Journal of Nonlinear Modeling and Analysis http://jnma.ca; http://jnma.ijournal.cn
Volume 4, Number 2, June 2022, 245-276 DOI:10.12150/jnma.2022.245

A Family of Variable Step-size Meshes
Fourth-order Compact Numerical Scheme for
(241)-dimensions Burger’s-Huxley,
Burger’s-Fisher and Convection-diffusion
Equations

Navnit Jha''t and Madhav Wagley?

Abstract Existing numerical schemes, maybe high-order accurate, are ob-
tained on uniformly spaced meshes and challenges to achieve high accuracy in
the presence of singular perturbation parameter, and nonlinearity remains left
on nonuniformly spaced meshes. A new scheme is proposed for nonlinear 2D
parabolic partial differential equations (PDEs) that attain fourth-order accu-
racy in xy-space and second-order exact in the temporal direction for uniform
and nonuniform mesh step-size. The method proclaims a compact character
using nine-point single-cell finite-difference discretization on a nonuniformly s-
paced spatial mesh point. A description of splitting compact operator form to
the convection-dominated equation is obtained for implementing alternating
direction implicit scheme. The procedure is examined for consistency and sta-
bility. The scheme is applied to linear and nonlinear 2D parabolic equations:
convection-diffusion equations, Burger’s-Huxley, Burger’s-Fisher and coupled
Burger’s equation. The technique yields the tridiagonal matrix and computed
by the Thomas algorithm. Numerical simulations with linear and nonlinear
problems corroborate the theoretical outcome.

Keywords Nonlinear parabolic partial differential equations (PDEs), Two-
dimensions Burger’s-Huxley equation, Boussinesq equation, Convection-diffusion
equation, Compact-scheme, Stability, Errors and numerical order.
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1. Introduction

The parabolic partial differential equations (PDEs) appear to model ample physical
phenomena in fluid flow, acoustic waves, mass transfer, groundwater, air pollution,
chemical separation, shock wave, logistic population growth and nuclear reactor
theory [4,27,28,41]. In the past, Cole [7] described the analytic solution method
for one-dimension Burger’s equation, appearing in a turbulence model and weak
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nonstationary shock wave. Subsequently, a two-dimensional form of Burger’s equa-
tion was reported by Fletcher [14] and Bhatt [2]. There are two essential variants to
Burger’s equation, namely Burger’s Fisher and Burger’s Huxley model, that occupy
a prominent place in mathematical physics and many application areas. The 2D
Burger’s Fisher equation occurs in turbulence gas dynamics and plasma physics. It
has diffusion transport and reaction behavior from the Fisher equation and convec-
tive phenomenon from the Burgers equation. The two-dimensional Burger’s Fisher
equation takes the form
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and Burger’s Huxley equation appearing in nerve propagation, population genetics
is represented by
o*w . o*wW ow
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The 2D Burger’s Fisher equation (1.1) and Burger’s Huxley equations (1.2) can be
represented in the following mildly nonlinear equation
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along with initial and boundary data
W(z,y,0) = ¢(z,y), (1.4)
W(0,y,t) = Gi(y, 1), W(L,y,t) = Ga(y, 1), (1.5)
W(0,z,t) = Fy(x,t), W(x,1,t) = Fa(y,t). (1.6)

The nonlinearity of first-order partial derivatives appearing in the parabolic PDEs
(1.3) makes it difficult to determine the analytic solution. Various computational
techniques, namely finite-difference, homotopy perturbation, finite-element, ado-
main decomposition, finite-volume and spectral methods, were presented to ana-
lyze mildly nonlinear convection dominated diffusion models approximately. The
solution schemes using compact discretizations in the finite-difference have been
described in the past [17,18,33]. Noye and Tan [37] presented a stable third-order
accurate in space and second-order accurate in time, implicit weighted compact dis-
cretization to the 2D constant-coefficient linear advection-diffusion. A high-order
uniform meshes compact formulation for solving time-dependent linear convection
dominated diffusion using the boundary value method was presented by Dehghan
and Mohebbi [8]. A monotone finite difference discretization to singularly per-
turbed parabolic PDEs and analysis of their uniform convergence was described by
Clavero and Jorge [6]. A lattice Boltzmann model to compute 2D Burger’s equation
and its stability was discussed by Duan and Liu [9]. The analysis of a high-order
difference scheme for convection dominated diffusion problems has been recently
obtained in [1, 36, 38]. Recently, the one-dimensional Burgers equation has been
described by Jiwari [23]. It is long-familiar that the analytic solution of singularly
perturbed nonlinear parabolic PDEs for an arbitrary selection of the function 1 is
not possible, and numerical solution by classical finite-difference or finite-element
method may portray multiple characters or rapid change of solution in a specific
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region [32]. The computational method consists of replacing the partial derivatives
by equivalent finite differences at the appropriate mesh-point. The popularity of the
compact finite-difference discretization is attributed to its generality and simplicity
of applications, and it has been used for mathematical modeling of a different pro-
cess [40]. The quasi-variable mesh discretizes the domain of a model into the finite
number of mesh locations. The approximate solution to the recursive equations is
computed at the limited mesh locations defined by the mesh line intersection. The
procedure provides a point-wise approximation of parabolic PDEs by repetitive ap-
plication of truncated series expansion. However, it remains a challenge to develop
simple, stable and computationally efficient discretization schemes for solving such
two-dimensions PDEs in the presence of small parameter (singular perturbation)
and nonlinearity. Many high accuracy schemes are developed using a uniform mesh
network, and it lacks in determining precise solution values, when the model pos-
sesses boundary layer character or singularity. The approximate solution values
may be inaccurate, if standard upwind and second central-difference operators on
uniformly spaced meshes are considered unless the mesh step-length is sufficiently
small. The choice of many mesh points results in a large sparse matrix, and com-
puting large size matrix consumes immense CPU time. Due to the rapid change
of solution values in a small zone, the difference scheme defined on non-uniformly
spaced meshes found more suitable for analyzing solution behavior everywhere in
the integration domain. It can be achieved by putting more mesh points in the
small zone having the frequent changing solution, and fewer mesh points in the
subdomain with smooth solution values. Along these lines, it was conceivable to
achieve a uniform circulation of local truncation errors and discretization errors [12].
In addition to non-uniformly distributed mesh points, the high-order discretization
of PDEs also plays an important role that yields optimal solution values in short
computing time. We are making use of the minimum number of mesh stencils es-
sential in the discrete replacement to the highest order derivatives and also yield a
block-tridiagonal matrix system. The solution to such a matrix system is numeri-
cally stable and memory-efficient, requiring short computing time. Moreover, the
Jacobian matrix occurs with a low condition number. As a result, among several
possible high-order mechanisms, minimum meshes involvement in the discretization
process is preferred, and such a scheme is classified as compact and listed among the
stable ones. Therefore, we aim to develop an implicit nine-point compact scheme for
the numerical treatment of nonlinear 2D parabolic PDEs (1.3) on a non-uniformly
spaced mesh network. The general scheme can be considered for solving Burger’s
Fisher, Burger’s Huxley or convection dominated diffusion equation with appropri-
ate boundary and initial values.

The paper has been prepared in the following structure: In Section 2, we intro-
duce a new mesh topology that results in the equal magnitude of truncation error
of high-order discretization in a uniform and variable mesh spacing. In Section
3, we construct compact operators that estimate the first- and second-order par-
tial derivatives corresponding to convection and diffusion terms. We discretize the
simplest form of time-dependent PDEs that are fourth-order exact in xy-space, and
offer second-order accuracy with ¢-axis on a variable mesh spacing and on uniformly
distributed meshes. An algorithmic presentation of the two-level high-order implicit
compact scheme is presented in Section 4, and detailed derivations are obtained in
Section 5. In Section 6, the description of an alternating direction implicit scheme
for the 2D linear time-dependent convection dominated diffusion equation is pre-
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sented. The new compact scheme is extended to 2D coupled Burger’s equation,
and detailed stability theory is elaborated in Section 7. In Section 8, numerical
simulations in terms of solution accuracies and computational convergence order
are shown, illustrating the robustness and efficiency of the new scheme that falls in
the range of optimal accuracy. In the end, we have added new findings, difficulties,
and possible extensions.

