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volume framework on staggered meshes, and they involve Hermite WENO (HWENO)
reconstructions in space, and Lax-Wendroff type discretizations or the natural continuous
extension of Runge-Kutta methods in time. Compared with central WENO methods,
the spatial reconstruction used here is much more compact; and unlike the original

Ipﬂ%ﬁozﬁhme method HWENO methods, our proposed schemes require neither flux splitting nor the use of
Central schemes numerical fluxes. In the system case, local characteristic decomposition is applied in the
Hermite WENO reconstructions of cell averages to enhance the non-oscillatory property of the methods.
Lax-Wendroff The high resolution and robustness of the methods in capturing smooth and non-smooth
Natural continuous extension (NCE) of solutions are demonstrated through a collection of one- and two-dimensional scalar and

Runge-Kutta

- system of examples.
High-order accuracy
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1. Introduction

Hyperbolic conservation laws arise in a wide range of applications in science and engineering, such as aerodynamics,
meteorology and weather prediction, astrophysical modeling, multi-phase flow problems, and the study of explosion and
blast waves. In general the exact solutions of such equations are not available, and they can also develop discontinuous
features, e.g. shocks, compound waves, etc., regardless of the smoothness of the initial and boundary data. It has been an
active and important research area to design accurate and robust methods for numerically simulating hyperbolic conserva-
tion laws.

In this paper, we design high-order central Hermite WENO (weighted essentially non-oscillatory, CCHWENO) schemes for
solving one- and two-dimensional hyperbolic conservation laws

{ur+V-f(u)=0,

u(x,0) =ugp(x), (1.1)

* The research was partially supported by NSFC grants 91230110 and 11328104, NSF grants DMS-0847241 and DMS-1318409, and the Fundamental
Research Funds for Xiamen University, Grant No. 201412G005.
* Corresponding author.
E-mail addresses: tzjnchy555@163.com (Z. Tao), lif@rpi.edu (F. Li), jxqiu@xmu.edu.cn (J. Qiu).

http://dx.doi.org/10.1016/j.jcp.2014.10.027
0021-9991/© 2014 Elsevier Inc. All rights reserved.


http://dx.doi.org/10.1016/j.jcp.2014.10.027
http://www.ScienceDirect.com/
http://www.elsevier.com/locate/jcp
mailto:tzjnchy555@163.com
mailto:lif@rpi.edu
mailto:jxqiu@xmu.edu.cn
http://dx.doi.org/10.1016/j.jcp.2014.10.027
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jcp.2014.10.027&domain=pdf

Z. Tao et al. / Journal of Computational Physics 281 (2015) 148-176 149

with suitable initial and boundary conditions. Here (1.1) can be scalar or a system, and it is often nonlinear. Our methods
use Hermite WENO (HWENO) reconstructions as spatial discretizations, and Lax-Wendroff type discretizations or the natural
continuous extension of Runge-Kutta methods as time discretizations, in a central finite volume formulation on staggered
meshes. Compared with central WENO (C-WENO) schemes, one major advantage of C-HWENO schemes is the compactness
in the spatial reconstruction. Compared with the original HWENO schemes, the proposed methods require neither flux
splitting nor the use of numerical fluxes that are often exact or approximate Riemann solvers. When (1.1) is a system, local
characteristic decomposition is applied in the reconstruction of cell averages to enhance non-oscillatory property of the
schemes.

WENO schemes are high-order finite volume or finite difference methods widely used for hyperbolic conservation laws,
with attractive property of maintaining both uniform high-order accuracy and an essentially non-oscillatory shock transition.
They were designed based on the successful ENO (essentially non-oscillatory) schemes [7,29,30], and improve in robustness,
smoothness of fluxes, better steady state convergence, accuracy in smooth region of the solutions, and efficiency. The first
WENO scheme was constructed in [18] as a third-order finite volume method in one space dimension. In [9], third and
fifth-order finite difference WENO schemes in multiple dimensions were constructed, with a general framework to design
smoothness indicators and nonlinear weights. Finite difference WENO schemes of higher order accuracy (i.e. seventh- to
eleventh-order) were proposed in [2], while the finite volume versions on structured and unstructured meshes were inves-
tigated in, e.g. [5,8,14,27,23]. In [27], a simple and effective technique for handling negative linear weights without a need
to get rid of them was proposed, and this technique is also adopted in this paper. We refer to [28] for a detailed review of
WENO schemes. It is known that higher order accuracy in a finite difference or finite volume framework relies on enlarging
the stencil for reconstructions. To improve the compactness while keeping the accurate and non-oscillatory properties of the
methods, a fifth-order finite volume HWENO scheme was proposed in [24] for one dimension, with a fourth-order one in
[26,34] for two dimensions. The compactness of HWENO methods is achieved by evolving not only the solution but also its
first spatial derivative(s), and they are both used in the high-order spatial reconstructions. Some other related earlier work
includes [31,4,21].

Our proposed methods are also related to central schemes, which can be regarded as extensions of the classical Lax-
Friedrichs method [6]. A second-order central scheme was first developed in [22] by Nessyahu and Tadmor, and it requires
neither numerical fluxes, that are exact or approximate Riemann solvers, nor flux splitting. For the system case, numerical
tests show that local characteristic decomposition is also not needed. Motivated by the simplicity and robustness of the
second-order central scheme, various high-order or semi-discrete versions as well as extensions to multiple dimensions
were explored in [19,3,1,10-12,14,15,23]. In a series of recent papers, the ENO and WENO reconstruction techniques have
been successfully integrated into the central framework. A one-dimensional central ENO (C-ENO) scheme was introduced
in [3]. The third- and fourth-order C-WENO schemes were developed in [14-17] for one- and two-dimensional conservation
laws. In [23], fifth- and ninth-order C-WENO schemes were constructed based on finite volume formulation on staggered
meshes, and they used the natural continuous extension of Runge-Kutta methods in time. Numerical experiments in [23]
also demonstrate that the local characteristic decomposition is still necessary to control spurious oscillations when the
order of accuracy is high, for both the central WENO schemes on staggered meshes and the upwind WENO schemes on
non-staggered meshes.

When upwind type WENO schemes are used as spatial discretizations for solving hyperbolic conservation laws, they
are often combined with explicit nonlinearly stable TVD Runge-Kutta time discretizations [29] following method of lines
approaches. The schemes developed in the present work, on the other hand, are defined on staggered meshes, and they
are more of fully discrete schemes themselves. For such methods, one can no longer directly apply the explicit nonlin-
early stable TVD Runge-Kutta methods to achieve high-order accuracy in time. Instead, we choose to use two other time
discretizations: the Lax-Wendroff type discretizations, and the natural continuous extension of Runge-Kutta methods. The
one-step one-stage Lax-Wendroff type time discretization, which is also called the Taylor type, is based on the idea of the
classical Lax-Wendroff scheme [13]. It relies on converting the time derivatives in a temporal Taylor expansion of the solu-
tion into spatial derivatives by repeatedly using the governing equations and their differentiated forms. The original finite
volume ENO schemes in [7] used this approach for the time discretization. In [25], a Lax-Wendroff time discretization pro-
cedure was developed for high-order finite difference WENO schemes. In contrast to upwind schemes, many fully discrete
high-order central schemes [3,14-17,23] use Runge-Kutta methods with the aid of the natural continuous extension [33]
as time discretizations. The natural continuous extension of Runge-Kutta technique is based on standard Runge-Kutta time
discretizations, and it provides approximations of comparable accuracy for the solutions at intermediate time over each time
step. It works well with spatial discretizations defined on staggered meshes yet does not require much additional cost than
standard Runge-Kutta methods.

The organization of this paper is as follows. In Section 2, we describe in detail the construction and implementation of
C-HWENO schemes with Lax-Wendroff type time discretizations for one- and two-dimensional scalar and system equation
(1.1). In Section 3, we present the construction and implementation of C-HWENO schemes with the natural continuous
extension of Runge-Kutta methods as time discretizations, and the HWENO reconstructions here are similar to those in
Section 2. In Section 4, extensive numerical examples are provided to demonstrate the performance of the proposed schemes
for smooth and non-smooth examples in one and two dimensions. Concluding remarks are made in Section 5.
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2. Central Hermite WENO scheme with Lax-Wendroff time discretization

In this section we describe in detail the construction and implementation of the central HWENO schemes with Lax-
Wendroff time discretizations for one- and two-dimensional scalar and system conservation laws. In particular, a fifth-order
spatial reconstruction is formulated for one dimension, and a fourth-order one is for two dimensions.

2.1. One-dimensional case

Consider the one-dimensional scalar conservation law

ur+ f(wx=0,
{ u(x,0) =up(x). (2.1)
Letting v = uy, and taking spatial derivative of (2.1), we obtain
ve+ (f'(w)v), =0,
e+ (ffwv), (2.2)
v(x,0) = (uo(®)),.

The proposed numerical method will be formulated based on (2.1) and (2.2), and defined on staggered meshes. For sim-
plicity of presentation, uniform meshes are used with the mesh size Ax. Each cell of the primal mesh is denoted as
Ii = [Xi_1/2, Xi+1,2] with its cell center x; = %(xi,l/z +Xxit1/2); and each cell of the dual mesh is denoted as Ij11/2 = [X;, Xi+1]
with its cell center x;j11/ = %(xi + Xi+1). It will be seen that the primal and the dual meshes will be used in a staggered
fashion along the time direction in the proposed schemes.

Our method starts with a Lax-Wendroff type temporal discretization. Let At denote a time step. By a temporal Taylor
expansion we obtain

At? A3
QX+ AD =q(X. ) + Alge + — e + ——que + -+, g=uorv. (2.3)
If we want to obtain the kth-order accuracy in time, we need to approximate the first k time derivatives: % 3;;;<q,

g =u or v. In this paper, we will proceed up to the third-order accuracy in time, although the procedure can be extended
directly to any other order.

Next we convert the temporal derivative terms in (2.3) into spatial ones by repeatedly using the governing equations
(2.1) and (2.2):

u=—fx==f'wv,  ue=—(fWu),=—f"Wvur — f' Wiy,

U =—f"WW)? = f@vx, e =—(F"@u)* + f @),

ve=—(f'@v), =—f"@w)?* - f vy,

vie = —(f"@uev + f@yve), = —(F"@vuey + f7 @) UV + urve -+ vve) + fW@vse),

vie = —(F"@W)? + f'wyvy), = —(f"@W)? + 3" @yvvy+ fW)vsx),

viee = —((f"@uev + f'@yve),), = —(F" @ @)?v + f'@ ey + 2ueve) + f'@vee) - (24)
A third-order approximation of (2.3) can be rewritten as

ux, t+ At) ~u(x, t) — AtFy,

v(x,t+ At) = v(x, t) — AtGy, (2.5)
with

F=f+ %f/(u)ut + Ath(f”(uxw2 + f (W),

A At?
G =1/ + S (" @y + f'@ve) + S

where all the time derivatives in (2.6) are replaced by spatial derivatives according to the relations in (2.4).
Now we apply the staggered central scheme strategy to (2.5). Suppose at t =t", the approximations for the cell averages
of the solution and its first derivative, denoted as {ﬁ?} and {17?}, are available on the primal mesh, that is, Vi,

THES Aix/u(x, t")dx, v~ Alx / v(x, t")dx.
I; Ii

(f" @) We)®v + f" @ uev + 2ueve) + ' @ve), (2.6)
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(a.1) We integrate (2.5) with t =t" over I;11,2, and approximate the cell averages of the solution and its first derivative
with respect to the dual mesh at t"*1 =" + At as below,

_ _ At
i =0y — 5 [F (i 1) = Fu(x, )], (2.7)
_ _ At
Vi =Vl - A_x[G(”(xiH’ ("), v(xip1, ")) = G (uxi, ), v(xi, 7)) ] (2:8)

(a.2) We then integrate (2.5) with t = t"*1 over [;, and continue to approximate the cell averages of the solution and its
first derivative with respect to the primal mesh at t"+2 = ¢"+1 4 At,

_ _ At
a2 =i R P (a0, 1)) — (i1, 0)],

_ _ At
T2 = = (G (2 ), V12, 6) = G2 €)1, )]
(a.3) Set n to be n+ 2, and go to (a.1).

