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We perform a spectral analysis of the dispersive and dissipative properties of two time-splitting procedures, namely, locally one-
dimensional (LOD) Lax-Wendroff and LOD (1, 5) [9] for the numerical solution of the 2D advection-diffusion equation. We solve
a 2D numerical experiment described by an advection-diffusion partial differential equation with specified initial and boundary
conditions for which the exact solution is known. Some errors are computed, namely, the error rate with respect to the L, norm,
dispersion and dissipation errors. Lastly, an optimization technique is implemented to find the optimal value of temporal step size
that minimizes the dispersion error for both schemes when the spatial step is chosen as 0.025, and this is validated by numerical

experiments.

1. Introduction

The advection-diffusion equation is a parabolic partial dif-
ferential equation combining the diffusion and advection
(convection) equations, which describes physical phenomena
where particles, energy, or other physical quantities are trans-
ferred inside a physical system due to two processes: diffusion
and advection [1]. The numerical solution of advection-
diffusion equation plays an important role in many fields
of science and engineering. These include the transport of
air and groundwater pollutants, oil reservoir flow [2], heat
transfer in draining film, flow through porous media, the dis-
persion of pollutants in rivers and streams, long range
transport of pollutants in the atmosphere, thermal pollution
in river systems, and dispersion of dissolved salts in ground-
water [3].
The 3D advection-diffusion equation is given by
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where B, 3, and j3, are the velocity components of advection

in the directions of x, y, and z, respectively, and «,, a,,

and «, are the coefficients of diffusivity in the x-, y-, and z-
directions, respectively.

This study deals with the 2D advection-diffusion equa-
tion,
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where 0 < t < T, in the domain 0 < x < 1,0 < y < 1, with
specified initial and boundary conditions.

Dehghan [3] proposed two time-splitting procedures for
the solution of the two-dimensional transport equation. The
time-splitting procedure used is the locally-one dimensional
(LOD) in proceeding from one time step to the next step.
LOD replaces the complicated multidimensional partial dif-
ferential equations by a sequence of solutions of simpler one-
dimensional partial differential equations. The originality
in this work is that we perform a spectral analysis of the
dispersion and dissipation properties of the two schemes
at some values of the temporal and spatial step sizes. 3D
plots of the relative phase error per unit time step (RPE)
and the modulus of the amplification factor (AFM) versus
phase angles in x- and y-directions are obtained. We then
use optimization strategies to compute the optimal values of



the temporal step size for the two schemes when the spatial
step size is 0.025. We then validate this result by performing a
2D numerical experiment with specified initial and boundary
conditions. Lastly, we have the conclusion and references.

2. Numerical Dispersion and Dissipation

Dissipation reduces the amplitude of sinusoids in a Fourier
series. This is caused by the presence of derivatives like u,,
and —u,, in the modified equation [4]. On the other hand,
the amplitude of sinusoids in a Fourier series is increased
by antidissipation. Derivatives like —u,, and u,,,, in the
modified equation are generally antidissipative. Dispersion
affects the speed of sinusoids in a Fourier series causing phase
lag or phase lead and is caused due to the presence of odd-
order derivatives in the modified equation [4].

The modulus of the amplification factor (AFM) is a
measure of the stability of a scheme and it is also used
to measure the dissipative characteristics of the scheme. If
the modulus of the amplification factor is equal to one, a
disturbance neither grows nor damps [5]. If the modulus of
the amplification factor is greater than one, then the scheme
is unstable [6]; if it is less than one, damping occurs [7].
The partial differential equation given by (2) is dissipative in
nature due to the terms u,, and u,,.

The relative phase error (RPE) is a measure of the
dispersive characteristics of a scheme. The relative phase
error of a scheme approximating the 1D advection-diffusion
equation is given by

Y S
RPE = 0 arctan < R () > , (3)

where ¢ is the Courant number, w is phase angle, & is the
amplification factor of the numerical scheme approximating
the 1D advection-diffusion equation, and R(&) and (&) are
the real and imaginary parts of £, respectively [8].

We extend the work on the relative phase error in [8] for
the case of the 2D advection-diffusion equation. The relative
phase error for a numerical scheme approximating (2) is
obtained on substituting u by exp(I(w;t — 6;x — 6,y)) [9],
where I = V/~1, t is the time, 6, and 6, are wavenumbers in
the directions of x and y, respectively, and w, is the dispersion
relation. Thus, we get
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Eol -1, exp (I (w,t - 0,x - 6,y)),
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=6 exp (1 (@it~ 0,x-6,9).

(4)
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On substituting (4) into (2), we obtain

@ = B0+ B,0,+ (a(6)") T+ (o, 0:) 1. ©)

The exact phase velocity is R(w,;)/wavenumber and we
obtain

0,+p,0
exact phase velocity = M (6)
wavenumber
The amplification factor can be written as & = & +

IE,, where &, and &, are the real and imaginary parts of &,
respectively. Also, we can express & as & = exp(-bk), where
k is time step and b is exponential growth rate [9]. Thus, we

obtain
1L (& -15
b=-1 . 7
The numerical phase velocity is calculated as

$5(b)/wavenumber and we get

—(1/k)arct
numerical phase velocity = (1/k) arc anb(sz/fl). (8)
wavenumber

The relative phase error is the ratio of the numerical phase
velocity to the exact phase velocity [10]. It is calculated as
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The phase angles in the directions of x and y are given by
w, = Ax0, and w,, = Ay0,, respectively. Hence, the relative
phase error is

RPE = - arctan <§—Z> , (10)

C,W,, + C,w 1
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where ¢, = B.k/Ax and ¢, = B,k/Ay are the Courant
numbers in the directions of x and y, respectively.

