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Abstract. In this article, we present two new novel finite difference approximations
of order two and four, respectively, for the three dimensional non-linear triharmonic
partial differential equations on a compact stencil where the values of u, 9?u/dn? and
0*u/on* are prescribed on the boundary. We introduce new ideas to handle the bound-
ary conditions and there is no need to discretize the derivative boundary conditions.
We require only 7- and 19-grid points on the compact cell for the second and fourth
order approximation, respectively. The Laplacian and the biharmonic of the solution
are obtained as by-product of the methods. We require only system of three equations
to obtain the solution. Numerical results are provided to illustrate the usefulness of
the proposed methods.
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1 Introduction

We are concerned with the numerical solution of three dimensional non-linear trihar-
monic partial differential equation of the form:

*Corresponding author. Email addresses: rmohanty@maths.du.ac.in (R. K. Mohanty), bn misramath@
hotmail.com (B. N. Mishra)

tPresent address: 4076, C/4, Vasant Kunj, New Delhi-110 070, India.

tPresent address: Department of Mathematics, Rajasunakhala College, Nayagarh, Orissa-752 065, India.

http:/ /www.global-sci.com/ 1417 (©2012 Global-Science Press



1418 R. K. Mohanty, M. K. Jain and B. N. Mishra / Commun. Comput. Phys., 12 (2012), pp. 1417-1433

Vou(x,y,z)
T 0x6 9y 9z6 " Ox29y?dz? dx*ay?  dx2aoy*

N o%u N o%u N o%u N o%u >
dz*%dy?  0z20y*  0x*0z?  dx%oz*
= F (5,2, U 1y 1z, V21,V 2102, V P10y, VP02, Vo0,V e, Vi, Vi), (xy,2) €Q, (L1)

where Q= {(x,y,z)|0< x,y,z<1} is the solution region with boundary 0Q) and

u *u *u
2 e R
Viu= 722 + 32 +

4 Th— o*u  *u  dtu o*u o*u o*u
2z " Viu= @J“a_yﬁ@* (8x28y2 +8228y2 +8x2822)
represent the three dimensional Laplacian and biharmonic of the function u(x,y,z). We
assume that the solution u(x,y,z) is smooth enough to maintain the order of accuracy as
high as possible of the finite difference schemes under consideration.
The values of
0%u 4 otu , " 3

, 55 and =7 are prescribed on the boundary 0. (1.2)
The boundary conditions prescribed by (1.2) are called second kind boundary conditions.
Since the grid lines are parallel to coordinate axes, we assume that the boundary values
prescribed by (1.2) must satisfy the consistency conditions at all twelve edges and eight
corner points of the boundary 9Q), i.e., txy =ty =1z, and Uyyry = Uyyyy = U222, at all cor-
ner points, uyy = tlyy and Uyyxx = Uyyyy at all points on the lines parallel to z-axis, -,
etc. The triharmonic equation is a sixth order elliptic partial differential equation which
is encountered in viscous flow problems. Not many researchers have tried to solve the
triharmonic equations, because it is difficult to discretize the differential equations and
boundary conditions on a compact cell and moreover triharmonic problems require large
computing power and place huge amount of memory requirements on the computa-
tional systems. Such computing power has only recently begun to become available for
academic research. Different techniques for the numerical solution of the 2D non-linear
biharmonic and 3D non-linear biharmonic equations have been considered in the liter-
ature, but not for the 3D non-linear triharmonic equations. A popular technique is to
split the biharmonic equation into two coupled Poisson equations each of which may
be discretized using the standard approximations and solving using any of the Poisson
solvers. Difficulty with this approach is that the boundary conditions for the new variable
are undefined and need to be approximated at the boundary. Smith [1] and Ehrlich [2,3]
have solved 2D biharmonic equations using coupled second order accurate finite differ-
ence approximations. Bauer and Riess [4] have used block iterative method to solve the
equation. Later, Kwon et al. [5], Stephenson [6], Evans and Mohanty [7], Mohanty et
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al. [8-11] have developed certain second- and fourth-order finite difference approxima-
tions for the biharmonic problems using 9-point compact cell. The compact approach
involves discretizing the biharmonic equations using not just the grid values of the un-
known solution u but also the values of the derivatives uyy, uy, and u,, at the selected
grid points. For 2D and 3D problems, the aforesaid researchers have solved three and
four system of equations to obtain the values of u, uyy, Uyy and u, Uy, Uyy, Uzz, TESPEC-
tively. Fourth order compact finite difference schemes have become quite popular as
against the other lower order accurate schemes which require high mesh refinement and
hence are computationally inefficient. On the other hand, the higher order accuracy of the
fourth order compact methods combined with the compactness of the difference stencil
yields highly accurate numerical solutions on relatively coarser grids with greater com-
putational efficiency. Using 19-point compact cell Jain et al. [12] have derived compact
fourth order method for the solution of three dimensional nonlinear elliptic boundary
value problems and obtained convergent solution. Later, using off-step discretization,
Mohanty and Singh [13] discussed compact fourth order method for three dimensional
singularly perturbed non-linear elliptic equations. In the recent past many well known
researchers like Spotz and Carey [14], Li et al. [15], Tian et al. [16-18], Erturk and Gok-
col [19] have proposed compact fourth order schemes for the solution of nonlinear fluid
dynamics problems. A conventional approach for solving the 3D triharmonic equation
is to discretize the differential equation (1.1) on a uniform grid using 343-point approx-
imations with truncation error of order h%. This approximation connects the values of
central point in terms of 342 neighbouring values of 1 in 7 x7x7 grid. We note that the
central value of u is connected to grid points three grids away in each direction from the
central point and the difference approximations needs to be modified at grid points near
the boundaries. There are serious computational difficulties with solution of the linear
and non-linear systems obtained through 343-point discretization of the 3D triharmonic
equation. Approximations using compact cells avoid these difficulties. The compact ap-
proach involves discretizing the biharmonic equations using not just the grid values of
the unknown solution u but also the values of the derivatives u,, and u,, at selected grid
points (see Mohanty et al. [8]). Recently, Singh et al. [20], Khattar et al. [21] and Mohanty
et al. [22-24] have developed single-cell compact finite-difference discretization of order
two and four for multi dimensional biharmonic and triharmonic problems.

