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SEMIDISCRETE CENTRAL-UPWIND SCHEMES FOR
HYPERBOLIC CONSERVATION LAWS AND
HAMILTON-JACOBI EQUATIONS*

ALEXANDER KURGANOVT, SEBASTIAN NOELLE!, AND GUERGANA PETROVAT

Abstract. We introduce new Godunov-type semidiscrete central schemes for hyperbolic systems
of conservation laws and Hamilton—Jacobi equations. The schemes are based on the use of more
precise information about the local speeds of propagation and can be viewed as a generalization
of the schemes from [A. Kurganov and E. Tadmor, J. Comput. Phys., 160 (2000), pp. 241-282;
A. Kurganov and D. Levy, SIAM J. Sci. Comput., 22 (2000), pp. 1461-1488; A. Kurganov and
G. Petrova, A third-order semidiscrete genuinely multidimensional central scheme for hyperbolic
conservation laws and related problems, Numer. Math., to appear] and [A. Kurganov and E. Tadmor,
J. Comput. Phys., 160 (2000), pp. 720-742].

The main advantages of the proposed central schemes are the high resolution, due to the smaller
amount of the numerical dissipation, and the simplicity. There are no Riemann solvers and character-
istic decomposition involved, and this makes them a universal tool for a wide variety of applications.

At the same time, the developed schemes have an upwind nature, since they respect the directions
of wave propagation by measuring the one-sided local speeds. This is why we call them central-upwind
schemes.

The constructed schemes are applied to various problems, such as the Euler equations of gas
dynamics, the Hamilton—Jacobi equations with convex and nonconvex Hamiltonians, and the incom-
pressible Euler and Navier—Stokes equations. The incompressibility condition in the latter equations
allows us to treat them both in their conservative and transport form. We apply to these problems
the central-upwind schemes, developed separately for each of them, and compute the corresponding
numerical solutions.
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1. Introduction. We consider Godunov-type schemes for the multidimensional
(multi-D) systems of conservation laws

(1.1) us + Vi f(u) =0, xeRY
and the multi-D Hamilton—Jacobi equations
(1.2) i+ H(Vyp) =0, x€R%

Godunov-type schemes for the system (1.1) are projection-evolution methods.
Starting with cell averages at time level ", one reconstructs a piecewise polynomial
interpolant of degree r — 1 (where r is the formal order of the scheme), which is
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evolved to the next time level "1, and then it is projected onto a space of piecewise
constants. Depending on the projection step, we distinguish two kinds of Godunov-
type schemes: central and upwind. The Godunov-type central schemes are based on
exact evolution and averaging over Riemann fans. In contrast to the upwind schemes,
they do not employ Riemann solvers and characteristic decomposition, which makes
them simple, efficient, and universal.

In the one-dimensional (1-D) case, examples of such schemes are the first-order
(staggered) Lax—Friedrichs scheme [28, 14], the second-order Nessyahu—Tadmor scheme
[40], and the higher-order schemes in [39, 8, 30]. Second-order multi-D central schemes
were introduced in [3, 4, 5, 6, 19, 34], and their higher-order extensions were developed
in [31, 32]. We would also like to mention the central schemes for incompressible flows
in [33, 22, 20, 21], and their applications to various systems, for example, [2, 13, 44, 49].

Unfortunately, these staggered central schemes may not provide a satisfactory
resolution when small time steps are enforced by stability restrictions, which may
occur, for example, in the application of these schemes to convection-diffusion prob-

lems. Also, they cannot be used for steady-state computations. These disadvantages
(AE)ZT )
At )

are caused by the accumulation of numerical dissipation, which is of order O(
where r is the formal order of the scheme.

The aforementioned problems have been recently resolved in [26], where new
high-order Godunov-type central schemes are introduced. The proposed construction
is based on the use of the CFL related local speeds of propagation and on integration
over Riemann fans of variable sizes. In this way, a nonstaggered fully discrete cen-
tral scheme is derived and is naturally reduced to a particularly simple semidiscrete
form (for details see [26]). The same idea was used in [24] to develop a third-order
semidiscrete central scheme, and in [25], where its genuinely multi-D extension was
introduced.

The purpose of the first part of this paper is to present new semidiscrete central
schemes for the conservation law (1.1), which we call central-upwind schemes. They
are based on the one-sided local speeds of propagation. For example, in the 1-D case,
these one-sided local speeds are the largest and smallest eigenvalues of the Jacobian
% (in contrast to the less precise local information, used in [26, 24, 25]—the spectral
radius p(%))

The new schemes are Godunov-type central schemes, because the evolution step
employs integration over Riemann fans and does not require a Riemann solver and
a characteristic decomposition. They also have an upwind nature, since one-sided
information is used to estimate the width of the Riemann fans. This more precise
estimate makes our schemes less dissipative generalizations of the semidiscrete central
schemes in [26, 24, 25].

The second part of this paper is devoted to the Hamilton—Jacobi equations, (1.2),
which are closely related to (scalar) conservation laws. For example, in the 1-D case,
the unique viscosity solution of the Hamilton-Jacobi equation, ¢ + H(p,) = 0, is
the primitive of the unique entropy solution of the corresponding conservation law,
uy + H(u), = 0, where u = ¢,. However, in the multi-D case, this one-to-one
correspondence no longer exists, but the gradient Vi satisfies (at least formally) a
system of (weakly) hyperbolic conservation laws.

This relation allows one to apply techniques, developed for conservation laws, to
the derivation of the numerical methods for Hamilton—Jacobi equations. Examples of
such methods can be found in [1, 10, 11, 35, 36, 42, 48]. One of the approaches [35, 36]
is Godunov-type schemes. As in the case of conservation laws, they are projection-



CENTRAL-UPWIND SCHEMES 709

evolution methods. The differences are that here one starts with point values (not
cell averages) at time ¢", builds a continuous piecewise polynomial reconstruction of
degree 7, and evolves it to the next time level t"*1. The pointwise projection (not the
cell averages) of this evolved solution is used as initial data for the next time step.

Godunov-type central schemes for Hamilton—Jacobi equations were first intro-
duced in [35, 36]. Semidiscrete Godunov-type central schemes for the multi-D equa-
tions (1.2) were developed in [27], where the same idea of local speeds of propagation
was used to separate between smooth and nonsmooth parts of the evolved solution.

In the second part of this work, we present a new second-order semidiscrete
central-upwind scheme for the Hamilton—Jacobi equations (1.2). It is a less dissipative
generalization of the scheme in [27], which uses more precise one-sided information of
the local propagation speeds.

The paper is organized as follows. In section 2, we give a brief overview of the
Godunov-type central schemes for conservation laws and Hamilton—Jacobi equations
in one space dimension. We also describe the nonoscillatory piecewise quadratic re-
construction from [25], which is later used in the numerical examples. Next, in section
3, we introduce our new Godunov-type central-upwind schemes for the conservation
laws and Hamilton—Jacobi equations, both in one and in two spatial dimensions. The
results of our numerical experiments are presented in section 4. We apply the proposed
scheme to a variety of test problems: the one- and two-dimensional compressible Euler
equations, a 1-D Hamilton—Jacobi equation with a nonconvex Hamiltonian, the two-
dimensional (2-D) eikonal equation of geometric optics. Finally, the incompressible
Euler and Navier—Stokes equations are solved using two different approaches, based
on either their conservative or transport form. The performed numerical experiments,
especially in the case of incompressible flow simulations (see section 4.3), demonstrate
the advantage of our new central-upwind approach.

2. Godunov-type central schemes—Dbrief description. In this section, we
review Godunov-type central schemes in one spatial dimension. We will consider only
uniform grids and use the following notation: let z; := jAz, z;.1 = (j £1/2)Ax,
t" = nAt, ul = u(x;,t"), ¢ = p(z;,t"), where Az and At are small spatial and
time scales, respectively.

