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Abstract

This paper continues to construct and study the explicit compact (EC) schemes
for conservation laws. First, we extend STCE/SE method on non-staggered grid,
which has same well resolution as one in [1], and just requires half of the com-
putational works. Then, we consider some constructions of the EC schemes for
two-dimensional conservation laws, and some 1D and 2D numerical experiments
are also given.
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1. Introduction

This paper is interested in the genuinely nonlinear conservation laws

ou L ofiu)
E—i_z ozt

=0, (1.1)
=1

with initial data u(0,z) = ug(z), = = (z', ..., z%).

It is well known that the above problem may not always have a smooth global so-
lution even if the initial data w is adequately smooth[6]. Thus, we consider its weak
solution so that the problem (1.1) might have a global solution allowing discontinu-
ities(e.g. shock wave etc.). Moreover, the entropy condition should be imposed in
order to single out a physically relevant solution(also called the entropy solution)[5, 6,
7.

In the last two decades, there has been an enormous amount of activity related to
the construction and analysis of finite difference methods which approximate nonlinear
hyperbolic equation (or system) of conservation laws, and are expected to have:
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(1) limit solutions which satisfy a entropy condition.
(2) the absence of spurious oscillations in the approximate solutions.

(3) at least second-order accuracy in region of smoothness, except for certain isolated

points, or lines, or surfaces.

Some of the earliest work in the design of schemes having properties (2) and (3)
above was done by van Leer[15], Harten[3, 4] and Sweby[10]. However, property (1)
seems difficulty to prove for high-order finite difference schemes[11, 12, 17]. Here we
are concerned with properties (2) and (3).

Recently Chang in [1] presented a new numerical method for 1D conservation laws,
referred to as the method of space-time conservation element and solution element
(STCE/SE), from a new framework. This framework differs substantially in both con-
cept and methodology from the well-established methods e.g. finite difference, finite
volume, finite element and spectral methods. But, based on his framework, it seems
difficulty to be extended for multi-dimensional conservation laws.

The aim of this paper is to construct and study the explicit compact (EC) method
for conservation laws based on Chang’s STCE/SE framework. The paper is organized
as follows. In section 2 we extend STCE/SE method to non-staggered grid for 1D
conservation laws. The results show that our schemes have the same well resolution
as one in [1], and just require half of computational works. In section 3 we consider
construction of two classes of the EC schemes for 2D conservation laws. In section 4
some numerical experiments are given. The problems include interaction of blast waves,

interaction of a moving Mach=3 shock with sine waves and regular shock reflection etc.

2. The Explicit Compact Methods for 1D Conservation Laws
Consider 1D conservation laws

Ou , 9f(w)

ot oz

=0, (2.1)

with initial data u(0,z) = ug(z).
As in [1], let & = =z, & =t be considered as the coordinates of a two dimensional
Euclidean space Fy. Let € denote the set of mesh points (j,n) in Es, where n,j =

0,+1,42,-- -, respectively. Let 2y and €25 denote respectively the two subsets of €2,
which are defined by

O ={(,n) |j+niseven}, Qy={(j,n)|j+nisodd}.

Then for each (j,n) € Qi (k = 1 or 2), there is a solution element (SE}(j,n)) associated
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with each (j,n) € Q, which is taken as

SEp(jyn) = {(§1,82) [ zj-1 <& < zji1,& =" U{(§1,82) | (2.2)
<& <"t G =15}, Y(in) € . .

Again, E5 can also be covered by uniform nonoverlapping rectangular regions re-
ferred to as conservation element (CEg(j,n)) associated with each (j,n) € €, which
is defined by

CE(j,n) = {(&,&) | zjo1 <& < zjp1, " 1 < & <t"}, VY(j,n) € Q. (2.3)

Note that the Euclidean space Fo will be covered by two sets of the uniform nonover-
lapping SEs and two sets of the uniform nonoverlapping CEs, respectively, according
to the above definitions of solution element and conservation element.