In this article, we split the differential equation into system of three Poisson equations
and introduce new ideas to handle boundary conditions without discretizing them in the
system of equations. The present work is the extension of the work of 2D biharmonic and
triharmonic problems described in [23,24]. Further, using 19-point and 7-point compact
cell (see Fig. 1), Mohanty [22] has discussed fourth and second order approximations for
the triharmonic equation V°u = f(x,y,z), which is a particular case of (1.1) and linear
in nature; whereas in this paper, using the same 19-point and 7-point compact cell we
discuss fourth and second order approximations for the nonlinear triharmonic equation
(1.1). The given second kind boundary conditions are exactly satisfied and no approx-
imations for derivatives need to be carried out at the boundaries. The proposed new
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Figure 1: 19-point 3D single computational cell.

technique is not applicable to the triharmonic problem of first kind. Using this approach,
we cannot obtain 19-point compact cell (see Fig. 1) fourth order approximations for the
triharmonic problem of first kind. In next section, we discuss the finite difference approx-
imation for the nonlinear triharmonic equations (1.1). In Section 3, we give the complete
derivation of the method. In Section 4, we have discussed the stability analysis and illus-
trated the methods and their convergence by solving two problems. Concluding remarks
are given in Section 5.

2 Three-dimensional discretization

Consider a three-dimensional uniform grid centred at the point (x;,y,,,z,), where h >0
is the constant mesh length in x-, y- and z- directions and x; = Ih, y,, = mh, z, = nh,
I,mn=0,1,2,---,N with (N+1)h=1. Let U, ,, ,and u; ,, , be the exact and approximate
solution values of u(x,y,z) at the grid point (x;,ym,z,), respectively.

The second kind boundary conditions are given by (1.2). Since the grid lines are paral-
lel to coordinate axes and the values of u are exactly known on the boundary, this implies,
the successive tangential partial derivatives of u are known exactly on the boundary. For
example, on the plane y =0, the values of u(x,0,z) and u,,(x,0,z) are known, i.e., the
values of ux(x,0,z), uz(x,0,z), uxx(x,0,2), u.2(x,0,z), - -+, etc. are known on the plane y=0.
This implies, the values of 1, VZu=ux+ityy+itz: and VU=t exax+ityyyy+ilzzzz+2(Uexyy +
Myyzz+uzzxx) are known on the plane y =0. Similarly the values of u, V2u and V*u are
known on all plane sides of the cubic region Q).

Thus, the second kind boundary conditions (1.2) may be replaced by

u=g1(x,y,2), Vzu:gz(x,y,z), V4u:g3(x,y,z), (x,y,z) €0QL. (2.1)
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Let us denote V2u=v, Vv =

in a system of three Poisson equations of the form:

u d*u d*u
V (JC]/,) 82+8—y2+ﬁ_
v 9% 9%
2 P -
Vo(x,y,z)= 52 + a7 +5 57
’w Pw Pw

Viwlrya)=ga+52 52

v(x,y,2), (x,y,z)€Q),

w(x,y,z), (x,y,2)€Q,

= f(X,Y,2,U,0,W,Uy, Uy, Wy, Uy, Uy, Wy, Uz, 0z, W), (vy,2)€Q,

and the Dirichlet type boundary conditions (2.1) may be re-written as

u=g1(x,y,z), v=0xyz), w=gxyz), (xyz)ecdd

We assume that

F(,Y,2,u,0,W, Uy, 0y, Wy, Uy, 0y, Wy, Uz,0,,Ww,) is continuous,

—~ exist and are continuous; s=1u,v,w,

of of 9df 9f
0s’ 9s,’ asy ds,
a—fzo, S=1u,v,w,
8

asx ‘asy‘_

af
" 19s,

<K, s=u,v,w,
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w. Then we can re-write the differential equation (1.1)

