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Abstract

A finite compact (FC) difference scheme requiring only bi-diagonal matrix inversion is proposed by using the known
high-resolution flux. Introducing TVD or ENO limiters in the numerical flux, several high-resolution FC-schemes of hyper-
bolic conservation law are developed, including the FC-TVD, third-order FC-ENO and fifth-order FC-ENO schemes.
Boundary conditions formulated need only one unknown variable for third-order FC-ENO scheme and two unknown
variables for fifth-order FC-ENO scheme. Numerical test results of the proposed FC-scheme were compared with tradi-
tional TVD, ENO and WENO schemes to demonstrate its high-order accuracy and high-resolution.
© 2005 Elsevier Inc. All rights reserved.
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1. Introduction

In computational fluid dynamics, several kinds of the high-resolution numerical schemes were developed to
simulate the multi-scale fluid structures. The spectral method [1] has higher accuracy but its applicability is
limited to simple geometries with periodic boundary conditions. The compact finite difference scheme [2] based
on a compact stencil is also of relatively high-order of accuracy, but it high-order accuracy is challenged in
capturing discontinuities. Some new hybrid schemes coupling the spectral method, the compact scheme or
other schemes together have proposed with the idea of total variation diminishing (TVD) [3] or essentially
non-oscillatory (ENO) [4,5] for decades, such as finite spectral ENO scheme [6], hybrid compact scheme
[7-11] and dispersion-controlled dissipative (DCD) schemes [12].

In order to develop a numerical scheme, the following hyperbolic conservation law is usually accepted as a
model equation,

Ou  of
o ox (1)
u(x,0) = u°(x).
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Its general semi-discrete form can be written as

dllj 1 ~1

—<=——(A"Bf).. 2

U= (ATBY), @)
Cockburn and Shu [7] developed the nonlinear stable compact schemes using the TVDM (total variation
diminishing in the means) property that reads

@) < 1v (). 3)
The scheme requires a symmetric matrix A and the “reconstruction” of variable u from the mean variable #,
= (A""a),. (4)

Ravichandran [8] improved this kind of the schemes and a wider class of the compact upwind schemes was
developed without the limitation of a symmetric matrix A. These compact schemes were summarized in
Ref. [8], and Tolstykh’s third-order compact scheme with one point upwind numerical flux [14,17], Cockburn
and Shu’s third-order compact with 2-point fully upwind flux [7], Ma and Fu’s third-order compact scheme
with 2-point upwind weighted flux and fifth-order compact scheme with 4-point upwind weighted flux
[15,18] can be taken to be in the same family. In addition, Adams and Shariff [9] proposed a hybrid com-
pact-ENO scheme for shock—turbulence interaction problems. Following the same basic approach, Pirozzoli
[10] derived a conservative hybrid compact-WENO scheme. Ren [11] presented a fifth-order conservative
hybrid compact-WENO scheme for shock-capturing calculation, which is constructed through the weighted
average of the conservative compact scheme and WENO scheme. Jiang [12] proposed a class of the disper-
sion-controlled dissipative schemes based on dispersion conditions [13], and the schemes are a kind of hybrid
upwind schemes, and can be used to capture shocks without any numerical oscillations and free parameters,
but not compact.

The tri-diagonal matrix inversion is required in applications of the mentioned above schemes, and some
hybrid schemes need a smoothness indicator to switch to schemes in shock-capturing scheme whenever nec-
essary. In the paper, a finite compact difference method is proposed based on the special upwind compact
relation requiring only bi-diagonal matrix inversion, and its flow flux can be calculated by using the adja-
cent known flux, and high-resolution FC-TVD, FC-ENO schemes are constructed with the TVD or ENO
limiters.

2. Numerical methodology

Take the scalar hyperbolic conservation equation (1) as example, the flux function f{u) can be split into two
parts, i.e., flu) = fH(u) + f~(u) with df"(u)/du > 0 and df(u)/du < 0. The semi-discrete conservative difference
equation of (1) in a general form can be written as

dllj + 1

dt  Ax
where the numerical flux is defined as 4/, = h_/++1 /
expressed as

(his10 —hj—12) =0, (5)

>+ hj,)- One kind of the upwind compact schemes is

1<
CFL A BF = Y (6a)
N N
@i+ B =4 > afiin (6b)

T . . . . .
where F f = (1—; With application of Taylor expansions, it is easy to show the scheme is of third-order accu-
racy in three grid point stencil (r = 1) if these coefficients are defined as

