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Abstract

In this paper, we develop new second-order low-dissipation central-upwind (LDCU) schemes
for hyperbolic systems of conservation laws. Like all of the Godunov-type schemes, the pro-
posed LDCU schemes are developed in three steps: reconstruction, evolution, and projection.
A major novelty of our approach s in the projection step, which is based on a subcell resolution
and designed to sharper approximate contact waves while ensuring a non-oscillatory property
of the projected solution. In order to achieve this goal, we take into account properties of the
contact waves. We design the LDCU schemes for both the one- and two-dimensional Euler
equations of gas dynamics. The new schemes are tested on a variety of numerical examples.
The obtained results clearly demonstrate that the proposed LDCU schemes contain substan-
tially smaller amount of numerical dissipation and achieve higher resolution compared with
their existing counterparts.
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1 Introduction
We focus on the development of high-resolution finite-volume schemes for hyperbolic sys-
tems of conservation laws. We consider one-dimensional (1-D),

U +FU), =0, (I.1)
and two-dimensional (2-D),

U+ FU), +GU), =0, (1.2)
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systems. Here, x and y are spatial variables, 7 is the time, U € R4 is a vector of unknowns,
and F and G are the x- and y-directional fluxes.

Development of highly accurate and robust numerical methods for the hyperbolic systems
of conservation laws is a quite challenging task as solutions of (1.1) and (1.2) may develop
complicated structures including shock waves, contact discontinuities, rarefaction and shear
zones, as well as their interactions. Finite-volume Godunov-type schemes for (1.1) and (1.2)
are popular as they rely on the integral formulations of these systems, which better fit the
definition of weak solutions to be numerically captured. In general, Godunov-type schemes
are constructed as follows. Given the cell averages of the solution, first a piecewise polynomial
approximation (needed to increase the accuracy of the resulting scheme) is constructed and
then the solution is evolved to the next time level by integrating (1.1) or (1.2) over a set of
space-time control volumes (CVs).

Depending on the way these CVs are selected, we may or may not need to solve the
(generalized) Riemann problems in order to integrate the fluxes along the boundaries of the
CVs. Solving (generalized) Riemann problems (either exactly or approximately) is required
to develop upwind schemes, which are typically quite accurate as they take into account the
properties of the exact solutions of (1.1) or (1.2). A drawback of upwind schemes, however,
is in the fact that solving (generalized) Riemann problems may be hard, computationally
expensive, or even impossible. In fact, most of the existing upwind schemes are developed
for the 1-D system (1.1) and then extended to the multidimensional case in a “dimension-by-
dimension” manner as (even approximately) solving 2-D Riemann problems is an extremely
challenging task. Over years, a variety of upwind schemes have been developed; see, e.g.,
the monographs [3, 17, 33] and references therein.

Godunov-type central schemes provide a much simpler alternative to their upwind coun-
terparts as they are based on the CVs selected in such a way (for example, using a staggered
mesh) that solving (generalized) Riemann problems can be avoided. Instead, the flux inte-
grals are approximated using appropriate quadratures: this is possible as in the central setting
the fluxes are integrated over the smooth parts of the solution. This makes central schemes
simple and easily applicable “black-box” solvers for a wide variety of hyperbolic systems
(1.2). Staggered central schemes were first proposed in [24] and then further developed in
[1,2,4,9, 18-20, 23, 26] to name just a few.

A major drawback of Godunov-type central schemes, however, is their relatively large
numerical dissipation, which might smear discontinuities and especially linearly degenerate
contact waves. In order to reduce the amount of numerical dissipation present in central
schemes, a new class of central-upwind (CU) schemes was proposed in [12, 15, 16]. The key
idea behind the construction of the CU schemes for the 1-D system (1.1) is to select the CVs
of the size proportional to the local speeds of propagation so that all of the nonlinear and
potentially nonsmooth waves stay inside those “nonsmooth” CVs. In addition, “smooth” CVs
are set between the “nonsmooth” ones and the solution is evolved (using the integral form of
the system (1.2) without solving any (generalized) Riemann problems) in both of them. This
leads to doubling the number of computed cell averages at the end of each time step. In order
to develop a practically feasible scheme, at the end of each time step the evolved solution has
to be projected back onto the original finite volume mesh. The projection should be carried out
in a very careful manner as the projection step may bring an excessive amount of numerical
dissipation into the resulting scheme as was the case in the original CU schemes introduced
in[12, 15, 16]. In order to more accurately project the solution, we had used in [10] a sharper
piecewise linear reconstruction of the evolved (intermediate) solution. This helped to reduce
the amount of numerical dissipation, but the improvement in the resolution, especially in the
resolution of linearly degenerate contact waves was rather minor. Another advantage of the
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CU schemes over the staggered central schemes is that the CU schemes admit a particularly
simple semi-discrete formulation. The 2-D extension of the semi-discrete CU schemes in
[15, 16] was carried out in a straightforward “dimension-by-dimension” manner. Second-
and third-order 2-D semi-discrete CU schemes were rigorously derived in [10, 12, 13], and
a genuinely 2-D fully discrete CU scheme was introduced in [14].

In this paper, we develop a new way to perform the projection step, which leads to new
semi-discrete low-dissipation CU (LDCU) schemes containing substantially reduced amount
of numerical dissipation, especially in the contact wave areas and shear zones. A major
novelty of our approach is that instead of using a sharper piecewise linear reconstruction of
the intermediate solution (as in [10]), we now use a subcell resolution. In the 1-D case, we
reconstruct the intermediate solution at each cell interface using two constant pieces for each
component of U. This way we will need to have 2d pieces of information at each cell interface,
for which we will have d conservation requirements and d degrees of freedom, which can be
used to ensure high accuracy of the projection step in the vicinities of contact waves. The 2-D
extension of the new LDCU scheme is performed in a “dimension-by-dimension” approach,
but taking into account specific properties of the quasi 1-D contact waves.

The new projection technique relies on the properties of contact waves of a particular
hyperbolic system at hand. In this paper, we first consider the 1-D Euler equations of gas
dynamics and enforce continuity of the velocity and pressure across the reconstructed inter-
mediate solution at each cell interface. We then extend the 1-D LDCU numerical flux to the
2-D case. The extension is not straightforward as in 2-D, one has an additional degree of
freedom related to the tangentional velocity.

The rest of the paper is organized as follows. In Sect. 2, we give an overview of the CU
schemes. In Sect. 3.1, we develop the new projection step for the 1-D Euler equations of gas
dynamics and use it to develop a new semi-discrete LDCU scheme. In Sect. 3.2, we present
the 2-D extension of the new semi-discrete LDCU scheme. Finally, in Sect. 4, we test the
proposed LDCU schemes on a number of 1-D and 2-D numerical examples and demonstrate
the superiority of the proposed schemes over the CU schemes from [10].

2 Second-Order CU Schemes: An Overview

In this section, we provide an overview of the fully and semi-discrete second-order CU
schemes for general 1-D hyperbolic systems of conservation laws (1.1).
We cover the computational domain with the finite volume cells C; = [x oL X ]
2 2

centered at x; = (x jortx )/2. For simplicity of presentation, we assume that the cells
2 2

are uniform, thatis, x ., 1 —x. 1 = Ax.
Jj+3 J—=3

2.1 Fully Discrete CU Scheme

We assume that the solution, realized in terms of its cell averages U jn : :Aix f ¢ U(x,t")dx,

is available at a certain time level £ = ¢". In order to develop CU schemes, we follow the
following three consecutive steps: reconstruction, evolution, and projection.
Reconstruction We reconstruct a second-order piecewise linear interpolant

O =3[ T [+ W0l = xp]¥00, @.1)
j
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where X (x) is the characteristic function of the cell C;, (U x);? are the slopes which are
supposed to be computed using a nonlinear limiter to ensure a non-oscillatory nature of
(2.1). In the numerical experiments reported in Sect. 4, we have used a generalized minmod
limiter (see, e.g., [21, 24, 32, 34]),

—n _—

n -7 n 7 n n 7 n
Ujn—-U; U;,—- U, i— U j
Ax 2Ax Ax ’

]_l , 0
0 e[l,2], (2.2)

’

(Ux)’} = minmod <9

applied in a componentwise manner. Here, the minmod function is defined by

min(cy, ¢z, ...) if¢; >0, Vi,
minmod(cy, ¢, ...) = { max(cy,ca,...) ifc; <0, Vi, 2.3)

0 otherwise,

and 6 is used to control the oscillations: larger values of 6 correspond to sharper but, in
general, more oscillatory reconstructions.

