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is important to ensure the numerical solution captures the main features properly. Second,
our scheme directly applies the WENO interpolation method to the primitive variables so
that it can maintain the equilibrium of velocity and pressure across the interface, which is
very helpful to obtain a non-oscillatory solution. Third, the usage of nodal values enables
us to manipulate algebraic functions easily. Fourth, the scheme can maintain high order
accuracy when the solution is smooth. Extensive numerical experiments are performed to
verify the high resolution and non-oscillatory performance of this new scheme.
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1. Introduction

The computation of two-medium flows is one of the most popular issues in computational fluid dynamics (CFD). It is
relevant to many applications including hydrodynamics, aeronautics, material science, and so on. The main difficulty for
the computation of two-medium flow is to maintain the equilibrium of velocity and pressure across the material interface,
which is the property of the physical interface discontinuities. If the interface is not properly treated numerically, non-
physical oscillations will occur, and such oscillations cannot be eliminated by using high resolution methods, such as the
total variation diminishing (TVD) method and the weighted essentially non-oscillatory (WENO) method [24]. They even
appear when we construct first order schemes.

Numerical methods for the two-medium flow can be divided into two categories: one is the shock-capturing method, and
the other is the interface tracking method. An advantage for the shock-capturing method is its simplicity and easiness in its
extension to multi-dimensions. The interface is allowed to diffuse numerically and is not explicitly tracked. Abgrall proposed
a quasi-conservative scheme based on the y-law model [1]. Then, Shyue extended the method to more general equations of
state [27-29]. Allaire et al. introduced the usage of volume fraction and constructed a five-equation model for the simulation
[4]. Abgrall and Saurel further applied the method to different numerical fluxes for multi-phase flows [3,23]. Although the
shock-capturing method has achieved great success, it still has some drawbacks: First, the method diffuses the interface,
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so it is not very clear where the interface is. Second, in order to avoid the jump near the interface, the intermediate
state of either the physical parameters or the volume fraction would be introduced, which is inconsistent with what is
really happening in physics. Comparing with the shock-capturing method, a sharp interface can be obtained by using the
interface tracking method, where the level set method is used to track the interface [18]. Among all methods of this type,
the ghost fluid method (GFM) with the isobaric fix is undoubtedly the most successful [8,9]. The method is essentially only
solving single medium fluids through a Riemann solver at the interface (which is determined by the level set function) and
defining the value of the ghost fluids across the interface. The interface is not explicitly tracked, its location is automatically
determined by a level set function, hence the extension of this method to multi-dimensions becomes fairly straightforward.
Liu et al. proposed a modified GFM (MGFM) which improves upon the original GFM [16]. The GFM and MGFM work well
for strong shock impedance matching problems. Later, Wang et al. proposed the real GFM method focusing on simultaneous
influence of different fluids [31]. There are also other similar methods, such as the interface treatment method [7], the
simple single fluid algorithm [2], the path-conservative schemes [33] and so on. The drawback of these methods is that the
scheme is not conservative, so theoretically we are not assured of the convergence to weak solutions from the numerical
solutions. We refer to [2] for a good review of these methods for multi-medium and multi-phase flows.

Our goal is to design a finite difference scheme that is conservative and has a sharp and non-oscillatory interface. Con-
servative schemes have many advantages in solving hyperbolic problems. The most important property is that the numerical
solution will converge to a weak solution as long as it converges (the Lax-Wendroff theorem). However, for the two-medium
problem, conservative schemes tend to give oscillatory results if no special care is taken [32]. In [20], the authors designed a
discontinuous Galerkin (DG) method [5] to solve the two-medium problem by using the classical DG scheme away from the
interface and developing a DG scheme specially for treating the moving interface in one space dimension. High resolution
and sharp interface results were achieved. Similar idea is used in [11]. In this paper we use a finite difference framework.
Traditional conservative finite difference schemes perform reconstructions on the fluxes [25,26,13]. As is well known, across
material interfaces, density will have a discontinuity, but velocity and pressure remain continuous. If the reconstruction is
performed on the fluxes or on the conserved variables, then all components will have discontinuities, hence the approxi-
mation to velocity and pressure, which are nonlinear functions of the conserved variables or fluxes, will be poor. Moreover,
traditional local characteristic decompositions to reduce oscillations has a reduced effect at the interface, whose character-
istic structure is not clear since two different fluids are at the two sides of this interface. One possible way to get better
results is to perform approximation directly on the primitive variables, namely density, velocity and pressure. However, for
finite volume methods of order of accuracy higher than two, this is not possible, since we only have the information of cell
averages of the conserved variables. For traditional finite difference schemes, this is not possible either, since the compu-
tation of numerical fluxes is through the reconstruction on the fluxes [25,26]. If we use the alternative formulation of high
order finite difference schemes in [14], which is based on the high order flux expansion in [25], we will be performing in-
terpolation, rather than reconstruction, on the conserved variables, not on the fluxes. In this paper, we modify the approach
in [14] to use point values of the primitive variables, which are readily available from the point values of the conserved
variables, to perform high order interpolation for obtaining the numerical fluxes. This would ensure non-oscillatory results
for velocity and pressure from high order WENO interpolation. Near the interface, we will also use the specific informa-
tion of the interface location as determined by the level set method to modify the approximation, based on the ideas in
[20,11,15]. Both the distance function and the computational variables are updated at each time step by the third order TVD
Runge-Kutta time discretization [25]. Conservative property and sharp and non-oscillatory interface can be obtained for our
scheme. Extensive numerical experiments are performed for benchmark problems to verify the capability of the algorithm
in obtaining non-oscillatory and high resolution solutions.

The organization of this paper is as follows. In section 2, we introduce our scheme in the one dimensional case. In
section 3, we extend our scheme to the two dimensional case. In section 4, numerical benchmarks are shown to demonstrate
the performance of our schemes. In section 5, we make some concluding remarks.

2. One-dimensional numerical schemes
The one-dimensional system for the compressible fluid can be written as follows:

U+ FU)x=0

where U = (p, pu, E)T, F(U) = (pu, pu® + p, u(E + p))T. Here p is the density, u is the velocity, E is the total energy, p is
the pressure. To make the system closed, the equation of state (EOS) is required. In this paper, we mainly use the following
EOS:

e y-law:

1 p
E=—pu’4+ ——,
2,0u +)/—1

where y is adiabatic index. The y-law is used for gases in this paper.
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e Tait EOS:

+
,ou +P VP
y—1

where y =7.15, p = 3.309 x 10® Pa. The Tait EOS is used for water in this paper.
2.1. Review of one-dimensional high order finite difference schemes for single medium

Considering the following one-dimensional scalar equation:

us+ f(u)x =0

The computational domain is divided into N grid points: a =xp < X1 < --- < xy = b. For the nodal value u;, we have the
following semi-discrete scheme:

du; 1 ~ ~
E = _B(fH% - fi,%)

where the numerical flux T should satisfy the following condition:

o~

? 1 _f,',,
T (O o)
AX

for a fifth order scheme. It has been shown in [25] that the following formula can guarantee the fifth order of accuracy:

-~

7
% f(u 25 )_ ﬁAX fxx +%AX Fxxx +? (1)

\n)

The first term in (1) is a monotone numerical flux in the scalar case or an appropriate Riemann-solver-based flux for
systems. For example, we can use the Lax-Friedrichs flux:

faw ,ut ——(f(u )+ fut)) — a<u+ u”)

where o = max | f’(u)|. ui+1 are the right and left limits of u at x; 1,2, which can be obtained from a WENO interpolation.
u 2

The remaining terms can be approximated by simple central differences, as their effect on spurious oscillations is minimal
due to the small coefficients involving at least Ax%. We use

=5f(ui—2) +39f(ui—1) —34f (ui) — 34f (Uiz1) +39f (Wiy2) — 5f (Wiy3)

fxx H% = = = 48 Ax2 (2)
and
~ fiz2) = 3f (i) +2f (W) +2f (uiv1) — 3f Wit2) + f(Uiy3)
fXXXX - ZA 4 (3)
Xi+% X

2.2. Description of the finite difference scheme for two-medium flows in 1D

Now, we describe the high order finite difference scheme for two-medium flows in the one dimensional case. In our
scheme, we take the CFL number as 0.5.

The same as before, the computational domain is divided into N grid points: a =xg < X1 < --- < Xy = b. We denote cell
I; = [X,-,% R xi+%] as the corresponding cell of the node x;. Here, we set Xip1 = (X + xi+1)/2. We denote the nodal value for

fluid I as U:.“ and the nodal value for fluid II as U?’”. We introduce the distance function ¢ which is defined at the half
nodes. By using this distance function ¢, we can determine the location of the interface x(t") at time level t". We define
in as the sequence of the index of the cell containing the interface at time level t", then we have x(t") € [x; 1 X4 1. We
can define the computational variable {U}, which will be the variables updated in time in a conservative fashion, in the
following way:

ur=up', it i<ip,
ur=up', if i> in (4)
Ul=oUM + A —apu!, if i=iy
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Fig. 1. Sketch for the interface stencil. Red: fluid L. (For interpretation of the colors in the figure(s), the reader is referred to the web version of this article.)
X(t)=Xi—1/2

where «; is the volume fraction of fluid I in the cell I;. We set «; = X
Then, we can update the computational variable {U}'} to the next time level t*

U;‘=U{‘——(F

o~ ) (5)

In order to guarantee high resolution when discontinuities appear and high precision in the smooth region, we need to
design suitable numerical fluxes. For the fluxes far from the interface, they will be approximated by single fluid numerical
fluxes whose explicit expressions are similar to (1). We denote these numerical fluxes as FH. For the fluxes near the
interface, in order to maintain the equilibrium of the velocity and pressure across the interface, we need to calculate the
special low order fluxes, denoted as FL, and we will use a combination of F and FL to obtain the numerical fluxes. This
combination will be performed carefully in order to ensure high order accuracy.

