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Abstract

We introduce second-order low-dissipation (LD) path-conservative central-upwind (PCCU)
schemes for the one- (1-D) and two-dimensional (2-D) multifluid systems, whose components
are assumed to be immiscible and separated by material interfaces. The proposed LD PCCU
schemes are derived within the flux globalization based PCCU framework and they employ
the LD central-upwind (LDCU) numerical fluxes. These fluxes have been recently proposed
in [A. KurRGANOV AND R. XIN, J. Sci. Comput., 96 (2023), Paper No. 56] for the single-fluid
compressible Euler equations and we rigorously develop their multifluid extensions. In order
to achieve higher resolution near the material interfaces, we track their locations and use an
overcompressive SBM limiter in their neighborhoods, while utilizing a dissipative generalized
minmod limiter in the rest of the computational domain. We first develop a second-order
finite-volume LD PCCU scheme and then extend it to the fifth order of accuracy via the
finite-difference alternative weighted essentially non-oscillatory (A-WENO) framework. We
apply the developed schemes to a number of 1-D and 2-D numerical examples to demonstrate
the performance of the new schemes.

Key words: Low-dissipation central-upwind schemes, path-conservative central-upwind schemes,
flux globalization, affine-invariant WENO-Z interpolation, compressible multifluids.
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1 Introduction

In this paper, we focus on the development of highly accurate and conservative finite-volume
methods for compressible multifluids, which are assumed to be immiscible. The studied two-
dimensional (2-D) multifluid system reads as

Pt + (Pu)x + (/Ov)y =0,

(pu)e + (pu® + p)s + (puv), = 0,
(pv): + (puv)e + (pv° + p)y =0,

E; + [u(E + p)]s + [v(E + p)], = 0.

(1.1)
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Here, z and y are spatial variables, ¢ is the time, p is the density, v and v are the z- and y-
velocities, p is the pressure, and E is the total energy. The system (1.1) is closed through the
following equation of state (EOS) for each of the fluid components:

p=(1=1) B~ 5’ +0")| — . (12)

where the parameters v and 7., represent the specific heat ratio and stiffness parameter, respec-
tively. When 7., = 0, the system (1.1)—(1.2) reduces to the ideal gas multicomponent case.

The fluid components can be identified by the variable ¢, such as the specific heat ratio
v (or a certain function of =), the mass fraction of the fluid component in the fluid mixture,
or a level-set function designed to track the interfaces between the fluid components; see, e.g.,
2,3,10,15,33,36,41,50,51] and references therein. The state variable ¢ propagates with the fluid
velocity and thus satisfies the following advection equation:

Gt + ugy + vdy = 0. (1.3)

The system (1.1)—(1.3) is a nonlinear hyperbolic system of PDEs and thus its solutions may
develop complicated wave structures including shocks, rarefactions, and contact discontinuities. In
the single-fluid regime, that is, when v = Const and 7, = Const, the system (1.1)—(1.3) reduces
to the Euler equations of gas dynamics, which can be numerically solved by finite-volume (FV)
methods; see, e.g., the monographs [20,30,45] and references therein. However, a straightforward
application of single-fluid FV methods to the multifluid system (1.1)—(1.3) may generate spurious
pressure and velocity oscillations, which typically originate near the material interface and then
spread all over the computational domain; see, e.g., the review paper [2] and references therein.

In recent years, a variety of FV methods capable of capturing material interfaces in a non-
oscillatory manner have been proposed. A fully conservative approach was first developed in [42],
where the pressure and velocity remained constant across the material interface. This approach
is robust but may suffer obvious drawbacks when strong shocks pass through the fluid interface.
The quasi-conservative approach was first introduced in [1], where pressure and velocity non-
disturbing condition at an isolated material interface was introduced to analyze and derive the
spatial discretization. The resulting schemes reduced the numerical oscillations effectively with the
help of a quasi-conservative discretization. There are also many locally nonconservative approaches
designed to prevent pressure/velocity oscillations by sacrificing the conservation property near
material interfaces. The conservation errors in these approaches are typically small and decay
after the mesh is refined. The pressure-based hybrid algorithms [9,24] are obtained by switching
from the conservative energy equation to the nonconservative pressure one near the interfaces.
The ghost-cell methods based on the single-fluid interpolations leading to two different single-fluid
numerical fluxes at the material interfaces (placed at the cell interfaces at each time step) were
introduced in [3,15]. The interface tracking method [10] is based on the interpolation between the
single-fluid data from both sides of the interface and ignoring the “mixed” cell data. We note that
both the ghost fluid and interface tracking approaches are very robust in the 1-D case, but their
multidimensional extensions are rather cumbersome. For several high-order WENO schemes for
compressible multifluids, we refer the reader to [13,19,22,38,39].

In this paper, our objective is to develop highly accurate and non-oscillatory numerical schemes
for the so-called -based multifluid systems studied in [8,43], which in the 2-D case read as (1.1)-
(1.2) together with the equations (1.3) for the state variables I' := 1/(y—1) and IT := y7mo. /(7 —1),
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which we recast as follows:
Iy + (ul), + (v, = D(uy +vy), I + (ull), + (vI), = H(uy, + vy). (1.4)

The resulting system is nonconservative (in fact, it can be rewritten in the conservative form, but
as it was shown in [43], a nonconservative form is preferable for designing an accurate numerical
method) and the nonconservative terms on the right-hand side require a special treatment.

We numerically solve the system (1.1)—(1.2), (1.4) and its one-dimensional (1-D) version by the
Riemann-problem-solver-free central-upwind (CU) schemes, which were originally introduced in
[25,27,28] for general multidimensional hyperbolic systems of conservative laws, and then extended
to nonconservative hyperbolic systems in [6], where path-conservative CU (PCCU) schemes were
introduced. The PCCU schemes were extended to the flux globalization framework allowing to
treat a wider variety of nonconservative systems in [4,5,7,26].

The aforementioned PCCU schemes are based on the CU numerical fluxes from [25,27], which
have relatively large numerical dissipation preventing high resolution of contact waves/material
interfaces. In the recent work [29], we have introduced a new way of reducing the numerical
dissipation present in the CU schemes and introduced the low-dissipation CU (LDCU) schemes.
In these schemes, the dissipation is reduced at the projection step, performed after the numerical
solution is evolved to the new time level. The novel projection is based on a subcell resolution
technique, which introduces several degrees of freedom that can be utilized to better approximate
contact waves and material interfaces. In [29], we have designed the LDCU schemes for both the
1-D and 2-D single-fluid compressible Euler equations and in this paper, we extend the LDCU
schemes to the y-based multifluid models. The extension is carried out in the flux globalization
PCCU framework and results in new flux globalization based LD PCCU schemes.

We also extend the proposed LD PCCU schemes to the fifth order of accuracy using the
framework of the finite-difference alternative WENO (A-WENO) schemes developed in [11,21,34,
35,47-49]. Our new fifth-order schemes are based on the LD PCCU numerical fluxes, a new, more
efficient way to approximate the high-order A-WENO correction terms (see [12]), and the recently
proposed fifth-order affine-invariant WENO-Z (Ai-WENO-Z) interpolation [14,31,46] applied to
the local characteristic variables with the help of the local characteristic decomposition (LCD).

This paper is organized as follows. §2 is devoted to the 1-D LD PCCU scheme. In §2.1,
we give an overview of the flux globalization based PCCU schemes and develop such scheme for
the ~v-based multifluid model. The LD PCCU scheme is derived in §2.2, where we prove that
the new scheme preserves constant velocity and pressure across isolated material interfaces (this
ensures lack of pressure/velocity-based oscillations). In §2.3, the second-order LD PCCU scheme
is extended to the fifth-order flux globalization based LD Ai-WENO PCCU scheme. In §3, we
present the 2-D extensions of the new LD PCCU schemes. In §4, we test the proposed LD PCCU
schemes together with their fifth-order versions on a number of 1-D and 2-D numerical examples.
Finally, in §5, we give some concluding remarks and comments.

2 Omne-Dimensional Algorithms

In this section, we present the new 1-D flux globalization based LD PCCU schemes for the 1-D
compressible multifluids.
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2.1 Flux Globalization Based Path-Conservative Central-Upwind Schemes

We begin with a brief overview of the flux globalization based PCCU scheme, which was introduced
in [26] for the general nonconservative system

U+ FU),=BU)U,,
which can be rewritten in the following quasi-conservative form:
U+KU),=0, KU)=F@U)-R(U), (2.1)

where U (z,t) € R? is the vector of unknowns, F : RY — R? is a flux, B € R4,

T

R(U) = / BUU(&, 1) e,

and 7 is an arbitrary number.
We first introduce a uniform mesh consisting of the ﬁnite volume cells C; := [zj 1,251 1] of
j+1 —@;_1 = Az centered at rj = (v, IR T 1)/2,j = Nandsetx—wl We assume

that at a certain level t, an approximate solutlon realized in terms of the cell averages

U,(t) =~ i/U(JJ,t) dz
Cj

is available. The cell averages ﬁj are then evolved in time by solving the following system of
ODEs (see [26]):

size x

dg,_ Kt Koy 2.2
Tt A v— (22)
where K:j 41 are the CU numerical fluxes
2
+ - - + + -

’C _ J 2 J 2 J 2 J 2 J 2 J 2 U+ —Uﬁ 23
'+l — + —_ + + — s 1 s 1 . ( N )

JT2 ai ., —a A it3 it3

2 2 2

Notice that all of the indexed quantities in (2.2) and (2.3) as well as other indexed quantities

introduced below depend on ¢, but from now on we will omit this dependence for the sake of

brevity. In (2.3), Ujil are the left/right-sided point values of U at the cell interfaces 1,
2

which are computed using a piecewise linear reconstruction, which will be discussed in §2.1.1, and

i+ , are the one-sided local speeds of propagation, which can be estimated using the largest and

smallest eigenvalues of the matrix & (U) — B(U). The global fluxes Kj+l are obtained using the

2

relation in (2.1), namely, by
+ _Ft _R*
Kg+2 F RJ+§’ (2.4)
where F' # =F (Ujjfr ;) and the point values of the global variable R are computed as follows.

