 2>, 1)
[

where @ € R* and f(z) is a real valued function. The Caputo fractional derivative of y(z), a sufficiently

*Mathematics Subject Classifications: 65D05
TSchool of Mathematics, Statistics and Computer Science, University of KwaZulu-Natal, Private Bag X01, Scottsville,
Pietermaritzburg, 3209, South Africa.



Page 114

S. D. Oloniiju, S. P. Goqo and P. Sibanda 2

smooth function is defined as [11]

n

. ﬁf;@%diﬁ n—1l<a<mn, neN,
o DRy(x) = ()
& 3(z) a=neN

dxm™

where I' is the Euler gamma function. From the properties of the Caputo fractional differential operator, it
is easy to show that the fractional derivative of a power function is

i_ )0 j €Ny, j < [a]

C na s ,

Dgx? = s ) )

0 +a I 1 o 3 i
' {F(J(-H—)oz)gv7 , J€Ng, j>Tal.

This differential equation of arbitrary order offers new perspectives in the mathematical modelling of multi—
scale systems. Unlike in the case of the conventional fractional differential equations where fractional orders
are single with fixed real values, in DO-FDE, arbitrary differential orders are spread over a range of real
values. Most published work on numerical methods for distributed order fractional differential equation
are derived from difference schemes. Obtaining the numerical solutions of single order fractional differen-
tial equations can be computationally demanding, owing to the global property of differential operators.
Additional computational cost can be incurred for the numerical integration of distributed order fractional
differential equations, because differential orders are distributed over a set of real values. Among the few
studies on the numerical solutions of DO-FDEs are studies by [13, 12, 14].

In this study, we present an accurate numerical scheme for differential equations (1). The method involves
approximating the integral using Newton—-Cotes formulas. The resulting linear multi-term fractional differ-
ential equation is then approximated in terms of the shifted Chebyshev polynomials of the first kind and
Gauss—Lobatto quadrature. We present several examples to illustrate the use of the method and compare
numerical solutions with the exact solutions where possible.

2 Method of solution

In this section, we present the method for solving the DO-FDE (1). The solution process is divided into two
phases, the first involving approximating the integral as a finite sum using a quadrature rule. This transforms
the DO-FDE into a multi-term fractional differential equation. We then approximate the numerical solution
of the multi-term fractional differential equations in terms of the first kind shifted Chebyshev polynomials.
We present the fractional differentiation matrix in terms of the shifted Chebyshev polynomials and use the
Gauss—Lobatto quadrature. We remark here that the numerical method inherits all the properties (accuracy,
stability and convergence) of both the quadrature rule and numerical integration method.

2.1 The first kind shifted Chebyshev polynomials

The class of polynomials {T},(z) = cos(ncos™'z),n = 0,1,...} called Chebyshev polynomials of the first
kind are eigenvalue solutions of the Sturm-Liouville problem [15]. Consider a mapping of the variable
x : [-1,1] [0, L] through the affine mapping x = 2%/L — 1, then we have the recurrence relation of the
shifted form of the first kind Chebyshev polynomials given as

- 25 - -
T (E) =2 <Tl - 1) Tin(@) —Timo1(2), 0<F<L n=12,..., (4)
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1
Nt
Il

where the zeroth and first order of the shifted polynomials are given respectively as TNL,O(JE) =1and T~|_,1 (¢
2z /L — 1. In series form, Equation (4) is given as (tilde dropped for brevity) [15]

() Y
Tin(z)=n - /', n=0,12,..., 5
La(z) =n Jgo CESICh e 0 (5)
which satisfy the orthogonality condition
L
/ TL,n(x)TLJn(x)wL(x)dx = 6mnhn7 (6)
0

where the weight function wy () = 1/vLz — 22 | hy, = ¢, 7/2, ¢o = 2,¢, = 1 for n > 1. For approximations
constructed on the Chebyshev-Gauss-Lobatto quadrature, we use the Christoffel number w; = 7/¢; N, 0 <
J<N,withcy=cy=2andc;=1V1<j<N-—-1

2.2 Quadrature rule

We approximate the integral in Equation (1) using the composite trapezoidal rule. If we express the integral
as a finite sum using the composite trapezoidal rule with @ intervals, we have

Q-1
Aa Qy [e3 (o3
B gy §D20(w) +2 3 pe DI v(a) + po DIoW() | +O((B0)?) = f(a), 7)
e=1
where [po, pe, pg] = [p(0), plae), plag)], Aa = (@, — a)/Q, with §D2° = §D¢ and §D;° = §D
provided y(z) is regular with respect to all & € [, ag)].

Qyy
T

The abscissas are evenly spaced points o, = a;+eAa, fore =0,1,2,...,Q—1,Q. The approximation of the
integral is an essential part of the numerical integration of Equation (1). If ay = 0, then § DYy(z) = y(=).

2.3 Approximation of y(x) and its derivatives

Assume that y(z) is a continuously differentiable function defined on the interval [0, L], and approximate
y(x) as series expansion in terms of the shifted form of first kind Chebyshev polynomials as

N
y(@) = Yy () =D YaTia(@), (8)
n=0
where the coefficients Y, satisfy the orthogonality condition written in discrete form as
1N
Vo= > Y(@)Tin(zj)w;, n=0,1,..,N. (9)
L

Therefore, the approximation of y(x) is given as

N
v =3 [wjhiTL,n(zj)TLm(m)] Y(2,)=Y, k=0,1,...,N. (10)
j=0 "

Theorem 1 The arbitrary derivative of a continuously differentiable function y(z) is given as

N
§DSy(x) = D*Yy(x) = > DY (x;) = DY, (11)
j=0
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where the entries DY) are given as

1 (-1)"(n+j-1)12% T(+1) )
D¢ = w; — Tin (2 o . i k(z), 4,1=0,1,...,N,
=D hn"Z L) =TT TG —a g @b, SI=01
n=0 k=0 j=0
(12)
and q; . is defined as
0 j=0,1,...[a] -1,

Gk = (13)

k . -
kﬁz (=D "(k+r -1 T —a+r+1/2) Li—a j=lal,[a]+1,...,N,
e (k —r)!(2r)! L(j—a+r+1) ' k=0,1,....N

The proof of this result can be found in [16].

Using this theorem, we can easily approximate the derivatives in Equation (7).