2.1. Central schemes for conservation laws. The starting point for the con-

struction of Godunov-type schemes for conservation laws is the equivalent integral
formulation of the system (1.1),

u(zx,t + At)
t+At t+At
:a(x,t)—é /_—t f<u( + 5 ,T)) dT—/_J; f<u<x_A2x’7—>) dT‘|,
(2.1)
where by

1 Az
2.2 u(x,t) := — t)d I(x) = 1€ — —
@) aen= g [ wendk 1@ ={elk-dd < 5
we denote the sliding averages of u(-,t) over the interval (z — 4%,z + §%). At time
level ¢t = t"™ we consider problem (2.1) with the piecewise polynomial initial condition

(2.3) u(z,t") = pj (z), ;1 <z <zi1
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obtained from the cell averages 4} := tu(z;,t"), computed at the previous time step.
This piecewise polynomial reconstruction should be conservative, accurate of order r,
and nonoscillatory.

Second-order schemes require a piecewise linear reconstruction (see the exam-
ples in [15, 16, 23, 29, 40, 43]). Third-order schemes employ a piecewise quadratic
approximation, and one of the possibilities is to use the essentially nonoscillatory
(ENO) reconstruction. In the 1-D case, we refer the reader to [16, 46]. The weighted
ENO interpolants are proposed in [38, 18, 30, 32], and the multi-D ENO-type recon-
structions can be found in [31, 32]. The ENO-type approach employs smoothness
indicators. They require certain a priori information about the solution, which may
be unavailable and then spurious oscillations or extra smearing of discontinuities may
appear.

1-D nonoscillatory piecewise quadratic reconstructions, which do not require the
use of smoothness indicators, were proposed in [37, 39, 25]. 2-D generalizations of
these reconstructions were presented in [25, 41].

The reconstructed piecewise polynomial @(x,t™) is then evolved exactly according
to (2.1), and the solution at time ¢ = ¢"*! is obtained in terms of its sliding averages,
@(x,t" ™). An evaluation of these sliding averages at particular grid points provides
the approximate cell averages of the solution at the next time level.

The choice of © = x; in (2.1) results in an upwind scheme. The solution then may
be nonsmooth in the neighborhood of the points {z; +%}, and the evaluation of the
flux integrals in (2.1) requires the use of a computationally expensive (approximate)
Riemann solver and characteristic decomposition.

Ifx = Tip1 in (2.1), we obtain Godunov-type central schemes, namely,

—n+1 1 I'7+% n Fat n
uily = s P} (z) dx + pj+1(;1:) dx
Ty Tivs
A

(2.4) -=

o o At
/tn flu(zjp,t)) dt — /tn f(u(oqi))dt], = e

In contrast to the upwind framework, the solution is smooth in the neighborhood of
the points {z;}. Therefore, a discretization of the flux integrals in (2.4) can be done,
using an appropriate quadrature formula. The corresponding function values can be
computed either by Taylor expansion or by a Runge-Kutta method [39, 8].

2.2. Central schemes for Hamilton—Jacobi equations. In this section, we
describe second-order Godunov-type central schemes for Hamilton—Jacobi equations.
We follow the approach from [36] and construct a 1-D second-order staggered central
scheme.

Assume that we have computed the point values of ¢ at time ¢t = t". We then
start with a continuous piecewise quadratic interpolant,

e o
P(x,t") := ¢f +T(:v—wj)+W(ﬂ?—%)(%—%ﬂ),
(2.5) € [z, j41],
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Here, (Agp);Jr%/(Ax)Q is an approximation to the second derivative ., (a:j+% ,t"). An
appropriate nonlinear limiter employed in this approximation guarantees the nonoscil-
latory nature of @(z,t"™). Examples of such limiters, developed in the context of hy-
perbolic conservation laws, may be found in [15, 16, 23, 40, 43]. In this paper we use
a one-parameter family of the minmod limiters [29, 15, 43]

: n n 1 n n
(Ap)), 1 = minmod <9 {(As@)ﬂg - (Aso)j+%} 3 {(Aw)ﬁg - (A@)j_%} :

(2.7 ol(aen, - @y )
where 6 € [1,2], and the multivariable minmod function is defined by
min;{z;} if ;>0 Vj,
(2.8) minmod(z1, 2, ...) :=  max;{z;} if x; <0 Vj,
0 otherwise.

Notice that larger 6’s in (2.7) correspond to less dissipative, but still nonoscillatory
limiters [29, 15, 43].

Given a reconstruction (2.5), we consider the Hamilton-Jacobi equation (1.2),
subject to the initial data ¢(x,0) = ¢(x,t™). Under an appropriate CFL condition,
due to the finite speed of propagation, the solution of this initial value problem is
smooth in the neighborhood of the line segment {(z,t) : v =2, 1, " <t < iy

Therefore, from the Taylor expansion of the solution about the point (ijr%,t"), we

obtain
n n 2
I R L AR AN P AL A RGO
Piri 2 8 Az 2 Az (Az)?
(2.9)
Remarks.

1. The derived scheme (2.9) is different from the one in [36]. There, the evo-
lution step is executed by integration of (1.2) over [t", t" 1], followed by the
application of the midpoint rule to the resulting integrals. For details, see
[36, 27].

2. A 2-D staggered central scheme for (1.2) can be found in [36].

3. Central-upwind semidiscrete schemes. In this section, we develop new
semidiscrete central-upwind schemes for conservation laws and Hamilton—Jacobi equa-
tions, following the approach presented in [26, 24, 25] and [27], respectively.

3.1. Semidiscrete central-upwind schemes for 1-D conservation laws.
We consider the 1-D system (1.1) of N strictly hyperbolic conservation laws. We
start with a piecewise polynomial reconstruction (2.3) with possible discontinuities at
the interface points {z; +1 }. These discontinuities propagate with right- and left-sided
local speeds, which can be estimated by

T e ) {w(Ga) o}
and
g PG}
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respectively. Here, \; < --- < Ay are the N eigenvalues of the Jacobian %, and

C(u7,,,u’ 1) is the curve in the phase space that connects
Jj+3’ itz

(3.1) u;r% =pj+1(r;11) and uj_+% = p;(T41)

For example, in the genuinely nonlinear or linearly degenerate case, we have

oy = me (0 (1)) A (3a (v1)) 0
09 =) () )

In fact, these one-sided local speeds are related to the CFL number. Note that in
the schemes from [26, 24] only the spectral radius of g—i is used, and for its computation
one actually needs to know both A; and Ay.

Further, we utilize these one-sided local speeds of propagation in the following
way. We consider the nonequal rectangular domains

+1 +1
(3.3) [x?fém,x;ﬂr%’l] x [t",t"T1]  and [x?+%’l,z;.’+%’r] x [t7, Y,
with 2™ Tl =T + Ata 1 and z" Ti Tjy1 + Ata b1 where the solution of

(1.1) with the initial data u(:z: t") is smooth and nonsmooth respectively.
The cell averages

tn+1

1 x;+%,z
w;”rl = W [/x p;l(x) dw—ln (f(u(l.;zr%lvt))_f(u(x;nfé’rvt))> dt‘| )

11 1 Tird ;-l% ”
—n _ (2 ’ 7
e T / pj(w)dz —I—/ Py () do
Jjt+z.r Jj+ TJ+%, Tivd
gl

(3.5) - / (flulalyy o 0) = F(ulaly s 1n0) dt]

are obtained by integrating (1.1) over the corresponding domains in (3.3); see Figure
3.1.