OC+ = 2a BJr = 47 at] = _Sa ag— = 47 a?— = 17 (73)
om =2, =4 a,=-1, ay=-4, a] =5. (7b)
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The scheme Eq. (6) is well introduced literatures, such as in Refs. [2,16]. These coefficients for a fifth-order
accuracy scheme [15,18] in a five grid point stencil (» = 2) can be given as

t=24, BT =36, a',=-3, a',=-44, af =36, af =12, af =-1, (8a)
S—24, =36, a,=1, a,=-12, ay=-36, a =44, a; =3. (8b)

In order to examine different compact difference approximations, we assume f'= au and a > 0 in Eq. (1) with
the initial condition u(x,0) = ¢'**. The exact solution of Eq. (1) is u(x, f) = ¢***~% and the solution of different
difference schemes can be obtained as

u(xj, 1) = e~k et ko) 9)

Fig. 1 shows variations of k; and k, of the schemes using (7), (8) and several schemes with three-point implicit
operator versus scaled wave number a(ox = kAx). These schemes include the third-order upwind scheme used
by Cockburn et al [7], the third-order Tolstykh upwind scheme used by Ravichandran [8] and the fifth-order
upwind scheme used by Pirozzoli [10]. The resolution of the fifth-order schemes is found to be better than the
third-order schemes; For the third-order schemes, the phase error of scheme (7) is between the schemes of
Refs. [7,8], and appears closest to the exact solution. From the curve of k,, the dissipation error of scheme
(7) is less than other two third-order schemes if o« < 2.3664, and it becomes larger than the scheme of Ref.
[7] when o > 2.3664. For fifth-order schemes, both k; and k, of scheme (8) are larger than the fifth scheme
of Ref. [10].

Supposing F; = (izil P h/.i_1 12)> Eq. (6) can be re-written in conservative form,
At
hj+1/2 /3 ( Z <Za1> j4n T , 1/2)» (10a)
n=—r+1 =
h_/;l/z B ( Z <Z a; ) jan T ,+3/2> (10b)
n=—r+1 I=n
Obviously, the numerical fluxes }Az;;l »(=0,...,N) and fz;+1 »(j=—1,...,N —1) can be calculated directly

from Eq (10) that requires only bi-diagonal matrix inversion in characteristic direction once the numerical
fluxes i _1)» and hy, +1/2 Are glven (see boundary formula in Section 2.2). And it is also easy to use TVD or
ENO limiters in each hj i /2( 11/2) to obtain the new numerical flux being of TVD or ENO properties.

2.1. Third-order accurate finite compact TVD scheme

Following the notation in Ref. [7], the final numerical flux is defined as

+ — I’ﬂ
+1/2 f +df +1/2’ hj+1/2 fj+1 df J+1/20 (11)

F e

El — exact /./ / _\\\ 6
I — — — — 3rd-order(Ref.7) - r a

o5f 77T ?rd-orldi;()ﬁef.a) /-/ / \\ N — — — — 3rd-order(Ref.7) /,/

S 'ormula . \ o == 3rd-order(Ref.8) T
— N aN T = G B /!
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Fig. 1. Variations of of k; and k, of several schemes vs a.
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where df +1/2—mm(d ,+1/27A+f,+,A+f+ )s df_+(1/z mm(df +1/2’A+fj »A+f,+1) f+l/2_hj+1/2_fj+’ df;+1/2:

fjJrl J+l/2’ A+f j+1 f] , mm(ay,ay,as) is defined as
aj if sign(a;) = --- = sign(as), and |a;| = min(|ay], |az|, |as]),
a/2 if sign(ar) = - = sign(as), and |a>| = min(la, |as], as]),
mm(ay, ay,as) = . . . (12)
as/2 if sign(a;) = --- =sign(as), and |a3| = min(|a,], |az|, |a3]),

0 otherwise.

