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Abstract. In this paper, a high-order moment-based multi-resolution Hermite
weighted essentially non-oscillatory (HWENO) scheme is designed for hyperbolic con-
servation laws. The main idea of this scheme is derived from our previous work [J.
Comput. Phys., 446 (2021) 110653], in which the integral averages of the function and
its first order derivative are used to reconstruct both the function and its first order
derivative values at the boundaries. However, in this paper, only the function values at
the Gauss-Lobatto points in the one or two dimensional case need to be reconstructed
by using the information of the zeroth and first order moments. In addition, an extra
modification procedure is used to modify those first order moments in the troubled-
cells, which leads to an improvement of stability and an enhancement of resolution
near discontinuities. To obtain the same order of accuracy, the size of the stencil re-
quired by this moment-based multi-resolution HWENO scheme is still the same as the
general HWENO scheme and is more compact than the general WENO scheme. More-
over, the linear weights are not unique and are independent of the node position, and
the CFL number can still be 0.6 whether for the one or two dimensional case, which has
to be 0.2 in the two dimensional case for other HWENO schemes. Extensive numerical
examples are given to demonstrate the stability and resolution of such moment-based
multi-resolution HWENO scheme.
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1 Introduction

In this paper, a high-order moment-based multi-resolution Hermite weighted essentially
non-oscillatory (HWENO) scheme is designed for hyperbolic conservation laws

Mt+V'f(M)—O, (11)
u(xy,-,x4,0) =ug(x1,-+,xg).
We concentrate our attention on the one and two dimensional cases (d =1 or 2), and in
these cases we denote x; as x and x; as y.

Conservation laws arise from the physical law that the conservative quantity in any
control body can change only due to the flux passing through its boundaries, which nat-
urally hold for many fundamental physical quantities, such as the mass, momentum,
energy and so on. Such conservation laws are widely used in a broad spectrum of disci-
plines where wave motion or advective transport is important: gas dynamics, acoustics,
elastodynamics, optics, geophysics, and biomechanics, to name but a few.

The differential equation (1.1) can be derived from the integral equation by simple
manipulations provided that the conservative quantity and its corresponding flux are
sufficiently smooth. This proviso is important because in practice many interesting so-
lutions are not smooth, but contain discontinuities such as shock waves. A fundamental
feature of nonlinear conservation laws is that discontinuities can easily develop sponta-
neously even from smooth initial data, and must be dealt with carefully both mathemati-
cally and computationally. At a discontinuity in the conservative quantity, the differential
equation does not hold in the classical sense and it is important to remember that the in-
tegral form of the conservation laws does continue to hold which is more fundamental.
This is also why we choose conservative schemes, such as the finite volume method con-
sidered in this paper, which is based on the integral form of the conservation laws.

Since conservation laws have a very wide range of applications and it is almost impos-
sible in general to get their exact solutions, many scholars have explored and proposed
a series of numerical methods and are still trying to improve the performance of these
algorithms. In 1994, Liu et al. proposed the first finite volume WENO scheme in [17],
and then, in 1996, Jiang and Shu improved this WENO scheme to fifth order and to con-
servative finite difference formulation (which is more efficient in multi-dimensions), and
gave a general definition of the smoothness indicators and nonlinear weights in [12]. The
methodology of such WENO schemes is to use a nonlinear convex combination of all
the candidate stencils to improve the order of accuracy in smooth regions without de-
stroying the non-oscillatory behavior near discontinuities. This is also the difference of
such WENO schemes from the ENO schemes in [10,22,23], which only choose the locally
smoothest stencil automatically among all the central and biased spatial stencils. There-
after, different kinds of WENO schemes have been developed in, e.g. [1-3, 6,18, 28,29].
Although these WENO schemes work well for most of the problems we encountered,
there is still room for improvement. For example, if we want to obtain a higher order
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scheme, we must further expand the stencil. This will make our scheme not very com-
pact and will also bring trouble to the processing of the boundary conditions. In order
to overcome this drawback, Qiu and Shu proposed the first HWENO scheme and ap-
ply it as limiter for discontinuous Galerkin (DG) method for one-dimensional problems
in [19] and then, in 2005, they extended this HWENO scheme to two-dimensional prob-
lems in [20], where two different stencils were used to reconstruct the function and its
first order derivative values, respectively. The scheme evolves lower degree polynomials
while reconstructing higher degree polynomials to approximate the solution. Dumbser
et al. [8] extended the scheme to a new family of in-cell recovery DG method, referred
to as Py Py methods, which yields a general, unified framework that contains two im-
portant special cases, the classical high order finite volume (FV) schemes (N =0) and the
conventional discontinuous Galerkin (DG) method (N = M), and the HWENO schemes
can be seen as the P; Py; method. The main difference of such HWENO scheme from the
WENO scheme is that both the function and its first order derivative values are evolved
in time and used in the reconstruction process, not like the WENO scheme in which only
the function values are evolved and used. This allows the HWENO scheme to obtain the
same order of accuracy as the WENO scheme with relatively narrower stencils. But there
occurs a new issue, that is this HWENO scheme is not stable enough when simulating
certain severe problems with strong discontinuities, including the double Mach and for-
ward step problems. This difficulty is largely due to the fact that the first order derivative
values may become very large near these discontinuities. Thus, the stability issue may
arise, if these large values are used straightforwardly without any modification. Driven
by the goal of solving this issue, many effective methods based on the idea of the origi-
nal HWENO scheme have emerged. For example, the scheme with a new procedure to
reconstruct the first order derivative values by Zhu and Qiu in [27] in 2008, the scheme
with an additional positivity-preserving limiter by Liu and Qiu in [15, 16] in 2015 and
2016, the scheme with a troubled-cell indicator to modify the first order moments near
the discontinuities before the reconstruction algorithm by Zhao et al. in [25,26] in 2020,
the scheme with a hierarchy of nested central spatial stencils by Li et al. in [14] in 2021
and so on, have been developed.

In 2018 and 2019, Zhu and Shu proposed a new type of high-order finite difference
and finite volume multi-resolution WENO schemes in [28,29], which only use the infor-
mation on a hierarchy of nested central spatial stencils and can not only obtain high order
accuracy in smooth regions but also allow the accuracy near discontinuities to degrade
gradually. Following the idea of these multi-resolution WENO schemes, we designed
a new type of high-order finite volume and finite difference multi-resolution HWENO
schemes in [14] in 2021, for which only the function values need to be reconstructed by
the HWENO schemes, and the first order derivative values are obtained directly from the
polynomial with the highest degree in the hierarchy. This can improve the resolution of
the scheme but does not have much effect on its stability, since the first two layers in the
hierarchy do not contain the information of the first order derivative. In this paper, the
function and its first order moment values are used in our reconstruction algorithm, and
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only the function values are needed to be reconstructed according to our control equa-
tions. Thus, the coupling between the function and its first order moment is stronger.

There are two issues to be addressed. The first one is that, although the bigger the
linear weights are for higher degree polynomials, the steeper the shock transitions be-
come near the discontinuities, the gap between these linear weights cannot be too large,
otherwise the corresponding nonlinear weights will still be too close to the linear weights
near the discontinuities. This will cause problems, since the higher degree polynomials,
which require the information of the first order derivative or moment, account for too
much in the final reconstruction polynomial, but such first order derivative or moment
values may be very large near the discontinuities. The other one is that with the suit-
able choice of the linear weights, the order of the final reconstruction polynomial will
degrade gradually near the discontinuities until it drops to first order, which will smooth
out these discontinuities to a certain extent. Guided by the idea of Zhao et al. in [25,26],
we first perform the reconstruction algorithm, and then modify the first order moments
of the troubled-cells and repeat the reconstruction algorithm for these troubled-cells to
update the corresponding Gauss-Lobatto point values. After such a modification pro-
cedure, the proportion of the last two layers will become much higher than that of the
first two layers in the reconstruction process, thus the resolution near the discontinuities
can be increased significantly. In the meantime, this modification procedure can also im-
prove the stability of the scheme by reducing the magnitude of the first order moments
near the discontinuities. In order to better adapt to our high order scheme, we choose
the HLLC-flux (Harten-Lax-van Leer-contact flux) to be our numerical flux, which is an
approximate Riemann solver by assuming that there are four states in the transition from
the left to the right states, thus staying closer to the real physical situation.