3. Time-splitting Procedures and
Numerical Experiments

The domain we consider is x, y € [0, 1]. We divide the spatial
interval [0, 1] along x- and y-directions into N and M nodes,
respectively, such that (N —1)Ax = 1and (M - 1)Ay = 1 and
also divide the time interval [0, T] into P grid points such that
(P - 1)At = T. Then the grid points (x;, y;, ,,) are defined by

x;=iAx, i=12,...,N,
)/] = ]Ay) j= 1)23---)M’ (11)
t,=nlAt, n=12,...,P.

For simplification we take Ax = Ay = h. Let At = k; then the
parameters /1 and k represent the spatial and temporal grid
spacing, respectively. We denote the approximated value of u
at the grid point (i, j,n) by ] ;.
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3.1.  Time-Splitting  Procedures. Since one-dimensional
schemes are easier to use than two-dimensional schemes, (2)
is split into the following two one-dimensional equations:
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Each of (12) and (13) can be solved over half of a time step
to be used for the complete 2D advection-diffusion equa-
tion, using the procedures developed for the 1D advection-
diffusion equation.

Some work on time-splitting procedures can be found in
[3, 11]. In this paper, we refer to [3] on how a 2D advection-
diffusion equation is converted into two 1D advection-
diffusion equations using the locally one-dimensional (LOD)
time-splitting procedure. Solving (12) and (13) in each half
time step is equivalent to solving the following equations over
a full-time step:

— =a,— (14)
AL (15)

Then we can use the schemes used for solving the 1D advec-
tion-diffusion equation to solve (14) and (15).

3.2. Numerical Experiments. In [12], different explicit and
implicit finite differences schemes are used to solve the 1D
advection-diffusion equation
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Three values of the cell Reynolds number, namely, R, = 2,4,
and 8, are used for the numerical experiments. In [3], the
time-splitting procedure is used to solve the two-dimensional
transport equation in the region 0 < x < 1,0 < y < 1, with

=B, =p=08 )

and with the following boundary and initial conditions:

[ (x-0.8t-0.5)* (0.8t +0.5)* ]

go (x,1) = exp | — - ,
4t + 1 | 0.01(4t+1) 0.01 (4 +1) |

(18)
[ (x-0.8t-0.5)> (0.5-0.8t)* ]

g (x,t) = exp | — — ,
4t + 1 | 0.01(4t+1) 0.01 (4t +1) |

(19)

3
)= L ex [ (08t +05° (y-08t-05)"]
o= p_ 0.01 (4f + 1) 0.01(4t+1) |’
(20)
)
(0.5-0.8t)* (y-08t-0.5)

hy (y,t) = - - ,
1 (1) a1 001 @t+ 1) 001 @A)
(21)

2

(x-05)?% (y-0.5)
) = - - , (22
f (%) eXp[ 0.01 0.01 (22)

for which the exact solution is
1 (x — 0.8t — 0.5)%
yyt) = —— == 7
u(x 1) 4t+1eXp[ 0.01 (4 + 1)

R (23)

(y - 0.8t — 0.5)

0.01 (4t + 1)

We consider two time-splitting procedures LOD Lax-
Wendroffand LOD (1, 5) to solve (2) with «,. = a, =a=0.01
and 3, = B, = B = 0.8, subject to the boundary conditions
(18)-(22) at time T' = 0.3.

We consider two values of Ry; R, = 2 and R, = 4. Since
¢ = 0.8k/hand s = 0.01k/h*, we have R, = 80h. Thus for
R, = 2 and 4, we have h = 0.025 and h = 0.05, respectively.
When h = 0.025, we have ¢ = 32k and s = 16k and for h =
0.05 we have ¢ = 16k and s = 4k.

3.3. Quantification of Errors from Numerical Results. In this
subsection, we describe how errors from numerical results
can be quantified into dispersion and dissipation by a tech-
nique devised by Takacs [13].

The total mean square error in the 1D case [13] is
calculated as

| N
Epys = ﬁZ(”i ~v), (24)

i=1

where u; is the exact solution, v; is the numerical solution at
a grid point i, and N is the number of grid points. The total
mean square error can be expressed as

li(u- )= li(u- _a) 4 ii(v _3)
N5 NG N5
2 Y 2 1S,
+—Dduu+—)vv—-—)y " (25
N2 N LT 2
13, 23
-—)Y M = =) v,
The right hand side of (25) can be rewritten as

N
o* (u) + 0 (v) + 2@)* + 2(0)% - @) - (¥)* - %;uivi,

(26)



where o?(u) and o?(v) denote the variance of u and v,
respectively, and 7 and v denote the mean values of u and v,
respectively. Then we have

Epys =0 (u) +0* (v) + (@)* - 2uv + (v)°)

N
+| 2uv— —Zuiv,-
N5

=02(u)+02(v)+(ﬁ—17)2—2<%

Therefore,

N
%Z(ui ) =0% () +6° (v) + (@ - ¥)* = 2Cov (u, ),

i=1

(28)
where Cov(u, v) = (1/N)(XX, u;v; — 7).
The total mean square error can be expressed as
LS (=)’ = (o) - o)
N (29)

+@-v+2(1-p)owa(v),

where p = Cov(u, v)/(o(u)o(v)) is the coeflicient of correla-
tion.

The term 2(1 — p)o(u)o(v) measures the dispersion error
and the term (o(u) —o(v))* + (zi—v)* measures the dissipation
error.

We extend the work on quantification of errors in [14, 15]
for the 2D case. The total mean square error for the 2D case
is calculated as

1 XX 2
Erys = N_MZ Z(ui,j - Vi,j) > (30)

where u; ; and v; ; are the exact and numerical solutions at a
grid point (i, §), respectively, and

1 & X 2
N_Mj:1 ;(ui»f V’J)
] M N
= Nt & 2, (= 270 G
- NLM <§iu’21+§i‘/51 —Zfi ij 11>
j=li=1 j=li=1 j=li=1
Since

(32)
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we have

1 M N 2 M N 5
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Hence,

Epys = (0w) —ow)’ + @ -9 +2(1-p)o @) o (v),

(34)
where p = Cov(u,v)/o(u)o(v). The dissipation error is
(o(u) — o(»))* + (u — v)* and the dispersion error is 2(1 -
plow)o(v).