Note that the cell averages are defined and evolved in a staggered fashion with respect to the discrete time level n on two
sets of meshes. The mesh switches back after two time steps.

The remaining of this section will be mainly devoted to the details to update from t" to t"*1 according to (2.7) and (2.8).
Specifically, to obtain the cell averages E?L]/z and ‘7?Ll/2 on the dual mesh at the next time t"t! according to (2.7) and

(2.8), one will need to reconstruct at the current time t", Vi,

(1) the cell averages ﬂ?+1/2’ \7?“/2 on the dual mesh, as well as

(2) the point value of q(x;, t") at the mid-point x; of I;, where g =u, v, vy, Or Vyy,

based on the given data {uf, v};. Recall that F and G are functions depending on u and the derivatives v, vy, vxx. On the
other hand,

1 Xi+1 1 Xit1/2 1 Xi+1
ﬁ?+1/2 ~ = / u(x, t")dx = = / u(x, t")dx + o / u(x, t")dx.
Xi Xi Xit+1/2

This implies that to approximate the cell average ﬁ?-m/z' one would want to get the half cell averages < x’;m/z u(x, t"ydx

1
X
and ﬁ -[X):l_:]l/z u(x, t")dx. This is likewise for ‘7?+1/2'

To reconstruct the half cell averages and point values mentioned above, we adapt the one-dimensional fifth-order ac-
curate HWENO reconstruction of Qiu and Shu [24], where only the function values at the end points of each cell were
reconstructed. This reconstruction is not only high-order accurate but also essentially non-oscillatory. Compared with the
standard WENO schemes, the stencils in the reconstruction are more compact. Next in steps 1-6, we will describe the re-
construction with great details, which is based on the cell averages {u}', v]}; on the primal mesh at t =t". One will see that
the reconstructions discussed in steps 1-5 are HWENO-type, yet the one in step 6 is linear. Since the data before and after
the reconstruction is all at the same time level t", the superscript n will be omitted below, together with the dependence
on the time t of u and v.

Step 1. A HWENO reconstruction of ﬁ fx’:’;]/z u(x)dx from the cell averages {u;, Vi};.
We first introduce three “small” stencils So = {I;_1, i}, S1 = {Ii, li+1}, S2 = {li—1, Ii, Ii+1}, one “large” stencil T =
{So0, S1, S2} = S», and reconstruct three quadratic Hermite polynomials po(x), p1(x), p2(x) on Sg, S1, S2, respectively, and

one quartic Hermite polynomial Q (x) on 7, satisfying the following conditions,

1 _ . 1 , _
A poX)dx=1uiyj, j=-1,0, A poX)dx=V;_1,
litj li—q
1 _ . 1 , _
x| P xdx=1ui.j, j=0,1, x| P X)dx =Viy1,
litj liy1
! / xydx=1u;,;, j=-1,0,1
Ax b2 =Ujyj, J=-1L0,1,
Litj
1 _ , 1 , _ ,
A QWdx=ujyj, j=-1,0,1, Ax Q' dx=vij, j=-1,1. (2.9)

liyj liyj
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To reconstruct ﬁ f;:i 2 u(x)dx, we further compute the half cell averages of these polynomials over [x;_1,2,x;], and the

results can be given explicitly in terms of the cell averages {u;, vi}i,

Xi
! / (X = ;1 + T+ o
Ax Po =2 i—1 2 3 i—1,
Xi—1/2
X
! / (X = 11 — 141 +
Ax P1 =gy i+1 3 i+1,
Xi—12
Xi
! / (x)dx—lﬂ +1ﬁ 1&
Ax | PROE= gt ot gt
Xi-1/2
xi
! /Q(x)dx— 2 it sl = i + oy, 4 20y (2.10)
AX ~ 256 1T 2T 56 H1 T 555 T T 56 Vit :
Xi—1/2

Now one can find the linear weights (or combination coefficients), denoted as yp, y1 and y», such that

P 5 Xi
1 1

ax | ewa= Y [ e
Xi—1/2 =0 Xl

for all possible values of the cell averages of u and v over the stencil 7. This requirement leads to

9 9 14

9 2 -2 211
v 12! V2=35 (2.11)

Yo=
With the linear weights, we combine the relatively lower order approximations, which are third-order accurate here, into a
higher order approximation that is fifth-order accurate in our case.

An important ingredient of WENO-type methods for solving hyperbolic conservation laws with strong shocks or other
discontinuities in the solutions is nonlinear weights, which are applied to control spurious oscillations. To obtain the non-
linear weights, we compute a smoothness indicator g; for each stencil Sj (j =0, 1,2), which measures how smooth the
function p;(x) is in the target cell I;. The smaller the smoothness indicator g; is, the smoother the function p;(x) is in the
cell I;. Following [9], the smoothness indicator ; is defined as below,

2 81 2
B :Z/szz_]<ij(x)> dx, (212)
=17

and it can be further given explicitly in terms of the cell averages of u and v for the convenience of the actual implemen-
tation,

_ _ _ 13 _ _ _
Bo = (—2i;_1 + 21 — AxVi_1)* + ?(_ui—l + 1 — AxVi_1)?,

_ _ _ 13 _ _ _
Br= (=20 + 201 — AXViy)? + - (<l + Tigr = AxVisn)?, (2.13)
1 _ _ 13 _ _
P2 = Z(—HH + i) + E(—HH + 200 — tiy1)°.

With the smoothness indicators {8;}; in (2.13) and the linear weights {y;}; in (2.11), we can now compute the nonlinear
weights wj, j=0,1,2,

__ @j
= —
Zk:o Wy

Here & > 0 is a small constant to avoid the denominator to be zero. We use & = 10~ in all numerical examples in this
paper.

wj ,  Where w, = k=0,1,2.

Yk
(e+B*
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Finally, a fifth-order HWENO approximation for ﬁ f;fi 2 u(x)dx is given as

Xi

Xi 2
1 1
E / U(X)dx ~ H ]_E - wj / pj(x)dX7

Xi—1/2 Xi—1/2

where L fx" pj(x)dx, j=0,1,2 are given in (2.10).

Ax JXi—1/2
In the target cell I;, the right half cell average of u over [x;, Xj11/2] can be approximated based on the local conservation

of u,

Xit+1/2 Xi
1 1
— uX)dx~uj — — u(x)dx.
A / (%) i~ Ay / ()
Xi Xi—1/2

Step 2. A HWENO reconstruction of u(x;) from the cell averages {u;, v;};.
In this step, the same stencils Sp, S1, Sz, 7 as in step 1 are used, together with the same constructed polynomials po(x),
p1(X), p2(x) and Q (x) in (2.9). The point value of these polynomials at x; can be expressed in terms of the cell averages,

1._ 1. Ax_
Po(Xi) = EUH + Eui + EVH,
() = iy + iy — 2y
P1(Xi =12 i 12 i+1 12 i+1,
x;) = LTRSS i;
P2(Xi) = 24 i—1 12 i 24 i+1s
Q) 47 . 2T 4T A, 9Ax
V=480 1 T 240 " 280 M 320 1T 330

The linear weights yo, 1, ¥2 are chosen such that

2
Q) =) yipj(xi)
j=0
for all possible values of the cell averages of u and v over the stencil 7, and this requirement leads to
27 27 134
)’0=—%, )/1=—%, V2=%-

Note that two linear weights are negative in (2.14), and the corresponding WENO-type approximation with such weights
can be unstable. To avoid this, we follow the splitting technique developed in [27] to handle negative weights in WENO
schemes. More specifically, we split the linear weights into two groups

(2.14)

. 1 . - .
vii=5i3l), v =y -y j=01.2,
which can be shown to satisfy
vi=2y;, p=v fory;>0;  p=-y;, p;=-2y fory;<0.

We further scale the terms by introducing
2
~+ +_ o+ .
oi:Zyj, Yi =Y Jot, j=0,1,2.
j=0

For the linear weights in (2.14), this gives

+_ 161 U__242
T 40 T80

L 27 27 L 134 _ 27 _ 27 _ 134

o =35 =5 Y2 = 161 =0 " =nr Y2 = oa

The HWENO reconstruction will be performed for each group by computing the nonlinear weights a)j+ and w;, j=0,1,2
separately, with the same smoothness indicators {$;}; as in (2.13),

+
[ Y
wf=—"1 _  where cT)ki = k

—k  k=0,1,2.
! o D (& + Bi)?
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The final HWENO reconstruction of u(x;) is now taken as a combination of the reconstructions using the two groups of
weights

2 2
ux) 2oty @l pix) —o" Y o] pjxi).
=0 =0

In the adopted technique to treat negative linear weights, the key is to ensure that every stencil has a significant repre-
sentation in both positive and negative weight groups. Within each group, one still follows the standard HWENO idea of
redistributing the weights subject to a fixed sum according to the smoothness of the approximations.

Step 3. A HWENO reconstruction of i ;:’;1/2 v(x)dx from the cell averages {u;, Vi};.

In this step, the same stencils Sg, S1, Sy, 7 as in step 1 are used. We reconstruct three cubic Hermite polynomials pg(x),
p1(x), p2(x) on Sp, S1, Sy, respectively, and one quintic Hermite polynomial Q (x) on 7, satisfying

1 _ 1 _ )

B/po(x)dxzqua E/pé)(X)dx:vl'ﬂ, j=-10,
litj litj

1 _ 1 , _ )

Ax p1(x)dx = ujyj, " pidx =Viyj, j=0,1,
litj litj

1 _ i 1 , _

Ax p2(X)dx=1ujyj, j=-1,0,1, Ax py(x)dx = v,

liyj Ii

1 1
— X)dx = U4, — "X)dx=vijr;, j=-1,0,1.
[ ey o [ QW=
litj litj
To reconstruct ﬁ fx’f" v(x)dx, we further compute the half cell averages of the first derivative of these polynomials over

i—1/2
[Xi—1/2, xi], and the results can be given explicitly in terms of the cell averages {u;, V;};,

X

1 , 3 _ 3 . 1_
_ dx = — ——1;_ = Ui— =V
Ax / Po(x)dx TN 1+4Axuz 2Vi-1-

Xi—1/2

Xi

, 3 3 1
p1)dx = —u; — —1Ujy1 + Vi + ZVi+1,

Ax 4AX 4AX
Xi—1/2
Xi
! / H(x)dx = LI + LI LI +1\7~
ax ] P2 TU8Ax ' aax T gax TR
Xi—1/2
Xi
! fQ’(x)dx— it —— - g, > G 5 2 (2.15)
AX T 32Ax ' T 16Ax T 32Ax 1T gg 1T T gy L :
Xi—1/2

Just as in step 1, we next want to obtain the nonlinear weights wj, j =0, 1, 2, with which, a fifth-order HWENO recon-
struction can be given for ﬁ fx):i—l/Z v(x)dx. To achieve this, we first find the linear weights, denoted as y;, y; and y;, such
that

1 Xj 1 2 Xi
— "(x)dx = — -’/ "(x)dx
[ Qwa= LYy [ b
Xi—1/2 =0 xi’ip
for all possible values of the cell averages of u and v over the stencil 7, and this leads to

/ 5 / 6

o= 12 =1 V2= 15 (2.16)

16’
We then compute the smoothness indicators 8j, j=0, 1,2 as below

3 al 2
ﬁj:Z/AxZIq(ij(x)) dx.
=27
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Since we are reconstructing the first derivative rather than the solution itself, the summation above starts from the second
derivative to the rth derivative, where r is the degree of the polynomial p;(x). For the convenience of the actual implemen-
tation, the smoothness indicators {8 j}?zo can be further given in quadratic forms of the cell averages of u and v,

_ _ _ _ 2 _ _ _ _ N2
Bo=4(3(Ui—1 — ;) + Ax(Vi—y 4+ 2V))" +39(2(Hi—1 — ;) + Ax(Vi_q + V)",
o N2 o N2
Br =43 — Tiy1) + AXQV; + Vig1))” +39(2(U; — Uit1) + AX(Vi + Vit1)), (2.17)
_ _ 39 _ _ _
B2 = (Hi—1 — 2i; + Uj41)> + ?(ui—&-l — j_1 — 2AxV;)%

With the smoothness indicators {f;}; in (2.17) and the linear weights {yj/}j in (2.16), the nonlinear weights wj, j =
0,1, 2, can be computed,

— /
D _ Y,
wj=—52—, where @ = k

Y2, @y (e + B2’
Finally, a fifth-order HWENO approximation for ﬁ /. % y(x)dx is given as

Xi-1/2

k=0,1,2.