The organization of this paper is as follows: In Section 2, we describe the reconstruc-
tion procedure of the moment-based multi-resolution HWENO scheme for hyperbolic
conservation laws in the one and two dimensions in detail. In Section 3, we propose a
number of numerical examples to illustrate the accuracy and resolution of our HWENO
scheme. Concluding remarks are given in Section 4.

2 Moment-based multi-resolution HWENO scheme

In this section, we describe the reconstruction procedure of the moment-based multi-
resolution HWENO scheme for the one and two dimensional hyperbolic conservation
laws, which has sixth order of accuracy in smooth regions and high resolution near
discontinuities. Here sixth order is simply taken as an example, arbitrarily high order
HWENO schemes can be designed following the same lines.

2.1 One dimensional case

In this subsection, we first consider the following relatively simple one-dimensional hy-
perbolic conservation laws
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{”t+f(”)":0’ 2.1)

u(x,0)=up(x).

For simplicity, the computational domain is divided by a uniform mesh I;=[x;_1,2,%;:1,2]
with the uniform mesh size Ax = x;;1/p—x;_1/, and the corresponding cell center is
denoted by x; = (xl 1/2+Xiv1/2)-

Firstly, mu1t1ply the governing equation (2.1) by = and -5, respectively. Then,
integrate the resulting equations over the target cell I; and perform the integration by
parts, obtaining the following equations

ﬁ/l.utdx: _Aix [f(u(xi-i-l/z,t)) —f(u(xi_l/z,t))} ,

1 X—X; 1 1 (2.2)
1
A_x/”* Ry = 5Ay [f(u(xi+1/2r )+ f(u(xio1/2, ))]"’(Ax)z /Iif(u)dx'
Next, define the zeroth and first order moments as follows
1
T(f) = —/ w(x,t)dx,
Ax (2.3)

_ 1 X—X;
o;(t) = A—x/pu(x't) Axldx,

and then, swap the spatial integration and time derivation and approximate the flux by
a numerical flux, obtaining the following semi-discrete conservative scheme

dm(t) 1

o=z fim2—ficin), o
do;(t) 1 ,, A 1 '
ét == 5ay Jir12t ficaya) + zFi(w).
Here, the numerical flux is taken to be the HLLC flux fi /> :fHLLC(u;rl/z,u:rl/z). As

an example, for Euler equations

9 Y 9 Oou
5| oew 50| e tr | =0 (2.5)
E u(E+p)

where p is the density, y is the velocity, E is the total energy and p is the pressure, the
specific expression of the HLLC flux is as follows:

fr,0<sz,
fi, s <0<s",
fr,s" <0<sg,
fr,sr <0,

]?HLLC(

ML,MR): (26)
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where fi /g = f(ur/r), fi ;g = fr/rR+s1/R% (U] )g—UL/R); SL=HL —CL*COCfL, SR = PR+CR*
coefr,

1, p*<prL/r/
coe = * _ 2.7
fLir \/Hmm(p ) R 27)
2y
1
_ SL/R—HL/R s* 2.8
“L/R=PL/R* SL/R—S* * Eug | (g% — *(S*+ PL/R > ’ @8)
PL/R HL/R oL/R*(SL/R—HL/R)

where p* = PL""PR""(P‘L;P‘R)*(C**P*) g* }1L+HR+(PL UVACHTR ;pt = PLerPR c* — cLercR; and 7

is the ratio of specific heats. The integral term Fi(u) is approx1mated by a four-point
Gauss-Lobatto integration

Fi(u) = — dx~ Y P 2.9
(0= 5 fO0dem Y (uaf0), 29)

where the weights are w) = w4 = 15, w» =w3 = 3 and the quadrature points on the target
cell I; are

GL GL GL GL
X1 =Xi-1/2, X3 :xif\/g/l()’ X3 :xi+\/§/10/ X =Xit1/2/

where x; = x;+¢Ax.

Finally, we present the spatial reconstruction procedure of the point values {u;" /2
Ui /5100 Yig /5107 ”i_+1/2} from the given moment values {#,7|;_1;%,7|;;%,7|;41 } in detail
as follows:
The 1D Reconstruction Algorithm:
Step 1. Reconstruct the Gauss-Lobatto point values of u.

Step 1.1. Reconstruct a series of polynomials of different degrees.

First, select a series of central spatial stencils and reconstruct a zeroth degree polyno-
mial g1 (x), a quadratic polynomial g2 (x), a cubic polynomial g3(x) and a quintic polyno-
mial g4(x), respectively, such that

1 _ .
E/qul(x)dx—uk, k=i;

1 _ . ..
E/quz(x)dx—uk, k=i—1,i,i+1;

1 q3( Ydx =1y, k=i—1,i,i+1; L/ qg,(x)x_ik"dx:ﬁkx, ky=i;
L

Ax Ax Ji, A

1 1 -

Az ), B800dx =T, k=i=1ii+1 B/I q4(x)xA3;kxdx:5kx, ke=i—1,ii+1.
kx

(2.10)
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Then, the polynomials g;,(x) are transformed to obtain a new set of polynomials
p1,(x), whose expressions are given by (2.11)

71(x), L=
p(x)= 1 bl (2.11)
xX)— . x), 1b=23/4,
%2112%( ) l; - pi(x), b

with 252:171,12 =1, 7,1, #0, [, =2,3,4, where these y;, ;, for y =1,---,I5; [, =2,3,4 are the
linear weights and are defined as

b =

711,12 12 — ’ 711,12 = 101171; ll - 1/ e 112; 12 - 2/3/4' (2'12)
Z:l 1710

As for why we choose such a set of linear weights, we will discuss in detail in Remark
2.1 later. Putting these linear weights into (2.11), obtain the following relations

pr(x) =q1(x),
1 1

pz(X):qu(x)—qu(x), o
111 11 .
Pa(x)—m%(x) 100012( X),
1111 111

pa(x)= ﬁ%(x) 1000613( X).

Step 1.2. Compute the corresponding nonlinear weights of the above polynomials.
First, compute the smoothness indicator f;, of function py, (x) in the interval I;:

2
Z/A 20 1<d pi(x )> dx, =234, (2.14)

where ¥ =2,3,5 for [, =2,3,4. It is important to note that the definition of B; is different,
where a new polynomial g{*“(x) is required and is defined as follows:

(1) Reconstruct two polynomials 17 (x) and g1 (x), such that

1 _ . .
E/quu(x)dx—uk, k=i—1,i;

1

(2.15)
E/qum(x)dx:uk, k=ii+1,

and then, obtain their associated smoothness indicators

Bio=(Ui—Ti1), Pir=(Tip1—4)%, (2.16)
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and the absolute difference 73 between B and Bir

=i Pl (2.17)
where the selection of the power is to be consistent with the definition (2.23) of 74 later.

(2) Give these two polynomials g17.(x) and g1z (x) the same linear weights y1;. =v1r = %
and calculate the corresponding nonlinear weights as

w1L W1R
WL =———"—, WIR—VF—————, (2-18)
1 w1+ Wir w1L+WiR
_ T _ T
w1, ="71L <1+ ,31L1+€> , WIR=YIR <1+ ,31R1+8> , (2.19)

where ¢=10710 is applied to avoid the denominator of (2.19) to be zero.

(3) Obtain a new polynomial

71" (x) = wirq1L(x) +wirgir (%), (2.20)

and set 1 to be

d new x 2 . . . . 2
B1 :/IiAx <qch()> dx = (WlL(”i_uifl) +W1R(ui+l_ui)> : (2.21)
Then, we still adopt the idea of WENO-Z as shown in [6] to define the corresponding
nonlinear weights
_ Wha ( ! > _
Wna=—g —+ WLa=74 1+ s 11_1/"'/4/ (222)
S Y1/ Pr+e

where ¢ is also taken to be 1071° and the quantity 74 is defined to be the absolute difference
among above smoothness indicators

3 2
Ty = <72’—1“;4_ﬁl|> : (2.23)

Step 1.3. Obtain an approximation polynomial u;(x) of u(x).
The new reconstruction polynomial u;(x) of u(x) is defined as

4
ui(x) =) wiapi(x), (2.24)
1=1
and the Gauss-Lobatto point values that we need are taken to be

wi p=ui(Xic1/2), Ui 50 =4i(Xis 510)r Wiv12=Hi(Xip1/2)- (2.25)
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Step 2. Update the Gauss-Lobatto point values of u in the troubled-cells.