The second and third values of the function mmi(a,, a,,as) will be discussed in Section 2.2. Taking f{u) = u(x, t),

( 0) { 17 _% < X < %7
u(x,0) = .
0, otherwise

as example, we can investigate the behavior of different numerical flux in the case with discontinuities. The
numerical flux calculated by Eq. (10) with N = 100 is shown in Fig. 2a and the flux oscillates in discontinuous
points x = — 0.2 and x = 0.2. Fig. 2a also shows the flux computed with Eqgs. (10) and (11), as used in Ravi-
chandran method [8] and Ma and Fu’s third order compact scheme [15]. In Fig. 2a, the region (or regions, if
exist) where the first argument in Eq. 12 is chosen is only depicted. It is indicated that the region of flux is only
a part (x < — 0.2) of the entire region. This shows that, in a large region behind the discontinuous point,
the compact flux of Ravichandran method may not be used. So we use the following equation to instead
of Eq. (10).

i’;‘rﬂ/z /3 <Z (Z“z) Jn T +h,+ 1/2) (13a)

n=—r+1 1=,
il;+1/2 [3 ( 21 <Za1> jin T h1+3/2> (13b)
n=—r+ 1=

In Eq. (13), the fluxes 4], 17 and hj’+3 32 of special TVD or ENO characteristics constructed in advance may not

be the compact fluxes h _1)» and h ;+32 In Eq. (10). The 0bV1ous property of Eq. (13) is that it applies the
obtained high resolution fluxes hi, ;pand 7 5, to solve h/ 11/, and h/ +1/2» but the schemes with a three-point
stencil of implicit operator cannot do so.

The flux computed with Egs. (13) and (11) is shown in Fig. 2b. Similarly, Fig. 2b shows only the regions
where the first argument in Eq. (12) is chosen. In the figure, most fluxes are displayed either before or behind

Eq.(10)

n o Ref.[8]

0.8

0.6

#1172

0.4

-0.2

oab o 0 )
- - 0.5 1

L
o
«»
[S)

Fig. 2a. Contributions of flux function from Eq. (10) or Ref. [8] (N = 100).
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Fig. 2c. Comparisons of numerical results with an exact solution (N = 100, ¢ = 8).

discontinuous points. That is to say, the regions where their fluxes are calculated with Eq. (13) occupied much
more part than that by Eq. (10), thus the scheme can produce better approximate accuracy.

Fig. 2¢ shows the comparison between numerical results of Ravichandran’s scheme (Ref. [§8], namely, Egs.
(13) and (11)) and FC-TVD scheme (Egs. (10) and (11)). The FC-TVD scheme demonstrates its better
performance.

Lemma 1. The semi-discrete scheme with numerical flux expressed in Egs. (11)—(13) is TVD.

Proof.
g — b = f +df 1, + fr — dﬁmz L —df ), — f e,
= A S df S —df T+ A —df T df T = —CrapAiu + Dy pA g,
where
Ciripp = *(A+f df +|/z +df;. 1/2)/A+uj7

Dj1jp= (A+fj+1 erf +1/2 - df, 1/2)/A+”/ 1-
By virtue of the flux splitting, A, f;", /Ayu; 1 = 0,if Ayu; 1 >0, then A, f;", > 0, df,+1/2 > 0and df+('1'l/z = 0.
wayfammawﬂfmg*+w;mvmwl>o

10 df ), > 0, then df [ ), < AfE 2 <A +df
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So that Djy1)p = (ALf}) + df*f{’/z - df+<’l"/2) /A L > 0.

If Ayu;y <0, then A+f;r <0, df +1/2 <0 and df 1/2 <0.

If df+('1"/2 = 0, then D, ji1s = (Afy+df 1) /A+u, > o.

If df 1/2 <0, then df 1/2 A+f]t1/2 A+f+ +df +1/2

So that Dj = (A +f]i1 4—df_/.++('1"/>2 —df}._l/2)/A+uj_1 > 0. And also,Cj;1» > 0 can be deduced in the
similar way. According to Harten [3], the scheme expressed in Eqgs. (11)—(13) is TVD scheme, and referred as
to the FC-TVD scheme in this paper. [

2.2. Third-order accurate finite compact ENO scheme

By using the formula Eq. (23) of 4", , and A, ,, in Section 3.1 and Taylor expansion, one can easily obtain

df= ! f’iAx O(Ax? 14
fip =5 5 Ax + O(AxX), (14a)
Lo >

In order to make the value of the limiter function mm(a,, a,,as) has the same magnitude, the halves of the sec-
ond and third arguments (a, and a3) in Eq. (12) are taken. Notice that the function mmi(ay, a,,a3) used in Refs.
[7,8] is defined as

smin |g;| if sign(a;) = --- =sign(a;) =s
m ((117 7ak) = { Isisk l 7

0 otherwise.
Eq. (14) also shows that, in smooth regions away from critical points, a, and a3 in mm(a;, a,,as) are asymp-
totically of the same sign of «; and half in its magnitude (here the critical points are defined as the points in
which £ (u), = 0 or f~(u), = 0, however, the critical points in Ref. [7] are defined in means as /* (&), = 0 or
f~(u), = 0). Therefore, for sufficiently small Ax, Eq. (11) yields

h; 12 = h/+1/2

At critical points, the scheme is of first-order accuracy as the same to all TVD schemes. To overcome this
difficulty, a modified function of mm(ay, ay,a3), instead of mm(ay,a»,a3), is used

a if |a;| < MAS?,

(15)
mm(ay,ay,a;) otherwise,

W(al , A2, a3) = {

where the constant M is independent of Ax. Hence the third-order finite compact ENO (FC-ENO-3) scheme is
obtained.