Evolution CU schemes are Godunov-type schemes and thus the solution is evolved by inte-
grating the system (1.1) over the space-time CVs. To this end, we recall that the reconstruction
(2.1) is generically discontinuous at the cell interfaces x = x ; i and the nonlinear waves
generated there may also be discontinuous. On the other hand, they propagate with a finite
speed, which makes it possible to contain all of the nonsmooth parts of the solution inside the
CVs. In order to achieve this goal, we first need to evaluate the local speeds of propagation
using the eigenvalues A1 (U) < --- < X4(U) of the Jacobian % For instance, the left- and
right-sided speeds can be estimated by

2

a;+% :min{)»l(U;+%),)\1(U;,r+%),0}, a;r+1 = max {Ad(U;_i_%),Ad(U;%),O},
2.4

where U~ jd andU" + ; denote the left- and right-sided values of the piecewise linear recon-

struction (2. l) (2.3) at X=X respectively:
U, = lim Ux, "= U |+ ﬁ(U )’
j+% N X—x_ | ' B J 2 A
Jjt+3
+ _ . =~ n _ -5 n
Uy = dim U= T - (U " (2.5)
i+
We then conclude that on the time interval [, t"1], where r"+1 := " + A", the solution

may be nonsmooth only inside the “nonsmooth” CVs [x Xitle j+%7r] x [1", t"*1], where

— n - + n
Xjply = X0 + aJ  At" and Xjpl, = X0 + a7 | At". In order to prevent the
overlapping of the * nonsmooth” CVs we use the CFL number 1/2 and set

n Ax _ - +
At" < , Qmax = Mmax {max|—a. ,,a! .
¢ 1 1
20 max j Jjt3 itz

This condition ensures that x. 1 = < x.
J—3.r + N4

sided local speeds of propagation to set up nonsmooth” CVs, there will be gaps between the

for all j. Moreover, since we use the one-
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Fig. 1 “Nonsmooth” and yyint yyint int
“smooth” CVs U —1/2 U] [Jj+]/2
th +1
R

7

tn

Y1 Xi—ip X X1z Xrg

“nonsmooth” CVs, which we will fill in with the “smooth” ones, [x .

n n+17.
]7%,r’xj+%,€]x[t o 1 ],

see Fig.1. This way, the entire computational domain will be covered with the CVs and we

evolve the solution in each of them as follows.
First, we integrate the system (1.1) over the “nonsmooth” CVs to obtain

— 1
U }1‘% . f U(x, "y dx

X .
JHgr I

l n
ﬁ[ / U(x,t )dx_ / [F(U(x/_’_%,r,[))

Jt5.r Jj+3.8
IS, "

F(UG,y00)] dt].

The spatial integral on the right-hand side (RHS) of (2.6) is evaluated exactly, while the
temporal integral there is approximated using the midpoint rule. This results in

(2.6)

=7 int _ 1 n + (U )/‘5'1 + 2.0 n —
Ujrs= afrl_a—l{UHé,r“Hé ?(GH%) A Uiy
+ +
J J 2.7
W) 1
j 2 n n+s n+s
Py ar = [F@ ) - F@ )] )
where
U;:L%,z = lN](ijr%,e’fn): U+ U] (*4'(1 1Al>
vt =0 "= T !y - WU, BY ot A
j+%,r = (xj+%,r’t ) = —( )]+1 2 aj+% t s

are computed using the piecewise linear reconstruction (2.1), and the midpoint values,
1
n+§

~ n+ "+2 ~ n+} ; ;
e ™ U(xH%’r,t )andU e U(xH%j,t 7), are obtained using the Taylor
expansions about (x Lt ™) and (x e t"), respectively, which gives
2

1 A" 1 At"
+ +
"y o=U", - —FU", )., Ui =U", —=—FU" ). 28
J+3.8 Jjt+3.t 2 Jt3.t jta.r Jt+3.r 2 Jjt5.r’x
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and F(U" ,

Jt3.r
generalized minmod limiter; see [10] for details.

We then integrate the system (1.1) over the “smooth” CVs to obtain

1) )x can be computed, for example, using the

Here, the slopes F(U?H, )

xj+%,[
. 1
U~ / Ux, ") dx
Xjple = X1 Y
J=7.r
X l, n+1
S [ 7 ZU( "y d tf F(U( ) 2
= x,t")dx — { Xill gt
xj—}—%,i _‘xj—%,r Jjt3,

X. "
-1

r

2
~FUG;_y,.0)] dt].

The integrals on the RHS of (2.9) are evaluated precisely the same way of the integral on the
RHS of (2.6), and this results in

R
Uj = UJ+T(CI i+a+é)At 10
A" 1 1 .
e [P ) - P )
Ax —(aT | —a. |)At" Jjt+3.t J=73.r
Jj=3 Jj+3

Projection At the final step, we project the evolved solution, which is realized in terms of
. . — int int . .
the intermediate cell averages { U ;n , U Jm+ 1 } onto the original grid. In order to ensure

the second order of the resulting scheme, we first need to reconstruct a piecewise linear
interpolant

~ int ~ int —— int
U @)= Z {UH%(X)X[XH%,NH%J] t Uy X[xj—%.r’xj+%.l]} ’ 210
J
sketched in Fig. 2. Here,

~ int — int

) X1, tXi 1,
Ui = U jii+ WU (x—’”” : (2.12)

where the slopes (U ) j"j: , in (2.11) can be computed, for instance, as in [10]:
2

int —— int

v, — U . U - U™
(Uy)™ | = minmod Jtyr S Ak ity
X ]+% 8 ’ 8 ’
A" -
b= laf,, —ar,). 2.13)

and similarly to (2.8), U}j:, , ~ UG
2
evaluated using the Taylor expansions:

int n n n int n n
Ujrtr = Vg, = & (Uj+%,r)X’ Uirge=Ujp =& w

n+l int ~ n+1
) n ~ . I
J+%‘£,t )ade+%yr U(xj+%yr,t ) are

n
j+%,£)x'
(2.14)
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Fig.2 Piecewise linear
interpolant (2.11) and its
projection onto the cell C;

int
U —1/2

T T
Y1 Y12 X X122 X+l

Equipped with the piecewise linear interpolant U mt, we average it over the cell C; to end
up with

— n+l 1 int —int AT —— int — int
U =E/U Wdr= T "+ [a_%(U;%— v M

/ Ax LJ / J
_ — int — int 2.15
_C’H%(UH%_ Uj) @15
At"
+ n+1 _ + n+l
2 fa j+3 H—é(U) 419 I(UX) }]

This completes the construction of the fully discrete second-order CU scheme, which is quite
complicated, but admits a very simple semi-discrete form.
Remark 2.1 We note that the slopes (U X)Ji_‘i ; in (2.12) have to be at least first-order approx-

2
imations of the spatial derivatives at the centers of the intervals [x L Xl . This is
2 2’
required in order to keep the resulting fully discrete CU scheme to be second order.

2.2 Semi-Discrete CU Scheme

We now reduce the fully discrete scheme from Sect. 2.1 to the semi-discrete form by taking
the following temporal limit:

— n+l

- —int S5 n
d vt -TU" v"-TU"
- ](l )= lim I R lim —L — —~ J
dt A0 At" A0 A"
1 . .
+ — o+ . l'nt_ — . llnt
+ Ax[ i=% oy U +(a.i+% a'—%)A}I"HlO U s am U ey
1 . .
+ - n nt _ _ .t n int
taafya, lim (AC@OT) 2aj jay lim {Ar w0 1] @16

This limit is evaluated by substituting (2.7) and (2.10) into (2.16), which results in the second-
order semi-discrete CU scheme:

d — F.o1@)—F_1(t)
T 0=-—12 A it R

@ 2.17)

where F j4) are CU numerical fluxes given by

+ - )=
aj+%F(Uj+%) 4l

a. a .
J+3 J+3
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+
bt [
2 -2 U -U. |, —-oU; . 2.18
+a-.’_ 1 —a. 1 |: j+% j+% J+% ( )
Jt+3 Jt+3

Here, 8U ;1 is the “built-in” anti-diffusion term given by
JT3

a., 1 —a.
Utz J+2 n int
Uy =—F— }}In_l)o{At (Ux)j+%}
— mi + * —
= minmod (Uj+% Ul UG, Uj+%> (2.19)

with U j+1 obtained by passing to the limit in (2.7), namely,
2

+ gt - - + -
— int ajJrlUjJrl _aj+lU/'+l - {F(U,'+l) - F(Ui+l)}
U*,lzlirnU~+1: 2 2'2'+27'2 )
Jts  Ar—0 J72 at | —aT |
Jjt3 Jt3
(2.20)

Note that all of the indexed quantities in (2.18)—(2.20) are time dependent, but from now on
we will omit this dependence for the sake of brevity.