2. Mesh topology and compact operators

Variable spacing in the sequence of spatial mesh points is commonly employed
to enhance accuracies of approximate solution values for the discretized parabolic
PDEs whose exact solutions are not smooth. Since variable mesh spacing affects
the order of truncation errors, the arbitrary choice of mesh points may not result
in the compact scheme of optimal accuracy. One such consideration is to choose
the next mesh step-size as a nonlinear combination of the previous mesh step-size.
The implementation of such a variable mesh network offers an identical order of
truncation error as derived from a uniformly spaced mesh point. In the present
mathematical model, the spatial domain Q = {(z,y) : 0 < z,y < 1} is partitioned
into the finite mesh points {(z;,y,),0 < 1 < L+ 1,0 < m < M + 1}. The
temporal mesh points ¢; = jit,0 < j < J, to the time-domain 0 < ¢ < T, are
considered with the fixed time-step ¢t = T'/J. Let dx; = & — 271,01 = 1(1)L + 1,
and Y = Ym — Ym—1,m = 1(1)M + 1 be the step-sizes along z- and y-coordinate
directions. The next mesh-step sizes are defined by dz;+1 = dz;(1+adx;),l = 1(1)L,
and 0Ym+1 = 0Ym (L + Boym), m = 1(1)M. Here, @ and 8 are mesh-expansion ratios
to quasi-variable meshes along z-, and y-directions respectively, and 0 < «, 5 < 1.
If we choose a = 0, and 8 = 0, the meshing scheme generates uniformly distributed
meshes along z- and y-directions respectively. The numerical mesh generation can
be realized by making use of appropriate normalization parameters dx; and dy,. To
the subsequent mesh-step sizes, that is, dx;11 = dz;(1 + «dz;/dxz1),l = 1(1)L, and
0Ym+1 = OYm (14+80ym /oy1), m = 1(1) M. Given the length of diffusion domain in -
and y-directions, we know that Zlell 0x; = xpy1—To and Zn]\f;l OYm = YM+1—Yo-
As a result, for the known value of mesh-expansion parameters «, 8 and corner mesh
points {zo, xr+1} X {yo, ym+1}, we can generate the quasi-variable mesh step-size
and the corresponding internal mesh points according to the following formula

apr=las=1+a,a; =a;-1(1 +aa;_1),l =3(1)L + 1,
a1 =1l,a=14a,a; =aj—1(1 + aa;—1),l = 3(1)L + 1,

L+1 M+1
w1 = (vr41 —20)/ Y @, Sy1 = (@arg1 —90)/ Y bm,
=1 m=1

d0xg = dzx1a9, Ox; =dx1ay, |=3(1)L+1, x=x_1+dx,l=1(1)L,
0ya = 0y1b2, 0Ym = 0y1bym, m = 3(V)M + 1, Yy = Ym—1 + 0Ym, m = 1(1)M.

For a > 0, we find that dx;,q > dz; for all [, thus, the mesh-step sequence
{59:1}%;11 is monotonic increasing and therefore, there exists a Lagrange interpo-
lating polynomial #H of degree L + 1 such that H(z}) = ;, [ = 0(1)L + 1, where
{af =102,1=0,...,L+1, 0z = (xr41—x0)/(L+1)} is the uniformly spaced mesh
points in the interval [zg,2+1] along z-direction. By using Mean value theorem,
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one obtains
St = wian — w1 = H(ay,) — Hia)) = M/ ("), 2™ € (af,aiyy). (21)

The maximal length of the non-uniform mesh steps is bounded by the maximal
value of H'(x), and it exists since H(z) is continuously differentiable. As a result,
dxp41 < WOT, W = MAXye[zg,z4,]|H ()| This implies that max;—o1)z [0z141] <
wdz, and if we denote dx = [0x1,6xa,...,dx 1], then, we find ||dx||. Then, we
find ||6x||oc < wéz = w(xp+1 —x0)/(L + 1) < w/L. Thus, one obtains that

|0%]|cc = O(0x) = O(1/L) and ||6x|jcc — 0 as L — oo. (2.2)

Similarly, we can prove that the mesh points sequence {ym}ﬁﬁ'll in the y-space
is well defined, and the limiting value of mesh-steps diminishes for a sufficiently
large value of M. In the past, such type of quasi-variable mesh network for solving
mathematical models appearing in digital electrochemistry and wind-driven ocean
circulation has been discussed in [5,43,44,47]. Bieniasz [3] and Jha et al., [19-21] has
described a quasi-variable mesh network combined with compact finite-difference
discretization to one- and two-dimensions boundary value problems.

3. Compact operators and basic scheme

At the mesh-point (z7,Ym, t;), we refer to I/Vljm as the exact values. Whereas, wl]m
refers to the approximate values to the solution W (x,y,t). In the underlying anal-
ysis, we shall denote the evaluation of OW/0z,0W/dy, o*w/ 8x2,82W/ 0y? at the

mesh-point (z;, ym,,t;) by the symbols VVlf:n, VVly;n, Wfff; , and VV;’%7 respectively.
We need to construct the compact operators that épproximate the first- and second-
order spatial derivatives and first-order temporal derivative. The construction will
be based on a minimal stencil, which is required to discretize the maximum order
partial derivatives present inside the parabolic PDEs. That is, one central mesh-
point (27, ym,t;) and four neighboring mesh points (zi+1,Ym,t;), (T1, Ym+1,tj)-
With the help of three-point linear combination in each coordinate direction, we
can estimate

A B 1+ adx; adxy 1 _I/Vlj_l m
£ j 2+ adr; 1+ adz (14 adz)(2+ ad ;
i Wi, = —|—2a T +_o§ z (14« xz)Q( + adxy) Wi, (3.1)
z 24 adz; 14 adz (14 adz)(2 + adz;) Wl];&-l .
and
A . 1+ Boym BOYm 1 T Wl{m—l
5 le’m = Qﬁ Y _BQZJ ( By )2( Bym) Wl],m (3.2)
Y 2+ B0ym 14 Boym (14 Boym)(2+ Boym)] W7 .|

The finite Taylor’s series expansions to (3.1) and (3.2) yields

A Sz Wi, O(6x3)
l,m

B, emwre | o)

Lm
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A , Sym WY O(6y>
B, Sym Wi, O(dy,)

Therefore, at the j* time level, the new difference operators provide second-order
accuracy to the first- and second-order spatial partial derivatives on a quasi-variable
mesh network, since

Wity = da; \AWE,, 4+ 000a7), Wi, = oy A WE, +06y2)  (35)
and

Wit = 6a 2 BWi , + O(ad), WY = 0y, 2B, W, +O(0yL).  (3.6)
Note that these three-point operators are commutative, and if a = 0, we have
Ay = 2305, By =62, where p, W, = (le+1/27m + VVlj_l/z,m)/Q is the averaging
operator and 4, le =W b1/2,m T w) /2,m is the first central-difference operator

in z-direction. Similarly, for 8 = 0, we have A, = 2u,d, and B, = (55, where
ty and §, are the averaging and the first central-difference operators, which are
respectively in y-direction. Likewise, we can derive compact operators at (j + 1)*-
time level. The straight implementation of the operators (3.1) and (3.2) to the
nonlinear parabolic PDEs (1.3) yields the difference equations

5mf1Alej

,m?

6(61‘[72BI + 6yn_'7,26’l/)m{m = ’(/J(Z’l, Yms tj7 WJ

lm?

Sy Ay WY, 5thm) +O(02? + 0y2, +6t),  (3.7)

where ijm is the approximated first-order partial derivative using forward differ-
ence along time direction, and it is given by

wt j+1 j

Wi pmss = (WHp)mﬂ - WHp)mﬂ) /6t, p,s e {0,+1). (3.8)
The five-point single-cell compact scheme (3.7) is first-order exact along time axis
and second-order accurate in xy-coordinate. Moreover, the magnitude of truncation
error in the formula (3.7) remains unchanged with variably spaced meshes o # 0
or B # 0, and uniformly spaced mesh points (o« = 8 = 0). Such a category of dis-
cretization has been classified as a supra-convergent scheme [25,31]. The low order
accurate scheme (3.7) lacks computational efficiency due to slow convergence, and
may require many mesh points to achieve desired reliable numerical solutions. Thus,
it is inevitable to design new numerical techniques that result in a more precise so-
lution that needs a comparatively small number of mesh stencils. By enhancing the
order of truncation error in a numerical scheme, one can receive solution values in
comparatively short computing time with a faster convergence rate.