2.3. Fifth-order accurate finite compact ENO scheme

The fifth- order finite compact ENO (FC-ENO-5) scheme will be constructed in this chapter. The Taylor
expansions of h/ 1 /2 of Egs. (6) and (8) read

hiop =1+ f+’Ax+ f*”Ax2+o(Ax3),
i‘_;ﬂ/z S — f,+1Ax+12fj TAX? + o(AxY).

So, we define a new numerical flux functions as

1
j+1/z =f+5 m( AT )+Df+1/2, (16a)

hivp =S _Em(A+j}:L]5A+/} ) +Df +1/27 (16b)
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where
Df _ ’Vll(l)f,'++1/27D+ Dﬁl) if |A+f}+‘ < |A+f,i1| (17a)
2 mm2(Dff,,,,,Df,D; ) otherwise,
Df,(m) _ mm2(ij+1/2,Dj+l,D/+2) if |A+fj;—1| < |A+fj7|a (17b)
JR mmU(Df }y,)0, Dy, D;)  otherwise,
A+fi j+1 ‘i D-i = A+fji - A+fji,1»
Df,+1/z ,+1/2 f+ (A+fj »A+f+ )s (18a)
_ - . l
Df iy =P = Ji —|—§m( S DS ). (18b)
And then m(a,,a,) is defined as
a if |a1\ g |a2|,
m(ay,a) = .
a, otherwise,
mml(ay,ay,as) and mm2(ay,a,,as) are defined as
" o
mml(ay,az,a3) = {a1 if Ja] . minjai],jao, |fl3|)’ (19a)
—a;/6 otherwise and |a;| = min(|ay|, |az|, |a3]),
'f = i ) ) )
mm2(ay,ay,a;3) = {al if Jai] . min(ja], |a] \a3|) (19b)
a;/3 otherwise and |a;| = min(|ay|, |az], |a3]).
Making Taylor expansion analysis of (18) yields
+ — /A + O(AY) if [ALf] < TALfE,
Dfjap =91 ptip2 3 : (20a)
3177 A% + O(Ax?) otherwise,
L[ MAAR O A <A ,
ijH/2 - 7 A+2 3 : ( Ob)
171AC +O(AxY)  otherwise,

D = fi"AC + O(AY), k=j—1jj+1,
D; = f[IAC +O(AY), k=j,j+1,j+2.

So, in smooth regions away from the point of fji” =0 for sufficiently small Ax, the first arguments of
mml(ay,a»,as) and mm2(ay,a»,as) will be chosen, which yields
+
Wiy = hip

Hence, the scheme is of fifth-order accuracy. Meanwhile, the coefficients of the second and third arguments of
mml(ay,a,,as) and mm2(ay,a,,as) are determined with the second-order derivative in formula (20).

To overcome the drawback of accuracy degeneration at the points of fji” = 0, we modify mml(a,,a,,a3)
and mm2(ay,a,,as) as

- if < MAXP,

mml(ay,ay,a3) = {al if Ja| ) (21)
mml(ay,ay,a;) otherwise,

- if < MAX3,

mm2(ay,ay,a;) = {a1 if Jai] < (22)
mm2(ay,a2,a3) otherwise,

where M is a constant independent of Ax and is set to be one in this paper.
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3. Boundary formulations and time discretization
3.1. Three points boundary formulation

Using the four points stencil (X;_,X;,X;11,X;4>) to approximate /] /, we can get

U+ 18 90 20

+ 3
5= o +0(AY),
then /7, , can be obtained as
1
hlyp = f+ f - gfr- (23a)
Similarly, the flux
. 1 5.1
hyap=—¢hate/v 3/ (23b)

The boundary fluxes /", , and /,, , require only two boundary values at the node of xo, xy(f™, for 27, ,,
Sy for h;/+1/2)-