(2.2a)

(2.2b)

(2.2¢)

(2.3)

(2.4a)
(2.4b)

(2.40)

(2.4d)

where K is a positive constants. These conditions are must for the convergent solution
(see [12,13]). In addition for a meaningful fourth order approximation, we assume that
u(x,y,z) is sufficiently differentiable (at least u € C'%) as high order as possible.

Let at the grid points (x;,y,2,), the exact and approximate solution values of v(x,y,z)
and w(x,y,z) be denoted as V; , 1, Wi . and v; y , Wiy, respectively.

In order to obtain fourth order approximations on the 19-point compact cell for the
system of non-linear differential equations (2.2a)-(2.2c), for S=U,V,W, let

— 1
le,m,n = % (Sl+l,m,n - Slfl,m,n)r

— 1
Szl,m,n = ﬁ (Sl,m,n+1 - Sl,m,n—l)l

— 1
Sylil,m,n = ﬂ (Slil,m+1,n - Slil,m—l,n)/

Sylmnt1= 5 (Stm+1,n41—Stm—1,n%1),

Szl,mil,n = ﬂ (Sl,mil,n-&-l - Sl,mil,n—l)/

1
Sxtma1,n= 77 (Si41,me1,n—S1-1,m+1,n)
2h

1
yl mmn _h (Sl,m+l,n _Sl,mfl,n)r

Sxlmnt1= T (St1,mnt1—Si—1,mn+1),

_ 1
Syl,mil,n " (i3sl m=+1, n:|:4Sl m, nisl ,mF1, n)

— 1
Saa1,mn= =7 (Stt1,mn+1—Si+1,mn—1),
2h

— 1
leil,m,n = ﬂ (i3sli1,m,n ¥4Sl,m,n + Sl;l,m,n )l
1

1
Szl,m,nil = ﬂ (i?’sl,m,nil :F4Sl,m,n isl,m,n-T-l)/

(2.5a)
(2.5b)
(2.5¢0)
(2.5d)
(2.5¢)

(2.5)
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Sl mtin= % (St41,m=1,0— 25 m 1,0+ S1-1,m=1,n)s (2.5g)
Sl mpi1= % (S141,mn+1— 25 mn+1+S1-1,mn1), (2.5h)
Syyitt,mn= % (S1£1,m+1,n—25141,mn+S1+1,m—1,1). (2.5i)
Syylmnt1= % (Stm+1,n21 =25 mm+1+Stm—1,n1), (2.5))
Soalatmn= % (S1+1,mn41=25141,mn+S1£1,mn-1), (2.5k)
Selmtin= % (Stm1,n41= 25 mt1,0+ St mt1,n-1)- (2.51)

Now we define the approximation:

Frstmn=f (X121, YmZn Uit mns Vietmn Wit mn Uit mne Vel=1mn W11 m,ns

uylil,m,n’ Vylil,m,n’ Wyl:tl,m,n’ uzlil,m,n/ Vzlil,m,n/ Wzlil,m,n) . (2~6)

Similarly, we can define the approximations Fl’mil’n and Fl’m’nil, respectively.
Further, we define

= — h h — _
le,m,n = uxl,m,n - E (‘/H-l,m,n - ‘/l—l,m,n) -+ E (uyyl—‘rl,m,n — Uyy]_llm,n)
h — _
+ﬁ(uzzl+1,m,n_uzzlfl,m,n)/ (2.7a)
— _ h _ _
Vi mn =Vt mn— 12 (Wl+l,m,n - Wl—l,m,n) + 12 (Vyyl+l,m,n - Vyyl—l,m,n)
h — _
+E(VZZI+1,m,n_szl—l,m,n)/ (2.7b)
le,m,n - le,m,n o E (fl—&-l,m,n _fl—l,m,n) + ﬁ (Wyyl+l,m,n _Wyyl—l,m,n)
h — _
+E(WZZI-H,m,n_szl—l,m,n)- (27C)

Similarly replacing the variable x by y and z and interchanging the subscripts (I£1,m,n)
by (I,m+1,n) and (l,m,rﬂ:l), respectively, in (2.7a)12.7c), we can define the approxima-

tions for Uy im,n, Vyt,mm Wytmn and Uz mn, Vi, mne Wi, mn, respectively.
Finally, let