Xi Xi
— f v(x)dx ~ — Zw] / p’j(x)dx.
X, 1/2 Xi-1/2

In the target cell I;, the right half cell average of v over [x;, Xi11,2] can be approximated based on the local conservation
of v,

Xi+1/2 Xi
1 1
— vX)dx~ Vi — — v(x)dx.
Ax / () i~ Ax / (%)
Xi Xi—1/2

Step 4. A HWENO reconstruction of v(x;) from the cell averages {u;, vi};.
In this step, we use the same stencils Sg, S1, Sz, 7 and the same constructed polynomials pg(x), p1(x), p2(x), Q (x) as
in step 3. The point values of the first derivative of these polynomials at x; can be expressed in terms of the cell averages,

1 1 3
Po(xi) —ZAxul—l + ZAXUI 4V1—1 + 4V1»

L(x) = ! i + ! u; +3\7- ]\7-
P1Xj) = A T IAx i+1 2ViT g i+1s

LX) = L it + 27,
Pa) =g ki1 T gax it T gV
Q') — 27 27 L1979 19

)= Ganx 1 T anx it T 1ez Vim1 T gg Vit 1o Vil

The linear weights y{, y{, ¥, can be determined by requiring

QW—Z%M&

for all possible values of the cell averages of u and v over the stencil 7, and this leads to
, 19 , 19 , 86

=——, =——, 2.18
Yo 3 14 3 V2= g5 (2.18)
There are two negative linear weights in (2.18). Following the procedure provided in step 2, we get
gr 105 182
24° 48°
19 19 86 ,_ 38 ,_ 38 ,— __ 86

r+_ 22 I+ _ 7 r+_ 99 _2° _>° -
o =300 " Tai00 2 T1s Y Tiezr M Tiez 2 Tie2
The HWENO reconstruction will be performed for each group by computing the nonlinear weights a)}* and wj_, j=0,1,2
separately, with the same smoothness indicators {8;}; as in (2.17),

[OF rE
wf= I whereaf=—Yk _ k=012
2 o e+ Ao
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The final HWENO reconstruction of v(x;) is now obtained as
2 2
~glt 0/ (x: r—= — 0. (x:
vix) ~ o'ty ol pia) — o' ) wipi).
j=0 j=0

Step 5. A HWENO reconstruction of vy(x;) from the cell averages {u;, Vi};.
In this step, we use the same stencils Sg, S1, S2, 7 and the same constructed polynomials pg(x), p1(X), p2(x), Q (x) as in
step 3. The point values of the second derivative of these polynomials at x; can be expressed in terms of the cell averages,

o) = ° i 0 u; + 2 Vi1 + 4 Vi
Do(Xi) = A2 i—1 AT A i—1 Ax
6 4 2
"(x;) = — U Uiy — —Vi — —Virq,
p1 (i) Ax2 i+ A2 i+1 AT Ax i+1
2 1
" —_— _. —_ _. _.
py(Xi) = szuz—l AXZUI"F szuH—]»
_ 5 _ 5 _ 3 _ 3 _
QN(X,‘)=—U{,]——Uj+—Uj+1+— i—1 ——Vit1.
2AX? Ax? 2Ax2 4Ax 4AX

The linear weights y;, y;’, v,/ are determined by requiring
2
Q" (x) =Y ¥/ pj(x)
j=0

for all possible values of the cell averages of u and v over the stencil 7, and this leads to

3 3 2
"= "= Z ”:—. 219

We then compute the smoothness indicators gj, j =0, 1,2 as below

e (L)
Bj = Ax aXgpj(x) dx.

Ii

Since we are reconstructing the second derivative rather than the solution itself, the smoothness indicator 8; only depends
on the third derivative of the cubic polynomial p;(x). For the convenience of the actual implementation, the smoothness
indicators {8 j}?:o can be further given in terms of the cell averages of u and v,

_ —_ — — \2
Bo =36(2(li—1 — ;) + Ax(Vi—1 + V)",
B1=36(2(T; — Tis1) + AX(Ti + Tig1))”) (2.20)
B2 =9(iip1 — i1 — 2AxV7)%.

With the smoothness indicators {8;}; in (2.20) and the linear weights in (2.19), we can compute the nonlinear weights wj,
j=0,1,2

— "
Y
wj= 271_ where wy = y—k2 k=0,1,2.
2 o &+ Bo)
The final HWENO reconstruction for vy(xj) is now obtained as
2
V(%) ~ Y 0;pf (x).
j=0

Step 6. A linear reconstruction of vy, (x;) from the cell averages {i;, V;};.

We start with the same stencils Sg, S1, Sz, 7 and the same constructed polynomials po(x), p1(x), p2(x), Q(x) as in
step 3. Recall that HWENO reconstructions are based on nonlinear weights which depend on the smoothness indicators.
We here want to reconstruct the third derivative of the solution, and this will require computing the fourth-derivative (and
above) of the constructed polynomials pg(x), p1(x), p2(x) which are only cubic. Apparently, this will not lead to an effective
smoothness indicator. Fortunately, our numerical experiments show that the following linear reconstruction is sufficient to
provide an accurate and stable way to approximate vy (x;),

45 _ 11 _ 17 _ 1 _

ui—1+ Uit1 — Viel — ——5Vi— —— Vi1
4A3TTT T 4Ax2 A AT

V)~ Q' (x) = —
XX 1 1 4AX3

Here again, Q (x) is from step 3.
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Remark 1. Following the current central scheme framework, in Eqs. (2.7)-(2.8) to update ﬁ?ﬂ/z and V?ﬂ/z, the flux func-

tions F and G are evaluated at x; and the time t". This requires the reconstructions of the point values of u, v, vy, vy at
x; based on cell averages {u', v{'}; at the same time level. Since all the related reconstructions (see step 2 and steps 4-6)
involve stencils including the cell I;, and x; is an interior point, these reconstructed point values are naturally single-valued.
Therefore unlike in upwind type methods, there is no need to use numerical fluxes for F and G.

Finally in this section, we will briefly discuss the system case. For the systems of conservation laws, such as the Euler
equations of gas dynamics, each of the HWENO or linear reconstructions in steps 1-6 could be performed for the unknown
solution component by component. Alternatively this can be performed based on the local characteristic decomposition,
which often provides better performance of the schemes yet computationally is more costly. It is usually noted in the
literature that such local characteristic decomposition is unnecessary for central schemes. However, most of the referred
schemes are second-order, or at most third-order accurate. Qiu and Shu [23] pointed out that the WENO schemes involving
componentwise reconstructions may become more oscillatory with the increase of the accuracy order, and this was observed
for both the central WENO schemes on staggered meshes and standard WENO schemes on non-staggered meshes. In order
to effectively control the spurious oscillations and to enhance the numerical stability, we follow the idea in [23]: we apply
the local characteristic decomposition during the reconstructions of half cell averages in step 1 and step 3 based on {u;, Vi};.
All the remaining reconstructions, which are for point values, are still implemented through a componentwise procedure.

From the method formulation point of view, when one converts the second and higher order time derivatives to spatial
derivatives in the system case, one needs to work with terms such as f’(u) (a Jacobian matrix), f”(u) (a 3D “matrix”,
a tensor), f”(u) (a 4D “matrix”, again a tensor). This can become very involved. We have used MATLAB Symbolic Math
Toolbox to assist with the derivation of the proposed methods.

2.2. Two-dimensional case

Consider the two-dimensional scalar conservation law

ue + f(u)x +gw)y =0,
ux,y,0) =uox,y).

Letting v =uy, w =uy, and taking spatial derivatives of (2.21), we obtain
ve+ (f'@v), + (g'wv), =0,

v(x,y,0) = (uo(x, ),

we+ (fww), + (g'ww), =0,

w(x,y,0) = (uo(x. ),

(2.21)

(2.22)

(2.23)

The proposed numerical method will be formulated based on (2.21)-(2.23), and defined on staggered meshes. For simplicity
of presentation, uniform meshes are used with the meshsizes Ax in the x direction, and Ay in the y direction. Each cell of
the primal mesh is denoted as Ijj = [Xi_1/2, Xi+1/2] X [Vj—1/2, ¥j+1/2] with its cell center (x;, y;); and each cell of the dual
mesh is denoted as Ii11,2,j+1/2 = [Xi, Xi+1] X [V, ¥j+1] with its cell center (Xiy1/2, Y j+1/2)-

Our method starts with a Lax-Wendroff type temporal discretization. Let At denote a time step. By a temporal Taylor
expansion we obtain

At? A
qix,y, t+ At) =qx, y,t) + Atqr + Tq" + ?qm +---, q=u,v, orw. (2.24)

In order to obtain the kth-order accuracy in time, we need to approximate the first k time derivatives of u, v and w. Just as
in one-dimensional case, we here only consider a third-order discretization in time.

We again use the governing equations (2.21)-(2.23) to convert time derivatives of u, v and w into spatial ones, the
resulted relations are given in Appendix A. A third-order approximation of (2.24) can be written as

uX,y, t+At)~ux, y,t) — At(Fx + Gy),
V(X,y,t-}-At)%V(X, y7t) - At(PXJf_ Qy),
w(x, y,t+ At) R w(x, y,t) — At(Hx + Ry), (2.25)
with
At At?
F=f+=fwu+ 7(f”(u><ut>2 + f (),

At / Atz " 2 /
C=g+ g Wu+ T(g W) (up)® + & Wug),
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A 2
P=f(uv+— (f”(u)ufv + f'(wyve) + ‘ (f”’(u)(ur)zv + f" W) (ueev + 2ueve) + f' W) ve),
A A 1
Q =g/ + = (8" ey + &' Wve) + —— (¢ W ue)* + 8" W) (ueev + 2ueve) + ' W)ver),
A At?
H=f'(wyw+ T(f”(u)utw + frwywe) + ?t(f’”(u)(ut)zw + f" W) Uew + 2ucwe) + f (W) wee),

At At?
R=g'ww+ —- 5 (&"uew + g'Wywe) + G — (" W)’ w + g" W) (U w + 2urwe) + g (W) wee).