3.2. Five points boundary formulation

Using the six points stencil (x;_2, X;_1, X}, Xj+1, Xj+2, X;+3) t0 approximate f ' we have

o TS 657 12()_,6f;A:C 0 +200%0 =3 | a5,
The flux A7, , is obtained as

Wy = —( 37 42017 4TS — 13+ 215). (24a)
Similarly,

s = gy (Mia = 13 +4Tfy + 20y = 3ia). (24b)

The boundary fluxes 47, , and hy,,, require only two boundary values (f%, and f7, for i", ,, fy,, and

Sy for hy ).
In the following computations, the boundary formulation (23) is applied for the FC-TVD and FC-ENO-3
schemes, and the boundary formulation (24) is accepted in the FC-ENO-5 scheme.

3.3. Stability analysis
In order to determine the stability of the compact scheme (7) with boundary formulation (23) and the com-
pact scheme (8) with boundary formulation Eq. (24), the semi-discrete approximation of Eq. (1) under the
condition of the positive flux (f= au with a > 0) can be expressed in the compact matrix notation of Pirozzoli
[10] as
a _
v = -+ CA '(Bu+b), (25)

where u = (ug,u1,...,uy)". For the scheme (7) with boundary formulation (23),
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3
6
5 1

1
6

2 4

N1xN1
5

N1xN

and b = (1/3u,0,...,0, uNH)T. For the scheme (8) with boundary formulation (24),

47 13 2

60 60 60

{ 47 11 -1
4 11 -1

24 36 3 7
A= , B= . . )
o 347 11
24 36

N1xN1 3 47
3

-1 1
, C= ;
-1 1 NxN1
-1 1
, C= oo :
-1 -1 1 NxN1
11
47_N1><N

and b= (27/60L{_1 — 3/60u_2,3u_1,0,. . .,0, — UN+1, lluN+1 — MN+2)T, where N1 =N+ 1.

As discussed in Refs. [2,10], the stability condition for the semi-discrete equation requires that all eigen-
values of the matrix S = —CA~'B have a negative real part. Figs. 3a and b showing numerical results of
the eigenvalue spectra of matrix S demonstrated that the third-order upwind scheme (7) with boundary
formulation (23) and the fifth-order upwind scheme (8) with boundary equation (24) are linearly stable.

3.4. Time discretization

Discretizations of time-derivative are performed by both the third-order TVD Runge-Kutta method [20]
for TVD, FC-TVD and FC-ENO-3 schemes, and the fourth-order Runge-Kutta for ENO, FC-ENO-5 and

5-WENO schemes.
For the ordinary differential equation

du
7
= L),

the third-order TVD Runge—Kutta method [20] is expressed as

N w

-

Im())

Im(\)

N

o

[N e e e EEEEEEEEEE s e s eme ]

()
w

i -é””-4””-3”‘ -
a Re(1) b

%

o
a
00§00000Q00

°
o83

Re())

Fig. 3. Eigenvalue spectra of the upwind compact schemes, O: N = 50; V: N =100; A: N = 200; OJ: N =400, (a) The third-order upwind
scheme (7) with boundary formulation (23). (b) The fifth-order upwind scheme (8) with boundary formulation (24).
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uV =" + AtL(u"),

3 1 1
u® =2y -y +—AIL(M(1)),

4 4 4

1 2 2
=yt Zu® S AL (u®).
u U —|—3u 3 tL(u'?)

The fourth-order Runge-Kutta method is written as
u =" + %AtL(u"),
u? =" + %AtL(u(l)),
u® =u" 4 %AtL(u(z)),

ntl _

1
(—u" + uV +2u® + u®) 4 EAtL(u(”).

u

W —

4. Numerical examples

(1) Linear transport equation. The transport equation is given as

Ou Qu
E + a =Y, -7 < X < T,
u(x,0) =sinx, —mn <x < 7, periodic boundary condition.