Remark 2.2 We note that when the 1-D schemes are implemented, the computation of the
CU numerical fluxes in (2.18) needs to be desingularized at those cell interfaces x = x i)

where both of the local speeds are very small. This means that wherevera™ | —a” | <€

ity its
for a small positive €, we replace (2.18) with

- +
FWU, )+FWUT, )

.i+% 2

Remark 2.3 The semi-discretization (2.17) is a system of time-dependent ODEs, which has
to be numerically integrated. In all of the numerical experiments reported in Sect. 4.1, we
have used the three-stage third-order strong stability preserving (SSP) Runge-Kutta method;
see, e.g., [7, 8].

Remark 2.4 We stress that the order of accuracy of the semi-discretization (2.17)—(2.20) is
determined by the order of reconstruction of U ir ; and is independent on the accuracy of the

projection step as the size of the interval [x 1 ] shrinks to 0 when At" — 0. Thus,

j+ R
even if we take (U ) int T = = 0, which would remove the anti-diffusion term 8U +1 from the

CU numerical flux (2 18) and reduce the scheme (2.17)—(2.20) to the 0r1g1na1 CU scheme
from [12], the formal order of accuracy will still be determined by the accuracy U+ P
2

computed with.

3 A New Family of the LDCU Schemes

In this section, we present a new family of the LDCU schemes. Our goal is to further reduce
the amount of numerical dissipation present in the CU schemes without risking oscillations.

First, we recall that the amount of dissipation present in both fully and semi-discrete CU
schemes can be controlled by the way the projection step is conducted. This, in fact, boils down
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[_Jint
gint J
12—

% %
Y1 X2 % Yiv1/2 XN+l

Fig.3 The new projection step

to the way the slopes (U X)ijfi , are evaluated. Formulae (2.13)—(2.14) lead to an intermediate

reconstruction (2.11), which izs much sharper than the one used in the original papers [12, 15],
and thus to the “built-in” anti-diffusion term (2.19)—(2.20) appearing in the CU numerical
flux (2.18). However, the use of the linear pieces (2.12), which is necessary to ensure the
second order of accuracy of fully discrete CU schemes, has its limitations as these pieces
are continuous across the cell interfaces x = x ) As mentioned in Remark 2.3, preserving
high order of the semi-discrete CU scheme is easier and this gives us more flexibility in
designing the projection step.

We therefore propose a new and completely different projection procedure. Instead of the
linear piece (2.12), we will use a subcell resolution approach and replace (2.12) with

— int,L
) U .\, x<x.,1,
") = I+ o 3.1)
Jjts3 - — int,R e '
b X N

which consists of two constant pieces; see Fig. 3. Notice that (3.1) is generically discon-

tinuous at x = x i+l and one can take an advantage of this fact in order to design a very
2

sharp intermediate interpolation (2.11), (3.1). We also note that (3.1) contains 2d pieces of

information. The conservation property of (3.1) will be enforced by requiring the following

. — int,L —— int,R .. .
d relations between U Jlj_ L and U j“jr 1 quantities to be satisfied:
2 2

int,R _ —— int,L + _ —— int
. —a U . = —a U .|1. 3.2
j+3 j+i j+3 ( j+%) j+3 3.2)

a+ U a. |
Jts

its
This leaves one with d degrees of freedom, which can be used to improve the quality of
the local approximation achieved by (3.1). We propose to use these degrees of freedom in
order to improve the resolution of linearly degenerate contact waves, which are typically
much harder to accurately capture due to their linear nature and lack of the self-sharpening
mechanisms possessed by the nonlinear shock waves. In order to achieve this goal, we will
use specific properties of the contact waves arising in the studied hyperbolic systems of
conservation laws. In the rest of the paper, we restrict our consideration to the Euler equation
of gas dynamics.
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3.1 New LDCU Scheme for the 1-D Euler Equations of Gas Dynamics

The 1-D Euler equations of gas dynamics reads as (1.1) with

o pu
U=|pu and FWU)=| pu?+p |, 3.3)
E u(E + p)

where p is the density, u is the velocity, p is the pressure, and E is the total energy. The
system (1.1), (3.3) is closed using the equation of states (EOS), which is in the case of ideal
gas is

1
p=- 1)[E - Epuz], y = Const. (3.4)

In order to develop the new CU scheme for the system (1.1), (3.3), (3.4), we first use
the generalized minmod reconstruction (2.2), (2.3), (2.5) to obtain the point values pj:_l ,
2

(,ou)j,E+ , and Ej:_ , » which can be used to evaluate the corresponding point values of u and
2 2

(pw)*, |
+ _ itz :l:__l::l:_l:l: :l:Z]
uf+%_7p.i+. , pH%—(V iy} EH% 2,0j+%(uj+%) ) (3.3)
JT3

We then estimate the one-sided local speeds of propagation according to (2.4), which reduces
to

+ + + - -
at , =maxj{u’ |, +c” u, ,+c’ 0
' { As B RS A e

where ¢ L=y pE / T , are the corresponding point values of the speed of sound.
Jts Jt3 Jts

. . —— int,L — i
We then proceed with the evolution of the subcell averages U i+l = ( "_t]L,
JT2 JT3
int,L — intL\T - intR iR in,R — int,R\T Lo
(pu)+1, Ej+') and U 4k —( H_1,(,0u)+1, Ej+%) required in

3.1). Our goal is to develop a new projection procedure designed to accurately approxi-
mate isolated contact waves, which consist of jump discontinuities in p propagating in the
region with constant u and p. We therefore use two of the remaining three degrees of freedom
to enforce the continuity of u and p across the cell interfaces by setting

— int,L — \int,R — \int,L)2 — | int,R\2
u u u u
(o )j+% _ (o )j+% —- int,L (o2 )j+%) _ 7 mR (P )j+%)
— intL —  — iR ° j+i 5 5 L T j+i T 5 5 LR’
s s s j+3
(3.6)

where we have used the EOS (3.4). Next, (3.6) together with the conservation requirement
for pu and E, namely (see (3.2)),

int,R - ——— int,L + int
(pu)‘ —a  (pu )y =(aT | — (ou )y,
+3 j+3 iy =y ) j+3
—_— mtR — int,L _ — int
cﬁ,’l E \ —a. , E . lz(a',"l—a, 1) E .1,
AR TAS BV AS BENAS J*tz it IT2
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form a system of four algebraic equations equations, which we solve for ( pu )l,rj:’lL,
— int,L — int,R P
(pu )lm RE jp1-and E 1 and express these quantities in terms of intL and
2 2 2
— mtR
iy
(a+,—a 1)7im{4
(—u)i"t»L _ J+3 J+3 Jj+3 (—)int
o i+l a — int,R — — int,L j+%’
e e SRS S A
(a+1—a 1)7mt1R
(i )mtR_ Jjt+3 Jt3 jt3 (P )1
P T oL\ P j+b
S B ES TS VS 37)
at (a+ a )( — int,L — int R) '
. . | 21 s 1 1
— int,L —- int Jt3 Y jt3 J+3 Jt3 Jt+ — i 2
E.1=E-+1+ 2 2 '2 2 i 2((pu){nt])’
Jt+3 JT32 2((1+ - int, R — mt,L)2 jt+3
vy Uy iy Uy
— + — — int,L — int,R
a al | —a; = .
T TS LIS s Ll ”%)((—)““ )’
Jjt3 Jt3 2(a+ - intR - — im,L)z j :
S IR ES NS VS

int, IR, which are related by the conservation

We finally need to determine p~ ”j: and 7
2

requirement for p, namely (see (3.2)),

+ — int,R _ — — int,L __ ( +

0 a’ | —a
j+3 /+%)

— int
a’ ) a’ ) = o 3.8)
e N R S S R oS

j+3

leaving us with one remaining degree of freedom. Since we would like to have the sharpest (yet
non-oscillatory) approximation of the jump in p, we need to make the difference p~ j"i R_

Va ]"j: L as close as possible to o + , — pint, il , but without creating any new local extrema
2 2 2 L
in p, that is, ensuring that
nt — it _int < 5 mL®) _ { int —int int }
mln{p+ WA pj+%7pj+%7r}_ pj+% max p+ VA pj+%7pj+%7r
(3.9)
where p and p | are predicted using (2.14). In order to achieve this goal, we denote
by
- . - —— int + . + int — int
=— — d = —
Sy = (7 5 e iyl o Sty = iy, = 7 ),
(3.10)
and then determine p~ int, IL and 7 int, ,R according to the following algorithm.
Jta +2
Algorithm 3.1 (Computation of 7~ ML and B j"iF
2
o IfST ST | >0, then set
Jjts J+3
— int, L — int — int, R — int
. and e 3.11
Jts j+3 P Pjts 11

to avoid creation of new local extrema;
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o IfS™ ST |, <0and|S” || <|St || then set
Jt3 Jt3 Jjt+3 Jjt+3

o IfST ST, <0and|ST ,| > |ST
Jt3 J+3 Jjt3 J

— int,R

i+ T P

Remark 3.1 Ttis easy to verify that the values o~ p

J+—r Py~ -

+ _ — int — — int,L
a' —a. . +a. )
(1+% ) Pty 3
at | ’
Jjt3
(3.12)
| |, then set
+2
+ — int + — intR
. —a ) —a, .
( j+3 J+%) Pied T %41 P el
—a
J+3
3.13)
intL and 7 ™R computed in either (3.11),

J
(3.12), or (3.13) satisty both the conservation (3. 8) and non- oscﬂlatory (3.9) requirements.