Now we apply the staggered central scheme strategy to (2.25) as in one dimension. Suppose at t = t", the approximations
for the cell averages of the solution and the scaled cell averages of the first derivatives, denoted as {ﬂg.},-j, {\7?j},~j, and {WE‘}U
are available on the primal mesh, that is, Vi, j,

1
o A~ n
i ~ xRy /u(x,y,t )dxdy,

Iij

V’?.z —/ X, Y, t”)dxdy, WUN —/ X, y, t")dxdy

Lij Iij

(b.1) We integrate (2.25) with t =t" over I;11,2 j+1/2, and approximate the cell averages of the solution and the scaled cell
averages of the first derivatives with respect to the dual mesh at t"*! =" + At, denoted as i yi

1+1/2 j+1/20 Ti+1/2,j4+1/2
and WHL]/2 i+1/2° respectively, and this is given below.
A Vit
_ t
”m]/z 12 = Uiv1/2,j41/2 — MA},[ / (F(u(xis1, y,")) = F(”("i’y’tn)))dy}
Y
At Xit1
~ AxAy |: / (G(u(x, yjt1.t")) = G(u(x, yj. t")))dxi|, (2.26)
Xi
‘7'1'1-:11/2,]-4—1/2 = ‘7’1'1+1/2,j+1/2
A Yij+1
t
- A—y|: / (P(u(xig1, ¥, t"), v(Xig1, . ")) — P(u(xi, y. "), v(xi. y,t”)))dy:|
Vi
N Xi+1
N A_y|: / (Qu(x yjs1. "), v(x yj1.1") = Qulx. v ") v(x. yj, f")))dx}y (227)
Xi
_’:111]/2 12 = = Wii1)2,j41/2
A Vi1
t
- E|: / (H(u(Xis1, ¥, t"), w(Xig1, y. £7)) — H(u(xi, y, "), w(xi, y, t”)))dy]
Yj
At Xit+1
- E|: / (R(u(x, yjs1.t"), w(x, ¥js1. ")) — R(u(x, y;.t"), w(x, yj,t")))dxi|. (2.28)
Xi

(b.2) We then integrate (2.25) with t = t"*1 over Ij;, and approximate the cell averages of the solution and the scaled cell
averages of the first derivatives with respect to the primal mesh at t"+2 = t"*1 + At, denoted as @2, ¥+ and W’

ij ij ij
respectively. The formulations are omitted here due to the similarity to (2.26)-(2.28).
(b.3) Set n to be n+ 2, and go to (b.1).

Note that the mesh switches back after two time steps.

From now on, we will focus on the update details from t" to t"*!, For the two-dimensional case, we will propose a
fourth-order central HWENO method. With this in mind, we further approximate all the line integrals in (2.26)-(2.28) with
the two-point Gaussian quadrature formula, and this will lead to our actual update formulations.
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_111+11/2 jH12 = ”:+1/2 jH12 7 ZAA [an+1 i + Fl!1+1,jr - Fxﬂ,j, - Frn,jr]
~ 5aylCh + Gy =Gl = L) (229)

‘7?11]/2,j+1/2 = ‘_’?+1/2 jH12 A2 [P:]-Fl i + P1+1 Jr P?;, P?;r]

AtAx[Q” jart Qir:,j+1 - 1’71 - 'nrj] (2:30)
_75:1]/2 j+12 = W1+1/2 j+1/2 AztAAy [H?+1 it H?H,] Hf“ H?,jr]

SR R — R R L (2.31)

Here

i,:i+%—§, ir:i+%+§,
jz=i+%—€, jr=]'+%+§, (2.32)

and the notation py ¢ in (2.29)-(2.31) is for the point value p(x;, ys,t") of a function p. When r or s is not an integer, x; or
ys should be understood as a natural linear interpolation of {x;}; or {y;}; with respect to the subindex.

To obtain the cell averages u,_H/2 i+1/20 and the scaled cell averages Vr+1/2 i+1/2 and W:+1/2 j+1/2 ON the dual mesh at
the next time t"t1 based on (2.29)-(2.31), one will need to reconstruct at the current time t", Vi, j,

(1) the cell averages ”x+1/2 ]+1/2' and the scaled cell averages le/Z i+1/20 1+1/2 j+1/2 0N the dual mesh, as well as

(2) the point value of q(x;, ys,t"), where g =u, v, W, Vx, Vy, Vxx, Vxy, Vyy, Wx, Wy, Wxx, Wxy, OF Wy, and they are the func-
tions F, G, P, Q, H and R depend on. Here (x;, ys) is some interior point of the primal mesh, coming from the Gaussian
quadrature nodes in each cell, and the collection of such points is denoted as

= {00y, @) 00y ) Ky s YD) (Y, Vi) (2:33)
Just as in one dimension, to obtain the cell average ulH/2 +1/20 Vi, j, one would want to get the following four quarter
cell averages
1 j 1 Xit172  Vj
u(x, y, t")dxdy, u(x, y, t")dxdy,
AXAy / / ( Y ) Y AxAy / / ( y ) y
Xi—1/2Yj-1/2 Xi Yj-1/2
Xi Yi+172 Xit1/2 Yj+1/2
1 1
u(x, y, t")dxdy, u(x, y, t")dxdy. 234
AxAy (x.y. ")dudy. o (. y. £")dxdy (234)
Xi—12 Yj Xi Yj

This similarly goes to the scaled cell averages.

To reconstruct the quarter cell averages and point values mentioned above, we adapt the two-dimensional fourth-order
accurate HWENO reconstruction of Zhu and Qiu [34], where only function values at some points located on the edges of
each cell were reconstructed. Next in steps 1-3, the reconstruction will be described, and it is based on the (scaled) cell
averages {ul], i ?j},-j on the primal mesh at t = t". The superscript n will be omitted, together with the dependence on
the time ¢ of u, v and w. To assist with the presentation, we relabel the cell I;; and its neighboring cells as Iy,---,Ig as
shown in Fig. 1. Note that I;; is now Is.

Step 1. A HWENO reconstruction of Amy fxl " fy] " u(x, y)dxdy from the (scaled) cell averages {uj, Vij, Wij}ij.
We first introduce eight “small” stencils

S1={I,I2, 14,15}, S2={I2, I3, Is, I},
S3={l4, 15,17, Is}, Sa={Is,1I¢, I3, Io},
Ss={l1, 12,13, 14,15, I7}, Se={l1,12, 13,15, I¢, Io},
S7=1{l,14,15, 17,13, Io}, Ss={I3,15, 16, I7, I3, Io},
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7 8 9 j+1
4 5 6 ]
1 2 3 j1
i-1 i i+1

Fig. 1. New labels of the cell I;; and its neighboring cells.

and reconstruct quadratic polynomials p1(x, ¥),---, ps(x,y) on Sy, ---, Sg, respectively. They all approximate the solution u,
and satisfy

_ 1 opn(x,y) -
Ay / P(x, y)dxdy = l, Ay / na—dedy:ka,
Iy Ty
1 apn(x, y) _
— | 2P axdy = wy, 235
Axf ay XY= Wy (2.35)
I,

y
with
n=1, k=1,2,4,5 k=4, ky=2; n=2, k=2,3,5,6, ky=6, ky=2;
n=3, k=4,578, ke=4, ky,=8; n=4, k=5,6,8,9, k¢=6, ky,=38;
and
1 _
m / pn(x, y)dxdy = uy, (2.36)
I
with
n=5 k=1,2,3,4,57; n=6, k=1,2,3,56,9;
n=7, k=1,4,5,7,8,9; n=8, k=3,5,6,7,8,9.

To combine the quadratic polynomials above to obtain a higher order approximation of fourth-order accuracy for a quarter

cell average of u over [xi_% L Xi] X [yj_% , ¥jl, the linear weights y1, - - -, yg are chosen to ensure
Xi Vi 8 Xi Vi
! / / u(x, y)dxdy = ! > / / (x, y)dxd (2.37)
AxAy Y y_AxAy Vn pn(X, y y .
Xi—1/2YVj-1/2 n=1 Xi—1/2Yj-1/2

for any polynomial u of degree at most 3. Here, one should understand that uy, v, and wy on the right side of (2.35)-(2.36)
are from the same polynomial u.

It is not hard to see that (2.37) holds for any polynomial u of degree at most 2 if Z,§:1 ¥n = 1, as each individual
pn(x) reconstructs a quadratic polynomial exactly. There are four more constraints on yy,---, yg from requiring (2.37) to
hold for u =x3,x%y, xy? and y>, respectively. Subject to these five constraints listed above, we determine the linear wights
Y1, -+, s by minimizing Zgzl(yn)z. The obtained linear weights 4, ---, g turn out to be positive.

Similar to the one-dimensional case, smoothness indicators {8}, are needed to compute the nonlinear weights for the
non-oscillatory HWENO reconstruction. Each smoothness indicator 8, measures how smooth the function p,(x) is in the
target cell I;;. The smaller the smoothness indicator g, is, the smoother the function p,(x) is in I;j. As in [8], the following
smoothness indicator is taken,
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gl 2
Z I1ij L 1/(8 dayh pn(x, y)) dxdy,

=1

where | = (I1, 1) and || =[; + I. With the smoothness indicators and the linear weights, we can get the nonlinear weights
wp,n=1,---,8,

Wn — 'k
wp=———, Wwherewy= Y

— X k=
Y8 @ (e + Br)?

Finally, a fourth-order HWENO approximation is reconstructed for a quarter cell average of u,

Xi Vj Xi
1
AxAy / / u(x, y)dxdy ~ A_Ay Z / / Pn(x, y)dxdy.

Xi—1/2Yj-1/2 - Xi—1/2 Yj-1/2

L, 8.

Following the similar procedure, one can reconstruct the other quarter cell averages in (2.34). In actual implementation, one
only needs to reconstruct three quarter cell averages in the target cell I;;, and the fourth one can be computed based on
the local conservation. For example, once the first three in (2.34) are available, the fourth one can be obtained as

Xit1/2 Vj+1/2

Xi Vi
_ 1
u(x, y)ydxdy ~ ujj — AxAy < / / u(x, y)dxdy

AxAy
Xj Vi Xi-1/2 Yj-1/2
Xi+1/2  Yj Xi Yij+12
-I—/ / u(x,y)dxdy+/ / u(x,y)dxdy).
Xi  Yi-1/2 Xi-172 Yj

The reconstructions of the point values u(x,, y,) with (x,, y4) € G can be proceeded similarly, and the details are omitted
here. One can refer to [26] for the related details of reconstructing the point values of u on edges of a cell.

Step 2. A HWENO reconstruction of Al fx, - fy} " v(x, y)dxdy from the (scaled) cell averages {u;;, Vij, Wij}ij.

In this step, the same stencils S1,---, Sg as in step 1 of this section are used. We first construct four cubic polynomials
pn(x,y) on Sy, n=1,---, 4, which approximate the solution u and are determined by the following,
= 1 8pn (X3 }’) =

_— X, y)dxdy = u, — | ————dxdy = vy,
AxAy/pn( y)dxdy = uy Ayf P Y = Vi,
I Ly
1 apn(x,
1 Pn( y)dxdy = Wy,
Ax ay 4
I,
with

n=1, k=1,2,4,5 k¢=1,4,5 ky,=1,2,5; n=2, k=2,3,5,6, ky=3,56, ky,=2,35
n=3, k=4,57,8, k¢=4,57 ky=5,738; n=4, k=5,6,8,9, k«=5,6,9, k;,=5,8,09.