Step 2.1. Identify the troubled-cells.

The so-called troubled-cells are those cells that may contain discontinuities. In 2005,
Qiu and Shu systematically investigated and compared a few troubled-cell indicators for
the Runge-Kutta discontinuous Galerkin method in [20]. Here, we choose the KXRCF
troubled-cell indicator proposed by Krivodonova et al. in [13] to identify the troubled-
cells, and its judgment criterion is that the target cell I; is identified to be a troubled-cell,

if
Uar; (ui(x) _”n[(x))ds‘
- >

SR
hy* oI [[Jui(x)]]
W <0,7

N;

1, (2.26)

where 01, is the inflow boundary ( is the velocity of the flow and 7 is the
outer normal vector to d1;), I, is the neighbor of I; on the side of 01", h; is the length of the
cell I;, the parameter p (i.e. the degree of u;(x)) is taken to be 5, u;(x) is the approximation
polynomial of u(x) obtained in Step 1 above and the norm is taken to be the L* norm.

Step 2.2. Modify the first order moments in the troubled-cells.

If the target cell I; is identified to be a troubled-cell, we would like to modify the first
order moment 7; in it. First, obtain a quartic polynomial by linear interpolation, which
satisfies

1 ) 1 — . .
e Ikpo(x)dxzﬁk, k=i—1,i,i+1; A—x/lk po(x)fockxdngkx, ky=i—1,i+1, (2.27)
and then, modify the first order moment v; as
_ 1 X—X; 5_ 5_ 11_ 11_
vi= A—X/I, po(x) szdx: —%”z‘—1+%ui+1 ~3gVi-17 3g Vi1 (2.28)

Step 2.3. Update the Gauss-Lobatto point values of u for these troubled-cells.

After modifying the first order moments in the troubled-cells, repeat the reconstruc-
tion process Step 1 for these troubled-cells to update corresponding Gauss-Lobatto point
values of u.

Step 3. Discretize the semi-discrete scheme in time.

After all these Gauss-Lobatto point values are obtained, substitute them into the for-
mula of the numerical flux. Then, discretize (2.4) by a third-order TVD Runge-Kutta
method in time

uy =ur+AtL(U"),

3 1 1
T O (€ u
1 2 2
ntl_Lom 2702, £ (2)
u JU U+ AL (Uu®),

to obtain a fully discrete scheme.



J. Li, C.-W. Shu and J. Qiu / Commun. Comput. Phys., 32 (2022), pp. 364-400 373

Remark 2.1. In Step 1 above, through a series of Taylor expansion analyses, we can verify
that B; = u 2 Ax>+O(Ax*), 1=1,2,3,4, thus By — ;= O(Ax*) for [ <4 and 7, = O(AxP),
then

4
u(x) —ui(x) =u(x) _ZZ‘UZAPZ (x)
=1

4 4
= [M(x)—lZ%APz(x) +l (Wra—714) (u(x)—i?z(x))
=1 =1
=O(Ax®)+0O(Ax®)xO(Ax)
=O(Lx). (2.30)

According to above Taylor expansion analyses, we can prove that our reconstruction al-
gorithm can obtain sixth order of accuracy in smooth regions. When there is a disconti-
nuity in the target cell I;, the modified first order moment 7; in (2.28) will become O(1),
for the difference between u; 1 and %, 1 is O(1).

As in our previous paper [14], the linear weights are not unique and are indepen-
dent of the node position. We have also tried other choices of the linear weights with
Ty b= 2h—1, Y1yl =4h-1 Vi b= 6h=1, Y= 81~1. From our numerical experiments, we
find that even though different choices of the linear weights do not affect the order of
accuracy in smooth regions, they do affect the resolution near discontinuities. That is
to say, the bigger the linear weights are for higher-degree polynomials, the steeper the
shock transitions become, but also the more unstable the scheme becomes. Thus, the gap
between these linear weights should not be too large, otherwise it could become too close
to the linear interpolation, which could cause oscillations. We must find a balance. How-
ever, due to the space limitation, we only show the results of one choice, which is also the
choice in [28,29] and our previous paper [14]. We choose these series of linear weights
for fair comparison and they do work well for all our numerical examples. It is worth
mentioning that this modification procedure can also improve the stability of the scheme
by reducing the magnitude of the first order moments near the discontinuities.

Remark 2.2. In Step 2 above, we can also choose other indicators to identify troubled-
cells, such as the minmod-based total variation bounded (TVB) limiter in [7], moment
limiter of Biswas, Devine and Flaherty in [4], a modification of the moment limiter by
Burbeau, Sagaut and Bruneau in [5], the monotonicity-preserving(MP) limiter in [24], a
modification of the MP limiter in [21], a troubled-cell indicator based on Harten’s subcell
resolution idea in [9] and so on. But as shown in Section 3, the KXRCF troubled-cell indi-
cator works pretty well for our scheme in the one-dimensional case. What needs a special
attention is that, for the one dimensional scalar equation, the solution u is defined as our
indicator variable, and then the corresponding o = f'(u); for the one dimensional Euler
system, only the density p is set to be our indicator variable, and then the corresponding
v = u is the velocity of the fluid. In short, for the one dimensional case, the line integral
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average in the formula (2.26) is actually the boundary point value, that is

1
=T i(x) —un,(x))d
oy (060 ()
:‘(ui*_% —ulf_%)*sf(7i_%)+(u;+% —u;%)*sf(—7i+%) , (2.31)
where the switch function sf(x) is defined as
1, x>0,
f (%) _{ 0, otherwise, (2.32)

and the norm ||u;(x)|| is taken to be the maximum norm of all the Gauss-Lobatto point
values in the cell [; (i.e. ||u;(x)]| %max{]u;r_l/zl,]ui_\/g/lo|,|ui+\/§/10|,|uijr1/2|}). Note that
all the values used in the troubled-cell indicator are already obtained in the reconstruction
process Step 1, thus there is no need to reconstruct an extra polynomial as in [25,26].

According to [13],

i~ nd:/ i d / — Uy, )d
/31i(u Up, )ds ar(u u)ds+ al,jl.(u Up,)ds

B { O(hPT2)+O(h?PT2)=O(hP+2), uly, is smooth,

2.33

Oh)+O(h)=0(h), ulyy, is discontinuous, (2.38)
where the parameter p also represents the degree of u;(x) and is taken to be 5. Here, we let
the troubled-cell indicator converge to the smooth case twice as fast as the discontinuous
case, then as either 1 —0 or p — o

1 (2.34)

— — 09, Ul is discontinuous,

X {O(hz(p;w)—m, 1|y, is smooth,
i=
om')

thus the troubled-cell indicator can be defined as

N; <1, I;isnot a troubled-cell,
(2.35)

N;>1, I[;isa troubled-cell.

2.2 Two dimensional case

In this subsection, we then consider the following more complicated two-dimensional
hyperbolic conservation laws

{ut+f(u)x+g(u)y=0f (2.36)

u(x,y,0) =uo(x,y).
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Still for the sake of simplicity, the computational domain is divided by a uniform
mesh [; ;= [x;_1/2,Xi+1/2] X [Yj—1/2,Yj+1/2] with the uniform mesh sizes Ax=x; 11/, —Xi_1,2
in the x-direction and Ay=y;,1/2—Yj 1,2 in the y-direction, and the corresponding cell
center is denoted by (x;,yj) = (3 (xi—1/2+Xi+1/2),3 (Vj-1/2+Yj+1/2) )-

Firstly, multiply the governing equation (2.36) by ﬁﬁy’ m% and m y;—ij, re-
spectively. Then, integrate the resulting equations over the target cell [;; and perform the
integration by parts, obtaining the following equations