The example is used to examine the accuracy of FC-TVD, FC-ENO-3 and FC-ENO-5 schemes. The
TVD, ENO-3 (third-order ENO) and 5-WENO (fifth-order WENO) schemes are also appplied. Accu-
racy comparisons are shown in Tables 1 and 2. The tables indicate that FC-TVD is more accurate than
TVD, FC-ENO-3 gives third-order of accuracy and is better than FC-TVD, and FC-ENO-5 reaches the
fifth-order accuracy, although its order is slightly less than the 5S-WENQO’s, its errors decrease about 5-10
times lower than the 5-WENO’s.
2)+2—0, -1<x<1.
This equation is taken as the second test case there

17 -1 g X g 1 ) . . . ..
u(x,0) = { > =7 73 with a periodic boundary condition.
0, otherwise
Table 1
Comparisons of several schemes, r =1
Scheme N L error L, order L, error L, order
FC-ENO-3 20 0.2618e — 2 - 0.7115e — 3 -
40 0.4793e — 3 2.449 0.1021e — 3 2.801
80 0.7645¢ — 4 2.648 0.1334e — 4 2.936
160 0.1101e — 4 2.796 0.1687¢ — 5 2.983
320 0.1525¢ — 5 2.852 0.2143e — 6 2971
FC-TVD 20 0.5418e — 1 - 0.2171e — 1 -
40 0.2265¢ — 1 1.258 0.5573e — 2 1.962
80 0.8280e — 2 1.452 0.1211e — 2 2.202
160 0.3134e — 2 1.402 0.2522¢ — 3 2.264
320 0.1101e — 2 1.509 0.5112¢ — 4 2.303
TVD 20 0.6460e — 1 - 0.2610e — 1 -
0 0.2983e — 1 1.115 0.8240e — 2 1.663
80 0.1217e — 1 1.293 0.2136e — 2 1.948
160 0.5052e — 2 1.268 0.6277e — 3 1.767

320 0.205% — 2 1.295 0.1679¢ — 3 1.902
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Table 2
Comparisons of several schemes, 7 =1
Scheme N L. error L, order L, error L, order
FC-ENO-5 10 0.1016e — 2 - 0.2626e — 3 -
20 0.4954¢ — 4 4.358 0.1049¢ — 4 4.646
40 0.2166e — 5 4.515 0.3693¢ — 6 4.828
80 0.8497¢ — 7 4.672 0.1213e — 7 4.928
160 0.2976e — 8 4.836 0.3862¢ — 9 4.973
320 0.9998¢ — 10 4.896 0.1219¢ — 10 4.986
5-WENO 10 0.6756e — 2 — 0.5061e — 2 -
20 0.3081e — 3 4.455 0.1577e — 3 5.004
40 0.9525¢ — 5 5.016 0.4511e = 5 5.128
80 0.2970e — 6 5.003 0.1314e — 6 5.101
160 0.8681e — 8 5.096 0.3991e — 8 5.041
320 0.2297¢ — 9 5.240 0.1240e — 9 5.008
ENO-3 10 0.2174e — 1 - 0.1290e — 1 -
20 0.2778¢ — 2 2.968 0.1664e — 2 2.955
40 0.3802¢ — 3 2.869 0.207%¢ — 3 3.001
80 0.4581e — 4 3.053 0.2594e — 4 3.003
160 0.5436e — 5 3.075 0.3225¢ - 5 3.008
320 0.6897¢ — 6 2.979 0.4027¢ — 6 3.002

The results are shown in Figs. 4a and 4b. FC-ENO-3 shows a significant improvement in shock captur-
ing and behaves better than TVD, and even better than ENO-3. The result of FC-ENO-5 is also slightly
better than 5-WENO. The results obtained with FC-TVD and FC-ENO-3, FC-TVD schemes are not
depicted in the figure because of these are almost the same.

B)e4p—0, —1<x<1.

o x

This equation is accepted as the third case where

H(G(x, B,z = 0) + G(x, B,z + 0) +4G(x, B,2)), —0.8 <x < —0.6,
1, —04 <x<-02,
u(x,0) =< 1 —[10(x — 0.1)], 0<x<0.2,
t(F(x,0,a — 0) + F(x,a,a 4 0) + 4F (x,a,a)), 0.4 <x < 0.6,
0, otherwise
1 — m
09 oof AAA%.“; ——— exact
- ba % | IREIETLITIRERIPPS FC-ENO-3
08 b | ° TvVD
F i - ENO-3
07 A ’;
06| > A
3 05 f— < S
04| § X
03| A N
= ) 4
02 4 ¥
- 24 Pe
0.1 £S5 0%
0 | .& 1 %% [ |
- -0.5 0 05 1

Fig. 4a. Numerical results of example (2), N =200, r = 6.
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Fig. 4b. Numerical results of case 2, N =200, t = 6.

Glx, B,2) = e " F(x,0,a) = \/max(1 - 22(x — a)’,0), a=0.5, z= —0.7, § = 0.005, a = 10,
B =1log2/365".