First, we set R, := 0 and then evaluate
2

R = B,

1
2 2

, (2.5)
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and recursively
_ pt +  _ p- -

In (2.5) and (2.6), B; and By ;1 are obtained using a proper quadrature for the integrals in

1

B; ~ /B(U)Um dz and By ;1 = /B(\IljJr;(s))\Il;Jr;(s) ds, (2.7)
lof 0
where, \IIH%(S) = \I’(s; U]:r%, U;;%) is a sufficiently smooth path connecting the states U;% and
Ut |, that is,
Jt3
) d d d T + N7 T + N g7t
W [0,1] x R* x R — R%, lI’(O,UJ.JF%,UJAJF%) = Uj+%, lI’(l,UjJr%,UjJr%) = Uj+%.
2.1.1 Application to the Compressible Multifluid System
We apply the flux globalization based PCCU scheme to the 1-D v-based multifluid system
P+ (pu)x =0,
(pu); + (pu® + p). = 0,
Ei+ [u(E+p). =0, (2.8)
Ft + (ur)x = FUI,
I + (ull), = Iu,,
completed with the following EOS:
P
p=(y—1) [E - iug] — VToo- (2.9)

The system (2.8) can be rewritten in the equivalent quasi-conservative form (2.1) with

U = (p, pu, E,F,H)T, FU) = (pu,pu2 +p,u(E —|—p),uF,uH)T,

T x T
and R(U) = (0,0,0,/Fu5 df,/Hu§ df) . (2.10)

x

We first discuss the reconstruction procedure for recovering the point values Ujﬁ , out of the
2

cell averages ﬁj. Since the variables u and p are continuous across material interfaces (contact
waves), we reconstruct the primitive variables V' := (p,u,p,I,1I)T instead of the conservative
ones. To this end, we compute the cell centered values of v and p,

D) ; 1 [— pu);)? =
R R N s (2.11)
Pj L Pj

and then construct the linear pieces

Vi(z) =V + (V)@ —z)), z€C, (2.12)
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where V; := (p;, uj,pj,fj,ﬁj)T and the slopes (V,,); are supposed to be computed with the help
of a nonlinear limiter to ensure a non-oscillatory nature of (2.12). In the numerical experiments
reported in §4, we implement a simple adaptive limiting strategy and use different limiters near
and away from the material interfaces. To this end, we need to detect the location of the interfaces.
In the two-fluid case, this can be done as follows. We first introduce I' := (I'y + I'11) /2, where I’
and I'yp are the values of I' for the first and second fluid, respectively. We then assume that the
interface is located either in cell C; or Cjq if

j— ~

[; —T)(IT;01 —T) < 0. (2.13)

In these two cells as well as in the neighboring cells C;_; and Cj;2, we use the overcompressive
SBM limiter [32]:

Viii-VN\NViii—V.
(V2); = oo (—J“ — J) _J (2.14)
’ Vj - Vj—l AI
where the two-parameter function
0 if r <0,
EEM(T) — mm{r@,ll—l—T(r—l)} ifo<r <1, (215>
riEM (—) otherwise,
To\r
is applied in a componentwise manner with 7 = —0.5, which belongs to the overcompressive range

of values of 7; see [32]. Away from the material interfaces, we use a dissipative generalized minmod
limiter which is given by the same formulae (2.14)—(2.15), but with 7 = 0.5. In both areas, we use
0 =1.3.

Remark 2.1 Notice that the generalized minmod limiter can be written in a simpler form [32, 37,

44] by

(V;); = minmod (0 Vin=V; Vin =V, 0 Vi- ﬁj_l)
x)j p )

Az ’ 2Ax Ax
with the minmod function defined by

min(cy, ¢o,...) if ¢; >0, Vi,

minmod(cy, ¢g, . ..) = { max(eq, ¢,...) if ¢ <0, Vi,

0 otherwise.

Remark 2.2 [f the number of fluid components is more than two, detecting interface cells becomes
a more complicated task. A reasonable extension of the strategy used in (2.13) should be developed
for the problem at hand.

Equipped with (V;);, we then use (2.12) to obtain

5 %)j+17 (216>

and the corresponding point values of the conservative variables U':

.
U+ :(i = uf B TE I ) B =TF p* +
j+i pJJr%’pJJr% J+L T T i+ i+ ’ 1 L

3 (= )2 +
J+3 i+iPieL 2 (uj+§) +Hj+§' (2.17)
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We then compute the point values Kﬁl following (2.4)—(2.6). First, we use (2.10) and (2.17) to
2

obtain

-
+ + + + + +
Fj-l—% - ('Oj-i- J+§’pj+ ( ) +p]+1’ J+ <E 3 —l—p 2)’F3+2 J+1’H 1Y J-&-%) , (218)

and then evaluate B; in (2.7) by substituting there the piecewise linear reconstructions (2.12) of
u, I', and II, which results in

B+ oy Mg I )
o 2 2 - 2 2 -
B; = (0,0,0, 5 (uj+% uj_%), 5 (uj+% uj—é)) . (2.19)
Next, in order to obtain By ;1 in (2.7), a proper path connecting the states (ujll, I H]'_Jrl)
2 2 2
and ( IEE I‘+ L ITr ) needs to be used, for instance, a simple linear path:
u - + - r _ + 1
Vi) =y el —uy)s Wi () =T+l —Th), (2.20)
II I + 17— .
Vi) =T, + S(Ha‘+é Hj+%)'
Substituting (2.20) into (2.7) then results in
rt,+17, H 1 + 11, T
Jt3 it3 [+ o it3 o+ o
By 1= (o 0,0, 5 (uj+% uﬂ%), 5 (uj% uﬂ;)) : (2.21)
-

, can be estimated by

Finally, the one-sided local-speeds of propagation a;
2

+ - - + + - - + +
a’ =maxqu. +c. U +c! 0} a. —mm{u —C. (5 —C! 0}
i+s { AR L AS B R A AR A A

where ¢ := /[(1+T)p+ 1] /(Tp).

Remark 2.3 The numerical fluzes (2.3) are slightly different from those present in [26] as one of
the goals in [26] was to make the resulting scheme well-balanced and thus different values of Uﬁrl
2

were used in (2.8) and in the computation of Kﬁ;-
2

2.2 Flux Globalization Based Low-Dissipation PCCU Schemes

In this section, we derived a modified, LD version of the flux globalization based PCCU scheme
presented in §2.1. We follow the idea used in [29], where the LDCU scheme for the single-fluid
compressible Euler equations has been introduced. In order to extend the LDCU scheme to the
multifluid case, we now go through all of the derivation steps and begin with the development of
the fully discrete LD PCCU scheme.

2.2.1 Fully Discrete Scheme

We assume that the computed cell averages ﬁ; R~ 1 f ¢, (x,t") dx are available at a certain
time level ¢ = t" and use them to reconstruct a second- order piecewise linear interpolant consisting
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of the linear pieces ﬁ]n + (Up)}(r — x;), x € Cj, where the slopes (U,)} are obtained using a

J
certain nonlinear limiter. We then estimate the local speeds of propagation a® ,, introduce the

J+3
: : n R - n n R + n :
corresponding points T = Tipd + aj+%At and Ti1, = Tyl + aj+%At , and integrate the
system (2.1) over the space-time control volumes, which consist of the “smooth”, [z; 1 2, 1 ] X
27 27
+1 3 9 +1 +1 .__ :
[t", t"], and “nonsmooth”, [mj+%7€,mj+%7r] x [t", t"T1]) ones, where t"*! := " + At™. This way

the solution is evolved in time and upon the completion of the evolution step, we obtain the
intermediate cell averages

Frint 1 n + (Ux)?-‘rl + \2Aun n - (Ux)? - N
R L i L VT -
n—&—% n—&—%
- |:K(Uj+%,r) - K(Uj+%,€)] }
and 7y
T AL NN
2, (2.23)
At" n+i 4+ ’
— KU ?2)—-K(U. ? ] :
Az —(af, —a ,)At [ (UJ+%75) (UJ—%W)

see [29] for details. In (2.22)-(2.23), the point values of U at (a:;?Jr%’e,t”) and (:U;?Jr%’r,tn) are

computed using the piecewise linear reconstruction of U, namely,

~ n -_n A$ _ n
U;ZJr%,@ = U(l’?+%7e,t ): U] +(Ux)?(7+a]+%At >,
n rri..n n T n Az n

Ui, =U@g 01 = Uy — (Uw)jﬂ(T - GL%N )>

and the point values of U at (:lc;?Jrl z,t”*é) and (.CE;ll r,t’”“%), are obtained using the Taylor
20 2>
expansions about (:UH%,T,t”) and (:Uj+%’g,tn), respectively, and the fact that U, = —K (U ),:
Uj+%27€ = Uj—‘r%,f — —2 K(Uj—i-%,ﬂ)x’ Uj—i-;W = Uj—i—%,r — —2 K( j+%,r)x' (224)

Here, the slopes K<Uf+l E)z and K(UTL
3

i r)x can be computed with the help of a certain nonlinear
2 b

limiter; see [25] for details.

Next, the intermediate solution, realized in terms of {ﬁ;m} and {ﬁ;it% }, is projected onto the
original grid. To this end, we need to construct the interpolant

T in 7 in ——int
O (@) =Y {O @)Xy oy 17T, Xy w0} (2.25)

AL
J

where X denotes the characteristic function of the corresponding intervals. We set

~ ﬁyi‘itfv T < Zjils
AT S 220)
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where the values U] 4+l " and U] +1 are determined in several steps. First, according to the local
conservation requ1rement the Condltlons

have to be satisfied, and the rest of the relations on U ; and U ; are to be established for
the problem at hand. In fact, the conservation of I" and Bl components of U is not physically
essential, but the relation (2.27) for I and II are crucial for proving physically relevant properties
of the resulting flux globalization based LD PCCU scheme; see §2.2.3.

