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Abstract

In this study, we develop a nine-point compact difference scheme in exponential form
to solve two-dimensional second-order quasi-linear parabolic equations with Dirichlet
boundary conditions. The proposed two-level implicit difference method is fourth-
order accurate in space and second-order accurate in time. Further, the method is
extended to a vectorized form for solving systems of quasi-linear parabolic equations
and applied to fourth-order parabolic equations without the need for fictitious nodes
to incorporate the boundary conditions. Additionally, an operator splitting technique
is employed to solve the 2D linear model equation and is shown to be uncondition-
ally stable. Numerical experiments are conducted on several benchmark problems,
including the viscous unsteady Burgers’ equation, time-dependent Navier-Stokes
equations of motion, Taylor-Vortex problem, Extended Fisher-Kolmogorov equation,
and Kuramoto-Sivashinsky equation. Numerical results demonstrate that the findings
acquired not only accord well with the exact solutions but are also competent with
solutions derived from previous research investigations.
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1 Introduction

Consider the two-dimensional quasi-linear second-order parabolic partial differential
equation (PPDE) having the structure:

9%u 92

u
Ax,y,1) erc (x,y,1) 8_)12 =f (x, Vot U, Uy, Uy, ut), (x,y,1) € Q2 (1.1)

with the following Dirichlet boundary conditions:

u@,y,) = fo(y,t), u(a,y,t) = fi(y,t), 0<y<a, t>0, (1.2)
u(x,0,1) =go(x,1), u(x,a,t)=g1(x,t), 0<x=<a, t>0, (1.3)

and the initial condition:
ux,y,00)=up(x,y), 0=<x,y=<a, (1.4)

where the solution space 2, = {(x,y,#) : 0 <x,y <a,0 <t < T}, aisareal
number and 7 is the final time. We assume that u(x, y, t) € C(6:6.2) (22), A(x, y,1) €
C(4’4’2)(§22), C(x,y,t) € C(4’4’2)(§22), and fo, f1, g0, g1 and ug are adequately
smooth functions. Also, we suppose that there is only ever one continuous function to
the initial-boundary value problem (IBVP) (1.1)-(1.4) in the solution domain 2. The
above equation models many real-life phenomena and arises in a variety of mathemat-
ical models of technical challenges in the physical sciences and engineering, including
fluid flow, mass and heat transfer, chemical reactions, and many more [0, 16, 45, 46].
The class of IBVPs (1.1)-(1.4) admits, in specific, the Burgers’ and Navier-Stokes
equations (NSEs) that demonstrate the presence of the conservation rules for mass,
energy, and momentum and explain fluid motion and turbulent flow [6, 19]. These
equations are the primary foundation of computational fluid dynamics.

Analytical solutions to these equations seem overly complicated and impractical
in most situations. Even in the simplest of cases, closed-form solutions to PPDEs are
rare and only applicable to a small subset of the problems. The numerical solution
of IBVPs (1.1)-(1.4) has drawn the interest of several scholars in the past, leading to
the development of diverse approaches like explicit and implicit difference schemes.
However, developing high-order, accurate, and computationally economical approxi-
mation algorithms for time-dependent problems with changing coefficients remains a
formidable challenge. In order to solve the time-dependent NSEs for an incompressible
fluid, Chorin [6] made the earliest contribution in this field by using a finite difference
method of order two. Ghia et al. [16] obtained fine mesh solutions for high Reynolds
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number flow using the coupled implicit and multigrid methods for the computation
of the 2D incompressible NSEs. Distinguished work has been done by Li et al. [28],
Spotz and Carey [45], and Weinan and Liu [48] for the construction and advance-
ment of high-order compact methods with high-accuracy boundary treatment for the
stream-function vorticity equations for NSEs. Tafti [47] investigated the numerical
treatment of the unsteady incompressible NSEs on a collocated grid. Hirsh [19] devel-
oped and applied the compact fourth-order differencing method proposed by Kreiss for
the computation of Burgers’ equation. Fletcher [15] applied a second-order approach
based on finite difference for the 2D Burgers’ equation for fluid flows. Later, Mohanty
and Jain [33] derived a two-level compact implicit difference technique for treating
the general two-space non-linear PPDE with non-constant coefficients numerically.
For the incompressible NSEs, Strikwerda [46] presented finite difference methods on
the basis of two different spatial differencing approaches, one of which is accurate to
fourth order and another of which is correct to the sixth order. Afterwards, Yanwen et
al. [49] demonstrated the finite difference approach for the incompressible NSEs and
introduced a close approximation of convection terms with an upwind compact dif-
ference that is accurate to the fifth order, the viscous terms with a compact difference
approximation accurate to the sixth order for symmetrical flows, continuity equation
and the pressure gradient in momentum equations with a difference approximation
accurate to the fourth order on a cell-centered mesh, and so on.

A conditionally stable explicit finite difference technique for handling advective
elements in the two-dimensional equation of unstable scalar transport was first pro-
posed by Balzano [5], and later it was applied for solving the conservative version of the
depth-averaged (DA) transport equation. Over the years, many highly accurate, com-
pact techniques have been developed for different fluid flow models. Further, Meitz
and Fasel [30] used the Fourier collocation approach to obtain compact difference dis-
cretization for the incompressible, unsteady NSEs in vorticity-velocity formulation.
Using a primitive variable formulation, Pereira et al. [42] provided a finite volume
(FV) compact technique for discretizing the incompressible NSEs with fourth-order
accuracy. Of late, the unstable incompressible NSEs in the velocity-pressure repre-
sentation were published by Johnston and Liu [21], along with a numerical technique
of order two applied to a non-staggered mesh, which is suitable for simulations with
moderate to high Reynolds numbers. Kalita et al. [22] developed a group of compact
schemes of higher order with weighted time steps efficiently capturing both transient
and steady solutions for the 2D unsteady convection-diffusion equations with non-
constant convection coefficients. NSEs have been investigated with the help of a finite
difference formulation for compressible jet flow with small Reynolds number [12,
13]. Mohanty et al. [35, 36] developed two-level nine-point implicit finite difference
methods in which arithmetic average discretization is performed to get the solution of
the 2D non-linear PPDEs without necessitating the use of any fictitious points for the
purpose of calculation when implemented to problems with a singular value. For the
2D steady-state incompressible Navier-Stokes equations, Bai et al. [4] constructed and
analyzed the approximated incomplete LU factorization and the approximated unsym-
metric Gauss-Seidel splitting preconditioning matrices for the coefficient matrix of the
discretized linear system. Mittal et al. [32, 43] employed bi-cubic B-spline functions
to find out numerical solutions of 2D unsteady advection diffusion equations. Aggul
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and Labovsky [2] combined the defect and deferred correction schemes to compute
the solutions of NSE at high Reynolds number, which is second-order accurate in both
space and time.

Talking about recent developments, the 2D unstable advection diffusion problem
is solved by Mittal et al. [31] with the use of cubic B-spline quasi-interpolation
approach through the Kronecker product. Employing the meshfree RBF-FD method-
ology, Abbaszadeh and Dehghan [1] developed an effective numerical method to
simulate the time-dependent incompressible NSE with changing density. Recently,
Saray et al. [39] used the multi-wavelet Galerkin method for the approximate solution
of the 2D Burgers’ equation. Alternating Direction Implicit (ADI) methods [14, 41]
that reduce a multidimensional problem successively to independent one-dimensional
problems, have proven to be efficient and are extensively utilised in a wide variety of
contexts for numerically treating parabolic problems. In recent years, compact ADI
techniques of higher accuracy for 2D parabolic equations have been discussed by
numerous researchers (see Dai and Nassar [7], Karaa and Zhang [24] and references
therein). Bashan [52] obtained efficient numerical solutions to coupled viscous Burg-
ers’ equations with very high Reynolds numbers via the contribution of the finite
difference method and differential quadrature technique. The modified cubic B-spline
differential quadrature method has been used to determine numerical solutions of the
nonlinear modified Burgers’ equation in [53]. Mohanty have proposed highly accurate
approximations in exponential form for nonlinear elliptic PDEs in [38, 56].

Compact finite difference scheme is one which utilizes grid points located directly
adjacent to the node about which the differences are taken. For three variables (x, y, 7),
compact finite difference scheme requires either 19- or 27-grid points on a cubical
cell, whereas, in our work, we have formulated two-level compact finite difference
method in exponential form for the second-order parabolic partial differential equa-
tions utilizing only nine nodes of a compact stencil at each time level. That means we
are using only 18-grid points, and our method is fourth-order accurate in space and
second-order accurate in time direction. Further, using the same (9+9)-grid points,
we have written our method in vector form to solve system of nonlinear 2D parabolic
equations. Further, we have constructed the ADI method for linear unsteady diffusion-
convection equation which is shown to be unconditionally stable. In this case, we use
a tri-diagonal solver to compute the method directly. Our numerical results show that
the proposed exponential scheme solves a wide range of physical issues with great
accuracy compared to the existing methods.