For the flux FH, we have the following expression:

7
— ——AX*F 6
Xj+% 5760 XXXX XHJ) (6)

TH +
FH_;—F(U 1 i+;)—¢i+;<24AX Fxx
)

where ¢, 1 is a discontinuity indicator at x;;1,2 which can improve the resolution when discontinuities appear and main-
2

tain high order accuracy in smooth areas. The detailed steps to compute the discontinuity indicator is given in subsection

2.24. F(U 1,U+ 1) is the Lax-Friedrichs flux. Instead of computing the interpolated values U1+1/2 from the point values

of the conserved varlables we will interpolate the primitive variables using the WENO method. As we know, the variables
near the two-medium interface satisfy the contact discontinuity condition. Density and physical parameters will jump, while
velocity and pressure will keep continuous. As mentioned in the introduction, it is better to interpolate density, velocity and
pressure directly. Therefore, based on the framework in [14], we perform the interpolation on the primitive variables, which
are readily available from the nodal values of the conserved variables. This gives us better chance to obtain non-oscillatory
results for velocity and pressure from high order WENO interpolation near the interface. As to the higher order derivative
terms, we can apply the simple central difference method in a component by component fashion. It should be noted that
the nodal values used in the interpolation are chosen with respect to the position of the interface. When calculating the
fluxes at a location in fluid I, we will use nodal values of fluid I in the interpolation if they are defined, otherwise we will
use the nodal values of fluid II; when calculating the fluxes at a location in fluid II, we will use nodal values of fluid II in
the interpolation if they are defined, otherwise we use the nodal values of fluid L

Next, we will describe the detailed steps to calculate the low order special flux FL near the interface.

First, by using the level set method, we can evolve the distance function ¢" to time level t* and obtain ¢*. Then we can
use ¢* to determine the interface position x(t*) at the new time level t*. We can use the WENO method in a component by
component fashion to determine the left and right states of the Riemann problem at the interface. The same as before, we
interpolate the primitive variables instead of the conserved variables. The detailed steps of the level set method and WENO
method are described in subsections 2.2.1 and 2.2.3.

We assume the interface x(t") at time level " satisfies x(t") € [x;,—1/2, Xi,+1/,2], and the interface x(t*) at the next time
level t* satisfies x(t*) € [X;,—1/2, Xi,+1/2]. We denote «;, as the volume fraction of fluid I in the cell I;,. The mixed cell I;,
should not be calculated for a full time step. It is suggested that the cell should be merged with a neighboring cell, in order
to avoid the small “cut-cell” problem. We will merge the cells in the following way:

- If @j, < 0.5, then we choose the cells I;,_; and I;, as the interface stencil, and merge them to form two new interface
cells: the cell [xl.r% , x(tM)] occupied by fluid I, and the cell [x(t"), xi*+%] occupied by fluid II;

- If j, > 0.5, then we choose the cells I;, and I;, 1 as the interface stencil, and merge them to form two new interface
cells: the cell [xi*_% , X(t")] occupied by fluid I, and the cell [x(t"), xi*+%] occupied by fluid II.

Due to the CFL number and the way to generate the interface stencil, the interface stencil chosen above will contain the
mixed cell both at the time level t" and at the time level t*. For simplicity, we assume cells [;, and I;,+1 have been merged

together, see Fig. 1. Then, we need to calculate the fluxes F FL at the positions X;,+1,2 and X;, 13/2.

4
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Regarding the flux at X;,_1,2, it is in the fluid L. Therefore, if U&’il is not defined, we will set UZI’IH = U?ﬂ”. Then we will
n,l n,l
nl_ g

use the nodal values {U;{B, U:rz’ i1 U?ﬂ", prt o ynt } to compute the numerical flux fIL ; based on equation (6).

in+1° “ip+2 3

nll _ ;i

in = Uit

42 based on equation (6).
2

Regarding the flux at x;,13/7, it is in the fluid II. Similarly, if U?n'” is not defined, we will set U Then we will

n,l ndl Il n,ll n,Il n,Il : TL
use the nodal values {Ui,,—r Ui,, ’Uin+1’ Uiﬁz, Uin+3, Ul.n+4} to compute the numerical flux Fl,n
As to the flux fiL+1, it can be obtained by the conservation law, as described below in details.

1

For fluid I, similzar to the ALE method, we have the following integrated conservation law:
t* x(t)
/dt / (Ut n F(U)x)dx: 0 )

n
moox

N—=

According to the Green’s formula, we have

/—UdX-l- F(U)dt

aQ
x(t) (X(t%),t%) x(t*) t* (8)
- / Udx + / —Udx + F(U)dt + / de—/F(U)) dt
X.
1 (x(tM) ) X 1 e =3
n—y n—y
-0

where 2 is the control volume for fluid I. We denote the velocity of the fluid at the interface as u. Then, we can rewrite
the flux F(U) as
FU)=u-U+F;

where F; = (0, p,u - p)T. We also assume the location of the interface satisfies the following formula:

x(@t)=xt" +u—1t"
Then, we can simplify the integration in (8):
(X(t%),t)
—Udx + F(U)dt
(x(t™),t")
t 9)
:/—u-U+F(U)dt
tn

=AtFs

We define the numerical flux 1?5:

Fs=(0.p.u-p)'.
The values of p and u in I?S can be obtained through solving the Riemann problem RP(Uy, Ug) at the interface. The left and
right states U; and Ug can be obtained by WENO interpolation using the primitive variables. Then, we have the average
value for fluid I
x(t)
1

Uf=——+— U"dx — At(Fs — Ft 10
! x(t*)—xi”;</ X (Fs zr%)) (10)

We notice that the mass of each component of the fluid is actually conserved at this stage, since the first component of the
numerical flux F; is zero. We also take

x(t™)

U"dx = Axal Ul
n In
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*,t *,t
Ui, Uil
t*
L L L
in—% int3 int3
tn
xin_% Ur xiﬂ‘*’% Ur miﬂ+%
in in+1

Fig. 2. Sketch for computing F*.

Similarly, we can obtain the average values for fluid II:

X .3
in+3
1 — ~
U*=7</ Udx — At(FL , — F ) 11
= =) (Fipz —F) (11)
nTa X(t)
Now, we can define the temporary nodal values U ! and U,* 11 according to the interface x(t*):
1. lfx(t*)e[xl 1 ,+1]
x(t*)fxi 1
then we define U;"t =o}UF+ (1 —of)Uj; and U;“’ﬂr1 = Uj;, where o} = ——~—= is the volume fraction of fluid I in
n n n n n
the cell I;,.
2. Ifx(t*)e[xin , lJrs]
*,t X(t*>_xin+l . .
then we define U = U} and U, = +1U* +1 - 1)U”, where oz, = = —x;—= is the volume fraction of

fluid I in the cell 11n+1

Now, we can compute the flux at the position x;, 11,2, see Fig. 2:
From the left part, we have:

U;:t =Uj - % (/F\in+1/2 _’131%171/2)
Then, we get:
®t _gn
?iLnH/z =En—1/z - %
AX

From the right part, we have:

Ut =ur AL(pL L
ln+1 int1 7 Ay \in+3/2 in+1/2
Then, we get:

#L
'I;L _ Ui,.+1 Uin+1 +F
int+1/2 — At in+3/2
AX

Finally, we take an average of formula (12) and formula (13) to compute the flux FL:

~ 1 ([~ uy U'1 1 (U, —ur ~
L L i e~ Ul
Fivip=3 (Fin—uz E—Y; T N +Fivsp2

AXx Ax

Now, we can define the flux {fﬁr } which will be used to evolve the computational variables:

1
2
Floyp=Ff, for i#in—1 & in & ip+1

and

L . . .
F1n+1/2—Fx+1/2+€0( i+1/2 Fi+1/2) for i=in—1,in,in +1

(13)

where ¢ = min(@;,—1/2, Qi +1/2- Pi,+3/2)- Here @i, +1,2, @i, 13,2 are the discontinuity indicators at x;,+1/2 and x;,3/2.

6
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Then, we can advance the computational variables based on the formula (5).

Now, we can define the nodal values {U;""I} and {U;"”} for fluid I and fluid II at time level t* respectively. We assume
the interface at time level t* satisfies x(t*) € [x;, 1,2, Xi,+1,2]. Then, we have

e When i < iy,
ur=us (17)

e When i > iy,

1
u;k =U} (18)
e When i =i,,

1) If ai** > 0.5, then the cell I;, is a small cell for fluid II. Therefore, we take

Uy " —@U* + (1 - @)Uy

w1 (l—O{ )U* " (19)
U- =
i ar

[

where U* comes from formula (5), and U}, is the average value for fluid Il which comes from formula (11).
(2) If a < 0 5 then the cell I;, is a small cell for fluid 1. Therefore, we take

Ut =oUl + (1 - @U;
N
Uil ur —ozi* U;i (20)
[ 1-—

[

where U;; comes from formula (5), and U} is the average value for fluid I which comes from formula (10).