Given the polynomials {p}}, the spatial integrals in (3.4) and (3.5) can be com-
puted explicitly. To discretize the flux integrals there, one may use an appropriate
quadrature formula, since the solution is smooth along the line segments (x;L 1 t),

3

" <t <t"!and (27, 1 ottt St <t

—-n—+1
+ 1
a nonoscillatory, conservative, third- order piecewise polynomial interpolant, denoted

by

(36) @ (@) =) (wy“(a:)X[

Next, from the cell averages, W’ ’7‘+1, given by (3.4)—(3.5), we reconstruct

~n+1
" ] +wj+%(x)x[x" z" ])

1T
it dtgr
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N+l
u;

—ntl
Wjt1

Xj-1 Xj-12 Xj Xj+1/2 Xj+1 Xj+3/2

Fic. 3.1. Central-upwind differencing.

@;Tg (x), @?H
pieces, associated with the corresponding intervals. In fact, we do not need any high-
order reconstruction @}l“(m) since it will be averaged out (consult Figure 3.1).
Remark. Notice that even for a nonuniform grid, a particular piecewise quadratic
reconstruction can be written explicitly. Since these formulae are rather messy and

irrelevant for the semidiscrete scheme, we omit them.

Here, the x’s are the characteristic functions, and { ()} are the quadratic

The construction of our scheme is then completed by projecting w"*! back onto
the original grid, namely, we compute the cell averages

1 T, 1 "
(3.7) = / T () da
xr

-4

at the next time level. This leads to a fully discrete Godunov-type central-upwind
scheme, which can be derived explicitly. Its derivation is similar to the derivation of
the central schemes from [26, 24]. We omit here the details of these rather messy
computations and continue within a much simpler semidiscrete framework.

The time derivative of @;(t) is expressed with the help of (3.7) as

antt — gn 1

(3.8) iaj(t): lim 24— 7

. 1 Tivd ~n+1( )d .
= lim — — .
dt At—0 At At—0 At v T)ar =4

J
Az o,

1
2

~n—+1

Now, let us suppose that the slopes of wi are uniformly bounded, independently of
2
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At. Since the width of the Riemann fans is bounded by (a;ﬁrl — aj;l)At, we obtain
2 2

(3.9) {Eﬁé (x) = wﬁg + O(At) Vo € [x?i;l, x?i%,’l”].

The conservation property of the reconstruction gives

1 wﬁ%J ~n+1 —n+1
(3.10) — — wiT (z) dr = wiT.
(xj+i [ ! r) T

From (3.8)—(3.10) and the definition of x}_, and z7, ., we derive
2> JT3

+
d a;_
—;(t) = —
dt

Nl

1 (20 1, =2 a’,
lim @4 lim — | 22l ITe gt gn ) e g, gnl
Ax At=0 J—3  At—0 At Az J J Ax At—0 Jt3

(3.11)

The three limits in (3.11) are computed separately. Using (3.4) and (3.5), we obtain

)

Nl

n _en - - _ .t + - _ +
R S 0 T e T G B S an S 2 g y) — g
At—0 At Az J J Az Az
(3.12)
and

+ _ T T T
(3.13) lim @) = ity T Yl B f(u]-&-%) f j+%)
' At0 I3 at , —a” at , —a ’

+
j+3
piecewise polynomial interpolant {p;}, reconstructed at time ¢.

Finally, a substitution of (3.12) and (3.13) in (3.11) results in our new semidiscrete

central-upwind scheme, which can be written in the following conservative form:

H. 1(t)—H,_1(t
(3.14) %@@:_ i3t~ A3 (0)

where, similarly to (3.1), u stand for the corresponding right and left values of the

Here, the numerical fluxes H, 1 are given by
2

+ - - + + -
__ aj+%f(uj+%) aj+%f(uj+%) %+3%+3 T -
(3.15) H,, 1(t):= - x +— S (A
2 a’ , —a. ; al, ; —a,., ; LITz2 I3
J+3 Jt3 J+3 J+s3

Remarks.

1. The new semidiscrete scheme (3.14)—(3.15) is a Godunov-type central scheme,
since it is based on integration over Riemann fans. It does not require char-
acteristic decompositions and Riemann solvers, and therefore it preserves the
main advantage of the central schemes—simplicity.

2. As with the semidiscrete schemes, proposed in [26], the numerical viscosity of
(3.14)—(3.15) is independent of O(1/At), and thus it can be used for steady-
state computations. Moreover, due to a more accurate estimate of the widths
of the Riemann fans, the numerical dissipation in (3.14)—(3.15) is even smaller
than the numerical viscosity of the schemes from [26, 24]. Notice that if
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one takes at , =

_ )
T T O T Qg S MAX epgn )p(ﬁ(w)), then the

its it+%
numerical flux (3.15) reduces to

+ -
oy ) ) gy o
T 2 2 [+ Yl

2

which is the numerical flux of the schemes from [26, 24].

3. We would like to point out that the first-order version of our scheme is exactly
the semidiscrete version of the scheme in [17, 12]. Moreover, if the flux f is
monotone, it reduces to the standard upwind scheme. That is why we call
our new schemes central-upwind. For example, if f'(u) > 0, then a;, L= 0

Vj, and the first-order scheme simplifies to

i(t) = _f(Uj) ;i(ujfl).

4. A fully discrete, 2-D, third-order accurate scheme using the Harten—-Lax—van
Leer approximate Riemann solver [17, 12] was implemented and tested in [41].
5. It can be proved that a scalar second-order version of (3.14)—(3.15), together
with the minmod reconstruction,
- n

uj(x) = uj + sf(x - x;),

0 uj —ugf oy ui, —ufy o ui, —uf
(3.16) s% = minmod (9 Ap 5AL ,0 s ,

is a TVD scheme (for 1 < 6 < 2), that is, ||u(-,t)||pv < ||u(-,0)|By. The proof
is analogous to the proof of Theorem 4.1 in [26], and we leave the details to
the reader.

6. The semidiscrete scheme (3.14)—(3.15) is a system of time-dependent ODEs,
which can be solved by any stable ODE solver which retains the spatial accu-
racy of the semidiscrete scheme. In the numerical examples below, we have
used the TVD Runge-Kutta method, proposed in [47, 45].

7. The scheme (3.14)—(3.15) can be easily generalized and applied to convection-
diffusion equations in a straightforward manner. For details, we refer the
reader to [26, 24].

3.2. Semidiscrete central-upwind schemes for multi-D conservation laws.
The semidiscrete central-upwind schemes, presented in section 3.1, can be generalized
to the multi-D case. Without loss of generality, we consider the 2-D system

(3.17) wr + f(u)s + g(u), = 0.

Given the grid points z; := jAz, yi, := kAy and the intermediate points Tjp1 =

;£ %, Ykl = Yk + %, we start at time ¢ = t" with a conservative piecewise
polynomial reconstruction of an appropriate order:

W"(2,y) = Y P (@ y) Xk
j.k

where x;, is the characteristic function of the cell [2; 1,2 1] X [y, _1,Ypy 1] In the
numerical examples in this paper, we have used the third-order piecewise quadratic
reconstruction, described in [25].
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We use the notation
i =0T, uk), Uy =l (x; ), ud, = pty(x 1)
7.k - p]7k iUk ), ik p],]g ]ayk+§ ) g,k p]7k J7yk:—§ )

W N
(3.18) U}E,k = p?,k(ijr%ayk)v Ujk = P?,k(%;%’yk)a Uj,E = P;Lk( J4+40 Ykt 1),

W

I SE .
.k '_pj7k)(xj7%7yk'+%)7 j

s
Uj K :p;'l,k(ijr%aykf%)» Uj ks ::p;},k(xj—%vyk—%)

for the corresponding point values and

1 Tivd [Yred
Ujj = v (x,y)ded
e

Yy 1

2 2

for the cell averages.