For the v-based multifluid model (2.8)—(2.9), we follow the single-fluid approach from [29] and
make the projection step sharp and accurate for the contact waves, which are linearly degenerate
and thus affected by the excessive numerical dissipation much more than nonlinear shock waves.
In order to design such projection step, we consider an isolated contact wave consisting of the
jump discontinuities in p, v, and Il propagating in the region with constant v and p, and make
both u and p to be constant across the cell interface, namely, we set

(p_’LL) int,L (p_'LL) int,R

jty j+3
—int,L, —=int,R
Pitl Pitl
. (2.28)
(( u)mt L) ((—u>1nt,R) 2
1 intL PU i il _ 1 [—intR PU) 11 intR
“int,L \ Tits Q—th T+t ) T SR | PR T o5t R B R
I J+3 I Pitl
JT3 2 JT3 JT3
t,L t,R —int, L
where we have used the EOS (2.9). Next, we solve (2.27) and (2.28) for (pu)m (pu):jrl O
—int,R int,L —int,R 7~int,L <int R 1nt L —int R‘
and EjJr and express these quantities in terms of p_ +§ P +1 , F]+1 , Fj+% , Hj+% and HJ+1 .
—int,L —int,L
<_U)int’L . ijr% (—)int Elnt ,L FjJr% Eint
i+ = it J+3’ it+s = _fint i+
its its
+ =int,R _int, I, =int,.L _ing R + =int,R =int L =int,L =int,R
a’ I, =T , a r IT -T II
ﬁ%( j+3 p]+% j+3 '0]+% ) ((_)int )2+ i+3 ( ]+1 j+i J+1 j+i )
2t —a )T () Ot (@, —a )b
g1 s T it \ Pl jt+s  its/ It
| | (2.29)
ﬁlnt,R flnt,R
-1 01 .
—\int,R ' Jt5 ——int —int,R J+5 J=int
(pu)j+1 - ﬁi-ntl ( )j+%7 E]'i‘* - fint E]"r%
Ita it+3
_ =int,R _ijpt 1, =int,L _jpnt R _ =int,R =int,L =int,LL =int,R
a’ - =T ) a r IT T II
J+1( ity Pird 7 hats Pyl ) (7)™ )2 L its ! i Wiy — Ty g D)
2(a’ , —a; )fi-ntl (pimt )2 P+ (af v —a; ) Y
j+3 s/ T ita\ g j+s  gty/ It

Notice that after enforcing (2.27) and (2.28), we are left with three degrees of freedom, which we
use to make the profiles of p, I', and II across the cell interface as sharp as possible and, at the
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same time, non-oscillatory. This is achieved in the same way as in [29], namely, by setting

int,L 5;—1— 1 —int,L — 5F+ L —int,L 5JH+
nt, —int _JT3 1
pj+%— J+7+CL_ , F]+1 —F+1—|—a H]+1 —H P
1 1 1
Jj+s3 J+§ J+35 (2 30)
int.R 5; +1 ZintR = 5gr+ it R int 5;1
—1nt, __ —int 2 ’ )
2 a. q 2 a 2 a
J+§ ]—‘,—7 ]_;,_,
where
P — i o —int _ _int + int _ —int
(5j+% —mlnmod( aj+%(p]+1 Piv1 2) aﬁl(pﬁ%m j+1)) ,
- Rint int int wint
5+% —mlnmod( ]+%(F]+7 Fg+2,e) Q(Fﬁﬂ L, ) , (2.31)
II o . _ —int int int —int
(5j+% —mmmod( aj+%(Hj+% HJ+ é) 2(H3+2,T I, ))
int ~ n+1 int ~ n+1 LN .
and U+27€ U(xj%’e,t ) and Uj%,r ~ U(ijr%’T,t ) are evaluated similarly to (2.24):
int o n n n int . n _ n
UMy, =UL, —ACK(UY, ), UM <UL, —AUK(UL, ), (232)

We then complete the construction of ﬁﬁ; and ﬁ;f; by substituting (2.30) into (2.29), which
results in

o 0"
int, L int J+ l 1nt int,R int -7+% int
()i = POy + =iy, (P = () + = wihy,
]+§ J+3
—int — —int —int
or 67 .1 —oF int ST =6 I s
Fioel _ 14 i+3 Fint n j+3 Its Ti+s J+%( int )2+ jt+3 Jta Tty dts
i+i _  —int j+3 9 Fim Uil _ l:int » (2.33)
Girit ity Oyt ith Girst it
—int : —int —int
5t 67 T, 1—5? p ot ST — 68 T
ElntR 1+ ]"!‘l Eint 4 ]"r% Jt3 J+% J‘f‘% ( int )2 + ]+% Itz ]"r% Jt3
j+2 + I_‘mt j+% 9q+ fint j+% + fint )
Giritity Gjryti+s

where u“ﬁZ = (pu )m':l/p“rlt

Equipped with (2.30%(2.33), we finalize the projection step by integrating the piecewise con-
stant interpolant (2.25)—(2.26) over the cell C;. This leads to the following cell averages at the
time level ¢t = "1

1 ~ : At" ; , . :
prtl — oot — pint + —int,R  —int - —int,L. —int
Pj _A_x P (ﬂf)d$— Pj +A_l’[aj_%(pj_% — P >—aj+%(pj+% — P, )}
“ (2.34)
(2:30) _ing At" + —int int - —int —int P o
- A_x[ar%(pj—% p") —aj+%(p]+ =) +o5s _5a+%]’
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=G+ R o (GO - ) - o, (GO - GO (g
2 e+ S0 (e — @) — ar, (GO, — ()

J Ax xLi—sv )72 J it
G
(2.33) —int At" + —int int _ int int
= Lk a]_% (Ej—% —E; ) _a]q_% (Ej-&-% L )
p pimt —int p ISP int 2 36
I 0 —%Fj‘i‘l 5]—%pj_% (uintl)Q 5]+%F]+% 5]4’% ]"r% ( intl)Q ( )
=int =5 =int i+5
I —int T —int I int r int T r
5 —%FJ—% - 5]—%1_'[3—% 6 +érﬁ+% 5j+%HJ % 6]—% —int j-‘r; —int
+ —nt —nt Tom Bl o Bl
| I'. | P > T 2
=3 Jts =3 Jts
—=n+1 1 int int A" n int,R int _ int,Lk int
Iy = E/F () dz =T} +E[a]_%(rj—% T ) _aj+%(rj+§ j )]
J (2.37)
(2.30) int At™ + —int int _ int —int T T
Fj E[GJ_%(FJ'—% _PJ ) aj+%(FJ+l Fj ) +5g—% _5j+§}’
=n+1 1 int int At™ + —int,R —int _ int,L —int
0 =5 [T @de =1, + [a]’ (I —T57) —ap, (T =TI )]
¢ (2.38)
(230) =int A" | —int  —int _ ,=int int I I
D+ S [a, (Y 10 —ap,, (T — 1) + o, — o, |

2.2.2 Semi-Discrete Scheme

Finally, we pass to the semi-discrete limit At" — 0 in (2.34)—(2.38) and proceed as in [29, §2.2]
to end up with the semi-discretization (2.2) with the modified (compared with (2.3)) numerical
fluxes

J++ K _aj;lKjil aJ++1aj+
K:j+% — 2 — 2 & 2 2 4 ~ 2 2 (U]-:_ _U;_l> +qj+%7 (239)
Gjr1 =Gyt I T ’ ’
where
2
() \r
_ P * It
q]Jr% - qJJr% <1,UJ+%, 22 7070)
. 22 2.40
r (00— [m —((pu)”%) I 10T L (0,0,1,0,1)7 o
* 0 (00 By - 50 - Ty L) +ghe0100
]+§ ]+§
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is a built-in “anti-diffusion” term. In (2.40),

U+ .U, — (K ', -K u)
U — J+1 Y ( Jt3 J+§) - (p )J+§
ity at | —a” s R
ity dts its
P i - * - + + *
= minmod ( — 1= —p
%44 od ( aj+%(pﬂ+% pj+%)’aj+%(pf+% J+%)) ’ (2.41)
roo_ - R + +
qj+%—m1nmod( j+%(Fj+% F]+%)va+%(r 5! Pj+%)>’
I _ % — + - *
qj+%—m1nmod< a+%(Hj+% H+1) %(H HjJr%))

Remark 2.4 If we replace (2.26) with the following limited linear piece:

" . Tip1,. + X1
int __gyint int Jtgr T itgt
U. %(x) =U; 1 + (Ux)j+% (x 5 ,

where

. Ulnt . ﬁlj-tl ﬁ + Umt N
(Ux);ri% = minmod( ]+2v 5 J 2’ J 5 ]+2,£>’ )= <a+ L —a. l)?

we will end up with an alternative built-in “anti-diffusion” term

Jr —

Jts Jts + *
= — minmod (U, , — U U - U
9.1 o —a . j+i 1 i+t )
J+35 J+3

which was introduced in [25]. This will result in another fluz globalization based PCCU scheme
for the ~vy-based multifluid system. In the numerical results reported in §4, we will compare the
behavior of this PCCU scheme with the proposed LD PCCU one.

2.2.3 Properties of the Semi-Discrete Scheme

In this section, we establish two important properties the designed semi-discrete scheme satisfies:
1. When initially v = Const and 7., = Const, that is, if initially the system contains a single
fluid, then v and 7w, will stay constant for all ¢;
2. At the isolated material interface at which initially u = Const and p = Const, both v and
p will stay constant for all ¢.
To this end, we prove the following theorem.