2.4 Numerical integration of Equation (1)

The numerical integration method is a combination of the quadrature rule described in Section 2.2 and the
truncated Chebyshev polynomials approximation described in Section 2.3. Equation (1) is solved subject to
initial conditions that are dependent on the values of a. If a; = 0 and «,, = 1, the equation is solved subject
to the condition y(0) = yo, and when «, = 2, an additional condition is required. When the composite
trapezoidal rule is used, the numerical integration of Equation (1) is given as

Q-1
Aa
5 [ﬂo D +23" pe D + pg D] Y=F (14)

e=1
where Y and F' are defined using Equation (10) and evaluated on the Chebyshev—Gauss—Lobatto points
xz; = L/2(1 — cos(mj/N)), 0 < j < N. If oy = 0 and o, = 2, Equation (14) can be written as a linear
algebraic system
Y(I]) :F(Ij), l:0,1,2,.‘.7N7 (15)

e=1

Aa N Q-1
5 HpoD;’j +23 " p DS + poDSY

=2

which when combined with the initial condition y(zo) = vo, ¥’ (20) = y, respectively evaluated at the
collocation points as

N
Y(zo) = vo, > DoY) = o, (16)

Jj=0

leads to a consistent system.

3 Convergence Analysis

In this section, we demonstrate the convergence of the numerical scheme. To do this, we introduce the
L2([0,L]) norm defined as ||-|| 2 (jo,.)- We define the fractional Sobolev space HZ([0,L]), @ > 0 as

Hi([0,1)) = {y € L3,([0,L]) s.t. § Dy(w) € Ly, ([0, L]}, (17)
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endowed with the semi—norm

Wl = 1§ DY L2 (0.1 (18)

and the associated norm

1/2
9o = (Il ouy + wa) - (19)

Lemma 2 Let y € H([0,L]), and 0 < r < a, then there exist a positive constant such that [17]

Nyl az oy < Cllyllae o, (20)
For the distributed order derivative, we have
o Aa Q-1
[ pta) §D24(a) da =5 [Po § DY) +2 3 pe §DRey(e) + pg § DE2y(w)| +O(Ba)),  (21)
ayp e=1
so we define the norm ||yl g as
0-1 1/2
lyllay = <|y§1;o + > Iyl + Iyigq> : (22)
e=1

Lemma 3 Assume that Ty is the L2 ([0,L]) orthogonal projection onto the space of Chebyshev polynomials

with degree up to N + 1, and k and m are real numbers such that 0 < k < m, then for positive constant C
and for any function y € C([0,L]) N H*([0,L]), the following error estimates hold [18]
ly — Tv ol s oy < CNF "1yl i o,y (23)
ly — Tnyllzz, oy < CN""yllam o) (24)

‘We now present the convergence analysis of the numerical scheme.

Theorem 4 Assume that y and Yy are solutions of Equations (7) and (14) respectively, satisfying y €
C([0,L]) N H'([0,L]). Then, there exist a non-negative constant C' independent of Ac and N such that

Q
ly = Ynllrz oy < C (Z N2y g + (Aa)2> + CoNT" |yl #rpn- (25)
e=0

Proof. For the proof, define § = Tvy. Noting that f = F and subtracting Equation (14) from Equation (7)
gives the following error equation

Q-1
Aa _ o -, Aa o _
y=Yn="pD(y—§) +Aa Y pD*(y =)+ 5-peD 0y — )+ O(Ba)’) +e,  (26)
e=1
where
Q-1
A i . Ao o
€= 520D (5 V) + B0 Y gD (5= Vi) + 5 oD (5~ Vi) (1)

e=1
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is the residual. To estimate |ly — Y| 22 (jo,L}), We have

Q-1
A« - .
lly = Ynllzz oy < HT/)OD”“ (y—19) + [|Aa Z peD(y — )
L3, ([o,L]) e=1 L2, ([o,L])
A« o -
O Rt ) R CU R FI PR (28)
Lz ([o,L])

Q-1

S Cl <A]V2o¢o771,|y|1.117}1 4 Z Nzarm”?/HH;p +N2aQ7mHyHH:p + (Aa)2> +CZN77,I’HyHH::'
e=1

(29)

Q
<G <ZN2"E"”|Z/|H2;~ + (AQ)Q) + CaN"" ||yl (30)
e=0

where C and Cs are independent of N. m

4 Numerical Examples

In this section, we demonstrate the efficiency and accuracy of the method on selected DO-FDEs. The
numerical results, where possible, are compared with exact solutions. These examples are motivated by the
range of applications of distributed order models studied in [19]. Numerical computations are performed
using the PYHTON programming language on the SPYDER IDE.

Example 4.1 Consider the DO-FDE defined on the domain [0,0.99]

2 5_ .3
I'6—a)s ° —x
' C D do = 31
/0 T30 0 Pry(z)da gz’ (31)

with initial conditions y(0) = y'(0) = 0, and whose unique solution is given as y(x) = x° [12, 1/].

We approximate Equation (31) using the numerical scheme described in Section 2 to obtain the following
system of algebraic equations

N Q-1
1 T(6—2¢/Q) o 1 .
9] PMIIERDY TD]-,/Q + ?OD]Z,Z Y(z;)| = Fla;), (32)
j=2 e=1
N
V(o) =0, Y DjoY(z;)=0, 1=0,1,2,...,N, (33)

j=0
where the function on the right hand is evaluated at the Chebyshev-Gauss—Lobatto points.

The solution was obtained numerically in [12] using a combination of a weighted quadrature formula and
fractional Adams’ method, and in [14] using the trapezoidal rule and an analogue equation method. Table 1
shows the convergence of the solution using the infinity error norm. The convergence is given in terms of the
number of collocations points N and the number of intervals in the quadrature formula Q. It is expected
that as both N and @ grow, the maximum error vanishes. In comparison with the absolute errors presented
in [12] and [14], the maximum errors in this study are much smaller. Figure 1 depicts the logscale L-infinity
and L? error norms for different values of N. The solution errors decay geometrically with an increase in
the number of collocation points N.
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Example 4.2 Consider the DO-FDE

1.8 _ 205

1.5
[ 6= afpeyteyda =2 , (34)
0

9 Inz

whose ezact solution is given as y(x) = 2 in [1/]. The equation is solved on the domain [0,0.9] with the
initial condition y(0) = y'(0) = 0.

Like Example 4.1, the approximation of Equation (34) leads to the linear algebraic system

N Q-1
1
% Z HF(Q.S)D;?;IQ +2 Z [(3—ac) DS + T(L5)Dj7 | Y(xy)| = Flx), (35)
j=2 e=1
N
V(o) =0, Y DjoY(z;)=0, 1=0,1,2,...,N, (36)

j=0
where o, = 0.2+ 13¢/10Q, e=1,...,Q — 1.

Numerical results were presented for this example using fractional Adams’ method and analogue equation
method by [12] and [14] respectively. In Table 2, we show the maximum absolute errors in the solution.
One distinguishing feature of DO-FDE is the distributed order of the derivatives, and for this reason, we
do not expect to obtain the same level of accuracy as in the case of fixed order FDEs. However, the results
presented in Table 2 show that the numerical solution improves as the number of terms in the Chebyshev
expansion and the number of intervals in the trapezoidal rule increase. In [12] and [14], 640 grid points were
required to achieve the same level of accuracy in Table 2.

