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ABSTRACT

In this paper, we report an extension of the method of Space-
Time Conservation Element and Solution Element,
originally developed by Chang [1] for solving conservation
laws. In the present method, a single conservation element at
each grid point is employed for solving conservation laws in
one, two, and three spatial dimensions, instead of two in
one-dimensional, three in two-dimensional, and four in
three-dimensional problems, as proposed by Chang. As a
contrast to Chang’s approach, the conservation element here
is used to calculate flow variables only, whilst the gradients
are calculated by a central-difference type reconstruction
method. For equations in one spatial dimension, the present
approach is a special case of Chang’s a-& scheme. For
equations in two and three dimensions, the present method
can be easily applied to a regular structured mesh. As such,
the present method can serve as an alternative solver for
time-accurate solutions in well-established CFD codes.
Nevertheless, the present scheme inherits all advantageous
features of the original space-time method, including
efficient operational count, easiness of implementing non-
reflective boundary condition, and high-fidelity resolution of
wave motions. In particular, the Godunov type methods
using Riemann solvers, i.e., the paradigm of the modern
upwind schemes, are not needed to catch shocks. Therefore,
the computational logic is considerably simpler. To
demonstrate the capability of the new method, numerical
results of several benchmark problems are presented,
including Sod shock-tube problem, oblique shock reflection,
supersonic flows over a forward facing step, and shock/
boundary layer interaction.

1. INTRODUCTION

Recently, Chang and coworkers [1,2,3] reported a novel
numerical framework for solving conservation laws, namely,
the method of Space-Time Conservation Element and
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Solution Element, or the CE/SE method for short. The
method is based on an equal-footing treatment of space and
time in calculating flux balance in a space-time domain. The
method is not an incremental improvement of a previously
existing method and it differs substantially from other well-
established CFD methods. The design principles of the
CE/SE method have been extensively illustrated in the cited
references. Here, only a brief description of the CE/SE
method is provided as the background of the present work.
In particular, we shall review the conventional integral
equation for hyperbolic conservation laws as a contrast to
Chang’s space-time integral form such that the significance
of Chang’s space-time formulation can be underlined. To
this end, we shall first discuss the Reynolds transport
theorem, from which the conventional finite-volume
methods were derived. Because space and time are not
treated equally, the space-time geometry has been restricted.
As discovered by Godunov, the classical Riemann problem
was encountered in balancing the space-time flux. Due to an
equal footing treatment of space and time, Chang’s formula
is flexible to allow a better choice of space-time geometry to
calculate flux conservation such that the Riemann problem
was avoided in balancing the space-time flux.

1.1 Reynolds Transport Theorem

The conventional finite-volume methods for simulating the
conservation laws were formulated according to flux balance
over a fixed spatial domain. The conservation laws state that
the rate of change of the total amount of a substance
contained in a fixed spatial domain V is equal to the flux of
that substance across the boundary of V, i.e., S(V). Let the
density of the substance be u and its spatial flux be f, the
convection equation can be written as

u, +00f =0 (1.1)
According to the Reynolds transport theorem, the integral
form of the above equation can be expressed as:
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where the first term is based on the Lagrangian frame and
the right hand side is on the Eulerian frame. The
conventional  finite-volume methods concentrated on
calculating the surface flux in Eq. (1.2), i.e., the last term of
Eqg. (1.2). The time derivative term of Eq. (1.2) is usually
discretized by a finite difference method, e.g., the Runge-
Kutta method. Or, integration can be performed for temporal
evolution:

[uav ‘: = ["(- ], fos)d (1.3)

Due to the fixed spatial domain, the shape of the space-time
Conservation Elements (CEs) in one spatial dimension for
Eqg. (1.3) must be rectangular. Refer to Fig. 1.1(a). These
elements must stack up exactly on the top of each other in
the temporal direction, i.e., no staggering of these elements
in time is allowed. For equations in two space dimensions,
as depicted in Fig. 1.1(b), a conservation element is a
uniform-cross-section cylinder in the space-time domain,
and again no staggering in time is allowed.
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Fig. 1.1 Space-time integration for conventional finite-
volume methods

This arrangement results in vertical interfaces extended in
the direction of time evolution between adjacent space-time
conservation elements.  Across these interfaces, flow
information travels in both directions. Therefore, an upwind
bias method (or a Riemann solver) must be employed to
calculate the interfacial fluxes.