To develop a compact scheme of optimal accuracy, we start with time dependent

PDEs. W W

At the mesh points (x;, Ym,t;), the PDEs (3.9) are expressed as
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We consider the linear combination of ¥ and its partial derivatives as
X = X (21, Yo t5) = 027 6y2, [Rool/fljm + R1059€l¢f,:n + Ro15ym¢i7{;n
+R205Il 77Z}l m + Roz(sym + R115Il§ym (311)

where R, are undetermined parameters to be obtained in such a way that it offer
the high-order magnitude of local truncation error [26]. Applying the Taylor’s series
expansion to the compact operators (3.1)-(3.2) and its composites operaters on wlj’m
in the linear combination (3.11) and equating the higher-order terms to zero, we
get

a a
Rig = §5$1R00, , Ror = §5ymRoo, R = §5$l5ym3007

1 1
Ry = ﬁ(l +adxy)Roo, Roz2 = E(l + B6Ym) Roo- (3.12)

The survival of the linear combination (3.11) relies upon the choice of Ryy. If
Roo = 0, and the relation (3.11) collapses, we set Rgg some non-zero finite value
saying 1, and obtain

X =e [5ym8 +622B, + - (aé:le B, + B3, A,By)
+ Rgo(sl'%ll)ﬁ + R025ym + R115$l5ym i|,l/}l m (313)

Moreover, by utilizing the compact operators expansion (3.5)-(3.6) on wlj my We
substitute

= 027 At 1/% = Y Ay (3.14)
o = a2 B, = 0y Byt 7Y = dx oyt Ap Ay (3.15)
in the relation (3.11) and equating it with (3.13), one obtains

eV le,m = bx}dyn, (Z(p s)ejal+p,m+s¢l+p,m+5) + le,m> (3.16)
where the summation runs over the set J = {0,+1} x {0,£1}, and
_ 1
v = [5%1&; + 8afB, + 5 (adaf A, B, + B3y, A, B,)

1 .
55 (0midwes + 5ym5ym+1)5$5y} Wi (3.17)

is the high-order finite-difference discretization of Laplacian operator V2 = a§w+a§y
and the expressions of coefficients o4y m+s, (p,s) € J are presented in Appendix
A. The truncation error associated with the scheme (3.17) is eight, and it is given
by

Ty, = O(0a2oy2, {60 + 632 }?) (3.18)
for both zero and non-zero value of mesh expansion ratios a and S. Since the
linear combination (3.11) begins with the multiple of fourth-order term dz?dy2,,
the nine-point discretization discretization (3.16) must be divided into both sides
by the same quantity to visualize the scheme-order: dz; 25ym2T] ~ O({6x? +
dy2,}%). Consequently, we have obtained an optimal fourth-order accurate scheme
to determine the numerical solution values of two-dimensional PDEs (3.9).



252 N. Jha & M. Wagley

4. Two-level high-order implicit compact scheme

We will enhance the optimal order compact formulation (3.16) to the more general
parabolic PDEs (1.3) that incorporate the unknown W (z,y,t) and nonlinear inter-
action with its first-order partial derivatives. New discretization is based on two
consecutive time levels and a convex combination of approximate solution values at
nine-point stencils. Consider the following approximations

tj =1 =p)tj+ptjt1, 0<p<l, (4.1)
— . i1
Wler,ers = (]' - p)WlJJ,-p,m-&-s + leJ—i-p,m—&-s' (42)
For s =0,£1:
p— —j
Wl+1.,'m+5 1 Wlfl,nH»s
Wimis | = 5—Mlasom) | Wi, |
Wlfl,m+s Wg+1,m+s
. W‘ljfl,'mmks
—axx’ 2 —
Wimis = @N(a, oxy) | Wimis |- (4.3)
i o
W?«I»l,m#»s
Forp=0+1:
[E— R—
W?+p,m+l 1 Wg+P,m—1
JE— ) —
W?«l»p,m = WM(B’ Sym) W?«&»p,m )
le+p,m—1 W?-&-p,m-&-l
. 2 W{-}—p,m—l
— .
W?j{p,m - @N(Bv 5ym) Wngp,m ) (44)
m .
W?+p,m+1
where 1 1 )
(v, ) € {(.02), (B.0w)}s NOh) = [5500 To0n Gavm@son) ™
1+vh _2+Vh 3+ 2vh
2+vh 14+vh (1+vh)(2+vh)
M m= | - 1+vh v 1
(v, h) = 2+vh 1+vh (1+vh)(2+vh)
3+2vh 24+vh 1

" 2+4vh 1+vh (14 vh)(2+vh)

By utilizing the approximations (4.1)-(4.4), we define the functional values for
(p,s) € T =T ~{(0,0)} in the following manner

—j I R i i
1Z)ler,qus = 1/1 <5L'l+pa Yms, tja Wl+p,m+sv Wl+p,m+s? Wl+p,m+sa Wl+p,m+s> . (45)

Now, the updated approximations of convection terms at the central mesh location
are defined by

—

—J —j — J [
W = Wi 001 | (Tl = Toim) = ¢ (W =T )| 1)
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and

=v —j —j 7o’ =Yy’

Wl,m = Wln’n + 'Yy(sym (,(/}l,m-i-l - wl,m—l) — € Wl7m+1 - Wl,m—l . (47)
The undetermined parameters 7y, and vy, in the approximations (4.6) and (4.7) are
computed so as to yield the scheme of order two in time and order four in space.

With the updated approximations of partial derivatives, we construct the functional
at central mesh-point (z;, ym,t;) as

=7 o —d :yj —
d)lm@ = 1/’ <l‘l7 Ym, t]v Wl,wu Wl7m7 Wl,ma WLm) . (48)
Now, with the help of basic compact formulation (3.16), we obtain
eV W?,m = 6‘Tl25y72n <0'lymwl,m + Z(p S)ejgl+p7m+sw?,m> + TZ,ma (49)

. I . .
where the local truncation error 77 ,,, and truncation error Tg is computed as

T} o = O(6276y2 {61 + Sym }26t) (4.10)
and .
Tg = dx; 26y, T, = O({021 + dym }261), (4.11)
provided
1+ adx; 1+ B0ym 1
%= @t asm) T Se@+ Boyn)’ P73 (4.12)

The numerical scheme (4.9) exhibits some unique properties: (i) It is compact and
obtained with minimal meshes required to approximate the highest order differ-
entials appeared in given parabolic PDEs; (ii) The compact formulation employs
nine-point stencils with non-uniform mesh spacing; (iii) The truncation error is re-
spectively second- and fourth-order in time and space. Moreover, it is practical to
achieve fourth-order accurate numerical solution values, when 8t o dz7 =~ §y2, or
0t < 0x10Ym, 0x; = Oy, for all | and m; (iv) In either case, perhaps uniform or
nonuniform dispersion of mesh points, the magnitude of truncation error remains
unchanged; (v) The block tri-diagonal matrix structure of the scheme makes it easier
to compute. For the computational purpose, we neglect the higher-order trunca-
tion term lem from the equation (4.9). By incorporating the initial and boundary
data (1.4)-(1.6), the resulting well-structured system of difference equations (4.9)
is solved by the Newton-Raphson method with suitable initial guess, when ) is
nonlinear. It is more advantageous to implement an alternating direction implicit
method, when 9 is linear, and it is possible to obtain an operator splitting scheme.

5. Derivations of the high-order compact formula-
tion

In this section, we present the derivation for the high-order scheme (4.9), and obtain
high-order truncation error for the suitable choice of undetermined coefficients ~,
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and vy, appearing in the updated approximations (4.6) and (4.7). By using Taylor’s

expansion to (4.2), we find

Wy = Wi+ 6t w o L SOt ““+0(5t3),

W;il,m Wlil m + §5t [ :t 6Il lmrtrijj| + 6t ltifzj
+ 0(5135{6331 + dt}ot),

—J J
Wittmy1 = VVI:I:I mi1 T 575 { i oxy leri + 5ymWi’i§ }

+ O(5t{02; + Sym }? + 6t2),

—tJ j 1
Wissmor = Wity oy + 50 Wit & deWis = oy WYY |

+ O(ét{éazl + 0y }2 + 6t?),

Wl mEl — Wl m+1 T 5t [ 1! Lty W, y“ + 5t2 tttf
+ 0(6ym{5xl + 5t}6t).
Now, expanding (4.3)-(4.4), by Taylor’s series, we obtain

71‘7

WH—I m Wl+1 m
]
Wlm = Wlm +PIQI+T’
717 -
Wl 1,m VVZ Jl m
i 27
Wit m+1 Wi m+1
ijmﬂ = I/le:nil +P,Qy SR, + 1T,
Wl—l,mil W 1’m:|:1
- ;
Wﬁm+1 le,m+l
W?»meLl = I/Vlyr?n, +PQy+T,
Wit Wi
- )
W;Jj:l_,mﬂ Wzyil,mﬂ
W?il,m = Wl?il,m + PyQy + SRy +T,
i i
_W?i17m71 le:lzl,mfll
where
) _53012(2 + 3adx;) 1 1 ) _5y,2n(2—|—3,36ym)
Sa7(2 63 ) 2 Sy2.(2 63 )
Py = |1 75”1(2‘““) 0 0 |,Py=11 —ym(zﬁym)
. 627 (2 4 3adm;) L )  0ym (24 3B6ym)
6 12 6
pdtWZtJ P‘sthy,:rJL
szzJ leyyj
= zat! ’ Qy = " yytj
potdx Wi's, potoym WL

zzzz7 3 yyyy’
S W, YW,

(5.1)

(5.4)

(5.5)
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p&t&ymWﬁ{f R pétéleVl%j
- 6xl25ymVVlf,ffyj 7 o 6x126lelfglyyj
and
6 —2 O(6t(dz; + Sym)? + 6t%)
S=16 1], T = |O(5t(6z; + dym)? + 6t%)
6 —2 O(6t(dz; + Sym)? + 6t%)

The functional approximations (4.5) at the mesh locations x4+ p m+s, (p,s) € J, in
combination with (5.1)-(5.9), are computed as