Yj+1/2
1 1
m/”thdy:—AxAy / [f(“(xi+1/2/y/t)) —f(”(xz‘—l/z/yzf))}dy
ij Yj-1/2
1 Xit1/2
NI [g(”(x/yjﬂ/z/f)) _g(”(x/yjfl/bt))}dx/
Xi-1/2
1 1 Yj+1/2
X—X; __ ‘ ‘
AXAy Ut Ax dXdy_ ZAXA]/ / [f(u(lerl/Z’y't))+f(u(xl*1/2'y’t))]dy
Li Yji-1/2
1 1 Xit+1/2
X—X;
+m/f(“)dﬂiy— Axby {g(”(xrijrl/Zrt)) —8(“(9@%‘71/21))} A—xdx’
ij Xi-1/2
1 y—y 1 Yj+1/2 y—y
—Jj _ ) . ] —Jj
AXAyI/ut Ay dXdy_ AXAy | |:f(u(xl+l/2'y’t)) f(u(xlfl/Z’y’t))} Ay dy
ij Yj-1/2
Xit+1/2
VNN / [2(u(xy100) +8(u(xy; 172 t))}dH#/g(u)dxdy.
2AxDy Seant i1 Ax(Ay).
Xi-1/2

ij

(2.37)

Next, define the zeroth and first order moments in the x and y directions as follows

- 1

()= Axly /Ii,j“(x/yzt)dxd%

~ 1 X—X;

Ui,j(t)—m/li,j”(x/y/t) Ay XAy (2.38)
= o1 Y-y

wl/](t>_ AXAy /I,*,ju(x,y/t) Ay dXdy’

and then, swap the spatial integration and time derivation and approximate the flux by
a numerical flux, obtaining the following semi-discrete conservative scheme
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Yj+1/2 [ a

dﬁi,j(t) o 1 R
dt ~ AxAy /yjm (u(xiz1/2,)) —f(u(xl_l/z,y))]dy
Xit1/2 [A

—1 A
_AxAy/an g(u(x,yj+1/2))—g(u(x,yj_l/z))}dx,

dvi;(t) : /yj+1/2 [Jf(”(xiﬂ/z/y))+Jf(”(xi‘1/2’y))]dy

dt 1 ZAxAyl yH/zx 2.39)
/2 . Y
+EFi,j(u)—TxAy /Xi_m [g(u(x,yjﬂm))—g(u(x,y];lm))} Axldx’
dﬁi,j(t) o 1 Yit1/2 [ o . Y-y
it Axly /y/uz [f(u(xi+1/2/y)) _f(”(xi—l/zzy))} Ay dy

Xit1/2 {

1 ) 1
_ZAxAy /3;1'—1/2 8(”(xryj+1/2))+g(”(x/yj1/2))]dx+A—yGi,j(u).

Here the numerical fluxes are still taken to be the HLLC fluxes, and the integral terms are
also approximated by a four-point Gauss-Lobatto integration, for instance

1 4 4
Fij 27/ dxdy ~ chyrt), 2.40
1,](14) AXAy Ii,jf(u) xay I;;(LJkWZf(M(Xk Yi )) ( )
1 Yi+1/2 4 4 . oL
T / fu(xiviy))dy= Y wif (u(xipa297")), (2.41)
Y Yi-1/2 =1
1 Xit1/2 x —X; 4 xGL—x-A
A_X/x,-_l/z Axlg(”(x,yjﬂ/z))dx%l;wk kAx e(u(xh i), (2.42)

where the weights are w) =wy = 5, w» = w3 = 3 and the quadrature points on the target

cell I;; are

X?L =Xi—1/2/ xch =X;_\/5/10" xscL =X, 1\/5/10” fo =Xit+1/2s
V=i vt =Yi—5/100 ys" ~Yj+v5100 it =Y
where x; s =x;+{Ax and y;,, =y +1 Y.

Finally, we present the spatial reconstruction procedure of the point values
{ui, pjin1=1234}, {u7, &iv1/2k=123,4} and {ujrg iy k=23;1=23} 1 =m =
—1/2, 6= = —/5/10, & = 3= v5/10 and & = 74 =1/2) from the given cell-average
values {ﬁ,ﬁ,ﬁ]kxlky; ky=i—-1,i,i+1; ky,=j—1,j,j+1} in detail as follows:

The 2D Reconstruction Algorithm:

Step 1. Reconstruct the Gauss-Lobatto point values of u.
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7 [8] 9 |j+1
4 [5] 6 | j
T (2] 3 |j-1

i—1 1 i+1

The big stencil and its new labels.

Step 1.1. Reconstruct a series of polynomials of different degrees.
Step 1.1.1. Reconstruct a zeroth degree polynomial g1 (x,) such that

1 =
Axiy /qul(x,y)dxdy—uk, k=5.

Step 1.1.2. Reconstruct a quadratic polynomial g (x,y) such that
1 =
m/lqu(x,y)dxdy— U, k=1,---,9.
Step 1.1.3. Reconstruct a cubic polynomial g3(x,y) such that

1 ~
M/qug(x,y)dxdy:uk, k=1,---,9;

1 X — Xk, = e
M/Ikx%(x,y) N dxdy=7v, k.=5;
1 Y=Yk,

M/Iky%(x,y) Ay dxdy:wky’ ky=>5.

Step 1.1.4. Reconstruct a quintic polynomial g4(x,y) such that

1 ~
AxAy/qu‘*(x’y)dXdy_”"' k=1,---,9;

1 X — X, - B '
AxAy /Ikx q4(x,y) Ax dxdy_ vkx’ kx - 113/4/5/6/7/91

1 y_yky o= o
M/Iky%(x,y) Ay dxcly—wky, ky=1,2,3,5,7,8,9.

377

(2.43)

(2.44)

(2.45)

(2.46)

What needs special attention is that the number of equations is greater than the number
of unknowns when we reconstruct the quadratic polynomial g,(x,y), the cubic polyno-
mial g3(x,y) and the quintic polynomial g4(x,y). To solve this problem, we require these
polynomials must have the same cell average as u on the target cell [; ; (to maintain con-
servation) and match the other conditions in a least square sense as described in [11].

Step 1.1.5. Then, further manipulate the above reconstructed polynomials to obtain a

new set of polynomials p;, (x,y) as follows

71 (xy), =1,
L—1

pL(x,y) = 1 YLl
xX,)— —2p(xy), =234,
7lm%( y) 1221 vzz,zzp’( y), b

(2.47)
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with 252:171,12 =1, 1,1, 70, I, =2,3,4, where these v, |, for [y =1,---,I5; 1, =2,3,4 are still
the linear weights and are defined as (2.12). Likewise putting these linear weights into
(2.47), obtain the following relations

p1(xy)=q1(x,y),
11 1
pa(xy) = qu(x,y) 1o (x,y),

111 11 (2.48)
p3(xy) = 35593 (% Y) — 15072 (X. 1),
1111 111

Pa(XY) = 155074 (V) — 150993 (% Y)-

Step 1.2. Compute the corresponding nonlinear weights of the above polynomials.
First, compute the smoothness indicator f;, of the function py, (x,y) in the interval I; ;:

2
ol
Z/ |Il]|‘a‘ 1( x(xxayﬂéypl2(x’y)> dxdyl 12:2/3/4/ (2.49)

where a = (ay,ay), |«| =ax+a, and k=2,3,5 for [ =2,3,4. Note that the definition of B; is
an exception, where a new polynomial {*“(x,y) is required and is defined as follows:

(1) Reconstruct four polynomials g1 (x,y) for k=1,2,3,4, such that
L/ (x,y)dxdy =75, k=45,8;
AxAy qull /y y_ ks — x,9,0,

1 ~
m /quu(x,y)dxdy =uy, k=5,6,8;

) (2.50)
—_— )dxdy =1, k=2,5,6;
AxAy/qul3(x y)dxdy =1
1 -
A dxdy =1, k=2,4,5,
AxAy/quM(x y)dxdy =1
and then, obtain their associated smoothness indicators
B = (il —ti—1,/)*+ (il jp1 — i )%,
Bro = (lig1,j— ;)% + (1 —10i, ), 251)
Bz = (i1, — i)+ (i j— i j-1)%,
Bra= (il —ti_1,/)*+ (i j— i j-1)%,

and the absolute difference 71 among these smoothness indicators

_ <Zk#l|,3ék_.311| )2’ 2.52)
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where the selection of the power is to be consistent with the definition (2.17) of 7; in the
one dimension.

(2) Give these four polynomials q1x(x,y) the same linear weights 1 = % for k=1,2,3,4
and calculate the corresponding nonlinear weights as

W1k
Wik = —, (2.53)
Y@y
_ 51
W= 1+ , k=1,2,3,4, 2.54
1k = Y1k < Biet s> ( )

where ¢ is still taken to be 10719 as in the one dimensional case.