Theorem 2.5 1. If fj =T = Const and ﬁj = II = Const for all j at a certain time level t, then

Cdt
2. If at a certain time level t = t™, u’; = u = Const and p} = p = Const for all j, then at the next
time level t = t"1,

=1 and pit' =P, V), (2.42)

provided the ODE system (2.2), (2.39)-(2.41) is discretized using the forward Euler method.
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Proof: 1. We only show that d F =0 as d H = 0 can be proved in a similar way. Since the
point values of I at the cell mterfaces are obtalned using the piecewise linear reconstruction (2.16),

we have I‘++ =T, = I‘Jr ", =T, which we substitute into (2.18), (2.19), and (2.21) to obtain
2 2 2
@t _ 7, * @ _ 35—+ @ A4
(F9) 5 = Cui,,, By = F(uj+% ujié), By = F(uﬁ% uﬂ%). (2.43)
We then use (2.4)—(2.6) to compute the flux differences
@\~ — (pnt o (p@n-  _p@ (249
(K¢ ) s By = () = () 1y = By =00 (2.44)
ANt 4\~ AN\ + (4) (2:43) '
(K0),,, — (KO)!, = (FO),, — (FO)!, - 50 &
which we substitute into (2.41) to verify that
qj+l - 0 <245)

Finally, we substitute (2.44)—(2.45) into (2.2), (2.39)—(2.40) to end up with %fj = 0. This
completes the proof of the first part of the theorem.

2. Since the point values of u and p at the cell interfaces are computed using the piecewise

: : -t = v - o =
linear reconstruction (2.16), we have Ujr S UL = U =T and Pjys =P 1 =P 1 =P at the
time level t = t". This results in
~9
+ + + + + \T +  _ ~pt u +
U]+é_<pj+1’p]+1UE é,F 1,H ) , E, l—pF. %+ 2pj+é—l—H L (2.46)

~\ T

and hence, after substituting u;.il into (2.19) and (2.21), we obtain
2

Jts

The latter equality implies K;i ;= F] i 1, which together with (2.46) results in
2 2
+ J—
F‘J-i—* Fj+%

so that the first line in (2.41) can be rewritten as

af US —a U —u(US, -U_,)
* 3+2 2 3+2 Jt+3 Jt3 J+3 * ~
U. 1 = — R u., 1 =1Uu. (247)
]+§ CL+ 1 _a/. 1 ‘7+§
J+3 J+3

We then use (2.40), (2.41), (2.46), and (2.47) to compute the “anti-diffusion” term, which reduces

to
~9

~ ~ u T
Qi1 = (qf+%,uq§’+%,pq§+%+ SRR SRR R ) , (2.48)
and then substitute (2.46) and (2.48) into (2.39) to obtain the numerical fluxes

~2

_ 1) Hee@) =~ o -(4) U4~ (5) ao ge(4) ) \'
ity (KH%’UKH% FPPR A K TR T, ,Cj+$’lcj+§> ’
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which, in turn, are substituted into (2.2) to obtain the following semi-discrete relations:

d d dern  _d—»n @2d d
dn_ - dgr _sdgn wid o, dgn
&t TP T gl T

() = 575"

These relations are discretized using the forward Euler method, which results in

(pu); ™ — (pu); _ /" —p;
At “UTTAr
E/N B T -T) ar gt -y I -4 )
=p + = + .
At At 2 At At
Finally, we substitute (2.11) expressed at both time levels ¢ = " and t = t"™! into (2.49) to end
up with (2.42). This completes the proof of the second part of the theorem. |

Remark 2.6 The second part of Theorem 2.5 is still true if the forward Fuler time discretization
is replaced with another strong stability preserving (SSP) ODE solver; see, e.g., [16,17].

Remark 2.7 As in [29], the computation of numerical fluxes in (2.39) should be desingularized
to avoid division by zero or very small numbers. If a;ﬁrl < gp and a;rl > —eq for a small positive
2 2

€0, we replace the fluxres IC]-JF% with

K(Uj‘%) + K(U]:%)
2

ol

In all of the numerical examples reported in §4, we have taken gy = 10712,

2.3 Flux Globalization Based LD Ai-WENO PCCU Scheme

In this section, we extend the second-order flux globalization based LD PCCU schemes from §2.2
to the fifth order of accuracy within the A-WENO framework.
The semi-discrete fifth-order LD Ai-WENO PCCU scheme for the 1-D quasi-conservative sys-

tem (2.1) reads as

d lHj+l - lHj,l
—U; = — 2 2 2.50
dt 7 Az ’ (2.50)
where Uj :~ U (z;,t) and the fifth-order numerical fluxes #;, 1 are defined by
Ax 7(Ax)3
Here, IC,, 1 are the finite-volume fluxes (2.39)—(2.41), and (Km)jJré and (Kygez);y1 are approxi-

mations of the second- and fourth-order spatial derivatives of K at r =, 1 which we compute
using the finite-difference approximations recently proposed in [12]:

1
2.52
1
(Kzwa) s = (a7 I,y =4I, 46K,y — 4K + K,
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The resulting semi-discrete scheme (2.50)—(2.52) will be fifth-order accurate provided the point
values U i+1 are calculated using a fifth-order interpolation. To this end, we apply the recently

proposed ﬁfth order Ai-WENO-Z interpolation [14,31,46], which we briefly describe in Appendix
A.

3 Two-Dimensional Algorithms

In this section, we extend the proposed 1-D flux globalization based LD A-WENO PCCU schemes
to the 2-D ~-based multifluid system (1.1), (1.2), (1.4). This system can be written in the vector
form

U, + F(U), + G(U), = BUU, + C(U)U,,

or, equivalently, in the quasi-conservative form

U, + K(U), + L(U), =0 (3.1)
i K(U) - F(U) - R(U), L(U)-G(U)-S(U),
R(U) = / BU)U:d¢s, S(U) = /y CU)U, dy (32)
Here 55 y

U = (p7pu7pU7E7F7H)T7
F(U) = (pu, pu* + p, puv,u(E + p),ul’,ull)T, BU)U, = (0,0,0,0, T'u,, Hux)T, (3.3)
G(U) = (pv, puv, pv* + p,v(E + p),ol,0Il) ", C(U)U, = (0,0,0,0,Tv,, Hvy)T.

We first introduce a uniform mesh consisting of the finite-volume cells C; 5, := [a:j 1,%5,1 1]

[yk_%, yk+%] of the uniform size AxAy with Tigl =T 1= Ax and Yryl —Upo) = Ay centered at
(2, yr) with z; = (:Ej_% +xj+%)/2 and (yk_% +yk+%)/2, j=1,...,N,, k=1,...,N,.

We assume that at certain time level ¢, an approximate solution, realized in terms of the cell
averages ﬁj,k R ﬁay | f(}j . U(x,y,t)dzdy, is available. These cell averages are then evolved in
time by solving the followiﬁg system of ODEs:

d _ ’Cj—‘rlk_]cj—l,k £jk+l _ﬁjk—l

—U., = — 27 2 _ ) > 2 4
gok Ax Ay ’ (3.4)

where the x- and y-numerical fluxes are

K., KJr cfr
]+ kgL E g LET i+ %k J+3.k n _
K:j-i-%JC o at, —a> + a+ —a. UJ+ k Uj+%ak + D5 (3.5)
J+3.k itk Jt+3.k ik
bt L_ b L’L bh o b
Likis = b* b‘ ] £+ bt b Uj,k+§ B Uj,k+% T Qs (3.6)

gk+s T Tik+d gk+L T Uikt
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. . + + .
The one-sided point values Uj+%,k and Uj,k+% at the cell interfaces (v, +%,yk) and (x;,y, +%),

respectively, are obtained as follows. We first use the cell averages l_fjﬁk to compute the point
values of u, v, and p at the cell centers:

. _ S 2 S 2
~ (pu)jk ~ (p0)jk 1= ((Pw)jr)” + ((PV);0)” =
Uje = —= o Uik = —= y Pik = = - = - Hjﬂk )
Pk Pjk Lk 20jk

and then construct the linear pieces to approximate the primitive variables V' = (p,u,v,p, I, 1) ":

Vik(@,y) = Vir + (Vo)jr(x —25) + (Vy)ju(y —ur),  (2,y) € Cjp, (3.7)

where V;;, 1= (ﬁjJ“uj,k,vjﬁk,pjyk,l_jjﬁk,ﬁj,k)T and (V,,),, and (V,),, are the slopes, which are sup-
posed to be computed using a nonlinear limiter.

As in the 1-D case, we use different limiters near and away from the material interfaces, which
need to be detected. In the two-fluid case, we check whether

j— A~ — ~

(Fj.k — F)(Fj+17]€ — F) < 0, (38)
where, as before, ' = (I'r + ') /2. If (3.8) is satisfied, we then use the overcompressive SBM
limiter, o o o o

|4 -V |4 -V
(.V:;:)f’k _ S]:ID,—M <_€+1,k) _ €,k> 0+1.k €7k7 (39)
’ \ N Az
for ¢ = j—1,7,j+1,and j+2. In (3.9), the function ¢z (r), given by (2.15), is applied in a
componentwise manner with 7 = —0.5 and # = 1.3. Otherwise, that is, away from the material

interface, we use a dissipative generalized minmod limiter which is also given by the same formulae
(3.9), (2.15), but with 7 = 0.5 and § = 1.3. We proceed similarly in the y-direction: we use

Vit = Vim\ Vimss =V,
V. = S]?_M (_],m-l—l — ],m> 7,m+1 ],m’ 3.10
(Vi = 2 (g i ) S (3.10)
with 7= —-05andd=13form=k—1,k, k+1, and k£ + 2 if
(Tjr = D)(Tpn —T) <0, (3.11)

is satisfied, and with 7 = 0.5 and 6 = 1.3 otherwise.
Equipped with (V),x and (V,);, we use (3.7) to obtain

_ — Az — Az

V;Jr%,k = Vj,k + T(W)j,ka V;:%k = Vj+1,k - 7(%)j+1,lm
_ — Ay — Ay

Vieer = Vet 5 Vies Vi = Vien = 5 (V)ies,

and then the corresponding point values of the conservative variables U are

+ + + + + + + +
U, - (pﬁ,m7 pé,m“(,m’ pf,mvﬁ,nﬂ E I

£m £m> - £m?