The piecewise polynomial interpolant u™ may have discontinuities along the lines
T =Ty and ¥y = Y4 1 which propagate with different right- and left-sided local
speeds. To estimate them is a nontrivial problem, but in practice one may use

g = ms (o (G 00) A (5 050) 0}
by = max {AN(%(UJS kH)),AN(%(uyk)),o},
g P () 0 (). o)

(3.19) b ey = min {Al(%(uim)),h (%(uﬁk)),o},

respectively. As in [25], we consider the nonuniform domains, outlined in Figure 3.2
and defined by

Dj,k+% = [‘Ij_%—I—A;Z% %At $]+1+A +2,k+1At] [yk+1+b k+1At yk+1+b k+1A]
- - + N
Dji1y = [xj+%+aj+%7kAt, xﬁ%—kaﬂé,kAt]x[yk 1+Bt e At, yk+%+Bj+%7k+%At],
Dyt gy = [z je1 A +2,k+1At’ Tipy 4] +2,k+2At]
[y,Hl +B+ k+1At Y1 +B+27k+2At]
Djg =1, 1] X [yp_1, vyl \ U [Djke1 UDjr1 x UDjua pysl],
+

where

+ + + + _ + +

AJ+2J€+2. max{aj+%’k,aj+%7k+l}, BJ+2,k+2 max{bj’k+%,bj+l’k+%},

AJ‘+%,k+2 mm{ Yitik J+%,k+1}’ Bj+%,k+% Tt {bj,k+;’bg+1 k+2}
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y 1 Dj,k+1/2 Dj+112,k+1/2

Y% T D. T Dj+112,k

Fic. 3.2. 2-D central-upwind differencing.

Similarly to the 1-D case, under an appropriate CFL condition, the solution of
system (3.17) with initial data @(x,y) is smooth in the domain D, and may be
nonsmooth in the other domains. Notice that, in general, D;; is a nonrectangular
domain inside the (j, k)-cell; see Figure 3.2.

An integration of the system (3.17) over the domains

Dji x [tnvthrl]’ Dji%,k X [tnvtn+1]v Dj,ki% X [tnvtn+1]v Dji%,ki% X [tn’tn+1]

results in new cell averages {w":il} "+1 k} "+1 kel }, and {w”“} They are

used for an intermediate piecewise polynomlal reconstructlon

~n+1 1~
" (@, y) = Z [ 03 X+ 0 + kXJ+ & Ty k+1XJ htd T + k+1XJ+21k+2
Jik
(3.20)
- ~p41 1 1

Here, similarly to (3.6), {wﬁg (z,y), w"j: k(ac y), W ”+ (x y), W ]-s— el L (z,y)} are
the quadratic pieces, and the X’s stand for the Characterlstlc functlons of the corre-
sponding domains D.

The construction of our 2-D fully discrete central-upwind scheme is then com-

pleted by projecting the interpolant (3.20) back onto the original cells,

1 Titg [Yery
(3.21) 't = / / "z, y) dedy.
s ACCAy :E]',l yk7%

[N

The derivation of the explicit form of the fully discrete higher-order scheme is omitted,
since it is rather complicated and is of no practical use. Note, however, that Wendroff
[50] has recently proposed a 2-D version of the Harten—Lax—van Leer Riemann solver,
which is closely related to the first-order fully discrete version of our scheme.

Asin [25, section 3.3], we continue within the semidiscrete framework (as At — 0),
where all the computations are much simpler.
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We use the following notation for the intersections of the cell [z; 1,2, 1] X

[yk7%7yk+%] with the domains D — Cji1 ys1 for the four corners, S;ii1x, Sjps1
for the four side domains, and Dj for the center. The sizes of these domains are
|C| ~ (At)? and |S| ~ At. Since we assume that the spatial derivatives of w1 are

bounded independently of At, the relation between w™+! and w™*! is given by

(3.22) // EL L dedy = O((AN?),
]ﬂ:l ktd
(3.23) // “+1 wdrdy =S40 4| @ -”“ oA,
Sj:l:%,k
(3.24) // @ﬁi% dady = |S; 11 |w"2’i1 +0O(A?).
RS

Also, the conservation property of the reconstruction w"*! yields

(3.25) // ”H (z,y) dzdy = |D;;, k|w"+1.
Dj

We now use (3.21) together with (3.22)—(3.25) and obtain
d _a -y
ﬁﬂjyk(t) = lim

ki | j+1 kl
- 1 J, n+l J yxEg.RD n+1
(z i+ X et

|D] k| ,u—]n+1 T ]

1m u .
At—0 At AzAy Tk ik

(3.26)

For the first sum on the right-hand side (RHS), we apply Simpson’s quadrature for-

mula to the integrals over Dj ;.1 in the computation of w? k:tl Since |5} jr1] =

AtAz + O((At)?), we arrive at (consult [25] for detaﬂs)

Ic:l:l
+ p— -
lim S L 1| o+l bj,k:l:%bj,k:t% SW(NW) 4 S(N) SE(NE)
At—0 AtAxAwa ket 6(p+ b= A Uit T A e e
(]kil - j,ki%) L
(b?F ) r
n jk+1 W y WEW) | g N(S) n NE(SE)]
+ — Js
G(bmil —bMi%)Ay I
b;’Fkil [ SW(NW) NW(SW)
+ . (uj,kil ) —g(u U, g, )

(bj_k:tl - bj_,k:t%)Ay L

S(N N(S SE(NE NE(SE
(3.27) + 4(g(uj,(k£1) - g(uj,zﬁ ))> + g(uj,k(ﬂ e g(uj,k( ))] :
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The second sum on the RHS of (3.26) is treated similarly, and we obtain

+ — -
S22kl il k%l
. Kl _pr1 jEL.kjEL, NW(NE) W(E) SW(SE)
A N Aray Uit _6(a+ 2_ = ; )Am Uigrg gt Uy
b T Geta) AT L
() T
n j E\IE(NW)_"_ZLU (W)+ SE(SW)]
6(0%:%71c jimk)Am_
ai k [
> NW(NE NE(NW
+6 - JjEs3 i f(ujil,(k )) — flu jk‘( ))
(07~ g e) 2
W(E E(W SW(SE SE(SW
(3.28) + (@) = F@E) £ S - pl 5}

Finally, we consider the last term on the RHS of (3.26). Since the domain Dj
becomes rectangular as At — 0, up to small corners of a negligible size O((At)?), the

integration of (3.17) over D, x [t",t" + At] and the application of Simpson’s rule
result in

‘DJ k|wn+1 —-n ]

At At AzAy IF Uik
Gtk [ Ng B SE aj—%vk NW w sw
® Az [ ok A +“j,k} " 6Az [“j,k +dug +“m]
b, bt
7. k+35 J.k—5
+ 6Ay2 [ PP TS ui\lﬂ - 6Ay2 [UJSYCV +4uS ) + ujsﬂ
1
~ o FE) = P 4 a(F@h) - F@)) + £ - F)]
1
(3.29) = g (905 = 90 + 4(9) — 9(50)) + 9(D) — 9]

Our 2-D semidiscrete central-upwind scheme is obtained by plugging (3.27)—(3.29)
into (3.26). It can be written in the following conservative form:

T T y y
’ dt J,k Am Ay )
where the numerical fluxes are
a’

HE " S )[f<u§E>+4f<uEk>+f<ui%>}

j+ik Y+l

B A [ 0+ 470 + 1S )]

. —a.
J+3.k J+35.k

a’ ,.,a., 4
Jta3.k it3.k uNW E SW uSE
(3.31) + o (ot ~ Ujyy g — +4( Ui — Uj) F UG — U
(“j+%»k - “j+%,k)
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and

Y
Hirs

(3.32)

Here, the one-sided local speeds a
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+
— (@) + 4g(uly) + g(uF)
T (b - 9 Uj.k 9\Uj k) T 9\Ujk
( ks j,k+%)
b
gkt S S S
- o) + 490 ) + 9w )|
6<bawk+% a bawk+%)
brs iy sw NW S N SE NE
A or— [uﬂ}kﬂ — g AU e — W) U “j,k]
6(bj7k+§ B bj7k+§)

+

pEge bji’kJr% are defined in (3.19), and the values

of the u’s are computed in (3.18), using the piecewise quadratic reconstruction {p; x}
at time . In our numerical examples, we have implemented the reconstruction intro-
duced in [25].