The error rate with respect to L, norm for x, y € [0, 1] is
calculated as

1 M N
Enum = m; ; |ui,j - Vi,jl . (35)

4. Construction of the LOD
Lax-Wendroff Procedure

We use the following approximations in the first time step of
the LOD procedure [3]:

n+(1/2) _ n
oul* Ui U

otli; At
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n
oul* (1-vy) (“i' U 1])+Yx( 1+1,j_ui,j)
ox|;; Ax ’

n n n n
o’u Uiy, = 2Ui; — Uiy
2 - 2 >
0x? | (Ax)

(36)

where y, is the spatial weighting factor in the direction of x.
The following approximations are used for the second step of
the LOD procedure:

1 +(1/2)
a0 _ !~
oty At ’
du [ 1/2)
dy ij
n+(1/2) _  n+(1/2) nt(1/2) . n+(1/2)
(1 - Yy) ( Ui ) Ty (”i,j+1 U )
Ay ’
12)  n+/2) nt+(1/2) . n+(1/2)
aZ_u /2 ,]+1 2“,] ul] 1
2 - 2 >
dy ij (Ay)

(37)

where y,, is the spatial weighting factor in the direction of y.
By using the following relationships

Bk a.k 1-c¢
CX = h > Sx = ﬁy yx = Txa (38)
Byk a,k l-¢,
Y= ST b

the finite difference formula for the first half time step of the
LOD Lax-Wendroft procedure is given by

G =5 (s eor )l (125 -2l

(39)

+%(2$ —C tcC )um]

At the second half time step the finite difference is given by

1
n+l n+(1/2) 2 n+(1/2)
U = 5(25 +cy+cy) Ui i +(1—25y—cy)ui)j
L1 (2 ey ) n+(1/2)
2 S Cy c 1]+1 >

(40)

where

1
w2 _ 2 (st +c, + ci) ”?—1,;‘—1 + (1 - 25, — cﬁ) qu—l

i,j—1 2
1 5 "
+ 2( Sy —C t¢C )ui+1,j—1’
ne(1/2) _ 1 2\ n
Ui ir1 5(25 + ¢, +c) 11,j+1+(1_25x_cx)ui,j+1
1 2 2 n
+ z( Sx_cx+cx)ui+1,j+l'
(41)

We obtain a single expression for u?}fl in a complete time step

as follows:
ijl—i(zs te,+0) (2, e+ e)uly
%(25 te,+ o) (1-2s,—c)uf,
}L(zs te,+0) (25, — o+ e)uly
%(1_25 —6) (25 et uly

+(1-2s —c)(1—25 —C)u

—

ij

1
+ 5(1 ~2s,-¢ )(ZSX e ¢ )u:‘ﬂ’j
+l( 25, —¢, +c )(25 +te +c )u?_l’jJrl
4
1 "
5(25 -c +c)(1 2s, — ) Ui i1
1
4_1(25 —¢ *c )(25 —c, tc ) Uit j1-
(42)
To find the modified equation of the scheme, we first find
Taylor’s expansion of each term in (42) about u .. The Taylor
series expansion of 1 ; i ! is given by
) 2 3 k4
n+
uy; =u+ku + St ey ¥t (43)

The Taylor series expansions for some grid points about
u; j are given as follows:

h2
n —
—u—hux—huy+7

Ui 1,i-1

[uxx + 2uxy + uyy]

h3
- g [uxxx +3u

h4
+ —
4!

xxy T 3Uyyy + ”yyy]

[uxxxx + 4uxxxy + 6uxxyy

+4u +u

xyyy yyyy] T
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hZ
=u—hu, +hu, + ) [uxx

n

i~1,j+1 - Z“xy + ”J’y]

h3
6 [”xxx = Sy + 3y — ”yyy]

h4

+ Z [uxxxx - 4uxxxy + 6uxxyy

—4u +u

xyyy yyyy] tees

h2
n = — —
Uy jo =U+ hu, — huy + 5 [uxx 2uy, + uyy]

5 oxex T 3uxxy - 3uxyy + uyyy]

4
4u

E [uxxxx — Txxxy

+6u —4u +u

xxyy xyyy T

}’}’,’V}’]
2 h3 h4

ui+1,j =u+t hux + 7uxx + Euxxx + Zuxxxx tee,

2 3 4

i h h

Uijer = WAy, + Uy &ty My 100
2

n e —
Upprjor = U+ hu, + huy + 5 [uxx +2u,, +u

)’}’]
h3

+ Z [uxxx + 3uxxy + 3uxyy + uyyy]

4

[uxxxx + 4uxxxy + 6uxxyy

+_
4!

iy, + “yyyy] te

(44)

Using (2), we convert the temporal derivatives u,,, u,,, and
U, into spatial derivatives. We thus have

+a,u

214 [ +u
yyYYY X7y xxyy

_ 2
Upp = Ky Uyxxx T yyxx

(xxﬁxuxxx - 2ayﬁyuyyy - “xﬁy [uxxy + uyxx]

2 2
ay By [”xy;v + ”yyX] + Bttex + Pty
+Bxﬁy [uxy +uyx] +,

+3cx

Uppe = 3(xx Usexxx y yyyy

2
+a.py [”yyxx Uy T ”xxyy]

2
+ o, By [”xxyy T Uy T ”xyyx}
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0By (20t ey + 2y, + 200, |
+ ocxﬁxﬁy [Zuyxxx + 2uxxxy T Usxyx 2uxyxx]
3
- ﬁxuxxx ﬁxﬁ [ Upyy T Upyy T uxyy]
3 2
yWyyy ~ ﬁxﬁy Uy T Uy T Uy | T000 s
B 3 2
e = ﬁx [ xuxxxx + ﬁxﬁy [uxxyx + uxyxx + uyxxx]