This investigation also considers the general 2D quasi-linear PPDE of order four,
shown in the following form:

A(x,y,t) Vit u, = ) (x, Yol U, iy, Uy, Vu, Viu,, Vzuy> , (x,y, 1) € Q,
(1.5)

with the initial condition:

u(x,y,0)=¢o(x,y), 0=<x,y=<a, (1.6)
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and the following boundary conditions:

82
M(xa()’t):(ol (xat)7 8_b2t(x507t)=(p2(x7t)’ O§x§a7 t>09
y
8%u
ay?
8°u
M(OaY»t)ZWI (yat)v W(O,Y,I)ZWZ()’J), O§y§a7 t>09

ulx,a,t) =¢3(x,t), (x,a,t) =4 (x,1), 0<x <a, t >0,

0u
u(aayat):w3(y7t)a ﬁ(avyat)=w4(y7t)a05y5a7t>09 (17)

2 2

0‘u  9°u . . . .
where V2u = 2 + 2 is the representation of the Laplacian operator of the function
X y
u(x, y, t)intwo space dimensions. Assume that the functions ¢g, ¢;, ¥;,i = 1,...,4

are smooth enough, and their derivatives of all required orders may be found in the
solution domain. Equations of this form formulate many applied mathematical mod-
els, like pattern generation in bistable systems [9], domain wall propagation in crystals
formed by liquid [50], and travelling waves found in reaction-diffusion models [3].
These are few examples of situations where the Extended Fisher Kolmogorov (EFK)
problem exists. In order to characterize the phase dynamics of reaction-diffusion mod-
els and the inherent instabilities of laminar flame fronts, the Kuramoto-Sivashinsky
(KS) equation was developed [27, 44]. Because of its complexity and its capacity to
express processes that occur in the real world, the KS equation has garnered huge
attention over the course of the past few decades.

Fourth-order PPDEs have been the subject of a great deal of previous research
on numerical approximation. Orthogonal cubic spline collocation of order two was
utilized by Danumjaya and Pani [8] for the study of convergence of approxima-
tions to the EFK equation. The fourth-order diffusion equation in two dimensions
is treated by Guo and Lii [17] using parallel difference schemes. The 2D EFK prob-
lem was solved using a three-stage linearly implicit finite difference approach, which
is second-order convergent both in time and space variables [18]. Khiari and Omrani
[26] proposed an application of a second-order Crank-Nicolson type finite differ-
ence scheme to the solution of the EFK equation in two spatial dimensions subject
to Dirichlet boundary data. In [51], the approximate solutions of the fourth order
extended Fisher-Kolmogorov equation have been obtained by applying the modified
cubic B-spline based differential quadrature technique. In recent years, Liu et al. [29]
presented a pseudo-spectral Fourier method to approximate the EFK equation in the
two-dimensional space domain. A technique that relies on radial basis function and
finite difference was developed by Dehghan and Shafieeabyaneh [11] to solve one,
two, and three-dimensional cases of the EFK equation numerically. Ilati and Dehghan
[20] suggested the solution of the EFK problem by using the local boundary integral
equation technique. Omrani [40] examined a linearised finite difference discretization
of the second order as a method for solving the non-linear evolutionary Sivashin-
sky equation. Kalogirou et al. [23] performed a thorough numerical examination of
the 2D KS equation. Lately, Dehghan and Mohammadi [10] solved the damped KS
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problem in two dimensions using a numerical approach that is based on an explicit
Runge-Kutta in exponential form in time and a meshless method in space. To study two-
dimensional time-dependent parabolic PDEs, Mohammadi and Dehghan applied the
boundary knot method (BKM) combined with the meshless analog equation method
(MAEM) in space and a semi-implicit scheme in time [60]. Recently, Mohammadi and
Dehghan [61] considered the radial basis function-generated finite difference scheme
for space and an implicit-explicit time discretization is employed to deal with the
time variable for the numerical solution of 2D parabolic PDEs. The introduction and
increasing acceptance of compact methods rekindled interest in the discretization of
biharmonic problems. In recent years, compact difference approaches for 2D quasi-
linear parabolic problems of order four have been proposed [34, 37]. Mohanty and
Sharma [57] presented a new compact 2-level implicit numerical method in the form
of exponential approximation for finding the approximate solution of one-dimensional
nonlinear fourth-order Kuramoto-Sivashinsky and Fisher-Kolmogorov equations. The
described method has an accuracy of temporal order two and a spatial order three (or
four) on a variable (or constant) mesh. Later on, they constructed a numerical scheme
in exponential form based on off-step variable (or constant) mesh discretization for
the numerical solution of a one-dimensional quasi-linear parabolic equation [58].

One of the main contributions of this study is that the proposed method is also
applied to solve fourth-order parabolic partial differential equations without requiring
any fictitious point to incorporate the boundary conditions and without any com-
promise with its accuracy. The proposed numerical scheme has been successfully
applied to solve numerous benchmark problems such as the Navier-Stokes equation,
the Taylor-Vortex equation, the Extended Fisher Kolmogorov equation, the Kuramoto-
Sivashinsky equation, etc., and to verify the accuracy of the proposed method.

A general overview of the paper is provided here. In the next section, we introduce
as well as construct two-level implicit difference method for the IBVPs (1.1)-(1.4).
The proposed technique is generalized for system of quasi-linear PPDEs and applied
to the fourth-order parabolic problem (1.5)-(1.7) in Section 3. Further, in Section 4,
we explain the ADI scheme for a 2D linear parabolic equation and perform the Von-
Neumann examination for the scheme’s stability. Extensive numerical experiments of
physical significance are described in Section 5 together with a comparative description
to illustrate the accuracy and use of the suggested technique. Lastly, we give our
concluding remarks in Section 6.

2 Two-level compact difference method: Formulation and derivation

Choosing & > 0, k > 0 and a positive integer N such that 7 = NL—l-l’ we describe

a rectangular grid with the internal grid points (xg, Yo,y ), Xg = Bh, yo = oh,
to = ok, where f,0=0,1,..., N+ 1,ando =0, 1,2, .... Besides, let A denote

the mesh ratio PR u% o and Ug’ 0 be the analytical and approximate solution of the
function u (x, y, 1) at grid point (xg, y,., fs ), respectively. Let AG,=A (xp. Yo. 1s)
Cg,g =C (x,g, Yos tg), etc. At the grid point (xﬁ, Yo tg), the PPDE (1.1) can be
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described in the following way:

Us,) =Fi,
2.1

For m,n = 0, £1, the following approximations are defined for the solution value
U and the co-efficients A, C at the grid point (xg, Y, I+ ):

o o o o . o o o
B.o + CpoUyyp, = f (xﬁ’ Yorlos Up g Uxy o U

XXB,0 XBo’ T Vpe’

fo =1, +0k, 0 <0 <1, (2.2)
Afo=A(xp. o To) 2.3)
Ay, = Ax (xp. o To) (2.4)
Z;ﬁ.g = Ay (xﬁ’ Yo» ;0) ’ 2.5)
ZZX;;,Q = AXX (xﬂ, va ;0) ) (26)
Z(;yﬂ.g = Ayy (Xﬂ, Yos ;a) ) 2.7)
Cho=C (%6 Yo: 7o) 2.8)
Cy,, = Cu (%8 Y00 70) + (2.9)
6;;3.@ =C, (Xﬂ, Yo ;0) ) (2.10)
Crrs, = Cux (%6 Y00 7o) » 2.11)
fgyﬁ,g =Cyy (xﬂ’ Yo ;rr) ) (2.12)
Y "
Uﬁ+m,g+n = 9Ug+m,g+,, +(1 - G)U/(Bf+m’g+na (2.13)
TS, -T5,
jﬂ»@ = = ’QZh £ ’Q’ (2.14)
[
77 ,0+1 ,0—1
U;ﬂya = 22 2% b ) (2.15)
o+1
7’ Use —Upo (2.16)
1.0 - k 3 .
+1
T Upz1.o — Vb1
e 2.17)
+1
77° Ug,gil - Ug,gzl:l
Bot1 — (2.18)
Y Y Y
ﬁa _ :l:3U,B:|:1,Q :F4U5*Q:|:U/3:FI,Q (2 19)
XB+l,0 — 2h 5 .
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0 50
7o Uptt,o41 = Up_10+1
YpoEl T 2h ’
-0 -0
—0 _ Ugsii,0+1 = Uptio-1
YB+lo 2h ’
0 0 —0o
— _ :l:3Uﬁ’Qi1:F4Uﬁ’Q:i:Uﬁ’QjF1
YBo£l 2h ’
-0 -0 <50
—0 _ Uﬁ+],g_2Uﬂ,Q+Uﬂ*1,Q
XXpo T h2 ’
550 <50
T° . U/S,Q-H - 2U/3,Q + UﬁvQ—l
Y¥Bo h2 ’
-0 -0
50 XXB0+1 XXB 0—1
XX_)‘/gYQ 2h ’
-0 <=0
0 _ U}’)’,SJrl,g B U}’Yﬁfl,g
Ype T 2h ’
-0 -0 -0
UO’ _ Uxx,g_QH - 2Uxx}g,g + Uxx,g,g,1
XXYYpo n2 :