Ei—l,mil wljflﬂnil
Dmir | = | Wlss | + 2T+ 22857
a{+1,mi1_ _w{+1,nL:E1
+ Z3SE + Z4SE + bf Z5SE + Z6SFE, (5.10)
—j T M.
wl—l,m %[}l]fl,m
Gl | = | Wl | S92+ 5523
lerl,m_ _wl]Jrl,m
+ 8929 + 5929 + 8079 + S 77, (5.11)

where the expression of matrices S?,i = 1(1)5, S,fl and vectors Zs,s = 1(1)6,k =
1(1)5 are presented in Appendix B. By using (4.3), (4.4), (5.10) and (5.11) in (4.6)-
(4.7), we find that

J .
=z J

i 0x? ;
Wy = Wit + pétWﬁfn—&—% 1+ 1267, + a(1 + 6ey,)da] W22 (5.12)
+O(5t(6z; + Sym)? + 5t2),

l,m

HO(5t(5) + Oy )? + 6t2). (5.13)

=’ i i 0y j
Wi =W + mm@{ﬁ% [1+ 1267, + B(1 + 6eyy ) Sy WL

Therefore, the functional approximation at the central mesh-point by utilizing (5.12)
and (5.13), in updated functional (4.8), one finds

Dtan =0l + 90t (A+ BW, + CWEL + DWI) + S EStW/t,
1 .
+ 65“’72 [1+ 1267, + (1 + 6ey,)dzy) CWEEe’
1 yyy?
+ 65%2” [1+ 12ey, 4+ a(l + 6€eyy)0ym] DVV{%JJ

+ O(5t(6x; + Sym)? + 0t2). (5.14)

Upon differentiating the nonlinear parabolic PDEs (1.3) with respect to ¢ and their
evaluation at the mesh-point (x;, ym,t;) gives

e (Wil + W) = A+ BW, + CWithy + DW + EW/S, (5.15)
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o L _ o o

here A = — B = —,C = ,
where ot ow oW oWy
mesh-point (27, ym,t;). Notations A,, Ay, etc. are adopted to denote the partial

derivatives of A with respect to « and y respectively at the mesh location (2, ym, t;).
Now, substituting (5.10), (5.11),(5.14) in (4.9) and utilizing (5.15), we obtain

are values evaluated at the

2 50252 =J 7
eV Wl,nz (51’1 6ym (CTl,quZ]l,m + Z(p’s)ejal—l-pﬂn—i-swl?m)
1 J
= E&m?éyﬂ [1+ adr; + 8y, (adxy + 2)] CWLE
1 j
+ an;‘naﬁ [1+ B6ym + 8evy (B0ym + 2)] DW VY

1 ;o
+ 5(5:}01263/31615(1 —20)EW{ + T .. (5.16)

The coefficients of Wﬁffj, VV;%’],WZZ, appearing in the equation (5.16), vanish

for the values of 7,7, and p mentioned in (4.12). Consequently, the resulting
difference scheme (4.9) supplies an accuracy of order four in zy-space and order two
along time axis.

6. Convection-diffusion equation and implement al-
ternating direction implicit (ADI) scheme

The class of 2D convection-diffusion equations has been considered across-the-board
to model many physical phenomena such as nuclear waste disposal, pattern forma-
tion and mobility of fish population [29,48]. We will formulate the operator splitting
scheme and implement alternating direction implicit (ADI) method for the solution
of two-dimensions convection dominated diffusion equation

—82W+—82W —8—W+ a—WJr a—WJr( t) (6.1)
Nz T2 )T o TV T TIHYY :

along with boundary and initial data (1.4)-(1.6). Here, a and b are constants, and
W (z,y,t) is the concentration of heat transfer. Upon substituting

— i i —y i _
wl-l-p,m-i-s = Wl-l—p,m-l—s + an+p,m+s + le+p,m+S + g{+p,m+s7 (p’ 3) € ‘77 (62)
=J ¢ —a’ :yj _j
qul,m = Wl,m + G’Wl,m + le,m + gl7m7 (63>
§g+p7m+s = g(xl+;m ym+87gj)a (p7 5) eJ. (64)

in the compact formulation (4.9), we obtain a system of difference equations

-2 2¢ 2 Tt —
V' =dx]dy,, [Z(p,s)ejal+p,m+s Wl+p,m+s T Gipmats
- —yi

- i .
+oum (aWLm + bwim>] T (6.5)
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The system of difference equations (4.9) yields a large sparse matrix system, and its
solution procedure is quite a time consuming due to a large number of time levels,
and each time level carry (L +2)(M +2) spatial mesh points. Moreover, most of the
memory locations are occupied with zero value. Thus, we intend to develop operator
splitting pattern as an efficient memory management technique. To do so, at jth and
(7 + 1) time levels, we express the solution values Wi pmtss le-liul,m-l-s’ (p,s) € T,
at eight neighborhood points of the central mesh-point (i, ym,t;) in terms of the
compact operators (3.1)-(3.2) and their composites. For example, the operator
equation in (3.1) can be solved jointly to obtain

. 1 .
Wi =5 24 (L4 adz) {1+ adz) By + A} WY, (6.6)
Wiy = % 224, + B,]W7,... (6.7)

Similarly, it is feasible to express solution values at other mesh locations (except
at central mesh-point) by using compact operators (3.2) and their composites. The
solution values at (j + 1)*" -time level is determined by interchanging j to j + 1 in
the above relations (6.6) and (6.7). Such a replacement of solution values in terms
of operators to the difference equation (6.5) and dividing throughout by dx;0ym,,
one obtains

G+l _ i 7
LW o =RW;,, + E RHS + T s (6.8)
where the left and right side operators are

L =1+ P A, + P,B, + PsA, + P,B,

+ P5.AIBI/ + PGBQC.AU + P7.Aw./4y + PgBmBy, (69)
+ Q5~AmBy + QGBxAy + Q?Asz + QngBy, (610)

_ —J
ZRHS N Z(p,q)eJRHp’erqgl“”m*q’
Ty = 027 0y T0 0 = O(S218ym (631 + ym)261). (6.11)

The values of P;, Q;,1 = 1(1)8 and Rj4p m+s, (P, s) € J are listed in Appendix C.
We shall reframe the linear system (6.8) in operator splitting form that results in
efficient space-time mechanism.

Let
L=+ PA, + PB,) (1+ PsA, + P,B,), (6.12)
R=(14 QA + QB,) (1+ QsAy + QuB,). (6.13)
By using (6.9), (6.10), (6.12) and (6.13), we obtain
(E—L—X+) W/t =0 and (ﬁ—RJrX—) Wi, =0, (6.14)

where the residual operators x*, left after the factorization are given by
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X" = FiB,By + FoBy Ay + F3 A B, + Fr A Ay, (6.16)
Ey=PPy— Py, By = PoPy — P, B3 = PPy — P5, By = PPy — P,
Fy = Qg — Q2Q4, > = Q¢ — Q2Q3, F3 = Q5 — Q1Q4, Fy = Q7 — Q1Q3.

As a result, the difference scheme (6.8) can be rewritten as

Fiyitl _ By T B s By | =

LWt = RW X W Wi Y T (6.17)
The application of Taylor’s series expansion on E;, Fj,i = 1(1)4, and making use of
the approximations le’;zl =Wy, +0(dt), one finds that

XWX W, = O(6t(87 + 6y2,)°). (6.18)

L,m

As a consequence, the scheme (6.17) further simplifies to the compact operator
splitting form as

il = .
'CVVlj,:rn = ,R’VVlj,m + ZRHS + T‘ljm’ (619)

where
TJ 0 = T + O(0t(02F + 642,)%) = O({621 + Sy })01). (6.20)

Upon neglecting higher-order terms flj . from the operator splitting scheme (6.19),
we shall easily implement the alternating direction implicit method in the following
manner

12
(L+ PLA, + PB) W2 =W+ (6.21)
(1+ PiA, + PB) WY, = Wit/ (6.22)
Here, Wl{ ;1/ % is an intermediary step, appearing in the middle of j** and (j + 1)**
temporal level, and one may determine intermediate boundary data from (6.21) in
combination with available initial and boundary values (1.4)-(1.6).