Using Gauss’ divergence theorem in the space-time F3, we have the following inte-
gral form of the conservation laws (2.1)

7{ hedi=0, §h=(f(u),u), (2.4)
ov

where (1) OV is the boundary of an arbitrary space-time region V in Ea; (2) h is a
current density vector in Fs; and (3) d§ = 7ido with do and 71, respectively, being the
area and the outward unit normal of a surface element on dV. Note that & - d3 is the
space-time flux of h leaving the region V' through the surface element ds on oV

For any (x,t) € SEx(j,n), u(z,t), f(z,t), and h are approximated respectively by
u*(z,t;7,n), f*(x,t;4,n) and l_i*(x,t;j,n), which are defined as

w2, t;5,m) = uj + (ue)j (@ — ) + (w7 (t =),

[t 5,m) = [+ (f)] (2 — ) + (f)] (€ = 17), (2.5)

h*(z,t;5,n) = (f*(z,t;4,n), u*(z,t;4,n)).

Now, if let V' = C'Ek(j,n), then equation (2.4) can be approximated by

7{ h - ds=0. (2.6)

By a simple calculation, we can derive the following explicit compact scheme:
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Algorithm(ECS-1):

-1 -1
u = u?—l +u?+1 _ At ( n—1 _ n—l)
7 2 2Ag I i-1 (2.7)
Ax _ _
+T[(“$)?—11 (Ux);b-;-ll [(ft)]+1 - (ft)?—ll
On the other hand, the scheme solving (ux)? can be given as
(ua)j = Wol(uz)F, (ug)}; @), (2.8)
where
[a P b+ ]b1%a oo b5 0
Wola,bj) =4 lal®+]ble " (2.9)
0, otherwise
and ]
(uy)} =+ UL L At(u) i — Ul (2.10)

Remark. (1) The explicit compact scheme (2.7)-(2.10) is of second order accuracy
in space and time, and can be easily extended to 1D system of conservation laws. We
refer the readers to [1] for details. (2) In order to obtain higher order accurate schemes,
we can use higher order Taylor expansion to replace ones in (2.5) to approximate u(z, t),
f(z,t), and h, respectively. (3) The scheme (2.7)—(2.10) is of compact stencil, because
it is a explicit two-level three-point finite difference scheme in the conservative form.

3. The Explicit Compact Methods for 2D Conservation Laws

This section considers 2D conservation laws

Ou  Of(u) . 9g(u)
ot T oy (3.1)
with initial data u(0,z,y) = uo(z,y).

Similarly, if let & = z, & = y, &3 = t be considered as the coordinates of a
three-dimensional Euclidean space E3, and € denote the set of mesh points (j,k,n) in
E3, where n,j,k = 0,%£1,---, respectively, then we can give two kinds of solution ele-
ment(SE) and conservation element (CE) associated with each (j,k,n) € Q as follows:
Method A Let Q;(i =1,2,3,4) denote the four subsets of 2, respectively, defined as

| 7 +mniseven, k+niseven};
| j+nisodd, k+nisodd};

| j+niseven, k+mnisodd};
| i +nisodd, k+niseven}.

J>
J>

{(G, k,m)
(7, k,m)
(7, k,m)
{(G, k,m)
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Then for each (j,k,n) € Qi(i = 1 or 2 or 3 or 4), there is a solution element
(SE;(j,k,n)) and a conservation element (CE;(j, k,n)) associated with each grid point
(7,k,n) € Q; which are defined by

SE;(j,k,n) = {(£1,62,83) | zj—1 <& < zjr1, Yk 1 <& < Yry1,83 = 1"}
U{(&1,&2, &) [t < &g <"y 1 < &9 < ypi1, &1 = 74} (3.2)
U{(&,&2,8) [ "7 < & <t"h o <& <31, & =yl

and
CE(j, kyn) = {(&1,€2,&) [ 7j-1 <& < @jrn, Yr—1 < &2 < Y, (3.3)
tnfl < 53 < tn}u
for all (5,k,n) € Q;.
Method B Similarly, define the two subsets ©;(: = 1,2) of 2 as

Y ={(j,k,n) | 7+ Fk+nis even};
Q2 ={(J,k,n) | j+Fk+nisodd}.