In the formula (19) and (20), we also take
@ = min{Qi,—1/2, Pin+1/2> Pin+3/2}-

Remark 1. In formula (19), when the solution is smooth, the formula (5) which is used to compute the nodal value Ul.** is
high order accurate [25,14]. Therefore, we can maintain high order accuracy if the nodal value u; *I for fluid I and the nodal

value U* I for fluid 11 are close to the nodal value U* When discontinuity appears at the mterface Uj, is the average value
obtamed by the formula specifically designed for the mterface so it is more likely to obtain a non- osc111atory solution if the
nodal value U “I s close to Uj;. Therefore, we introduce the discontinuity indicator in formula (19) which approaches one
in the smooth reglon and tends to zero when discontinuity appears. Similarly, we apply the same idea to the formula (20).

To summarize, we have the following algorithm:

Algorithm 1

Input: U, UM, 8, A, Ax

Output: U*‘ U* i R 8

. Apply U? I"and U? "to define the computational variables U}'.
: Compute the fluxes FH.

: Update the distance function, and obtain ¢;".

: Merge cells and compute the fluxes FL.

: Define the flux F".

: Update the computational variables U}

: Define the nodal values U,.*" for fluid I, and the nodal values U;"” for fluid II.

N O W =

Now, we elaborate on the above ideas and implementation details.
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2.2.1. Level set method
We associate the computational domain with the distance function ¢, which satisfies the following expressions:

G+ VylVe| =0 (21)

where V; is the normal velocity which can be obtained through solving the Riemann problem at the interface. We define
the distance function at the half nodes. Then, we have the following formula

d
Y vt Vmax(@)Z, 6D + v, max (@2 55)D) (22)
dt i+3 i+
+ _ — _ . . . e . i :E .
where vi+% = max(vi+%,0), vi+% = mln(vi+%,0), and Vip1 ds the normal velocity at Xip1- The definition of a* and b™ is

similar. We take a = ¢; and b = ¢7, where ¢>Xi can be obtained by the WENO method.

2.2.2. Characteristic projection 1D

The WENO method is performed in the local characteristic fields. In systems of nonlinear equations, oscillations can
develop in component-wise interpolation [24,21]. In this paper, we will use the local characteristic field decomposition.
Because we perform the interpolation using primitive variables rather than conserved variables, we will use the left and
right eigenvectors corresponding to the primitive variables for the characteristic projections. Considering the following quasi-
linear form of the Euler equation:

Wi +AW)W, =0

where
0 u p 0
W=|u AW)=|10 u 1/p
p 0 pc? u
Here c refers to the sound speed. We then give the left and right eigenvector matrices of matrix A(W) as:
111 0 -%£ 55
RW)=| -5 0 ¢ Lw)y=|1 0 -3
2 p 1
c 0 c 0 5 3

Firstly, we use the left eigenvector matrices L(W) to project the variables into the respective characteristic fields. Secondly,
we interpolate the values in each characteristic fields. Finally, we use the right eigenvector matrices R(W) to project the
values back into the physical space [24]. Although it is more expensive computationally, more satisfactory results can be
obtained.

2.2.3. WENO method

The WENO method is one of the important parts in our schemes. We need two different types of WENO method: one
is for function values, and the other one is for derivative values. The detailed steps to obtain derivative values can be seen
in [12]. Here we describe the procedure to obtain the value w at x € [xi_%,xpr%] in fluid I using the WENO interpolation,
where w denotes the interpolation variable.

1. Based on the small stencils S; = {Xj—24r, Xi—14r, Xitr}, 7 = 0,1,2 and a big stencil S = {xj_2, Xj_1, Xi, Xi+1, Xi+2}, we
construct polynomials pr(x),r =0, 1,2 and q(x). We have:

o) = =X D)x—x) (X—Xi—z)(x—xi)w' n (X =Xi2)(X—Xi-1)
0 2AX2 =2 Ax? - 2AX2 '
1) = (X=X X —Xiy1) - X=X D)X —=Xi41) | X=X X—x)
2AX2 . Ax? : 2Ax? tH
p2(x) = G Xh;i(;z ir2) i— a XI)A(; it2) Wit1 + &K —%i41) Xlz)gxz it1) i+2
(X = Xi—1) (X — X)) (X — Xip1) (X — Xi12)
q(x) = AR i-2
(X =Xi2) X =X)(X = Xiy )X —Xiy2)
B 6Ax4 =
n (X = X2)(X = X)X —Xip 1) (X — Xit2)
4Ax4 '
XXX X)X - X)X~ Xig)
6AXA i+1
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n X —Xi2)(X = X)X = X)X —Xi41)
24Ax4 2
The same as before, we use the position of the interface to decide the nodal values used in the interpolation. If we are
interpolating the value w in fluid I, then we will use the nodal values of fluid I in the interpolation if they are defined,
otherwise we use the nodal values of fluid II. Likewise, if we are calculating the value w in fluid II, then we will use nodal
values of fluid II in the interpolation if they are defined, otherwise we use the nodal values of fluid I.
2. We find the linear weights, denoted as yp, ¥1, 2, such that

2
49X =Y YiPk(X)

k=0
for all possible nodal values w;. Then, we can obtain:

Vo= (% — Xi41) (X — Xit2) Yo = (X —Xi—2)(X — Xi—1) Vi=1— 70—y
0 12422 2 12A%2 e 0=
3. We compute the smoothness indicator, which measures the smoothness of the function. We use the same recipe as in

[13]:

2 Xit1/2

p=y | AXZ’H(;—;(W)))de, r=01,2

k=1x"

The expression can be written out explicitly:

13 , 1 ,

Bo = E(Wifz —2wi_1 +wp + Z(WFZ —4wi_1+3w;)
13 , 1 5

B1= E(Wi—l —2Wi+ Wip1)” + Z(wi_1 — Wit1) (23)
13

1
B2= E(Wi = 2Wig1 4+ Wis2)® + Z(3Wi —AWis + Wig2)?
4. Based on the smoothness indicator, we can compute the nonlinear weights:

2O (B +)?

where ¢ is a small number to avoid the denominator to become zero. Here, we set & = 10~5. The final WENO expression is
given by:

Wr (24)

2
w=>"wpr(x)

k=0

2.2.4. Discontinuity indicator

The idea of the discontinuity indicator i1 comes from [34]. It can maintain high order accuracy in the smooth region
and can achieve high resolution when discontinuities appear. In practice, we take density and pressure as the indicator
variables and choose the smaller one. Before discussing the detailed steps to construct the discontinuity indicator, we would
like to analyze the accuracy requirement of the indicator in the smooth case first.

We use the discontinuity indicator in three different places: (1) We use the indicator to compute the fluxes FH, see
formula (6); (2) We use the indicator to make a convex combination of the fluxes FH and the fluxes FL, see formula (16);
(3) We use the indicator to update the nodal values for fluid I and fluid II, see formula (19). Then, we will analyze the
accuracy requirement respectively. We always assume the values at time level t" are accurate.

Proposition 2.1. The numerical flux (6) satisfies

F

;1

jorl _1
T2 T Ryl +oaxd) (25)
AX Xi

if the discontinuity indicator satisfies:
Qi1 =1+0(A%)

where the F (U) refers to the exact flux.
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Proof. As we know, if we define the flux ? as follows:

7
+ ——Ax* F(U)xxxx

PN 1
F =FU' — —AX¥FU
1 ( )X,-l X“F( )xx 5760

I+5 24

Xipd

where F(U) is the exact flux, then we have

)

Fi+%

_1

2 = F(U)x

O(AX°
AX X,‘+(X)

Therefore, in order to prove the equation (25), it is sufficient to prove the relation:

-~

Fioi=Fi1 + 0% (26)

+3

if the numerical flux is Lipschitz continuous with respect to its arguments.
According to (6), we have:

7
— ——AX*F
X1 5760 XXXX
2

= 1
F+j F(U+1, +1) (pl'_;,_% (24AX FXX

The values Uil are obtained from the WENO interpolation and we have

2
+ 5
Ul,+% = U(xi+%) + O(AX).
Based on the consistency and Lipschitz continuity of the numerical flux, we have:

Fu-

+ _ 5
Ly ULp=FO)| 0w

In addition, we use central difference methods in a component by component fashion to approximate the derivatives terms,
see equations (2) and (3). Therefore, we have:

Fo| =FUw| +0AxY
X, 1 X. 1
i+5 i+
Faoe| =FWyox| +0O(AX)
X. 1 X1
ity i+5
If we have

Qi1 =1+0(a%)

then we can obtain

N ~ 1 7
= -yt
Fi+%_F(U U )—(P,+ (24AX Fx X1 _%AX Frxxx H_l)
2 2
=F(U) ! AX2F(U) + / AX*F(U) +O(AXY)
- X, 24 . 5760 i

AR

£F 1 +0X) O

Proposition 2.2. The convex combination of FH and FL (16) satisfies formula (26), if the parameter ¢ = 1 + O(Ax) and At =
O(AX"),r < 2.

The detailed proof is given in Appendix A.

Proposition 2.3. In formulas (19) and (20), if ¢ = 1 + O(Ax*), then we have
B 5 I 5
U;i :U,t + O(AX?), UZ :Ui** + O(AX?)

where i, is the subscript of the cell where the interface is located at time level t*.

10
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Proof. We take i, =i, + 1 as example. The proof for i, =i, or i, =i, — 1 is similar.

Due to our CFL number, we have O‘it+1 < 0.5. So, we can obtain

At

i1 = Ui, ") — Ax (?i,,+3/2 — Fi,.+1/2) =U (Xj, 41, t") + O(AD)

According to (43). We have
Uj = Uiy41.t") + O(AX) = U} 4 + O(A)
Then, we obtain
Bi
Ui*n+1 — Ul =0Uj 1+ -@Ur = Uj
=(1—@)O(AX) = O(AX®)

Therefore, we should have
p=1+0x"Y o
Based on the previous analysis, in order to maintain the accuracy, the discontinuity indicator should satisfy:
Q1 =1+0(A%) & At=0(AX), r=2

Now, we describe the detailed steps to calculate the discontinuity indicator satisfying ¢, 1= 1+ O(AX°). Later, in the
numerical tests section, we will further require the time stepping to satisfy At = O(Ax"), r < 2. For simplicity, we use w as

the indicator variable.