2
+ :Bxﬁy [uyyxx tu

+B, [ﬁy”yyyy + /3 Bx [ yyxy T hyxyy + ”xyyy]

3
yxyx+xyyX] +p y”yyyx]

3
+ ﬁyﬁ [ Usexyy uxyxy + uyxxy] + ﬁxuxxxy] LI
(45)

Then on substituting the Taylor series expansions of each
term of the difference scheme we get the following modified
equation for the LOD Lax-Wendroff

u, + ﬁxux + ﬁyuy

XXX

1,2 2
=y, +OUy,, = gﬁxh (1 -c - 6sx) u

1 2 2

- B (1-cy-6s,)uy,
h3

7] R EOCE R X [T
h3

- — [—Zsy — A+ 125,82 +125° + ¢

24 y y7y y y]”yyyy+""

(46)

The scheme is second order accurate in space and the leading
error terms are dispersive in nature (presence of odd-order
derivatives u,,, and u,,,,). As the time and spatial increments
go to zero, the modified equation (46) reduces to its original
equation, that is, (2). Hence LOD Lax-Wendroff is consistent.

We now study the spectral analysis of the dispersive and
dissipative properties of the scheme for the case ¢, = ¢, = ¢
and s, = s, = s. To obtain the amplification factor we use

the Von Neumann stability analysis by substituting ; by
& exp(I(iw, + jwy)) in (42), where I = v/=1. We thus have

£= };<2S te,+6) (25, +c + ) exp (I (w,+w,))
%(25 +cy+C)(1—25 ¢;) exp (~Iw,)
}1(25 +e,+6) (25, — o+ ) exp (1w, —w,))
% (1-2s5,-c}) (25, + ¢, + ) exp (-Tw,)

—
—_

—2s, )(I—ZSx—cj)
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12, -8) (e 4 ) (1)
+i(%y_c+c)(% +e+cr)exp (-1 (w, - w,))
g+ E) (1226, &) exp (1)
+}1(25y—6 +6) (25— et ) exp (1w, +w,)).

(47)

The real and imaginary parts of the amplification factor are
given by

Real (£) = 1 + 4sc” cos (w, ) cos (wy) +c* cos (w,) cos (wy)
+4s% cos (w, ) cos (wy) — 4s¢” cos (wy)
— ¢*sin (w, ) sin (wy) +45% + 4sc” — 4sc? cos (w,,)

+¢% cos (w,) - c* cos (w, ) + 4s cos (w,)

+ 25 cos (wy) + 25 cos (w, ) — 4s> cos (wy)

— 4% cos (w,) — 2¢> + ¢ cos (wy)

~c*cos (wy) +c* -4,

Imag (§) = —¢’ cos (w,,) sin (wy) + 2scsin (w,)
+ 2scsin (wy) - 2sc cos (w,) sin (wy)

- 2scsin (w, ) cos (wy) —csin (w,) + ¢ sin (w,)

—csin (wy) +¢sin (wy) —¢’sin (w,) cos (wy) ,
(48)

respectively. The modulus of the amplification factor, AFM,

is obtained as
AFM = (R + (SE)). (49)

We find the region of stability using the approach of Hind-
marsh et al. [16] and Sousa [17]. We consider the case when
w, =w, =mandw, - Oandw, — 0. Whenw, = w, =,
(49) gives

€] = V1 + 165c2 — 4¢2 + 4c* + 1652 — 8s. (50)

From the Von Neumann stability analysis, the scheme is
stable if and only if |£] < 1. Thus, we get

1+ 16sc” - 4c” + 4c* + 165> - 8s < 1. (51)
On simplification, we get

24 -1
<
4

S+

(52)

N

7
which reduces to
2
seif (53)
2
When w, — 0 and w, — 0, we use the following
approximations:

w

2 wi
X
cos (w,) =1— - cos (wy) =1- -

sin (w,) = w,, sin (w,) = w,.

We consider (49) and use the approximations in (54) to obtain
2 2, 2
|E]" =1-2s (wx +a)y). (55)

Thus LOD Lax-Wendroff is stable if —2s < 0. Therefore,
we have

s>0. (56)

On combining (53) and (56), we obtain the region of
stability for the LOD Lax-Wendroff procedure as

1-¢?
>

We choose = 0.01 and 8 = 0.8 [3]. For h = 0.025 from (57),
we have

0<s< (57)

0.01k 1 - (0.8k/0. 025) (58)
~ (0.025)? 2
On solving for k, we get
0 <k <0.0193. (59)

Therefore, for h = 0.025, the stability region for the LOD
Lax-Wendroff procedure is 0 < k < 0.0193. We choose k
such that 0.3/k is an integer as for our numerical experiments,
T = 0.3. Then 0.3/k gives the number of time intervals. We
choose k = 0.005,0.01, 3/160, and 1/60.

For h = 0.05, we have ¢ = 16k and s = 4k. When w, = 7
and w,, = 7, using (51) we get

0 <1-232k+1638Kk> — 768k*> + 262144k* <1,  (60)

which gives
0 < k < 0.0487985. (61)

Therefore, for h = 0.05, LOD Lax-Wendroffis stableif 0 < k <
0.0487985. We then choose some values of k € (0,0.048) for
the numerical experiments. for our numerical experiments.
3D plots of the modulus of the amplification factor versus
phase angles in x- and y-directions for some different values
of h and k are depicted in Figures 1 and 2. 2D plots of
the modulus of the amplification factor versus w,, when
w, = 0, are shown in Figure 3. The scheme is in general less
dissipative at h = 0.05 as compared to & = 0.025. Out of
the eight combinations of values of / and k, the scheme is
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(b) h =0.025,

k =0.01

00

(d) h =0.025,k = 3/160

FIGURE I: Plots of modulus of amplification factor versus phase angle in x-direction, w,, versus phase angle in y-direction, w,, at h = 0.025

with some different values of k for the LOD Lax-Wendroff scheme.

least dissipative when & = 0.05 and k = 0.005 and it is most
dissipative when h = 0.025 and k = 0.01.