For the sake of simplicity in the presentation, let A', B!, C!, D!, and O' represent the
mesh point (xj—la Yk, tl)a (xja Yk—1, tl)a ($j+17 Yk tl)a (xja Yk+1, tl) and (xja Yk, tl)a respec-
tively, where [ = n or n — 1. let MLB, Mgc, MéD, and MIZJA represent the midpoint
of the line A'B!, B'C!, C'D', and D'A', (I = n or [ = n — 1), respectively. Then
solution element (SE;(j,k,n)) and conservation element (CE;(j,k,n)) associated with
each grid point (4, k,n) € €; can be defined as

SE;(j,k,n) = {the interior region of quadrilateral A" B"C"D"}
U{the interior region of quadrilateral M}z M2 DMgl_)l ML (3.4)

U{the interior region of quadrilateral M} DMgCMgg,l Mggl ,
and

CE;(j,k,n) = {the union of the interior of hexahedron

3.5
AnBrCnD" — A iBnlenipnel and its boundary}. (3:5)

By using Gauss’ divergence theorem in the space-time Fs3, we have the following

integral version of conservation laws (3.1)
$ Beds=0, F=(f(w).9(u).u), (3.6)
ov

where (1) 0V is the boundary of an arbitrary space-time region V in Fj3; (2) his a
current density vector in E3; and (3) ds = don with do and i, respectively, being the
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area and the outward unit normal of a surface element on V. Note that h - d3 is the
space-time flux of h leaving the region V' through the surface element ds on 9V.

For any (z,y,t) € SE;(j,k,n), we approximate u(z,y,t), f(z,y,t), g(z,y,t), and
h, by u*(z,y,t; 5, k,n), f*(x,y,t;7,k,n), g*(z,y,t;j,k,n), and ﬁ*(w, y,t; J, k,n), respec-
tively, which are defined as

w(@,y, 655,k n) = gy + (o) (2 — 25) + (uy)7 (v — yr) + ()7, (8 —2"),
[ @y, 65, k) = [ + (fo)fr(e = 25) + (Fy) T (y = yr) + (fe)7e(t = 7), 57)
9" @,y 65, k,n) = gjp, + (92)75(@ — ) + (99) 5 (Y — yk) + (9)] (8 — "),
(.8 5,k,n) = (F (2,9, 6.5, k,n), 6% (2,9, 6 5, K, ), w* (@, y, 6 4, k. n)).

Similarly, if let V' = CE;(j,k,n) defined in Method A (i=1 or 2 or 3 or 4), or
Method B (i=1 or 2) , then equation (3.6) can be approximated by

7{ R* - ds=0. (3.8)
O(CEi(jkn)
Corresponding to two definitions of SE;(j,k,n) and CE;(j,k,n), we can derive two

kinds of the explicit compact methods for 2D conservation laws, respectively.
Algorithm(ECS-11):

1
U?F =1 (U1 pr1 T Ui e—1 T Y141 T U1 k—1)

Az

+—[we) i p1 = (ue)Fya p1 + (ue) i1 g1 — (ue) i g
AS

Y

+—[(uy)fo1 ko1 + ()1 k1 — (Uy)F_1 k1 — (Uy)jg1 1]
Rt

1Az [Fivi ke + Flip—r — Fijia ey — Fjii - (3.9)
At

— o Gkt G — Glye = Gipl
4Ay
AtAy

o ()i k1 = (Fo)fi e — (Fo) o1 + (Fy) 71 k-1l
SAT

AtAzx
+W[(gx);‘l+l,k+1 —(92)7- 1641 — (92) 11 6-1 + (92)7-1 k1]

where F' = f + %(ft) and G =g + %(Qt)-
Algorithm(ECS-III):