Remarks.

1.

Our 2-D semidiscrete central-upwind scheme (3.30)—(3.32) is a Godunov-type
central scheme; therefore it can be applied componentwise and does not re-
quire Riemann solvers. As in [25], this scheme is constructed as a genuinely
multi-D scheme. Moreover, if one sets

+ — + -
a’ = —a ;= maxqa’ —a

Jt3.k Jtg.k { i3,k J+%,k}’
+ - + -

. = —b> := max { b’ —b’
bJ7k+% bayk+% & {bayk+%’ bJ,k+%}’

the scheme (3.30)—(3.32) reduces to the one in [25].

. As in the 1-D case, our 2-D scheme (3.30)—(3.32) has an upwind nature. To

illustrate this, let us consider the simplest linear scalar advection equation,
us + aug + bu, = 0, with positive a and b. In this setting, the first-order
version of the scheme (3.30)—(3.32) becomes a standard first-order upwind
scheme

d Uik = Uj=1k g Ujk — Ujk—1

&uj’k(t) - Ax Ay

. A second-order version of the 2-D scheme (3.30)—(3.32) can be obtained if one

uses a second-order piecewise polynomial reconstruction (say, the minmod
reconstruction) and a lower-order midpoint quadrature instead of the fourth-
order Simpson’s rule. This results in the scheme

2

Az B Ay ’

xT T y y
(3.33) d. 6 = 7Hj+%’k(t) —Hy () HY () = HY ()
' de "

with the corresponding numerical fluxes

+ E - W + -
a . U — Q. U a . a .
H® L j+%,kf( J,k) j+%,kf( J+1»k) n L.k 1k Wy
J+ik T at —a- at —a- j+1,k Jk
3.k 3.k i3k i3k

(3.34)
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and
+ Ny _ - s + -
I b a3 9 =05y 1 9(uF ) b b uS N
skt T bt T bt k1T NGk |
k3 Uikl k3 T Uikl
(3.35)

The same scheme can also be derived by applying the 1-D numerical flux
(3.15) in both z- and y-directions (this is the so-called dimension-by-dimension
approach, used in [26]).

4. The scheme (3.30)-(3.32) can be generalized and applied to convection-
diffusion equations (for details see [26, 25, 24]). Also, it can be rather easily
extended to the multi-D case, d > 3.

3.2.1. Maximum principle for the second-order central-upwind scheme.
We consider the 2-D second-order central-upwind scheme (3.33)—(3.35), together with
the minmod reconstruction (3.16). We solve the time-dependent ODE system (3.33),
using a TVD Runge—Kutta method. Under an appropriate CFL condition, the result-
ing fully discrete scheme, applied to a scalar conservation law, satisfies the maximum
principle; see the following theorem.

THEOREM 3.1 (maximum principle). Consider the scalar conservation laws
(3.17). Then the second-order scheme (3.33)—(3.35), with the minmod reconstruc-
tion (3.16), coupled with a TVD Runge—Kutta method [47, 45] satisfies the maximum
principle

(3.36) min{uf} < min{uji} < max{uj} < max{uj,}

under the CFL condition

(337) o (5 ma (). Z max ' ) < 5.

where At™ is the variable time step of the Runge—Kutta method.
We omit the proof since it is similar to the proof of Theorem 5.1 in [26].

3.3. Semidiscrete central-upwind scheme for Hamilton—Jacobi equa-
tions. In this section, we propose a new Godunov-type central-upwind scheme for
the 1-D and 2-D Hamilton—Jacobi equations (1.2). We follow the approach in [27],
but this time we utilize more precise information about the one-sided local speeds of
propagation.

We begin with the 1-D case and start at time level ¢ = ¢t with the continuous
piecewise polynomial interpolant @(z,t™) and estimate the maximal one-sided local
speeds, a;r and a; . For example, in the convex case, they are equal to

(3.38) af :=max{H'(¢]),H'(¢;),0},  aj :=min{H' (¢}), H'(¢;),0},

where we use the notation ¢ := @, (z;+0,t"). To construct the second-order scheme
one should use the continuous piecewise quadratic polynomial (2.5), and in this case,

(3.3 o _ (B9 _ (Ap)jiy
' Yo Az 20z

Note that under an appropriate CFL-condition, the solution of the Hamilton—
Jacobi equation (1.2) with the piecewise polynomial initial data @(x,t™) is smooth
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¢n+1 ¢)n+1

]
¢ n+1’_ej/ n+1 (I) n+l
U (I) n+1
IR e 1+
ya g
¢
1 ] n
| L i1
1 |
1 1 | L_
1 1 | |
1 1 | |
| | l | l l l
T T T T T T T
xn X xn X xn X X"
i- J i+ jr12 j+1- j+1 j+1+

FiGc. 3.3. Central-upwind differencing—1-D.

along the line segments (m;‘i,t), <t o< gt r = xj+ afAt; see Figure 3.3.
Therefore, one can use the Taylor expansion to compute the intermediate point values
at the next time level:

(3.40) O = Glage, t7) — At - H(o (a1, 17) + O(AL).
We complete the construction of our fully discrete central-upwind scheme by pro-

jecting the intermediate point values back onto the original grid. Since the distance
between z’, and z}_ is proportional to At, it suffices to compute the weighted aver-

ages of ga?_tl and cp?fl, that is,
n+1 0’;— n+1 aj_ n+1 2
(3.41) S 2 B 2 i O(At)".
aj —a; aj —a;

Finally, we substitute (3.40) in (3.41), and arrive at the fully discrete scheme

+

a; ~ n oo (T

o+ = o (P ) - A1)
J J

(3.42) (Bl ) — AH(B (], 17) ).

aj —a;
which is high-order in space (depending on the order of the piecewise polynomial
reconstruction) and only first-order in time.

A semidiscrete version of the scheme (3.42), coupled with a high-order ODE
solver, will allow us to achieve high accuracy both in space and time. To derive such
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a scheme, we first use the Taylor expansions, @(z,+,t") = ¢(z;,t") + Ataji&x (x; £
0,t") + O(At)?, and rewrite the fully discrete scheme (3.42) as

(3.43) + = oy H@ala] 1) — af H(@a (], )| + O(At)%
J

We now let At — 0, and end up with the following semidiscrete central-upwind
scheme:

(3.44) Di(t) =~ [aj H(g) —af H(g)] -

a; —ay

a N
fj, (@: - 9%)-
a; —a;

Here, aji are given by (3.38), and ¢ are the right and the left derivatives at the point
x = x; of the reconstruction @(-,t) at time ¢.
We continue with the construction of a multi-D extension of the scheme (3.44).

Without loss of generality, we consider the 2-D Hamilton—Jacobi equation,

(3.45) ou+ H(ps, ) = 0.

Assume that at time ¢t = t” the discrete approximation to the point values of its
solution, {47, ~ ¢(2;,yk, ")}, has already been computed. We then construct the
2-D continuous piecewise polynomial interpolant @(z,y, t™). Such a reconstruction is
defined over the four triangles (NW, NE, SW, and SE) around each grid-point (z;, yx)
(see Figure 3.4). We refer the reader to [27] for an example of a nonoscillatory second-
order piecewise quadratic interpolant.