Remark 3.2 Notice that formulae (3.11)—(3.13) can be written in a compact form as

. 1
— int,L int J+3 — int,R __ +*
L= 1t = + 8.1
p j+% p ]+% a” j+% r J+% a, . Jj+3
J+3 Jt+3
= minmod (S~ i+l Z‘ ), (3.14)
JT3
which, in turn, can be substituted into (3.7) to simplify it and obtain
5.1 §..1
i Jt3 i i+3
(pu)"" = ()i 2 (/M)'"t = ()™ + +2u1f“1’
+3 Jtz a | Jts +3 Jtz aT | Jts (pu)int,
]+7 ]+7 uiml — ]+§
L S, i+ Tint
— int,L  — int Jjt+ ; 2 — int,R  — int jt+ 2 ’ Y
E1.n+l:Ej|‘:7+ 72(u1!nl) Eml—E;:_L"' +7(I-ml)’ Jt3
Jt3 2 2a  Jt3 Jjts 2 2aT Uty
Jts jt3
(3.15)

3.1.1 Fully Discrete Scheme

We now derive a new fully discrete LDCU scheme based on the new projection step. To this
end, we integrate the piecewise constant interpolant (2.11), (3.1) over the cell C; and obtain
(compare with (2.15)) for p:

— n+1 —1nt —mt,R_ — int) _ — int,L — int
P = j A [ ’Oj—% 1Y ) j+1( j+% pj):l
314 —1nt AP L — i — int 3.16
+A[1('°jf%_pi) G.10)
— int — int
_aj+%( Pjsl = P )+5f—%_51+%]’
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for pu:
. Atn
(pu )n+1 (pu )}nl+A7x|: (( ol )mtR_( )}nt)
(( oul )1ntL (p—)mt)]
315 At" ; -
(( pu )‘“t — (pu )““)
+5]7%uljni% —8j+%u1jn_:_%],
and for E:
n+l int At" + int,R int _ int,L int
E"™M=F; +Ax[a1_%(Ej_%— E)-a (E [y~ E ]
3.15) — int = At" + int int _ — int — int
Ej Ar aj_%(Ej,l— E])—aﬂ_%(EjJrl—E])
5. 1 5.1
J=2 (int \2 Jt3 int \2
) - L)’ an

We stress that the resulting fully discrete scheme (3.16)—(3.18), (2.7), (2.10), (3.14) is quite
cumbersome. Moreover, it is formally first-order accurate due to the fact that it is based on
a piecewise constant interpolant (2.11), (3.1). We, however, are not going to test this fully
discrete scheme on any numerical examples. Instead, we will pass to the semi-discrete limit
and, as explained in Remark 2.4, the use of the piecewise constant interpolant at the projection
step will not affect the order of the resulting semi-discrete scheme.

3.1.2 Semi-Discrete Scheme

We now pass to the semi-discrete limit A" — 0 in (3.16). This results in

— n+1 J— — int —
d A R ey
](t )= lim — = lim ——~
dr A"—0 A" A"—0 At
+ : — int - + : — int - : — int
— |a” lim i+ (a | —a’ lim —a lim 5
Ax [ -y amso P-4 ( j+i J*%)At"—m P j+iamso P+

+A}}1m ((3 %—8j+%)i|.

We then proceed as in Sect. 2.2 and end up with the following semi-discretization of the p
equation in (3.3):

~
+
(]
~
|
Bl—=

== (3.19)
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where
+ - +
. _aj+1(,0u)]+1 aj+%(pu)j+%+ JTLI T p+ , N 1
its at | —a7 at | —a7 , L itz +3 j+
Jtz Ut itz Ut
(3.20)
is a LDCU numerical flux with the modified “built-in” anti-diffusion term
9j+3 At}‘rio O+
(3~10)’_(3~14) . : — — int int + int — int
o Al}lrgemmmod( B aj+%( p i 'Oj+%,13)’ aj+%('0j+%,r - f j+%))
='d<_*"f_*’+ + o ) 321
minmo aH_% (,oH_% ,oj+%) aﬁ_% (pj+2 ,0]+1) ( )

where p* | is given by (2.20).
Jjt+3

Similarly, we pass to the semi-discrete limit At" — 0 in (3.17) and (3.18), and proceed
as in Sect. 2.2 to end up with the following semi-discretizations of the pu and E equations
in (3.3):

u u
F = F, FE - FE
Jt+3 J=3 - /+2 J=32

d
Sww); =— - s R 3.22
ar P Ax a (3.22)

where the corresponding LDCU numerical fluxes are

+ - - + + )2 +
aj+%['0j+ (5 ) +p; ] aj+%[pj+%("j+%) +pj+%]

F =
Jjt3 a-+ | —a,
T (3.23)
+ —
W ias: +
+ (w7 |, —(pu)_ | |+u’ 1q;, 1
& —ar, [P T O | Ty
J+3 J+3
+ + - + + +
a_l[u,l 1+p ] a41|:M.1E.1+p~1:|
FE | = Jt3 J+§( jts ) Jt3 J*f( Jt3 J+7)
i+ 5 +
ak b s
: T, (3.24)
Ty ey [ (4.y)
+— S |EL —E |+ qjy1-
a,+1 —aj+1 ) ) 2 2
JT3

In (3.23) and (3.24), uﬁl and ij+1 are given by (3.5), and in the “built-in” anti-diffusion
2 2
terms on the RHS of (3.23) and (3.24), 9yl is given by (3.21) and ujJrl = (,ou);‘,+1 /0% 1,
2 2 2
where p* | and (pu)* | are given by (2.20).
J+3 J+3

Remark 3.3 As in Sect. 2.2, the computation of the LDCU numerical fluxes in (3.20), (3.23)
and (3.24) needs to be desingularized; see Remark 2.2 for details.
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3.2 New LDCU Scheme for the 2-D Euler Equations of Gas Dynamics

In this section, we extend the new LDCU scheme from Sect. 3.1 to the 2-D Euler equations
of gas dynamics, which read as (1.2) with

0 Zpu PV
pou pu-+p pUv
= F = = 3.25
v=|,] FO o |0 CO=| 2y, (3.25)
E u(E + p) v(E + p)

Here, p is the density,  and v are the x- and y-velocities, respectively, p is the pressure, and
E is the total energy. The system (1.2), (3.25) is closed using the following EOS for the ideal
gas:

p=-1 [E - g(u2 + vz)] , ¥ = Const. (3.26)

The 2-D extension of the new semi-discrete LDCU scheme (3.19)—(3.24) will be carried
out in the “dimension-by-dimension” manner and the 2-D semi-discretization will read as

d — F. l,k_]:‘ l,k g‘,k l_g"k,
ST =12 Bt Mol L ¥ (3.27)
' Ax Ay

=

where 7 jk ﬁ f fC,-,k U(x, y,t)dxdy are the computed cell averages of U over
the Cartesian cells C; ; = [xj_%,xH%] X [yk_%, yk+%] centered at (x;, yx) = ((xj_% +
xH%)/Z, (yk_% + yk+%)/2). For the sake of simplicity, the cells are assumed to be uniform
withijr% —xj 1= Ax andyk+% Nl = Ay forall j, k. In (3.27),.7-'j+%’k andgj,k%
are the x- and y-numerical fluxes.