Figures 4 and 5 show the 3D plots of the relative phase
error versus w, versus w, for some different values of i and
k. Figure 6 shows the 2D plots of the relative phase error
versus w,, for the case w, = 0 at h = 0.025 and h = 0.05.
For h = 0.025, we observe phase lag behaviour at k = 0.01
and k = 0.005 and phase lead behaviour at k = 1/60 and
k = 3/160. For h = 0.05, we have phase lag behaviour at
k = 0.005,0.01,0.02, and 0.03. The scheme is least dispersive
when h = 0.05; k = 0.03 and h = 0.025; k = 0.01. In the
following section, we consider the LOD (1, 5) scheme.

5. LOD (1, 5) Explicit Procedure

In this procedure the following approximations are used in
the first half time step [3]:
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>
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+
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u.. . .
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(a) h =0.05k = 0.005 (b) h=0.05k =0.01

0o
(c) h = 0.05,k = 0.02 (d) h = 0.05,k = 0.03

FIGURE 2: Plots of modulus of amplification factor versus phase angle in x-direction, w,, versus phase angle in y-direction, w,, at h = 0.05
with some different values of k for the LOD Lax-Wendroff scheme.
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FIGURE 3: Plots of modulus of amplification factor versus w, when w, = 0 at h = 0.025 and h = 0.05 with some different values of k for the
LOD Lax-Wendroff scheme.
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FIGURE 4: Plots of relative phase error versus phase angle in x-direction (w,) versus phase angle in y-direction (w — y), at h = 0.025 with
some different values of k for the LOD Lax-Wendroff scheme.

On substituting (62) into (14), we get the following finite D, = _1 (12$x ( s, + CZ) —2s, (3¢, +4)
difference equation for the first half time step: 6 *

2 T (Cx _2) (Cx_ 1) (Cx+2))’
+1

qu = A ul,;+Beu, +Couy; I .
(63) E.=2; (125, (s, +¢2) - 25, (6c, + 1)

n n
+ Dyt Bt

+c, (cx - 1) (cx + 1) (cx - 2) )
where (64)

-1 (1 2s, ( s, + ci) +2s, (6c, — 1) The following approximations are used in the second half
time step:

A

X
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B. = l (12 ( 2) 2 (3 4) ==
x = _6 Sx Sx+Cx + Sx Cx— at

ij
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ij
+e (e, —2) (e, +1) (e, +2)), du n+(1/2)
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C =

X

(125x (sx + cﬁ) —10s,

- ( 125, + 26, - 3¢, - 2) <“?}+(§/ Yo >
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F1GURE 5: Plots of relative phase error versus w, versus w, at h = 0.05 with some different values of k for the LOD Lax-Wendroff scheme.
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The complete LOD (1, 5) scheme is given by

125, + 262 + 3¢, — 2\ [ utW/D _ i) n
' ( ; lyz y ) < - 20 = i = AyA o+ AyBoul o+ ACu
Yy

n n
+A,D vy, + AYEX U, 0

2 nt(1/2) _ n+(1/2)
c,6 + 65 - 4 u. . —Uu. .
b4 24 b+l i,j=1 n n n
_ < 12 ) ( 2Ay > ) +B,A, Ui i + BBy i + B,C, i

n n
+B,D ;i +ByE U,

n+(1/2) 4 2 152 2
82_u _ ¢, + 4cy 12$y 12$ycy + 85y ., . .
2| . 6s +C A u,; +C By, +CCou;
i,j Y (68)
n n
W3O gy ) s +CyDytiyj+ CyE iy
(Ay)2 + DyAx ”?72,j+1 + DyBx u?—l,jﬂ + Dny u:fjﬂ
4 2 2 2 n "
c,—4cs + 1257 + 12s ¢ — 25 + DDyt o + DBty 51
+ ( y y 6}' yy y) ) ’ )
Sy +E At 0t BBty 0 Y EC g,
n+(1/2) n(1/2) . n+(1/2)
o B T 2u ;T + EyDy ) jip + EyEL U 1.
a(Ay)’
65 The Taylor series expansion of the terms on the right hand
(65) side of (68) about uZ i is given as follows:
Then on substituting (65) into (15), we get the following " W, 2
difference equation for the second half time step: Uirajep = U+ ahu, +bhu, + 5 (@ thex + 2abu, + b))
+ h—B(a3u +3a’bu, ., +3ab’u,,, +bu )
W AU LB 5 (0 oo + 30D ey + 3007y bty
+(1/2) +(1/2) (66) ht 5 -
n n 4
+ Dy ui,j+1 + Ey ui,j+2 > + Z (a Uyxxx T 4a buxxxy +6a’b uxxyy
3 4
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Ko 4
5 + % (a Upxxxx T 5a buxxxxy
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+10a°b" Uy, + 100707 1y,
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a0 Uyyyyy + ”yyyyy) T
2
B, =——(12s,(s, +¢)) + 25, (3c, - 4) (69)
+¢, (¢, =2) (¢, +1)(c, +2)), fora=-2,-1,0,1,2and b = -2,-1,0,1,2.
We obtain the following modified equation:
1 2
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y y\"y Ty y
4 (67) U, + By Uy + /3y Uy, =0 Uy + 00Uy,
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1 5 120
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_5Cx +4- 305x) Usexxxx
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The scheme is essentially dispersive as the leading error terms
are dispersive in nature due to the presence of the odd-

order derivative terms u,.,,, and u,,, . Also, the scheme

is consistent and it is fourth order accurate in space.
The amplification factor of the LOD (1, 5) scheme is given