)’

for (¢,m) = (j + 5, k) and (j, k + 3). Here, Ej, =T 7 + P (Ug)? + (v,,)%)/2 + T,

lm lm
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The global fluxes Kji and L;; .1 in (3.5)—(3.6) are obtained using the relations in (3.2),

+3.k
namely, by
+ ot pt £ _ _
Kg+2,k FJ+2,k Ra+2,k’ Lj,k+é Ga k+s S5 jkt3’
where F]i%k = F(U]fr%7k), G;.'TH% = G(Ujjfk%), and the point values of the global variables
R and S are computed as follows. First, we set £ = 21 and ¥ = y1 so that R,, = 0 and
2 2 3
S] = 0. We then evaluate R = Bg 1, and S’;Tl = By ;1 and recursively compute the rest
72 727 75 2 72
of the required point values:
— DR+ T + — PR N
RJ+2J€ Rflk_'_Bk’ R+2,k R+27k+B‘I’,]+%,k’ ]_17"'7ij
S~ =8t By ST —S* By .,.1, k=1....N,.
J:lﬁ”z kil * k+2 1 + U5 k+30 ’ Y
Here, B},, By ;i1 Bjk, and By, ;.1 are evaluated precisely the same way as in §2.1.1:
b 2. 2? 1 27
r-, +0I", I, + Inr, T
Byir, = (0,0,0,0, 2tk iths (uh, —u,. ) rhe T it (uh , —ui,))
itsk e 2 Jtgk  Titgk)? 2 jtgk o Titgk))
+ — +
y ij+1+rk 1 n H]k+l+ﬂ 1 N T
B}, = (0,0,0,0 v = : (0 =)
J:.k 7 2 ( ]k—&-% j,k—%)7 2 ( ],k-l—% j,k—%) ’
r- +I. It +1II T
B 0,0,0,0, LAl B L (vf o —v 1) s thias (vf o —v 1)
Wkt 9 k41 k3 9 Jok+3 Jik+3 :
Finally, the one-sided local-speeds of propagation a;il , and bik i can be estimated by
27
a’ =maxqu., +c +cf 0
J+3.k J+ik T iR J+2Jc J+ik S0
- ~ - - + +
. =min{u’ —C. u’ —c 0
]+§7k { J+%7k ]+%7k’ ]+%7k +é7k, } !
+ —
bj,k+2 max {Ug,k+% + Cierir Yy k+; + Cg k1 }
b =minqv., , , —cC, v’
ikt Gkt ikt ikl ak+“

3.1 “Built-in” Anti-Diffusion

In this section, we discuss the derivation of the “built-in” anti-diffusion terms g; 11 and g1
n (3.5)—(3.6) in a “dimension-by-dimension” manner following the idea introduced in [29].
In order to derive the formula for g;, 1 ,, we consider the 1-D restriction of the system (3.1)-

(3.3) along the lines y = yy:
Uy(x,yr,t) + KU (z,yx,t)) =0, k=1,..., N, (3.12)

We then can go through all of the steps in the derivation of the 1-D fully discrete scheme for the
systems in (3.12) following §2.2.1 up to (2.26), which now reads as

——int,L
oint B e e
j+i k(x?yk’)_ —int,R

U

itak T2 Tipl
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and the corresponding local conservation requirements (2.27) become

——int

VU g (3.13)

+ —int,R _ —int,L _ + —
R A L e A LA (aj+é,k T YLk
In addition to the six conservation constraints given by (3.13), we have six degrees of freedom,
which we use as in the 1-D case to enforce a sharp approximation of quasi 1-D isolated contact
waves propagating in the z-direction. To this end, we enforce the continuity of u and p across the

cell interfaces v =z, 1 by setting

int, L int R int,L, \2 int,L \2
(pu), pany (pu), 1k 1 [—int,L ((pm), 1 k:) + ((pv) +2,k) —int,L
—int,L = —int,R ) —int,L Ej+%,]f_ 2—1ntL - j+%’k
1k Pitin Uji1n Pitin
int,R int,R
1 —int,R (<pu)j+ k) + ((pv)JJr k) —int,R
= Zmw \ Bivle — 2—1ntR — 1k
LA Pj

and then proceed as in §2.2.1 to enforce sharp (yet, non-oscillatory) jumps of the p-, pv-, I'-, and
II-components. This leads to the following formulae analogous to (2.30)—(2.31):

0" . 0" .
—int,L — —int + ]+§7k —int7R — —int + ]+§7k
Pivtr = Pivgut = = Pivha = Pivpet g
Jjt3.k Jtgk
6?” 1 6pv 1
int,L int Jtzk int,R int Jjt3.k
(P) i = (P0) 50k + === (P0) 5 = (PO);  + 5
Jjt3.k j+%’k
51“ 51“
—int,L —int j+2,k —=int,R —int j+%,k
FJ+2J€ - F]+ kT a” FJ+2Jf =1 kT at |
Jjt+35.k Jtgk
11 1T
ﬁint,L ﬁmt 5j+2,k ﬁint,R ﬁint 5j+%,k
jrie = 1+ . ik = e T at
J+3 .k itk
where
P i int o int + int _ —int
01y = minmod (—ay .\, [P0, (PEsa)els aj+§,k[(pj+%,k)r pj+%,k}> ’
0”Y, = minmod
j+§,]€

(—a7,,.07
( aJJr%,k[ pv)yujrt ke ((pv)ﬁ: k)é]’ a;l’k[((p >;Ii2k) % U)Jlit%k’]) ’
53‘F+%,k = minmod ( a. [fyrj—t% kT (Fﬁz )z] ]+ k[(rﬁ2k) ]+2,k )
int in in
(—ayes [T — () ]y, [0 ) =TT, ])

Here, the values (pijli%,k:)é’ (pijrj:%’k)r, ((pv);rj: k)e’ ((pv);‘j: k) (F;‘j: k)e’ (F;TQk) (H;ﬂ:yk)g

and (H”j: k) are obtained using the Taylor expansions as it was done in (2.32).
3

We then proceed as in the remaining part of §2.2.1 and complete the derivation of the fully
discrete scheme (not shown here for the sake of brevity), and after this, we pass to the semi-discrete
limit and end up with the LD PCCU flux (3.5) with the following “built-in” anti-diffusion term:

I o .
5]+2,k = minmod

T
_ P * P I 1T
qj+%7k; - (qj+%,k’uj+%,kqj+%,k7q + k"q]+ k?qj+ k?q]+2,k> . (314)
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Here,
+ - - _ + -
N j+2,kUj+2,k aj+§,kUj+§,k <Kj+2,k Kj+%,k) B (pu)g+ &
U’ 1, — — U., 1, =
J+ik at 4 N o ;
Jt+3.k J+3.k Jt+3.k
p .
A = minmod | —a
q]-‘r%,k‘ < ]+%7k( .7+27k p]+ k) J+ ak(p]"_%vk p-7+2’k))
pv I * o
Btk _mlnm0d< ag+§k( P)jesa — (PV) o) @ ((P0)]1 4 = (o), k)>
r o ¥ e i .
qj-i-%vk = minmod < a]"‘%vk (Fj"‘%vk Fj“‘%’k) itk (F3+27k Fj"'%’k)) ’
11 _ : * 1T + *
Gj+1,x = minmod < ag+§,k(nj+%,k Hj+§,k:) J+2,k(H]+27k Hj+%,k)> :
( pv 2 pU 2y
q..1 q..1
O P e B o R RO M
at | a ik \ P T e\ P T =
B itsk 5k J+3.k J+35.k
Uik = 7 _ o 7 - 7
Jtgk Titgk . Jtgk . gk
2 p 1 —f‘ B 2 p 1 + —
itk g Jtak g
L1 -1
\ ]+§7k J+§,k? )
(1) 7, (CO)
+ ]+§ak‘ p + ]+ k E* . + k . H* + I
2 J+5.k J+3.k 20 J+ik 4 J+ik
Jts.k J+35.k
where
¢
T Jt3.k
(d), =1——=
]+2’k a- , I™
Similarly, the “built-in” anti-diffusion term in the LD PCCU flux (3.6) is
P T 1T T
Dje+y = (q] k—i—l’qj kit Va4 k+1’qj k30 D+l j,k+%> ' (3.15)
with
+ + I - LT — L~ *
Ut - bj,kJr%Uj,kJr% bj,k+2UJ ket L = ( Gt j,k+%) o (pv)j,m%
]7k+§ j7k+§ ]7k+§
p _ - - + + ok
TGyl = minmod ( bg,k:+ (pJ ket L pj,k—&-%)’bj,k—i-% (pj,k+§ j,k+§)> )
pU - * — +
minm . —
Bl 0d< ks Py = () 1) 07 s (P05 s = () )>
r — —_h * I + + T
¢; 41 = minmod < bkas (ka% F].M%), Gkt3 (Fj,m% Fa}kﬂr%)) ’
11 _ . _ * R B + + T
Tl = mlnmod( bj,k:-&-% (Hj,kJr% I kot 1 ) b; [ (H ot Hj,k+§)>’
4 pU 2 pU 2y
I — ‘ k+3 r qj,k+%
-+ b* (d )j’k+ (pu)j k+1 + b (d )] k+, (pu)]’k+1 + b*
E Gk+s gkt okt 3 Jk+3
Ty T pr 7 p
J» bl —_
P Uikt T Viktd 5 L i L Doy
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* 2 I * 2
(v, 1) G, 1 ((pv)s, 1)
+ 2 qyk+l+r* E]k+2 20" _ij—&-f +q g0
Js +2 Js +§
where

qu. 1
I+ _ A
(d )j,kJr% =1- bi *

I
kLT kL

Remark 3.1 As in [29], the computation of numerical fluzes in (3.5) should be desingularized to

avoid division by zero or very small numbers. First, if a© Jiin < €0 and aj;l L > —€0 for a small
2° 27

positive gq, we replace the flux K:j+%7k with

K(U+
J+ik = 9

2 ,k) + K(U‘;:»Q 7k>

K

Similarly, if b;f ! <egogand b, , > —eg, we replace the flux Ej,k+§ with

k+2

LU, .)+L(U: )

o 7, k+ ],k+
j7k+% - 2

L

In addition, the computation of the energy numerical fluzes have to be desingularized even in the
case when only one of the local speeds is very small. In particular,

Zfa+ & < €0 buta+ & < —fo, we take IC(+)2,k_ g+%k(Eg+2,k j+27k)
zfa.+lk>—50 buta+27 > g, we take K;Zﬂwk—uﬁ k( i e T ﬁ k)
sz i < gp but b . < —gg, we take Eﬁ% :U;k—i-l(E‘k—i-%—i_p'k-i-%);
sz;k+% —gp but bj7k+% > ¢gg, we take £§j2+% :ng+ (E;“Hf +pjk+ )

As in the 1-D case, we take g = 10712 in all of the numerical examples.