1.2 Space-Time Integral Form

Consider the following convection equation in the
differential form

Yn L o0f =0 (1.4)
ot

Where f = (f, f,, f;) is the flux vector. Letx; =X, X,= Y, Xs=
z, and x4 = t be the four coordinates of a four-dimensional

space-time domain, and the above equation is a divergence
free condition, i.e.,

Oth=0 (1.5)

where the current density vector h = (f, f,, f,, u). According
to the divergence theorem, we obtain

h s = 0 (1.6)

S(V)

Figure 1.2 is a schematic for Eq. (1.6) in one spatial
dimension.
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Fig. 1.2 A schematic of Chang’s space-time integral form !,

We remark that space and time are treated in an equal
footing manner and therefore there is no restriction on the
space-time geometry of the CEs and SEs. Although not
shown, similar space-time arrangement is adopted for
equations in two and three spatial dimensions.

1.3 The a Scheme

Based on the above integral equation for space-time flux
balance, Chang proposed a new numerical framework for
conservation laws, i.e., the CE/SE method. The method is a
family of schemes, i.e., the a scheme, the a-& scheme, and
the a-a scheme. The a scheme is the backbone of the CE/SE
method, and it determines the space-time geometry of the
numerical mesh employed. The a-¢ and the a-a schemes are
extensions of the a scheme for nonlinear equations and for
capturing shocks.

In the CE/SE method, the space-time domain of
interest is divided into many Solution Elements (SEs). In
each SE, flow variables are assumed continuous. According
to Chang, a first-order Taylor series is used to represent the
discretized flow variables, i.e, a second-order linear
distribution. Across the boundaries of neighboring SEs, flow
discontinuities are allowed. Flow variables at neighboring
mesh points are related only through a local space-time flux
balance, which is enforced by integrating over the surfaces
of a Conservation Element (CE). Unlike SEs, various CEs
could be imposed for local and global space-time flux
balance.



In the original a scheme, the number of the CEs
employed in marching the flow solution at one space-time
location is equal to the number of unknowns designated by
the scheme. In addition to the flow variables, Chang [1] also
treated the spatial gradients of flow variables as unknowns.
As a result, two CEs are used to solve a one-dimensional
flow equations because the flow variable u, as well as its
spatial derivative uyy are the unknowns. Note that m =1,2,3
for the three flow variables of the one-dimensional Euler
equations. Similarly, three CEs are used for two-dimensional
equations because U, Uny, and Upy, are the unknowns. Here m
=1,2,3,4 for the two-dimensional Euler equations. And four
CEs are used for three-dimensional flows. Therefore, a
triangular mesh must be used for two-dimensional flows and
tetrahedrons for three-dimensional flows. Contrary to the
reconstruction step of that in a standard upwind scheme, the
distribution of flow variables inside a SE are not influenced
by its neighboring values at the same time level.

In marching the flow solution, the flow variables at
neighboring locations leapfrog each other in time in a
zigzagging manner. Refer to Fig. 1.3 for equations in one
spatial dimension. This is possible because of a flexible
choice of the space-time domain for conservation elements.
Through each oblique interface between adjacent SEs, flow
information propagates only in one direction towards the
future time step. Thus no Riemann problem is encountered
and the use of a Riemann solver to catch shocks is avoided.
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Fig. 1.3 A schematic of the CE/SE method in one spatial
dimension.

For the same reason, the treatment of the non-reflective
boundary condition in the CE/SE method is very simple [4].
Usually, one simply extrapolates the flow variables to the
mesh point in the staggered position at the next time step and
a nearly perfect non-reflective boundary condition can be
achieved.

In Chang’s a-scheme, the same strategy of space-time
flux balance is applied to one-dimensional flows as well as
to multi-dimensional flows. No directional splitting or
fractional step method is used. Therefore, numerical
accuracy does not deteriorate as one moves from one-
dimensional flow calculations to multi-dimensional flows.
The resultant a scheme is non-dissipative (or neutrally
stable) for linear waves. One can march the solution from a
specific space-time point first forward in time and then

backward to recover the initial condition of the flow
variables. In other words, the a-scheme is space-time
inversion [ref.6]. In general, lack of space-time inversion of
conventional CFD schemes is the cause of the inherent
artificial damping.

1.4 The a-€and a-a Schemes

When dealing with nonlinear equations, e.g., the Euler
equations, the above a scheme must be modified by adding
artificial damping for numerical stability. That is the a-&
scheme. By adding the artificial damping, the calculated
values of the gradient, i.e., Upy, Umy, and uy,, will be altered,
while the calculation of u,, is identical to that of the original
a scheme. When contact discontinuities appear in the flow
solution, the calculation of Umy, Umy, and uy, is further
modified by a re-weighting function to filter out spurious
oscillation caused by the jump, i.e., the a-a scheme, with a
as the weighting parameter.