Furthermore, we define the following approximations:

=0 50 50

—0 - =0
Fpiio= f(xﬂil’ Yorlo» Upl g Uxﬂil,g’ Uyﬁil,g’ Utﬁil,g)’

-0 -0 -0

—0 —
Fﬂ,gil = f(xﬁ, Yo+1, lo, Uﬁ,gil’ Uxﬁygil ’ ny;,Q;H ’ Utﬁ,g;tl)’

0 —

0 =0 =0 2570 2 770 T
Usyo = Uty +ath (Fhyr o = Fho o) +202h7U5y,  +20% (a307,, , +asU
= 750 —o -0 2770 2 w50 77
Ty, = Uy, +hih (FM+l - Fﬂyg_l) +200h7T Yy, +2h (bgUxxﬂ‘g +byT
0 _ —0 0 0 —0
Fpo=1 (567070, 050, 0y, . 0,007 ),
=0 —0 —0 —0 2550 2 —0 —
Utpo = Uty e (Fharo = Fhoro) +2007Tsyy,  +20% (e3USy, , +cal
=0 750 —0 -0 2770 2 0 77
Uy, =US,, +dih (FM+l - Fﬁyg_l) +2dh° Ty 42 (@wa +dsU
=0 . — A0 A0 —¢g
Fho= 1 (%3070, U0 U5y . 03, T ),
where a;, bj, c; and d;,i = 1, ..., 4, are unknowns to be determined.
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YYB.o
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(2.20)

2.21)

(2.22)

(2.23)

(2.24)

(2.25)

(2.26)

(2.27)

(2.28)
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(2.30)

2.31)

(2.32)
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Numerical Algorithms

Now, utilizing fourth-order compact technique from [38], Taylor’s series expansion,
and some algebraic calculations, we write equation (2.1) as follows:

LUl = [L‘U)?Xﬂ,g + LaUyy, , + LaUgyy, , + LaUfyy, , + L5U;xyyﬂ.g]
JWFS + HLFS , + JZFg + uFg | —4Fg
_ F,é’ ex B+l.0 B-l.o B.o+1 B.o—1 B.0 + O(h4),
@ 12F/§’
N
(2.36)
where AT Y
2 A9
— AC - o o _ B.o o _ YB.e o
Ly _Aﬂ@+ 12 (Axx/s,@ T ymg) (6,4%@) *B.0 <6C" ) V.o’
K2 hAS hC¢
_ (o T (o _ B.o o _ YB.0 o
L= Cﬁ,g + 12 (Cxxm + C;J’/S.g) <6Ag 0 hCXM écg 0 hcyﬂ,@’

h* Cgﬁ,g h* o Agﬂ,g o
Ly = 6 |:A‘;ﬁ.g - cg Apo| La= 6 Cpo ~ A9 Chol LIs =
0 0

A% +C%
2 |: B0 ﬂ,9i|’ and

12

: : o ;
Ji=1—h—22 = 1+h—L2 Js=1—h—22 Jy=1+h—22,
AU A%a@ Cg,Q Cng

0
At the grid points (xg, Yo, fs ), we denote
<3F)U : <8F)G <8F )U
w = —_— s = —_— s y = .

Jt B.0 U B.0 aU, B.0
OF \° IF\°

_ <_) n= <_) | (2.37)
aU, f.0 aU; B0

Differentiating equation (1.1) with respect to ¢ at the grid points (xg, yp. f5) and
using (2.37), we get

o o o o o o o
+ A,MU + Cﬁ,gUyytﬁ,Q + Cfﬁ,g Uyy,s,g

o
B.o™ xxtg o XXB,0

=+ é‘U’?@ + yU’g’ﬁ‘@ + SU)(’Tfﬁ,Q + UU;(Z&Q (2.38)

Then, using approximations (2.2), (2.13), (2.17)-(2.22) and (2.37), we simplify
(2.28)-(2.29), yielding

k h2 2 3 2 4
F""ﬁihg:FEiI,Q+ET1+€T2+O<k + kh + h> 4+ kh* + h ) (2.39)
Fo . =F¢ +lfT +h—2T + O (k* £ kh £ 1 + kh> + n* (2.40)

pox1 = L1 T 511+ =15 : :
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where
T, =20 (a) +e U, +yUy,, + éU;’tM) +nUg, -
D= =2y Ul T 6§00 T3 = VUi, = 26055, -

Again, taking into account the equations (2.14)-(2.15), (2.23)-(2.24), (2.25)-(2.26),
(2.30)-(2.31) and (2.39)-(2.40), we get

0 2

h
Uy, = US,, HOKUZ, + [(1 + 12a1A%’Q> Ul + 12<alcgvg +a2> Ul

+ 12<a1Agﬁ,Q + a3>foﬁ.g +12(arCg,, + a4>U;,’yﬁ,gi| +0 (K +kn2+ h4) ’

0 2

h
Uy, = US,, +0KU, + = [(1 + 12b1cg79) gy, + 12(b1A‘/§’Q +b2) Ul

2 2 4
+12(b1AS, , +b3)US, +12(bi1C5,, + b4>U;’yﬁvg} +0 (K2 + kh? + h*),

which get reduced to

—_—0

U,,,=US, +0kUS, +0 (k2 kR 4 h4) , (2.41)
=0 " 5 5 .

Uypo = Uypo +0kUy;, , + 0 (k +kh” +h ) ; (2.42)

for the following value of parameters

o o o
a) = -1 a = ﬂ a3 = Axﬁ'g as = Cxﬁ’g
o g g o
12Aﬁ,g 12Aﬂ,g 12Aﬂ,g 12Aﬁ,g
o o [
b] — -1 b2 _ Aﬂvg b3 — Ayﬂ,g _ Cyﬂ,Q

- ’ ’ 4 = .
12 g’g lZCg’Q IZCE’Q IZCE’Q

Now, with the aid of the equations (2.2), (2.13), (2.16), (2.37), (2.41)-(2.42), approx-
imation (2.32) can be represented as:

—0 k
Fho=Fio+5T1+0 (k2 Kk + h4) (2.43)

Next, we rewrite (2.33) and (2.34) with the help of approximations (2.14)-(2.15),
(2.23)-(2.24), (2.25)-(2.26) and (2.39)-(2.40) as:

2 h?
0., =US, +6kUG, + =TT+ 0 (k2 +kh? + 1), (2.44)
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xR0 2
U, =US +6kUS

YB.o YB.0 Y10 6

where

+h—T5+0(k2+kh2+h4),

Ty = (14120145, ) Uz, +12(1CF, + o)

+ 12<c1Aj‘Cﬂ’Q + C3>U" + 12(c1c;3ﬂ,9 + c4)U

XXB.0

Ts = (1 + 12d1Cg,Q>U" + 12(d1A§,Q + dz)U;’xyﬁ,g

YYYB.o

+12(d1 A5, +ds UG, + 12(iC5,, + d )

XXB.0

(2.45)

Using (2.2), (2.13), (2.16), (2.37), (2.44) and (2.45), the approximation (2.35) can

be expressed as:

2 2

Pomre e s e 0 (k2 kn? 4
Bo = Io 21 Y14 6 5

6

On simplifying (2.3)-(2.12), we get

Y ,
Ao = Ao +0kAT, +0 (k).

2% _ jo0 o 2

Axﬂ,Q - Axﬁ,g + ekA”ﬂya +0 (k ) ’

A7 =A% 4 0KA%, +0 <k2>
YB.o YB.0 Yig.o ’

—0 o

2
Axx&g = Axxr;yg + ekA:xlﬁ,g + o (k )
+0

()

Cho=Cho+0KC, +0 (kz) :

AT = A% 4 OkAC

YYB.o YYB.o Yyig.o

~0 _ o o
C"ﬂ»@ - Cxﬁ,e + Okc’”ﬁ,e

+0(k2

o

).
Chpy =€, +0KCS, + 0 (K2,

YB.o Yig.o
kz)

+o0 (
—o 2
nyl&a - C;Yﬂvg + chgﬂﬂ.g +0 (k )

—0

C C? 4+ 60kCY

XXpo T TXXpo XX1B,0

3
9

’

(2.46)

(2.47)

(2.48)
(2.49)
(2.50)
(2.51)
(2.52)
(2.53)
(2.54)
(2.55)

(2.56)
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Then, in exponential form, a new technique is given by:

— —0
L[U]= [LlUXXﬁ, +L2U}’)’ﬁ +L3Uxxyﬁ +L4nyyﬂ +L5Uxxyyﬁ ]
— —=0
_:0’ J] /3+1,Q+‘12F/3—1,Q+J3F/5,Q+1+J4F/3,Q 1~ 4FﬂQ
=Fpg ,exp — +Tﬁg,
12F,,