3.2 Flux Globalization Based LD Ai-WENO PCCU Scheme

In this section, we extend the 2-D second-order flux globalization based LD PCCU schemes from
§3.1 to the fifth order of accuracy within the A-WENO framework.

The semi-discrete fifth-order LD Ai-WENO PCCU scheme for the 2-D quasi-conservative sys-
tem (3.1)—(3.2) reads as

T T Yy Y
EU _ 7“3+2,k %j—%,k B 7-1'3 ktl %j - (3 16)

dt ]’k Ax Ay Y .

where the fifth-order numerical fluxes ’H;” Ll and ’H;’ pyl Are defined by
2’ NT Y
z Az 7(Az)?

Hj+2, = Kj+%,k o ﬁ( ISL‘)]‘JF%’]C + W< mmx)jJr%,lm (3 17)

Ay 7(Ay)? )

ijkﬂ Lj,k+% - Q(Lyy)j,k+% + W( yyyy)j,kJr%'
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Here, Klj%’k and LIMJF% are the finite-volume fluxes (3.5), and (Km)j%,k, (Kmm)ﬂ%,k, (Lyy)j,kJr%?
and (Lyyyy ), 41 are approximations of the second- and fourth-order spatial derivatives of K at
(x,y) = (ijr%,yk) and L at (z,y) = (xj,yk+%), respectively. We compute these quantities using
the finite-difference approximations analogous to (2.52):

1
(Kea);ip0 = T30a07 | g+ 16K,y = 30K+ 16K = 1 g
1
(Kaoraa) i1 g = (Ao)t [K:jfg,k A 1 6K Ly —AKC s K‘"jJr%,k] )
1
(Lyy)j,kJr% = —12(Ay)2 |:_‘Cj,k7% + 16‘Cj,k7% - 30‘Cj,k+% + 16‘Cj,k+% - Ej,lﬁ»%] )

1
(Lyyyy)j,k+% = _(Ay)4 [‘C’j,kf% - 4‘Cj,kf% + 6£j,k+% o 4£ij+% + ﬁj,k%} ’

As in the 1-D case, the resulting semi-discrete scheme (3.16)—(3.17) is fifth-order accurate
provided the point values U L and U ;1 are calculated using a fifth-order interpolation. To
this end, we apply the recently proposed ﬁfth order Ai-WENO-Z interpolation [14, 31, 46], which
can be performed in the x- and y-directions similarly to the 1-D case discussed in Appendix A;

we omit the details for the sake of brevity.

Remark 3.2 As in the 1-D case, one needs to apply the Ai-WENO-Z interpolation procedure in
the local characteristic variables to reduce the magnitude of the numerical oscillations. In Appendiz
B, we provide a detailed explanation on how to apply the LCD to the 2-D system (3.1)-(3.3).

4 Numerical Examples

In this section, we apply the developed schemes to several 1-D and 2-D numerical examples and
compare the performance of the second-order flux globalization based PCCU, the second-order flux
globalization based LD PCCU, and the fifth-order flux globalization based LD Ai-WENO PCCU
schemes, which will be referred to as the PCCU, LD PCCU, and Ai-WENO schemes, respectively.

In all of the numerical examples, we have solved the ODE systems (2.2), (2.50), (3.4), and
(3.16) using the three-stage third-order strong stability preserving (SSP) Runge-Kutta method
(see, e.g., [16,17]) and used the CFL number 0.45.

4.1 One-Dimensional Examples
Example 1—*“Shock-Bubble” Interaction

In the first example, we consider the “shock-bubble” interaction problem, which is a two-fluid
modification of a single-fluid example from [29]. The initial data are given by

(13.1538,0,1;5/3,0), 2| < 0.25,
(p,u, p; 7y, Too)(x,0) = ¢ (1.3333, —0.3535,1.5;1.4,0), x> 0.75,
(1,0,1;1.4,0), otherwise,
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which correspond to a left-moving shock, initially located at x = 0.75, and a resting “bubble”
with a radius of 0.25, initially located at the origin. These inital data are considered in the
computational domain [—1,2] subject to the solid wall boundary conditions imposed at both
r=—1and z = 2.

We apply the studied PCCU, LD PCCU, and Ai-WENO schemes to this initial-boundary
value problem and compute its numerical solutions until the final time ¢ = 3 on a uniform mesh
with Az = 1/100. The obtained densities and velocities are presented in Figures 4.1 and 4.2
together with the reference solution computed by the PCCU scheme on a much finer mesh with
Az = 1/2000. As one can see, the LD PCCU scheme achieves sharper resolution than the PCCU
one, and the use of a fifth-order Ai-WENO scheme further enhances the resolution.

p p

—PCCU —PCCU
15+ ——1LD PCCU| | 15} |—LD PCCU
—-=-Ai-WENO —-—- Ai-WENO
——Reference ——Reference

-0.55 -0.5 -0.45 -0.4

Figure 4.1: Example 1: Density p (left) and zoom at = € [—0.55, —0.4] (right) .

0.1}

0 i-
——Reference -0.1

-0.17
—PCCU
0.2} |—LD PCCU
—-—- Ai-WENO A
—— Reference
-0.3

-1 -0.5 0 0.5 1 1.5 2 -0.2 0 0.2 0.4 0.6 0.8

-0.2¢

Figure 4.2: Example 1: Velocity u (left) and zoom at x € [—0.2,0.9] (right).

Example 2—Water-Air “Shock-Bubble” Interaction

In the second 1-D example, which is a 1-D modification of an example from [8], we consider a gas-
liquid multifluid system, where the liquid component is modeled by the EOS (2.9) with 7, > 1.
The initial conditions,

(0.05,0,1; 1.4, 0), lz — 6] < 3,
(0,1, P 7, Too) = { (1.325, —68.525,19153; 4.4, 6000), « > 11.4,
(1,0,1;4.4,6000), otherwise,



Low-DISSIPATION SCHEMES FOR COMPRESSIBLE MULTIFLUIDS 23

correspond to the left-moving shock, initially located at = 11.4, and a resting air “bubble” with
a radius 3, initially located at x = 6. The initial conditions are prescribed in the computational
domain [0, 18] subject to the free boundary conditions.

We compute the numerical solution until the final time ¢ = 0.045 on a uniform mesh with
Az = 1/10 by the PCCU, LD PCCU, and Ai-WENO schemes and plot the obtained density in
Figure 4.3 together with the reference solution computed by the PCCU scheme on a much finer
mesh with Az = 1/400. As one can observe, the LD PCCU solution achieves sharper resolution
(especially of the contact wave located at about = 3) compared with its PCCU counterpart, but
it produces certain oscillations. The Ai-WENO scheme, on the other hand, achieves even higher
resolution and the obtained fifth-order results are oscillation-free. We believe that this is thanks
to the fact that the Ai-WENO-Z interpolation is performed using the LCD.

p p
1.4 " T T T T " T T
1 ace—e=d —PCCU
1.2 \ —LD PCCU
Ai-WENO
1 i 08 Reference
0.8 06!
0.6 f |
0.4
0.4+
02! 0.2
0 0
0 3 6 9 12 15 18 25 3 3.5 4 45

Figure 4.3: Example 2: Density p (left) and zoom at x € [2.5,4.8] (right).

Example 3—Water-Air Model With a Very Stiff Equation of State

In the last 1-D example taken from [2,10], we consider another gas-liquid multifluid system with
the water component modeled using even stiffer EOS than the one used in Example 2. The initial
conditions that correspond to a severe water-air shock tube problem,

( . - (1000,0,10%4.4,6 - 10%), x < 0.7,
PP ) = (50,0,10% 1.4, 0), x> 0.7,
are prescribed in the computational domain [0, 1] subject to the free boundary conditions.

We compute the numerical solutions by the studied PCCU, LD PCCU, and Ai-WENO schemes
until the final time ¢ = 0.00025 on a uniform mesh with Az = 1/400. The obtained densities are
shown in Figure 4.4 along with the reference solution computed by the PCCU scheme on a much
finer mesh with Az = 1/6400. One can observe that all of the studied schemes produce non-

oscillatory numerical solutions, and the Ai-WENO solution is slightly sharper than the solutions
computed by the PCCU and LD PCCU schemes.

4.2 Two-Dimensional Examples

In this section, we present four 2-D numerical examples. In all of them, we plot the Schlieren
images of the magnitude of the density gradient field, |Vp|. To this end, we have used the
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1000 800

—PCCU

——LD PCCU
—-—-Ai-WENO
——Reference ||

800

600

600
400

—PCCU -
—LD PCCU 200 ‘ 1
200 |_._. Ai-WENO p
——Reference B
0 . . . . 0 - - -
0 0.2 0.4 0.6 0.8 1 0.79 0.81 0.83 0.85 0.87

Figure 4.4: Example 3: Density p (left) and zoom at [0.79,0.87] (right).