Fl,m,n :f(xh]/mrzn/ ul,m,n/ Vl,m,nrwl,m,n/ uxl,m,nrvxl,m,nrwxl,m,n/

uyl,m,n/ Vyl,m,n/ Wyl,m,n/ uzl,m,n/ Vzl,m,n/ Wzl,m,n ) . (28)

Then at each internal grid point (x;,Yu,zx); I,m,n=1(1)N, the given system of differential
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equations (2.2) are discretized by
L[U] = ul,mfl,nfl + ulfl,m,nfl +2ul,m,n71 + ul+1,m,nfl + ul,m+1,n71
+ ulfl,mfl,n +2ul,m71,n + ul+1,m71,n +2ulfl,m,n - 24ul,m,n
+2ul+l,m,n + ul—l,m+l,n +2u1,m+l,n + ul+1,m+1,n + ul,m—l,n+1
+Ui—1,mn41F2Umn 1+ Ui, mn1+ Ulm41,n41

h2
= ? [Vl+1,m,n + Vlfl,m,n + Vl,m+1,n + Vl,mfl,n + Vl,m,n+1

+Vimn—1+6Vi ) +O(K°), (2.9a)
L[V]= h; (Wit Wi—tmn + Wima 1,0+ Wim—1,0+ Wimns1

+ Wi -1+ 6Wi ] +O (1), (2.9b)
LIW) = (ot st P Fom s+ P+ P

A+ Fp 1 +6F 1] + Timns (2.9¢)

where L[V] and L[W] can be obtained from L[U] by replacing U by V and W, respectively
and T} ,, =0 (h®). Note that, the approximations (2.9a)-(2.9¢c) require only 19- grid points
with a single computational cell. Incorporating the Dirichlet boundary conditions given
by (2.3) into the difference methods (2.9a)-(2.9¢c), we obtain the three sparse system of
tri-block-block diagonal matrix equations, which can be solved by appropriate iterative
methods (see [25-30]).

3 Derivation of the fourth order discretization

For the derivation of the fourth order method (2.9a)-(2.9¢), we follow the technique given
by Mohanty [23,24].
At the grid point (x;,m,2,), let us denote

g _ S () __Of () __Of ) __Of
ijk = i i kK’ ‘Xl,m,n ) ’ ‘Bl,m,n ) ’ ryl,m,n ) ’
0x; aym]azn le,m,n Syl,m,n Szl,m,n
S=U,V,W. (3.1)

Further, at the grid point (X1,Ym,zn), we define

Fl,m,n = f(xl/]/mzzn/ ul,m,n/ Vl,m,n/ Wl,m,n/ uxl,m,n/ Vxl,m,n/ le,m,n/

uyl,m,n/ Vyl,m,n/ Wyl,m,n/ uzl,m,n/ Vzl,m,n/ Wzl,m,n ) . (3-2)
Using Taylor expansion about the grid point (x;,y,z,), we first obtain
h?
L [W] = ? [Fl-i-l,m,n + Fl—l,m,n + Fl,m+l,n + Fl,m—l,n + Fl,m,n—H

+Fpun1+6F n) + O (). (3.3)
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Now by the help of the approximations (2.5a)-(2.51), from (2.6), we obtain

_ h?
Fl:tl,m,n = Flil,m,n‘i' ng :tO(h?))'

Similarly,
_ K2 3
Fl,m:l:l,n = Fl,m:l:l,n + Z ,+0 (h )/
_ h? 3
Fimn+1=Fmn+t1+ 3 T3+0(h”),
where

Ty = —2Uspl ) —2V300a!Y) 200!V 4 U030ﬁ%),n + V030ﬁ§,‘,2n + W0305§,vn\2,)n

Lmn ILmn I,m,n

(W)
Im,n’

+ Uooﬂl(,&,?n +Voosy V) + Woosy

ILm,n

T = Usooﬂél(,l,i),n + Vsooﬂél(,‘;),n + Wagoa ;,va,)n —2Uop30 5;,%),11 - 2Vosoﬁ§,Z},n —2Wo3o ﬁ{vnf,)n
+ Uooa’yl(,sgn + Vooavl(,;),n +Woos ’Yl(,v,,\f,)n,
T = U000 s+ V300K g+ 300 g+ U0 s & Vo30B1 s+ Wos0Bl