Up to date, numerical software based on the CE/SE
method for calculating one, two, and three-dimensional
flows has been developed. Numerous results were
demonstrated, including Sod's shock-tube problem, Lax's
problem, Sjogreen's problem, Shu and Osher's problem,
merging of two shocks, the shock tube problem with closed
end, the implosion and explosion problem, shocks over
forward facing step, acoustic waves, shock/acoustic waves
interactions -- just to name a few. We have found that
numerical resolution of two and three-dimensional shock
waves do not deteriorate as compared to that of the one-
dimensional shocks. In two-dimensional flows, the
resolution of the reflected shocks and shock interactions is as
crisp as that of the leading shock. In addition, the method
can clearly resolve acoustic waves/shocks interactions while
the difference of the magnitude between acoustic waves and
shocks could be up to six orders. According to these results,
the CE/SE method has proved to be a promising numerical
framework for solving fluid dynamics problems.

1.5 The objectives of the Present Work

In the present work, we propose to use different space-time
geometry for CEs and SEs. In particular, the number of the
unknowns and the number of the CEs employed will not be
matched. Instead, only one CE is used at each mesh point
to calculate uy,.

Note that Chang’s original a scheme is non-dissipative
and space-time reversible. However, adding the artificial
damping is necessary for solving the nonlinear equation as
well as for shock capturing. As such, the flow property
gradients calculated by the a-a and a-¢& schemes do not
satisfy the space-time flux conservation. That is the
property of space-time reversible and non dissipativeness is
lost. Thus, the algorithm of calculating the flow property
gradients could be modified.



In the present method, the gradients (Umx, Umy, Um;) are
calculated based on a finite-difference type reconstruction
method, which was inspired by Chang’s a-& scheme for
one-dimensional equations. Because of the finite-difference
reconstruction, the present method can be straightforwardly
applied to structured mesh for flows in two and three spatial
dimensions.

In short, the objective of the present paper is to extend
the original space-time method for structured mesh such
that this novel space-time approach can be employed as an
alternative solver for unsteady flows in well established
CFD codes. The rest of the paper is organized as follows. In
Section 2, the modified space-time scheme for solving the
Euler equations in one, two, and three spatial dimensions
will be illustrated. In Section 3, numerical examples
obtained by using the present method will be presented. We
then offer some concluding remarks.

2. NUMERICAL METHODS
2.1 The Modified Scheme for the 1D Euler Equations

The one-dimensional Euler equations for a perfect gas are of
concern,

du, /ot + of, /dx =0, mM=123 (2.1)

Following Chang’s equal-footing treatment of space and
time, we let x;= x and x, =t be the two coordinates of a two-
dimensional Euclidean space E,. By using the Gauss
divergence theorem in the E, space, Eq. (2.1) has the
following integral counterpart:

d  h,s=0 m=1,2,3 (2.2)
svy ™

Where S(V) is the boundary of an arbitrary space-time region
Vin E,, and h,=(f,, un) is the space-time current density
vector.

The definitions of the conservation element (CE) and
the solution element (SE) are of utmost importance in the
formulating of the space-time flux conservation. A CE is a
small region in E,, in which Eq. (2.2) is enforced. A SE is
such a small region in E, in which the flow variables can be
approximated by simple functions. In the original CE/SE
method, the number of CEs associated with each grid point
must be identical to the number of the unknown variables. In
one-dimensional cases, two CEs associated with each grid
point are used such that two unknowns u,, and uy, at each
grid point are solved.

In the present approach, only one CE associated with
each grid point is used mainly for solving the unknown
variables u, The calculation of uy, is based on the
assumption of continuity of u,* at the common points of
neighboring SEs. Thus the discrete equation for solving uny
can be obtained. This is the main difference between the
present scheme and Chang’s CE/SE method.