(3) Obtain a new polynomial

i (xy) = Zwuqu xY), (2.55)
=1

and set 1 to be

5lal 2
B1= Z |11]|“x ( x"‘xay“y new(x y)) (2.56)

where a = (ay,0y), |a| =y —ny.
Then, define the corresponding nonlinear weights as (2.22).

Step 1.3. Obtain an approximation polynomial u;(x,y) of u(x,y).
The new reconstruction polynomial u; ;(x,y) of u(x,y) is defined as

u;j(x Zwl ap1(xy), (2.57)

and the Gauss-Lobatto point values that we need are taken to be

:t .
Wirr o joy = ij(Xig1/2.Yjen ), 1=1,2,34;
“igkm/z =uij(Xirg YjF12), k=1,234 (2.58)
Uitggjrm =Wij(Xive Yivn ), k=2,3; 1=23,

where & =11 =—1/2, & =1=—+/5/10, &3=13=+/5/10and &, =1, =1/2.

Step 2. Update the Gauss-Lobatto point values of u in the troubled-cells.
Here, we still choose the KXRCF troubled-cell indicator to identify the troubled-cells
as in the one dimensional case, that is the target cell Il-,]- is identified to be a troubled-cell,

if
Ual— (”i]' x,Y) _uni,j(x’y))ds‘
Ni,j = >1, (2.59)

!8[ !Hul] )|
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where alil_j is the inflow boundary (T-7 <0, 7 is the velocity of the flow and s
the outer normal vector to d1;;), I,,; is the neighbor of I;; on the side of 8[1.,_]., hi; is the
length of the cell [;;, the parameter p (i.e. the degree of u;;(x,y)) is also taken to be 5,
u;j(x,y) is the approximation polynomial of u(x,y) obtained in Step 1 and the norm is
still taken to be the L™ norm. If the target cell [;; is identified to be a troubled-cell, we
would like to modify the first order moment v;; in the x direction by using the infor-
mation of {u;_ 1],ul],ul+1],vl 1],01“]} and modlfy the first order moment w;; in the y
direction by using the information of {u; ; 1, Wi, U ]+1,w1 i 1, ]+1} in a dimension-by-
dimension manner. After modifying the first order moments in the troubled-cells, repeat
the reconstruction process Step 1 for these troubled-cells to update the corresponding
Gauss-Lobatto point values of u.

Step 3. Discretize the semi-discrete scheme in time.

After all these Gauss-Lobatto point values are obtained, put them into the formula of
the numerical flux. Then, discretize (2.39) by the third-order TVD Runge-Kutta method
(2.29) in time to complete the entire discretization process.

Remark 2.3. In Step 2 above, we still choose the KXRCF troubled-cell indicator to identify
troubled-cells. As shown in Section 3, the KXRCF troubled-cell indicator works pretty
well for our scheme in the two-dimensional case as well. What needs a special attention
is that, for the two dimensional scalar equation, the solution u is defmed as our indicator
variable, and then the corresponding 7 = f'(u) in the x-direction and @’ =g (1) in the
y-direction; for the two dimensional Euler system, only the density p is set to be our
indicator Varlable, and then the corresponding = u is the velocity in the x-direction of
the fluid and 7 =v is the velocity in the y-direction of the fluid. In short, for the two
dimensional case, the line integral average in the formula (2.59) is approximated by a
four-point Gauss-Lobatto integration, that is

1 /ar. (i (x,y) _””w'(x/y))ds

|al

il

)xsf(T ;1))

—u.; .
3+ =5, ]tm

- +
+;Aywl(”i+%4+m _ui+%,f+m) *Sf(—7i+%,]-)

+2Axwk e —u;rgk,],_%)*sf(7i’j_%)

k=1

)xsf(= T,

+ Z Axwy(u 1:]’+%) (2.60)

= i+3j+y 1+§ Jt3

where the switch function sf (x) is defined as (2.32) and the norm ||u; ;(x,y)|| is taken to be
the maximum norm of all the Gauss-Lobatto point values in the cell I;; (i.e. ||u;;(x,y)||~
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+ = . yE N - . cle— =
max{]ui¢1/2’j+m| :1=1,2,3,4; |”i+gk,j:p1/2| k=1,2,3,4; |uirg, iy k=2,31=2,3}). Note
that all the values used in the troubled-cell indicator are also already obtained in the
reconstruction process Step 1, thus there is no need to reconstruct an extra polynomial as

in [25,26].

3 Numerical tests

In this section, a number of typical numerical examples are given to demonstrate
the stability and resolution of our moment-based multi-resolution HWENO scheme.
Here, the scheme termed as “WENOb5-Z" represents the fifth order WENO-Z scheme,
the scheme termed as “"HWENOG6” represents the sixth order moment-based multi-
resolution HWENO scheme without Step 2 i.e. without the modification process, and
the scheme termed as “HWENO6-M5-I/NI” represents the sixth order moment-based
multi-resolution HWENO scheme with the first order moments of the troubled-cells are
modified by a quartic polynomial, where “I” means only the first order moments of the
troubled-cells are modified while “NI” means the first order moments of all the cells are
modified without judgment. Before we start to show the results of the examples we have
calculated, let us first explain some of the parameters in particular: the first one is that we
set the CFL number as 0.6 for both the one and two dimensional cases, but note that for
the accuracy tests a suitably reduced time step is used in order to ensure the dominance
of the spatial error; the second one is that we take the linear weights as 7y, 4, =1, 7, , =10,
73,4 =100 and 7, 4, =1000 both in the one and two dimensions in this paper.

Example 3.1. One-dimensional scalar Burgers’ equation:

‘uZ
yt+<7> _0, 0<x<2, (3.1)

with the initial condition p(x,0) = 0.5+sin(7rx) and periodic boundary condition. The
solution for this problem remains smooth at time T = 0.5/7, and the corresponding
errors and convergence orders when approximating the solution with the WENO5-Z,
HWENO6, HWENO6-M5-1 and HWENO6-M5-NI schemes are listed in Table 1. How-
ever, the solution becomes discontinuous at time T =1.5/7. The reference solution and
its approximation using the WENO5-Z, HWENO6, HWENO6-M5-1 and HWENO6-M5-
NI schemes at this later time, as well as the time-history of the flagged troubled-cells are
plotted in Fig. 1.

Example 3.2. Two-dimensional scalar Burgers” equation:

W W
yt+<—> +<—> =0, O<xy<4, (3.2)
2/, \2)/,
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Table 1: py+ (%) =0. The initial condition p(x,0)=0.5+sin(rx). Periodic boundary condition. T=0.5/7.
X
WENO5-Z, HWENO6, HWENO6-M5-1 and HWENOG6-M5-NI schemes. L and L*.

WENOS5-Z scheme
grid points | L! error | order | L® error | order
10x2 2.57E-04 2.03E-03
20%2 1.62E-05 | 3.99 | 2.15E-04 | 3.23
40%2 7.18E-07 | 4.49 | 9.94E-06 | 4.44
80x2 2.43E-08 | 4.88 | 3.55E-07 | 4.81
160x2 791E-10 | 4.94 | 1.15E-08 | 4.94
320%2 2.50E-11 | 498 | 3.68E-10 | 4.97