—2Upo3y l(,L;i),n — 2V003')’](,‘;1),n —2Woos ’Yl(,vix,)n‘

Now we consider the linear combination:
ﬁxl,m,n = le,m,n +hall (Vl-&-l,m,n - Vl—l,m,n) +h1112 (Uyyl—i-l,m,n _Uyyl—l,m,n)
+hayz (Uzzl+l,m,n _Uzzl—l,m,n)/

xl,mn = Vxl,m,n +hbll (Wl+l,m,n - Wl—l,m,n) +hb12 (Vyyzﬂ,m,n _Vyyl—l,m,n)
+hbl3 (szl+l,m,n _szl—l,m,n),

xlmn=— le,m,n +heny (FlJrl,m,n _Flfl,m,n) +hcyp (WWH-Lm,n _Wyyz_l,m,n)
+hers (szl+1,m,n _szlfl,m,n)r

ylmn = Uyl,m,n +hay (Vl,m+1,n - Vl,mfl,n) +hay (Uxxl,m+1,n _Uxxl,mfl,n)

+ha23 (UZZl,erl,n _UZZl,mfl,n)l

_yl,m,n = Vyl,m,n +hb21 <Wl,m+1,n - Wl,mfl,n) +hb22 (Vxxl,m+1,n _Vxxl,mfl,n)
+hb23 (VZZl,erl,n _VZZl,mfl,n)/

ylmn = Wy],m,n +heo1 (Fimi1n—Frm—10) 122 Waxtmia,n—Wastm—1,1)
~+hcos (szl,erl,n _szl,mfl,n)/

zZlmn = Uzl,m,n +haz <Vl,m,n+1 - Vl,m,nfl) +haz <Uxxl,m,n+1 _Uxxl,m,n—l)

+hazs(Uyy, 00— Uy 1)s

] = <

<

=

]

(3.4)

(3.5a)

(3.5b)

(3.6a)

(3.6b)

(3.60)

(3.6d)

(3.6e)

(3.6)

(3.68)
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Vit =V atmn+1b31 (Wi 1~ Wi n1) 1032 (Vg 1= Vst mn1)

1033 (Vyy, 0= Vst mn 1) (3.6h)
Wt mn =Wt +hest (Frmni1— Fimn—1) +hess (Wt 1~ Wt mn 1)

133 Wy 1= W1 (361

where aij, bi]- and c;;, i,j=1,2,3 are parameters to be determined.
Now using the approximations defined in previous section and (3.4)-(3.5b), from
(3.6a)-(3.61), we obtain

= h? = h?

uxl,m,n = xl,m,n+ €T4+ O(h4)/ Vxl,m,n = xl,m,n+ €T5+ O(h4)/ (3-73)
— h? 4 — K2 4

le,m,n :le,m,n'i'gT()'i'O(h )/ uyl,m,n = uyl,m,n+gT7+O(h )/ (37b)
= h? s = h? .

Vyl,m,n = yl,m,n+ ZTS‘F O(h )/ Wyl,m,n = yl,m,n+ ng—i—O(”l )/ (3-7C)
— K2 4 = K2 4

uzl,m,n = uzl,m,n'i'ngO'i'O(h )/ Vzl,m,n = Vzl,m,n'i'ngl'i'O(h )/ (37d)
— h?

Wzl,m,n = zl,m,n+ gT12+ O(h4)/ (3.76)

where

(1412411 ) Uzp0 +12(a11 +a12) Uip0+12(a11 +a13) Uroz,
(14-12b11) V300 +12(b11+b12) Vigo +12(b11 +b13) Vigo,

(14-12¢11) Wago +12(c114-c12) Wiz0 +12(c11 +c13) Wioz,
(1+12ap1 ) Ugzo +12(a21 +a22 ) Up19+12(az1 +a23) Upio,
( )
( )

Ty
Ts
T
17

1412b91) Vozo +12(ba1 +b22 ) Var0+12(ba1 + b23) Virz,
14+12¢91 ) Wozo+12(ca1 +¢22) Wato+12(c21 +¢23) Woiz,

(14-12a31)Unoz +12(az1 +azp ) Uper +12(az1 +az3 ) Uoz1,
(1412b31 ) Voos +12(b31 +b32) Vao1 +12(bz1 +b3z) Voo,
(14-12c31 ) Wooz +12(c31 +c32) Wao1 +12(c31 +¢33) Wooi -

By the help of the approximations (3.7a)-(3.7e), from (2.8), we get
= K2 .
Fl,m,n:Fl,m,n+ng3+O(h )/ (38)

where

Ti3= T4zx(u) + T506(V) + T6“(W) + T7:3§,%),n + TSﬁg,Vm),n

I,m,n IL,m,n IL,m,n

2% u 1% 2%
+ T9:B§,m,)n +Tho ’Yl(,m?n +Tn ’Yl(,m),n + le')/l(,m,)n'
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Finally, by the help of the relations (3.4)-(3.5b) and (3.8), from (2.9¢) and (3.3), we obtain
the local truncation error

4

= —h
Timn= T[T1+T2+T3+3T13]+0(h6). (3.9)

The proposed difference methods (2.9a)-(2.9¢) are to be of O(h*), the coefficient of i* in
(3.9) must be zero, and we obtain a relation

Ty + Ty + T3 +3T;3 =0. (3.10)

Substituting the values of T1, T, Tz and Ti3 in (3.10), we obtain the values of parameters
ap=bpn=cp=-1/12fori=1,2,3 and a;;=b;;=c;;=1/12 fori=1,2,3 and j=2,3, and the
local truncation error (3.9) reduces to T} ,, , = O (h®).