We now continue with the construction of our semidiscrete central-upwind scheme.
As in the 1-D case, we use the maximal values of the one-sided local speeds of prop-
agation in the x- and y-directions. These values at the grid-point (z;,yx) are given
by

a

s

¢ 3= 1max {Hu(@o(2), @y(xay))}+v a5 = min { Hu(Zo(@.), 8y (@.9) }

d:k -

b = max {Ho(@e(w,9), 8y(,)) ) By = min { Hu(@u(o,), Byl 9) |

(3.46)

where Cj i i= [z;_1, 2, 1] X [yp_1, ¥y 1] and (- )4 == max(-,0), ()~ := min(-, 0).
To compute the solution at the next time level t = "', we use the intermediate

values {‘P;lilk 1}, obtained by the Taylor expansion about the points (atyi = xz; +

akau Yoy = Yk + l7ji7kAt)7

~ - ~ 2
Sﬁ?l}ki = sp(x?:tv yl?:l:? tn) —At- H(@I(I?i, ll?i» tn)7 @y(x?:tv ylrcl:t? tn)) + O(At) .
(3.47)
Expansion (3.47) is valid, since due to the finite speed of propagation, the solution of
(3.45) with the initial data @(z,y,t") is smooth around (=7, yy, ); see Figure 3.4.
Next, the computed intermediate values (3.47) are projected back onto the original

grid. This can be done using the weighted average of the values go?ilk 4, since the
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Fic. 3.4. Central-upwind differencing—2-D.

distance between the points (z;+, yx+) is proportional to O(At). The resulting fully
discrete central-upwind scheme is

sk
a. . b
_ 3,k" g,k (~ n n
— (P(a]y, Yy, t") — At
(a;’:k —a; k)(b;rk - bj,k) A
a;,.bh
3.k"5,k (~ n
— (P, yp_, t") — At
(a;:k - ]k)(bj_k - bj,k) a
at b-
,k" g,k (~ n n n
- — — 90(1‘ —vyk—Ht )_At
(a;fk —a; k)(b;rk - bj,k) !
at bt
bk (G g ) - A
(aj,k - j,k)(bj,k - bj,k)
(3.48)

As in the 1-D case, the scheme (3.48) is only first-order in time. This disadvantage
can be eliminated by passing to the semidiscrete limit in (3.48) as At — 0. To this

: H(&x(l‘?—‘r? yl::L-‘r?t ) @y ]+a yk+7 tn
H(&x(‘r7+ay£—7tn)7@y ]-}-ayk )t
H((Zw(x?_,y£+,t ) @y ]—7yk+a

H(Szw(x?—ayZ—at ) Spy 7—ayk )t

end, we first compute the values of @(z7,y%},t™) by the Taylor expansions,

We then plug these values in (3.48), and after passing to the limit as At — 0, we

@(xjia Yk+, tn)

= 32, yk,t") + Atal, Go () + 0, yp, ")

+ AthF 2y (x5, yr + 0,1") + O(At)?,

gbi(xj:t7yk77t )

+ Atb 0y (w5, Yk —

(
(:Ej7yku ) +Ata’jfk¢a:(xj i07yk7tn)
(

0,t") + O(At)?.

obtain the 2-D semidiscrete central-upwind scheme,

)
")
")
")
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d

dt(pj’k( )

_ a;kb;kH(wi, ‘P;_) - aj_,kb;:kH(W;_, 8077) - a;:kbj_,kH((px_7 @;) + a;:kb;:kH(@;v %Oy_)

(a;:k - aj_,k)(bj:k - bj,k)

Glik ( bibin (4 _
(e e) s ()
(3.49) PF IF Pk Ok
Here, pF := @(x; £ 0,yx,t) and (p;t = @y(z;,yr £0,t) are the right and the left
derivatives in the a- and y-direction, respectively. The one-sided local speeds in (3.49)
are given by (3.46). In practice, these speeds can be estimated in a simpler way. For

instance, in the numerical examples, we have used

af = max {Hu(pf )} agp = min {Hu(oF o))}
(3.50)
b= max (B ) | b= min {Hu(ed o))

Finally, to obtain the same second-order accuracy in time, our semidiscrete central-
upwind scheme (3.49)—(3.50) should be complemented with at least a second-order
ODE solver for time discretization.

4. Numerical examples. In this section, we implement our scheme for con-
servation laws and Hamilton—Jacobi equations and perform several numerical exper-
iments. We test the accuracy of the scheme on problems with smooth solutions and
solve various equations which admit nonsmooth solutions. Among them are the Eu-
ler equations of gas dynamics, the incompressible Euler equations, and others. The
numerical results show that our scheme gives sharper resolution and reduces some of
the side effects of the schemes from [27, 25].

The high-order semidiscrete methods, presented in this paper, require a time
discretization of the corresponding order. In the numerical examples, shown below,
we have used the third-order TVD Runge-Kutta method, proposed in [45, 47], and the
second-order modified Euler method. Our choice is based on the stability properties
of these methods, each time step of which can be viewed as a convex combination of
small forward Euler steps.

In all the numerical experiments below, the CFL number is equal to 0.475, and
the value of # in the generalized minmod limiter is 2.

4.1. 1-D problems.

Example 1. Burgers’ equation. We consider the initial boundary value prob-
lem (IBVP) for the inviscid Burgers’ equation

2

(4.1) U + (%)x =0, u(z,0) =0.5+sinz, =z €]0,2n],

with periodic boundary conditions. It is known that the unique entropy solution of
(4.1) develops a shock discontinuity at time ¢ = 1. The solution at the preshock time
T = 0.5 is smooth, and this allows us to test the accuracy of the 1-D third-order
central-upwind scheme (3.14)—(3.15). We couple it with the basic piecewise quadratic
reconstruction (for details, see [37, 39, 25]), and compute the solution using N grid
points, N = 40, 80, ..., 1280.

The L>- and L'-errors are shown in Table 4.1, and they clearly demonstrate a
third-order experimental convergence rate.
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TABLE 4.1
Accuracy test for the Burgers’ equation (4.1), T = 0.5.

N L®®-error rate Ll-error rate

40 1.456e-03 - 1.241e-03 -

80 2.177e-04 2.74 1.683e-04 2.88
160 2.893e-05 2.91 2.187e-05 2.94
320 3.689e-06 2.97 2.794e-06 2.97
640 4.559e-07 3.02  3.484e-07  3.00
1280 | 5.720e-08 2.99 4.376e-08 2.99

N=1600 —
N=400 x

0 L L L L L L L L L
0 0.1 0.2 03 04 05 0.6 0.7 0.8 0.9 1

Fi1c. 4.1. Problem (4.2)—(4.3), density at T = 0.01.

Example 2. 1-D Euler equations of gas dynamics. We solve the 1-D Euler
system

o7 9 ;n P 2
(42) S| m 4| st | =0, p=(-1)-(E-La?),
E r u(E +p)

with the initial data

ip = (1,0,2500)", 0<a2<0.1,
(4.3) @(x,0) = ¢ @y = (1,0,0.025)",  0.1<z<0.9,
ir = (1,0,250)7, 09<z<1,

and solid wall boundary conditions, applied to both ends. This problem, proposed in
[61], models the interaction of blast waves. Here, p, u, m = pu, p, and E are the
density, velocity, momentum, pressure, and the total energy, respectively; v = 1.4.

The solution is computed with our scheme (3.14)—(3.15) and the 1-D reconstruc-
tion in [25]. We use N = 400 grid points and plot the density, the velocity, and
the pressure together with a reference solution, obtained by the same method with
N = 1600.