A \\Y
P max([Vp)) )7

where the numerical derivatives of the density are computed using standard central differencing.

following shading function:

Example 4—Shock-Helium Bubble Interaction

In the first 2-D example taken from [10,40], a shock wave in the air hits the light resting bubble
which contains helium. We take the following initial conditions:

(4/29,0,0,1;5/3,0), in region A,
(p, u, v, 0;7, D) = 4 (1,0,0,1;1.4,0), in region B,
(4/3,—-0.3535,0,1.5;1.4,0), in region C,

where regions A, B, and C are outlined in Figure 4.5, and the computational domain is [—3, 1] x
[—0.5,0.5]. We impose the solid wall boundary conditions on the top and bottom and the free
boundary conditions on the left and right edges of the computational domain.

-0.25 0 0.25 0.75

Figure 4.5: Initial setting for the 2-D numerical examples.

We compute the numerical solutions until the final time ¢ = 3 on a uniform mesh with Ax =
Ay = 1/500. In Figures 4.6 and 4.7, we present different stages of the shock-bubble interaction
computed by the PCCU, LD PCCU, and Ai-WENO schemes. Notice that the bubble changes
its shape and propagates to the left, but in order to focus on the details of the bubble structure,
we only zoom at [o,0 + 1] x [—0.5,0.5] square area containing the bubble (o is decreasing in
time from -0.5 to -1.6). As one can observe from the numerical results, the bubble interface
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develops very complex structures after the bubble is hit by the shock, especially at large times.
The obtained results are in a good agreement with the experimental findings presented in [18] and
the numerical results reported in [9,10,40]. At the same time, one can see that at a small time
t = 0.5, the resolution of the bubble interface is significantly improved by the use of the LD PCCU
and especially the Ai-WENO schemes. At larger times, the interface develops instabilities which
are smeared by a more dissipative PCCU scheme. The differences in the achieved resolution of
the small solution structures become even more pronounced at the larger times ¢t = 2, 2.5, and
especially at ¢ = 3. This clearly indicates that the LD PCCU scheme outperforms the PCCU
one, and the further improvement in the Ai-WENO results is much more obvious than in the 1-D
examples.

PCCU, t=0.5 LD PCCU, t=0.5 Ai-WENO, t=0.5
0.5 0.5 0.5

-0.5 -0.25 0 0.25 0.5 ’ 0.5 -0.25 0 0.25 0.5 0.5 -0.25 0 0.25 0.5
PCCU, t=1 LD PCCU, t=1
= 5 5

075 05 025 0 025 075 -05 -025 0 025 075 05 025 0 025

e 075 -05 -0.25 0

Figure 4.6: Example 4: Shock-helium bubble interaction by the PCCU (left column), LD PCCU (middle
column), and Ai-WENO (right column) schemes at times ¢ = 0.5, 1, and 1.5.
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PCCU, t=2 LD PCCU, t=2

0.5 g 0.5

-0.5 7% -0.5 0.5 5=
-1.15 -0.9 -0.65 -0.4 -0.15 -1.15 -0.9 -0.65 -0.4 -0.15 -1.15 -0.9 -0.65 -0.4 -0.15

PCCU, t=2.5 os LD PCCU, t=2.5

—

0.5

=7

P el

-0.5 -0.5 — -0.5
135 -141 -0.85 0.6 -0.35 135 -141 -085 -06 -0.35 -1.35 11 -0.8 -0.6 -0.35

PCCU, t=3 LD PCCU, t=3 Ai-WENO, t=3
0.5 0.5 —— 0.5 = -

_0'5 -0. T
-1.6 -1.35 -1.1 -0.85 -0.6 -1.6 -1.35 -1.1 -0.85 -0.6 -1.6 -1.35 -1.1 -0.85 -0.6

Figure 4.7: Same as in Figure 4.6, but at larger times ¢t = 2, 2.5, and 3.

Example 5—Shock-R22 Bubble Interaction

In the second 2-D example also taken from [10,40], a shock wave in the air hits the heavy resting
bubble which contains R22. The initial conditions are

(3.1538,0,0,1;1.249,0), in region A,
(p,u, v, p;7, Too) = 4 (1,0,0,1;1.4,0), in region B,
(4/3,—0.3535,0,1.5;1.4,0), in region C.

The regions A, B, and C are the same as in Example 4 and they are specified in Figure 4.7. In
this example, we impose the same boundary conditions and use the same computational domain
as in Example 4.
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We compute the numerical solutions until the final time ¢ = 3 on a uniform mesh with Ax =
Ay = 1/500. In Figures 4.8 and 4.9, we present different stages of the shock-bubble interaction
computed by the PCCU, LD PCCU, and Ai-WENO schemes. As one can see, the bubble changes
its shape and propagates to the left, and in order to focus on the details of the bubble structure, we
only zoom at [0, 0+ 1] x [-0.5, 0.5] square area containing the bubble (o is decreasing in time from
-0.5 to -1.15). Compared with Example 4, the bubble moves to the left a little slower and develops
totally different structures as the R22 is heavier than the Helium. The obtained results are in a
good agreement with the numerical results reported in [9,10,40]. Similar to Example 4, at a small
time ¢ = 0.5, the resolution of the bubble interface is significantly improved by the use of either the
LD PCCU or Ai-WENO schemes, and the improvement in this example is even more pronounced.
By the time t = 1, the interface develop instabilities which are smeared by a more dissipative
PCCU scheme. As time progresses, the solutions develop very complex small structures, which

are better resolved by the schemes containing smaller amount of numerical dissipation, namely,
by the LD PCCU and Ai-WENO schemes.

PCCU, t=0.5 LD PCCU, t=0.5 Ai-WENO, t=0.5
0.5 0.5 0.5

05 025 0 025 05 05 -025 0 025 05 05 025 0 025 05

PCCU, t=1 LD PCCU, t=1

Ai-WENO, t=1
0.5

0.5 0.5

-0.5 -0.5 -0.5
-0.6 -0.35 -0.1 0.15 0.4 -0.6 -0.35 -0.1 0.15 0.4 -0.6 -0.35 -0.1 0.15 0.4

Figure 4.8: Example 5: Shock-R22 bubble interaction by the PCCU (left column), LD PCCU (middle
column), and Ai-WENO (right column) schemes at times ¢t = 0.5 and 1.

Example 6—A Cylindrical Explosion Problem

In this 2-D example, which is a modification of an example from [52], we consider the case where
a cylindrical explosive source is located between an air-water interface and an impermeable wall.
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PCCU, t=1.5 os LD PCCU, t=1.5

0.5

5 - 5 . 5
-0.7 -0.45 -0.2 0.05 0.3 -0.7 -0.45 -0.2 0.05 0.3 -0.7 -0.45 -0.2 0.05 0.3

PCCU, t=2 LD PCCU, t=2
0.5 0.5

5 5 5
-0.85 -0.6 -0.35  -01 0.15 -085 06 -0.35 -0.1 0.15 -08 -06 -0.35 -0.1 0.15

PCCU, t=2.5 LD PCCU, t=2.5 Ai-WENO, t=2.5

. . 5
-1 -0.75 -0.5 -0.25 0 -1 -0.75 -0.5 -0.25 0 -1 -0.75 -0.5 -0.25 0

PCCU, t=3 LD PCCU, t=3 Ai-WENO, t=3

-0.5 -0.5 -0.5
-1.15 -0.9 -0.65 -0.4 -0.15 -1.15 -0.9 -0.65 -0.4 -0.15 -1.15 -0.9 -0.65 -0.4 -0.15

Figure 4.9: Same as in Figure 4.8, but at larger times ¢t = 1.5, 2, 2.5, and 3.
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The initial conditions are given by

(1.27,0,0,8290;2,0), (r—5)2+ (y—2)? <1,
(p,u, 0, P37, Too) = 4 (0.02,0,0,1;1.4,0),  y >4,
(1,0,0,1;7.15,3309), otherwise,

the solid wall boundary conditions are imposed at the bottom, and the free boundary conditions
are prescribed on the other sides of the computational domain [0, 10] x [0, 6].

Notice that the initial conditions contain three—mot two—different fluids, and therefore we
need to modify the way the fluid interfaces are detected as the criteria (3.8) and (3.11) are applica-
ble in the two-fluid case only. We first set I't' = 1/(y1—1), 'n=1/(yu — 1), and I'y;r = 1/ (v — 1),
where v1 = 2, yp = 1.4, and i = 7.15 are the specific heat ratios for the three fluids. We then
introduce Ty := (T —|—FIH)/2 Ty = (I'ir + ') /2, and replace the conditions (3.8) and (3.11) with

j— ~ —

Cjp = T)(Cjap — fl) <0 or (F F2>(Fj+l k— f2) <0

and

e =TT —T1) <0 or [Ty — T2)Tjpsr — I2) <0
respectively.

We compute the numerical solutions until the final time ¢ = 0.02 on a uniform mesh with
Az = Ay = 1/80 by the studied PCCU, LD PCCU, and Ai-WENO schemes. In Figure 4.10,
we present time snapshots of the obtained results, which qualitatively look very similar to the
numerical results reported in [52]. As one can see, the LD PCCU scheme captures both the
material interfaces and many of the developed wave structures substantially sharper than the
PCCU scheme and the use of the Ai-WENO scheme further enhances the resolution. In particular,
one can observe more pronounced small structures in the Ai-WENO solution (especially inside the
bubble) at the large time ¢t = 0.02; see Figure 4.11, where we zoom at the bubble area. This
example, once again, clearly indicates that the LD PCCU and Ai-WENO schemes outperform the
PCCU one.

Example 7—Water-Air Shock-Bubble Interaction

In the last 2-D example, which is taken from [8], we consider the interaction of a shock in water
with a gas bubble. The initial conditions

(0.0012,0,0,1;1.4,0), (z—6)*+ (y —6)? <9,
(p,u, v, p; Y, Too) = 4 (1.325,—68.525,0,19153;4.4,6000), =z > 11.4,
(1,0,0,1;4.4,6000), otherwise,

correspond to a cylindrical air bubble impacted by a Mach 1.72 shock initiated in water. In this
example, the initial data are prescribed in the computational domain [0, 12] x [0, 12] with the solid
wall boundary conditions imposed on the top and bottom and the free boundary conditions on
the left and right edges of the computational domain.