1 Az
ulpt = 7 (Gne + ey + u g + we) + o [(ue)jrk — (U)ol
Ay At At
+?[(Uy)g k-1 — (Uy)rs1] — E[F]+l k= F k] — E[G?,er = Glp 1l

(3.10)
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n

The scheme solving (u;)]

can be given in a similar way

(ue) i = Wol(uz) ik, (ud)j s @),

(3.11)
(uy) e = Wol(uy ) ks (uy )5 ),
where Wy (a, b; @) is defined in (2.9), and
1 _ -
(uz)f = iA—x[“?ﬁ,k + At(ut)?:l:ll,k — ikl 5.12)
1 n— n— ’
(U;/t)?,k = :l:A_y[uj,kj:I + At(ut)j,kil - “?,k]

Remark. (1) The above schemes (3.7)-(3.12) are of second order accuracy in space
and time, and can also be extended conveniently to 2D system of conservation laws.
(2) In order to obtain higher order accurate schemes, we can use higher order Taylor
expansion to approximate u(z,y,t), f(z,y,t), and h etc., respectively. (3) The above
schemes are also of compact stencil, because they are explicit two-level five-point finite

difference scheme in conservative form.

4. Numerical Results

In this section we present some numerical experiments to demonstrate the per-
formance of the above three explicit compact schemes, which includes resolution and
entropy-validing.

Counsider Euler equations

oU |, 9F(U) , 9G(U)

il =0 4.1
o T Tow oy ’ (41)
where
P pu pv
2
_l’_
v=|" |, ron=| " P L eoy=| T,
pv puv p1)2+p
E u(E + p) v(E +p)
with

p=r=1) (B gow? +07)).

Here p, u, v, p and E denote the gas density, velocity, pressure, and total energy,
respectively, m = pu,n = pv is the momentum and we take v = 1.4.
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4.1 1D Problem
Example 1. The first problem considered is the Lax shock tube problem[3]. The
set of data is

0.445 0.5
Up=| 0311 |, Ug= 0 : (4.2)
8.928 1.4275

The numerical results at ¢ = 0.16 shown in Fig.1, are obtained by the ECS-I method
with 200 points under the CFL restriction with CFL= 0.95. The exact solution is
shown by the solid lines.

13 Density N 1.5 | Velocity, 35 Pressure
11 13 3.0
1.1
25
0.9 0.9
0.7 2.0
0.7
0.5 1.5
05 4k 0.3 10
T~ ; 01
-05 -0.3 -0.1 0.1 0.3 05 -0.5 -0.3 -0.1 0.1 0.3 0.5 -0.5 -0.3 -0.1 0.1 0.3 0.5

Fig.1. The Lax’s shock tube problem (4.2), CFL=0.95, t = 0.16.

Example 2. The second problem is the Sod shock tube problem with initial data

1.0 0.125
U, = 0.0 , Up = 0.0 . (4.3)
2.5 0.25

The numerical results at ¢ = 0.20 shown in Fig.2, are obtained by the ECS-I method
with 200 points. The exact solution is shown by the solid lines. Our results can be
comparable to the results obtained by the STCE/SE method presented in [1].

Densit 0.9 i Pressure

09 Sity Velocity 0.9
0.7

0.7 0.7
0.5

0.5 0.5
0.3

0.3 0.3
0.1

0.1

-0.5 -0.3 -0.1 0.1 0.3 05 -0.5 -0.3 -0.1 0.1 0.3 0.5 -0.5 -0.3 -0.1 0.1 0.3 0.5

Fig.2. The Sod’s shock tube problem (4.3), CFL=0.95, t=0.2.

Example 3. The next problems is the stationary shock problems with Mach=10.0
and 4.0, respectively, and the stationary expansion shock problem with Mach=4.0[3].
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To further examine the entropy-validing and the resolution of the scheme, we con-
sider now a Riemann problem where the two states, say Uy and Us, satisfy the Rankine-
Hugoniot relations in the direction of the field u — ¢, with a zero speed of proagation.
Fixing the state U; by assigning values to pi, p1, and the Mach number M; = uy /¢y,
the state vy is determined by

pa/p1 = (2yM} — vy +1)/(y + 1),
upfur = (2yM7 +v —1)/(y + 1), (4.4)

p2/p1 = u1/us.