Figures 4.1, 4.2, and 4.3 show the density, the velocity, and the pressure at time
T = .01. Note, that for N = 400, the second density spike has a height of ~ 5.9, which
is closer to the actual value of the solution. This result is better than the heights of



CENTRAL-UPWIND SCHEMES 727

N=1600 —
N=400 x

-10 1 1 1 1 1 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Fic. 4.2. Problem (4.2)—(4.3), velocity at T = 0.01.

500 T T T T T T T T T
N=1600 —
N=400 x

150 B
100 B

50 r——-ﬂ*ﬁ“‘:
. .

0 L L
0 01 0.2 03 04 05 0.6 0.7 0.8 0.9 1

Fic. 4.3. Problem (4.2)—(4.3), pressure at T = 0.01.

~ 5.75, ~ 5.2, and ~ 3.7, obtained by the third-order central schemes in [25, 39], and
the second-order Nessyahu—Tadmor scheme in [40], respectively. This illustrates the
higher resolution and smaller numerical dissipation of the central-upwind scheme.

The computations at times T' = 0.03 and 7' = 0.038 are comparable to the results
from [25], and are shown in Figures 4.4-4.9.

Example 3. 1-D Hamilton—Jacobi equation. In this example, we apply
the second-order central-upwind scheme (2.7), (3.38)—(3.39), (3.44) to the Riemann
problem for a 1-D Hamilton—-Jacobi equation with a nonconvex Hamiltonian,

1

4(905 —1(pi-4)=0,  ¢(x,0)= -2zl

(4.4) wt +

The numerical solution, computed for different numbers of grid points is plotted
in Figure 4.10. One can observe a very fast convergence of the approximate solutions
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2 \
N=1600 ——
N=400 x
20 g
15 g
10 - g
5| ]
0 L L e ¥
0 01 02 03 04 05 06 07 08 09 1

Fic. 4.4. Problem (4.2)—(4.3), density at T' = 0.03.

14 T
N=1600 —
N=400 X

6 I I I I I I I I I
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

F1G. 4.5. Problem (4.2)—(4.3), velocity at T = 0.03.

toward the exact (viscosity) solution of (4.4) as the mesh is refined. The exact solution
is obtained by solving the Riemann problem for the corresponding conservation law.

4.2. 2-D problems.

Example 4. 2-D Euler equations of gas dynamics. We solve the 2-D
compressible Euler equations

ol 9 £ ) e
pu pu 4 p puv P, o, o
el I il -0 —(~—1)-lE= L
8t pv a.’I} puv +ay p’U2 +p y D (,-Y ) 2( +v )
E u(E +p) v(E + p)

(4.5)
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900 T T T T T T T T T
N=1600 —
N=400 x
800 |- é 1
700 | 1
600 |- 1
500 |- 1
400 | 1
300 | 1
200 | 1
100 1
o . . . . . . . ! "
0 01 02 03 04 05 06 07 08 09 1
F1G. 4.6. Problem (4.2)—(4.3), pressure at T = 0.03.
7 T T T T T T T T T
N=1600 —
N=400 x
6l J
st J
4k 4
3t J
2 b J
1 b J
o " " " ! : . . . .
0 01 02 03 04 05 06 07 08 09 1

F1G. 4.7. Problem (4.2)—(4.3), density at T = 0.038.

for an ideal gas, v = 1.4, in the domain [0,2] x [0,0.5] U [0,1] x [0.5,1], with the
initial data corresponding to a vertical left-moving Mach 1.65 shock, positioned at
x = 1.375. The initial shock propagates and then diffracts around a solid corner.
Here p, u, v, p, and E are the density, the - and y-velocities, the pressure, and the
total energy, respectively.

We compute the solution at time 7" = 0.5, using the scheme (3.30)—(3.32), coupled
with the reconstruction in [25]. The contour plots of the density for 128 x 64, 256 x 128,
and 512 x 256 grid points are given in Figures 4.11, 4.12, and 4.13, respectively.

Note that as in [25], the results are obtained without using characteristic decom-
position, dimensional splitting, or evolution of nonconservative quantities.

Example 5. 2-D Hamilton—Jacobi equation. We consider the initial value
problem for the 2-D eikonal equation of geometric optics, which is a Hamilton—Jacobi
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F1G. 4.8. Problem (4.2)—(4.3), velocity at T = 0.038.
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Fic. 4.9. Problem (4.2)—(4.3), pressure at T = 0.038.

equation with a convex Hamiltonian,

et @R+ 1=0, lr,y,0) = §(cos(2mr)~1)(cos(2my) 1)1, (z,9) € [0,1]*
(4.6)

The numerical solution of (4.6) at time T' = 0.6 (after formation of the singularity)
has been computed by the 2-D second-order central-upwind scheme (3.49)—(3.50). The
nonoscillatory nature of the computed solution and nearly perfect resolution of the
singularity can be clearly seen in Figures 4.14-4.15.

4.3. 2-D incompressible Euler and Navier—Stokes equations. Here, we
consider the incompressible Euler (v = 0) and Navier—Stokes (v > 0) equations

(4.7) iy + (@ V)i + Vp = vAd,
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F1G. 4.10. Problem (4.4), solution at T = 1.
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Fic. 4.11. Equation (4.5), density; T = 0.5, 128 x 64 grid, 30 contours.

where p denotes the pressure and @ = (u,v) is the divergence-free velocity field,
satisfying u, + v, = 0. In the 2-D case, equation (4.7) admits an equivalent vorticity
formulation, which can be written either in the conservative form,

(4.8) wi + (ww)y + (w)y = vAw,

or in the transport form,

(4.9) Wi + uwy + vwy = vAw,

where w is the vorticity, w := v, — u,. Equation (4.8) can be viewed as a 2-D
conservation law

(4.10) w + f(w)e + 9(w)y = vAw,
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Fic. 4.12. Equation (4.5), density; T = 0.5, 256 X 128 grid, 30 contours.
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Fic. 4.13. Equation (4.5), density; T = 0.5, 512 X 256 grid, 30 contours.

with a global flux (f,¢) := (uw,vw), while the transport equation (4.9) can be con-
sidered as a 2-D (viscous) Hamilton—Jacobi equation

(4.11)

wi + H(wz, wy) = vAw,

with a global Hamiltonian H(w,,wy) = uwy + vwy.

We propose two alternative Godunov-type semidiscrete central-upwind schemes
for these two different formulations of the vorticity equation, (4.8) and (4.9). First,
we consider (4.8) as a conservation law (4.10) and apply our 2-D third-order central-
upwind scheme (3.30)—(3.32) to it. The resulting scheme has the conservative form

(4.12)

HE (0 = HY (1) HY

])/.H_%(t) - H;k_%(t)

@ () = — - T vQi(t).

Az Ay
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and
y b;rkJrl NW N NE
—— ) 2
H = 6(b+ - [”j—é,k+%wj,k +4”Uj,k+§wj,k+”j+%,k+§wj,k}
jJCJr% j,k+%
b;k+l SW s SE
? 2
(415) - 6(b+ - [U Lk 3 Wik T AV e 1 e ”j+%,k+%wj,k+1} :
Gk+3 T Caktd

The diffusion term in (4.12) is obtained by the fourth-order central differencing,
—Wjt2.k + 16(Dj+1,k — 30@]',]@ + 16®j_17k —Wj_2k
12(Ax)?
—Wj k+2 + 16@j7k+1 — 30@]‘71@ + 16@]'71@_1 — Wj k-2
12(Ay)? '
The intermediate values of the velocities, required to compute the convection fluxes
(4.14) and (4.15), are approximated by the fourth-order averaging, namely,

Qj,k =

(4.16) +

o Ujpok + e + g — U1k
Yitak = 16 !