We then construct four more quadratic polynomials p,(x, y) on Sy, n=5,---, 8, which approximate v = u, and satisfy

1 _
— f Pn(x, y)dxdy = vy,
Ay
llcx
with
n=5, ky«=1,2,3,4,5,7; n=6, k=1,2,3,5,6,9;
n=7, k¢=1,4,5,7,8,9; n=8, k¢=3,5,6,7,8,9.

In order to obtain a fourth-order approximation for the solution u, the approximations to the derivative of u only need
to be third-order accurate. From the definitions of {p,(x, ¥)}n, one can easily see that each of the following

Xi Vi ( ) Xi Vj
Ipn(x, 1
—/ / %dxdy, n=1,.---,4, A_y/ /pn(x,y)dxdy, n=5,..-,8

Xi—1/2Yj-1/2 Xi—1/2Yj-1/2
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provides a fourth-order approximation of < fx, e fy] 2 v(x, y)dxdy for the smooth function u (here v = uy), so does any

convex combination of these eight quantmes In this paper, we choose the simple linear weights yx; = ¢, n=1,---,8. As

for the smoothness indicators, we follow [26,34] and take

Al 5 2
i =1,
E ITij1 /( ox1 0yl Fx P y)) dxdy, n=1,.--,4,

lI=1

_8'

ij

11 2
Z “”'l”/(Bxllaylz pa(x, y)) dxdy, n=5,--8,

[N=1

where [ = (l1,1>) and |l| =1l; + I. With the smoothness indicators and the linear weights, we can compute the nonlinear
weights w,, n=1,---,8,

Wn — k
wp = —————, where &y, = Vo

S8 @ (e +B?

Now we are ready to reconstruct a fourth-order HWENO approximation for a scaled quarter cell average of v,

/ f V(X, y)dxdy~ — / / |: apna(i y) +anpn(x y):|dxdy

X1 12 Yj-172 X; 12Yj-12 ="' n=5

=1,---,8.

The reconstructions of the other scaled quarter cell averages are similar. Just as in step 1, in practice, one only needs to
reconstruct any three scaled quarter cell averages of v in the target cell I;;, and the fourth one can be obtained based on
the local conservation.

The reconstructions of the point values q(xy, y+) with g = v, vy, Vy, Vxx, Vxy, Vyy and (X, ys«) € G can be proceeded
similarly, and one can refer to [34] for the related details of reconstructing the point values of v on edges of a cell. We here
only point out the differences. To approximate the point values of vy and vy, the difference is in the smoothness indicators.
In particular, for vy(x, y4), we take

9 92 2
ZZ“U /<3x118y12 ax2pn(x y)> dXdy’ n=1,---,4,
lJ

[II=1

9 2
|§| l]| /(8){118 Iy axpn(X Y)) dXdy’ n=>5,---,8,
and for vy (x,, y.), we take

92 2
= > Il /<8x’18y’2 axayp”(x y)) dxdy, n=1,---,4,
=1

2
0
,3,1:”'2]“1-” /(Waypn(x y)) dxdy, n=5,..-,8,
= i

where | = (I1,13) and |l| =11 4 I. To approximate vy, Vxy, Vyy at (X, ys), the linear weights rather than the nonlinear
weights are used in the final reconstructions.

Step 3. A HWENO reconstruction of fx, 2 }f'jf_l/z w(x, y)dxdy from the (scaled) cell averages {ii;j, Vij, Wij}ij.

In this step, the same stencils 51, ,Sg as in step 1 of this section are used. We first construct four cubic polynomials
pn(x,y) on Sy, n=1,---,4, which approximate the solution u and are determined by the following
— 1 pn(x,y) —

X, y)dxdy = i, — | ————=2dxdy = vy,

AxAy/p"( y)dxdy = u Ayf P Y = Vi,
I Ty
1 dIpn(x, _
N / dedyzwk ,
AX ay Y
Iy

y

with
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n=1, k=1,2,4,5 k¢=1,45 ky=1,25; n=2, k=2,3,56, ky=3
n=3, k=4,57,8, k«=4,57 ky=578; n=4, k=5,6,8,9, ky=5

163

,5,6, ky=2,3,5;
,6,9, ky=5,8,9.

We then construct four more quadratic polynomials p,(x, y) on Sy, n=5,---,8, which approximate w =u, and satisfy

1 _
A / pn(x, y)dxdy = Wy,
I,
with
n=5, ky=1,2,3,457; n=6, ky,=1,2,3,56,9;

n=7, ky,=1,4,57,8,9; n=8, k,=3,56,7,8,9.

In order to obtain a fourth-order approximation for the solution u, the approximations to the derivative of u only need
to be third-order accurate. From the definitions of {p,(x, ¥)}n, one can easily see that each of the following

1 Xi Vi 9 1 Xi Vi
X,
—/ / dedy, n=1,---,4,; —/ /pn(x,y)dxdy, n=>5,...,8
X ay Ax
Xi—1/2Yj-1/2 Xi—1/2Yj-1/2

provides a fourth-order approximation of fx, " fy] " w(x, y)dxdy for the smooth function u, again here w =uy. In this

paper, we choose the simple linear welghts Vyn = é, n=1,---,8. As for the smoothness indicators, we take

2
a
Z Ihﬂ"‘[((,,x,lay,z oy P y)) dxdy, n=1,.--,4,

=1

2
Z“wl”[( xllaylzp"(x y)) dxdy, n=5,..-,8,

=1

where [ = (l1,1») and |l| =11 4+ I. With the smoothness indicators and the linear weights, we

weights w,, n=1,---,8,
w _

Wy = 7", where oy = Vyk

On Wk j_1,. .
Zk:] Wy &+ Br)

can compute the nonlinear

Now we are ready to reconstruct a fourth-order HWENO approximation for a scaled quarter cell average of w,

/ / w(x, y)dxdy~ — / / |: Bpn(;c} y) +anpn(x y):|dxdy

Xx 12 Yj-172 X: 12Yj-12 =" n=5

The reconstructions of the other scaled quarter cell averages are similar. Again, one of the scaled quarter cell average in the

target cell I;; can be computed from the others based on the local conservation.

The reconstructions of the point values q(xx, y) with g = w, wx, Wy, Wxy, Wy, Wyy and (X4, ¥x) € G can be proceeded
similarly, and one can refer to [34] for the related details of reconstructing the point values of w on edges of a cell. We
here only point out the differences. To approximate the point values of wy and wy, the difference is in the smoothness

indicators. In particular, for wy(x,, y«), we take

9 82 2
lgﬂ:ZUiﬂ /(W 8x8yp"(x Y)> dxdy, n=1,.--,4,

=1

ij

i dudy. n—5....8
=D Iyl 8x’18y’2 S Pr6y) ) dxdy, n=5...8,

lj=1 i

and for wy (x4, y«), we take

82 2
ﬁn_ Z' l]|2/<axllay12 ayzpn(x J’)> dxdy, n:‘l,...’47

=1

2
a
Bn = Z i1 /<W aypn(x y)) dxdy, n=5,---,8,

=1
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where [ = (I1,1) and |I| =11 + . To approximate Wxx, Wxy, Wyy at (X, ys), the linear weights rather than the nonlinear
weights are used in the final reconstructions.

Remark 2. Similar as in the one-dimensional case (see also Remark 1), with the current central scheme framework, there is
no need to use numerical fluxes for F, G, P, Q, H and R as in upwind type schemes.

Finally in this section, we briefly discuss the system case. Just as in one dimension, to reduce the spurious oscillations
and enhance the numerical stability, we apply the local characteristic decomposition during the reconstructions of the
quarter cell averages for u, v, w based on {ii;j, Vij, Wjj};j. The reconstructions of the point values are still implemented
through a componentwise procedure. Note that for the system case in two dimensions, there are two flux functions f(u)
and g(u). In the reconstructions of quarter cell averages, it is not obvious to know the direction along which the information
is propagating locally. In our simulation, we adopt the strategy that we first perform the reconstruction based on the local
characteristic information provided by f(u) and g(u), respectively. The final approximation is then given by an arithmetic
average of these two reconstructions. Again to assist with the derivation of the proposed methods, MATLAB Symbolic Math
Toolbox is used.

3. Central Hermite WENO scheme with natural continuous extension of Runge-Kutta time discretization

Alternative to the Lax-Wendroff strategy, we apply in this section the natural continuous extension of Runge-Kutta
(NCE-RK) time discretizations to combine with the central HWENO spatial discretizations in the framework of staggered
meshes. The use of NCE-RK methods permits one to compute accurate approximations for the intermediate value of a
solution to an ODE based on standard RK methods with slight increase of the computational time. Note that a standard RK
method only provides accurate approximations for the solution at discrete time t" for any Vn.

Below we will describe a fourth-order NCE-RK method which is used in this paper. For more details about such time
discretizations, one can refer to [33,3]. Consider an ODE problem

{y/(t) =F(t, y(®), 3.1)
y(to) = Yo,

and suppose y" is a given approximation to y(t"). One can then approximate y(t"t1) at t"t1 =" + At by y"t! with a
standard four-stage fourth-order RK scheme as follows.

4
yn—H =y 4 AthiK(i), (3.2)
i=1

where K@ is an RK flux determined by
KO =F("+cAtL YD) withY® =y" + Atk i=1,2,3,4, (3.3)

and K© =0. In addition, by =bs =, ba=bs=1,and ¢c; =0, o, =c3 =3, c4 = 1.
A natural continuous extension of the RK scheme (3.2)-(3.3) further provides an approximation of y(t) (and also its
derivatives) with the same accuracy when t € [t*, t"T1]. This approximation is given specifically by

4
S(Ole=myoar :=y"+ At Y Bi(@®K?D, 0<0<1,

i=1
where
B1(0) =2(1 —4b1)6> +3(3by — 16> 46,
Bi(6) = 4(3¢; — 2)b;i6> 4+ 3(3 — 4cp)bip?, i=2,3,4.
s(t) not only satisfies s(t") = y", s(t"*1) = y"*+1, but also has the following approximation properties,

max [y -sPm|=0(a*"), 0<i<4
th<t<t"+At

3.1. One-dimensional case

We use the same notation for the staggered meshes and the cell averages of functions, as well as the fifth-order HWENO
spatial reconstruction as in Section 2.1. Though the discussion below focuses on one time step, one would want to keep in
mind that the overall algorithm is still based on staggered meshes, and it switches back and forth between the primal and
dual meshes.
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Suppose at t =t", the approximations for the cell averages of the solution and its first derivative, namely {u}'}; and {V}};,
are available on the primal mesh. We integrate (2.1)-(2.2) over [t", t"t1] x [x;, ;1] and get

tn+1

_ _ 1

W= 5y [ [ 0Gsr.0) - F(un.0)]de
tn

1

_ _ 1
Viif/z =V N / [g(uis1, 1), v(Xig1, 1) — g(uxi, ), v(x;, 1)) ]dt, (3.4)

tn

where g(u, v) = f'(u)v. If we consider the problem (2.1)-(2.2) with the piecewise initial data (u, v)|;, = (u}, v}) at t", under
the assumption that the time step At satisfies a CFL restriction At < %ﬁ;‘,(u” the discontinuities starting at t" from
Xi_1 and x; 1 will not propagate to x; over a single time step At, and therefore the solutions of this problem restricted
at x;, Vi are smooth for t € (t", t"t1). Motivated by this, the temporal integration in (3.4) can be further approximated
using numerical quadratures with compatible accuracy. To match the fifth-order HWENO reconstruction to be used in the
spatial discretization, we apply the three-point Gaussian quadrature formula and replace the temporal integral terms in (3.4)

according to the following

t"'H 3

/ Fluex, D)de~ Y anf (u(xi, € + Atay),

tn I=1

tn+1 3

/ g(uxi, ), v(x;, 0))dt ~ AtZalg(u (xi, t" + At6)), v(xi, t" + At6))). (3.5)
tn =1

Here a1 = a3 = %, oy = g, and 6; = % - —Vlgs, 0 = %, 63 = % + —%5 are the weights and quadrature points.
n+1

Based on (3.4) and (3.5), one can compute the cell averages of the solution and its derivative, namely {ﬂi+1/2}i and
{17?:]1 /2},-, with respect to the dual mesh at t = t"*1. To achieve this, one only needs to obtain accurate approximations for

a5, Vi, u(xi, "+ ALG)), v(xi, t" + At6), 1=1,2,3, Vi, (3.6)
i+1/20 Vi+1/2

and the remainder of this subsection will be devoted to the related details.