The details of the convergence analysis of the difference scheme for a scalar 3D nonlin-
ear elliptic equation has been discussed in [12], in which it has been shown that u — u as
h—0. The same error analysis can be carried out for the system of three elliptic equations.
We have omitted the convergence analysis for the proposed fourth order approximations
(2.9a)-(2.9¢) because of the crude mathematical calculation involved in error analysis with
three unknown variables u, v and w.

4 Stability analysis and numerical results
Consider the test equation
V6u(x,y,z) =G(x,y,z), 0<x,y,z<l. 4.1)

Applying the proposed method (2.9a)-(2.9¢c) to the above equation, we obtain

hZ

L [U] = ? [Vl+1,m,n + Vlfl,m,n + Vl,m+1,n + Vl,mfl,n + Vl,m,n+1 + Vl,m,nfl +6Vl,m,n]/ (4-2a)
h2

L [V] = ? [Wl+l,m,n + Wl—l,m,n + Wl,m+1,n + Wl,m—l,n + Wl,m,n+1 + Wl,m,n—l + 6Wl,m,n]/ (42b)
hZ

L [W] = ? [Gl+l,m,n + Gl—l,m,n + Gl,m+1,n + Gl,m—l,n + Gl,m,n—H + Gl,m,n—l +6Gl,m,n]/ (42C)

where Gj = G(X,Ym,2n), -, etc.
An iterative method for (4.2a)-(4.2¢c) can be written as:

2
24Tu ) = Au® — %Bv(k) +ow® +RHU, (4.3a)
2
241vH) = ou® + AvH — %Bw(k) +RHV, (4.3b)

241w ) = 0u® 4+ ov®) + AW - RHW, (4.3¢)
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where u®, v(®), w(k) are solution vectors and RHU, RHV, RHW are right hand side
vectors consists of boundary and homogenous function values.
Above iterative method in matrix form can be written as:

U+ u®
vk | =G | vk | +RH, (4.4)
w(k+1) w
where

—_}K2

1 A TB 0 REU

G=— —n?_ |, RH= |RHV |.
2410 A TB RHW
0 0 A

We denote 0 as the N-th order null matrix, I=[0,1,0] as the N-th order identity matrix
and H=11,2,1], Q=[2,0,2], J=|[1,6,1] as N-th order tridiagonal matrices and C=[I,H,I],
D=[H,Q,H], E=[0,1,0], F=[I,],I], as the N-th order block-tridiagonal matrices, where,
in general, we denote

[
S a
a

[a,b,c]=

a b c
0 a b

NxN

as N-th order tridiagonal matrix whose eigen values are given by

b+2\/%cos<N7zl), j=1,2,--,N. (4.5)

The N-th order block-block-tridiagonal matrices A and B associated with (4.3a)-(4.3c) are
defined by

[D
C

lealiles|

C
D C
A= and B=
C D
C

rri

E F
0 E

C E
0 D| F|

NxN L NxN

The eigenvalues of I, H and Q are 1 (N-times), 24-2cos(k7th) and 4cos(krth), k=1,2,---,N,
respectively, where (N+1)h=1.
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The eigenvalues of C and D are given by

ik =2+2[cos(jrth)+cos(krth)], j,k=1(1)N, (4.6)
1jk =4[cos(jrth) +cos(kmth) +cos(jrh)cos(kmth)],  jk=1(1)N. 4.7)

The matrix A associated with the iteration matrix G whose eigenvalues are given by
Yijk ="jk +28jkcos(irth), ijk=12,--,N
or

VYijk =4[cos(irth)+cos(jrth)+cos(krth)+cos(irth)cos(jth)
+cos(jrth) cos(kmth) +cos(kmth)cos(irth)],  i,j,k=1,2,---,N.