Step 1. We define a big stencil So = {Xi—2, Xi—1, Xi, Xi+1, Xi+2, Xi+3}, and four small stencils S1 = {xj_2,%i—1,%;}, S2 =
{Xi—1,Xi, Xiy1}, S3 = {Xi, Xi+1, Xit2}, S4 = {Xi+1, Xi+2, Xi+3}. Then we need to construct polynomials po(x), p1(x), p2(x), p3(X),
pa(x), such that:

po(iy) =wiy 1=-2,---.,3
p1xip) =wiyy I=-2,---,0
p2xiy) =wiyy I=-1,---,1
p3(xip) =wiyy 1=0,---,2
paxiy) =wiy 1=1,---.,3
Step 2. We use the same recipe as in [13] to compute the smoothness indicators for each polynomial on cell [x;, Xj11]:
5 Xit1

(0 2
,3r=Z/Ax (W(pr(x))) dx, r=0,1,2,3,4

k=1 x;

We have the following expressions:

, 1421461 [ 1 1 1 1 1 1 2
Bo=(—wi+ wit1)"+ 75 <Ewi—2 —gWi-t o Wit oy Wik — Wik EWHS)
13/ 131 391 521 521 391 131 2
3 (—ﬁwi—z + 10201~ 15601 T 1560 Vit + 1020 V2 ~ 3120 Wi+3>
781 617 31123 14019 14019 31123 617 2
20 (43736W’*2 131208 "' T 21868 "' ~ 21868 V' t 131208 12 43736Wl+3>
21520059541 (11 1 111
1377684 ( 1202 T g T Wit pVin 24W’+2+120W‘+3>

13 (1 1 )2
Br= Wiz —3wi_1 +2w)* + 3 <5Wi—2 —Wi_1+ Ewi)

, 13 /1 1 2
B2 = (Wit1 — wi) t3 Wi — Wit S Wia

11
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, 13 /1 1)\
B3 = (Wip1 — wi) t3 (W2 = Wi+ owi

13 /1 1 2
Ba = (—2Wit1 +3Wiys — Wiy3)? + 3 (EWH—l — Wit2 + §Wi+3>

Step 3. Similar to [35], we define the parameter t:

_ (Bo — B1? + (Bo — B2)* + (Bo — B3)? + (Bo — Ba)?
4

and the parameter f:
T T T T
_ Bite + pate + B3+e + Bat+e
= 4
Then, we can construct the discontinuity indicator ¢:
1 \2
bivy = ( B+1 )

It has the following properties:

* 0=¢ 1 =15
e ¢. . 1 =14 O(Ax%) in smooth areas;
i+5
e ¢; 1 is close to O near discontinuities.
2

The detailed proof of these properties is given in Appendix B.

2.2.5. Time discretization
In practice, we will use the third order TVD Runge-Kutta method to advance the nodal values:

Ul =U" 4+ AtLUY)
U@ =u" 4+ %At (5 (u") +L(U(”)) (27)
Ut =" + %At (£(U)+4c(u®)+£(u?))

In fact, we have only described the first step of the third order Runge-Kutta method (27). As to the second and third
steps, we will use the same idea used in the first step. Therefore, for each step, we need to construct the fluxes F FH and
the fluxes FL. Take the second step as an example. For the fluxes F FH , they can be constructed by combining fluxes from
time levels t" and ¢t together according to equation (27). For the ﬂuxes FL, we need to calculate the fluxes FL at those
positions where they have been calculated in the time levels t" and t(V. At this time, we can also obtain the corresponding
interface stencil. For those FL located inside the interface stencil, we can use the conservation law to obtain the fluxes; for
those FL located outside the interface stencil, we can follow the equation (6) to compute them. Then, we can construct the
fluxes, advance the computational variables and finally define the new nodal values for fluid I and fluid II. Similar method
can be applied to calculate the third step.

To summarize, we have the following general algorithm:

Algorithm 2
N T =
Input: U™, UMY, @7, ¢7, F,.il/z,
Output: Ul.*", U,.*’”

At, AX

: Apply U?" and U?'” to define the computational variables Uf'.
: Based on the equations (6)-(14), compute the fluxes FL.

: Define the flux F".

: Update the computational variables U

: Define the nodal values U,.*" for fluid I and nodal values Ul.*’” for fluid II based on the equations (19)-(20)-(17)-(18).

v WN =

2.2.6. Flowchart 1D
Step 1. According to Algorithm 1, input U U” mn ', At, Ax, output Ul.(l)' U(D i F:n+1/2'
finished the first step of the third order TVD Runge Kutta method (27).

Step 2. According to Algorithm 1, input UI.“)", Ui(l)’”, ¢i(1), At, Ax, output lNJi(z) ! U(z) i 'Fl(l)]/z, a(z).

¢ . Up to now, we have

12
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We construct FH for the second step of the third order TVD Runge-Kutta method (27):

-~ 1
H n ()
Fi*% 4<F1+% +F+2>

and the distance function ¢® at the time level t® =" 4+ At/2:

¢(2) ¢ +— ¢(2)

Then, according to Algorithm 2, input U U” i ¢(2) F1+1/2v At/2, Ax, output Ul.(z)", U;z)‘”. Up to now, we have
finished the second step of the third order TVD Runge Kutta method (27).

Step 3. According to Algorithm 1, input Ui(z)". U,-(Z)’”, ¢,.(2), At, Ax, output [7}3) ! U(3) A A,(i)uzv $.(3).

We construct FH for the third step of the third order TVD Runge-Kutta method (27):

—~ 1
H n =@ 5
Fil, = 6<F L HARD +F 2)

and the distance function ¢"*! at the time level "1 =" + At:

¢n+] ¢ +Z ¢(3)

Then, according to Algorithm 2, input U?", U?’”, no gt F{il/z- At, AX, output U?H", U?“‘”. Up to now, we have

finished the third step of the third order TVD Runge-Kutta method (27).
2.3. Conservation

In summary, our method can be divided into three steps:

1. We use the nodal values for fluid I and fluid II at time level t" to construct the nodal values for the computational
variables.

2. Then, we update the nodal values for the computational variables:

At
U?H =Uj — Ax (Fz+1/2 ~Fi_ 1/2)

where
Fipp=Fly, for iin—1 & i & in+1

and
F1+1/2—Fx+1/2+‘/’( i+1/2 FiL+1/2> for i=in—1,in,in+1

T T2 T :
Here, we take FH—]/Z =5 (F?+% +4Fi+% + FH%> and ¢ = min(@i,—1/2, Piy+1/2> Pin+3/2)-

3. Finally, we redistribute and obtain the nodal values for fluid I and fluid II at time level t"+1,

We can see that the construction and redistribution in the first step and the third step do not violate the conservation
law. As to the second step, we use the conservative scheme to update the values of the computational variables. Therefore,
our method is conservative.

3. Two-dimensional numerical schemes

The two-dimensional system for the compressible fluid can be written as follows:

Ut + F(U)x+ G(U)y =0, (28)

where U = (p, pu, pv, E)T, F(U) = (pu, pu® + p, puv,u(E 4+ p))" and G(U) = (pv, puv, pv? + p, v(E + p))". Here (u,v)
is the velocity vector, and the definition of p, E and p is the same as before. The equation of state for 2D is as follows:

p+yp
-1

1
y—law:E:zp(uz—f-vz)—i-%, Tait EOS: E = — p(u +v3) +

13
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3.1. Description of the finite difference scheme in 2D

Now, we describe the high order finite difference scheme in the two dimensional case. In our scheme, we again take the
CFL number as 0.5.
For simplicity, the computational domain is equally divided: a=xp <x; <--- <xny,=b,and c=yo<y1 <--- <yn, =d.

We denote the cell I; j = [x;_ 1,xl+1] X [y] 1, y]Jr 1] as the corresponding cell of the node (x;, y;).
We denote the nodal values for fluid I as {U } and nodal values for fluid II as {U'1 11

tational variable {UT j}:

}. Now, we can define the compu-

e When cell I; ; is fully covered by fluid I at time level t", we take U?j = U?’j’

e When cell I; ; is fully covered by fluid II at time level t", we take U'7 i= U"’”

e When cell I; j is a mixed cell at time level t": UIT'.j :oti,jU?’j’ + (1 —o j)U" ”

where «; ; is the volume fraction of the fluid I in the cell I; ;.
Then, we can update the computational variable {U" } to next time level t*

At ~ At ~,
* __qmm 2t Fn _Fn o/ =n
Ui,j - Ui,j AX(FH%J Fi—%,j) Ay (Gz g+ G l) (29)
We also need to build the flux FH and the flux F! in order to construct our numerical flux. For the flux F¥, similar to the
one dimensional case, we have

-~ -~ 1
H _ - + _
Fi-&-%,j_F(Ui-s-%,j’Ui-g-%,j) Pitl (24Ax Fxx

7
— — AX*F 30
i+%v3’j 5760 XXXX xH.l'yj) ( )

Similarly, we can obtain the fluxes Ef’j+1.

2 —~
Next, we will describe the way to construct the low order flux FZ.