WENOS5-Z scheme HWENOG6 scheme
grid points L' error | order | L® error | order | L! error | order | L*® error | order
10 6.92E-04 2.93E-03 5.24E-03 2.26E-02
20 257E-04 | 143 | 2.03E-03 | 0.30 | 5.67E-04 | 3.21 | 4.61E-03 | 2.29
40 1.62E-05 | 3.99 | 2.15E-04 | 3.23 | 1.23E-06 | 8.85 | 1.37E-05 | 8.40
80 718E-07 | 4.49 | 9.94E-06 | 444 | 290E-09 | 8.72 | 3.27E-08 | 8.71
160 2.43E-08 | 4.88 | 3.55E-07 | 4.81 | 2.46E-11 | 6.88 | 3.52E-10 | 6.54
320 791E-10 | 494 | 1.15E-08 | 494 | 3.95E-13 | 5.96 | 3.69E-12 | 6.57
HWENO6-M5-1 scheme HWENO6-M5-NI scheme
grid points | L' error | order | L*® error | order | L' error | order | L*® error | order
10 5.24E-03 2.26E-02 6.48E-03 3.01E-02
20 5.67E-04 | 321 | 4.61E-03 | 2.29 | 3.11E-04 | 4.38 | 9.84E-04 | 4.93
40 1.23E-06 | 8.85 | 1.37E-05 | 8.40 | 6.97E-06 | 548 | 2.55E-05 | 5.27
80 290E-09 | 8.72 | 3.27E-08 | 8.71 | 5.96E-08 | 6.87 | 9.36E-07 | 4.77
160 246E-11 | 6.88 | 3.52E-10 | 6.54 | 1.88E-09 | 4.98 | 2.95E-08 | 4.99
320 395E-13 | 596 | 3.69E-12 | 6.57 | 6.02E-11 | 4.97 | 9.53E-10 | 4.95

with the initial condition (x,y,0) =0.5+sin (71(x+y)/2) and periodic boundary condi-
tion. As in the one dimensional case, the solution for this problem remains smooth at
time T = 0.5/7, and the corresponding errors and convergence orders when approxi-
mating the solution with the WENO5-Z, HWENO6, HWENO6-M5-1 and HWENO6-M5-
NI schemes are listed in Table 2. However, the solution becomes discontinuous at time
T=1.5/m. The reference solution and its approximation using the WENO5-Z, HWENOS,
HWENO6-M5-1 and HWENO6-M5-NI schemes at x =y at this later time, as well as the
time-history of the flagged troubled-cells at x =y and the locations of the troubled-cells
at the final time are plotted in Fig. 2.
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Figure 1. 1D-Burgers' equation. T=1.5/7t. Top: density, density zoomed in; bottom: the time-history of the
flagged troubled-cells. Solid line: the exact solution; diamonds: WENO5-Z scheme with double cells; gradients:
WENO5-Z scheme; squares: HWENOG6 scheme; triangles: HWENO6-M5-1 scheme; circles: HWENOG6-M5-NI
scheme. Number of cells: 200.

Example 3.3. One-dimensional Euler equations:

o P 9 pu
sl oer ) +3; out+p | =0, 0<x<2rm, (3.3)
E HE+p)

where p is the density, u is the velocity, E is the total energy and p is the pressure. The
initial conditions are

p(x,0) =200, u(x,0) = 1p(%,0), p(x,0)=p(x,0)7, (3.4)

and the boundary conditions are periodic. The exact solution of above Euler equations
is given in [14]. The solution for this problem remains smooth at time T =3, and the
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Table 2: yﬁ(”{) +(V;) =0. The initial condition (x,y,0) =0.5+sin (7(x+y)/2). Periodic boundary
x Y
condition. T=0.5/7. WENO5-Z, HWENO6, HWENO6-M5-1 and HWENO6-M5-NI schemes. L1 and L.

WENOS5-Z scheme
grid points L' error | order | L™ error | order
10v/3x 10v/3 | 3.26E-04 1.62E-03
20v/3x 20v/3 | 3.07E-05 | 3.40 | 2.13E-04 | 2.93
404/3% 40+/3 | 1.29E-06 | 4.47 | 1.65E-05 | 3.61
80/3x 80+/3 | 4.69E-08 | 4.78 | 6.75E-07 | 4.61
160v/3x160v/3 | 1.54E-09 | 4.90 | 2.24E-08 | 4.88
320v/3x3201/3 | 4.94E-11 | 497 | 7.21E-10 | 4.96

WENOS5-Z scheme HWENOG6 scheme
grid points Ll error | order | L® error | order | L! error | order | L® error | order
10x 10 1.69E-03 5.84E-03 1.03E-02 2.96E-02

20x 20 2.01E-04 | 3.07 | 1.42E-03 | 2.03 | 7.78E-05 | 7.05 | 2.65E-04 | 6.80
40x 40 1.52E-05 | 3.72 | 1.46E-04 | 3.27 | 2.41E-06 | 5.01 | 1.56E-05 | 4.09
80x 80 6.30E-07 | 4.59 | 857E-06 | 4.09 | 3.86E-08 | 597 | 5.42E-07 | 4.84
160x160 | 2.29E-08 | 4.77 | 3.27E-07 | 4.71 | 5.62E-10 | 6.10 | 9.83E-09 | 5.78
320x320 | 7.52E-10 | 493 | 1.10E-08 | 4.89 | 6.83E-12 | 6.36 | 1.24E-10 | 6.31

HWENO6-M5-1 scheme HWENO6-M5-NI scheme
grid points | L' error | order | L™ error | order | L! error | order | L*® error | order
10x 10 1.03E-02 2.96E-02 1.08E-02 4.31E-02

20x 20 778E-05| 7.05 | 2.65E-04 | 6.80 | 1.42E-04 | 6.25 | 8.03E-04 | 5.74
40x 40 241E-06 | 5.01 | 1.56E-05 | 4.09 | 6.62E-06 | 4.42 | 3.84E-05 | 4.39
80x 80 3.86E-08 | 597 | 5.42E-07 | 4.84 | 1.03E-07 | 6.00 | 8.33E-07 | 5.53
160x160 | 5.62E-10 | 6.10 | 9.83E-09 | 5.78 | 2.87E-09 | 5.17 | 2.30E-08 | 5.18
320x320 | 6.83E-12 | 6.36 | 1.24E-10 | 6.31 | 9.77E-11 | 4.88 | 7.42E-10 | 4.95

corresponding errors and convergence orders when approximating the solution with the
WENO5-Z, HWENO6, HWENO6-M5-1 and HWENO6-M5-NI schemes are listed in Table
3.

Example 3.4. Two-dimensional Euler equations:

P 5 g?‘ ] oV
o1 PH g U +p g ouv _
ot | pv 55 ouv + el 0, 0<xy<d4rn, (3.5)

E u(E+p) v(E+p)
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Figure 2: 2D-Burgers' equation. T=1.5/7. Top: density, density zoomed in at x=y; bottom: the time-history
of the flagged troubled-cells at x=y, the locations of the troubled-cells at the final time. Solid line: the exact
solution; diamonds: WENO5-Z scheme with double cells; gradients: WENO5-Z scheme; squares: HWENOG6
scheme; triangles: HWENOG-M5-1 scheme; circles: HWENOG6-M5-NI scheme. Number of cells: 200x200.

where p is the density, u is the velocity in the x-direction, v is the velocity in the y-
direction, E is the total energy and p is the pressure. The initial conditions are

1+0.2sin( 1Y o
p(xy,0) = 22D p(x,y,0) =v(x,y,0) =/ $p(xy,0), p(xy,0)=p(xy,0)",

(3.6)
and the boundary conditions are periodic in both directions. The exact solution of above
Euler equations is given in [14]. The solution for this problem continues to remain smooth
at time T =3, and the corresponding errors and convergence orders when approximat-
ing the solution with the WENO5-Z, HWENO6, HWENO6-M5-1 and HWENO6-M5-NI
schemes are listed in Table 4.
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Table 3: 1D-Euler equations: The initial condition p(x,O):%j;(x), 1(x,0)=1/7p(x,0) and p(x,0)=p(x,0)7.

Periodic boundary condition. T=3. WENO5-Z, HWENO6, HWENOG6-M5-1 and HWENOG6-M5-NI schemes.
L' and L*.