Similarly, the eigenvalues of the matrix B associated with the iteration matrix G are given

by
Tjjk = 6-+2[cos(irth) +cos(jrth) +cos (krth)], i,jk=1,2,---,N. (4.8)

The iterative method (4.4) is stable as long as p(G) <1, where p(G) is the spectral radius
of G.
The characteristic equation of the matrix G is given by

1 A —h?
ﬁ%’jk_ E‘Tijk

1 —h? _ Ca
det 0 ﬂ'}’ijk_/\ Egﬁk =0, i,j,k=1,2,---,N. (4.9)

0

1
0 0 ﬂ '}’ijk - /\_

Thus the eigenvalues of G are given by

Aijg=A= 21—4'yijk :% [cos(irth) +cos(jrth) +cos(krth) +cos(irth) cos(jth)

+cos(jrth)cos(kmth) +cos(krth)cos(irth)|, i,j,k=1,2,---,N. (4.10)
The maximum values of all eigenvalues of G occur ati=j=k=1, hence

cos(7th)
2

p(G) =max|Aj| = [14-cos(7th)] <1, (4.11)

which is satisfied for all variable angles 7th. Hence the iterative method (4.3a)-(4.3c) is
stable.
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The second order approximations for the system of differential equations (2.2a)-(2.2c)
are straightforward and can be written as:

ul,m,n—l + ul,m—l,n + ul—l,m,n - 6ul,m,n + ul+l,m,n + ul,m+l,n + ul,m,n+1

=1Vt O (), (4.12a)
Vl,m,n—l + Vl,m—l,n + Vl—l,m,n - 6VI,m,n + Vl—&-l,m,n + Vl,m-i—l,n + Vl,m,n—&-l
=W, o+ O (1), (4.12b)

Wl,m,nfl + Wl,mfl,n + Wlfl,m,n - 6Wl,m,n + Wl+1,m,n + Wl,m+1,n + Wl,m,n+1
5 _ _ _
=h f (xl/]/mzzn/ ul,m,n/ Vl,m,n/ Wl,m,n/ uxl,m,n/ Vxl,m,n/ le,m,n/
1T Y7 TAT 17 VA TAT 4
uyl,m,m Vyl,m,n/ Wyl,m,n/ uzl,m,nr Vzl,m,n/ Wzl,m,n) + O (h ) . (4~12C)

Note that, the second order approximations (4.12a)-(4.12c) require only 7-grid points on
a single computational cell (see Fig. 1).

By combining the difference equations at each internal grid points, we obtain a large
sparse system of matrix to solve. At each interior mesh point, we have three unknowns u,
V2u=vand V*u=w, that is, the number of bands with non-zero entries is increased, and
so is the size of the final matrix for the same mesh size. However, by this new method,
the values of the Laplacian and biharmonic which are often of interest are also computed.

Whenever f (x,y,z,u,v,w,ux,vx,wx,uy,vy,wy,uz,vz,wz) is linear (or, non-linear) in u, v,
W, Uy, Uy, Wy, Uy, Uy, Wy, Uz, Uz, Wy, the difference equations (2.9a)-(2.9¢c) or (4.12a)-(4.12c)
form a linear (or non-linear) system. To solve such a system or indeed to demonstrate the
existence of a solution, we use iterative methods. In this section, we solve the following
three test problems in the region 0 < x,y,z <1, whose exact solutions are known. The
boundary conditions and right hand side homogeneous functions are obtained by using
the exact solutions. In all cases, we have considered u(?) =0 as the initial approximation
and the iterations were stopped when the absolute error tolerance |u 1) — )| <1012
was achieved. In all cases, we have calculated maximum absolute errors (I-norm) for
different grid sizes. All computations were performed using double precision arithmetic.

Example 4.1. (Variable coefficient problems)
(a) The equation
Vou=(1+x) (V) +(1+22) (Vu), + (14+x%)uy
-I-(l-l-zz)uz-i-G(x,y,z), 0<x,yz<l. (4.13)
The exact solution is u(x,y,z) =sin(7mx)sin(7y)sin(7z).
(b) The equation
Véu=(1+cos?x)(V*u), + (1+cos’z) (V?u), + (1+cos®x)uy

—i—(l—i—coszz)uz—i-G(x,y,z), 0<xy,z<l. (4.14)

The exact solution is u(x,y,z) =e* ¥+,
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Table 1: The maximum absolute errors.

h Example 4.1(a) Example 4.1(b)
O(h*)-Method | O(h?)-Method | O(h*)-Method | O(h?)-Method
u 0.3056(-02) 0.1672(+00) 0.4072(-05) 0.3254(-02)
411 V2u 0.8884(-01) 0.3213(+01) 0.6836(-04) 0.1233(-01)
Viu 0.7455(+00) 0.4642(+02) 0.8206(-04) 0.2698(-01)
u 0.1664(-03) 0.3924(-01) 0.2610(-06) 0.9828(-03)
% V2u | 0.4622(-02) 0.7692(+00) 0.3427(-05) 0.3566(-02)
Véu | 0.3477(-01) 0.1133(+02) 0.4673(-05) 0.7401(-02)
u 0.7889(-05) 0.9678(-02) 0.1247(-07) 0.2614(-03)
11_6 V2u 0.2845(-03) 0.1800(+00) 0.1611(-06) 0.1024(-02)
Viu | 0.1224(-02) 0.2820(+01) 0.3054(-06) 0.2918(-02)
u 0.4416(-06) 0.2408(-02) 0.8742(-09) 0.8256(-04)
31—2 V2u 0.1054(-04) 0.4756(-01) 0.8055(-08) 0.7766(-03)
Viu 0.7772(-04) 0.7040(+00) 0.1293(-07) 0.8751(-03)
u 0.2612(-07) 0.5182(-03) 0.5419(-10) 0.1821(-04)
61—4 V2u | 0.6518(-06) 0.1118(-01) 0.4984(-09) 0.1442(-03)
Viu 0.4518(-05) 0.8288(-01) 0.8055(-08) 0.1919(-03)