Computationally, the number of mesh points along time and spatial directions
are chosen, so that 0t o¢ 6x;0y,, and dy,, o dx;. This makes the magnitude of

local truncation errors T;’m and flj m in the non-factored scheme (6.8) and opera-
tor splitting scheme (6.19) respectiyvely in a comparable order. Apart from it, we
have factored the scheme (6.8), keeping in view that the maximum magnitude of
discretization error appears from the term B,8,, (coefficient of Pg). This is because

BxBle{jnl = B.B, (V[/l]m + O(5t)> that provides discretization error O(5tdz?8y2,),
and the temporal step choice 6t o 62,8y, left us with an error of O(dz3dy3)), al-

most sixth-order local truncation error. This is one of the main issues encountered
in the operator splitting procedure. Hence, it is necessary to divide throughout the

i =
scheme (6.5) by dz;0y,, to bring down the local truncation error from T?’m to T,

=J
Moreover, the magnitude of local truncation errors 7' ,,, in the non-factored scheme

(6.8) and TA’l]m in the operator splitting scheme (6.19) is comparable to the sixth-
order local truncation error. Therefore, we can conclude that the two-level implicit
operator splitting scheme (6.19) provides fourth-order accurate solution values for
0t < 8210y, and the factored compact formulations (6.21) and (6.22) can be solved
using the tri-diagonal solver (Thomas algorithm) efficiently.
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7. Coupled Burger’s equation and stability theory

Burger’s equation appears in the weak non-stationary shock wave and modeling of
turbulence. An analytic solution to one-dimensional Burger’s equation was initially
described by Cole [7]. An extension to the coupled form of Burger’s equation to
model the polydispersive sedimentation was proposed by Esipov [11]. The two-
dimensions Burger’s equations are the same as the Navier-Stokes equation in the
absence of pressure gradient, and its analytic solution was reported in [13,45]. The
two dimensions Burger’s equations are
0?U  9*U ou oU ou
—+t = | ==+ U—+4+V—, 7.1
6(8x2+3y2) ot ar T oy (7-1)
oV 9%V oV ov oV
—+t =5 |==+U+—+V—, 7.2
6<8x2 8y2) ot Car T oy (7:2)
where U = U(z,y,t),V = V(z,y,t), are velocity components, Re = 1/¢ denotes
Reynolds number used to predict the pattern of fluid flow [22]. One can extend
the high-order quasi-variable mesh compact scheme (4.9) to discretize the coupled
PDEs (7.1) and (7.2) in the following manner:

—J —J —j — —j 7yj
Fl+p,m+s = Ul+p,m+s + Ul+p,m+sUl+p,m+s + Vl+p,m+sUl+p,m+sv (7'3)
= —J —j —d —j 7yj —
Fl+p,'m+s = Ul+p,m+s + Ul+p,m+sUl+p,m+s + Vl+p,m+sUl+p,m+s7 (p7 S) € \7(a7 4)
. 2 U‘l?fl,mis
] ey
Ul,m:ts = WN(O“&CZ) U?,m:l:s ,8=0,1,
1 .
_Ug+1,mis_
. 2 V?—l,mis
—axd .
Vl,m:l:s = @N(O“ (sxl) V{,m:l:s 78 = 07 ]‘7 (75)
1 .
_V{—O—l,mis_
. 9 Ugip,m—l
—yy? .
Ulipm = WN(@ 0Ym) |Ulsp,m ,p=0,1,
m ey
_U?ip,m+l_
. 9 V?ip,m—l
—yy? .
Vl:l:p,m = @N(ﬂa 6ym) V{ip,m P = 07 ]-a (76)
m .
_Vgip,m-&-l_

The weighted average Uy, pmtss Vigpmas (P:8) € J and approximations of first-
order partial derivatives of U(x,y,t), and V(x,y,t), at various mesh locations are
obtained from (4.2)-(4.4) by interchanging W to U and V respectively. The updated
partial derivatives at the central mesh-point (z,ym,t;) can be extended as

—a’

—d — — J —yd
Gom = Ui+ 1001 | Fhis = Floam (O - 00) | 00
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—y’ —7 -—j —j —xxd —z! i
Ul,m = Ul,m + 'Vy(sym Fl+1,m - Flfl,m —¢€ Ul,erl - Ul,mfl ’ (78)
—a’ i :7- i o o 1
Vl,m = Vl,m + Wﬂi&wl G?+1,m - Ggflgm — € (V?J?Zl,m - V?yl,m> ’ (79)
—y’ —yd :7j —j —axzad —azx’ ]
Vl,m = Vl,m + ’Yy(sym Gl+1,m - Glfl,m — € Vl,erl - Vl,mfl . (710)

Here, v, and 7, are same as obtained in (4.12). Now, the updated functional values
at the central mesh-point (x;,ym,t;) are obtained as

= ——tJ —j —a7 —j :yj

Fl,m = Ul,m + Ul,mUl,m + Vl,mUl,mv (711>

=7 ) —j —x’ —j :yj

Gl,m = Vl,m + Ul,mvl,m + Vl,mVl,m‘ (712)
Therefore, the nine-point high-order compact discretization using quasi-variable
meshes network for solving the coupled Burger’s equation (7.1) and (7.2) is given
by
)

7)) S2545 =J —j
T =V Ul,m + |:Ul,mFl,m + Z(p7s)ejal+p7m+sFl,m:| ) (713)

V) _ S2y = reil

eV I,m + {Ulv l,m + Z(p,s)EJUler’ + l,m:| ( )
The solution values in the succeeding temporal level for the system of nonlinear
difference equation (7.13) and (7.14) is determined by applying the Newton-Raphson

method

ar'” oTW)
- , v _ _
Ul | _ |Ulm _ g W) 7= | Utm Vi (7.15)
vitt| |y 7|’ or”) or™) '
L,m l,m BUf;m 6Vl{m

with J being the Jacobian of iteration matrix.
We shall describe the Hopf-Cole transformation to the coupled Burger’s equation

(7.1)-(7.2), assuming [U, V] is irrotational. Let [U, V] = VF, and integrating (7.1)-
(7.2) with respect to = and y, one obtains

(PF PF\_O0F 1[(OFNT (0F\
ox2  oy2) ot 2 Ox Oy

A further substitution F = —2¢ln (H (z,y,t)) to the equation (7.16) results in

+ o), (7.16)

0’H 0°H OH H
S o) = - o). 1
‘ ( 0% © 0y? ) ot 2€C(t) (7.17)
1
—[C(t)dt
Finally, the substitution H(z,y,t) = E(t)W (z,y,t), E(t) =e2 transforms

the equation (7.17) to the two-dimensional pure diffusion equation

FW . PWY _ oW
Nz T2 )T ot

(7.18)
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Next, we shall describe the stability theory of the alternating direction implicit
compact scheme for the standard diffusion equation (7.18). The operator splitting
scheme to the equation (7.18) can be obtained from (6.21)-(6.22) by substituting
a = 0,b = 0 and setting source function g(z,y,t) as zero. Following the technique
described in [35,46], we take ¢, = &1 FTYm) a5 the error at j*-time level,
where ¢ is an amplification factor, a complex constant, n and 7 are real numbers,
and i = v/—1. Thus, the error equation is given by

(1+ PrA, + PoBy) (14 PsAy + PiB,) e 1! =

(L4 PrA; + PoB) (1 + PsAy + PalBy) € (7.19)

J
lm*
Since fﬁnl = fﬁf,mawlﬂ = + 62141, T1—1 = Ty — 0T, Ymi41 = Ym + 0Ymy1 and
Ym—1 = Ym — OYm. Thus, from the relations (3.1), (3.2), we obtain

Az
B

Az | A . A )
eim, Y e{_:rnl =& v eim . (7.20)
By| B,

j+1
Eg,m = Ez

T

Therefore, the amplification factor is obtained as £ = £;&,, where

& _ N, /D, _ (1+ Q1As + Q2B5) / (1 + PLA; + P2By) . (7.21)

&y Ny /Dy (1+Q3Ay + QuBy) / (1 + PsA, + P4B,)

If we denote L, = (N; — D)/ (Ny + D) and Ly, = (N, — Dy) / (N, + D,), then

one can express
€ =[1+L,]/[1 — Ly, Ly = [Ay +iB,]/[Cy + iDy), (7.22)

where

Ay =192€;,1,02101, (1 + BIYm) (2 + BOYm)

{BYm — (1 + Boym )cos(T0Ym) — cos(T0Ym+1) + 2},

By =1926X,1n0210, (1 + B0y ) (2 + B6Ynm)

{(L+ Boym)sin(r6ym) — sin(T0ym41)},

Cy =2602,(2 + BSym) (278402, + 3288y — 16)(1 + Byum)>cos(TYm)
—26y2, (1 4 B0Ym) (2 + B0Yym) (27" 0y, + 48B0Ym + 16)cos(T0Ym 1)
—26y2 (1 4 BoYm ) (2 4 Bdym )2 (276°6y2, + 3282092, + 8085y, + 80),

D, =2627 (2 + adx;)(1 4 adzy)?(27a* 0z} + 3206z — 16)sin(ndz))
+2027 (1 + adx) (2 + adx)) (27adx;) (27atdx] 4 48adx; + 16)sin(ndz;,1).

—_ —

(
(
Upon simplification, we get
AyBy +CyD, = — 7686/\l’m(533‘?(5ym81(1 + adxy)? (2 4 adx;)3sin® (ndx; /2)
—T68eN, 073 0yms2(1 + adxy)? (2 + ada;)®sin® (nda;41/2)

+T68EN 1073 0y 53(3adz; + 2)(2 + adry)?.
(1 + adx;)3sin®{n(dz; + 6x141)/2}, (7.23)



262 N. Jha & M. Wagley

where

51 = 64 + 96adx; + 64020z} + 27atda} 4 54a’oxy,
59 = 64 4 32002 + 3207627 — 27a* ) + 270’67,
53 = —16 + 80z + 4a20x? — 6030z} + 9atdx}.