Table 1: Maximum absolute error norms for the approximation of Example 4.1 using different values of @
and N.

N Q
2 4 8 16 32 64
2 099691 1.10720 1.14586 1.16029 1.16621 1.16884
4 0.03859 0.04828 0.05183 0.05312 0.05363 0.05384
6 0.00776 0.00189 0.00047 0.00012 3.14562 x 107>  9.41815 x 1076
8 0.00764 0.00187 0.00047 0.00012 2.97335 x 10~  7.94795 x 10~¢

7.82399 x 1076

—
o

0.00778  0.00189 0.00047 0.00012 2.98145 x 10~

Table 2: Absolute error norms in L> for the approximation of Example 4.2 using different values of @ and
N.

N Q

2 4 8 16 32 64
2 0.10225 0.10181 0.10171 0.10168 0.10168 0.10168
4 0.01058 0.00178 0.00110 0.00143 0.00152 0.00154
6 0.01493 0.00324 0.00047 0.00064 0.00072 0.00072
8 0.01618 0.00377 0.00073 0.00035 0.00039 0.00040

—_
[e=}

0.01642  0.00393 0.00084 0.00023 0.00025 0.00025

Example 4.3 Consider the equation [1/]

62 (22 — cosh 2 — sinh 21In )
(Inz)?2 -1

/0 T(4 - a) sinh(a){ Doy (x)da = : (37)
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with the initial conditions y(0) = y'(0) = 0, whose ezact solution is given as y(z) = 2°. The equation is

defined in the domain [0,1]. The numerical solution was obtained in [1/] using a hybrid composite trapezoidal
rule and analogue equation method.

The discretization of Equation (37) yields the system of linear algebraic equations

N Q-1
% . HQ D> T (4-2¢/Q) sinh(ze/Q)Djj/Q + sinh(Q)DJ’{l} Y(z;)| = F(z;), (38)
N
Y (z9) = 0, > DjoY(x;)=0, 1=0,1,2,....N. (39)

Jj=0

Table 3 shows the maximum absolute error in the solution for Equation (37). Again the rate of convergence is
typical of spectral methods, although the solution is less accurate when compared with fractional differential
equations with fixed or single real orders. Figure 2 shows the error |y(z) — Yy (z)| in the domain z € [0, 1]
for N =15 and @ = 64, while Figure 3 shows the convergence of the numerical solution in terms of L>° and
L? errors with respect to N. Although, the exact solution may not be continuously differentiable in [0, 1],
the numerical approximation is accurate. We note that it is possible that the accuracy may deteriorate as
N increases if the solution y(z) is no longer in the space of smooth functions CV ([0, 1]).

Table 3: L error norms for the numerical approximation of Example 4.3 using different values of N and Q.

N Q

2 4 8 16 32 64
2 099013 0.92874 0.91644 0.91374 0.91310 0.91294
4 0.22315 0.06628 0.01935 0.00717 0.00408 0.00331
6 0.20182 0.06035 0.01708 0.00572 0.00284 0.00212
8 0.19946 0.05899 0.01727 0.00774 0.00606 0.00579

0.19901  0.05864 0.01325 0.00300 0.00032  0.00045

=
[e=)

—*— L error
—e— L2error

Error

Figure 1: L>™ and L? errors for Example 4.1 different values of N and Q = 64.
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ly(x) = Yn(x)

0.0 0.2 0.4 0.6 0.8 1.0
X

Figure 2: Error |y(z) — Yn(z)| for Example 4.3 using N = 15,Q = 64.

o
10 —+— L= error
—e— L2 error
107
“
L 10~
o
102
1074
2 4 6 8 10 12 14 16

Figure 3: Convergence error norms for Example 4.3 in both L> and L? norms for different number of terms
in the Chebyshev expansion. @ = 64, z € [0, 1].

5 Conclusion

In this study, we presented a numerical method for solving a general distributed order fractional differential
equation. The distributed order fractional differential equation was first approximated using a quadrature
formula, which transform it to a multi-term fractional differential equation. The resulting multi-term frac-
tional differential equation is then solved using a pseudo—spectral collocation method. The method of solution
assumed that the solution of the distributed order fractional differential equation could be written as linear
combination of the shifted first kind Chebyshev polynomials integrated using Gauss—Lobatto quadrature.
We note that the scheme inherits the properties of the quadrature and numerical integration formulas. We
demonstrated the accuracy and convergence of the method. The scheme has the advantage that it is easy to
use and code. In future, the numerical scheme would be extended to higher dimensional distributed order
fractional differential equations.
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Chapter 8

A pseudo—spectral method for time
distributed two—sided space fractional partial

differential equations

Building on the work of Chapter 6, where we presented numerical solutions of two—sided
space fractional partial differential equations, and that of Chapter 7, where we introduced
the concept of distributed order fractional differential equations, this chapter combines

both concepts.

We present numerical solutions of two-sided space, time distributed order fractional
differential equations. The time distributed differential operator is approximated using
Simpson's quadrature formula. The resulting time multi—term, two—sided space differential
equation is written as a truncated series expansion of shifted Chebyshev polynomials of
the first kind in all variables. We present an analysis of the error norms, and use the
numerical scheme to solve two—sided space, time distributed partial differential equations,
including the fractional diffusion and advection—dispersion equations. Numerical results

illustrate the accuracy and computational efficiency of the method.
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A pseudo-spectral method for time distributed order two-sided
space fractional differential equations

Shina D. Oloniiju*, Sicelo P. Goqo, Precious Sibanda
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Abstract

Time distributed order two-sided space differential equations of arbitrary order offer a robust
approach to modelling complex dynamical systems. In this study, we describe a scheme for
obtaining the numerical solutions of time distributed order multidimensional two—sided space
fractional differential equations. The numerical discretization scheme is a hybrid scheme,
comprising a Newton—Cotes quadrature formula and a spectral collocation method. The
time distributed order fractional differential operator is approximated using the composite
Simpson’s rule, and the solution of the resulting differential equation is expressed as a linear
combination of shifted Chebyshev polynomials in all variables. Convergence analysis of
the numerical scheme is presented. Some one— and two—dimensional time distributed order
two—sided space fractional differential equations, such as the fractional advection—dispersion
and diffusion equations, are presented to demonstrate the accuracy and computational
efficiency of the numerical scheme, and numerical solutions are compared with the exact
solutions, where these are available.