Before evaluating the numerical fluxes, we reconstruct the second-order piecewise linear
interpolant

U.) =Y [ U ju+Wojux—x)+WUy)jx(y—y0)] Xjxlx.y). (3.28)
jk

where X x(x, y) is the characteristic function of the cell C; x, and (Uy); x and (Uy); i are
the slopes which are supposed to be computed using a nonlinear limiter to ensure a non-
oscillatory nature of (3.28). In the numerical experiments reported in Sect. 4, we have used
the generalized minmod limiter:

(Uy)jx = minmod ( 6 Ujoin= Uk Ujoin= Uk 0 U jk— U
o Ax ’ 2Ax ’ Ax ’
_ _ _ _ _ _ 6 ell,2],
(Uy): & = minmod [ 6 Ujrri— U jx U jre1— U ji 0 Ujr— U ji
ik Ay ' 2Ay ' Ay
(3.29)

where the minmod function (2.3) is applied in a componentwise manner.
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We then use the reconstruction (3.28)—(3.29) to compute the point values of U inside the
cell C; i, which we denote by

~ — Ax
U = lim Ux,vi)= U i+ —Uy) iz,
j+%,k x| (x, y) J.k 3 ( x)j,k
Jt3
Ut , = lim U= U ; 2wy,
j+%,k = x—>1xn} 1 X, Vi) = jHLk — 2 x)j+1ks
Jjtz
— . ~ —_— Ay
U‘k = lim Uxj,y)= U ji+——WUy)jk,
Jikt3 Y=y 2
ket k
+ - - Ay
Ul o= 1lim Ulxj,y)= U jit1 = —(Uy)jrt1-
Js +2 y—)y;r 1 2
2

We now develop the LDCU numerical fluxes ‘7:j+%,k and G, kel using the “dimension-
by-dimension” approach. To this end, F ik is designed by considering the 1-D restrictions
of the system (1.2), (3.25) along the lines y = yy:

Uix,ye. 1) + F(U(x, yr. 1)) = 0. (3.30)

Similarly, in order to design gj,k% one needs to consider the 1-D restrictions of (1.2), (3.25)
along the lines x = x;:

Ui(xj. .00+ G(U(xj.y. 1), = 0.

Notice that the 1-D systems in (3.30) do not coincide with the original 1-D Euler equation
of gas dynamics (1.1), (3.3), as (3.30) has an additional equation

(o) + (puv)y =0,

which is, in fact, just a transport equation for pv. Therefore, when an isolated contact wave
propagates in the x-direction along y = yx, pv will jump across the contact wave similarly
to p. This helps us to extend the construction of the subcell averages U "L ond T ™R
introduced in §3.1 to the quasi 1-D case considered here.

Recall that the 1-D LDCU fluxes (3.20), (3.23), and (3.24) have been derived through
the fully discrete framework. Therefore, we have to go through the quasi 1-D fully discrete
scheme derivation for the systems in (3.30). To this end, we follow all of the steps in §2.1 and
§3.1 and we now focus on the details, which are different from what has been done there.

First, (3.1) now reads as

—— int,L
~ int Ujrle X <X
Ujr b a6y =1 ik
jtpee T Xl

and the conservation requirements (3.2), which become

+ — int,R _ — int,L + _ — int
a U . —a U . = (a —a U ., 1,, 3.31
bk Tk T Ttk Tk ( j+hk j+%,k) Jtak (3.31)
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are still valid with aji 1y being the one-sided local speeds of propagation in the x-direction
2

along y = yx. These speeds can be estimated using the eigenvalues A1 (U) < --- < A4(U)
of the Jacobian 2 5T U as follows:

a’; :=min{u —c LU —c ,0¢,
J+3k { JHik AR T4tk itk }
at + + + +
‘= max | u +c ,ul +c’ ,0¢,
Iy { JHAE T TR Tk Tk
where
+ +
(ou)’ (pv)?
" N p j+%,k Ui N P j+i
gk P_.t 1 Cotpk pﬂ.: 1 ’
Jt3.k Jt3.k

ot
+ P J'+%J<( + 2 + 2) + _
Pili= =y l)|: kT T (uH%’k) +(vj+%’k) T

In addition to the four conservation constraints given by (3.31), we will enforce the continuity
of u and p across the cell interfaces x = Xl by setting

L ——  int,R
(pu )™ (pu )™,

+ k J+7.k
7 int,L ~ — int,R >
ik Jt+gk
—— int,L \2 —— yint,L 2
5 il (( pu )j+%,k) + (( pv )j+%,l<)
j+ie T 5 5 L
e
J+3.k
mtR mtR 2
e ()T ) +(Cov) 7 )
= E j+%,k - 2 — int,R ’
Jt+3k

and then proceed as in Algorithm 3.1 to obtain the formulae analogous to (3.10), (3.14) for
both the p - and pv-components:

int,L int 8;)+lk int,R int f+lk
— 1nt, — 1 2 —— 1N — m 2’
Pl Prjriu™ 4= o k’ Jt+5k Pjrik a{r+1 k’
JT73, JT73,
5 o (3.32)
s 1
int,L int ]+2 k ——  int,R int /+2’k
=("pv v =("pv
Cov), =0, + o (P =PV ) F ;
j+%,k j+%,k
where
§° — minmod [ —a~ [ — int _ ( nint ] at [ int _ —— int ]
jHik jebal Ptk (’Oj+%,k)f TR (pj+%,k)r Pielkl)
pv I int int int
8~,+%’k—mmmod( I (T R (ORI M RN [ (O

~CPrT J)-
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Here, the values (pﬁ%’k)[, ('Oﬁ%,k)r’ ((pv)ij“i%’k)g, and ((,ov)ij“i%’k)r are obtained using
the Taylor expansions as it was done in (2.14).

We then proceed as in §3.1.2 and end up with the LDCU numerical fluxes for the first
three components p, pu, and pv. The p - and (pv)-fluxes are similar to (3.20) and they are

+ —
a a
P _ ;+2x(p )j+ ' ]+ k(p ) Jyk Lk 4 _
[ e S Pivia ™ Pivik
2’ a. a. 1 a, a. 2 2
Jtazk o jtgk Jtzk o Tjtgk
+qj+ N
+ - - - + + +
a u v —d u v
oo kP e bk T P e Y (3.33)
]+%,k o a+ —a

a
J+k J+k

+ —
a, .a.
j+j,k ]+§,k + —
+ (v, —(pv) +
a_';'_ . _a._ 1 (/) )j+%.,k (p )j+ qj+ k
J+3.k Jt3.k

while the pu-fluxes are similar to (3.23) and they are

A e TN YO e [ s ]
a’ . u. +p. —a, ; u; +
ou _ Jtpk p1+%,k( ]+%,k) Pivix Jt5k p1+%,k( j+%,k) P} Jt3k
21 - —
J+§,k a+ —a
L1 1
Jt3.k J+3.k (3.34)
+ —
it k%
’ > + * P
+ u) . — (pu +u . )
at . o—al (o )]+ (o )]+ k ]+%,kq1+%,k
Jjt3.k J+3.k

In (3.33) and (3.34),

a’; u).
(,Ou)* j+2, (,O )j+ ' j+%,k(p )J+%,k
21 —
J+ at, —a7
j+§,k j+§,k
+ + -
u
- [pj+%,k( j+%,k) +p;+2,k] [pj+;,k( /+2,k) +p]+2,k]
+ i b
a —da
JHik T Uik
+ + - - + -
a —da — u u
I APtk T 4 kP ik (v Vit =P n
21 - — 5
]+§’k a-,F 1, —a.
_I+§,k j+2,k
*
u
. B (p )]Jr k
1 - )
j+3.k *
: pj+%,k
and
P i - + *
= minmod | — - s - s
il ( TR G S A L p/+%,k)>

pv ~ - - + +
= minmod | —a v — (pv ,a v v
Ui ( N L I ! k))
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where

(pv)"f

+ + + - - -
v u v u v
/+ k(p) k%l i (P )J+ L {'Oj+%,k kit T P ek j+%.k}

The LDCU numerical fluxes for the fourth component are, however, different from (3.24)
since in the 2-D case, the EOS (3.26) contains the pv variable. In order to derive F f+ | o We
bR

first write down the 2-D analogue of (3.18):

— n+1 — int At"? + — int,R — int _ —- int,L — int
E ., = : — | a E .\, — E ;})—a E .\, —
J.k J.k + Ax i— L k( ]7%,]{ Jsk) J+%( jJr%,k J k)
s s°
+ ./—i’k( int )2 . J+§’k( int )2
2 Vo 2 Vthk
+ — —— . int,R 2 JR— 1mL 2
a a v
+ 2 2 2 _
+ - — int,R —_ 1ntL
a. —a. 2 ’ 2 ’
Jtrk gk J+ik Pjrik
int,R \2 int,L \2
1 1 ("pv ) (Tpv )
J—r kTt {( k) B ( k) }
+ — — 1mR — 1mL ’
a, —da 1 2 ’l 2 1
i=7:k k —5.k —3.k
where u mt il pu "/ It and the last two terms reflect the contribution of the
k j:l:isk ]:l:j,k

pv varlable We then substitute (3.32) into (3.35) to obtain

— n+1 — int At"? + — int e _ — int — int
E iy =E i +— [ k(E»k— E ;) —a %(EH%,,(— E ;)