(2.57)

where 7;) 0o=0 (k2 + kh? + h4) is the local truncation error (LTE) and the coeffi-
cients are given by:

—0
_ h? hA, hC
o o —0 B.o g YB.0 nd
Li=Ago+ 5 12 (Axxﬂ,@ + Ayyﬁ,o) N <6Aﬂ 0 hAxﬂya N 66; 0 hAyﬂ,e’
.
— —o0 h2 —0 —0 hAxﬁg -0 h YB.0 e
Ly=Cpo+ 12 (C o T nyﬁ-a) - 6A,3,Q hCso = 6CC hCype
— —0
_ h? — C S e — h? —0 AXﬁ,Q —0 —
Ly = g |:Ayl3,g N EU A/BQ ’ Ly = ? Cxﬂyg T 50 Cﬁ’g ’ Ls =

B.o
Ay +Cy
h2 [ ,B,Q ﬂvQ}’ and

12

—0 —0 —0 —0

B A° A? C c
Ji=1—h—2te 12—1+hA’” Ji=1- hC”“’ To=14h—==Le

B.0 B.o
With the aid of (2.36), (2.38)—(2.40), (2.43) and (2.46)-(2.56), from (2.57), we
obtain the LTE as:

Y IR R2T(3 o
Tpo=k (9 B 2) Wi, + 15| (541260480 ) Uy +12(1CF 0 +2) Uy,
+12(c14g, , +e3) U, +12(e1Cd, | +ea) US, 213 s Vs
12%g.0 3) Yxxp 1%, 4)Yyyp0 |V 181\ 2 %80 YYYB.o
o o o o o o
+12 (A1 AG o +d2) Uy, +12 (1A, +d5) ULy, +12 (1€, +da) UGy, Q]g

+ 0 (k2 k2 + h“) . (2.58)

For the proposed method (2.57) to be of O (k2 + kh?* + h4), the coefficients of
k, h? in (2.58) must be vanish. Thus, the values of parameters are given by:

1
0=,
2
o o o
¢ = —1 ¢y = Cﬁ’Q 3 = A"ﬂa 4= Cxﬁg
o - o o o
8Aﬂyg 8Aﬂ) 8Aﬂ’ SAﬂ’Q
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dy = -1 dr = A;aQ dy = {yrﬁve = ;ﬁ,g
ch,g SC;Q SCE’Q SC;Q

and the local truncation error is Tg’g =0 (k2 +kh? + h4).
Note that, A > 0, C > 0in 5. Thus, L[U] is well defined. Ash — 0,k — 0, it
is easy to verify that

o A° o A° o 3° o A° o
Ab’ 0~ Apo Ay, AXﬂ,@’iyyﬁ,g - Ayﬁ,g’f)yﬁ,e = Al Aé’)’ﬁ = Ao
O' o [ o
Cﬂg—>Cﬂg,C — CY Cyﬂg—>C Cxxﬂgecxxﬂg ng nyﬁg

Ll ad L] L2 — L2,L3 — L3,L4—> L4,L5 — L5,J1 d J1,J2 d J2,J3 —
B3, Js — Ja,

— — —0 —0 =0
UL[U] — LU, Fgyy, — Fﬂi1 o Fpot1 = F/3 ot Fpo = FEQ, Fgo—
/3 e’

Thus, by the help of (2.36) and (2.57), it is easy to check that Tﬁ — 0 as
h — 0,k — 0. Hence, the approximation (2.57) is consistent with the PPDE (1.1).
Since the solution of PPDE (1.1) exists and unique, and the approximation (2.57) is
consistent with (1.1), hence the approximate solution exists and unique in the solution
domain €2;.

3 Generalisation to the system of equations and application to fourth
order PDEs

In this part of the article, we investigate the following quasi-linear PPDEs in vector
form:

9%u 9%u
A, y,t)— +C(x,y,t) —
(x,y )8x2 (x,y )8y2

=f (x, yor,u® u® T T ™, ”9)’ “;2)’ R ”&M)» ”51)’ ”52) ~~~~~ ”EM))’
3.1

for (x, y,t) € Qa, subject to the following conditions in vector form:

u@©,y,1) = fo(y,t), u(a,y, 1) = fr(y,1), 0 <=y <=a,1 >0, (3.2)
ux,0,t)=go(x,t), u(x,a,t)=g1(x,t), 0 <=x <=a,t >0, 3.3)
u(x,y,0)=u9(x,y), 0<x,y <a, 3.4

A c
A c®
Here, A = . ,C = ) are M x M diag-

A cOn)
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eh £
u® @

onal matrices, and u = . , f = . are vectors having M components
LD FOn

each. Andug (x,y), fo(y,t), f1 (y, 1), go (x, t) and g1 (x, t) are continuous vector-

valued functions.

Let

_ k
lo =1 + <. 3.5)
2
For m,n = 0, 1, define the following approximations in vector form:
UU+1 + Ue
770 B+m,o+n B+m,o+n
Upimotn = 5 : (3.6)
vo‘ _ ﬁa
770 _ " Btle B—1l0
Uy, = 7 : (3.7
UO‘ . ﬁa
770 _ "~ Botl B.o—1
Uy, = T : (3.8)
o+1 o
779 _ Uﬁ,e B Uﬁ»a 3.9)
Bo k ) .
o+1
—o_ Upiio = Upsio (3.10)
1B+1,0 - k ) .
o+1
—=0 . Uﬂ,g:l:l - U%,g:l:l G.11)
1o+l — k s .
770 <50 <50
XB+1,0 - 2]’1 ) .
770 =0
7T - Ugiioe1 —Up_10+1 G.13)
XB.0+1 - 2h ) .
Y -
—=0 . U,B:I:l,g+l - U/S:I:l,g—l (3.14)
YB+lo W s .
—0 —0 —0
s _ :i:3Uﬁ’Qi1 :|:4Uﬂyg :tUﬁ,Q¢1 G.15)
YB.otl 2% s .
750 —0 —0
Yy _ UﬂH’Q—ZUﬂ,Q—l—Uﬁ_LQ G.16)
XXB.0 - h2 b} .
770 =50 =50
=0 Upgo1 =2Upg o +Up oy GID
YYBo h2 ’ .
750 —0 —0
0 _ Upiipe1 = 2Ug o1 +Up_y o1 3.18)
XXB,0+1 - h2 ) .
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—0
YYptlo 2 ,
—o0 —o0
—0 T XXpo+l XXB 01
XXYgo — o s
—0 —0
750 U W+l Uyyﬂ—1,g
XYYBo 2h ’
750 —0 —o0
— B Uxxﬁ,g+1 — 2UXXM + UMM_1
XXyY¥Bo ~ h2 ’

-0 - =)o —=2).,0 —(M),0c —=(1),0 +2),0
Fpsro= f(xﬁil’ Yorlo: Uptigr Upsigr -+ Upsl Uxﬁil.g’ Uxﬂil.g’
7.0 77(2),0 7Moo 7)o 7720 77(M).0

Uy,ail,g’ U)’ﬁil.g’ . U}'ﬂil.g’ UI;S;H,Q’ Ufﬂ;t],g’ e Utﬁil.g )’
-0 - —=(),0 —=@2),0 —(M),0 —=(1),0 +=2),0
Fﬂ,gil = f(xﬁ, Yo+l 1o, U,g’gil, Uﬁ,gil, e U;S,g;th Uxﬂ,g:kl’ Uxﬂ,gil’ ..
7700 75(2).0 7M. 0 =)o 77(2),0 77 (M),
Uy,a.gil ’ U)’ﬂ,g;tl e U}’ﬂ,gil ’ Utﬁ.gj:l ? Utﬂ,gil e U’ﬁ.gil )’
o= - =)o =20 —M).o =0 =2).0
Fﬂ’g—f<xﬂ,yg,tg,Uﬁ,Q ’Uﬂ,Q ""’Uﬂ,g N XBo Xpo 0"
Tihe =20 =Do mho Z@0 o
Yoo > T YBo 7T T ¥Be T 7 T go 77T Tl )’
where
2o
T, =T, (B, T )+ ey
Xpo T T Xpo 12A¢2 B+lo — V' B-lo + 6AC° XYYB.0
B.e B.o
o o
2 o 770 XBo F70
+2h ( o Uxx U
B.o g YYB.e
12Aﬂ’g 12Aﬁ’9
2 q0
ﬁd _ —0 h Fo- Fo- h AﬁvQUJ
Yoo " Yo 12C¢ B.o+1 ™ T Bo-1 + 6C° XXYB.0
B.e B.o
o o
2 YBo 770 YBo 770
+2h < o xxpp T
B.o a YYB.o
12Cﬁyg 12Cﬂ’g

=50 =50 =50
CUpsip11 = 2Up4 o+ Upyy oo

)

)

LU

LU

(3.19)
(3.20)
(3.21)
(3.22)

7 (M), 0
Xptle0’

(3.23)

77 (M).0
XB.0%1"

(3.24)

—(M),o

T XBo

(3.25)
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Further, we define the following additional functional approximation as:

=0 - —(),0 —=2),0 —(M),0 A0 =)0 a(M).o
Fﬂ’g—f<x/3,yg,tg,Uﬁ’Q Ty Ug) 0, 0, T,
2,0 =(2),0 AKM).0 —1),0 —Q2).0 —(M),o
v Uy Oy, T T LT ) (3.26)
where
h2 o o o

.0 770 XBo 0 Xpo 0
ﬂQU Bo B.o

= h —0 =0 2
U"ﬂve = Vg T 8A%, (FﬁJrl.Q - Fﬁfl.@) + 445, XYYp.o +2h <8A§‘Q Uxxm: + 84, U)'Yﬂ,g)’

=0 —0 —o —0 B.o 350 2 YB.o F70 YBo F70
0, =0, ~ sor (Fhon — Fhor) + 3, Doy 2 <scg “Ulna + 505, Uyyﬂ_g).