Keywords: Numerical method, Chebyshev—Gauss—Lobatto quadrature, two—sided space,
time distributed order, fractional PDE

1. Introduction

In the past few decades, the number of studies on fractional calculus has grown tremendously
owing to the vast amount of physical phenomena that can be modelled using fractional
differential, integral and integrodifferential equations. Several mathematical models such as
diffusion [3, 19, 20], viscoelasticity [2, 12, 15, 18], growth model [10] and flow in porous media
[6] have been generalized to include fractional derivatives. Fractional models are, in general

*corresponding author
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sibandap@ukzn.ac.za (Precious Sibanda)
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non—local, which make them ideal for modelling multi-scale phenomena. Some physical
systems are complex and cannot be modelled by a fixed order law, and so using multiple
fixed orders leads to distributed order fractional models. Distributed order fractional models
have been regarded as a robust tool for modelling sophisticated dynamical systems.

In this study, we consider a time distributed order two-sided space fractional differential
equation of the form

Bu
[ o005 Diutx, )5 = § Dgulx. 1) + Dt 1) + g(x.), )
Bi

with appropriate initial and boundary conditions on the finite spatial interval [0, L] and
temporal domain [0, T], where o, 8 € R*. Here, { D2 and ¢ D{* respectively denote the left
and right sided Caputo fractional differential operators defined as [15, 18]

1 * (X, 1)
6 Dru(x,t) = / X 2
o Dau(x,1) Tn—a) ), x—x)erin X, x>0, neN, (2)
and
po 1 AN L en ;
< Dlu(x,t) = Tn—a) ). Tox)erin x, x<L, neN, (3)

provided u(x,t) is a continuously differentiable function.

One of the many challenges in solving distributed order differential equations is the
huge computational cost involved compared to fixed order fractional differential equations.
Among the few studies that have been dedicated to obtaining numerical solutions of time
distributed order fractional partial differential equations are [8, 11, 13, 14]. In [9], an implicit
difference method was used to solve a one-dimensional differential equation of the form (1).
A literature search reveals no studies where a pseudo-spectral method has been applied to
time distributed order multidimensional two-sided space fractional differential equations.

This study presents a numerical scheme to approximate the solution of Equation (1) by
approximating the integral using Simpson’s rule. This leads to time multi—term fractional
order two—sided space fractional differential equation which is approximated in terms of
first kind shifted Chebyshev polynomials interpolated using Gauss—Lobatto quadrature. We
illustrate the method using carefully chosen examples and compare the numerical results
with exact solutions where available.

2. The numerical method

This section presents the numerical method of solution for Equation (1). The section is
divided into several subsections which describe the the quadrature rule and the numerical

2
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discretization method used in approximating arbitrary order derivatives in the time
multi-term two-sided space fractional differential equations.

2.1. Quadrature rule: Simpson’s 1/3 rule

We approximate the distributed order derivative as a finite sum by discretizing the interval

(61, Bu] using the points §; = By < f1 < ... < fg = f, and define AS = (5, — 5;)/Q, where
the points are evenly spaced defined as 5. = 5, +eAS, e=0,1,2,...,Q —1,Q. Then using
the Simpson’s 1/3 quadrature formula, we have

Bu Aﬁ Q/2
[ DG )5 = 57 s Dk 1) 43l D e t) ()
1 e=1
Q/2-1

+2 z (B2e)§ D u(x, 1) + p(BQ)§ D) u(x, 1)

The time distributed order two-sided space fractional differential equation (1) is now
transformed into a time multi-term two-sided space fractional differential equation

A 22 f
2 p(30)§ Dt 1)+ () i, 1) + 43 1) DI (3,1
Q/2-1
+2 3 p(Bae)§ D u(x, 1) | + O((AB)?) = § Du(x, t) + { Dfu(x,t) + g(x,1). ()
e=1

Next, we approximate the functions in Equation (5) and their derivatives in terms of the
first kind shifted Chebyshev polynomials.

2.2. First kind Chebyshev approzimation

Definition 2.3. The first kind Chebyshev polynomials are eigenvalue solutions of the
Sturm~-Liouville problem with weight function 1/+/1 —x2? [1]. Considering a change of
variable [—1,1] — [0,L], the shifted form of the polynomials is defined in series form as

)" (n 4 j — 1)12% (n+j—1)12% ,
T._JL(:L’)—nZO( )( 7().(;])”_] 7 *TZ ] T2 'L](x Ly. (6)
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We approximate the solution of Equation (5) as a linear combination of the shifted first kind
Chebyshev polynomials in both variables as

Nx N
u(,t) R U = > UnyyTin, ()T (1), x €[0,1], £ €[0,T], (7)
n1=0n2=0

where Umm satisfies the L? orthogonality condition written in discrete form as
. 11 &

Unl,nz = 7 Z Z Wi, Wiy U(le ’ tjz )TL,nl (le )TT,Tm (tjz ) . (8)

hy, b
T2 =0 j3=0

Here, h,, = ¢,m/2 with ¢g = 2,¢, = 1V n > 1 and the Christoffel number @w; = m/¢; N, with
co=cy =2,¢;,=1V1<j <N —1. Therefore U(x,t) is given as

Nx Nt Nx

X t) = Z Z Wj1 Wi Z Z 7 TLnl le)TL n1(xp1)TT n2( Jz)TT nz(tpz) U(X]'Utjz)a
71=0 j2=0 n1=0n2=0 "1 nz
p1:0717“'7Nx7p2:071>'“7Nt‘ (9)

Lemma 2.4. Let o > 0 and x > 0. Suppose that u(x,t) is a continuously differentiable
function, then the approximation of the left sided derivative with respect to x is given as
[7, 16, 17]

Nx N Nx N; Ny 1 1
c Cpeu Z Z Wi, Wiy Z Z 7 Ty (%5,) T 5 () T g (F5 ) X
J1=0 j2=0 n1=0mng=0 k=0 ™ ‘"2
le kTL k(xm)} U(Xj17tj2)7 (10)
where
ny —i . iy )
1 y(e) (=)= (ng + j; — D122 T(5; + 1)
D= j 11
n,k 7L1JZO (n1 — 71)!(277) L0 L(ji—a+ 1)%1@ (11)
=
and
07 ]1:0,1‘[041—17
k= (12)

k , . .
MZ k k+T— 1) 2 |_ aF(-h —Oé+’f‘+1/2) ji=lal,[a]+1,..., ,
r)!(2r)! F(ji—a+r+1) " k01N
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The approximation in the above lemma can also be used for the temporal fractional
derivatives.

Lemma 2.5. For a > 0 and x < L, and if u(x,t) is a smooth function, the right sided
derivative of arbitrary order is discretized as

X]l)TT nz( ]2)TT nz( pz) X

oo EE b EEEL

J1=0j2=0 n1=0mn my 1ong
rDS,l)kTLk XPl i| XJ17 2 (13)
Here,
ni . . 2 )
r (@) (=11 (ny + 75, — DI2¥ T(5, +1)
Dm,k:nlz (n1 — )25 T(j —a+1)
J1=0 1= J1):(&J1): j1—a
2k (1) (k4 — 1122 VAT —a 47 +1/2) (14)
S (k—r)l(2r)! T(ji—atr+1)

The discretizations in Equation (5), Lemma 2.4 and Lemma 2.5 lead to a linear algebraic
system which is evaluated using shifted Gauss-Lobatto quadrature. This can be extended
to fractional differential equations in three variables.