Since 0 < «,8 < 1, € > 0, and mesh step-sizes dz;,0y,, € (0,1), we see that
s1 > 0,89 > 0 and s3 < 0. Therefore, we find /Léz + 5zﬁx < 0. As a result,
we get |{;| < 1. Similarly, one can prove |§,| < 1. Hence, |{| < 1, and this
establishes the unconditional stability of the fourth-order quasi-variable meshes two-
level implicit compact scheme applied to transformed (2+1)-dimensions coupled

Burger’s equation.

8. Numerical simulations and interpretations

This section presents the computed accuracy in the solution values and numerical
order obtained for various mesh-step sizes. To solve linear convection-diffusion
equations, we have employed alternating direction implicit scheme. The nonlinear
Burger’s and Boussinesq equations are addressed by the Newton-Raphson method
with an initial guess as zero vector. The boundary and initial data are achieved
from the theoretical solution, and repetitions halt once the absolute tolerance error
107! has been achieved [42]. To ease the numerical computations, we will select
an equal number of meshes (L = M), along the zy-directions. The number of
temporal meshes is determined from the relation J = LM /A, 0t = A\ 0210y,
Therefore, it is viable to measure the accuracy of order four with quasi-variable mesh
points by making twice the number of meshes in the subsequent computations.
In the numerical simulations, we shall choose the mesh ratio parameter A\;,, =
0t/dxi0y, = 1.6, for all I;m. The Lo-norm and Ly-norm of errors and order of
convergence is obtained by using

LooEM) = max <<, ‘Wl{m = W21, ym. 1)),

L&
1<m<M

O =logy | 5+
2 lﬁgL,2NI)

and

1/2 L,M
@y |1 L M J . S\ 2 B Ly
£ - [LM Zl=1zm:12j=1 (Wl],m - w{,m) ;02 = log, m .
2

In order to generate the difference equations, Maple’s CodeGeneration package is
used while numerical computations are performed in C on the Mac operating system.

Example 8.1 [24,37] We consider the homogeneous convection-diffusion equation

€<a2W a?vv)_aw ow oW

972 + 37 a—— +b—— (8.1)

= 4 ,
ot or Jy
possessing the analytic solution

exp[(m;)ﬁ(ybt;f]_ o

W(z,y,t) =

4 +1 e(4t+1)
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Here, the physical parameters a = b = 1072 and € = 1073,107%,107° are consid-
ered for computational purpose, and it refers to the Péclet number, P, = a/e =
10,102%,103. The high Péclet number number brings up negligible diffusion, and
uniform meshes high-order scheme yields deteriorating order and accuracies to the
solution values. The effect of Péclet number (107! < P, < 10?), on the solution,
can be viewed graphically in Figure 1. Experiments with quasi-variable meshes
fourth-order implicit compact scheme capture the multiple characters of the solu-
tion due to peculiar behavior of mesh location. The results of various values of
diffusion coefficients are presented in Table 1 at the time level t = 1.

Example 8.2 Burger’s Equation: It is a nonlinear advection-diffusion equation
and appears in the study of dispersion and pollutant transport, wave process in the
thermoelastic medium, the formation of structure in the cosmology adhesion model
and shock wave. The unsteady two-space dimensions Burgers equation incorporat-
ing the interaction between nonlinear convection phenomenon and diffusive viscus
processes takes the following form
(82W 62W) ow <8W ow
€ w

_t — —_— —+—1]1,0< <1,t>0 8.3
922 | oy ot or ay>’ soysLt>0, (83

where ¢ = R_1,0 < ¢ < 1, and R, is the Reynolds number, used to forecast the
transition from laminar to turbulent flow. Laminar flow takes place at a low value of
Reynolds number, while turbulence is observed with high Reynolds number. For the
large Reynolds number, the Burgers equation behaves like a hyperbolic PDE, and
solution values depict multiple characters due to the formation of sharp shock-like
wavefronts. We compute the solution error using the analytical solution

Qe sin(m(x + y))e 27t (8.4)
2 + cos(m(z + y)e—2emt”’ ’

Wiz, y,y) =

for small and large value of Reynolds number [34]. The accuracy and numerical
order are presented in Table 2 for the different mesh points at the time level ¢ = 1.
The solution behavior is smooth for small € and o = g8 = 0, but for large ¢, uniform
mesh fourth-order scheme results in an oscillatory solution. Thus, quasi-variable
mesh fourth-order scheme gained its importance, which produces a stable and con-
vergent solution. The maximum absolute error, at the time level ¢t = 1, is reported
in Table 2.

Example 8.3 [10,30] Consider the generalized Burgers-Huxley equation

W OPW ow ow oW

—+ = —_— Wl — 4+ — ww"™ -1 (W" — 8.5
€ < (9$2 + 6y2 ) 675 a ( 833 + 8y ) + ( )( ’7)7 ( )
where a € RT. denotes the coefficient of advection, v € (0,1) and n > 1, are
parameters. For € = 1, it possess an analytic solution

W(z,y,t) = [% + g tanh {a’y ((z +y)/V2 - ct) H v ) (8.6)

where

p=V2a2+4n+4, 0=

n(p—v2a) . [V2a—p)+ (V24 p)(n+1)]
(4n +4) B (2n +2) '
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The accuracies in analytic and approximate solution values are determined for n = 2
and v = 0.5. Experiments with small advection coefficient a result in stable behav-
ior of solutions, while the larger values of a exhibit instability while implementing
uniform meshes fourth-order compact scheme (4.9) with & = 8 = 0. In Table 3, we
have presented L..- and Ls- norm of errors with convergence order for a = 10% and
various number of mesh points.

Example 8.4 Burgers-Fisher equation (BFE): In the ecology, BFE combines the lo-
gistic growth and diffusion to model the proliferation and population spread [49,50].
BFE has a convective property from Burgers equation, reaction and diffusion trans-
port from the Fisher equation. The mathematical equation is given by
<82W 82W> ow ow  ow
¢ _

= — P =4 — b "1 .
9.2 3y 5 +aW (ax + 8y)+ W (W )s (8.7)
and

1 1 1/n
W)= [+ gt (e =y - a0}|

an be(1 +n)? + 2a®

T:726(1—|—n)7 1= a(l+mn)

is the analytic solution. In Table 4, we have performed simulations for various
combinations of the parameters (e, a,b,n). For (e,a,b,n) = (1,1,1,2), the solution
behavior is smooth with uniform mesh, and there is no need to refine the meshes in
the high-order implicit compact scheme. However, as the values of a, b, n increase or
€ decreases, the numerical solution’s instability arises, and it necessitates the mesh
refinement by choosing a non-zero mesh stretching ratio.

Example 8.5 (Polyanin and Zaitsev [39]) Boussinesq equation: The model de-
scribed the unsteady flow inside free surface porous media and appears in nonlinear
heat conduction theory

;E(W%Z/)Jr%(wg/):%f, 0<z,y<l1, t>0. (8.8)
The initial and boundary values are taken from the analytic solution W (x,y,t) =
(2r+y+t+1)/5 Simulations with uniform meshes fourth-order scheme (o =
B = 0) result in an oscillatory solution. In contrast, the quasi-variable meshes
fourth-order compact scheme yields order-preserving solution values. At the time
level ¢t = 1, numerical order and absolute errors are shown in Table 5.

Example 8.6 (Fisher and Bialecki [13]) Coupled Burgers Equation: We shall com-
pute the numerical solution values of equation (7.1)-(7.2) and measure the absolute
errors and numerical convergence order using the analytic solutions

3 1 »
U(xvyvt) = 1 - Z []_ + e{—4(l—y)—t}/{32€}:| 7

3 1 . -1
V(z,y,t) = ita {1 + 6{74(7073”)715}/{326}} . (8.9)

Computational tests are performed over the domain Qx (0,7, with T = 1, for many
mesh arrangements. It is noted that the order and solution accuracies confirm with
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the low value of the Reynolds number R. = 1/¢, say R, = 10. However, with a large
value of Reynolds number Re = 102 and 103, the equi-spaced distribution of mesh
points in the fourth-order compact scheme yields high oscillations in the solution.
To achieve the expected accuracy, we need to implement an amply small size of
mesh stencils and massive computing time in turn. A minor modification in the
mesh-point locations makes it feasible to achieve more accurate solution values with
the desired accuracy by increasing Reynolds number’s value, keeping very few mesh
points. Table 6 presents an average of L,-norm and Le-norm errors in U(z,y,t)
and V(z,y,t), and corresponding convergence order for different values of e. It
may be concluded that approximated solution values obtained by the quasi-variable
meshes high-order implicit compact scheme are concurrent with analytic solution
values up to the fourth-order accuracy.