Recall at t", {u}!, V]'}; are available. We can first reconstruct the staggered cell averages {ﬁ?ﬂ/z}i and {v?ﬂ/z}i in (3.6)
based on the same fifth-order HWENO procedure described in Section 2.1. In order to approximate the point values u(x;, t" +
AtO), v(xi, t" + At6), 1 =1,2,3, Vi in (3.6), we will apply the fourth-order NCE-RK method to the auxiliary ODE problem

(3.1) starting from t =t" at each x; with any i, where

—frWvlx
—f"Wv? — flWvily ~ — @ — f W R, lx-

u(x;, t)

V(. D). (3.7)

y(t)z{ F(t,y)z{

More specifically, one needs to evaluate the corresponding K, i =1,2,3,4 used in (3.2)-(3.3). Here the operator Ry, in
(3.7) is to reconstruct vy at x;, and it will be specified.

To evaluate K, we reconstruct the point value of y(t"), namely u(x;, t") and v(x;, t"), based on the given cell averages
{uf, v1}; on the primal mesh. The operator Ry, is chosen such that vx(x;, ") is also reconstructed from the same set
of cell averages. These reconstructions have already been discussed in Section 2.1 as steps 2, 4, 5. Once K® for some
[>1 is available, then YD can be computed based on (3.3). This will provide approximations for u(x;, t" + ci+1At) and
v(x;, t" + c141 At) for all i. Now the operator Ry, in (3.7) is chosen such that vx(x;, t" + ¢;41 At) is reconstructed based on
these approximated point values {u(x;, t" 4+ cj41At), v(x;, t" + ;1 At)}; using a HWENO strategy similar to the step 5 in
Section 2.1, see also [17,23] for more details. With K©, I=1,2, 3,4, one can now follow the NCE-RK procedure to obtain
accurate approximations for the point values of u and v in (3.6).

3.2. Two-dimensional case

We use the same notation for the staggered meshes and the cell averages of functions, as well as the fourth-order
HWENO spatial reconstruction as in Section 2.2. Again, the discussion will focus on the algorithm over one time step.
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Suppose at t = t", the approximations for the cell averages of the solution and its first derivative, namely {ﬁ?j, V?] W?j},-j,
are available on the primal mesh. We integrate (2.21)-(2.23) over [t", t"*1] x [x;, Xi11] ¥ [yj, yj+1] and get

i +1 _ an
i+1/2,j+1/2 — Yi+1/2,j+1/2

1 tn+1 Vi1
- AxAy|:/ / (f(uxis1, y.0) —f(u(xi,y,t)))dydt]
thyj
1 " Xig
B AxAy|:/ /(g(”("v yir1,0) - g(ulx, yj,t)))dxdt}, 38)
th Xj

Vn+1 =yt
i+1/2,j4+1/2 = Vi+1/2,j+1/2

tn+'l Vit
1
_ A_y|: / / (p(U(Xi-rL Y, t), V(X,'.H, Yy, t)) — p(u(xiv v, t), V(Xh v, t)))dydt:|
t"Yyj
1 tn+l Xit1
_A_y|:/ /(Q(u(x,Yj+1,t),v(x,y1‘+1,t))—Q(u(x,yj,t),v(x,yj,t)))dxdt:|, (3.9)
"X

—n+1 _ =n
Wiv12,j+1/2 = Wit1/2,j+12

1 Y
1
- A—X[/ / (h(uXig1, ¥, 0), wXig1, ¥, 1) —h(u(xi,y,t),W(xf,y,t)))dydt}
thyj
tn+1 Xit1
1
— §|: / / (r(u@, yje1, 0, wk, yjz1.0) —r(u yj, t), wx, yj, t)))dxdtj|, (3.10)
moX

where
pu,v)=f'wv, qu,v)=gwv, huw) =fww, ruv)=gww.

Since a fourth-order HWENO spatial reconstruction will be used, we further apply the two-point Gaussian quadrature for-
mula to approximate the spatial integration in (3.8)-(3.10) and obtain

tn+1
_ _ 1
”?111/2,j+1/2 N UL 2~ AR / (fir1.5O + firr5, (O = fi j(®) = fi j, (©)dt
tTl
tn+1
1
~3Ay / (i j+1 O + giy j+1(0) — g\, j(©) — g, j(©)dt, (3.11)
tn
tn+l
_ _ 1
V?L]/z,jﬂ/z NV e~ 5 / (Pit1.ji(®) + Piy1.j, () = pi j,(t) — pij, (©))dt
tn
tn+1
AX
T 2Ay (Qip,j+1(O) + Giy, 1 (6) — qiy, (O — i, j(©)dE, (312)
tn
tn+1
_ _ Ay
W?:11/2,j+1/2 Wi/ j412 — IAX / (Rit1,7,® + hi,j, (O — hi j, () — hy j, (0))dt
tn
t"+1
1
-5 / (rig.j1(®) + i i () — 13y j(£) — 13, (0 )dt. (313)

tn
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Here the notation p; s(t) in (3.11)-(3.13) is for the point value of p(xy, ys,t) of a function p, with i, i, ji, j given in (2.32).
The collection of the related points is denoted as G

g:{(Xivyj)s(Xl‘ayj71+£)v(xi7y ﬁ)v(xi
276 6

o5

]‘+%* 7%+ ayj)s(xi+%7§7yj)a Vla.]}' (314)
Ccﬂ

(max | f"(u)|/ Ax+max |g' (w)|/Ay)

can expect p(Xs, Y. t), with (x4, y«) € G and p =u, v, w, are smooth with respect to t € (t", t"*+1). Under such assumption

on the time step, we further apply the three-point Gaussian quadrature formula and replace the temporal integral terms in

(3.11)-(3.13) according to the following

If the time step At is chosen to satisfy the CFL restriction At < with some constant Cc, one

n+1
t 3

/S(-,t)dt%Atzazs(-,t"JrAt@z), s=f,g.p.q.h,r, (3.15)
pe 1=1

—4 —1_ V15 -1 — 1, V15
,(X2—§,al'1d91—2 10’02—2,03—2+10-

Based on (3.8)-(3.15), one can compute the cell averages of the solution and its derivative, namely {E?Ill/z,j+1/2’
‘7?:1]/2,]41/2’ W?Ll/z,jﬂ/z}ijv with respect to the dual mesh at t =t"*1. To achieve this, one only needs to obtain accurate

approximations for

where o1 = a3 = =

13’,-1“/2’]-“/2, P(xe, Yoo " + ALG), withp=u,v,wand (x.,y,) €G, [=1,2,3, Vi, j (3.16)

and the remainder of this subsection will be devoted to the related details.

Recall at t", {ﬁ?j, \7}}, v_vg.},-j are available. We can first reconstruct the staggered cell averages {ﬁ?+1/2,j+1/2’ \7?“/2’].“/2,
\/_V?H/2 j+1/2}ij in (3.16) based on the same fourth-order HWENO procedure described in Section 2.2. In order to approximate
the point values p(xy, y«,t" + At6) with p=u,v,w and (x., y,) € G, [=1,2,3 in (3.16), we will apply the fourth-order
NCE-RK method to the auxiliary ODE problem (3.1) starting from t =t" at each (s, ys), where

UXy, Vi, ) _(f(u)x‘f‘g(u)y”(x*,y*)
Y(®) =1 VX, Ys, ) F(t,y) =1 —(p, V)x +q, V) )l (x.,y.) (317)
W(X*s y*7t)7 _(h(ua W)X+r(u7 W)y)|(x*,y*)-

More specifically, one needs to evaluate the corresponding K, i =1,2, 3,4 used in (3.2)-(3.3). In actual implementation,
F(t,y) is further replaced by

—(f'Wv + g Ww)lix,.y,
Ft,y)={ —(f"@Vv?+ f'@)Ry, + &’ @Wwv + g WRy,)x,.y.) (3.18)
—(f"Wyvw + f'WRw, + &' Ww? + g W Rw,)|x,.y.)-

and the operator Ry, in (3.18) is to reconstruct vy at (x, ¥), and it will be specified. Similar convention goes to Ry, , Ruw,
and R, .

To evaluate KD, we reconstruct the point value of y(t"), namely p(X., y«,t") (p =u, v, w), based on the given cell
averages {ﬁ'i"‘j, \7?1., W',?j}ij on the primal mesh. The operator Rq (q = vx, Vy, Wx, Wy) is chosen such that q(x., ¥, t") is also
reconstructed from the same set of cell averages. Such reconstructions are used in Section 2.2. Once K® for some I > 1
is available, then Y%tV can be computed based on (3.3). This will provide approximations for p(X., ¥, t" + c+1At) (p=
u, v, w). Now the operator Rq (q = vy, Vy, Wx, Wy) in (3.18) is chosen such that q(x., ¥, t" +c41 At) is reconstructed based
on the point values {p(x;, yj, t" +c41At), p=u, v, w};j using a fourth-order HWENO strategy similar to that in Section 2.2.
with K®, =1, 2,3, 4, one can now follow the NCE-RK procedure to obtain accurate approximations for the point values of
u,v,w in (3.16).

The algorithms discussed above can be extended to the system of conservation laws, see also Section 2.

4. Numerical examples

In this section, we will present a set of numerical experiments to illustrate the high-order accuracy and the robustness
of the proposed methods to simulate one- and two-dimensional scalar or a system of hyperbolic conservation laws. The
solutions can be either smooth or non-smooth. In one dimension, the numerical results are obtained by the proposed
fiftth-order central HWENO scheme with the third-order Lax-Wendroff method (C-HWENO5-LW3) or with the fourth-order
NCE-RK method (C-HWENO5-NCERK4) in time. A uniform mesh with N elements is used. In two dimensions, the results
are by the proposed fourth-order central HWENO scheme with the third-order Lax-Wendroff method (C-HWENO4-LW3) or
with the fourth-order NCE-RK method (C-HWENO4-NCERK4) in time. A uniform mesh with Ny x Ny elements is used.



168 Z. Tao et al. / Journal of Computational Physics 281 (2015) 148-176

physical|boundary physical|lboundary
computational ghost computational computational ghost
cell cell cell cqll cell

Fig. 2. Boundary cells for primal mesh (left) and dual mesh (right).

Table 1

The linear advection equation u; + uy = 0, with u(x, 0) = sin(;rx), and a periodic boundary condition. C-HWENO5-LW3 and C-HWENO5-NCERK4. t = 2.
L1 and L, errors and orders of accuracy.