Similar to the one dimensional case, we evolve the distance function based on the velocity obtained by solving the
Riemann problem at the interface, and determine the interface position at the new time level. We will also use the WENO
interpolation at the interface. The value will be obtained by calculating the WENO interpolation in the x and y directions
and taking the average of them. For simplicity, we regard the interface in the mixed cell as a straight line, and choose the
center of the line as the interpolation position in the x and y directions.

When the cell I;, j, contains the interface, it is not suitable to be computed for a full time step. Therefore it is suggested
that the cell I;, j, should be merged with its neighboring cells to generate an interface stencil. The detailed steps will be
introduced in subsection 3.1.2. Now, we denote the r-th interface stencil at time level t" as A (t"). The interface I'(t")
divide the interface stencil into two parts: A(r) (t) for fluid I and A(r)(t) for fluid II. Now, we begin to deduce the formula
for Agr) ®).

Similar to the ALE method, we integrate the equation (28) in space and time, then we have

/dt // (UI+F(U)X+G(U)y)dxdy=O 31)

"o

According to the Gauss theorem, we obtain

t* t*
/dt // Utdxdy—l—/dt 55 (F(U)-nx—i—G(U)-ny)ds:O (32)

V0 AV 0)
Then, we use the Reynold’s transport theorem:
d -
T // Udxdy = // U¢dxdy + §£ U(V - 1)ds (33)
A @ AV @ A" )
where \_/) is the normal velocity along the interface. Combining (32) and (33), we get the following equation:

14
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Fig. 3. Example for the interface stencil. Line: the interface stencil; Dotted line: cells within the interface stencil. Red: fluid 1.

t*
/ // dedydt-l-/dt 55 (F(U) -ny+GU) -ny) — U(V T)ds =0 (34)
6] I VRO

It can be represented by two parts: one consists of the four segments of the interface zone being cut by the interface;
the other one consists of the segment of the interface inside the interface zone. Hence, we can rewrite the equation (34):

1 AL
* _ noym _ L] .
LAOE) = T3 a?".( . oeui- Y AxAy st
M eAl @ i jEAT (t")
Ii,jGAY)a") LA H
At -
35
2[512(1)+2 ]Flz(j)-"-2 j Sl(])——’ Fl (])—— ]] (35)

111

At S. 1 Gh -S
Z[ i,j23)+3 Vi 2(i)+1 i,jl(i)—— ij! (1)—1])

111

Here, we choose i1, iz, ji, j2 such that the set {I; j: i1 <i <i2, j1 < j < jo} is the smallest stencil to cover A®(¢"). i?(j) and
il(j) represent the maximum and minimum indices in the x direction when j is given. Likewise, j2(i) and j!(i) represent
the maximum and minimum indices in the y direction when i is given. See Fig. 3 for an example. Now, {I; ;: iy <i <
in+ 1, jn < j < jn+ 1} covers the interface stencil. When j = j, + 1, there is only one cell I;, j,4+1 inside the interface
stencil. Hence we know that the maximum index in the x direction is i2(j) = in, and the minimum index is also il(j) = ip.
When j = jpn, both the cell I;, j, and the cell I;, ;1 j, are inside the interface stencil. Hence the maximum index in the
x direction is i%(j) =i, + 1, and the minimum index is i'(j) =i,, and so on. Similar approach can be used to determine
the maximum and minimum indices in the stencil in the y direction when i is given. o i l*j Sii%,j and Sui% are

the fraction volumes of fluid I, see section 3.1.1 for detailed steps to determine them. U" is the cell average in the

1LA® ()
interface stencil for fluid I at time level t":

1
n —
UI,A(T)(t”) - |A§r)(tﬂ)| // UdXdy

AP

Here, we assign U" to the nodes in fluid II in the interface stencil AT (t"), and then compute the numerical fluxes Ft

LA® () <
and GL. E?j is the length of the interface inside the cell I; j. F; ; is the interface flux:

Fs=(0,p-ny, p-ny, pu-ny+v-ny)T (36)

where (ny,ny) is the unit normal at the interface, and p and (u, v) are the pressure and velocity which can be obtained by
solving the Riemann problem at the interface.
Similarly, we can also obtain the cell average U*

temporary nodal value using U’ AO @) and U” A0

140 @ for fluid II in the stencil A®(t"). Then, we can define the

Ui = 5U5 a1 = DU o, () € AV E

15
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where a; is the fraction volume of fluid I in the cell I; ; at time level t*. Then, similar to the one dimensional case, we

can figure out the fluxes inside the interface stencil, for example, FL and EILH 4172 in Fig. 3.

in+1/2,jn
Now, we can determine the flux. Regarding the flux F if (Xi+1/2, ¥j) is not in any interface stencil, we take

=n
Fiiipj=

Otherwise, we have

F1+1/2]
TL
Fr+1/2]— Fz+1/2]+€0( i+1/2, Fi+1/2,j)

where ¢ = min {wiiuz,]‘, q)i,ji]/z‘l,-,j e AD"), r=1,2,3,--- }. Similar approach can be used to calculate cn.

Next, we can evolve the computational variables based on equation (29). Now, we can determine the updated nodal
values (U} } and (U} ”}.

e When cell I; j is fully covered by fluid I at time level t*, we take

|
U;‘jj = U;'k,j (37)
e When cell I; ; is fully covered by fluid II at time level t*, we take
#,11
Uy =U;; (38)

e When cell I; j is a mixed cell at time level t*:
1) If a;‘_j > 0.5, then it is a small cell for fluid II. We choose:

11
U* - (pU i+ (1 - (P)U;k, A(")(t”)
11
et Ui~ A ef Ui (39)

i,j aij

where U;‘J is obtained by equation (29). U*

11,A® (t7)
A (¢") at time level t*.
(2) If a;‘j < 0.5, then it is a small cell for fluid I. We choose:

is the cell average value for fluid II in the interface stencil

*,1
Ul,j = (pUij + (1 (P)UI A r)(tn)

* % pr%l
wn Ui U (40)
Lj = _
1 oz”

where U} * . is obtained by equation (29), U is the cell average value for fluid I in the interface stencil A® (t")

at time level t*.

1 JAM (g

Similarly, we take ¢ = min {(Pi:t]/z,js @i jx12|lij € A, r=1,2,3,--

Then, we can perform our two-dimensional scheme following the flowchart similar to the one dimensional one. To save
space, we omit the detailed steps here. It should be noted that in two dimensional case we will perform the reinitialization
routine every 100 steps to avoid the distance function ¢ from becoming too flat or too steep.

In the remainder of this section, we elaborate on describing the implementations in detail, including the way to generate
the interface stencils, the way to calculate the volume fraction, the way to implement the level set method, and so on.

3.1.1. Volume fraction

The volume fraction is computed based on the distance function ¢. It measures the ratio of ¢ <0 to the whole cell. We
treat the interface as a straight line in the cell for simplicity. In general, we have many cases which need to be considered.
By rotation, they can be divided into five generic cases:

1'¢i7%,j+%>O'¢i—%.j—%>0'¢i+;‘ ;>O¢ 1>0

In this case, we take «; j =0.

2.¢;_1 H_1<0<l) .~1>O¢> ~1>0¢ >0

See Flg 4(a). Accordmg to the proportlon we have
Piiiv} $i-3.it)

. b=|
Piryiry ~Pi-i+

N\'—‘

16
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Pimtj+4 Piriiry  Pimd+i Piriiry  Pi-3it} Pitd.i+}

bd-4 Giri-p  Pi-hi-d Girhi-4  Pi-pi-4 Pithoi-}

(a) case 2 (b) case 3 (c) case 4
Fig. 4. Red: The part for ¢ < 0; Line: interface.

Then, based on the triangle area formula, we have:
’ z——,]+2 z—l,j+%
21, —di1 i lgrl i1yl
3¢,7%]+1<0¢ j—l<0'¢i+%,j—%>0'¢i+%,j+%>o

See Fig. 4(b). Based on the trapezoidal area formula, we have

Oti,jz

1 $i-1j-1 Piolitl
o j= 5 +
$iti-3 =Pyt 'Pidrd T il el
4‘¢i7%,j+%<0'¢i7%,j7%<0'¢1+ - 1>0 ¢l+ ]+1<0

See Fig. 4(c). Based on the triangle area formula, we have:

y ‘ Ji- Pird -}
ij

21i15-1 ¢1+2,J—— i+3.0+3 ¢’i+1.j—%
5.¢i_%’j+%<0'¢i—%,j—%<0'¢i+% ; 1<0 (o 1<0

In this case, we take ; ; =1.

3.1.2. Mixing procedure

In this subsection, we will introduce a way to generate interface stencil. It is based on the normal vector of the interface
which can change dynamically with the interface evolution. Now, we will introduce the procedure in detail.

1. Obtain the normal vector

We need to obtain the normal vector at the corners of the cell. We can use the following equation to compute the

normal vector at the node (xi+% R yH%):

%
n 1 1 Vd)‘ ’j+%
i+1,j+1 = *7
o |V¢:+2, j+i 1|
where qu* ; can be obtained using the distance function at time level t* by the WENO method.

Jta
Then, for any cell I; j which is mixed at time level t" or t*, we can compute the sum of the x and y components of the
normal vector at the corners of the cell:

_ * y _ *
":;—Z%i;,ﬁ%" Sni,j_Z"pyiil,jil'

We also need to compute the fraction volume of the fluid I in the cell, denoted as o
2. Generate the interface stencils [15]

ij*

o lfaf;>05

O If [|Snf ;| - |5n{j| <107¢,
S Ifaf i< i*+1,j' cell I; j will merge with the cell I;_; j. Otherwise, cell I; ; will merge with the cell I; 1 ;.
Q© Otherwise,
& If |sny |>|Sny l,
*If al 1< O‘z+1 i cell I; j will merge with the cell I;_q ;. Otherwise, cell I; j will merge with the cell I ;.
See cell C in Fig. 5.
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X fluid 1l

EECEE
1 \
|

0 T 2 3 7 5 7

Fig. 5. Formation of the interface stencils. Pink: the interface stencil. Curve: the interface. Fluid I: ¢ < 0. Fluid II: ¢ > 0.