Ax | it Jm2 +
87, 5°
J—5.k , 2 J+3.k 2
+ 2 (umt] ) _ 2 (ulml )
2 -3k 2 Jt3.k
apv 2 pv
1 1
t itak t Jjta.k
o (V) (DU o+
2
n JHk Lk /+;,k j+ik
at | —a 8” 8"
j+§,k j+§,k 2 7 int + j+2,k 2 7 int + ]+§,k
Jtik gt Jt3k gt
j+ik Jt5.k
2 -
8, 8,
—— \int J—7 —— \int J=72
n _ (o), + % Cpv )™, +—=
a, . a,. J=72 a’ J=3. a’
J—a.k j—3.k j—7:k B Jj—3.k
¥ = Iz o ’
bk Tk o D w L Cimdk
21 »p + 21 o ™y +
k +1 J=2k " at
]_jsk .1_77]( i
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and pass to the semi-discrete limit A" — 0 as in §3.1 to end up with

+ - - - - + + +
a’ u, E’ +p. —a. u’ E +p
J+hk j+lx( j+ik p,+l¢) J+ Lk j+1j( J+lk Pj+1j)
E _ 2 2 2 2 2 2 2 2
1 -
Jta.k at —a”
J+3k ity
B pv 2
Tjii
% JT2
v
1 a (p)j+lk+a‘+l
n Jt3.k jt+5.k E+ _ _ J+3.k
at - Jt+ik J+ik q°
]+’»k ]+*,k ]+*,
2 2 2| p* + s
S
./+§,k a"i_ |
L Jjta.k
pv 27
Tjix
3
(pv)* — . 2
bk (1) p
+ - a1, (3.36)
Tjitk ’
2| p* T _2
j+§,k a. |
,/+§,k B

The LDCU numerical fluxes in the y-direction are obtained in a similar way and they are

given by
- b u)*t bt b7
g° (p wj, k+3 LH%(p ) jr okt kg [p+ I ]
el T + — + — ikl TPl
Jok+3 b'k+1_b'k+l b'k L_b-k | Jok+3 k43
Jik+3 Jik+3 Jk+3 Jik+3
+4”
]k+2
+ - - ut ot
u v -
u j,k+lpj,k+l Jok+L k4L jk+1pj k+1 ]k+ jk+
gp 2 2 2 2 2 2 2
jkty bt | —bT
Jk+2 Jok+5
bt b7
/k-&-2 Jk+2 —
I)Jrf (pu )]k+'_(’0u)jk +‘1]k+1’
jokt+d okt
P P Coyt) R U S Pt [ PORY Co) R Sy
o Joktd p;,k+%( /,k+;) p] k+3 okt p/,k+%( j,k+2) p/ k+3
. 1 —
J»k+§ b+ , — b .
Jok+5 Jok+5
bt b7
/k+2 jk“rz +
—_ v v
+b+ _ (p )]k+ % )]k+ Tv jk+1q]k+
jok+1 jok+t
bt (ET . 4pT, )—=b, v (ET 4+ pT )
GE Jokd kAN ke Joktt Gk eI\ k) Jok+3
. 1 = —
Jktz bt —=bT
],k+§ ],k+§
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r qpu 2
. 1
* /’k+§
u) +
btobT Cry *pr
Gkt j kg i _ Jok+3
+——|E ,  —E - o
bt o, —bT Jikt3 Joktg q”
Jk+3 Jk+5 Jk+5
2 2 2| p* 2
Jkty D opt
L j,k+§
pu 27
q.,..1
Jok+5
(ou)% — 2
SR (V141
SRS SRS p
+ + —F 9" . (3.37)
q‘? . 2 /JH-%
* /’k+§
T
Jok+5 b~ .
jk+3 /)|
Here, b™ jyl Are the one-sided local speeds of propagation in the y-direction along the line
JK+5

x = x;. These speeds can be estimated using the eigenvalues p1(U) < - < u4(U) of the
Jacobian % as follows:

b ‘=min v —c , U —c ,0¢,
Jk+d Jk+y o TikEY ikt ikt
bt :=max {v7 ct vt ct 0
Jjk+3 j,k+%+ jk+3 j,k+%+ Jok+d ’
where
(pu)j . (pv)j .|
u, 1 = I 5 1 = I s
Jik+5 Jk+5
2 ,Oj,k_'_% 2 pj,k+%
+
+ + pJ\k*% + 2 + 2
P =<y71>[E4 e (O v’ )]
_/,k+% _/,k+% 2 ( j,k+%) ( _/,k+%)
+
+ ypf’k+%
Gkt T | E '
, =
Jk+75
b ewt b ()
N Gkt ks ke k)
(pv)" 1= ¥ -
Jk+5 b , = b .
],k+j j,k+7
+ + 2.+ - - 2, -
PRI CHPD e o Bl PN CRD s
_ [ j,k+%( J,k+%) Jkts ],k+%( ],k+%) jkt}
T - ,
R
Jkty ik
bt + b N —{en™ — (pv),
. TPt Tk P o )j,k+% 0 )j,k—&-%}
P, 1= ¥ = )
Jk+5 b 1 -b 1
j.k+7 j,k+7
(pv)*
Y s
Uikl T T
Joktd
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+ + - - + + + - - -
u —b u - u v — u v
k+%(p )_/,k+1 j.,k+%(p )j,k+% {pj,kJr% Jokr skt 'Dj,k+% okt j,k+%}

(Pu) 1 = I —
Jk+75 b | —b” |
j,k+§ j,k+j
L ; - * — + + *

q" =mmm0d<—b. o -p, , b P’ - )
Jk+y ;,k+%( jok+3 JJﬁL%) ].k+%( Jk+g J~k+%)
pou . — *« + +

= minmod | —b u u u
ksl ( j,k+%((p Vkry TP ) j,k+%((p .
—(pu)* ))
Js k+2

Remark 3.4 We note that as in the 1-D case, the computation of the LDCU numerical fluxes

needs to be desingularized. In particular, if a:_ 1, <€ and a,_+ L, > € for a small positive
JT73, JT7

&, we replace the x-numerical fluxes with

- +
- F(Uj%,k) + F(UH%J()
}-j+%,k = 2 .
Similarly, if b+ gl <€ and bj_k , > —e&, we replace the y-numerical fluxes with
2 ktz
- +
B G(Ujvk%) + G(ULH%)
gj,kJr% = B

In addition, the computation of the energy numerical fluxes (3.36) and (3.37) have to be
desingularized even in the case when only one of the local speeds is very small. In particular,

. + — —_
ifa <ebuta < —¢, wetake FE =u

jrlk j+%,k ’ ik j+%,k( jt+d k+p,+ k)
ifa’ > —¢ but a > g, we take FE =

Jhk Lk Jt+3k jJr k( j+3 &t jJr k)
ifbr  <ebuth, | <—e wetake Gt ( 4 +p7. 1)

Jk+3 Jk+3 ,/,k+§ ] K+ Jk+3
ifb > —gbutb™ > g, we take E E+

Jjok+1 Jjk+3 g/,k+2 /k+ 4 ( Jk+3 +p/ k+% )

Remark 3.5 As in the 1-D case, the 2-D new LDCU scheme results in a system of time-
dependent ODEs (3.27), which has to be solved using a stable and sufficiently accurate ODE
solver. In all of the numerical experiments reported in §4.2, we have used the three stage
third-order SSP Runge—Kutta method; see, e.g., [7, 8]. The time steps have been selected
adaptively using the following CFL condition:

1 _{Ax Ay}
At < —min{ —, — ¢,

)
2 Amax  bmax

where

+ - + -
a ‘= max | max {a —a b :=max | max { b —b .
max ik [ { J+i.k j+%,k}]’ max ik [ { JktL Tkt

4 Numerical Examples

In this section, we present both 1-D and 2-D numerical examples. Our main goal is to demon-
strate that the new LDCU schemes contain substantially smaller amount of the numerical
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Table 1 Example 1: The L!-errors and experimental convergence rates for the density p, momentum pu, and
total energy E

Ax P pu E

Error Rate Error Rate Error Rate
1/200 3.93e—05 2.05 1.05e—04 2.06 5.02e—04 2.06
1/400 9.74e—06 2.03 2.57e—05 2.04 1.24e—04 2.04
1/800 2.18e—06 2.09 5.76e—06 2.09 2.76e—05 2.10
1/1600 5.23e—07 2.08 1.37e—06 2.08 6.59¢—06 2.08
1/3200 1.27e—07 2.06 3.33e—07 2.07 1.60e—06 2.07

dissipation compared with the old CU schemes from [10], which we will refer to as the CU
schemes. We will show that despite having less numerical dissipation, the LDCU schemes
produce non-oscillatory results and also achieve higher resolution than the CU ones. The
advantages will be especially pronounced when the numerical solutions contain contact
waves, shear layers, vortices as well as small-scale 2-D structures.