WENO5-Z scheme
grid points | L! error | order | L*® error | order
10x2 4.24E-04 2.15E-03
202 3.72E-05 | 3.51 | 3.10E-04 | 2.79
40%2 2.02E-06 | 4.20 | 3.23E-05 | 3.26
80x2 7.04E-08 | 4.84 | 1.46E-06 | 4.47
160x2 2.13E-09 | 5.05 | 5.15E-08 | 4.83
320%2 6.96E-11 | 4.93 | 1.66E-09 | 4.95

WENOb5-Z scheme HWENO®6 scheme

grid points L' error | order | L® error | order | L! error | order | L® error | order
10 2.87E-03 1.03E-02 8.54E-04 2.95E-03

20 424E-04 | 2.76 | 2.15E-03 | 2.26 | 1.87E-05 | 552 | 1.41E-04 | 4.39

40 3.72E-05 | 3.51 | 3.10E-04 | 2.79 | 4.99E-07 | 5.23 | 9.01E-06 | 3.97

80 2.02E-06 | 4.20 | 3.23E-05 | 3.26 | 7.57E-09 | 6.04 | 1.95E-07 | 5.53

160 7.04E-08 | 4.84 | 1.46E-06 | 4.47 | 1.10E-10 | 6.10 | 2.60E-09 | 6.23

320 2.13E-09 | 5.05 | 5.15E-08 | 4.83 | 1.69E-12 | 6.03 | 3.65E-11 | 6.15

HWENO6-M5-1 scheme HWENO6-M5-NI scheme

grid points | L' error | order | L™ error | order | L' error | order | L* error | order
10 8.54E-04 2.95E-03 8.76E-04 3.67E-03

20 1.87E-05 | 5.52 | 1.41E-04 | 4.39 | 1.09E-04 | 3.01 | 5.35E-04 | 2.78

40 4.99E-07 | 5.23 | 9.01E-06 | 3.97 | 8.44E-06 | 3.69 | 1.05E-04 | 2.35

80 7.57E-09 | 6.04 | 1.95E-07 | 553 | 2.49E-07 | 5.08 | 5.37E-06 | 4.28

160 1.10E-10 | 6.10 | 2.60E-09 | 6.23 | 7.12E-09 | 5.13 | 1.66E-07 | 5.02

320 1.69E-12 | 6.03 | 3.65E-11 | 6.15 | 2.15E-10 | 5.05 | 5.03E-09 | 5.05

Comment: According to the results listed in Tables 1-4, we can see that both the
HWENO6 and HWENO6-M5-1 schemes can reach sixth order accuracy, this is because
the reconstruction process is of the sixth order and the ratio of the troubled-cells of the
HWENOG6-M5-1 scheme is always 0 i.e. the modification procedure has not been enacted
for these smooth cases. If we modify the first order moments of all the cells without
judgment, we can see that the HWENO6-M5-NI scheme can reach fifth order accuracy as
expected, this is because the first order moments of all the cells are modified by a quartic
polynomial, which leads to the decrease in the order of accuracy. Moreover, the error of
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s xty
Table 4: 2D-Euler equations: The initial condition p(x,y,0)= w\/g(ﬂ, u(x,y,0)=v(x,y,0)= \/gp(x,y,O)

and p(x,y,0) =p(x,y,0)7. Periodic boundary condition. T=3. WENO5-Z, HWENOG6, HWENO6-M5-1 and
HWENO6-M5-NI schemes. L' and L.

WENOS5-Z scheme

grid points Ll error | order | L™ error | order
10v/3x 10v/3 | 7.80E-04 5.28E-03
20v/3x 20V/3 | 9.76E-05 | 2.99 | 9.45E-04 | 2.48
40v/3x 40y/3 | 6.72E-06 | 3.78 | 9.69E-05 | 3.21
80v/3x 80v/3 | 2.56E-07 | 4.71 | 5.30E-06 | 4.19
160+/3x160v/3 | 7.67E-09 | 5.03 | 1.82E-07 | 4.83
320v/3x3201/3 | 2.32E-10 | 5.04 | 5.64E-09 | 5.01

WENOS5-Z scheme HWENO®6 scheme
grid points | L' error | order | L® error | order | L' error | order | L*® error | order
10x 10 5.04E-03 1.56E-02 6.56E-03 1.74E-02

20x 20 4.86E-04 | 3.37 | 3.78E-03 | 2.04 | 2.54E-04 | 4.69 | 1.78E-03 | 3.29
40x 40 5.54E-05 | 3.13 | 5.62E-04 | 2.74 | 1.13E-05 | 4.50 | 1.13E-04 | 3.97
80x 80 3.50E-06 | 3.98 | 5.70E-05 | 3.30 | 2.70E-07 | 5.38 | 6.06E-06 | 4.22
160x160 | 1.22E-07 | 4.83 | 2.65E-06 | 4.42 | 418E-09 | 6.01 | 1.14E-07 | 5.73
320x320 | 3.69E-09 | 5.05 | 8.83E-08 | 490 | 4.67E-11 | 649 | 1.37E-09 | 6.39

HWENO6-M5-1 scheme HWENO6-M5-NI scheme
grid points Ll error | order | L® error | order | L! error | order | L® error | order
10x 10 6.56E-03 1.74E-02 6.70E-03 2.20E-02

20x 20 2.54E-04 | 4.69 | 1.78E-03 | 3.29 | 4.20E-04 | 4.00 | 2.73E-03 | 3.01
40x 40 1.13E-05 | 450 | 1.13E-04 | 3.97 | 2.47E-05 | 4.09 | 2.23E-04 | 3.61
80x 80 2.70E-07 | 538 | 6.06E-06 | 4.22 | 7.57E-07 | 5.03 | 1.47E-05 | 3.93
160x160 | 4.18E-09 | 6.01 | 1.14E-07 | 5.73 | 2.14E-08 | 5.14 | 4.76E-07 | 4.95
320x320 | 4.67E-11 | 6.49 | 1.37E-09 | 6.39 | 6.24E-10 | 5.10 | 1.30E-08 | 5.20

this HWENOG6-M5-NI scheme is lower than that of the WENO5-Z scheme with the same
meshes, but higher than that of the WENO5-Z scheme with the same degree of freedoms
i.e. with doubled (1D) or tripled (2D) meshes.

From Fig. 1 and Fig. 2, we can observe that all the schemes work well in comparison
with the exact solution with the results from all the schemes being almost indistinguish-
able and the moment modification process does not happen when the solution is still
smooth from the corresponding time-history of the flagged troubled-cells.
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Figure 3: The Lax problem. T=0.16. Top: density, density zoomed in; bottom: the time-history of the
flagged troubled-cells. Solid line: the exact solution; diamonds: WENOS5-Z scheme with double cells; gradients:
WENO5-Z scheme; squares: HWENOG6 scheme; triangles: HWENO6-M5-1 scheme; circles: HWENOG6-M5-NI
scheme. Number of cells: 200.

Example 3.5. The Lax problem: one-dimensional Euler equations (3.3) with the Riemann
initial condition:

(0.445,0.698,3.528)T, —0.5<x <0,

T
_ 7
(o:,p) { (05,0,0.571)7, 0<x<05. 47

The reference solution and its approximation of the density p using the WENO5-Z,
HWENO6, HWENO6-M5-1 and HWENOG6-M5-NI schemes at the final time T =0.16, as
well as the time-history of the flagged troubled-cells are plotted in Fig. 3.
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Figure 4: The shock density wave interaction problem. T =1.8. Top: density, density zoomed in; bottom:
the time-history of the flagged troubled-cells. Solid line: the exact solution; diamonds: WENOb5-Z scheme with
double cells; gradients: WENO5-Z scheme; squares: HWENOG6 scheme; triangles: HWENOG6-M5-I scheme;
circles: HWENOG6-M5-NI scheme. Number of cells: 400.

Example 3.6. The shock density wave interaction problem: one-dimensional Euler equa-
tions (3.3) with a moving Mach=3 shock interaction containing sine waves in the density:

(3.857143,2.629369,10.333333)7, —5<x< —4,

3.8
(1+0.2sin(5x),0,1) ", —4<x<5. )

(o,pp)" =

The reference solution and its approximation of the density p using the WENO5-Z,
HWENO6, HWENO6-M5-1 and HWENO6-M5-NI schemes at the final time T =1.8, as
well as the time-history of the flagged troubled-cells are plotted in Fig. 4.
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Figure 5. The blast wave problem. T=0.038. Top: density, density zoomed in; bottom: the time-history of the
flagged troubled-cells. Solid line: the exact solution; diamonds: WENOS5-Z scheme with double cells; gradients:
WENO5-Z scheme; squares: HWENOG6 scheme; triangles: HWENO6-M5-1 scheme; circles: HWENOG6-M5-NI
scheme. Number of cells: 800.

Example 3.7. The blast wave problem: one-dimensional Euler equations (3.3) with the
initial condition:
(1,0,10)T, 0<x<0.1,

(o,p)T=4 (1,0,1072)T, 0.1<x<0.9, (3.9)
(1,0,10)T,  09<x<1.