<& Otherwise,
*1If 0‘;'*,,4.1 < oe;fj_l. cell I; ; will merge with the cell I; j1. Otherwise, cell I; ; will merge with the cell I; j_1.
See cell B in Fig. 5.
e Otherwise,
O If )lSn;‘J| - |Sn{j|’ <1078,
O ol >af,  cell I j will merge with the cell Iy ;. Otherwise, cell I; ; will merge with the cell Iy ;.
Q© Otherwise,
& If|Sn | > |5n{j|,
*If a;“_u > a;“ﬂ,j, cell I; j will merge with the cell I;_q ;. Otherwise, cell I; j will merge with the cell I ;.
See cell D in Fig. 5.
<& Otherwise,
*If ozi’fHl > ot;fj_l, cell I; ; will merge with the cell I; j11. Otherwise, cell I; ; will merge with the cell I; j_1.
See cell A in Fig. 5.

Then, we can obtain the interface stencils.

3.1.3. Characteristic projection in 2D
Considering the following quasi-linear form of the Euler equation:

W; + A(W)Wy + B(W)W,, =0

where
0 u p 0 O v 0 p 0
_|u |0 u 0 1/p 0 v O 0
W=1, AWMI=lg 0 u o BWry=l0 0 v 1/p
p 0 pc2 0 u 0 0 pci?2 v

We then give the left and right eigenvector matrices of matrix A(W) as:

p 1

e i

xwy=| » o X(W) = a2
W) 0 01 O rw 0O 0 1 O
2 2 P 1

c¢ 00 ¢ 0 % 0 57

and we also give the left and right eigenvector matrices of matrix B(W) as:
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1 101 00 —-&% 55

0 010 10 0 -4

RY(W)= LY(W)= cZ
W) —; 00 ¢ W={o1 0o o
2 p 1

c 0 0 ¢ 002_C 2332

Here, c refers to sound speed. It is advised that, when the fluxes are computed along a cell boundary, a one dimensional
local characteristic decomposition normal to the boundary is performed. The detailed steps can be seen in section 2.2.2.

3.14. Level set method
In the two dimensional case, the distance function satisfies the following expression:

e+ Val Vg =0 (41)

where ¢ is the distance function defined at the half nodes. V, is the normal velocity which can be obtained by solving
the Riemann problem in the mixed cells, assigning the values to the corners of the cells, and extrapolating the values by
extending functions [19]:

Ve
Vol

Here, q is the extended variable. Then, we can obtain the semi-discrete scheme of equation (41):

dp
a="v

qr + sign(e) Vq=0

T v/max((@h)2, (b7)2) + max ((c+)?, (d)?)
Moty (42)

+V L Vmax (@ )2, (0F)2) +max ()2, (d)2)
4303

where vi+%‘j+% is the normal velocity at the half node (xi+%,yj+%), xT = max(x, 0), x~ = min(x, 0). Here a, b, c,d refer
to ¢y, o7 ,¢;,¢>;r respectively. The values of ¢f and qb)% can be obtained by the WENO method. The third order TVD
Runge-Kutta method will be used to improve the temporal accuracy for the scheme (42).

3.1.5. Reinitialization
In order to ensure the ¢ does not become too flat or too steep along the interface, we need to use the reinitialization
procedure [30]:

¢z +sign(¢o)(IVo| —1) =0

where ¢g is obtained from the level set method. Then, we have:

do i
DI +)2 —)2 +)2 —\2) _
G =~ (55 oy (VMax (@2 670 + max ()2 @)~ 1)
#5741 (VMax(@)?, (01)?) + max (€)%, @H2) - 1))
I+3,]+3
Here, s;, 1 ;1 is a sign function valued at (x,,1,y.,1). xt = max(x,0), x~ = min(x, 0). The definition of a*, b*, c*,
3.Jt3 i+5 Y j+s

d* is the same as before. In practice, third order TVD Runge-Kutta method will be used to discretize the pseudo-time
derivative. The stopping criterion for this iteration is e; < ATAxAy or k < 20, where the e; is the L; difference between
two consecutive iteration steps and k is the total iteration number. We take At = 0.1 min(Ax, Ay) in the experiment. The
re-initialization procedure is performed every 100 time steps.

3.2. Conservation

In summary, our method in the two dimensional case can also be divided into three steps:

1. We use the nodal values for fluid I and fluid II at time level t" to construct the nodal values for the computational
variables.

2. Then, we update the computational variables

At o~ -~ At~ ~
+1 _ . . . . .. ..
Ugj = Uffj - E (FH-]/Z,} - F1—1/2,1) - ry (Gz,]+1/2 - Gl,]—]/Z)
3. Finally, we redistribute and obtain the nodal values for fluid I and fluid II
The first and third steps are performed in a conservative manner. As to the second step, we update the nodal values
based on a conservative scheme. Therefore, our method is conservative.
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Table 1
CPU time.

Example 1 2 3 4 5 6 7
Time(s) 6430 271 140 237 227 055 043

Table 2
Accuracy test for density in 1D.
L error order L, error order L1 error order
80 1.48E-04 3.32E-05 1.05E-05

120 2.81E-05 4.09 5.21E-06 4.57 1.55E-06 4.72
160 6.97E-06 4.84 1.28E-06 4.87 3.67E-07 5.01
200 2.48E-06 4.63 4.22E-07 4.98 1.19E-07 5.07
240 9.81E-07 5.09 1.69E-07 5.03 4.68E-08 5.10
280 4.63E-07 4.87 7.72E-08 5.07 2.12E-08 515
320 2.33E-07 515 3.91E-08 5.09 1.07E-08 5.14

4. Numerical tests

In this section, we present the results of our numerical experiments. The CFL numbers are taken as 0.5 for both the
one-dimensional and the two-dimensional cases, except that we will choose At = O(Ax>/3) to guarantee that the spatial
error dominates for the accuracy tests. In order to plot the final result, we will restore the computational value using nodal
values for fluid I and fluid II, and impose the following conditions to compute density velocity and pressure in the mixed
cell:

1 o l—a  yp _oy's  (a-ay'p"
V—l_)/l—1+]/ll—1 '}/—1_3/1—1 yih—1

where y and P are the physical parameters defined in the mixed cell, « is the volume fraction of fluid I. y! and ﬁ’ are the
physical parameters defined in the fluid I, y!' and p!! are the physical parameters defined in the fluid 1. We emphasize
that these definitions of mixed equation of state in the mixed cells are introduced only for the purpose of plotting the final
results, they do not participate in the computation of time evolution of the numerical solution at all.

We also list the CPU cost for Example 1 to Example 7, see Table 1.

Example 1. Artificial accuracy test in 1D.

We consider the artificial accuracy test [10]. We take y = 3. The initial conditions are:

p(x,0>=%§“("), U(x,0) = V7p(x.0), p(x0)=p(x,0)

The computational domain is [0, 277]. Periodic boundary conditions are used in this test. By the special choice of the pa-

rameter y, initial conditions and boundary conditions, we can verify that 2,/y p(x, t) is the exact solution of the following
Burgers equation:

1 .
et 5 (=0, px 0)=1+02sin(9
The velocity and pressure satisfy the following relation:

ux,H=JyYpx, 0, pxbH=pkxt’.

It is easy to verify that the solution of the Burgers equation above is smooth up to time T = 5. We set the final time T = 3.
At this time, the solution is still smooth. We also put an artificial interface for which the fluids I and II are the same to
both sides of the interface, however the full interface treating algorithm is applied. The initial artificial interface is located
at x = . We list the error and numerical accuracy order in Table 2. We can see that our method can achieve the designed
fifth order of accuracy. We also test the accuracy of the discontinuity indicator by using the density from the final time, see
Table 3. We can see that the discontinuity indicator can achieve the designed precision.

Example 2. A pure interface problem in 1D.

We solve a Riemann problem consisting of a single contact discontinuity in gas dynamics:
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Table 3
Accuracy test for discontinuity indicator in 1D.
Lo error order Ly error order Ly error order
80 2.38E-06 4.33E-07 1.30E-07

120 3.07E-07 5.05 4.81E-08 5.42 1.24E-08 5.80
160 6.30E-08 5.51 9.36E-09 5.69 2.28E-09 5.89
200 1.76E-08 5.71 2.56E-09 5.81 6.07E-10 5.94
240 6.09E-09 5.82 8.76E-10 5.88 2.05E-10 5.96
280 2.46E-09 5.88 3.52E-10 591 8.15E-11 5.97
320 1.12E-09 5.92 1.59E-10 5.93 3.67E-11 5.98

WENO
WENO-JS
Exact

+0

Fig. 6. Pure interface problem. From left to right: density, velocity, pressure. Line: exact solution; Square: numerical solution obtained by using the current
WENO method (in velocity and pressure, the base has been subtracted); Plus: numerical solution obtained by using WENO-JS method (in velocity and
pressure, the base has been subtracted).

a WENO a WENO a WENO
+ WENO-JS + WENO-JS + WENO-JS
Reference Reference [ Reference

05

Fig. 7. Shock interacting with sine waves. From left to right: density, velocity, pressure. Square: numerical solution obtained by present WENO method,
N =300; Plus: numerical solution obtained by using WENO-JS method, N =300; Line: Reference, N = 2000.