by
E=A,[A exp(I(-20, -20,))+ B exp (I (-w, - 20,))
+C, exp (-2lw,)
D, exp (1, - 20,)) + E, exp (1 (20, - 20,))]
B [, exp (120, - ,)) + B, exp (1 (-0, ~0,))
+C,exp(-Iw,) + D, exp (I (w, - w,))
B, exp (1 (20, ~0,))]
+C, [A,exp(-2lw,) + B, exp (-Iw,)
+C, + D, exp (Iw,) + E, exp (21w, )]
D, [A exp(I(-20, +w,)) + B exp(-I (w, +w,))
+Cyexp (Iw,) + Dy exp (I (w, +w,))
+E, exp (I (2w, + w,))]
E,[A, exp(I(-20, +20,))
+ By exp (I (—w, +2w,)) + C, exp (2Iw,)
)

+ D, exp (I (wx + Zwy)

+E, exp (I (wa + Zwy))] .
(71)

We consider ¢, = ¢, = cand s, = s, = 5. We use the Von
Neumann stability analysis and the approach of Hindmarsh

et al. [16] to obtain the stability region. When w, = w, =7,
on simplification of (71), we get
2
HE (3 8c* +2¢* — 165+ 24sc” +245%) . (72)

For stability, we must have
1 2
§(3 —8c% +2¢" — 165+ 245’ +2457) < 1. (73)

We consider (71) and for w, — 0 and w, — 0weuse the
following approximations:

2 2
y
cos (w x)~1—7" cos(w},):l—T,

cos (2w,) = 1 - 2a?, cos (Zwy) =1- Zw;,

(74)

sin (w,) = w,, sin (wy) = W,

sin (2w,) = 2w,, sin (Zwy) =20,

13

We thus have

|§|2 =1-2s (“-’;2: + wy) + 452w2w;

1
— 2% - Esc4w + s )

14
+(-25%w?® + st + =¢*
y 4 y

1 3 1
+ (54 +—c+ 258t 2sc® 1257 >w w
16 2

2

1 14
+ (——c4sw 2c252w2 +octy s 253w92€ + czs> w?.
2 4 4
(75)
On neglecting higher order terms, we have
2 2, 2
|E| ~1-2s (wx +a)y). (76)

Thus, the numerical method is stable if —2s < 0. Therefore,
we have

s20. (77)

When h = 0.025, we have ¢ = 32k and s = 16k. Using (73)
and (77), we get

1 2
§(2097152k4 +393216k” - 2048k” - 256k + 3)" < 1, (78)

k=>o, (79)

respectively. On combining (78) and (79), we get the stability
region when h = 0.025 for the LOD (1, 5) procedure as

0 < k <0.026288. (80)

When 4 = 0.05, we have ¢ = 16k and s = 4k and the modulus
of the amplification factor is given by

| = (131072k + 24576k — 1664k — 64k +3)". (8D)

From (77) and (81), we obtain the stability region for the LOD
(1,5) procedure when i = 0.05 as

0 < k <0.073865. (82)

We analyse the spectral analysis; for 1 = 0.025, we choose
k = 0.005,0.01,0.02,0.025 and for i = 0.05, we choose k =
0.01,0.02,0.03 and 0.05.

3D plots of the modulus of the amplification factor versus
phase angle in x-direction versus phase angle in y-direction
at two values of h, namely, 0.025 and 0.05, at some different
values of k are shown in Figures 7 and 8. 2D plots of the
modulus of the amplification factor versus w, when w, =
0 are illustrated in Figure 9. The scheme is in general less
dissipative at h = 0.05 as compared to h = 0.025. Out of
the eight combinations of /1 and k values, the scheme is least
dissipative when h = 0.05 and k = 0.01.

Figures 10 and 11 show the 3D plots of the relative phase
error versus w, versus w,, for some different values of h and k.
Figure 12 shows the 2D plots of the relative phase error versus
w,. for the casew, = Oath = 0.025 and h = 0.05, respectively.
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FIGURE 7: Plots of modulus of amplification factor versus phase angle in x-direction (w,) versus phase angle in y-direction (w,), at h = 0.025

for some different values of k for the LOD (1, 5) procedure.

We observe that the scheme is least dispersive when h = 0.05
and k = 0.05 and most dispersive when & = 0.025 and
k = 0.025. We have phase lead when & = 0.05 and k = 0.05
and there is phase lag for the other seven combinations of i
and k. In the following section, we present the results of the
numerical experiment described in Section 3.2.

6. Numerical Results

6.1. LOD Lax-Wendroff Procedure. The results of the numer-
ical experiment at some values of k using the LOD Lax-
Wendroff procedure at T = 0.3 at h = 0.025 and & = 0.05
are shown in Tables 1 and 2, respectively. We observe that the
dispersion error is significantly greater than the dissipation
error. Out of the five combinations of values of k and h, we
observe that the dispersion error and total mean square error
are both least when i = 0.05 and k = 0.03 and are both
greatest when h = 0.05 and k = 0.0025.

6.2. LOD (1,5) Procedure. The results of the numerical
experiment using the LOD (1, 5) procedure at T = 0.3 for h =
0.025 and h = 0.05 are shown in Tables 3 and 4, respectively.
Out of the 12 combinations of values of k and h, we observe
that the dissipation, dispersion error, and error rate are all

least when h = 0.05 and k = 0.05. Also, the dissipation and
dispersion errors and error rate are greatest when h = 0.05
and k = 0.0625. We observe that at & = 0.025 the total mean
square error, dispersion error, and dissipation error are not
much affected by the values of k. Also, the dispersion error is
greater than the at all values of h and k considered.

7. Optimization

In this section, we obtain the optimal value of k at h = 0.025
that minimizes the dispersion error for the two time-splitting
procedures.