3. Space of fractional derivatives and convergence analysis

Here, we give the convergence analysis of the numerical discretization scheme described
above. To this end, we define the domain ¢ = 7 x y, where 7 = [0, T] and x = [0, L] x [0, L],
and the L2 (¥) norm defined as ||-||s. We introduce the fractional Sobolev space HZ (), 3 > 0

w

defined as
HB () = {u e L2(9): “D°uc L2 (¥)}. (15)

Given « > 0, we define the semi-norm |u|;, and associated norm ||ul|;, respectively as [21]

1/2 1/2
fula = (I Dgl3y)  and = (lulyo) + ) © (16)

and the semi-norm |ul,, and associated norm ||ul|,, respectively as

_ C’D(y 2 1/2 d _ 2 2 1/2 17
ra = (I DENZz ) an ullra = (Nullzz ) + [ulia) (17)

|u
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Lemma 3.1. Let w € HI(7) and Py be the orthogonal projector into space of shifted
Chebyshev polynomials up to degree N + 1, then we have the following estimates [4, 5]

lu = Pyl ry < ON*7"{|ul ) (18)
[ = Pyt < CN "™ lull g o), (19)

for k and n real numbers, such that 0 < k < n and C, a positive constant independent of N.
Lemma 3.2. Foru € H""(¥), m,n > 0, we have [5]

lu = Prwtllzz o) < C (Nl ooy + N7l o) ) - (20)

The exact solution of Equation (1) is

A Q/2
2 p(30)§ Dt 1)+ plB0)6 Dk, 1) + 43 B 1)§ DI (.1

Q/2-1
+2 ) p(Bee)f D ulx,t) | + O((AB)?) = § Du(x,t) + L Dfulx, t) + g(x.t),  (21)
e=1

provided u(x,t) is regular with respect to all 8 € [Bo, Bg]. The numerical approximation
scheme is

Q/2
Aﬁ 0 e—
5 [P DUk 1)+ pl50)§ DU (e, t) + 47 p(Baer)§ DU, 1)
e=1
Q/2-1
+2 D p(B)§ DUk 1)| = §DRU(x 1) + DUk, 1) + G, 1), (22)
e=1

Theorem 3.3. Let u(x,t) be the exact solution of Equation (1) and U(x,t) be the solution
given by the numerical scheme, such that uw € HJ""(9). Then, there exists a positive constant
C independent of A, N and N; such that

Q/2
—n 2B0—n e—1—T
lu = Ulla @) < C [ (AB)* + NP2 [i€llon + N, €llom + D N> " [illon
e=1
Q/2—-1
+ Z Nt25287n‘|§”0,n+NZaimeHm,O+N7m||u||m¢0+Nt7n|‘u||0,7L - (23)

e=1
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Proof. To prove this result, define & = Py n,u, £ = @ — U and note that g = G. Subtracting
Equation (22) from Equation (21) yields the following error equation

AB 5 Q/2 5
5 |PBS D (u = U) + p(Be)§ D (u = U) + 4y p(Bae-r)§ D (u— U)
e=1

Q/2-1
+2Z (B2e)§ D (u = U) | +O((AB)*) = DG (u = U) + (D (u—U). (24)

Projecting Equation (24) into the space of shifted Chebyshev polynomials gives

Q/2 Q/2-1
?/8 (ﬂO)CDﬂO€+ ﬂ (BQ)CD5Q€+ 4Aﬁzp 526 1 CDﬂze 1€+ QAﬂ Z 625 CDﬁzeg
e=1 e=1
= (§Dg + SDf)f +e+0((A8)Y), (25)
where
Ap 3 5 & 3
€=——" p(Bo)§ D (u— @) + p(B)§ Dy (u— ) + 4 p(Bac—1)§ D>~ (u — 1)
e=1
Q/2-1
+2 Z (Bae)§ D (u =) | + (§ Dy + < D) (u — @), (26)

Applying Young’s inequality and properties of the Sobolev norm on the left hand side of
Equation (25), we have
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Q/2 Q/2-1
ApB AS 4ApB - 2A8
?ﬂ(ﬁo)ochog + ?P(BQ)(?D?% + S ZP(B%—l)gDEQ‘ '+ S Z p(Bae)§ D¢
e=1 e=1 .
L3, (9)
(27)
AB C 1Bo Aﬁ C oo 4Aﬂ & C B2e-1
< ?P(ﬂo)o D;"¢ + ?P(BQ)O Dy=¢ = Zp(ﬂhfl)o D¢
L?"(ﬁ) L%u(ﬂ) e=1
L3,(9)
Q/2—-1
2A08
s Z p(Bac)§ D¢ (28)
=t L2,)
25 Q/2 Q/2-1
—n -n 2B2¢—1—n e—T
<O NPT el + N2 T e o + D NEP T T €llon + Y N € o
e=1 e=1
(29)
Estimating the first term on the right hand side of Equation (25) gives
162 + D02 ) < ON* g, (30)
and for the second term, we get
lellzg oy < C (N~ [ullmo + Ny [ullon) - (31)

Applying the triangle inequality and substituting Equations (29) to (31) into Equation (25)
yields

lw = UllLz ) = 1€ + €ll 2,0y < N€llz, ) + llell 2z, (32)

2 Q/2

—-n -n 262¢—1—n
<C L AB) + N7 Ellom + N Ellom + D NP € lom
e=1
Q/2-1
+ 3 N o A N ™€ o + N7 [tllmo + N [ullon |5 (33)
e=1

which completes the proof. O

4. Numerical examples

In this section, we experiment with the numerical scheme described earlier with some time
distributed order two-sided space fractional partial differential equations. We consider both

8
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one— and two—spatial dimensional two—sided space differential equations of arbitrary orders.
In the examples, we consider the fractional advection—dispersion and fractional diffusion
equations. The accuracy of the method is investigated by comparing the exact solution of
these equations with obtained numerical solutions.