Let Q denotes the set of mesh points (j, n) in E,, i.e.,
the open circles in Fig. 2.1(a), where n = 0, #1/2, #2/2,...,
and j = n#1/2, n£3/2, .... For each mesh point (j, n), the CE
is defined as the square BCEF, and the SE is the interior of
the rhombus BDFG. Refer to Fig. 2.1(b).
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Fig. 2.1 The mesh and the definitions of SEs and CEs

By the definition of SE, for any (x, t)/7SE(j, n), un(X, t) and
f m(x, t) can be respectively approximated by their discrete
counterparts, i.e., Uy*(x, t; j, n) and f,*(x, t; j, n). Using the
first-order Taylor expansion, we have

U (6, 1) = (1)) + (U ) (X =) +(Uy )} t7), (2:3)
Fr Gt §.n) = (F,)7 +(F,)0(x %) +(F )0 -t (24)

Accordingly,
h, (x,t;§,n) = (f(x,t,j,n),u. (Xt j,n)). (2.5)

Equation (2.2) can then be approximated by the discrete
form:

q h *ds=0. 03 nNQ (2.6)
(CE(j.n)
Substitute uy, = up*(X, y, t; i, j, n) and f, = f.*(x, y, t; i, j, n)
into Eq. (2.1) and we get

(Un )iy = =(F i (2.7)

As a result, the only independent discrete variables needed
to be solved are u,, and u,. Substituting Egs. (2.3-5) into Eq.
(2.6), one concludes that:

()] =[(um)?i§§ +(U) T +(80) s —(sn ?Ziﬁi]/ 2 (2.8)
where
(s,)] = (A1 4) (U, )] +(At DX)(f,)] +(At* /48x)(f,,)'-

Equation (2.8) is the algorithm for solving u,,. Note that Eq.
(2.8) is identical to Chang’s formulation. Interested readers
are referred to [1] for details.



To solve for uy,, the numerical continuity of u,,* at the
grid points B and F of the two neighboring SEs is assumed.
Refer to Fig. 2.1(b). As such, the variable gradient at the
(n, j) point can be calculated by the central difference
method, i.e.,

(U )§ = [(Un)f + (U )51/ 2 (2.9)
where

(und) = () = (Un) 51/ (A1 2),

(Un) farz = (Un) Tz + (AL 2) (U)ot

Equations (2.8) and (2.9) are the modified space-time
conservation scheme for the one-dimensional Euler
equations. We remark that this scheme is a special case of
Chang’s a-¢ scheme for £=0.5. Therefore, according to
Chang’s analysis, the present scheme is second-order, and
the stability condition is CFL <1. For flows with
discontinuities, Eq. (2.9) is further modified by the following
re-weighting procedure

(U )T =W (U )5 (U ) @) 2.9y
The re-weighting function W is defined by

"% +x [ x.]
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where a is an adjustable constant, and usually a = 1 or 2.
The above re-weighting function is a simple limiter for u, to
suppress spurious oscillations near shocks.

2.2 The Modified Scheme for the 2D Euler Equations

The two-dimensional Euler equations of a perfect gas are of
concern,
Hdn | Mo
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Let x; = X, X, =Yy, and X3 = t be the coordinates of a three-
dimensional Euclidean space E;. Using Gauss’ divergence
theorem, we obtain the following integral equations

{ M Gs=0 mM=1234 (2.12)
V) "

Where S(V) is the boundary of a space-time region V, and
hm= (fm, Om, Um) is the space-time current density vector. In
the original CE/SE method, three CEs are used at each mesh
point to provide three conditions for three unknowns, u, Uny,
and Uny. As a result, triangular mesh must be employed.

In the present approach, the mesh arrangement in the
X-y plane is depicted in Fig. 2.2(a). There are two groups of
grid points, marked by open circles and crosses,
representing mesh points at two consecutive semi-time. Let
Q denote the set of mesh points (i, j, n) in Es with n,
j=0,£1/2, #2/2,..., and, i=n+j#0, n+j#£L,.... There is one CE
and one SE associated with each mesh point (i, j, n). Here

the CE is the quadrilateral cylinder EFGHE’F’G’H’, and the
SE is the union of the quadrilateral cylinder
P”"Q”R’S”P’Q’R’S’ in conjunction with the horizontal
plane EFGH. Refer to Fig. 2.2(b).
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Fig.2.2 The representative grid points in x-y plane and the
definitions of SE and CE

For any (x, y, t) inside the SE(i, j, n), the first order Taylor
series expansion is used to approximate the u (X, vy, 1),