Since the partial differential equation we consider is
slightly dissipative and also we observe from the numerical
experiments carried out that the dissipative errors are much
less than the dispersive errors, we choose to minimize the
square of the dispersion error of the two splitting schemes.

71. Proposed Techniques of Optimization. Tam and Webb
(18], Bogey and Bailly [19], and Hixon [20] among others
have implemented techniques which enable coefficients to be
determined in numerical schemes specifically designed for
computational aeroacoustics. We now describe briefly how
Tam and Webb [18] and Bogey and Bailly [19] define their
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FIGURE 8: Plots of modulus of amplification factor versus phase angle in x-direction (w,) versus phase angle in y-direction (w,) at h = 0.05
for some different values of k for the LOD (1, 5) procedure.
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FIGURE 9: Plots of modulus of amplification factor versus w, when w, = 0 at h = 0.025 and h = 0.05 with some different values of k for the
LOD (1, 5) procedure.
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FIGURE 10: 3D plots of relative phase error versus w, versus w, at h = 0.025 at some different values of k for the LOD (1, 5) procedure.

TABLE 1: Errors obtained from LOD Lax-Wendroff at h = 0.025.

k CFL E um Total mean square error DISP. ERROR DISS. ERROR
0.0025 0.08 1.2043 x 107° 1.0930 x 1077 1.0602 x 107 2.5787 x 1077
0.005 0.16 9.4236 x 107 7.4519 x 107° 7.2355 % 107° 24370 x 1077
0.01 0.32 4.1557 x 107* 4.1970 x 1076 4.0222x107¢ 1.6465 x 10~/
3/160 0.6 1.7126 x 107° 2.0913 x 107° 2.0819x107° 5.5626 x 107°
1/60 8/15 1.3626 x 107° 1.3761 x 107° 1.3675 x 107 8.3438 x 10°°
TABLE 2: Errors obtained from LOD Lax-Wendroff at & = 0.05.

k CFL E um Total mean square error DISP. ERROR DISS. ERROR
0.0025 0.04 1.3398 x 10~° 4.1073%107° 4.1056 x 107" 2.1203x 1078
0.005 0.08 1.2483x107° 3.5560 x 10~° 3.5562 x 107° 3.5412 x 107°
0.01 0.16 1.0547 x 107° 25261 x107° 2.5255% 107° 8.1665 x 10~°
1/60 4/15 7.7546 x 107 1.3488 x 107° 1.3433 x 107" 5.4469 x 107%
3/160 0.3 6.8350 x 10~* 1.0388 x 107° 1.0323 x 107° 6.9368 x 10°°
0.02 0.32 6.2698 x 10~ 8.6851 x 10°° 8.6112x10°° 7.7093 x 107#
0.025 0.4 3.9085 x 107 32351 x 10°° 3.1467 x 10°° 9.3072x 1078
1/34 8/17 4.5965 x 10~ 5.2537 x 107° 5.2510 x 10°° 3.708 x 107

0.03 0.48 1.4596 x 107 4.6945 x 1077 3.9599 x 10”7 7.7350 x 107%
0.04 0.64 1.1718 x 10~° 2.4062 x 107° 23462 x107° 6.0153 x 10~/
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(a) h =0.05,k = 0.01

(c) h=0.05,k = 0.03

FIGURE 11: 3D plots of relative phase error versus w, versus w, at h = 0.05 at some different values of k for the LOD (1, 5) procedure.
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FIGURE 12: Plots of relative phase error versus w, when w, = 0 at & = 0.025 and h = 0.05 with some different values of k for the LOD (1, 5)

procedure.
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FIGURE 13: Plots of integrated errors versus k at h = 0.025 for the two time-splitting schemes.
TABLE 3: Errors obtained from the LOD (1, 5) procedure at i = 0.025.
k CFL E um Total mean square error DISP. ERROR DISS. ERROR
0.005 0.16 4.0539 x 107* 41593 x 10 4.0009 x 10°° 1.6455 x 10~
0.01 0.32 4.0072 x 107 41573 x 10°° 3.9874 x 107° 1.6540 x 10~
1/60 8/15 4.0565 x 107 41577 x 10°° 3.9797 x 107° 1.6390 x 1077
3/160 0.60 3.9839 x 107* 4.1494 x 10°° 3.9782x 107° 1.6268 x 1077
0.02 0.64 3.9878 x 107* 4.1481 x 10°° 3.9768 x 10°° 1.6174 x 1077
0.025 0.80 4.0890 x 107* 4.1640 x 10°° 4.0430 x 10°° 1.5618 x 1077
measures and consequently their technique of optimization  or
in computational aeroacoustics.
The di ion-relation-preserving (DRP) scheme was ek
The dispersion-relation-preserving sche E- j 16" — 6k d (In (O1)).. (85)
designed so that the dispersion relation of the finite difference In(6h),

scheme is formally the same as that of the original partial
differential equations. The integrated error is defined as

n
E-= J 100~ 6h[’ d (Oh), (83)
-n

where the quantities 0"h and 6h represent the numerical
and exact wavenumbers, respectively. The dispersion error
and dissipation error are calculated as |R(6"h) — 6h| and
[Im(0* h)|, respectively.

Tam and Shen [21] set 7as 1.1 and optimize the coefficients
in the numerical scheme such that the integrated error is
minimized.

Bogey and Bailly minimize the relative difference between
the exact wavenumber 60h and the effective/numerical
wavenumber 0"/ and define their integrated errors as

O 0% 12 - Oh|
E-= j vh-on
(

w Gk d (0h) (84)

In computational fluid dynamics for a particular method
under consideration, the dispersion error is calculated as

|1 - RPE]. (86)

We have modified the measures used by Tam and Webb
and Bogey and Bailly in a computational aeroacoustics
framework to suit them in a computational fluid dynamics
framework [22] such that the optimal parameter can be
obtained. We have defined the following integrated errors
integrated error from Tam and Webb (IETAM) integrated
error from Bogey and Bailly (IEBOGEY) [22] as follows:

w,
IETAM = J |1 - RPE|? dw,
’ (87)

wy

IEBOGEY = J |1 - RPE| dw.