In Examples 1-10, we take y = 1.4, while in Example 11, we take y = 5/3. In all of the
examples, we have used the CFL number 0.475, the generalized minmod parameter 6 = 1.3,
and the small parameter ¢ = 1072,

4.1 One-Dimensional Examples

Example 1 (1-D Accuracy Test) In the first example taken from [5], we consider the problem
subject to the following smooth initial data:

2
=T

(u(x, 0) + 10)] T p@.0) = p"(x,0).

TX

5

y —1
27
We impose the periodic boundary conditions and compute the numerical solution on the
computational domain [0, 10] until the final time = 0.1 using the LDCU scheme on a
sequence of uniform meshes with Ax = 1/50, 1/100, 1/200, 1/400, 1/800, 1/1600, and
1/3200.

u(x,O):sin( —|—%), p(x,0) = |:

We then compute the L'-errors and estimate the experimental convergence rates using
the following Runge formulae, which are based on the solutions computed on the three
consecutive uniform grids with the mesh sizes Ax, 2Ax, and 4Ax and denoted by (~)AX,
()*2% and (-)*2*, respectively:

82 8
Error(Ax) ~ I612712824| Rate(Ax) ~ log, <£> .
Here, 812 1= ||(-)2F — ()*2¥||,1 and 824 := [|()*2¥ — ()**¥|| 1. The computed L'-errors

and corresponding convergence rates for the density, momentum, and total energy are reported
in Table 1, where one can clearly see that the second order of accuracy is achieved.

Example 2 (Moving Contact Wave) In the second example, we consider the following initial
conditions:

(1.4,0.1,1), x <0.3,

(o(x, 0), ux, 0), p(x, 0)) = {(1.0,0.1, ), x>03,
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Fig.4 Example 2: Density (p)

computed by the LDCU and CU 1.4 B e EDCU
schemes p o
F ——Reference
1.3 H 1
1.2

1.1

prescribed in the computational domain [0, 1] subject to the free boundary conditions. We
compute the solution which contains an isolated moving contact discontinuity, until the final
time t = 2 by the LDCU and CU schemes on a uniform mesh with Ax = 1/100. The
obtained densities are presented in Fig. 4, where one can see that the LDCU scheme clearly
outperforms the CU one.

We also measure the CPU times consumed by the LDCU and CU schemes on a uniform
mesh with Ax = 1/2000. They are about 24.60 s for the CU scheme and 21.54 s for the LDCU
schemea (the computations have been carried out on the Lenovo ThinkPad T480 laptop). This
shows that the computational cost is reduced by about 12% when the LDCU scheme is used,
which gives an additional evidence of the advantage of the proposed LDCU scheme over its
predecessor. We would like to stress that the only difference between the two studied schemes
is in the “built-in” anti-diffusion terms, which are clearly more computationally expensive
in the CU scheme.

Example 3 (Stationary Contact Wave and Traveling Shock and Rarefaction) In this example
taken from [10], we consider the following Riemann initial data:

(1, —19.59745, 1000), x < 0.8,

L0). u(x. 0). p(x.0)) =
(o(x, 0), u(x, 0), p(x, 0) {(1,—19.59745,0.01), x> 08,

prescribed in the computational domain [0, 1] subject to the free boundary conditions. The
exact solution of this initial-value problem consists of a stationary contact wave, a traveling
shock, and a traveling rarefaction wave. We compute the LDCU and CU solutions until the
final time ¢ = 0.012 on a uniform mesh with Ax = 1/200. The obtained densities together
with the reference solution computed using the LDCU scheme on a much finer uniform mesh
with Ax = 1/10000 are plotted in Fig. 5. As one can see, the LDCU scheme achieves a much
sharper resolution around the contact discontinuity area despite producing a small overshoot.

Example 4 (“Shock-Bubble” Interaction) In the fourth example, we consider the initial data
that correspond to a left-moving shock, initially located at x = 0.75, and a “bubble” of radius
0.25, initially located at the origin:

(13.1538,0, 1), [x| < 0.25,
(p(x, 0, u(x, 0), p(x,0)) = { (13333, —0.3535,1.5), x > 0.75,
(1,0, D), otherwise.

These data are prescribed in the computational domain [—1, 1] subject to the solid wall
boundary conditions on the left and free boundary conditions on the right.
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Fig. 5 Example 3: Density (p) computed by the LDCU and CU schemes (left) and zoom at the contact
discontinuity area (right)
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Fig.6 Example 4: Density (p) computed by the LDCU and CU schemes (left) and zoom at [—0.75, 0] (right)

oF 24
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-0.25 1.4
-0.3 - 1.2
-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1

Fig.7 Example 4: Velocity (u) (left) and pressure (p) (right) computed by the LDCU and CU schemes

We compute the solutions by the LDCU and CU schemes until the final time # = 3 on a
uniform mesh with Ax = 1/100 and obtain the reference solution using the LDCU scheme
on a much finer mesh with Ax = 1/4000. The obtained densities are plotted in Fig. 6, where
one can see that the LDCU scheme achieves a slightly better resolution. We also plot the
computed velocities and pressure (see Fig. 7), where the advantage of the LDCU scheme is
more pronounced. This clearly indicates that the LDCU scheme outperforms the CU one.
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Table 2 Example 5: The L!-errors and experimental convergence rates for the density p, momenta pu and
pv, and total energy E

Ax = Ay P pu pv E

Error Rate Error Rate Error Rate Error Rate
1/100 6.59¢—04 - 6.59e—04 - 4.62e—04 - 4.91e—04 -
17200 1.54e—04 2.10 1.54e—04 2.10 1.08e—04 2.10 1.15e—04 2.10
1/400 3.68e—05 2.06 3.68e—05 2.06 2.58e—05 2.06 2.74e—05 2.06
1/800 8.11e—06 2.18 8.11e—06 2.18 5.67e—06 2.18 6.04e—06 2.18

4.2 Two-Dimensional Examples

Example 5 (2-D Accuracy Test) In the first 2-D example taken from [14], we consider the
2-D Euler equations of gas dynamics subject to the following periodic initial conditions:

|
px,y,0) =1+ 5 sin(w(x +y)), ulx,y,0)=1, v(x,y,0=-0.7, pkx,y,0=1.
The exact solution of this initial value problem is given by

p(x,y, 1) = 1+ Fsin(m(x +y — 0.30),
ulx,y,ty=1, vx,y,t)=-07, p,y,t)=1.
We first compute the numerical solution on the computational domain [—1, 1] x [—1, 1]
until the final time ¢ = 0.1 using the LDCU scheme on a sequence of uniform meshes with
Ax = Ay = 1/50, 1/100, 1/200, and 1/400. We then measure the L!'-errors and compute

the corresponding experimental convergence rates. The obtained results presented in Table
2 confirm that the second order of accuracy is achieved by the LDCU scheme.

Example 6 (Moving Contact Wave) In the second 2-D example which was proposed in [11],
we consider an isolated moving contact wave in the computational domain 2 = [—0.2, 0.2] x
[0, 0.8] with the following initial data:

(1.4,0,0.2,1), (x,y)eD,

(p(x,y,0),u(x,y,0), v(x,y,0), p(x,y,0)) = { (10.0.02. 1), otherwise

where D is the domain consisting of the points (x, y) € Q2 satisfying the following conditions:
(0.1 <x <0.1,0 <y < 0.02}_J {0.02 < x <0.02,0.02 < y < 0.1} J

{(r +0.02)% + (v = 0.02)* < 0.08°} [ {(x = 0.02)> + (y — 0.02)* < 0.087} .

We apply free boundary conditions and compute the solution until the final time = 2 on
the uniform mesh with Ax = Ay = 1/250. The densities computed by the LDCU and CU
schemes are plotted in Fig. 8. As one can see, the solution computed by the CU scheme is
much more smeared due to a substantially larger amount of dissipation present in the CU
scheme compared with the LDCU scheme. This is especially pronounced in the x-direction,
in which the LDCU solution maintains almost perfect jump discontinuities.

We also measure the CPU times consumed by the LDCU and CU schemes. They are about
145.69 s for the CU scheme and 111.77 s for the LDCU scheme (the computations have been
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Fig.8 Example 6: Density (p) computed by the CU (left) and LDCU (right) schemes

carried out on the Lenovo ThinkPad T480 laptop). This shows that the computational cost is
reduced by about 23% when the LDCU scheme is used, which gives an additional evidence
of the advantage of the proposed LDCU scheme over its predecessor. Notice that in the 2-D
case, the difference in the consumed CPU times is bigger than in the 1-D case since the
due to the “built-in” anti-diffusion term in the 2-D CU scheme is increasingly computational
expensive.