Now, the system of PDEs (3.1) at each interior nodal point (x,g, Yo tg) may be
approximated in exponential-vector form as:

¥ 770 ¥ 770 ¥ 770 5 770 ¥ 770
L[0] =00, + LU, + LaU,,, , + TaUs,,, + LsUL,, |

— — —_ — — =0
T\ Fpy o+ oFyy ,+T3Fg o+ TaFg, | —4Fg,
=0
12F,,

:?;Qexp( ) +Tg’g, (3.27)

-0 —0
. Y hZ S e hAXﬂ,g — hCyM —
where L = Ag , + D (AXXﬁ,Q + A)’yﬁ.g) - ( 6A° hA,, — 6C" hAy, -

A, he N The
_ — h? s —0 hAxﬂ,g =0 hCYﬂ,Q raid
L= Cﬂaé? + 12 <C”ﬁ’rz + C)’yﬁ-g) B 62‘; hcxﬁ’g B 662 hcyﬂ,g’
0 .0
—0 -0
- h? —0 Cyﬁ,g el T h? ° Axﬂ,e ° T
Ly =% [Ayﬂ,g - gf‘ﬂ,g o La= o G - Tcﬂ,g - Is =
0 .0
A5+ C
h2 [ ,B,Q 12 ﬂﬁQ , and
—0 —0 =0 =0
_ A _ A _ c. _ C
Ti=1-h=2 To=1+h=22 T3 =1 h=2"%TJs=1+h=2",
B.o B.o Cﬁ,Q

B.o
and Ty , = O (k? + kh? + h*).
The next one in our study is the fourth-order IBVP (1.5)-(1.7). We introduce a new

variable v as:
Viu = v, (x,y,1) € (3.28)

Then, the equation (1.5) is reduced to
Ax,y,1) V2 = g (x, Vol U, Uy, Uy, V, Uy, vy) — Uy, (x,y,1) € Q2 (3.29)
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On applying the proposed method (2.57) to coupled equation (3.28)-(3.29), we
obtain:

[U 10 +-T ]

XXB.0 Y¥B.0 6  YXYVBe
-0
_V exp <V,3+1 0T Vot Veen + Vo — 4Vﬂg) LT
pe 12V5,

(3.30)

— —o
[Ll Viego T szyyﬂ o T L5Vxxyyﬂ g]

—0 - —0 - —=0 =0
_E(T JlGﬂ+],Q + JZGﬂfl,Q + J3G/37Q+1 + ‘]4Gﬁ,gfl _4Gﬂ,Q
=Gy oexp =
12Gg,
— 0 —0
— JlUtﬁ+1Q+J2Ut,g 1Q—f-]3Utﬁ +1+J4Ut,3,g,1_4Ut,3,Q —Q)0
—Utﬁ.g exp o0 +Tﬂg ,
8.0

(3.31)

—o 5
where G , = g()(c; yg’tU’UﬂQ’UXﬁQ’U}ﬂQ’VﬁQ’ b Voo Tpo = (k
o

+kh? + h4) and T " = O (k* + kh? 4 h*).

It should be noted that on the boundary of 0 < x, y < a, the values of the variables
U, Uxy, Uyy are described and this implies that # and v can be prescribed on this
boundary. With the aid of initial condition u(x, y, 0), we can compute the system of
equations (3.30)-(3.31) using suitable iteration methods [25].

4 Consideration of the ADI scheme and stability analysis

For stability, we consider the following two-dimensional singular PPDE:
Uxy +ttyy + D(X)uy = u; +5(x,y,1), (x,y,1) € Q, 4.1

where D(x) = % In this case, F = —D(xX)uy + u; + s (x, y, t).
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By using the difference method (2.57) to solve the PPDE (4.1), we reach the fol-
lowing result:

_ h?
(o} 350 o
[Uxxﬂ.g + Uyyﬂ.g + 6 XX.VY/S,Q]

—0 —0 —0 —0 =0
=4 (Fﬁ+1,Q+Fﬁfl,9+Fﬁ,Q+l + Fpo-1 —4Fp,

= Fp,exp 2o ) +0 (k2 + kh* + h4) 4.2)
12F 4,
where
—0 _ —0 —0 —
Fpir1o= D/BilUXﬁ:tl,g + Utﬁ;tl,g t 511,00
—=0 I s Y 714 0 —
Fpox1 = D'BUxﬁ,gil + Utﬁ.gj:l +Spox1s

—_0 0 —0c —
Fﬂ,Q = _DﬂUxﬁ,g + Ut/ig + S,B,Q’

=0 a0 —0 —
Fﬂ,Q = _DﬂUx;;,g + Utﬂ_g ~|—Sﬁ’g.

Note that Dg_| = can’t be evaluated at § = 1, since xo = 0 is a singular

XB—1
point. We overcome this difficulty by modifying the scheme (4.2) in such a way that the
solution retains its order and accuracy everywhere in the solution region including in

the vicinity of the singularity. For this purpose, we need the following approximations:

h2
Dgi1 = Dg £ thﬁ + TDxxﬁ + O(h3)’ 4.3)
h? 3
—o — — s
Sprie = 5o E hsxp,g + ?sxx,gyg £ O(h”), “4.4)
2
s 5 3
Spotl =Sgo £ hsT,  + ?Egym + o). (4.5)

Simplifying (4.2) with the assist of the approximations (4.3)-(4.5), the operator
form of the equation (4.2) is as follows:

1 AR? 0 o2 1 2
[1 + E(l — 64— =-(2D, + D ))ax + 5 (1-62)8]
D
J’_

1 (h ha ) AD Ao .
E(T - T(12D + h*(Dyx + DDx)>>(2ux8X) - ?(25},%&,) — Esxay Ug;j

1 Ah? e 1 )
- [1+§(1+6x+7(wx + D)8 + 5 (1464)8]

1 (hD  hA
12\ 2 4

AhD A
+ ==+ —(121) +h*(Dyx + DDx)>)(2ux6X) + g @8 + Ea}jag] Ug,

£ %540 (k3 + k2K + kh4) , (4.6)
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where 8, and u, are the central difference and average operators, respectively, A = k/
h?, and

D = D(xp),5 =5 (X8, Yo 10) , Sx = 8x (X8, Yo, 7o), etc., and s = —1k—2[12§+
h2<§m + 5, + DEX>].

Neglecting the LTE in (4.6), a two-level implicit scheme, which is consistent with
(4.1) can be written as:

1 A2 )52 4 2
[1+I§O—6A—7?QDX+D)ﬁx+15@—6M%
1 (hD  hi AhD A |
+ ﬁ(T — T<]2D + hz(Dxx + DDX)))(ZI'LXB)C) - 7(25§IJ«X‘SA‘) - 58363] “ZZ
1 Ah? INYC IR 2
—p+§O+M+Q4U%+DD%+§U+“W
1 (hD hx ) rD 5 Mool o
+ 5\ 5+ 7 (12D 41 (D + DD | ) Quuade) + — = 285180 + 15858y | uf o+ s
4.7)
The scheme (4.7) may be restated in its product form as:
1
X111 u§h! = [X2][Y2] uf, + s, 4.8)
where
1 Ah? 2\ 2 1 (hD  hA 2
X = [1 + E(l — 61— - (2D + D )82 + 5(7 - (120 + 12 (D + DD,[)>>(2,4X5X)],

— 1 2
Y= [1 s 6)\)5}},

1 Ah? s\ 1 (hD  hr )
X, = [1 + 5 (1462 + 5-(2Ds + D?))s? + E(T + 7(120+h (D + DDI)>>(2;4X5X)],

— 1 2
Y, = [1 + E(l +6A)8y:|.