In Figs.3-5 we test the scheme on stationary shock with Wy = U; and Wi = Us.
First we set py = p1 = 1, M; = 4 (which gives ps/p; = 18.5) and test the scheme
for resolution. The results are shown in Fig.3. In Fig.4 we further test the STCE/SE
method for robustness by applying it to a very strong shock p; = p; =1, My = 10
with a pressure ratio of ps/p; = 116.5.

In Fig.5, for entropy-validing the scheme is applyed to the inadmissible “stationary”
discontinuity Wy = Uy and Wi = Uy with p; = p1 = 1, M; = 4andl0 It has been
shown in [3] that a nonphysical phenomenon can be formed by applying some TVD
schemes to this problem. From Figs.3—5 we observe that the stationary shocks are
resolved very well, but there are only slight numerical overshoots or oscillations at the
both sides; the stationary expansion shock problem is also resolved very well.

The calculations in Figs.3—5 were performed at ¢ = 0.2 under the CFL restriction
CFL= 0.95 with 200 cells.

45

Density - 45 Velocity 17.5 | Pressure

4.0 4.0

35 35 135
3.0 3.0 o5
25 25 ’

20 - 2.0 55
15 15

10 - 15

-0.5 -0.3 -0.1 0.1 0.3 05 -0.5 -0.3 -0.1 0.1 0.3 0.5 -0.5 -0.3 -0.1 0.1 0.3 0.5

Fig.3. The stationary shock problem, CFL=0.95, Mach=4, t=0.2.
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Density 109.5 | Pressure
115
89.5
45 . .
95
69.5
35 75
495
25 55 295
15 3.5 . 9.5
05 03 01 01 03 05 05 03 01 01 03 05 05 -03 01 01 03 05
Fig.4. The stationary shock problem, CFL=0.95, Mach=10, t=0.2.
%, Density Velocity Ve R 18.0 % Pressure
4.0 K K 16.0 .
& 40 & 14.0 K
3.0 5 i 12.0 B
K3 30 10.0 3
kX i 8.0 <
2.0 %, s Y
20 S 6.0 %,
4.0
1.0 I — 5 2.0
05 -03 -01 01 03 05 05 -03 -01 01 03 05 05 -03 -01 01 03 05

Fig.5. The stationary expansion shock, CFL=0.95, Mach=4, t=0.2.

Example 4. The next problem is interaction of a moving Mach=3 shock with sine
waves in density[9]. The initial data is given as follows

prL = 3.857143, my = 2.629369, p, = 10.33333 when z < —4,

pr =1+ e€sin(bz), mr =0, pgr =1 when z > —4.

If € = 0, this is a pure Mach=3 shock moving to the right. Here We take ¢ = 0.2. For

a linearized analysis of this problem see [8].

In Fig.6, the dashed lines and solid lines are numerical solution with 400 points and
2000 points, respectively, sames as the resolutions in [9].

40 |

3.0

2.0

1.0

Density

-40 20 0.0 2.0

4.0

20

1.0

0.0

-4.0

-2.0

0.0

2.0

4.0

11.0
10.0
9.0
8.0

6.0
5.0
4.0

2.0

Pressur]

1.0

-40  -20 0.0 2.0 4.0

Fig.6. Interaction of a moving Mach = 3 shock with sine waves, CFL=0.95, t=1.8

Example 5. Here we present numerical experiments with the ECS-I method for
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the interaction of Blast Waves[4, 16] with initial data

U, 0 < z < 0.1,
Uz,0) =9 Uy, 0.1 < z < 09, (4.5)
Ugr, 09 < z < 1,

where
prL =pm =pr=1, ur =upyr =ur =0, pr = 1000, ppr = 0.01, pr = 100.