Example 4.1. We consider the one dimensional time distributed order two-sided space
fractional advection—dispersion equation [9]

ou(zx,t)
Oz

1
|t 85 Dtute. s = - 250 4 JE D) + (D) + glant), (30
0

with 1 < a < 2 and boundary conditions
U((E,t”ag = 0; Q= [O, 1}7 te [O,T], (35)

and initial condition u(z,0) = 0. If we assume that the ezact solution that satisfies the
equation is u(z,t) = t2z%*(1 — z)?, then

g(:l,',t) = gl(x»t) + gQ(ZL',t) + 93(x7t) +g4(x,t), (36)

where

201 — )2 (12— t)

gi(x,t) = - -
ga(,t) = 22%(1 — 2)(1 — 22)¢* (38)
gs(w,t) = == £2[(3 —a)(4 1:(?)_—035(4 — a)z + 1227] 5
ol ) = ~ =T HB =) = clg)(S— _6(;1)— =a)+121=af] o

Example 4.2. Consider the two-sided space fractional diffusion equation with time
fractional distributed order

21“(675)017[3 DB = <€ Doua.t) + L0 Do t 1), 1<a<?2 41
0 TO tU(I, ) 5*50 zu(x’ )+§x IU(I, )+g(I7 )7 S g, ( )

with ezact solution u(z,t) = t°2%(1 — )%, such that the boundary conditions are given as
U(xv t)|5ﬂ =0; Q= [Ov 1]7 te [07 T]7 (42)

initial conditions given by
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w(z,0) = w(2,0) =0, e, (43)
and
of.1) = 9 (a.1) + gn(r. 1) + o) (44
oty = LT ) (49
o) — B0 ;(?)_ ;?(4 — a)a + 1227] o
o - =B = o) oli)(;_es(j)— -0+

Example 4.3. In this ezample, we consider a two dimensional time distributed order
two—sided space fractional diffusion equation with constant coefficients

1
1
/O (3 —pB)SDludp = 3 [§ D2 u+ D u+ § D u+ §Df2u] + gz, y,1), (48)

whose ezact solution is assumed to be u(z,y,t) = t22%(1 — 2)%y*(1 — y)?, such that the
boundary condition is given as

u(z,y,t)]oo =0, (49)
and initial condition
u(z,y,0) =0, (50)
where Q is the rectangular domain [0,1] X [0,1]. In this case the function

g(l7y7t) = gl('r7y7t) + 92(1’7:% t) + g3(£1yat) + g4($ay7t) + g5(£>y7t)7 (51)

10
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where

gy ) = 20 I)le(llt— YA~ 1) -

ga(z,y,1) = —inathZlQ(l (G ?11()5(4_;631) —6(4 — ay)z + 1227 (53)

g3(@,y,t) = — (1 — )2 ¢%y*(1 — y)?[(3 — al)(rzi(;_a;)l)— 6(4—a)(1 —z) +12(1 — 2)?
(54)

i@y t) = —2 —o222(1 — )2[(3 — ?2()5(4:;20;2) —6(4 — an)y + 1247] 55

gs(z,y, 1) = (=gt (1 - 2)*[(3 - ozz)éé—_a;l)— 6(4 — az)(1 —y) +12(1 = y)’]
(56)

Example 4.4. Consider the two dimensional time distributed order two—sided space
fractional diffusion equation

1
1
| T2 = p§Diuas = S [§Dzu+ DM+ § D+ D] 4 glt), (5T)
0

with exact solution u(x,y,t) = t222(1 — 2)%y2(1 — y)2. The initial condition is given as

and boundary conditions as

w(x,y,t)]aq =0, tel0,T], Q=10,1] x[0,1]. (59)

The function g(x,y,t) is defined by

11
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9(x,y,t) = g1(2,y,t) + ga(x,y, 1) + g3(2, ¥, ) + ga(z, 9, 1) + g5(, 9, 1) (60)
gi(,y.t) = S T)28ylj1(t1 SR (61)
lry.t) = - =L WO ?1(3:)(%;31) —6(4 — a)z + 1227 (62)
gs(x,y,t) = — (1 — @) tzy*(1 — )"l — al)ﬁ{f‘;)l)_ 6(4 — o) (1 —z) + 12(1 — 2)?]

(63)
iy, t) = — Lt = o)7l(3 = ?z;(i;jﬂ —6(4 — az)y + 1247 .
g5(z,y,t) = C(L—y)eeea®(1 - 2)*[(3 - aQ)IEZ(lE:_aoni)i Mool g+l -y ]

(65)

Table 1: Maximum errors and CPU time for different values of N, with a = 1.3, a =1.9, N, =10, Q = 32
and T = 0.99 for Example 4.1.

a=13 a=19
N, E CPU time (secs) E CPU time (secs)
2 0.04026 0.8238 0.00869 0.8298
4 0.00739 0.8617 0.00703 0.8567
6 0.00035 1.0366 0.00023 1.1051
8 0.00012 1.0662 9.5289 x 1079 1.1107
10 5.3146 x 107 1.2531 4.1654 x 107° 1.1043

Table 2: Maximum errors and CPU time for different values of N; with « = 1.3, « =1.9, N, =10, Q = 32
and 7' = 0.99 for Example 4.1

a=13 a=19
N, | Bl CPU time (secs) | El oo CPU time (secs)
2 0.00278 0.0778 0.00184 0.0654
4 54704 x 1075 0.2430 4.2668 x 1075 0.1729
6 5.3122 x 107° 0.2276 4.1648 x 1075 0.2679
8 5.3082 x 107° 0.7049 4.1622 x 1075 0.6553
10 5.3146 x 1075 1.1849 4.1654 x 1075 1.1606

12
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Table 3: Maximum errors and CPU time for different values of @ with a =1.3, « =1.9, N, =10, N; = 10

and 7' = 0.99 for Example 4.1

a=1.3 a=19
Q 1|0 CPU time (secs) | Bl oo CPU time (secs)
2 53148 x 107° 0.1311 4.1692 x 1079 0.1589
4 5.3146 x 1079 0.1904 4.1656 x 1079 0.2746
8 5.3146 x 107° 0.3028 4.1654 x 107° 0.3129
16 5.3146 x 107 0.5816 4.1654 x 107° 0.8234
32 5.3146 x 1073 1.2644 4.1654 x 107° 1.0751
0.25
—— Numerical
® Exact
0.20
3D 0.15
X
S 0101
0.05 -
0.00 -

0.0

0.2 0.4

X

0.6

0.8

1.0

Figure 1: Numerical and exact solutions of Example 4.1 at ¢ = 1.5,2 with N; = N, = 15, Q = 32 and

a=1.5

Table 4: Maximum errors and CPU time for different values of N, with o = 1.2, a =1.8, N; =10, Q = 32

and T = 1.2 for Example 4.2.

a=12 a=138
N, 1|0 CPU time (secs) |IEllcc CPU time (secs)
2 0.11373 1.0153 0.04094 0.9425
4 0.02022 0.9774 0.01702 1.1729
6 0.00055 1.0023 0.00079 1.0911
8 0.00016 1.0674 0.00035 1.0083
10 8.1689 x 107° 1.0253 0.00014 1.2128

13
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Table 5: Maximum errors and CPU time for different values of NV; with « =1.2, « =1.8, N, =10, Q = 32
and T = 1.2 for Example 4.2

a=12 a=138
N, 1B o CPU time (secs) |E|lcc CPU time (secs)
2 0.04700 0.2015 0.01346 0.0658
4 0.00239 0.1227 0.00093 0.1107
6 8.1716 x 107 0.4807 0.00014 0.1845
8 8.1689 x 107° 0.4049 0.00014 0.4408
10 8.1689 x 107° 0.8637 0.00014 0.9845