Several additional terms in equation (4.8) are of higher-order phenomena that allow
the equation (4.7) to be expressed in factorization form without compromising the
accuracy of scheme. The ADI form of the method (4.7) looks like this:

[Yi]u}, = [X2][Yalu§, + s, (4.9)
(Xiugt! =u},, (4.10)
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where u%  is an intermediate vector and using the equation (4.10), we can get the
intermediate boundary conditions

Assume thate§ = Ug be the error at each interior grid point. Subtracting
(4.7) from (4.6), we get the error equat1on

2 o1 )
[1+E<1—6A—T(2DX+D)>8 + 5 (1-61)8]

1 (hD hi

Ah A
+5(5 3 (12D+h2(DM + DD, )>)<2uxax) - (252ux6 ) - 252] o

127y

1 AR? 1) <2 1 2
{HE( +6A+T(2DX+D))8 + 55 (1+62)8;

hD | kA 12D + h%(D DD 2146, 252 8282 | €5
+E 7""7 + ( x + x) (Cpx )+7( va)‘i‘lzxy €80

+0 (K + 20 + ki),
which in product form can be written as:

XN g = (X0 (¥a) €+ 0 (€ + K22 +ki*) . @411

For analyzing stability, we assume that the error is of the form eg‘ 0= £9 ¢! (0xP+6y0)

which exists at each grid point, where § is the amplification factor, i = /—1 and 6,
0y are the real angles. Discarding the LTE and substituting eg o in the error equation
(4.11), we can express the characteristic equation as:

&= 'i:x-é:yv 4.12)

where

[1 + (14 6+ 222Dy + D?) ) (cos b — 1) + g(% + %(120 + 12 (D + DDX))) sinHl]

& =
[1 + g(l — 63— 22D, + DZ))(cose -D+£ (TD - %(120 + h?(Dyx + DDX)>> sin&x]
_1+AL6,)
L= ALO)
Here,
(645 @Dy + D?))(cosb, — 1) + 4 (12D + h3(Dy + DD,) ) siné,
L(6y) =

(5 + cos by + TD sin Hx)
=p+igqg, (4.13)
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where p = Re(L(6y)). So, we have

_l+rp+iq)  (A+ip)+irg
T 1l—xp+ig) (U —ip)—irg’

€x

Assume that the initial error 62, 0 shall not grow as 0 — oo. The numerical method
(4.8) to be stable [59], it is necessary and sufficient that || < 1.

It is easy to corroborate that |£,| < 1,1i.e. Re(L(6y)) < 0 and it is true for D = %
here. In a similar manner, we can show that |§y| <.

Thus, from (4.12), we conclude that

6l =16l [&] < 1.

Hence, the scheme (4.8) is unconditionally stable (0 < A < o00) for the linear
equation (4.1).

Since the method (4.8) is a two-level implicit in nature, stable and consistent, the
method (4.8) is convergent.

5 Computational results

Here, we demonstrate the efficiency of the suggested technique by presenting the
outcomes of certain numerical experiments implemented on a variety of quasi-linear
problems. The analytical solutions to the problems are provided as part of the testing
process. The analytical solutions may be used to derive the forcing function of the
problem as well as the initial and boundary conditions. For the system of quasi-linear
difference equations, Newton’s non-linear block iteration technique is utilised [25].
The error tolerance for the end of the iteration is set to 10715, and the first estimate is
predicted to be trivial, i.e. u=0. We have used an Intel CORE 17-11700F processor for
numerical computations. The system includes 16GB of RAM. All calculations were
performed using MATLAB R2024a. The operating system is Windows 11 Pro. We
did not use additional hardware or other software beyond MATLAB and its standard
toolboxes. The maximum absolute errors (MAEs) are computed for all the numerical
problems which is defined as:
(e o
MAEs = max Ug = 15|
o=1(1)j

The spatial rate of convergence pj, is also tabulated which is computed by:

log(en,, /en,,)

s 5.1
log (/) G-

Ph =
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Numerical Solution

0.9

0.8

0.7 4

0.6 4

0.5

Numerical Values

0.4 0.6
0.4

- 0.2
y-values 0 o x-values

(a): Numerical Solutions with h = {x,7 =1 at ¢ = 1 for Example 1

Analytical Solution

> o o o
[=3] ~ (=] w
v ¥ L /

Analytical Values
[=)
o
L

0.4 4

0.6

0.4 06
0.4
0.2 0.2

y-values 0 o x-values

(b): Analytical Solutions with h = =,y =1 at ¢t = 1 for Example 1

Fig. 1 (a) Numerical Solutions with 7 = Tlé y = latt = 1 for Example 1. (b) Analytical Solutions with
h = % y = latt = 1 for Example 1. (c) log-log error plot with y = 1, 2 for Example 1. (d) log-log error
plot with y = 1, 2 for Example 1
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Order of Convergence(ph)
-15 v T - T " v T

Log of Maximum Absolute Error Values

211 ]
22 . . . . . . .
4.2 -4 -3.8 -3.6 -3.4 -3.2 -3 -2.8 -2.6
Log of h-values
(c): log-log error plot with v = 1,2 for Example 1
Order of Convergence(pk)
15 r T T T T T

Log of Maximum Absolute Error Values

22 . . . . . \
-7.5 -7 6.5 -6 -6.5 5 4.5 -4

Log of k-values

(d): log-log error plot with v = 1,2 for Example 1

Fig.1 continued
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where e, and ey, are the maximum absolute errors for spatial uniform mesh sizes
hy, and hy,, respectively, and the temporal rate of convergence py is computed by:

. log(ekl /ekz)

= ; 5.2
log(ki/k2) G2

where e, and ey, are the maximum absolute errors for temporal grid sizes k1 and k2,
respectively.

Example 1 Heat equation in polar cylindrical coordinates

u  you d*u  du 4 G( 0 5.3)
— + -+ —=— r,z,t), .
arr  rdr  09z2 ot ¢

where 0 < r,z < 1,¢ > 0. The analytical solution is u(r, z, 1) = e~ ¥’ cosh r cosh z.
Table 1 contains a tabulation of the MAEs taken at time ¢t = 1 for y = 1, 2 and with
a constant value of mesh ratio parameter A = 3.2. In this table, we have compared
our results with those obtained by the method discussed in [35]. For a fixed value of
the parameter A = 3.2, y = 2, the spatial and temporal order of convergence p;, and
px are also calculated using the formulas (5.1) and (5.2), respectively. The proposed
method (4.9)-(4.10) gives the required accuracy as shown by the computed order in
this table for various values of y.

In Fig. 1(a)-(b), we provide the three-dimensional visualisations of numerical and
analytical solutions for y = 1, stepsizeh = %, A = 3.2att = 1. These figures exhibit
that the numerical and analytical solutions are well consistent in three-dimensional
form. The log-log errors are graphed in Fig. 1(c) and (d) for y = 1 and 2 showing the
order of convergence py, and pg. It is evident from these figures that the slope of the
lines in Fig. 1(c) is approximately four and in Fig. 1(d) is approximately two.

Example 2 Quasi-linear Problem
(1 +u? 4+ e cosx siny) Uy + (1 +ul+et sinxcosy) Uyy = ug+au (ux +uy)+ fx, y, 1), (5.4)

where 0 < x,y < 1,t > 0. There is a analytical solution supplied by u =
e' cosx cos y. Table 2 lists the MAEs at time ¢ = 1 for the value of @ = 1, 10, 25,
and a fixed A = 3.2. The results we obtained have been juxtaposed with the find-
ings obtained by the method discussed in [35]. The order of convergence p;, and px
are also calculated using the formula (5.1) and (5.2) in this table. The fourth-order
convergence of the suggested method is endorsed by the computational results in this
table. In this table, the number of iterations are also mentioned for each step size and
a =1, 10, 25. Here, CPU time is also given (in seconds) to show the efficiency of the
proposed method.
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Numerical Solution

254

Numerical Values

0.6

0.4 0.6

0.4

0.2 0.2
y-values 0 o x-values

(a): Numerical Solutions with h = {-,«a = 10 at t = 1 for Example 2

Analytical Solution

Analytical Values

0.4 0.6

0.4
0.2
0.2
y-values 0 o x-values

(b): Analytical Solutions with h = 15, = 10 at ¢ = 1 for Example 2

Fig. 2 (a) Numerical Solutions with & = 11—6, o = 10 at t = 1 for Example 2. (b) Analytical Solutions

with h = %, o = 10 at¢ = 1 for Example 2. (¢) log-log error plot with « = 1, 10, 25 for Example 2. (d)
log-log error plot with & = 1, 10, 25 for Example 2
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Order of Convergence(ph)

-10f ]

a=1

Log of Maximum Absolute Error Values

-4 -3.5 -3 -2.5 -2
Log of h-values

Fig. 2(c): log-log error plot with o = 1,10, 25 for Example 2

Order of Convergence(pk)
-10 T T T T T T T T T

a=1

Log of Maximum Absolute Error Values
>

22 . . . . . . . . .
-7.b -7 6.5 -6 -5.5 -5 -4.5 -4 -3.5 -3 -2.5

Log of k-values

Fig. 2(d): log-log error plot with a = 1,10, 25 for Example 2

Fig.2 continued
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Figure 2(a) and (b) show 3D graphs of numerical solutions and the analytical
solutions, respectively, with 4 = 1/16, « = 10 and A = 3.2 at time r = 1. These
figures demonstrate good consistency between the analytical and numerical solutions
in three dimensions. In Fig. 2(c), the log-log errors are displayed for « = 1, 10 and
25 showing the order of convergence py,, and for the order of convergence pi, the Fig.
2(d) is presented. We can say from these figures that the slope of the lines in Fig. 2(c)
is approximately four and in Fig. 2(d) is approximately two.