The boundaries at z = 0 and x = 1 are solid walls. This problem was suggested by
Woodward and Colella[16] as a test problem;

In our calculations we divided the interval (0, 1) into N cells by
o1 :
zj=(j— 5)/N, j=1,...,N,

where z; marks the center of the jth cell. The boundary conditions of a solid wall in
z =0 and =z = 1 were treated by reflection[4].

In Fig.7 we show the solution of the ECS-I method at ¢t = 0.038, respectively, with
CFL= 0.95. The dashed lines and solid lines are numerical solution with 800 points
and 2000 points, respectively.

The ECS-I method captures important structures on the fine grid and the results
are comparable to other high resolution schemes in [4, 16].

We refer the reader to [4, 16], where a comprehensive comparison of the performance
of various schemes for this problem is presented, and a highly accurate solution is
displayed and a detailed description of the various interactions that occur at these

instances is presented.

6.0 [ Density 400.0 [ Pressure

Velocity
5.0
10.0 300.0
4.0
3.0 6.0 200.0
20
100.0
1.0 20
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0

Fig.7. Interaction of blast waves, CFL=0.95, t=0.038.

Example 6. The final 1D problem considered is low density and internal energy
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Riemann problem[2] with initial data

Uy, 0 < z < 05
U(x,O):{ UL s - v (4.6)
R, . >

where

pr=pr =1, up = =2, up =2, £, = Ep =3.

It has been observed that schemes which are based on a linearized Riemann solver ( e.g.,
Roe’s scheme) may lead to an unphysical negative density or internal energy during the
computational process[2]. The ECS-I method does suffer from negative density when
CFL > 0.5. However, The ECS-I method does succeed when CFL < 0.5. In Fig.8, the
dotted lines and solid lines are numerical solution with 200 points and 2000 points at
t = 0.15, respectively.

1.0 - 2 2.0 0.4
Density - Velocity <  Pressure
0.8 10 03
0.6
0.0 0.2
0.4
-1.0 0.1
0.2
-2.0
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0

Fig.8. Low density and internal energy Riemann problem, CFL=0.45, t=0.15.

4.2 2D Problems

Example 7. The 2D problem considered is regular shock reflection problem. The
computational domain is a rectangle of length 4 and height 1 divided into M x N
rectangular grids with Az = 1/(M — 1) and Ay = 1/(N — 1). Dirichlet conditions are
imposed on the left and upper boundaries as

(p, u, v,p) =|oys= (1,2.9,0,0.714286),

(p, u, 0,p) =|p1.0= (1.69997,2.61934, —0.50633, 1.52919).

The bottom boundary is a reflecting wall and the supersonic outflow condition is applied
along the right boundary. Initially, the entire flow field is set equal to the free stream
supersonic inflow values. Our results obtained by using the ECS-II method and the
ECS-III method, respectively, have shown in Figs.9a and 9b, with 15 contours.
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2 3 4

(a). Scheme ECS-II;
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1.0
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0.0
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25t
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0.5
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0.0

20 3.0 40
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o
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(b). Scheme ECS-III

Fig.9. Regular shock reflection, 120x60 grids, CFL=0.45.

5. Conclusion

In this paper, we have further studied the EC schemes for conservation laws. A
new EC method on non-staggered grid is constructed, which requires half of computa-
tional works, and has the same well resolution as in [8]. Moreover two EC schemes for
two—dimensional conservation laws are also constructed. Some numerical results have
shown current EC schemes are of well resolution and entropy-validing. Unfortunately,
we cannot to give the theory of nonlinear stability (e.g. TVB etc.) and entropy con-
dition for the EC methods. In future, we will extend the EC schemes to 3D case and
nonuniform grid case, and apply this method to numerical simulations in engineering.

References

[1] S.C. Chung, The method of space-time conservation element and solution element—A new
approach for solving the Navier-Stokes and Euler equations, J. Comput. Phys., 119 (1995),

295-324.