9. Conclusion

We have described an optimum convergence order splitting compact operator scheme
that implements a variable mesh spacing for solving mildly nonlinear two-dimensions
parabolic PDEs in the present work. Our difficulty encountered in the operator s-
plitting scheme on variable mesh spacing. By considering the variable mesh spacing,
such as dz;41 = axy, 0Ym+1 = PBYm, (exponential expanding meshes) discussed by
Fukuyo [15,16], it is possible to achieve a third-order compact formulation. Still,
operator splitting formulation in this category of meshes is not possible, leading to
an inefficient system of difference equations. The new variable mesh spacing, high-
order truncation error, and compact formulation make the proposed scheme more
efficient, especially when the problems possess layer behavior. The present scheme
can achieve a more accurate solution with reduced computing time than a standard
fourth-order compact scheme obtained on uniform fine mesh points. An a priori
error estimate is obtained that shows the fourth-order convergence of solution val-
ues as ||dx||, ||[dy|, 0t — 0 and 0t o dx;dy., VI, m. The computational experiments,
intended to investigate the beauty of the implicit compact scheme, concord the the-
oretical analysis, and the new procedure offers an efficient solution given memory
and data space.

Figure 1. Approximate solution surface with changing value of €
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Table 1. Error estimates and numerical order in Example 8.1

L| a 3 SR Vol S W

a=b=10"2¢=10"3

4 1 0.0000 0.0000 | 699 —01 235—-01| —— ——
8 | 0.0000  0.0000 | 5.06e —01 7.54e—02| 0.5 1.6
16 | 0.0000  0.0000 | 1.34e—01 998e¢—-03 | 1.9 29

32 1 0.0000  0.0000 | 2.21le—03 1.17e—04| 59 6.4

4 102600 0.4000 | 1.59e—-02 5.34e—-03 | —— ——
8 102300 0.1900 | 8.66e—04 124e—04| 42 54
16 | 0.0880  0.0880 | 4.84e—05 3.23e—06 | 4.2 5.3

32 1 0.0300  0.0382 | 2.53e —06 1.25e—07 | 4.3 4.7

a=b=10"2e=10"*

4 | 0.0000 0.0000 | 7.86e—01 272¢—-01| —— ——
8 | 0.0000  0.0000 | 6.58¢—01 1.00e—-01 | 0.26 1.4
16 | 0.0000  0.0000 | 5.36e —01 4.05e—02 | 0.29 1.3

32 1 0.0000  0.0000 | 3.02e —01 1.24e—02 | 0.83 1.7

4 103810 0.4000 | 1.39e—02 4.65e—-03 | —— ——
8 | 0.1200  0.0900 | 7.67e—04 133e—04| 42 5.1
16 | 0.0200 0.0820 | 1.11le—05 2.24e—06 | 4.2 5.6

32 1 0.0180 0.0375 | 1.85e —06 1.07e —07 | 4.5 4.7

a=b=10"2e=10"°

4 1 0.0000 0.0000 | 9.80e—-01 4.53e¢—-01| —— ——
8 | 0.0000  0.0000 | 8.52¢—-01 1.54e—01]0.20 1.6
16 | 0.0000  0.0000 | 5.38¢ —01 5.33e—02 | 0.66 1.5

32 | 0.0000  0.0000 | 3.25e—-01 2.20e—-02 | 0.72 1.3

4 | 0.0000 0.0000 | 9.80e—-01 4.53e—-01| —— ——
8 | 0.0300 0.0040 | 9.34e—02 1.60e—02 | 3.4 438
16 | 0.0190  0.0390 | 7.93e—03 529 —04 | 3.6 4.9

32 | 0.0000  0.0020 | 5.41e—04 2.75e—05| 3.9 4.3
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Table 2. Error estimates and numerical order in Example 8.2

L a 8 |8 (e | on e
e=10"3
4 | 0.000 0.000 | 1.06e—06 5.10e —07 | —— ——
8 | 0.000 0.000 | 2.82e—07 1.53e—07 | 1.9 1.7
16 | 0.000 0.000 | 2.92¢ — 08 1.47¢—08 | 3.3 3.4
32 | 0.000 0.000 | 2.08e—09 7.77¢e—10 | 3.8 3.9
e=10"2
4 | 0.000 0.000 | 5.35e—05 2.53e—05| —— ——
8 | 0.000 0.000 | 8.12¢ —06 4.67e—06 | 2.7 2.4
16 | 0.000 0.000 | 7.12e — 07 3.64e—07 | 3.5 3.7
32 | 0.000 0.000 | 4.73¢ —08 2.32¢—08 | 3.9 4.0
e=10"1
4 |1 0.000 0.000 | 1.95e—04 1.59¢—-04 | —— ——
8 | 0.000 0.000 | 1.57e—05 9.34e—06 | 3.6 4.1
16 | 0.000 0.000 | 1.05e—06 5.56e—07 | 3.9 4.1
32 | 0.000 0.000 | 6.66e —08 3.38¢ —08 | 4.0 4.0
e=10
4 10380 0.380 | 2.91e—03 2.17¢e—-03 | —— ——
8 | 0.170 0.130 | 1.70e — 04 4.12e—05 | 4.1 5.7
16 | 0.070 0.079 | 9.11e— 06 3.6le—06 | 4.2 3.5
32 1 0.033 0.035 | 5.00e — 07 2.46e—07 | 4.2 3.9
e = 102
4 | 0.530 0.530 | 2.32¢—00 1.87e—00| —— ——
8 | 0.400 0.410 | 1.30e — 01 5.20e—02 | 4.2 5.2
16 | 0.066 0.060 | 6.68¢ —03 9.51e—04 | 4.3 5.8
32 1 0.034 0.034 | 3.64de — 04 3.59¢—05 | 4.2 4.7
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Table 3. Error estimates and numerical order in Example 8.3, 8 =2,v = 0.5

L.M L.M
L| « 3 1) L) | 0 O

a = 10!

4 | 0.0000 0.0000 7.44e —07 558 —-07 | —— ——
8 | 0.0000 0.0000 4.65e — 08 3.02e —08 | 4.0 4.2
16 | 0.0000 0.0000 2.95e—-09 1.76e—09 | 4.0 4.1

32 | 0.0000 0.0000 1.84e —10 1.06e —10 | 4.0 4.0

a = 102

4 | 0.000 0.0000 3.71le =07 244e—-07 | —— ——
8 | 0.0000 0.0000 2.63e —08 1.52¢—08 | 3.8 4.0
16 | 0.0000 0.0000 2.66e —09 8.04e—10 | 4.0 4.1

32 | 0.0000 0.0000 1.05e =10 547e—11 | 4.0 4.0

a =103

4 | 0.000 0.1400 9.90e - 07 5.57e—-07 | —— ——
8 | 0.000 0.0020 8.568¢ —08 5.57e—-08 | 3.5 3.3
16 | 0.000 0.0001 6.10e — 09 3.08¢—09 | 3.8 4.2
32 | 0.000 5.5e—06 | 3.27e —10 1.50e—10 | 4.2 44

a = 10%

4 | 0.8000 0.8000 2.71le—-07 133e—-07 | —— ——
8 | 0.0100 0.0010 1.65e — 08 7.67e—09 | 4.0 4.1
16 | 0.0000 1.00e —04 | 1.23e—09 5.69e—10 | 3.7 3.8

32 | 0.0000 5.50e —06 | 8.58¢ —11 4.14e—11 | 3.8 3.8
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Table 4. Error estimates and numerical order in Example 8.5

L| a 8 lellse™ el | 0w @
e=a=b=1n=2

4 | 0.0000 0.0000 4.65e — 05 3.48¢—-05| —— ——
8 | 0.0000 0.0000 2.90e —06 1.88¢—06 | 4.0 4.2
16 | 0.0000 0.0000 1.85e — 07 1.09e —07 | 4.0 4.1
32 | 0.0000 0.0000 9.56le—09 5.53e—09 | 4.3 4.3
e=1la=b=10,n=2

4 | 0.9700 0.9700 1.23e — 02 896e—-03 | —— ——
8 | 0.9600 0.2200 718e¢—04 180e—04 | 4.1 5.6
16 | 0.0200 0.0870 42le—05 6.62¢—06 | 4.1 4.8
32 | 0.0200 0.0428 1.64e — 06 3.82¢e —07 | 4.7 4.1
e=1la=b=10,n=14

4 | 0.8000 0.8000 3.08e —03 1.7le—-03 | —— ——
8 | 0.2000 0.5000 1.35¢ —04 4.02¢—05 | 45 54
16 | 0.0200 0.0830 6.32¢e —06 1.39¢e—06 | 4.4 4.9
32 | 0.0200 0.0372 3.46e — 07 6.33e—08 | 4.2 45
e=0.04,a=b=1,n=2

4 | 0.0000 0.0000 6.47¢ — 02 3.52¢—-02 | —— ——
8 | 0.0000 0.0000 2.56e —02 5.29¢—-03 | 1.3 1.9
16 | 0.0000 0.0000 2.72e —03 7.30e—04 | 3.2 3.7
32 | 0.0000 0.0000 1.83e —04 4.66e—05 | 3.9 4.0
e=0.06,a=b=1,n=2