(% Y, 1), and g (X, y, t), i.e,
U (X, Y51, 50) = (U )T+ (U )7 (X = %) + (U )T (Y = Y5)
(U )iy (t-17) (2.12)
fo (Y B 0) = (B0 + ()l (X = %) + (F,)05 (Y = Y))
+(F)i (€= t7) (213)
9 (% Y, 851,1,0) = (90)75 + (Gm)il (X = %) + (9 )i (Y~ V)
+ (9 )i (E-17) (2.14)
Because hy=(fn, gm, Um), We have
h., (% Y, 6, §,n) = (. (X y,ti, j,n), g, (X, ¥, ti, j,n),
Un (X Y61 §n)) - (2.19)



The discrete form of Eq. (2.11) can then be represented as
{ .. hxgs=0. O nQ (2.16)
(CE(i,j.n)

Substitute u,= u,*(x, y, t; i, j, n), fu="~1*(, v, t; i, j, n), and
gm=On™*(X, ¥, t; i, j, n) into Eq. (2.10), and we have

(Un )iy = =(Fn )iy = (97 (2.17)

Thus, the unknowns at each grid point need to be solved are
Um, Umx and up,. Substituting Egs. (2.12-15) into Eq. (2.16),
we obtain

W) ={Q® (-axr2} " { Q@ axrP 7

i-1/2,j i+1/2,]

{o@ @y} Q@ (-ayr1) " (218)

i,j+1/2 ij-1/2
where

QY (&%) ={(2u,, - Ax [,,) - At/ 20g,, +(4f, — A CF, +AtCF,, )/ AX]}/ 8
QP (8y) ={(2u, - by ) - At/20f,, + (49, — By (B, + At (Y, )/ Ay]}H/8

To proceed, we assume the value of u,,* from different SEs
at the common grid points E, F, G and H are the same.
Refer to Fig. 2.2(b). As a result, one has:

(U5 =[(ugn)f; + Uy )i 172 (2.19a)
(U )75 =[CUny )7y +(ug,)i172 (2.19b)
where

(U7 = #(Un )iz = (U )17 (DX 1 2)

(U)is = 2 (U)o = (U )17 (DY 1 2)

n-1/2

(urln)inﬂjz,j = {um +At [, /2} i£1/2,]

n-1/2

(Un)i a2 = {Um +At M, /2} i j1/2

To catch shocks, the gradients of the flow variables are
further modified by the re-weighting procedure

(umx)in,j :W((un_wx)in,j ’(ur;x)in,j ) 0')
(umy)?,j :W((un_'\y)in,j !(un:y)?,j ' a)

This concludes the discussion of the modified space-time
conservation scheme for the 2-D Euler equations. We
remark that other definitions of the CEs and SEs are
possible. The one in the above discussion is a natural
extension from the scheme for one spatial dimension.

2.3 The Modified Scheme for the 3D Euler Equations

The three-dimensional unsteady Euler equations of a perfect
gas are of concern,

u, [dt+J_/ox+3y, |dy +oh |dz =0, (2.20)

m=1,2345. Let x; =X, Xo =Y, X3= 2, and X, = t be the
coordinates of a four-dimensional Euclidean space E,. The
corresponding integral equations of Eq. (2.20) are:

d  H,@s=0 m=1,2,3,4,5 (2.21)
v "

Where S(V) is the boundary of an arbitrary space-time
region V in E4, and Hp=(fn, g, Ny Un).

Using the similar method of the above sections, we
can get the following space-time conservation scheme for
the three-dimensional Euler equations:

(up in‘j‘k ={[st‘1) (AX/Z)]?:f/zz,j,k + [Qrgl)(_AX/z)]?:ll//z%j,k + [QV(WZ) (Ay/z)]in‘}tlliz‘k

+ [Qr(nZ) (_Ay/ 2)],r]j_—11//zz,k + [QVS\S) (AZ / 2)]‘nj_,tl+21/z + [Qr(nS) (_AZ/Z)]in,_j‘l\iz—l/z}/6
(2.22)

and
(U )i LU )i d/20 =xyz (2.29)
or
(U )l FWOUR) 0 (U)o @) 12Xy, 2 (223
where
QY (B =(u, - Bl20,) - At/4g,, +h,)
-30t/2B) [ f,, - BI30K,, +At/40F )
QY (B)=(u, - Bl20,,) - At/ 4, + f,,)
-3At/(2B) Uy, — 5130, +At/4LY,,)
QY (B =(u, - Bl20,,) - At/AT{F,, +4,,)
-3At/(2B) [, - B13[h,, +At/4[h,,)
(Ui = #(Un)iearz s = (U130 1/ (AX T 2);
(U )lie = # (U] jevase = (Un)10 1/ (BY 12)
(Um )i e = (U sz = (U1, 1 (D21 2),

n-1/2

(%)?ﬂ/z,j,k ={Um +At Wy /2} i£1/2,] k

n-1/2

(u;'n)in,jﬂIZ,k = {um +At W, /2} e

n-1/2

(u;'n)in,j,killz :{um +At W, /2} ivj k12

This concludes the discussion of the three-dimensional
space-time conservation scheme for the Euler equations.