[2] B. Einfeldt, C.D. Munz, P.L. Roe, and B. Sjogreen, On Godunov-type methods near low
densities, J. Comput. Phys., 92 (1991), 273-295.
[3] A. Harten, High resolution schemes for hyperbolic conservation laws, J. Comput. Phys.,
49 (1983), 357-393.



480 H.Z. TANG AND H.M. WU

[4] A. Harten, B. Engquist, S. Osher, and S.R. Chakravarthy, Uniformly high order accurate
essentially non-oscillatory schemes, III, J. Comput. Phys., 71 (1987), 231-303.
[5] S.N.Kruzkov, First order quasilinear equations in several independent variables, Math.
USSR Sbornik, 10 (1970), 217-243.
[6] P.D. Lax, Hyperbolic systems of conservation laws II, Comm. Pure Appl. Math., 10 (1957),
537-566.
[7] P.D. Lax, Hyperbolic systems of conservation laws and the mathematical theory of shock
waves, STAM, Philadelphia, 1973.
[8] J. McKenzie, K. Westphal, Phys. Fluids, 11 (1968), 2350.
[9] C.W. Shu and S. Osher, Efficient implementation of essentially non-oscillatory shock-
capturing schemes, II, J. Comput. Phys., 83 (1989), 32-78.
[10] P.K. Sweby, High resolution schemes using flux limiters for hyperbolic conservation laws,
SIAM J. Num. Anal, 21 (1984), 995-1011.
[11] E. Tadmor, Numerical viscosity and the entropy condition for conservative difference schemes,
Math. Comp., 43 (1984), 369-381.
[12] H.Z. Tang and H.M. Wu, On a cell entropy inequality for the relaxing schemes for scalar
conservation laws, J. Comput. Math., 18(2000), 69-74.
[13] H.Z. Tang and H.M. Wu, On the explicit compact schemes I: Numerical experiments on
the STCE/SE method for 1D Euler equations, to appear, 1997.
[14] H.Z. Tang and H.M. Wu, On the explicit compact schemes III: Higher order schemes con-
structed by Taylor series, to appear, 1997.
[15] Van Leer, Towards the ultimate conservative difference schemes. V. A second-order sequel
to Godunov’s method, J. Comput. Phys., 32 (1979), 101-136.
[16] P.R. Woodward and P. Colella, The numerical simulation of two-dimensional fluid flow with
strong shocks, J. Comput. Phys., 54 (1984), 115-173.
[17] N. Zhao and H.Z. Tang, High resolution schemes and discrete entropy conditions for 2-D
linear conservation laws, J. Comput. Math., 13 (1995), 281-289.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /KOR <FEFFd5a5c0c1b41c0020c778c1c40020d488c9c8c7440020c5bbae300020c704d5740020ace0d574c0c1b3c4c7580020c774bbf8c9c0b97c0020c0acc6a9d558c5ec00200050004400460020bb38c11cb97c0020b9ccb4e4b824ba740020c7740020c124c815c7440020c0acc6a9d558c2edc2dcc624002e0020c7740020c124c815c7440020c0acc6a9d558c5ec0020b9ccb4e000200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /CHS <FEFF4f7f75288fd94e9b8bbe7f6e521b5efa76840020005000440046002065876863ff0c5c065305542b66f49ad8768456fe50cf52068fa87387ff0c4ee563d09ad8625353708d2891cf30028be5002000500044004600206587686353ef4ee54f7f752800200020004100630072006f00620061007400204e0e002000520065006100640065007200200035002e00300020548c66f49ad87248672c62535f003002>
    /CHT <FEFF4f7f752890194e9b8a2d5b9a5efa7acb76840020005000440046002065874ef65305542b8f039ad876845f7150cf89e367905ea6ff0c4fbf65bc63d066075217537054c18cea3002005000440046002065874ef653ef4ee54f7f75280020004100630072006f0062006100740020548c002000520065006100640065007200200035002e0030002053ca66f465b07248672c4f86958b555f3002>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