0
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TABLE 4: Errors obtained from the LOD (1, 5) procedure at h = 0.05.
k CFL E um Total mean square error DISP. ERROR DISS. ERROR
0.01 0.16 2.0000 x 107 7.8149 x 1077 7.7377 x 1077 1.1297 x 10°®
0.02 0.32 1.3905 x 10~ 3.9277 x 1077 3.8065 x 1077 14712 x 1078
1/34 8/17 4.1603 x 107 4.0763 x 107° 4.0663 x 107° 1.1482 x 108
0.03 0.48 9.5979 x 10° 2.1598 x 107”7 2.0584 x 1077 1.4193x107®
0.05 0.8 7.9301 x 107 1.7934 x 10~ 1.7059 x 10~ 1.0449 x 107®
0.0625 1 8.5551 x 107" 1.4674 x 107" 1.4310 x 10~° 3.6790 x 1077

In [8], the integrated error for a scheme discretising the
1D advection-diffusion equation

ou Oou o*u
T -~ 88
=t ox 0.01ax2 (88)

is obtained as

JM (RPE - 1) dow. (89)
0

The value of h was fixed as 0.02 and the range of values
of k, was determined. Then the integrated error, which is a
function of k, was minimized and the optimal value of k is
determined using NLPSolve function in maple.

We extend the work on optimization of parameters in
[8] which is for the 1D advection-diffusion equation for the
case of the 2D advection-diffusion equation. We define the
integrated error as

1.1 1.1
J J (RPE - 1)’ dw, dw,. (90)

0 0

We first obtain an expression for the RPE of the LOD Lax-
Wendroff when discretizing the equation

ou ou ou o’u o’u
— +08 — +0.8 — =0.01 — +0.01 —. 91
a gy o2 100 55 O

Since ¢ = 0.8k/h and s = 0.8k/h* and we choose h =
0.025, we have ¢ = 32k and s = 16k. Hence, the RPE is a
function of k, w,, and w,,. Since we can have phase wrapping,
we make use of Taylor’s expansion to obtain an approximation
for the RPE up to the terms

(@) (@,) (@) (@) (@) s (@,) ) wu(w,)

! (),
(92)

The integrated error _[01‘1 _[OI'I(RPE - 1)’dw, dw,, is
obtained by using Simpson’s method and it is a function of
k only. A plot of the integrated error versus k is shown in
Figure 13(a) for k € [0,0.0193]. Using the NLPSolve function
in maple, this optimal value of k is found to be 0.009593 and
the minimum value of the integrated error is 1.883960x 107".

To validate our results, we perform the same numerical
experiment described in Section 3.2 at i = 0.025 and use the

optimal value of k or a value of k close to this optimal value,
in that case, k = 3/310 = 0.0096, and compute the errors.
The error rate, total mean square error, and disﬁpersion error
are 3.9967 x 107, 4.1603 x 107, 3.9878 x 107°. These three
errors are all least as compared to when other values of k are
used as shown in Table 1.

We adopt the same procedure to compute the optimal
value of k for the LOD (1,5) scheme when h = 0.025.
We obtain an approximate expression for the RPE of the
LOD (1,5) when ¢ = 32k and s = 16k. We use Simpson’s
rule to approximate the integral given by (90) which is a
function of k. A plot of the integrated error versus k for k €
[0,0.026288] is shown in Figure 13(b) and using NLPSolve
function in maple the optimal value of k is 0.013782 and also
the minimum value of the integral is 1.139313 x 10°.

We perform the numerical experiment described in
Section 3.2 with k = 3/220 which is close to the optimal value
of k we have obtained with & = 0.025. The error rate, total
mean square error, dispersion error, and dissipation error are
3.9948x107*,4.1504x107%, 3.9459 x 10~°, and 1.6501 x 10/,
respectively. The total mean square error and dispersion error
are both least when k = 3/220 ~ 0.01378.

8. Conclusion

In this paper, two time-splitting procedures are used to solve
a 2D advection-diffusion equation with constant coefficients
when the advection velocity in both x- and y-directions is
0.8 and also when the coefficient of diffusivity in both x-
and y-directions is 0.01. We perform a stability analysis and
spectral analysis of the dispersion and dissipation properties
of the two schemes at some values of /i and k. Numerical
experiments are carried out and various errors are computed.
These errors are dependent on the values of h and k. It is
observed that in general the dispersion error is more affected
by the values of k and h for the LOD Lax-Wendroft scheme
as compared to that of the LOD (1,5) scheme at a given
value of h. We then use an optimization technique based on
minimisation of the square of the dispersion error to find
the optimal value of k when h is chosen as 0.025 and this is
validated by numerical experiments.

Future extension of this work to consider other types
of advection-diffusion equations when dissipation dominates
and to find out which optimization techniques are suitable in
these cases. Also, the work can be extended to 2D nonlinear
convection-diffusion problems.
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Nomenclature

I V(-1)

h: Spatial step

k: Time step

Ry: Reynolds number

RPE: Relative phase error per unit time step

AFM Modulus of amplification factor

B Advection velocity in x-direction

By: Advection velocity in y-direction

B, Advection velocity in z-direction

o Coefficient of diffusivity in x-direction
oy Coeflicient of diffusivity in y-direction
a,: Coeflicient of diffusivity in z-direction
0,: Wavenumber in x-direction

0,: Wavenumber in y-direction

W, Phase angle in x-direction

W, Phase angle in y-direction

W, Ax0,

W, Ay0,

! B.ik/h

¢y Byk/h

s, o k/h*

Syt ocyk/ W

DISP. ERROR: Dispersion error
DISS. ERROR: Dissipation error.
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