Example 3 Viscous unsteady Burgers’ equation
Consider the unsteady viscous Burgers’ equation:

€(Uyx +uyy) =uy +u(uy +uy), O0<x,y<Il, >0 (5.5)

The analytical solution is presented by [54]:

—2en?t

2em sin [ (x 4+ y)] e
2 + cos [ (x 4 y)] e~2e7%

ulx,y,t) =

The MAEs for u are listed in Table 3at 7 = 1 for the valuesof e = 1072, 107, 107°.
The current outcomes are contrasted to those obtained using the approach given in
[36]. For a fixed value of A = 1.6, the proposed method (2.57) behaves like a fourth
order method for various values of € which has been verified by calculating the order
of convergence p;, using the formula (5.1). In this table, we have discussed the order
of convergence pj, and pi fore = 1072, 1074, 107°. Also, we have shown the compu-
tational time (in seconds) for these values of € to verify the efficiency of the proposed
method.

Figure 3(a)-(b) depict the numerical solution derived by the suggested approach and
the actual solution of the above equation (5.5) forh = 1/40, A = 1.6 and € = 10~% at
t = 1. These figures show that both the numerical and analytical solutions exhibit high
consistency in their three-dimensional representations. Figure 3(c) shows a graph of
log-log errors for the values of e = 1072, 10~% and 10~°. This figure clearly illustrates
the graph’s approximately four-degree slope which shows the required the order of
convergence pj,.

Example 4 Time-dependent NSEs of Motion
Consider the following time-dependent incompressible NSEs of motion:

€(Uxx + Uyy) = ur + utty + vuy + px, (5.6)
€(vxy + Uyy) = V; + uvy +vvy + py, (5.7

where 0 < x, y < m,t > 0, Reynolds number R = é
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Numerical Solution

SRR
KRR
XA

Numerical Values
o

0.6
0.4 o4 0.6
02 )
0.2
y-values 0

o

x-values

(a): Numerical Solutions with k= f5,e = 10~* at ¢ = 1 for Example 3

Analytical Solution

Analytical Values

0.6

0.4 0.6
0.4

y-values 0 o ’ xevalues

(b): Analytical Solutions with h = % ¢ = 107* at ¢ = 1 for Example 3

0°
Order of Convergence(ph)

asF ]
0
o
2
@ F 4
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B =109
£
i
L
Sa25r 1
Q
2
Qo
<
£
E-s0r 1
8
=
5
8351 1
-

4.4 4.2 -4 38 36 34 32 -3

Log of h-values
(c): log-log error plot with € = 1072,1074,1076 for Example 3

Fig. 3 (a) Numerical Solutions with 7 = %, e=10"%att =1 for Example 3. (b) Analytical Solutions
with h = %, e=10"%atr = 1 for Example 3. (c) log-log error plot with € = 1072,1074,107° for
Example 3
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The analytical solutions are provided by [6]:

-2

u=—e > cosxsinyand v =e >

" sin x cos y
and the pressure function is given as:

e~ %€ (cos 2x + cos 2y)
1 .

p(-xvyat):_

In Table 4, we have shown the maximum absolute errors for the variables 1 and v
that are calculated at time 7 = 1 for the fixed value of A = 1.6/72. Clearly, the results
that we obtained for the equation (5.6)-(5.7) have been juxtaposed with those obtained
by the approach in [36] for the values of € = 0.1, 0.02. In this table, the number of
iterations are also mentioned for each step size and € = 0.1, 0.02. Here, CPU time (in
seconds) is also given to show the efficiency of the proposed method.

Figure 4(a)-(d) are the plots of numerical and analytical solutions of u and v with
the step size h = /40, A = 1.6/7? and € = 0.1 at t = 1. The log-log errors are also
graphed in Fig. 4(e)-(f) with ¢ = 0.1 and 0.02 for both the variables u and v. From
these figures, one can easily calculate the slope of the graphs that is almost four, i.e.
the order of convergence pj, for both the variables u and v is approximately four.

Example 5 Taylor-Vortex Problem
Here, we figure out the system (5.6)-(5.7) with the pressure function given as:

e—4eN?t (cos (2Nx) + cos (2Ny))

px,y, 1) =— ) :
Table4 MAEs att = 1 for Example 4
h Proposed Scheme (3.27) Method discussed in [36]
e=0.1 Itr. e =0.02 Itr. e=0.1 € =0.02
% u 1.4024e—05 13 1.4770e—04 41 6.1385e—05 6.7879e—04
v 2.2624e—05 3.2949e—04 7.7378e—05 8.1354e—04
CPU Time(s) (0.3958) (0.9547) (0.4155) (0.9899)
Z—O u 8.6564e—07 11 9.2114e—06 22 3.8617e—06 4.2670e—05
v 1.4204e—06 2.0307e—05 4.8960e—06 5.1596e—05
CPU Time(s) (2.5237) (4.1389) (2.6498) (4.2458)
;T—O u 5.3686e—08 9 5.7418e—07 13 2.4172e—07 2.6706e—06
v 8.7973e—08 1.2592e—06 3.0697e—07 3.2309e—06
CPU Time(s) (27.0174) (39.7328) (28.3683) (41.1183)
% u 3.3483e—09 7 3.5874e—08 10 1.5114e—08 1.6696e—07
v 5.4893e—09 7.8305e—08 1.9133e—08 2.0184e—07
CPU Time(s) (950.651) (1121.218) (982.535) (1162.316)
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Numerical Solution U

e,
S e

o=
P
555
555 ’o::’.‘ SOTONS
SDTRY
STeSTusuInts

Numerical Values U

y-values 0 o x-values

™

10,€ = 0.1 at t = 1 for Example 4

(a): Numerical Solutions of v with h =

Analytical Solution u

Analytical Values u

y-values 0 o x-values

(b): Analytical Solutions of u with h = J5,e = 0.1 at ¢t = 1 for Example 4

Fig.4 (a) Numerical Solutions of u with h = f—o, € = 0.1 att = 1 for Example 4. (b) Analytical Solutions
of u with h = 4l, € = 0.1 att = 1 for Example 4. (c) Numerical Solutions of v with & = 4l, e=0.1
at t = 1 for Example 4. (d) Analytical Solutions of v with 7 = f—o, € = 0.1 at r = 1 for Example 4. (e)
log-log error plot for u with € = 0.1, 0.02 for Example 4. (f) log-log error plot for v with € = 0.1, 0.02 for
Example 4
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Numerical Solution V

Numerical Values V

y-values 0 o x-values

(c): Numerical Solutions of v with h = 5,6 = 0.1 at t = 1 for Example 4

Analytical Solution v

Analytical Values v

y-values ) 0 o

x-values

(d): Analytical Solutions of v with h = f5,e = 0.1 at t = 1 for Example 4

Fig.4 continued

where N is the total quantity of the vortices. The analytical solutions are provided by:
u = —e~2¢N’ cos (Nx) sin (Ny) and v = e=2¢V7 gin (Nx) cos (Ny).

Table 5 lists the MAEs for the variables u and v at the time t = 1 for N = 4,
A = 1.6/7? and step-sizes h = /20, /40, /80 and 7/160. The results of our
study and those obtained by the technique used in [35] have been compared in this
table for the value of € = 0.1 and 0.02 and different spatial step-sizes.

The numerical and analytical solutions for the problem Example 5 are plotted in
Fig. 5(a)-(d) for unknowns u and v with the step size h = 7/40, A = 1.6/7>, N = 4
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Order of Convergence(ph) foru

T T T T T

Log of Maximum Absolute Error Values

20 ) . L | ]
-4 -3.5 -3 -2.5 -2
Log of h-values

(e): log-log error plot for u with ¢ = 0.1,0.02 for Example 4

Order of Convergence(ph) forv

T T T T T

Log of Maximum Absolute Error Values

-4 -3.5 -3 -2.5 -2
Log of h-values

(f): log-log error plot for v with e = 0.1,0.02 for Example 4

Fig.4 continued

@ Springer



Numerical Algorithms

Table5 MAEs att = 1 for Example 5

h Proposed Scheme (3.27) Method discussed in [35]
e =0.1 € =0.02 e=0.1 e =0.02
210 u 2.1027e—05 2.6629e—04 3.9424e—05 4.2244e—04
v 2.1027e—05 2.6629e—04 3.9424e—05 4.2244e—04
Z—O u 1.0689e—06 1.5119e—05 2.5936e—06 3.5795e—05
v 1.0689e—06 1.5119e—05 2.5936e—06 3.5795e—05
;T—O u 6.3116e—08 8.9191e—07 1.6315e—07 2.3277e—06
v 6.3116e—08 8.9191e—07 1.6315e—07 2.3277e—06
% u 3.8780e—09 5.4494e—08 1.0065e—08 1.4205e—07
v 3.8780e—09 5.4494e—08 1.0065e—08 1.4205e—07

and the viscosity coefficient € = 0.02 at the time ¢ = 1. The log-log errors are also
portrayed in Fig. 5(e) with ¢ = 0.1 and 0.02 for the variables u and v. This plot
indicates that the graph’s slope is nearly four which verifies the required accuracy.