We compute the numerical solutions by the studied PCCU, LD PCCU, and Ai-WENO schemes
until the final time ¢ = 0.045 on a uniform mesh with Az = Ay = 3/200. In Figures 4.12 and 4.13,
we present different stages of the interaction process. As one can see, the bubble containing air will
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PCCU, t=0.008 LD PCCU, t=0.008 Ai-WENO, t=0.008

Figure 4.10: Example 6: Solutions computed by the PCCU (left column), LD PCCU (middle column),
and Ai-WENO (right column) schemes at times ¢ = 0.008, 0.014, and 0.02.

be compressed by the water, propagates to the left, and changes its shape until losing its integrity
and breaking up. The obtained results are in a good qualitative agreement with the numerical
results reported in [8]. As in the previous examples, the resolution of the bubble interface is
significantly improved by the use of the LD PCCU and Ai-WENO schemes, especially for the
small times ¢t = 0.0204, 0.0305, and 0.0368; see Figure 4.12. At the same time, the differences near
the bubble interfaces between the LD PCCU and Ai-WENO solutions are minor.

Remark 4.1 In order to preserve the positivity of the pressure computed by the Ai-WENQO scheme,
we have used the following algorithm. We first detect the material interfaces by (3.8) and (3.11)
and then switch to the second-order LD PCCU scheme (with the one-sided point values computed
by the SBM limiter (2.15), (3.7), (3.9), (3.10) in the overcompressive regime with 6 = 1.3 and
T = —0.5) in the neighboring four cells at each side of the interface. This results in a hybrid
“mixed-order” scheme, which still achieves higher resolution compared with the second-order LD
PCCU scheme.
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PCCU, t=0.02

LD PCCU, t=0.02 Ai-WENO, t=0.02

Figure 4.11: Example 6: Solutions computed by the PCCU (left), LD PCCU (middle), and Ai-WENO
(right) schemes at time ¢ = 0.02; zoom at the bubble area.

5 Conclusion

In this paper, we have developed flux globalization based low-dissipation (LD) path-conservative
central-upwind (PCCU) schemes for one- (1-D) and two-dimensional (2-D) compressible multiflu-
ids. The LD PCCU schemes are based on the flux globalization based PCCU schemes and employ
the recently proposed LDCU fluxes to reduce the numerical dissipation present in the original
PCCU schemes. In order to further enhance the resolution of material interfaces, we track their
locations and use the overcompressive SBM limiter in their neighborhoods, while in the rest of
the computational domain, a dissipative generalized minmod limiter is utilized. The new second-
order finite-volume method is then extended to the fifth order of accuracy via the finite-difference
A-WENO framework. We have applied the developed schemes to a number of 1-D and 2-D ex-
amples and the obtained numerical results clearly demonstrate that both of the LD PCCU and
LD A-WENO schemes outperform the flux globalization based PCCU scheme that employs the
original central-upwind numerical flux from [25]. At the same time, these examples show that the
fifth-order LD Ai-WENO scheme enhances the resolution achieved by the second-order LD PCCU
scheme.
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A 1-D Fifth-Order Ai-WENO-Z Interpolation

In this appendix, we briefly describe the fifth-order Ai-WENO-Z interpolation recently introduced
in [14,31,46].

Assume that the point values W, of a certain quantity W at the uniform grid points x = x;.,
¢ = =2, ...,3 are available. We now show how to obtain an interpolated left-sided value of W

at & = w;,1, denoted by W7_+ ;. The right-sided value thr , can then be obtained in the mirror-
2 2

symmetric way.



32 S. CHu, A. Kurcanov, & R. XiIN

" PCCU, t=0.0204 LD PCCU, £=0.0204 1y AIFWENO, 1=0.0204
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Figure 4.12: Example 7: Shock-air bubble interaction computed by the PCCU (left column), LD PCCU
(middle column), and Ai-WENO (right column) schemes at times ¢ = 0.0204, 0.0305, and 0.0368.

The value VV]_+ , is calculated using a weighted average of the three parabolic interpolants Py(z),

2
Pi(x), and Py(x) obtained using the stencils [z;_2,x;—1, ], [Tj—1, %), Tj41], and [, Tj41, Tj49],
respectively:

2
Wiy = Y enPuley),
k=0

where
3 ) 15 1 3 3
Po(zjps) = gWimz = g Wi+ = Wi, Prlajg) = g Wima+ 0 Wi+ o Wi,
3 3 1

Pa(@jis) = g Wit g Wikt = g Wisa,
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PCCU, t=0.0405 02 LD PCCU, t=0.0405 ) Ai-WENO, t=0.0405

Figure 4.13: Example 7: Same as in Figure 4.12, but at larger times ¢t = 0.0405 and 0.045.

and the Ai-weights w; are computed by

= —— & ak—dk{u(ﬂL)], k=0,1,2, (A1)

a0+a1+a2’ k+€/fg

with dy = 1—16, di = g, and dy = 1%. The smoothness indicators i for the corresponding parabolic

1
interpolants Py (x) are given by

13 1

fo = 35 (Wima = 2Wioy + W)+ 2 (Wjoo — AWy +3W))",
13 1

B = 5 (Wjma =20 + Win)" + 1 (Wia = W),
13 1

fo = E(W} —2Wj1 + VVj+2)2 + Z(3Wj — AW + Wj+2)2-

Finally, in formula (A.1), 75 = |82 — Bol, 15 = %Zéi§_2 |Wz—/V[7j|+10_40 with /VVJ =3 Z%g_z W,
and in all of the numerical examples, we have chosen r = 2 and ¢ = 1072

A.1 1-D Local Characteristic Decomposition

In §2.3, the Ai-WENO-Z interpolant is applied to the local characteristic variables, which are
obtained using the LCD. To this end, we first rewrite the studied vy-based multifluid system in
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terms of the primitive variables V' = (p,u,p, I, 1I)":

U p 0 0 0
1
0 u - 00
p
Vit AV: =0, A= 10 y(p+7) u 0 0]
0 0 0 u 0O
0 0 0 0 u
and introduce the locally averaged matrices
U p 0 00
. 1
0 U - 00
-~ p
Aiir =10 4(p+7a) @ 0 0> (A.2)
0 0 0 a 0
0 0 0 0 u

where (A) stands for the following averages (see [23]):
b= /Fp, = VPiUj + \/Pi+1 j+17 b= V/PiPj \/PJHPJH’
RN NGRS
VPV A/ Pir1 i+ A VP53 (Too)j + +/Pit1(Too)jt1
VPP T VPi T \/Pi+1 ’
where v; =1+ 1/I'; and (7); = II; /(1 + T).
We then compute the matrix R; 1 composed of the right eigenvectors of A, 11 and obtain

2>
I

1
— — 0O — = 00

S5 001 5 > 3
L go0 L 0 0 0 01
— pc pe -1 _ 10 0 0 10

Ry 1= L 00 0 1 and Rj+% = ) : (A.3)

1 0 -5 00

0 010 » 10

pec

0 — = 00

0 1 00 2 5

where ¢ = /(P + 7 )/p. Notice that all of the (A) quantities in (A.2)—(A.3) have to have a

~

subscript index, that is, () = (1), +1, but we have omitted it for the sake of brevity for all of the

quantities except for le\j 11
Finally, we introduce the local characteristic variables in the neighborhood of z =z, 1

\. % -1
j+€:Rj+l j+es €:—2,...,3,
2

and apply the Ai-WENO-Z interpolation to every component of W to obtain VVﬁl, and then we
2

end up with

+ +
Vj+é - Rﬁ%VVjJré'
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B 2-D Local Characteristic Decomposition

In this appendix, we extend the 1-D LCD described in Appendix A.1 to the system (3.12), which
can be rewritten in terms of the primitive variables V' = (p,u,v,p,I,1I)T as

u p 0 0 0 0
1
0 u 0 — 00
p
0 Y(p+7s) 0 u 0 0O
0 0 0 0 uw O
0 0 0 0 0 u
and introduce the locally averaged matrices
U p 0 0 00
1
0 U 0 - 00
p
T 0 0 © 0 0 0
»Aj+%7k = U )
0 Y(P+7x) 0 @ 0 O
0 0 0 0 a 0
0 0 0 0 0 u
where (A) stands for the following averages:
b= PP, = VPik Wik T /Pt 1,kUj+1k b= VPikPjik T \/Pi+1kDj+1k
- ) +1,k» - ) - )
P VPik T \/Pit1k VPik T /Pit1k
5= VPikVik T A/Pi+1k Vi+1k P VPik(Too)jk + /Pir k(oo ) i1k
Pkt \/Pit1k T VPik t \/Pit1k ’

with Vik = 1+ 1/Fj’k and (7Too)j,k = H]’k/(l + Fjvk)‘

. 1 . -1 N .
We then compute the matrices Ri 1y and Rj+%7k such that the matrix Rj+%,k"4j+%7k JIEE

diagonal and obtain

1 1 pé 1
— — 0O — 0 = 00
S5 0001 s
1 1
Lo X 0 0 0 0 01
pc pc o 0 0 0 10
_ -1 _
1 0000 1 1
1 0 0 -2 00
0 0100 0 - é
pC
0O — 0 = 00
0 1000 O 5 5

~

Appendix A.1, we have omitted the (j + 1, k) indices for all of the (-) quantities except for .,Zl\j e
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Finally, given the matrices Rjjl ,and R we introduce the local characteristic variablesnin

3, j+%,k7
the neighborhood of (z,y) = ($j+%,yk)3

—1
Wiios =R

]-I—%,k‘/j—’—g’]“ f: —2,...,3,

apply the Ai-WENO-Z interpolation to every component of W to obtain W= and end up with

J+3.k

£ _ +
Viere = feraWiin e
Notice that the point values ij; .1 are obtained in a similar manner and we omit the details
’ 2

for the sake of brevity.
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