Example 7 (Two-Dimensional Riemann Problem) In this example, we consider Configuration
3 of the 2-D Riemann problems from [16]; also see [27, 28, 35]. The initial conditions,

(p(x,y,0),u(x,y,0),v(x,y,0), p(x, y,0))

(1.5,0,0,1.5), x>1,y>1,
(0.5323, 1.206, 0, 0.3), x<l1, y>1,
- (0.138, 1.206, 1.206,0.029), x <1, y <1,
(0.5323, 0, 1.206, 0.3), x>1,y<l1,

are prescribed on the domain [0, 1.2] x [0, 1.2] subject to free boundary conditions. We
compute the solution until the final time # = 1 on a uniform mesh with Ax = Ay = 0.0012.
The densities computed by the LDCU and CU schemes are presented in Fig. 9. As one can
observe, both schemes maintain the diagonal symmetry of the jet. However, one can clearly
see that the LDCU scheme captures a sideband instability of the jet in the zones of strong
along-jet velocity shear and the instability along the jet’s neck with a much higher resolution.
One may also notice the presence of the certain numerical oscillation in the LDCU solution,
which is expected to occur when the numerical dissipation is reduced.

Example 8 (Explosion Problem) We now consider the explosion problem taken from [22].
The initial conditions,

(1,0,0, D), x? +y* <0.16,

x,y,0),ulx,y,0),v(x,y,0), p(x,y,0) =
(0(x 5,00, u(x, 3, 0), v(x, 3, 0), p(x. 3, 0)) {(0.125,0,0,0.1), otherwise,

are prescribed in the computational domain [0, 1.5] x [0, 1.5] subject to the solid wall bound-
ary conditions at x = 0 and y = 0 and free boundary conditions at x = 1.5 and y = 1.5.
We compute the solution until the final time t = 3.2 by the LDCU and CU schemes on a
uniform mesh with Ax = Ay = 3/800. The obtained densities are presented in Fig. 10.
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Fig.9 Example 7: Density (p) computed by the CU (left) and LDCU (right) schemes
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Fig. 10 Example 8: Density (p) computed by the CU (left) and LDCU (right) schemes

The advantage of the LDCU scheme can be seen in the fact that the contact wave captured
by the LDCU scheme is much “curlier”. This demonstrates that the amount of the numerical
dissipation present in the LDCU scheme is substantially smaller compared with the CU one.

Example 9 (Implosion Problem) In this example, we test the implosion problem also taken
from [22]. The initial conditions,

(0.125,0,0,0.14), |x|+|y| <O0.15,

9 ?0 9 9 70 9 9 70 9 bl 70 = .
(p(x,y,0),ulx,y,0),v(x,y,0), p(x, y,0) {(170, 0.1, otherwise.

are prescribed in the computational domain [0, 0.3] x [0, 0.3] subject to the solid wall bound-
ary conditions. We compute the solution until the final time t = 2.5 by the LDCU and CU
schemes on a uniform mesh with Ax = Ay = 1/2000. The obtained densities are presented
in Fig. 11. As one can observe, the jet generated by the LDCU scheme propagates to a much
larger extent than the jet produced by the CU scheme. This once again demonstrates that the
LDCU scheme has a much smaller amount of numerical dissipation compared with the CU
one.

Example 10 (Kelvin—Helmholtz (KH) Instability) In this example, we consider the KH insta-
bility, which occurs in many natural phenomena: the so-called “wind-over-water” and “clear
air turbulence” instabilities. The KH instability is triggered by shear flows, often also involv-
ing fluids with different densities, and grows exponentially until the primary billows break,
subsequently leading to a two-phase turbulence. In order to show better capabilities of the
LDCU scheme in capturing small scale turbulent structures, we take the following initial
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Fig. 11 Example 9: Density (p) computed by the CU (left) and LDCU (right) schemes

conditions studied in [6, 11, 25]:

(1, =0.5 + 0.5¢0+029/Ly -y e [—0.5, —0.25),
(2,0.5 —0.5¢727029/Ly -y € [-0.25,0),
(2,0.5 —0.5¢V702/Ly -y €10,0.25),

(1, 0.5+ 0.5¢0-2=9/Ly -y €10.25,0.5],
v(x,y,0) =0.01sin(4mrx), px,y,0) =1.5,

(p(x, y,0), u(x, y,0)) =

where L is a smoothing parameter taken to be 0.00625, which corresponds to a thin shear
interface with a periodic vertical velocity field v. We use the computational domain is
[—0.5,0.5] x [—0.5, 0.5] and set the periodic boundary conditions.

We compute the solution until the final time ¢ = 4 by the LDCU and CU schemes on a
uniform mesh with Ax = Ay = 1/1024. The density snapshots at times t = 1, 2.5, and 4
are presented in Fig. 12. As one can see, at time ¢ = 1, the vortex sheets formed by the CU
scheme are quite smeared by the numerical dissipation, while in the LDCU scheme these
vortex sheets are much more pronounced. At the later times ¢ = 2.5 and 4, one can observe
much more complicated vortices and the two-phase turbulence in the “swirls” in the densities
computed by the LDCU scheme. This indicates that the LDCU scheme can capture the KH
instabilities much better than the CU scheme.

Example 11 (Raleigh-Taylor (RT) Instability) In the final example, we investigate the RT
instability, which naturally occurs when a layer of heavier fluid is placed on top of a layer of
lighter fluid. In order to study the RT instability, we solve the following 2-D Euler equations
with gravitation acting upward in the y-direction:

P+ (pu)x + (pv)y =0,

(pu); + (pu* + p)x + (puv)y =0,

(pV): + (puv)y + (pv* + p)y = p,

Ei + (u(E + p))x + (0(E + p))y = pv.

In the performed simulations, the cell averages of the source terms in (4.1) have been approx-
imated in a straightforward way, namely, using a midpoint rule.

4.1)

We use the setting from [29] and consider the following initial conditions:

(p(x,y,0), u(x,y,0),v(x,y,0), p(x, y,0))
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Fig. 12 Example 10: Density (p) computed by the CU (left column) and LDCU (right column) schemes at
times r = 1 (top row), t = 2.5 (middle row), and ¢ = 4 (bottom row)

(2,0, —0.025ccos(8mx),2y +1), vy <0.5,
| (1,0, —0.025¢ cos(87x), y + 1.5), otherwise,

where ¢ = /y p/p is the speed of sound. The computational domain is [0, 1/4] x [0, 1]. We
impose the solid wall boundary conditions at x = 0 and x = 1/4 and the following Dirichlet
boundary conditions at the top and bottom boundaries:

(posv.p)| _ =(1,0,0,25) and (o.u,v,p)| _ =(2,0,0,.
y= y=
We compute the solution by the LDCU and CU schemes until the final time t = 2.95 on a

uniform mesh with Ax = Ay = 1/1024 and plot the obtained densities in Fig. 13. As one
can see, the LDCU scheme captures much more complicated structures than the CU one,
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Fig. 13 Example 11: Density (p) computed by the CU (left) and LDCU (right) schemes

which clearly indicates that the amount of numerical dissipation in the LDCU scheme is
substantially smaller.

5 Conclusion

In this paper, we have developed a new second-order semi-discrete low-dissipation central-
upwind (LDCU) scheme. Compared with the central-upwind (CU) scheme from [10], the
LDCU scheme contains substantially smaller amount of numerical dissipation and yet leads
to stable solutions, which are essentially non-oscillatory, that is, when the oscillations are
developed, they are small and controllable. In order to achieve this goal, we modify the
projection step in the construction of the CU schemes. The new projection step is based on a
subcell resolution and it is designed to better approximate contact waves, whose resolution are
typically strongly affected by excessive numerical dissipation present in many non-oscillatory
central and CU Godunov-type schemes.

We have developed the LDCU schemes for 1-D and 2-D Euler equations of gas dynamics
and tested the proposed schemes on a variety of numerical examples. In the 1-D examples, we
have demonstrated that the LDCU schemes clearly outperforms the CU scheme from [10],
especially when capturing contact waves. In the 2-D examples, we have illustrated that the
LDCU scheme can handle not only the contact waves, but also the small-scale structures and a
variety of instabilities with a much higher resolution compared with the 2-D CU scheme from
[10]. The performed numerical experiments indicate that the amount of numerical dissipation
present in the LDCU schemes is substantially smaller than in the CU schemes from [10].

The proposed LDCU numerical flux can be used as a basis for the derivation of higher-order
schemes within, for example, the weighted essentially non-oscillatory (WENO) framework;
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see, e.g., the recent review papers [30, 31] and references therein. Development of such
schemes is a subject of our future work.
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