3. NUMERICAL RESULTS

To demonstrate the capability of this new scheme, several
benchmark flow problems are reported here. In the following
examples, boundary conditions are specified at inlet surface.



At the outlet surface, the space-time non-reflective condition
[14] are used. Along solid boundary, the reflective condition
is used.

Example 1 Sod’s Shock Tube Problem [7]

The computational domain and the flow condition are the
same as that in Ref. [1]. Here, At=0.2x10? Ax=0.6x107%,
and CFL[D.72. Figure 3.1 is the velocity distribution at
t=0.2. The solid line is the exact solution and the dots are
the numerical solution. It is clear that the shock jump
condition is well resolved by only one data point in the
shock.

%) L ! .
-0.6 -2.1 2.4

Fig.3.1 The Euler solution of a 1D unsteady shock tube
problem

Example 2 Steady-State Shock Reflection [8]

The computational domain and the flow condition are the
same as that in Ref. [8]. The lower boundary is a solid wall.
The size of computational mesh is 121x81. The grid points
of the mesh are uniformly distributed. This problem has an
exact analytical solution. The computed pressure contours is
shown in Fig. 3.2

Fig.3.2 Pressure contours of steady-state shock reflection
problem

Across the shock, there are about one to two mesh nodes
inside the shock. The angle of the reflected shock is very
accurate. Although not shown, the numerical result of the
pressure jumps agrees well with the exact solution.

Example 3 Shock over a Forward facing Step

The geometry of the forward facing step and the flow
condition are the same as that in Ref. [9]. The mesh density
is 181x121, and the grid points are uniformly distributed.
The time increment of the present calculation is At=0.0025.

In Fig. 3.3, the computed density contours are plotted for
t=4. In the present numerical solution, the Mach stem, triple
point, slip surface, expansion fan at the corner, and the
interaction between the reflected shock with rarefaction
waves are all accurately simulated. We remark that there is
no special treatment at the corner of the step, which is
usually required for conventional CFD methods to ensure
numerical stability.

Fig.3.3 Density contours of a two-dimensional supersonic
flow passing a forward facing step (t=4)

Example 4 Shock/Boundary Layer Interaction [13]

In this paper, the presentation of this new numerical scheme
has been focused on the solution of the Euler equations.
Nevertheless, the present scheme can be straightforwardly
extended to that for solving the Navier-Stokes equations.
The details of this extension will be reported in another
paper. Here, a numerical example is provided to demonstrate
the applicability of the present scheme to the Navier-Stokes
equations.

The flow condition are the same as that reported in Ref.
[13]. That is, M., = 2.0, Re = 2.96x10°, T., = 117 K, and the
incident shock angle is B =32.6°. A 180x180 non-uniform
mesh is employed. The mesh is cluster to the wall to resolve
the high gradient of velocity inside the boundary layer. The
smallest Ay is about 10° The characteristic length for
nondimensionalization is the distance between the leading
edge of the flat plate and the shock incident point. Figure
3.5 is the pressure contours. Due to the Strong incident
shock, a separation occurs near the impingement point of the
incident shock. The overall flow pattern shown in Fig. 3.4
agrees well with the experiment results [13].

Fig.3.4 The pressure contours of the oblique shock / flat
plate boundary layer interaction.



We remark that although not shown, the detailed comparison
of pressure and skin friction coefficient C; profiles along the
solid wall boundary between the numerical results and the
experimental data agree very well. These results will be
reported in another paper.

4. CONCLUDING REMARKS

In this paper, a modified space-time conservation scheme for
solving one, two and three-dimensional Euler equations is
reported. In the present approach, only one CE at each mesh
point is used to calculate the flow variables. The gradients of
the flow variables are calculated by using a central-
difference type reconstruction procedure. The present
scheme maintains all the favorable features of the original
CE/SE method. The calculation of the present scheme is
simple, accurate, and can be easily applied to a regular
structured mesh. To demonstrate the capability of the
present approach, several benchmark problems were
calculated. The performance of the present method is
satisfactory.
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	Fig. 1.2 A schematic of Changs space-time integral form [1].
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