Ui kt2 T 01 9058 — Vs
(4.17) Vjkit = = .

The velocities at the grid points, {u;x,v;x}, are recovered from the computed vor-
ticities {w, 1} at every time step. This is done with the help of the streamfunction 1,
such that u = ¢y, v = —1,, and Ay = —w. We solve this Poisson equation by the
nine-point Laplacian approximation. Then, having the values of {¢; 1}, we compute
the velocities

_ Yikr2 +8Vikt1 — 8Yjk-1 + Pjk-2

ik 12Ay
Yivor —8Ujp1e + 816 —Vj_2k
41 o , , , k-
(4.18) ik 12Ax

This completes the construction of the “conservative” central-upwind scheme for the
incompressible Euler and Navier—Stokes equations.

We now apply this scheme, coupled with the reconstruction in [25], to the Navier—
Stokes equation (4.8) with v = 0.05, augmented with the smooth periodic initial data

(4.19) u(z,y,0) = —cosxsiny, v(x,y,0) = sinx cosy.

This test problem, proposed in [9], admits the exact classical solution, given by

2 -2

u(z,y,t) = —e "' cos rsiny, v(z,y,t) = e **!sinz cosy.

In this numerical experiment, we check the accuracy of our scheme. The numerical
solution is computed at time T = 2, and the errors for the vorticity, measured in
the L>°-, L'-, and L?-norms, are presented in Table 4.2. These results indicate the
expected third-order accuracy of the proposed scheme (4.12)—(4.18).

Next, we apply the scheme (4.12)—(4.18) together with the reconstruction in [25]
to the Euler equation, (4.8) with v = 0, subject to the (27, 27)-periodic initial data

tanh(%(y—ﬂ'ﬂ)), y<m,
(4.20) wu(x,y,0) = v(x,y,0) =06 -sinz.

tanh(5(37/2 —y)), y >,
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TABLE 4.2
Accuracy test for the third-order “conservative” scheme for the Navier—Stokes equation (4.8),
(4.19), v = 0.05; errors at T = 2.

Nz X Ny | L°-error rate Ll-error rate L?-error rate
32 x 32 2.103e-03 - 2.761e-02 - 5.623e-03 -
64 x 64 2.788e-04 292 3.652e-03 2.92 7.404e-04 2.92

128 x 128 | 3.548e-05 2.97 4.636e-04 2.98 9.385e-05 2.98

256 x 256 | 4.444e-06 3.00 5.811e-05 3.00 1.176e-05 3.00

(b)

(b)

Fia. 4.17. Vorticity— “conservative” scheme, 128 x 128.

This is the double shear-layer model problem, proposed in [7]. We take p = 7/15
and 6 = 0.05. Figures 4.16(a) and 4.17(a) are the contour plots (30 contours) of the
vorticity at time 7" = 10 with 64 x 64 and 128 x 128 grid points, respectively. The
three-dimensional plots of the same results are shown in Figures 4.16(b) and 4.17(b).
The performed numerical experiments demonstrate that our scheme provides a very
high resolution. These results are comparable with the results obtained by the third-
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TABLE 4.3
Accuracy test for the second-order “transport” scheme for the Navier—Stokes equation (4.9),
(4.19), v = 0.05; errors at T = 2.

Nz x Ny | L°-error rate LT-error rate L2-error rate
32 x 32 5.559e-03 - 7.304e-02 - 1.492e-02 -
64 x 64 1.672e-03 1.73  2.265e-02 1.69 4.574e-03 1.71

128 x 128 | 4.531e-04 1.88 6.263e-03 1.85 1.250e-03 1.87

256 x 256 | 1.176e-04 1.95 1.644e-03 1.93 3.276e-04 1.93

order semidiscrete central scheme in [25].

The second alternative is to solve the vorticity equation in its transport form,
(4.9), which can be viewed as a Hamilton—Jacobi equation (4.11).

We choose the one-sided local speeds to be

(4.21) a;fk = (Ujk)+, b;fk = (Vjk)+,

and in this setting, our 2-D second-order central-upwind scheme (3.49)—(3.50) has the
following simple form:

d o) = al ki (u e + 05 pw) — a5 b (ug w4 v) ;)
Js - + — T —
dt (a5 = a50) (055 = bjk)
+ - - + pt - -
(4.22) +aj,kbj,k(“j,sz +vjpwy) = aj bl (ugewy + v ewy) VL
' (@ —a; )b —bip) o
Jk J,k/\" 5,k Jk
Here, wt, wj are the right and the left derivatives in the x- and y-directions of the

continuous piecewise polynomial reconstruction of {w;}. The term L;; stands for
the standard central difference approximation of the linear viscous term, that is,

Wjk+1 — 2wj & + Wi k—1
4 .
(Ay)

As in the “conservative” scheme, we recover the velocities {u; x, v;,} from the known
values of the vorticity {w; 1}, using the streamfunction approach. At each time step we
solve the five-points Laplacian Ay, = —w; , and compute the velocities as follows:

, 9w L
(4.23) Ly = 24k = 2k TOi1k

Js (Al‘)Q

(4.24) = Vik+1 — Vi k-1

i - _Yir1k — Y1k
’ 2Ay ’ ! '

’ 2Ax

We now apply this second-order “transport” scheme to the IBVP for the Navier—
Stokes equation (4.9), (4.19) with » = 0.05. The numerical solution of this test
problem is computed at time T' = 2, and the L>°-, L'-, and L?-errors for the vorticity
are presented in Table 4.3. These results indicate the second-order convergence rate
measured in all these norms. We would also like to point out that the absolute values
of the errors here are about 10 times smaller than the corresponding errors obtained
by the semidiscrete central scheme in [27, Table 6.1].

Finally, we test our scheme (4.21)—(4.24) on the double shear-layer problem (4.9),
(4.20). The contour plots (30 contours) of the vorticity are shown in Figures 4.18(a),
4.19(a), and 4.20(a), where the computations are performed at time 7' = 10 with
64 x 64, 128 x 128, and 256 x 256 grid points. The corresponding three-dimensional
plots are presented in Figures 4.18(b), 4.19(b), and 4.20(b).
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X

FiG. 4.20. Vorticity— “transport” scheme, 256 X 256.
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We would like to point out that our second-order “transport” scheme (4.21)-
(4.24) has a very high resolution. The numerical experiments show that it is far
superior to the second-order semidiscrete central scheme in [27, Figures 6.7—-6.10]. This
improvement is attributed to the smaller numerical viscosity present in the central-
upwind scheme. Moreover, the resolution of (4.21)—(4.24) is almost as good as the
resolution of our third-order “conservative” scheme (Figures 4.16 and 4.17).

As in [27, Figures 6.9-6.10], our numerical solution has spurious spikes, but of
smaller heights. Also, the consequent mesh refinements (Figures 4.18-4.20) clearly
demonstrate that the supports of these spikes diminish as the mesh size decreases.

Concluding remark. We have already mentioned the benefits of using the new
central-upwind schemes in comparison to the central schemes in [26, 27, 24, 25].
Namely, they are less dissipative, and at the same time they retain the major ad-
vantages of central schemes—simplicity and efficiency.

In particular, the effect of the reduced numerical dissipation can be clearly seen
when solving the incompressible Euler equation in its transport form. Moreover, in all
of the numerical examples presented above, the achieved resolution is slightly better
than the resolution obtained in [27, 24, 25].

The only drawback is the fact that the new schemes require the computation of
both left and right local speeds, which increases the computational costs. However,
the increase is not substantial, because as in any central scheme, our central-upwind
schemes are Riemann-solver-free and do not require any computationally expensive
characteristic decomposition.
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