N C-HWENO5-LW3 C-HWENO5-NCERK4
Ly error Order Lo error Order Ly error Order Lo error Order
10 2.92e-001 4.83e-001 2.92e-001 4.83e-001
20 1.85e-002 3.98 2.66e-002 418 1.85e-002 3.98 2.66e-002 418
40 6.85e-004 4.76 1.10e-003 4.60 6.85e-004 476 1.10e-003 4.60
80 2.11e-005 5.02 3.69e-005 4.90 2.11e-005 5.02 3.69e-005 4.90
160 6.34e-007 5.06 1.14e-006 5.02 6.34e-007 5.06 1.14e-006 5.02
320 1.89e-008 5.07 3.52e-008 5.02 1.89e-008 5.07 3.52e-008 5.02
640 5.60e-010 5.08 1.04e-009 5.08 5.60e-010 5.08 1.04e-009 5.08

The time step At is dynamically chosen. In particular, in one-dimensional scalar case, we take
c AX
T max | /)|’

and in two-dimensional scalar case, we have

At =

_ Con
= (max | f'(u)|/Ax 4+ max|g'(w)|/Ay)

The CFL number Ccp is taken as 0.25 for one-dimensional tests, and 0.2 for two-dimensional ones except for some accuracy
tests when the time step needs to be adjusted properly to ensure the spatial errors dominate. In the system case, f’(u) and
g’(u) above are replaced by the eigenvalue of the Jacobian of f(u) and g(u), respectively, with the largest absolute value.

To apply boundary conditions, we introduce ghost cells for both the primal and dual meshes. For the primal mesh, the
boundary of the physical domain coincides with the boundary of computational cells, and we define ghost cells outside of
the physical domain (see left figure in Fig. 2). For the dual mesh, the boundary of the physical domain is located within the
computational cells and ghost cells are introduced as shown in right figure of Fig. 2. The solutions in ghost cells are then
given based on the boundary conditions, such as inflow/outflow, reflective, or periodic boundary conditions (see numerical
examples below).

4.1. Accuracy tests with smooth solutions

We first validate the accuracy of the proposed schemes when the solutions are smooth. The conservation law can be
linear, nonlinear, scalar, or system in one and two dimensions.

Example 4.1. We consider the one-dimensional linear advection equation,
U +uy=0 (4.1)

with the initial condition u(x, 0) = sin(;rx), and a 2-periodic boundary condition. The schemes are run up to t = 2, and the
CFL number C¢q =0.01. In Table 1 we present the Ly and Ln, errors and numerical orders of accuracy for C-HWENO5-LW3
and C-HWENO5-NCERK4 schemes. One can see that both schemes achieve their designed fifth-order accuracy with almost
the same errors.
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Table 2
Burgers equation u; 4 (u%/2)x = 0, with u(x, 0) = 0.5 + sin(rrx), and a periodic boundary condition. C-HWENO5-LW3 and C-HWENO5-NCERK4. t = 0.5/7.
L1 and L, errors and orders of accuracy.

N C-HWENO5-LW3 C-HWENO5-NCERK4
Ly error Order Loo error Order Ly error Order Loo error Order
10 1.19e-002 3.77e-002 1.19e-002 3.77e-002
20 1.68e-003 2.82 1.21e-002 1.64 1.68e-003 2.82 1.21e-002 1.64
40 1.24e-004 3.76 1.10e-003 3.46 1.24e-004 3.76 1.10e-003 3.46
80 5.64e-006 4.46 5.18e-005 441 5.64e-006 4.46 5.18e-005 441
160 2.22e-007 4.67 2.11e-006 4.62 2.22e-007 4.67 2.09e-006 4.63
320 6.59e-009 5.07 7.69e-008 478 6.70e-009 5.05 7.48e-008 4.80
640 1.78e-010 5.21 1.50e-009 5.68 1.57e-010 5.42 1.61e-009 5.54
Table 3

Euler equations, with p(x,0) =1+ 0.2sin(mx), v(x,0) =1, p(x,0) =1, and periodic boundary conditions. C-HWENO5-LW3 and C-HWENO5-NCERK4. t = 2.
Ly and Ly errors and orders of accuracy of density p.

N C-HWENO5-LW3 C-HWENO5-NCERK4
Ly error Order Ly error Order L1 error Order Ly error Order
10 1.75e-002 2.73e-002 1.75e-002 2.73e-002
20 9.42e-004 4.22 1.47e-003 4.22 9.40e-004 4.22 1.47e-003 4.22
40 2.94e-005 5.00 5.42e-005 4.76 2.94e-005 5.00 5.42e-005 4.76
80 8.68e-007 5.08 1.67e-006 5.02 8.66e-007 5.09 1.67e-006 5.02
160 2.63e-008 5.04 5.18e-008 5.01 2.61e-008 5.05 5.15e-008 5.02
320 7.95e-010 5.05 1.43e-009 5.18 7.75e-010 5.07 1.40e-009 5.20
640 2.32e-011 510 3.83e-011 5.22 2.07e-011 5.23 3.50e-011 532

Example 4.2. We consider the one-dimensional Burgers equation, which is scalar and nonlinear,

2
U+ (%)x —0 (4.2)

with the initial condition u(x, 0) = 0.5 + sin(;rx), and a 2-periodic boundary condition. When t = 0.5/7 the solution is still
smooth, and the L; and L., errors and numerical orders of accuracy are presented in Table 2 for C-HWENO5-LW3 and
C-HWENO5-NCERK4 schemes. We can see that both schemes achieve their designed fifth-order accuracy with comparable
errors. We take the CFL number Ccg =0.1.

Example 4.3. We consider the one-dimensional nonlinear system of Euler equations
ur+ fwx=0 (4.3)
with

T

u=(p,ov. BT, f@w = (pv.pv2+p,v(E+Dp)) .
Here p is the density, v is the velocity, E is the total energy, p is the pressure which is related to the conservative quantities
through the relation E = % + %pvz, and y = 1.4. The initial condition is set to be p(x,0) =1+ 0.2sin(wx), v(x,0) =1,
p(x,0) = 1, with a 2-periodic boundary condition. The exact solution is p(x,t) =1+ 0.2sin(r (x — t)), v(x,t) = 1, and
p(x,t) = 1. We compute the solution up to t =2 with the CFL number C,g = 0.1. The L1 and L. errors and numerical

orders of accuracy for the density p are shown in Table 3 for C-HWENO5-IW3 and C-HWENO5-NCERK4 schemes. Both
schemes achieve their designed fifth-order accuracy with comparable errors.

Example 4.4. We consider the nonlinear Burgers equation in two dimensions

u? u?
Ur + (7)){4‘ (7)}/:0 (44)

with the initial condition u(x, y,0) = 0.5 + sin(;r (x + y)/2), and a 4-periodic boundary condition in each direction. When
t = 0.5/ the solution is still smooth. The L1 and Ly errors and numerical orders of accuracy are presented in Table 4
for CCHWENO4-LW3 and C-HWENO4-NCERK4 schemes, with Ccq = 0.2. Both schemes achieve their designed fourth-order
accuracy with comparable errors.

Example 4.5. We here consider the nonlinear system of Euler equations in two dimensions
Ur+ f(U)x+gU)y=0 (4.5)
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Table 4
Burgers equation u; + (u?/2)x + (u2/2)y =0, with u(x,y,0) = 0.5 + sin(zw(x + y)/2), and periodic boundary conditions. C-HWENO4-LW3 and C-
HWENO4-NCERK4. t =0.5/m. L1 and Ly, errors and orders of accuracy.

Ny x Ny C-HWENO4-LW3 C-HWENO4-NCERK4
Ly error Order Loo error Order Ly error Order Loo error Order
10 x 10 3.32e-002 8.33e-002 3.32e-002 8.33e-002
20 x 20 3.60e-003 3.21 2.37e-002 1.81 3.60e-003 3.21 2.37e-002 1.81
40 x 40 4.02e-004 3.16 2.70e-003 313 4.02e-004 3.16 2.69e-003 313
80 x 80 2.09e-005 427 1.75e-004 3.95 2.09e-005 427 1.75e-004 3.95
160 x 160 1.10e-006 4.25 9.61e-006 419 1.10e-006 4.25 9.54e-006 4.20
Table 5

Euler equations, with p(x,y,0) =1+ 0.2sin(w (x + y)), u(x, y,0) =0.7, v(x, y,0) = 0.3, p(x, y,0) =1, and periodic boundary conditions. C-HWENO4-LW3
and C-HWENO4-NCERK4. t =2. L1 and L, errors and orders of accuracy of density p.

Ny x Ny C-HWENO4-LW3 C-HWENO4-NCERK4
Ly error Order Lo error Order Ly error Order Loo error Order
10 x 10 1.12e-001 1.72e-001 1.12e-001 1.72e-001
20 x 20 6.44e-003 412 1.01e-002 4.09 6.65e-003 4.07 1.05e-002 4.03
40 x 40 1.95e-004 5.05 3.30e-004 494 1.93e-004 511 3.27e-004 5.01
80 x 80 7.05e-006 4.79 1.23e-005 4.75 6.85e-006 4.82 1.21e-005 4.76
160 x 160 2.49e-007 4.82 4.64e-007 4.73 2.34e-007 4.87 4.43e-007 4.77
with

T
U=(p,pu,pv. BT,  f(U)=(pu, pu®+p, puv,u(E +p)) .
T
g(U) = (pv. puv, pv* + p,v(E+p)) .
Here p is the density, (u, v)T is the velocity, E is the total energy, p is the pressure which is related to the conservative
quantities through the relation E = % + %,o(u2 +v?), and y = 1.4. The initial condition is set to be p(x,y,0) =1+
0.2sin(w(x + y)), u(x,y,0)=0.7, v(x,y,0) = 0.3, p(x,y,0) =1, with a 2-periodic boundary condition in each direction.
The exact solution is p(x,y,t) =1+ 02sin(m(x + y — (u + v)t)), ux,y,t) =0.7, v(x,y,t) = 0.3, and p(x,y,t) =1. We
compute the solution up to ¢t =2 with the CFL number Ccg =0.2. The L1 and L, errors and numerical orders of accuracy
of density p are reported in Table 5 for C-HWENO4-LW3 and C-HWENO4-NCERK4 schemes. Both schemes achieve their
designed fourth or higher order accuracy with comparable errors.

4.2. Test cases with non-smooth solutions

We now test the performance of the proposed methods in terms of their resolution and non-oscillatory property when
solving problems with non-smooth features, such as shocks, rarefaction, or contact discontinuity, in their solutions.

Example 4.6. We consider the same one-dimensional nonlinear Burgers equation (4.2) as in Example 4.2 with the same
initial and boundary conditions, except that we now present the numerical solutions at t = 1.5/ after a shock forms. In
Fig. 3, the solutions of C-HWENO5-LW3 and C-HWENO5-NCERK4 schemes are plotted, together with the exact solution.
The mesh is uniform with N =80 elements. We can see that both schemes lead to non-oscillatory shock transitions in the
solutions.

Example 4.7. We here consider a one-dimensional nonlinear non-convex scalar Buckley-Leverett problem

4u? —o (4.6
ut+<4u2+(1—u)2)x_ 6)

with the initial condition: u =1 when —% <x <0 and u =0 elsewhere. The computational domain is [—1, 1], with constant
boundary conditions applied to both ends. The solution is computed up to t = 0.4. The exact solution contains shock,
rarefaction, and a contact discontinuity. We remark that some high-order schemes may fail to converge to the correct
entropy solution for this problem. In Fig. 4, the solutions of C-cHWENO5-LW3 and C-HWENO5-NCERK4 schemes are shown
with N = 80 mesh elements, together with the exact solution. One can see both schemes capture the correct entropy
solution well, with good resolutions for all the major features in the solution.