Table 6: Maximum errors and CPU time for different values of @ with a =1.2, « = 1.8, N, =10, N; = 10
and T' = 1.2 for Example 4.1

a=12 a=138
Q 1E|| o CPU time (secs) IE]lc CPU time (secs)
2 8.1659 x 107 0.1626 0.00014 0.1526
4 81684 x 107 0.1766 0.00014 0.2244
8 8.1689 x 107° 0.2683 0.00014 0.2773
16 8.1689 x 107 0.5156 0.00014 0.8082

—— Numerical
® Exact

0.0 0.2 0.4 0.6 0.8 1.0
X

Figure 2: Approximate and exact solutions of Example 4.2 at ¢ = 0.8,1.36,1.6 with N; = 16, N, = 15,
Q=32and a =14

14



Page 138

Table 7: Absolute error norms and CPU time obtained from the approximation of Example 4.3 for different
time intervals [0, T] with N, = N, = 15, N; = 10 and Q = 32.

a1:a2:1.5 (11:(12:1.9
T | E oo CPU time (secs) 1|l CPU time (secs)
0.5 5.0793 x 1077 3.3520 5.3510 x 1078 3.3909
1.2 3.1589 x 1076 3.3291 3.1941 x 1077 3.4827
1.9 8.1299 x 1076 3.4079 8.1058 x 1077 3.5286
2.6 1.5442 x 107 3.4996 1.5284 x 1076 3.4398
3.3 2.5106 x 1075 3.4538 2.4736 x 1076 3.3391
4.0 3.7131 x 107 3.4428 3.6467 x 1076 3.4458

Table 8: Maximum error norms and CPU time obtained from the approximation of Example 4.4 for different
time intervals [0, T] with N, = N, = 15, N; = 10 and Q = 32.

a1:a2:1.2 a1:a2:1.7
T Il CPU time (secs) 1|l CPU time (secs)
0.5 1.6666 x 1077 3.4308 2.1362 x 1077 3.5734
1.2 1.8109 x 1076 3.2503 2.1005 x 1076 3.5425
1.9 6.1596 x 1076 3.3480 6.8529 x 1076 3.2892
2.6 1.4079 x 107° 3.4857 1.5287 x 1073 3.4667
3.3 2.6287 x 107° 3.1785 2.8072 x 107° 3.2513
4.0 4.3405 x 107° 3.5116 4.5789 x 107° 3.6692

5. Results and discussion

In this section, we present the numerical results obtained after solving the equations in
Examples 4.1 to 4.4 using the numerical scheme described in this study. The results are
presented in form of tables and graphs. The results emphasize computational efficiency
in terms of CPU time and accuracy which is measured in terms of the absolute difference
between the exact and numerical solutions. The error is defined as

E =u(x;, tr) — U(x;, tg)], (66)

where u and U respectively represent the exact and numerical solutions. The numerical
scheme was implemented using the Python 3.6 programming language on the SPYDER IDE
run on a computer with Intel Core i5, 7th gen, CPU @ 2.50 GHz and 8 GB DDR/ installed
RAM.

Tables 1 to 3 show the maximum absolute errors and computational time (in seconds)
for Example 4.1 for different values of N,, N; and @ respectively. The results show that

15
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the method is computationally accurate and efficient. In Tables 1 and 2, we can see that
accuracy improves as the number of terms (both space and time) in the Chebyshev expansion
increases. However, in Table 3, it can be seen that with 2 equal subintervals in Simpson’s
rule, accurate results are obtained. Obviously, it is expected that computation would become
more expensive as the number of intervals in the quadrature formula and number of spatial
and temporal grid points increase. This can be seen from the increasing CPU time as
the quantities (N, Ny, @) increase. Figure 1 shows the exact and numerical solutions of
Example 4.1 at t = 1.5 and 2. It can be noted that the exact solutions are in agreement
with the numerical approximations.

In Tables 4 to 6, we present the maximum error and computational time for Example 4.2
for different values of N, N; and @ respectively. The results show that the numerical
method gives accurate results. The computational efficiency of the numerical scheme in
terms of CPU time is also given. The maximum computational time is approximately 1.2s,
which is the time required to solve the fractional differential equation with N, = IV, = 10
terms of the shifted Chebyshev polynomials and approximate the distributed order with 32
intervals of Simpson’s rule. In Figure 2, the numerical and exact solutions of Example 4.2
for t = 0.8,1.36, 1.6 are in agreement.

In Table 7, we show the dynamics of the infinity error norms when the length of the time
domain [0, T] is varied. The number of grid points in the spatial variables (N, and N,) are
kept constant at N, = N, = 15 and the temporal grid points at N, = 10. We used 32 equal
subintervals for the quadrature formula. We also report the computational time, which was
used as a measure of the efficiency of the numerical scheme. Table 7 shows that the orders
of magnitude of the errors are small indicating that accurate results are obtained for this
example. However, the accuracy diminishes as the length of the time interval [0, T] increases.
Although, the accuracy of the scheme diminishes for increasing length of time interval, the
effect on CPU time is negligible, putting the CPU time at approximately 3.4142 s and 3.4378
s for a; = ap = 1.5 and oy = ap = 1.9 respectively. Figure 3 shows the numerical solution of
Example 4.3 for ¢t = 5,10 and a; = ap = 1.5 with N, = N, =15, N; = 10 and @ = 32. The
corresponding error distribution over the spatial domain [0, 1] x [0, 1] are shown in Figure 4.
These surface plots show that the numerical scheme is accurate on the entire spatial domain.

Figure 5 shows the evolution of the numerical solutions and corresponding error distribution
on the spatial domain for Example 4.4 for different time levels with a; = g = 1.4, N, =
N, = 15, N, = 12 and @ = 32. The surface plots of the error on the domain z,y €
[0,1] x [0,1] show that the numerical solutions are accurate at every points of x and y
for all values of ¢ presented. Table 8 shows the variation of the maximum error norm for
different length of time interval [0, T]. The computational time for each time interval are
also obtained. The table shows that the numerical results are accurate for all time interval
considered. However, as in the case of Example 4.3 (Table 7), the order of magnitude of the
errors reduces as the length of the time interval increases, but the effect on computational
time is trivial. The CPU times are respectively averaged at 3.3675 s and 3.4654 s for
a1 =ag =1.2and o = ap = 1.7.
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Figure 3: Approximate solutions obtained for Example 4.3 for oy = ap = 1.5, N, = N, = 15 and N, = 10

at different values of t.