(p.u 5= 111140, x<02
PUPYP)=)(0125,1.1, 4.1), x>0.2

The computational domain is [0, 1]. We set the final time T =0.32 and N = 200. Fig. 6 shows the result. The base velocity
and pressure have been subtracted. From the figures, we can see that the interface propagates at the correct speed, and the
oscillations solved by using the current WENO method in velocity and pressure are much smaller than the one solved by
using the classical WENO method in [13], denoted as the WENO-JS method in the figure.

Example 3. Shock interacting with sine waves.

This example is tested in [32]. We solve the Euler equation with the following initial conditions

oo 5y [ 3.857143.2.629369.10.333333, 1.4,0), x<—4.0
PWPY-P) =1 (14 0.2sin(5%), 0, 1,1.666666,0), x> —4.0

The computational domain is [—5,5]. We compute the solution of this problem to T = 1.8 with N =300, and show the
final result in Fig. 7. The reference solution is obtained with N =2000. We compare the computed result using the current
WENO method with the one using the WENO-JS method, we can see that they are nearly the same. We also compare our
result with the one in [6], we can see that the results are comparable although our scheme uses fewer degrees of freedom.
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Fig. 8. Strong shock impacting on a gas-gas interface. N = 200. From left to right: density, velocity, pressure. Square: numerical solution obtained by present
WENO method; Star: numerical solution obtained by finite difference WENO based GFM; Line: exact solution.

o WENO o WENO o WENO
+ WENO-JS + WENO-JS + WENO-JS
F Exact [ Exact

Fig. 9. Gas-water Riemann problem I. N = 300. From left to right: density, velocity, pressure. Square: numerical solution obtained by present WENO method;
Plus: numerical solution obtained by WENO-JS method; Line: exact solution.

Example 4. Strong shock impacting on a gas-gas interface

We consider the following initial condition:

(oo 5= (0.3856,27.0784,100.0,5/3,0), x <0
p,u,p,yY,p)= ( 1, 0, 1,1.4,0), x>0

The example is taken from [16]. The domain is [—500, 500] and the grid number N = 200. We list the results using the
current WENO method, WENO-JS method, and the finite difference WENO based original GFM at time t = 20 in Fig. 8. It is
clear that there are discrepancies in locations of the shock front and interface for the result obtained by GFM in comparison
to the analytical solution. These incorrect features do not occur for our scheme.

Example 5. Gas-water Riemann problem I

We consider the following initial condition:

(p.u 7) = (1.241,0, 2.753,14, 0), x<0
PPV P)=1(0.991,0,3.059 x 1074,5.5,1.505), x>0

The example is taken from [6]. The domain is [—5,5] and the grid number N = 300. We list the computed results using
both the current WENO method and the WENO-JS method at time t =1 in Fig. 9. From the figures, we can see that both
methods obtain correct interface location and high resolution. Comparing with the one in [6], we can see that our scheme
produces a small trough along the interface in the density plot, but is otherwise a good approximation to the exact solution.

Example 6. Gas-water Riemann problem II

We consider the following initial condition:

oo 5 [(0.01.-100.0.1000. 1.4, 0). x<0
PP Y-P) =1 (1002, 0, 50,7.15,3309), x>0

22



F. Zheng, C.-W. Shu and J. Qiu Journal of Computational Physics 445 (2021) 110597

[m} WENO [m} WENO
+ WENO-JS + WENO-JS
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Fig. 10. Gas-water Riemann problem II. N = 200. From left to right: density, velocity, pressure. Square: numerical solution obtained by present WENO
method; Plus: numerical solution obtained by WENO-JS method; Line: exact solution.

O WENO O WENO O  WENO
+  WENO-JS + WENO-JS +  WENO-JS
Exact ar Exact L

20000

5000 |-

Fig. 11. Gas-water Riemann problem IIl. N = 200. From left to right: density, velocity, pressure. Square: numerical solution obtained by present WENO
method; Plus: numerical solution obtained by WENO-JS method; Line: exact solution.

The example is taken from [17]. The domain is [—5, 5] and the grid number N = 200. In this case, double rarefaction waves
are generated in gas and water media respectively. We show the computed results using both the current WENO method
and the WENO-JS method at time t = 0.01 in Fig. 10. From the figures, we can see that both methods obtain correct interface
location and high resolution.

Example 7. Gas-water Riemann problem IIL

We consider the following initial condition:

o 5 [ (1000, 0.25000,7.15,3309), x <2
PUPY-PI=1( 1,-10, 1,14, 0), x>2

The domain is [—5, 5] and the grid number N = 200. In this case, a very strong rarefaction wave is reflected back into the
water. We plot the numerical result at time t = 0.25. From Fig. 11, we can see that the result obtained by using WENO-
JS method produces a jump at the interface, while the correct interface location and high resolution are obtained by our
method.

Example 8. Artificial accuracy test in 2D.

We consider the 2D artificial accuracy test. We take y = 3. The initial conditions are:
1+0.2sin(*5Y)

V2Y
The computational domain is [0,47] x [0, 4 ]. Periodic boundary conditions are used in this test. By the special choice

of parameter y, initial conditions and boundary conditions, we can verify that /2y p(x, y,t) is the exact solution of the
following Burgers equation:

P, y,0)= uix,y,0)=v(x,y,0) = \/gp(x, y.0) px,y,0)=px,y,07

x+Yy
2

1 1 .
e + i(uz)x + E(uz)y =0 p(x,y,0)=1+0.2sin( )
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Table 4
Accuracy test for density in 2D.

Lo error order L, error order Ly error order

80 x 80 1.52E-04 3.19E-05 9.57E-06

120 x 120 3.13E-05 3.90 5.51E-06 433 1.57E-06 4.46
160 x 160 8.02E-06 4.73 1.43E-06 4.70 3.96E-07 4.79
200 x 200 2.89E-06 4.57 4.82E-07 4.87 1.32E-07 491
240 x 240 1.15E-06 5.04 1.96E-07 4.95 5.32E-08 5.00
280 x 280 5.49E-07 4.81 9.06E-08 4.99 2.44E-08 5.04
320 x 320 2.78E-07 5.10 4.63E-08 5.03 1.24E-08 5.06

and the velocity and pressure satisfy the relation: u(x, y,t) =v(x, y,t) = \/g,o(x, v,t), p(x,y,t) = p(x, y,t)Y. It is easy to
verify that the solution of the Burgers equation above is smooth up to time T = 5. We set the final time T = 3. At this time,

the solution is still smooth. The initial artificial interface is located at \/(x— 27m)% 4+ (y — 2m)% = . We list the error and
numerical accuracy order in Table 4. We can see that our method can achieve the designed fifth order accuracy.

Example 9. Pure interface problem in 2D.

We solve a pure interface problem in 2D where the interface is a straight line:

ooy 5 [C 1111140} x+5y—15>0
P VD V-P)=1(0.125,1,1,1, 4,1), x+5y—1.5<0

The computational domain is [0, 1] x [0, 1]. We set the final time T = 0.32. Fig. 12 shows the result. The solutions along
the cut line y = x are also shown in the figures. The base velocity and pressure have been subtracted. From the figures, we
can see that the interface propagates at the correct speed, and no oscillations other than those at the round-off error are
observed in velocity and pressure.

Example 10. Shock impacting on a gas-gas interface in 2D
We next consider an air shock impacting on a helium bubble. The schematic for this problem is given in Fig. 13 where

the upper and lower boundary conditions are non-reflective open boundaries. The left and right boundary conditions are
the inflow and outflow, respectively. The initial conditions are:

( 1, 0,0, 1,1.4,0), Pre-shocked air
(p,u,v,p,y,p) =14 (1.3764,0.394,0,1.5698,1.4,0), Post-shocked air
( 0.138, 0,0, 1,5/3,0), Helium

and the level set function ¢ = /x2 4+ y2 — 1, where ¢ < 0 represents helium and ¢ > 0 represents the air. The post-shock
air state is given for x < —1.2.

In order to eliminate the “start-up” error mentioned in [22], we will use the numerical shock, namely we run our code
for the pure shock condition until it settles down, then we add the bubble and start the computation. We plot density
contours at time t =0.5, t =1.0, t = 2.0 and t = 4.0. From Fig. 14, we can see that the main features of the solution are
correctly captured.

Example 11. Shock impacting on a water-gas interface in 2D
In the final problem, we consider an underwater shock interacting with a gas bubble in an open domain. We examine

an underwater shock wave making impact on a gas bubble. The schematic for this problem is given in Fig. 13. The non-
dimensionalized initial conditions are:

( 1000, 0,0, 1,7.15,3309), Pre-shocked water
(p,u,v,p,y,p) =3 (1176.3576,1.1692,0,9120,7.15,3309), Post-shocked water
( 1, 0,0, 1, 1.4, 0), Gas

and the level set function ¢ = /x2 4+ y2 — 1, where ¢ < 0 represents the gas and ¢ > 0 represents the water. The post-shock
water state is given for x < —1.2.

In this problem, very complex physics will occur at later time, and we stop our computation before the bubble collapse.
We plot the contours of density for the numerical shock in Fig. 15 at t =0.06, t =0.19, t = 0.357 and t = 0.471 respectively.
From the figures, we can see that high resolution is obtained by our method.
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Fig. 12. Pure interface problem. 100 x 100 cells. From top to bottom: density, velocity in the x direction, velocity in the y direction, pressure. From left to
right: solution in the whole domain, solution along the cut line y = x. Square: numerical solution (in velocity and pressure, the base has been subtracted);
Line: exact solution (in velocity and pressure, the base has been subtracted).
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Fig. 13. Schematic for Example 10 and Example 11. Left: Example 10; Right: Example 11.
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Fig. 14. Shock impacting on a gas-gas interface in 2D, with 280 x 240 cells, 30 equally spaced density contours from 0.1 to 1.6. Top left: t = 0.5; Top right:

t =1.0; Bottom left: t =2.0; Bottom right: t = 4.0.