Example 6 EFK Equation
Consider the following two-dimensional EFK equation:

u+yViu —Viu+gu) =0, (x,y,1) €, (5.8)

where Q@ = {(x,y,7) : O <x,y < 1,t > 0}and g(u) = u3 — u. Here, y is a positive
real number and the initial condition is given by:

ux,y, 00 =xy’0—x3°1-y3 0<x,y<1 (5.9)
and boundary conditions are:
u=0, VZu=0, (x,y,1)€9Qx (0,T], (5.10)

T being the final computational time. The numerical solution of (5.8) subject to
(5.9)-(5.10) corresponding to y = 0.1 at t = 1 obtained using the proposed method
(3.30)-(3.31) is displayed in Fig. 6 with k = h = 0.025. Identical features to those
described in [20] and [26] may be seen in the solution profile.

Example 7 Non-homogeneous EFK Equation
Take into consideration the non-homogeneous EFK equation shown below:

ur+yViu —Viu+gw) =s(x, y,1), (x,y)€R,t>0 (5.11)
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Numerical Solution U
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/ \\\\\\ /,,\\‘\\\\

/”'& ‘\“‘\ i

[

Numerical Values U
s 5
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2 5
y-values 0 o x-values

(a): Numerical Solutions of u with h = {5, N =4,¢ =0.02 at t = 1 for Example 5

Analytical Solution u

I3
o

N o

Analytical Values u

s S S

o

05 5
y-values 0 o x-values

(b): Analytical Solutions of u with h = 75, N =4,¢ = 0.02 at ¢ = 1 for Example 5

Numerical Solution V

JI “\\

I; \\Q“\
I " \\\ /l' A \\\\\ //I'i %\“\\
II

Numerical Values V

0.5 i6
y-values 0 o x-values

(¢): Numerical Solutions of v with h = 5, N = 4,¢ = 0.02 at ¢ = 1 for Example 5

Fig.5 (a) Numerical Solutions of u with h = ZtTT]’ N =4,¢ =0.02att = 1 for Example 5. (b) Analytical
Solutions of u with h = f—o, N =4,¢ =0.02 atr = 1 for Example 5. (c) Numerical Solutions of v with
h = f—o, N =4,e =0.02 att = 1 for Example 5. (d) Analytical Solutions of v with 7 = f—o, N =4 ¢=
0.02 at t = 1 for Example 5. (e) log-log error plot for u# and v with € = 0.1, 0.02 for Example 5
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Analytical Solution v

Analytical Values v
S
n

y-values ) 0 o o x-values
(d): Analytical Solutions of v with h = {5, N =4,¢ = 0.02 at t = 1 for Example 5

Order of Convergence(ph)

Log of Maximum Absolute Error Values

-4 35 -3 25 2
Log of h-values

(e): log-log error plot for v and v with € = 0.1,0.02 for Example 5

Fig.5 continued
where © = (0, 1) x (0, 1), g(u) = u® —u and the analytical solution is given by [26]:
u(x,y,t) =e "sin (2mwx)sin 2my). (5.12)

Using equation (5.12) and setting ¢ = 0 yields the initial condition, and this problem
is evaluated with respect to the following boundary conditions:

u =20, V2u=0, (x,y) €02, > 0.
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Numerical Solution

0.5

0.5

y-values 0 o x-values

Fig.6 Numerical Solutions with # = k = 0.025, y = 0.1 at t = 1 for Example 6

The analytical solution (5.12) is used to derive the right hand side function s(x, y, 1)
as a test method. We use the suggested difference technique (3.30)-(3.31) to solve the
equation (5.12). We have discussed the MAE:s at the final time # = 1 in Table 6 with
y = 0.01, taking into account k = & for each mesh. We have compared our results
with those obtained in [20] and [26] in this table. In Table 7, the maximum absolute
errors are presented with the mesh ratio parameter set at A = 1.6 at time t = 0.25
seconds for both the variables u and VZu. The proposed method (3.30)-(3.31) provides
convergence to a fourth order as shown by the numerical data pj, in this table calculated
by the formula (5.1).

Moreover, the plot of numerical and analytical results for y = 0.01 at time ¢t = 1
with step-size h = k = 0.025 are depicted in Fig. 7(a)-(b). These figures exhibit that
the numerical and analytical solutions are well consistent in three-dimensional form.
The log-log errors are graphed in Fig. 7(c) and (d) with y = 0.2, 0.02 and 0.002
showing the order of convergence py and py for u.

Example 8 Non-homogeneous KS Equation

Take into account the space derivative version of the non-homogeneous two-
dimensional KS equation [27]:

e+ ViU + Vit uluy +uy) =s(x, y,1), (x,y)€Q,t>0 (5.13)
where Q2 = (—1, 1) x (—1, 1) and the analytical solution is given by [55]:

u(x,y,t) =e 'cos(mx)cos (my).
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Numerical Values
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a): Numerical Solutions wit =k=4,7=0.01 at £ =1 for Example
Numerical Soluti ith h =k = 55,7 = 0.01 1 for E le 7

Analytical Values

0.4

y-values

Analytical Solution

0.6
0.4
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0 o x-values

(b): Analytical Solutions with h = k = ﬁ, ~v=0.01 at t = 1 for Example 7

Fig.7 (a) Numerical Solutions withh =k = %, y = 0.01 atr = 1 for Example 7. (b) Analytical Solutions

withh =k = %, y = 0.01 at t+ = 1 for Example 7. (c) log-log error plot with y = 0.2, 0.02, 0.002 for
Example 7. (d) log-log error plot with y = 0.2, 0.02, 0.002 for Example 7
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Order of Convergence(ph) foru
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(c): log-log error plot with v = 0.2,0.02,0.002 for Example 7
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(d): log-log error plot with v = 0.2,0.02,0.002 for Example 7

Fig.7 continued
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Table8 MAEs att = 1 and Order of Convergence for Example 8

h Solution Variables Proposed Scheme (3.30)-(3.31)
MAEs on Pk
1
1 u 4.3444e—03 — —
v2u 7.4154e—02 - -
CPU Time(s) (0.0599)
1
3 u 2.7351e—04 3.9895 1.9947
v2u 4.7012e—03 3.9794 1.9897
CPU Time(s) (0.4652)
1
% u 1.7106e—05 3.9990 1.9995
V2 2.9478e—04 3.9953 1.9977
CPU Time(s) (14.1229)

In Table 8, we have presented the MAEs for A = 1.6 with distinct grid spacing to
represent the order of magnitude of discussed scheme (3.30)-(3.31) attime t = 1. The
proposed method (3.30)-(3.31) show the fourth order accuracy for both u and VZu.
We have discussed the computational time in seconds here. In this table, we have also
calculated the order of convergence pj, and pi using the formulas (5.1) and (5.2).

Figure 8(a)-(b) present the numerical and analytical solutions forh = 1/16, A = 1.6
at time ¢+ = 1. These figures exhibit that the numerical and analytical solutions are
well consistent in three-dimensional form. The Fig. 8(c) represents the log-log errors
for u. We have displayed the order of convergence p;, and pi in this figure to verify
the required accuracy.

6 Concluding remarks

We have provided a computational technique in exponential form for investigating
numerical solutions of the 2D quasi-linear parabolic PDEs. The proposed two-level
implicit difference technique is second-order accurate in time and fourth-order accu-
rate in space. We have developed the corresponding ADI scheme for the linear
parabolic PDE of order two, which is demonstrated to be unconditionally stable.
Further, the two-level method has been applied to the fourth-order parabolic PDEs
without the use of any additional nodes or special schemes near the boundary of
the solution domain. The proposed scheme has been successfully experimented on
quasi-linear second- and fourth-order 2D parabolic PDEs (5.3)-(5.13), and the results
provided in this study have achieved high-order accurate results. The advantage of
the present study is that it gives better results than the existing fourth-order accu-
rate methods in the literature. Based on the outcomes, we can extend our approach
to the three-dimensional parabolic PDEs in the future. Also, we can try to solve the
higher-dimensional parabolic PDEs in different types of domains.
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