The maximum absolute errors are tabulated in Table 1.

Example 4.2. (Navier-Stokes model equation in terms of stream function 1) The steady-
state two dimensional incompressible Navier-Stokes equations in the traditional velocity-
pressure formulation is given by

1

R—(uxx—i—uyy):uux—i—vuy—i—px, (4.15a)
e
1
e
uy+v, =0, (4.15¢)

where u, v are velocities along the x- and y-directions respectively, p represents the pres-
sure and Re > 0 is the Reynolds number. Though this formulation represents the fluid
flow phenomena, its direct solution traditionally has been difficult to obtain due to the
presence of pressure term in Eqgs. (4.15a) and (4.15b). Partly in order to avoid handling
the pressure variable, an alternative formulation using stream-function and vorticity has
been used for several decades. The relation between stream function ¢ and velocity com-
ponents are given by

u(ey)=vy,  v(xy)=—px (4.16)
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The relation (4.16) satisfies automatically the Eq. (4.15c). Substituting (4.16) into the
Egs. (4.15a) and (4.15b) and eliminating the pressure terms, we obtain the Navier-Stokes
equation in terms of stream function ¢ as:

1
R, (Prxxxx +2xayy + Pyyyy) = Py (Prex + Pryy) — PPy + Pyyy)- (4.17)

We consider a more general form of this equation to incorporate a forcing term G(x,y):

1
R_e (ll)xxxx +21/)xxyy + ll)yyyy) = l/JyVZIIJx - lvazlpy +G (X,]/) . (418)

This formulation has been very successful and has been used by a large number of
researchers (see [14-19]) to test new methods for the numerical solutions of a variety of
fluid flow problems.

Similarly, we choose three-dimensional model Navier-Stokes equations in terms of
stream function :

1
& V=0 (V) =0 (VR9), +(V29), (VA = (VP9 (VHy),
+ (V) — 9y (VH)  +G(xy,2),

The exact solution is given by ¢(x,y,z) =e*sin(7ry)sin(7z).
The maximum absolute errors are tabulated in Table 2 for various values of R..

0<xyz<l. (4.19)

Table 2: The maximum absolute errors.

h O(h*)-Method O(h?*)-Method
Re=10> | Re=10%10° 10% | Re=107, 10%, 10°, 108

¢y | 0.2791(-02) 0.2798(-02)
V2 | 0.5231(-01) 0.5311(-01) Over Flow
V4 | 0.6734(+00) 0.6884(+00)

: | 0.1277(-03) 0.1287(-03)

3 V2 | 0.2416(-02) 0.2524(-02) Over Flow
V4 | 0.3235(-01) 0.3363(-01)

: ¢ | 0.6540(-05) 0.6688(-05)

m V2 | 0.1118(-03) 0.1228(-03) Over Flow
Vi | 0.1628(-02) 0.1741(-02)
Y | 0.3318(-06) 0.3424(-06)

31—2 V2 | 0.7659(-05) 0.7772(-05) Over Flow
V4 | 0.8452(-04) 0.8460(-04)
| 0.2068(-07) 0.2112(-07)

6l4 V2 | 0.4522(-06) 0.4604(-06) Over Flow
V4 | 0.5202(-05) 0.5204(-05)
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5 Final remarks

In this article, we derived two new novel compact finite difference discretizations of or-
der two and four, respectively, for the 3D non-linear triharmonic partial differential equa-
tions. The methods are derived on 7- and 19-point compact stencils, respectively, using
the values of u, its Laplacian and biharmonic as the unknowns. We have obtained the
numerical solutions of Laplacian and biharmonic of u as by-products of the methods,
which are quite often of interest in many applied mathematics problems. Our meth-
ods are used to solve two problems including Navier Stokes model equation in terms of
stream function 1. While solving Navier Stokes equations of motion, numerical results
confirm that the proposed fourth order discretization method produces oscillation free
solution for high Reynolds number, whereas the corresponding second order method be-
comes unstable and produces overflow solution. We are currently working to extend this
technique to solve time dependent parabolic partial differential equations.
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