The solution includes a smooth but narrow combination of Gaussians, a square wave, a sharp triangle
wave, and a half ellipse [19]. 200 grid points are used and the solution is intergraded up to t =4 in
calculations. The results in Fig. 5 indicate that FC-ENO-3 performs better than TVD for four types
of waves, and although the ENO-3 needs more grid points than FC-ENO-3, its numerical results are still
less than FC-ENO-3 in most of regions, as shown in Fig. 5a. Fig. 5b shows that FC-ENO-3 is much bet-
ter than Ravichandran’s scheme. From Fig. 5¢ and its local enlarge figure in Fig. 5d, the FC-ENO-5
gives the most accurate results in all schemes for four types of waves.

[ TS0,
1o oy
= o ot
B '0 S exact
. C% - -
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B 2
0.6~ o] N N E
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- d 4 3 e S
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B ] 4 ke .
: z X 4
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o2l 4 3 EA N f a
. 1 a 0: [N N A DA
- F S s 2d -
| o] % o
B D S oL
B q S: o S 2 H 04
0 n& (2 S I (e ]
- -0.5 0 0.5
X

Fig. 5a. Numerical results of example (3), N = 200, r = 4.
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Fig. 5b. Comparisons of FC-ENO-3 and Ravichandran’s scheme (Ref. [8]).
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Fig. Sc. Numerical results of example (3), N =200, t = 4.

(4) Nonlinear transport equation. The nonlinear transport equation is used as the fourth test case and can be
written as
Ou Ou
—+u—=0, 0<x<2nm,
ot Ox ST

u(x,0) = 0.3+ 0.7sinx, 0 < x < 2m, with a periodic boundary condition.

The Lax—Friedrichs splitting method is used, in which f*(u) = %(f (u) &+ au) and @ = max,| f(u)]. Figs.
6a—6d show the results at r =2 with grid number of N =80. For this case, the capability capturing
discontinuity of FC-ENO-3 is between TVD and ENO-3 in which more grid points are used (see Figs.
6a and 6b). The result of FC-ENO-5 is between ENO-3 and 5-WENO, as seen in Figs. 6¢ and 6d.

In order to check the influence of the high resolution fluxes used in Eq. (13) on accuracy in the case with
a discontinuity, we show point-wise errors for grid points of N = 10, 20, 40, 80 and 160 in Figs. 6e, 6f and
6g. We can see that these schemes are of a reduced accuracy only in a local region around the shock.
Following Egs. (14) and (20) where there are h‘].i_1 n= fzj_l ;2 +O(Ax"), for the third-order FC-schemes,
n = 1; and for FC-ENO-5, n > 2. In Eq. (13), the limited (high resolution) fluxes hﬁl ), are used at
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Fig. 6a. Numerical results of example (4), N =80, t = 2.

the points in a discontinuity, and the coefficients of h.fl , are less than one, i.e., a/p* < 1. So, in the
region away from the discontinuity, the effect of the limited fluxes on the accuracy become smaller
and smaller and Eq. (13) can retain its higher order of accuracy.

(5) Viscous Burgers equation. The viscous Burgers equation is our fifth case and written as

Ou
ot

au_ 1 d%u
“ox Reox?’

a<Xx

u(a) = tanh(—aRe/2),
{ u(b) = tanh(—bRe/2).

<

b,

(26a)

(26b)

The steady solution of Eq. (26a) with boundary condition (26b) is u(x) = tanh(— x Re/2). At x =0, the
shock is formed with a large Re number. The goal of this test case is to examine the stability and accu-
racy of the boundary formulas at the presence of a shock at the computational domain boundary. Doing
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Fig. 6b. The local enlarged part of Fig. 6a.

[ —— exact
8= e FC-ENO-5
- a ENO-3
- o 5-WENO
0.6 —
04|
=] N
02 [~
ok
02 H
04 L | 1 |
0 1 2 3
X
Fig. 6¢c. Numerical results of example (4), N = 80, t = 2.
so in our computation, we take a = — 1 and b =0, and the grid point number on N = 80. The central

difference scheme is applied for the second-order derivative. The results with Re = 10> and Re = 10°
are shown in Figs. 7a and 7b. It can be seen that the boundary formulas are efficient in the case with
the shock.