Example 4.8. We solve the one-dimensional Euler equations (4.3) with a Riemann initial condition for the Lax problem
(p,v,p) =(0.445,0.698,3.528) forx =<0, (p,v,p)=1(0.5,0,0.571) forx> 0.
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Fig. 3. Burgers equation in one dimension. u(x,0) = 0.5 + sin(rx). t = 1.5/m and N = 80. Solid line: exact solution; square: C-HWENO5-LW3; plus: C-
HWENO5-NCERK4.

. ——— Exact
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Fig. 4. The Buckley-Leverett problem. t = 0.4 and N = 80. Solid line: exact solution; square: C-HWENO5-LW3; plus: C-HWENO5-NCERKA4.

The computational domain is [—5, 5], with inflow/outflow boundary conditions applied to left/right ends. The schemes
are run up to t = 1.3. In Fig. 5, we plot the computed density p with N =200 mesh elements by C-HWENO5-LW3 and
C-HWENO5-NCERK4 schemes, together with the exact solution. One can see that both schemes render equally good non-
oscillatory shock transitions for this problem.

Remark 3. For the Riemann problems such as Example 4.8, and the next two Examples 4.9 and 4.10, the initial cell average
of the derivative of the solution is assigned as

Xit+1/2
1 1
=0
Vi = / v(x,0)dx = B(UO(XHUZ) — uo(Xi—1/2))-
Xi—1/2

Example 4.9. The non-smooth examples we have presented so far contain simple smooth regions in the solutions, for
which capturing the shock sharply with non-oscillatory transitions is the main focus and usually a good second-order
non-oscillatory scheme would give satisfactory results. The examples presented here are mainly to demonstrate the non-
oscillatory properties of the proposed high-order schemes. A high-order scheme would be more advantageous when the
solution contains both shocks and complex smooth structures. One such example is the Shu-Osher problem, which de-
scribes shock interacting with entropy waves [30]. This example is modeled by the one-dimensional Euler equations (4.3)
with a moving Mach-3 shock interacting with sine waves in density, i.e. initially
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Fig. 5. The Lax problem. t = 1.3 and N = 200. Density p. Solid line: exact solution; square: C-HWENO5-LW3; plus: C-HWENO5-NCERK4.
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Fig. 6. The shock density wave interaction problem. t = 1.8 and N = 400. Density p. Solid line: reference solution; square: C-HWENO5-LW3; plus: C-
HWENO5-NCERK4.

(p,v,p)=(3.857143, 2.629369, 10.333333) forx < —4,
(p,v,p)=(1+o0sin5x%,0,1) forx> —4.

The computational domain is [—5, 5], and the boundary conditions are taken to the same as the initial data. Here we take
o =0.2. In Fig. 6, we plot the computed density p at t = 1.8 by C-HWENO5-LW3 and C-HWENO5-NCERK4 schemes with
N =400 mesh elements, together with a reference solution obtained by the fifth-order finite difference WENO scheme [9]
with 16000 grid points, we further zoom in the oscillatory region of the solution between x = 0.5 and x = 2.5. One can see
that this example very well demonstrates the good resolution of the proposed methods to resolve smooth features in the
solution as well as the non-oscillatory nature of the methods to capture discontinuities.

Example 4.10. We here consider the interaction of blast waves, modeled by the one-dimensional Euler equations (4.3) with
the initial condition

(p,v,p)=(1,0,1000) for0<x<0.1,
(p,v,p)=(1,0,0.01) for0.1<x<0.09,
(p,v,p)=(1,0,100) for0.9 <x.

The computational domain is [0, 1], with reflecting boundary conditions applied to both ends, see [7,32]. In Fig. 7, we plot
the computed density p at t = 0.038 by C-HWENO5-LW3 and C-HWENO5-NCERK4 schemes with N = 800 mesh elements,
together with a reference solution obtained by the fifth-order finite difference WENO scheme [9] with 16000 grid points.
We can see that both schemes give equally good resolution for this problem.
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Fig. 7. The interaction of blast waves problem. t = 0.038 and N = 800. Density p. Solid line: reference solution; square: C-HWENO5-LW3; plus: C-
HWENO5-NCERK4.
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Fig. 8. Burgers equation in two dimensions. u(x, y,0) = 0.5 +sin(zw (x + ¥)/2). t = 1.5/ and Ny x Ny =80 x 80. A slide of the solution (left) at x=y,
solid line: exact solution; square: C-HWENO4-LW3; plus: C-HWENO4-NCERK4. The surface of solution computed by C-HWENO4-LW3 (middle) and C-
HWENO4-NCERK4 (right).

Example 4.11. We solve the same two-dimensional Burgers equation (4.4) as in Example 4.4 with the same initial and
boundary conditions, except that we now present the numerical solutions at t = 1.5/7 after a shock forms. In Fig. 8, we
plot a slice of the computed solution at x =y on an 80 x 80 mesh by C-HWENO4-LW3 and C-HWENO4-NCERK4 schemes,
together with the exact solution. The surfaces of the solutions computed by C-HWENO4-LW3 and C-HWENO4-NCERK4
schemes are also shown. Both schemes render good non-oscillatory shock transitions for this problem.

Example 4.12. We here consider the example of double Mach reflection, which is originally from [32] and modeled by the
two-dimensional Euler equations (4.5). The computational domain is [0, 4] x [0, 1]. The reflecting wall lies at the bottom,
starting from x = %. Initially a right-moving Mach-10 shock is positioned at x = % y =0 and makes a 60° angle with x-axis.

For the bottom boundary, the exact post-shock condition is imposed for the part from x =0 to x = %, and a reflective
boundary condition is used for the rest. At the top boundary, the flow values are set to describe the exact motion of a
Mach-10 shock. Post-shock and pre-shock conditions are imposed for the left and right boundary conditions, respectively.
We compute up to t = 0.2. We use three different uniform meshes, with 240 x 60, 480 x 120, 960 x 240 mesh elements.
We only show the results with 960 x 240 mesh elements to save space. In Fig. 9, the density contour plots are presented
in the region of [0, 3] x [0, 1] by C-HWENO4-LW3 and C-HWENO4-NCERK4 schemes, respectively. Both schemes show good
resolution to approximate the solution with comparable results. All contour plots are with 30 equally-spaced contour lines

for the density from 1.5 to 22.7.

Example 4.13. Our final example is about a Mach-3 wind tunnel with a step. It is from [32] and modeled by the two-
dimensional Euler equations (4.5). The setup of the problem is as follows. The wind tunnel is 1 length unit wide and 3
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Fig. 9. Double Mach reflection problem. t = 0.2 and Ny x Ny =960 x 240. C-HWENO4-LW3 (top) and C-HWENO4-NCERK4 (bottom). 30 equally spaced
density contours from 1.5 to 22.7.

o

Fig. 10. Forward step problem. t =4 and Ny x Ny =480 x 160. C-HWENO4-LW3 (top) and C-HWENO4-NCERK4 (bottom). 30 equally spaced density contours
from 0.54 to 6.15.

length units long. The step is 0.2 length units high and is located 0.6 length units from the left end of the tunnel. The
problem is initialized by a right-going Mach-3 flow. Reflective boundary conditions are applied along the walls of the tun-
nel, and inflow/outflow boundary conditions are applied at the entrance/exit. The corner of the step is a singular point and
we treat it based on the assumption of a nearly steady flow in the region near the corner. We compute up to t = 4. We
use three different uniform meshes, with 120 x 40, 240 x 80, 480 x 160 mesh elements. Again, we only show the results
with 480 x 160 mesh elements to save space. In Fig. 10, the density contour plots are presented by C-HWENO4-LW3 and C-
HWENO4-NCERK4 schemes, respectively. Both schemes show good resolution to approximate the solution with comparable
results. All contour plots are with 30 equally-spaced contour lines for the density from 0.54 to 6.15.
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Remark 4. For both Examples 4.12 and 4.13, the initial cell averages of the derivatives of the solutions are simply taken as
zero, namely, V?j =0, W% =0.

5. Concluding remarks

In this paper, we design high-order central Hermite WENO schemes for solving one- and two-dimensional linear and
nonlinear hyperbolic conservation laws. The methods use Hermite WENO reconstruction as spatial discretizations, Lax-
Wendroff type methods or the natural continuous extension of Runge-Kutta methods as time discretizations in a central
finite volume framework on staggered meshes. Our schemes have the advantages of being compact in reconstruction and
requiring no flux splitting or numerical fluxes. In the system case, local characteristic decomposition is applied in the re-
construction of cell averages to achieve better non-oscillatory properties of the schemes.

The spatial reconstructions proposed in this work can be directly applied to the central finite volume schemes on two
overlapping meshes [20], that evolve two sets of numerical approximations for cell averages of the solution and its first
derivative(s), defined on both meshes at the same discrete times. Central schemes on staggered meshes as in our current
work are computationally more efficient due to the halved total number of degrees of freedom. On the other hand, central
schemes on two overlapping meshes were introduced to reduce the large numerical dissipation of the central schemes on
staggered meshes when the time step size is very small compared to the spatial mesh size, and they can also be formulated
as semi-discrete methods hence can be easily combined with the commonly used nonlinearly stable TVD Runge-Kutta time
discretizations [29] following method of lines approaches.
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Appendix A

In two-dimensional case, one can use the governing equations (2.21)-(2.23) to convert time derivatives, up to the third-
order accuracy, of u, v and w into spatial ones as below.

ur=—fWx—gwy=—(fwv+gww),
uee = —(f'ue), — (&' Wue), = = (' @vue + f' Wuxe + " Wwue + g’ Wuy),
ug = —(f" W2+ f@vx+g" Wvw + g Wwy),
uye = —(f"@wv + f'@vy +g' W w)* + g wwy),
e = —(f' W W)? + W), — (8" W (u)* + g Wuer) .
ve=—(f'v), — (g'(u)v)y =—(f"@W* + f@vx+ &' wwv + g w)vy),
vie =—(f"Wuev + f'Wve), — (8" Wuev + g'Wve),

=—(f"Wvuev + f" W) (Uxev + uevy + vve) + f(U) Vi)

— (g"ywuev + g" W) (uyev + uevy + wve) + g Wvye),

v =—(f"vv + f'@vx+ g" wwv + g'Wwvy),

=—(f" @) + [ @) (vxv +2vvi) + f'W)v)
g Wyvwv + g" W) (wxv + wvx +vvy) + g' W) vyy),
fr@vv + e+ g" wwv + g wvy),

= (
vy =—(
= (" @w @) + Wy + vy + wry) + [ W) vay)
— (€7@ W)V + 2" W) (Wyv +2wvy) + g W)vyy),
viee = —(f" W o)V + f @) ey + 2ueve) + f'@vie),
— (8" W W)?v + g" W) (Ueev +2ueve) + g W),

we =—(f'ww), — (g ww), =—=(F"Wvw + f@wy+g" W)’ + g @wy),
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wie = —(f"@uew + f'Wwe), — (&"Wuew + g'ww),,
=—(f"@vuew + f"(u) (U w + uwy +vwy) + f (W) wy)
— (g"Wwuw + g" W) (uyew + urwy + wwy) + g' W wy),
wy =—(f"@vw + fwywy+ g" @Www + g’ wywy),
=—(f" @y’ w + @) (Vew +2vwy) + f' ) W)
— (&"@v(W)® + &' W) (Wxw + wwy + vw)) + g () wyy),
wye = —(f"Wvw + fuywx+g" www + g’ wwy),
= (" @wyw + @) vy w + vwy + wwy) + [/ (1) way)
— (8" W) + g" W) (wyw +2ww,) + g’ (W)wyy),
Wee = — (" @ uo)?*w + f7 @) (uew + 2uwy) + flaywe),
— (& W )?w + g" W) (e w + 2uewe) + g Wwr) -
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