5. Concluding remarks

In this paper, we propose a conservative finite difference method to solve the two-medium flows. An alternative high
order finite difference formulation is adopted to allow WENO interpolation on the physical variables of velocity and pressure,
instead of WENO reconstruction or interpolation on the conserved variables. Numerical benchmarks show that the proposed
scheme has high order accuracy and high resolution, ability to locate the correct interface position and non-oscillatory
velocity and pressure transition across interfaces. Further research to improve efficiency and robustness of the conservative
finite difference scheme for two-medium flows is ongoing. Extension to three-medium flows will also be considered in the
future. The methodology extends naturally, however careful algebraic manipulations are needed in the mixed cells where

all three media co-exist.
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Fig. 15. Shock impacting on a water-gas interface in 2D, with 280 x 240 cells, 30 equally spaced density contours from 0 to 1200. Top left: t = 0.06; Top
right: t =0.19; Bottom left: t = 0.357; Bottom right: t = 0.471.
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Appendix A. The proof of Proposition 2.2

Proof. The same as before, we assume the interface x(t") at time level t" satisfies x(t") € [X;,—1/2, Xi,+1/2]. Due to the
CFL condition, the interface x(t*) at time level t* could only be in the cell I;,_1, I;, or I 4+1. For simplicity, we assume
x(t%) € [Xi,+1/2, Xi,+3/2], see Fig. 1. The proof for the other cases is similar.

According to Fig. 1, we need to calculate the convex combination of FH and FL at Xiy—1/2» Xiy+1/2+ Xiy+3/2. We analyze

and ﬁ31+3/2 first. Because the flux ff+1/2, i=1i, £ 1 is only first order accurate, we have

Fi_1/2
f,-LH/Z =F(W)it172 + O(Ax), i=ip*1

where the F(U);y1/, refers to the exact flux at x;;1,2. Therefore, if we require ¢ =1+ O(Ax*), then we have
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—~ . . -
Fiip = F@it12= FiL+1/2 + ‘p(FiF-IH/z - FiL+1/2) —FWiy12
=0(AX°), i=ip+1

Next, we will analyze the flux ?ﬂ. /20

We assume U (x;,t") is the exact solution at x; at time level ". We denote o = x(t*) — x;,_1/2, af = x(t") — Xi,—1,2,
Ul = uj?nv’, U (i, t") = U 'va- )U”‘”

In the smooth region {p ,+1/2} and {¢z+1/2} satisfy:

Birja = Hya = AT,y Max (@) (@) +ur,  max (@))% (@ H2)

where ¢>§E can be obtained by the WENO method. Due to the property of the distance function, we have |¢xi| =1+0(AX).
Therefore, we obtain the following equation:

b7 12 = Pih 12 — Atu+ O(AX’)
As to x(t"), x(t*) and ¢", ¢*, we have

af X(t ) = Xip—1/2 _ X(t) = Xi,—12  0— b _1)2
2Ax 2Ax Xin+3/2 — Xip—1/2 ¢;;+3/2 - ¢;:_]/2
0— ¢n _ + uAt x(t" Xi uAt
_ % 1/2 + oA = (") — Xi,— 12 | UAL Lo
¢in+3/2 — P12 2Ax 2Ax
| +FuAt 4
=1 = 4 Ox
ax T (AX%)
So, we have
of =afl +uAt 4+ O(AX)
As to the flux, we have
F Fwu—,uh L AxF T AXF
in—3 Pi-g \ 227 T, T 7607 T
n 2 n 2
ou
= F(U)‘ road) =| pu2+p +O(AX)
fin=} u(E+p) ) "}
0 0
=u, 1| pu ‘ +|p ‘ +0O(A%%)
"2\ E ) M-l up ) -1

= uz,,—l/2U “12 F Fsig—12+ O(AX%)
= uU}+ Fsj,_1/2 + O(AX)

and
Ul =Ul' =ofUl + (1 — UL + 0(AX) = Ui, ") + O(AX)
Therefore, according to Fig. 1, we have
1 o
.t L
Ut = Uy = (Ut — At - Fin_%))
(cUf + AtuU} — At(Fs — Fy, 1)) +0(AxAD)
ajf (43)
(«UT + AtuU]) + O(AxAL)
= o
=U] + O(At) =U(x;,, t") + O(AX)

Similarly, we can also obtain
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Uty = Ui 41,6 + O(AX)
If At =0O(AX"),r <2, according to formula (14) we obtain

. 1/~ U*t—U” 1 /Ut —ur N
L L in in+1 in+1 L
Fivip=5Ficie— ) +5 | =2 +Fissp
2 At 2 At
AX AX
1(+ UPt = Ui, ) 1 (US — Uit
=5\~ a3 At + Fi 432
Ax Ax
1/~ 2—r
:5( in— 1/2+F1,+3/2)+O(AX )
1 7
FWU ——AxFU — AX*FU O(AX*T
< ) 72 ( )xx+5760 ( )xxxx) x,~,1+1/2+ ( )

That means the flux F, 4172 would be at least zero order accuracy to approximate the flux /ﬁin+1 ,2-Dueto =1+ O(AXY),
as to the formula (16), we have

+n =
Fin+l/2 —Fir1p2

~ - 1 7
=(1- (p)FiL,l+1/2 +(,0an[+1/2 — <F(U) - —4AX F(U)xx + %AX F(U)xxxx>

Xin+1/2

=(1-)O(AX* ") + O(AX®)
=0(AX)

To conclude, if ¢ =14+O(AX%) and At = O(AX"), r <2, then the convex combination of FH and FL (16) satisfies formula
(26). O

Appendix B. The proof for properties of discontinuity indicator

Firstly, due to 8 > 0, we have
0< (/)H_% <1

Secondly, we verify the accuracy order in the smooth region. Based on Taylor expansion at x; 11, we have:

2 13 2 1
Bo=w (xit12)" A% + <EW(2)(X1'+1/2) + EW(])(Xi+1/2)W(3)(Xi+1/2)) Ax*

960 960
2
=w P (Xiy12)" AX (1 + O(sz)) = 0(AX)

7 1 1043 2
- <%w@)(xm/z)w(‘*)(xiﬂ/z) + ——w D X2 W Kip12) + ——w (xiy1)2) ) AX® + O(AX®)
2 13 2 23
Bi=wh i) A% + <EW(2)(XH—]/2) - EW(])(Xi+1/2)W(3)(Xi+1/2)) Ax*
B o ) ) @ 5 6
+ _TW Xiy1/2)W (Xi+]/2)+2W Xiv12)W (Xiy1/2) | Ax + O(AX°)
= w12 8¢ (14 0(a)) = O(Ax)
3
B2 —w(”(x,+1/2) AX? +< w )(XH—l/Z) + —W(])(X 12w )(X1+1/2))
B o 3 5 6
+ _EW (X,'Jr]/z)W (Xi+1/2) Ax> + O(AX°)
= w12 A% (14 0(a)) = O(ax)
) 2,2 (1B o 2 1w 3
Bz =w"(Xiv12) AX°+ =Y (Xi+1/2) +EW Xit12) W (Xiy172) | AX

13 o 3 6
+ =Y Kir12)W P (xiy1/2) | AX® + O(AX®)
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2
= wO(xi1/2)° AR (1 n (’)(sz)) — 0%

2 13 2 23
Ba=wD(xit12)" Ax* + <5 w® (xi112)" — EW(])(XHI/Z)WG) (Xi+1/2)) Axt

+ <?w@)(xiﬂ/z)w“)(mﬂ/z) - 2W(l)(Xi+1/2)W(4)(Xi+1/2)) AR’ + O(AX®)
= w D (xi41/2)° AR (1 + (’)(sz)) —O0(Ax?)
Therefore, we obtain the following relation:
B — Bo=—2wV (xiy1 )W (ip12)AX* + O(AX)

13
B2 — Bo= ‘EW(Z) Xip12)Ww® (Xip1/2) AX° + O(AX®)

13
B3 — Bo= EWQ) Xir12)W D (Xi1/2) A% + O(AX®)

Ba — Bo=—2w D (X112 WP (Xi112) AX* + O(AX°)

It is easy to verify

. (Bo — B1)? + (Bo — B2)> + (Bo — B3)? + (Bo — Ba)? _
4

/3—1( L . >—O(Ax6)
T 4\Bi+e Pote P3st+e Pate)

Therefore, in the smooth region, the discontinuity indicator ¢; +1 satisfies:

O(AX®)

and

Py = (#)2 =14 O0(Ax%

Thirdly, when the big stencil contains a discontinuity, we have

Bo=0()

As to the small stencils S1, Sy, S3, S4, one of them can avoid the discontinuity. For example, we assume S; can avoid
discontinuity, then we have:

Bi = 0(AX%)
As to T and B, we obtain

. (Bo — B1?+ (Bo — B2)* + (Bo — B3)? + (Bo — Ba)?
4

_1 T T T T _ 3
ﬂ_4(ﬂ1+s+ﬂz+s+53+s+ﬂ4+s>_O(Ax )

Therefore, the discontinuity indicator satisfies:

=0(1)

and

G = (m)z —O(AxY) — 0
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