(6) Sod problem. Sod problem is chosen as the sixth test case and its governing equation is one-dimensional
Euler equations:

oU oF
P R 27
a T (27)
where U = (p, pu, pe)T, F= (pu, pu® + p,u(pe +p))T,p = (y — 1)(pe — pu?/2), y = 1.4. The initial condi-
tion is

(1.0,.0.0, 1.0), when x < 0.5,
(p,u,p) =

(0.125,.0.0,0.1), when x > 0.5.
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Fig. 6f. Point-wise errors of the FC-ENO-3 scheme.

The initial data are those of the Riemann problem proposed by Sod in Ref. [22], and the case has become
a standard test problem for decades, see also Refs. [3-6]. The Steger—Warming flux splitting [21] is used
for the equation and results at time ¢ = 0.14 are shown in Figs. 8a-8d. FC-ENO-3 is better than TVD
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Fig. 7b. Comparison between the FC-ENO-5 scheme and 5-WENO scheme.

and ENO-3, especially for the expansion wave as shown in Fig. 8c. Also, a slightly better improvement of
FC-ENO-5 over 5-WENO can be observable in Figs. 8d and 8e.

(7) Shu—Osher problem. Shu—Osher problem is the seventh example and it is governed with one-dimensional
Euler equations (27) with following initial condition:
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Fig. 8c. The local enlarged part of Fig. 8b.
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Fig. 8e. Comparisons of pressure of Sod problem.

(3.857143,2.629369,10.33333), when x < —4,
(1 +&sin5x,0,1), when x > —4.

(o) ={

Here, ¢ = 0.2. This test case is taken from Ref. [5], and has been studied by several other authors (see
Refs. [10,11]), and represents a Mach 3 shock wave interacting with a sine entropy wave. The results
at time ¢ = 1.8 are plotted in Fig. 9a-9¢c. The “exact” solutions (solid lines) are the numerical solutions
of WENO-5 scheme with grid points of N =8000. For this case, it can be shown that FC-ENO-3 is
better than TVD (see Fig. 9b), and FC-ENO-5 is better than 5-WENO (see Fig. 9c).

Two-dimensional linear conservation law with variable coefficients

Ou O(—yu) O(xu)

—F——+—-=0, —-1<x,y<1L

at T Ty O Y

with periodic boundary conditions. The initial condition is chosen as the characteristic function of a
circle with radius 0.5 (Fig. 10a). The problem represents a solid body rotation and is used to investigate
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Fig. 9a. Density distributions of Shu-Osher problem with N = 200, ¢ = 1.8. Density distributions calculated by (A) TVD, (B) FC-TVD,
(C) FC-ENO-3, (D) ENO-3, (E) FC-ENO-5, (F) 5-WENO.

the grid orientation effect as in Ref. [7]. The results at £ =2 in a 100 x 100 points grid are shown in Figs.
10b and 10c. The initial circle stays round after rotation, it indicates that the grid orientation effect is not
strong and the result of the FC-ENO-5 is better than FC-ENO-3.

(9) Two-dimensional shock reflection problem. Two-dimensional Euler equations are solved for this problem
with following initial condition:

( { (1.0,2.9,0.0,0.714286), ahead of the incident shock,
u,v,p) =
P tp (1.69997,2.61934, —0.50633,1.52819), behind the incident shock.

This problem was proposed by Yee et al. [23] and has been widely discussed in the literatures. The incident
shock angle is 29° and a free stream Mach number is 2.9. The computational domain is [4 X 1] with uniform
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Fig. 11c. Contributions of pressure coefficients (FC-ENO-3 and 2-order TVD) at y =0.5.
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Fig. 11d. Contributions of pressure coefficients (FC-ENO-5, 5-WENO and TVD) at y =0.5.

TVD schemes indicate the shock in the same position, however, the resolution of the reflected shock simulated
with FC-ENO-5 is evidently better than that with TVD.

5. Conclusions

In this paper, a finite compact difference scheme only requiring bi-diagonal matrix inversion is proposed,
being much simpler than the commonly used compact schemes with tridiagonal matrix inversion. The known
high-resolution fluxes can be used in the compact relations to solve the numerical flux.

By introducing TVD and ENO limiters, the high-resolution and high-order FC-TVD, FC-ENO schemes
have been constructed. Numerical results show that the FC-schemes have higher-order of accuracy in smooth
region and can avoid spurious numerical oscillations in discontinuous region.

In addition, the boundary formulations, involving one boundary value for FC-TVD and FC-ENO-3, and
two boundary values for FC-ENO-5, were suggested. Numerical results demonstrated that the boundary
formulations are efficient, and do not influence the accuracy and essentially non-oscillatory property of the
FC-schemes.
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