4 | 0.0000 0.0000 2.7le—02 1.6le—02 | —— ——
8 | 0.0000 0.0000 5.23e —03 1.90e—-03 | 24 3.1
16 | 0.0000 0.0000 4.02e —04 1.28¢—04 | 3.7 3.9
32 | 0.0000 0.0000 2.59e — 05 7.96e—06 | 4.0 4.0
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Table 5. Error estimates and numerical order in Example 8.5

L| a 8 )™ L5 | 0 ©5
4 | 0.0000 6.0le—01| 1.57e—-02 1.06e—-02 | —— ——
8 | 0.0000 9.00e —03 | 9.09e —04 5.87e—04 | 4.1 4.2
16 | 0.0000 3.00e —04 | 7.09¢ —05 4.22¢—05 | 3.7 3.8
32 | 0.0000 1.00e —07 | 5.59¢e — 06 2.84¢e—06 | 3.7 3.9
Table 6. Error estimates and numerical order in Example 8.5
r| o« 8 et et | o 6
e=10""T
4 0.0000 0.0000 7.72¢e — 06 8.85¢—06 | —— ——
8 0.0000 0.0000 7.74e — 07 1.12e—06 | 3.3 3.0
16 0.0000 0.0000 6.15e — 08 1.18¢ —07 | 3.7 3.2
32 0.0000 0.0000 4.26e —09 1.12¢—-08 | 3.9 34
e=10""2
4 0.9300 0.2500 7.11le—-01 5.12e—-01 | —— ——
8 0.2000 0.2500 4.51le— 02 4.60e—02 | 40 3.5
16 | 8.0e — 03 0.0010 3.19¢e — 03 4.68¢e—03 | 3.8 3.3
32 1 19e—04 6.0e—05 | 3.09¢e —04 5.53e—04| 3.4 3.1
e=10"3
4 0.7000 0.900 9.44¢ —02 7.79¢—-02 | —— ——
8 0.3300 0.2900 9.43e —03 833e¢—-03 | 3.3 3.2
16 0.0962 0.0893 9.44e — 04 533e—04 | 3.3 4.0

Appendix A: Values of coefficients o;4p m+s € J in equation (3.16)

. [C+3(1 + Boym) (1 + adx; + a?dx7) + 3(1 + adxy)
o (1+ Boym + B20y2)/[9(1 + adw)], ¢ = o*B20a}oy?,
2a6%6x10y2, + 3(1 + 3adx)) (1 4 Boy,)/[18(1 4 adxy)
THLm 9 1 aba) (1 + Boym),
20232027 6Ym + 3(1 + 3adz;)(1 + Boym)/[18(1 + adz;)
OLm
P (4 BOyn) (2 + BSym)],
(1 + ada)[3(1 — 2a02;) (1 + Boynm) — 2a5%62:10y2,]/
Ol—1,m
’ [18(2 + adzy) (1 + Boym )],
5 (1 + Bym)[3(1 + adz;) (1 — 280y ) — 20> B6x7 0,/
bm—t [18(1 + adz) (2 + Boym)),
Ol m+1 | aBOT16Ym/[9(2 + adxy)(2 + BoYm ) (1 + adz;) (1 + Bdym)],
Ol+1,m—1 | —aB0x10ym (1 + B0Ym)/[9(2 + adx;)(2 4+ Boym ) (1 + adxy)],
Ol—1,m+1 | —0BIz10ym (1 + adx;)/[9(2 + adx;) (2 + Boym) (1 + Boym)],
Ol—1,m—1 0655$15ym(1 + Oé(sxl)(l + /B(Sym)/[g(Q + 045.1”)(2 + 55ym)]7
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Appendix B: Values of S?, 5%, Z;, Z9 appearing in equation (5.10)-(5.11)

S

B+ Byéym — Béx; C £ Cyoym —
C £ Cydym

B £ Byéym

D + (D, + B)éym
B + By0ym + Byox; C £ Cyoym + (B + Cy)dx; D + Dydx; + (Dy + B)dym

(B+ Cy)dz; D — Dydx; £ (Dy + B)dym

E £ E,0ym — Egdx; —Edx; £2D
+2D
Eél‘l +2D

E £+ E,0ym
E+ E oy + E ox

0

. ZY = pdt

7
Wi,
Wit

l,m

yt’
Wim

, 0% = 3B0Ym + 2

(adx; +2)C — 2(Créz; — Cybym) 6*D + 2(Dydym £ Dydx;) —2Ddx;

—(adz; +1)C - Cydym

(Badz; +2)C + 2(Cyéx; + Cydym) 0*D £ 2(Dy 0y, + Dydz;) 2Ddzy

0*D

£ 2Dy 0Ym

0

—Cpox; —(Dox; F Coym) C/12
0 +CSym 0
Coxy Déx; £ Coy,,

~C/12

+
, S5 =

)

A— A ox £ Aydym
A+ Aydym
A+ Aoz £ Aydym

B — B,ox; C — (Cz + B)é.’L‘l D —

B C

B+ B,éx; C + (Cy + B)dx; D + D,dxy

Dwéxl
D )

2
I

E— (53’51E1 —E(S.’I,‘l 2A

E 0

E+5$1Ex E&L‘l 2A

2A

(adx; + 2)C — 2C0x; —(B0Ym + 1)D + Doy
*(55ym)D
(Badzx; + 2)C + 2C,0x; —(BOYm + 1)D — Doz
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D(Sa:l
0
—D(Sﬁl

-1
0
1

—12-12 1
0 0 O
12 12 -1
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Appendix C: Expression of P;, Q;, R, 5,1 = 1(1)8, (p, s) € J in (6.9)-(6.10)

adt/26x; + adr (27352} + 32)/96 — adx(a?dx] — BP0y, )/ 24¢

Py 25,2
— adzi41(5°0y;, +2)/24€
Py 1/12 — bt /2527 + a(2adt + d2;) /12 — a(adz; + 1)(adz? + adt)/24e
P b6t /284 + BOym (278353, + 32)/96 + Boy,, (a3dx} — B26y2,)/24¢
— DOy 1 (dxFa® + 2)/24€
Py 1/12 — €8t /25y2, + B(2b5t + 0y ) /12 — b(BIYm1)(B0Y2, + bSt) /24¢
Ps adtdxyi1/246y2, + adt(B6ym + 1)/240z; — eadtdx; /65y2,
Ps b6ty m-11/240z7 + bot(adxy + 1) /246y — €B5t0Yy, /607
P, aB0x16Ym /9 + 6t(aBdyz, + badwy) /66110y, — abdt(dx0xy 1
+0YmOYm1)/24€015ym
P —edt(adz; + 1)/240x7 — €6t(1 + BOym)/240x7
o —adt/28x; + adx; (2752} + 32) /96 — adx(a”dx] — B26y),)/24€
—adxy1(B20y2, + 2)/24¢
Q2 1/12 4 edt /2627 — a(2adt — d21) /12 — a(1 + adz;)(adz} — adt)/24e
04 —b0t/20ym + BOym (278°8y,, + 32)/96 + boym (a0} — 570y7,)/24€
— b0Y 1 (0xFa® + 2)/24¢
Q4 1/12 + €t /20y2, — B(2b6t — by ) /12 + b(Byn, + 1) (bt — BoyZ,)/24e
Qs —Ps
Qs —Fs
aB0x16Ym /9 — 6t(aBdy2, + badxy) /6618y, + abdt(5xi6xi 4
r +0YmOYm+1)24€0210Ym,
Qs —bFs
Rim [@?82? (adz; — 1) + B20y2,(Boym — 1) — 2]6t/3
Ri [~1/12 + o?6x} (a — 2Tae) /96€ + adx?(a + 11lae) /48¢ + {37 6y2, (3a
HLm — 8ae) + 6(a — 3ae) }ox; /144€] bt
Ri [~1/12 + a?6x} (a + Bae)/96e — ada?(a — ae) /48 — {526y2, (3a
t=1m — 8ae) + 6(a — 3ae) ydx; /144€)dt
R [—1/12 + %5y, (b — 27B¢) /96€ + Bdyo, (b + 118€) /48¢ + {a?5x7 (3D
tmtl — 8B€ + 6(b — 38€)0y,,/144€|6t
i [—1/12 — 3%6y3, (b + 583¢€)/96¢ — Boy>, (b — 53¢€) /48¢ — {ad27 (3D
bm—t — 8B¢ + 6(b — 3B¢)dym/144€] 5t
R\ it | 0BOT6Ym[3(0dzy + By ) — 2]6t/72
R | i1 | aB0xi0ym|adz; — 330y, + 2]6t/72
Rg+1,m71 aBdzi0ym[3adr; — Béym — 2]6t/72

J
Rl—l m—1

—afox0ym|[adx; + Boym + 2]t/ 72
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