Figure 4: Error distribution for Example 4.3 on the spatial domain [0,1] x [0,1] for oy = s = 1.5 with

N, = N, =15 and N; = 10 at different values of .
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t=1.25 £=125

t=375 t=375

Figure 5: Graphs of numerical solution and error distribution on the spatial domain [0,1] x [0,1] for
Example 4.4 with oy = ap = 1.4, N, = N, = 15 and N; = 12 at different values of ¢.
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6. Conclusion

Fractional partial differential equations are a special and important class of differential
equations. It is well known that fractional differential equations with distributed order
are a robust mathematical instrument for describing complex dynamical systems, especially
systems that occur at multiscale stages. Thus, constructing accurate numerical schemes
for this class of differential equations is essential. In this study, we have presented a
numerical method for the discretization of a general time distributed order two-—sided
multi-dimensional fractional differential equations. The time distributed order fractional
differential operator was approximated using a Newton—Cotes formula. We presented both
the left and right sided fractional differentiation matrices using approximation in terms
of shifted Chebyshev polynomials and shifted Chebyshev—-Gauss—Lobatto quadrature. The
convergence of the numerical scheme for the aforementioned class of differential equation
was shown. We demonstrated the numerical discretization method on some one- and
two—dimensional time distributed order two-sided space fractional differential equations
such as the fractional advection—dispersion and fractional diffusion equations. The numerical
results showed that the method is computationally efficient and accurate.
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Chapter 9

Conclusion

The focus of this study was on the development of numerical schemes to solve
mathematical models of arbitrary order. This study served to make contributions to
this subject. We investigated the application of pseudo-spectral methods that use
shifted Chebyshev polynomials to solve fractional differential equations; such as, fractional
ordinary differential equations (Chapter 2), multi-dimensional time—fractional partial
differential equations (Chapters 3 and 4), time—space fractional differential equations
(Chapter 5), two—sided space fractional differential equations (Chapter 6) and distributed
order fractional differential equations (Chapters 7 and 8). The numerical scheme was
first developed to solve fractional ordinary differential equations, and then extended to
fractional differential equations with higher dimensionality and other classes of differential
equations of arbitrary orders. The accuracy and efficiency of the schemes were determined
through conventional performance metrics for numerical method such as error norms and
computational time. The results show that the error norms and computational time are

small. Some of the conclusions drawn from this study are highlighted below.

In Chapter 2, we used a spatially non—local velocity gradient to model heat and mass
transfer in a MHD nanofluid flow with space fractional constitutive equation. The
conservation equations were transformed using Lie's group of transformations, resulting
in a system of ordinary differential equations with fractional order. A numerically stable
and accurate method that used shifted Chebyshev polynomials in the independent variable
was proposed. A bound estimation of the numerical error was calculated, and the results

obtained were shown to agree with those from the classical model. The residual error
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norms of the solutions were found to be approximately 10713, thereby establishing the
accuracy of the method. Further, it was found that heat and mass transfer rates increase

as the fractional order increases.

In Chapter 3, we used the memory inherent non—local property of a fractional differential
operator to describe the boundary layer flow of an Oldroyd—B fluid. We considered two
different flow regimes; specifically, an unsteady unidirectional flow of a MHD fractional
Oldroyd—B fluid occupying an upper half plane oscillating parallel to itself and an unsteady
non—isothermal flow of a generalized Oldroyd—B fluid. The non-isothermal viscous
property was considered in order to introduce nonlinearity and coupling into the system
of time fractional differential equations. Efficient and accurate numerical discretizations
through expansion of shifted Chebyshev polynomials in two independent variables were
presented. The accuracy of the solutions was calculated using the residual error norms.
Also, the effects of the fractional orders on the shear stress and velocity were investigated.
It was found that small values of relaxation fractional order can be used to model

viscoelastic fluid with short term memory and slow response to shear force.

In Chapter 4, we considered the Rayleigh flow of a fractional Maxwell fluid with mixed
boundary conditions. The differential equations were a class of multidimensional time
fractional partial differential equations with Robin boundary conditions. The numerical
scheme was a linear combination of shifted Chebyshev polynomials of the first kind in time
and Lagrange polynomials in space. The theoretical and numerical results of the numerical
scheme indicated that it converges and is accurate. However, due to the inherent memory
property of a fractional derivative, the accuracy of the numerical scheme reduces as the
time interval [0, 7] grows. Additionally, there is a quick start—up for flow with fractional
order close to unity and the effect on the velocity profile become reversed at a critical

time value.
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Linear and nonlinear multidimensional space—time fractional partial differential equations
were considered in Chapter 5. We presented a highly accurate numerical scheme
for this class of fractional differential equations. In the nonlinear case, we used the
quasilinearization approach to linearize the differential equations. The magnitude of the
error norms, the computational time, and the condition number of the differentiation
matrix indicated that the method is accurate and computationally efficient. The
convergence analysis showed that the convergence of the numerical scheme is dependent

on both the fractional orders and number of collocation points in each variable.

In Chapter 6, we used the Chebyshev polynomials pseudo—spectral method for two—sided
space fractional differential equations. We introduced the right—sided fractional differential
matrix and combined it with the left—sided differentiation matrix to approximate both the
left and right sided fractional differential operators. The results indicated that the method
was geometrically convergent and computationally efficient. The computational efficiency
is evident in the computational time, which was approximately 7 seconds for a 16 x 16

spatial grid.

Chapter 7 introduced the numerical scheme for distributed order fractional differential
equations. The scheme is a hybrid of the Newton—Cotes quadrature formula and shifted
Chebyshev pseudo—spectral methods. Convergence results indicated that the numerical
convergence depends mainly on the number of subintervals in the Newton—Cotes formula,
the number of terms in the Chebyshev expansion and the fractional order. Further, the
numerical scheme inherits all the properties, which include, accuracy and convergence, of

the quadrature formula and the pseudo—spectral method.

In Chapter 8, the numerical scheme in Chapter 7 was extended to time distributed order
two—sided space fractional differential equations. In addition, to study the computational

efficiency and accuracy of the numerical scheme, time distributed two—sided space
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fractional advection—dispersion and diffusion equations and their numerical solutions were
presented. The results obtained are consistent with those of the closed form solutions and

show the geometric convergence and computational efficiency of the numerical approach.

In general, the numerical schemes presented in this study are robust and effective
for a variety of classes of arbitrary order differential equations. The accuracy and
computational efficiency of the approach have been established. An essential observation
is that the schemes give geometric convergence; a feature that is generally associated
with spectral methods. For further research, we suggest focusing on applications of
fractional differential and integral operators to problems in the areas of fluid dynamics
and heat and mass transfer. The practice of reformulating constitutive equations in
terms of fractional differential and integral operators is gaining significant research interest
and raises questions in, for example, the strain hardening effect and stress evolution of

non—Newtonian fluids described using fractional calculus.
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