The reference solution and its approximation of the density p using the WENO5-Z,
HWENO6, HWENO6-M5-1 and HWENO6-M5-NI schemes at the final time T = 0.038,
as well as the time-history of the flagged troubled-cells are plotted in Fig. 5.
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Figure 6: The Sedov blast wave problem. T =0.001. Top: density, velocity; bottom: pressure, the time-
history of the flagged troubled-cells. Solid line: the exact solution; squares: HWENOG6 scheme; triangles:
HWENOG6-M5-1 scheme; circles: HWENO6-M5-NI scheme. Number of cells: 400.

Example 3.8. The Sedov blast wave problem: one-dimensional Euler equations (3.3) with
the initial condition:

(1,0,10712)T,  x€[-2,2]\ the center cell,

T
(o1 E)” = { (1,0, 32%)200 )T, x €the center cell. (3.10)

The reference solution and its approximation of the density p, the velocity y and the
pressure p using the HWENO6, HWENO6-M5-1 and HWENOG6-M5-NI schemes at the
final time T=0.001, as well as the time-history of the flagged troubled-cells are plotted in
Fig. 6.
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Figure 7: Double Mach reflection problem. T=0.2. WENO5-Z. 30 equally spaced density contours from 1.5
to 22.7. From top to bottom: density contours, zoom-in density contours around the Mach stem. Number of

cells: 12004/3x3001/3 in the region of [0,4] x[0,1].

Example 3.9. Double Mach reflection problem: two-dimensional Euler equations (3.5) in
a computational domain [0,4]x [0,1] with a reflection wall lying at the bottom, starting
from the position (x,y) =(%,0), making a 60° angle with the x-axis. For the bottom of the
domain, at the reflection wall the reflection boundary condition is applied, and at the rest
of the bottom the exact post-shock condition is imposed. For the top of the domain, the
corresponding boundary condition is exactly the motion of a Mach 10 shock with y=1.4.
The contours of the computed density p and its blow-up region around the double Mach
stem obtained by the WENO5-Z, HWENO6 (with the power of the nonlinear weights

(2.22) set to be 2 i.e. @y, 4 ="yp, 4(1+( ﬁlfﬁrg)z), ly=1,--- 4, since this scheme will blow up
1

without modification under the parameter conditions given in above section for the dou-
ble Mach reflection problem), HWENO6-M5-I1 and HWENO6-M5-NI schemes, as well as
the corresponding locations of the troubled-cells for the HWENO6-M5-1 scheme at the
final time T =0.2 are plotted in the Figs. 7-11.
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Figure 8: Double Mach reflection problem. T=0.2. WENO5-Z. 30 equally spaced density contours from 1.5
to 22.7. From top to bottom: density contours, zoom-in density contours around the Mach stem. Number of
cells: 1200300 in the region of [0,4] x[0,1].

Example 3.10. Forward step problem: two-dimensional Euler equations (3.5) in a one
length unit wide and three length units long wind tunnel with a 0.2 length units high
step located 0.6 length units from the left side of the tunnel. At the beginning, we initial-
ize this problem by a right-going Mach 3 flow. Along the wall of the tunnel the reflec-
tion boundary condition is applied, and at the entrance the inflow boundary condition
is imposed, while at the exit the outflow boundary condition is imposed. The contours
of the computed density p obtained by the WENO5-Z, HWENO6, HWENO6-M5-1 and
HWENOG6-M5-NI schemes, as well as the corresponding locations of the troubled-cells
for the HWENO6-M5-1 scheme at the final time T =4 are plotted in Figs. 12-16.

Comment: From above six examples (Examples 3.5-3.10), we can see that the results of
the HWENOG6-M5-1 scheme have much better resolutions and sharper shock transitions
than those of the HWENOS6 scheme without the modification procedure. This might be
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Figure 9: Double Mach reflection problem. T=0.2. HWENOG6(with the power of the nonlinear weights (2.22)
set to be 2 i.e. 511/4:771,4(1—&—(%)2), I1=1,---,4). 30 equally spaced density contours from 1.5 to 22.7.
1

From top to bottom: density contours, zoom-in density contours around the Mach stem. Number of cells:
1200x300 in the region of [0,4] x[0,1].

due to the fact that after modifying the first order moments of the troubled-cells, the
proportion of the last two layers is much higher than that of the first two layers in the
reconstruction process. But if we modify the first order moments of all the cells without
judgment, we can find that for Examples 3.9 and 3.10, the resolution of the HWENO®6-
M5-NI scheme is not significantly improved compared to the HWENOG6 scheme. This is
because too much good information i.e. the first order moments of those good-cells has
been edited out. Combined with the results obtained in the previous four continuous
examples (Examples 3.1-3.4), modifying the first order moments of all the cells without
judgment will lead to a drop in order, indicating that the judgment step is very necessary.
Moreover, we can also observe that such HWENO6-M5-1 scheme has better resolution
than the WENO5-Z scheme with the same meshes and almost the same resolution as
the WENOb5-Z scheme with the same degree of freedoms, but better stability than the
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Figure 10: Double Mach reflection problem. T =0.2. HWENO6-M5-1. 30 equally spaced density contours
from 1.5 to 22.7. From top to bottom: density contours, zoom-in density contours around the Mach stem, the
locations of the troubled-cells at the final time. Number of cells: 1200x300 in the region of [0,4]x[0,1].

WENOb5-Z scheme, which can be seen from Example 3.8, i.e. the Sedov blast wave prob-
lem, since this example will burst when using the WENO5-Z scheme. Also, this modifi-
cation procedure can increase the stability of our scheme according to the double Mach
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Figure 11: Double Mach reflection problem. T=0.2. HWENO6-M5-NI. 30 equally spaced density contours
from 1.5 to 22.7. From top to bottom: density contours, zoom-in density contours around the Mach stem.
Number of cells: 1200x300 in the region of [0,4] x[0,1].

08 |-

06 |-

02 |

0.5 1 15 2 25

Figure 12: Forward step problem. T=4. WENO5-Z. 30 equally spaced density contours from 0.32 to 6.15.
Number of cells: 6001/3x200+/3 in the region of [0,3]x[0,1].



J. Li, C.-W. Shu and J. Qiu / Commun. Comput. Phys., 32 (2022), pp. 364-400 397

0.8 - ‘/ > o = 7 7 b g\\Q

06 |-

04

02 |-

0.5 1 15 2 25

Figure 13: Forward step problem. T=4. WENOS5-Z. 30 equally spaced density contours from 0.32 to 6.15.
Number of cells: 600x 200 in the region of [0,3]x[0,1].
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Figure 14: Forward step problem. T=4. HWENOG6. 30 equally spaced density contours from 0.32 to 6.15.
Number of cells: 600x200 in the region of [0,3]x[0,1].

reflection problem, since this problem will blow up when using the HWENO6 scheme
without modification under the parameter conditions given in above section.

4 Concluding remarks

In this paper, we have designed a high-order moment-based multi-resolution HWENO
scheme for hyperbolic conservation laws in the one and two dimensional cases on struc-
tured meshes. In comparison with our previous work in [14], the new feature of this
HWENO scheme is that the zeroth and first order moments rather than the first order
derivative are used in the spacial reconstruction algorithm, and only the function val-
ues of the Gauss-Lobatto points in one or two dimensional case are needed to be re-
constructed. Also, after the reconstruction algorithm, an extra modification procedure
is used to modify those first order moments of the troubled-cells and the correspond-
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Figure 15: Forward step problem. T=4. HWENOG6-M5-I. 30 equally spaced density contours from 0.32 to
6.15. From top to bottom: density contours, the locations of the troubled-cells at the final time. Number of

cells: 600x200 in the region of [0,3]x[0,1].
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Figure 16: Forward step problem. T=4. HWENOG6-M5-NI. 30 equally spaced density contours from 0.32 to
6.15. Number of cells: 600x200 in the region of [0,3]x[0,1].

ing Gauss-Lobatto point values of these troubled-cells need to be updated by repeating
the reconstruction algorithm, to enhance both resolution and stability. At the same time,
the linear weights are not unique and are independent of the node position, and the
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CFL number can still be 0.6 whether for the one or two dimensional case, which has
to be 0.2 in the two dimensional case for other HWENO schemes, for example those
in [15, 16, 25,26]. This HWENO scheme is achieved by reconstructing the Gauss-Lobatto
point values, modifying the first order moments of those cells which are identified to
be troubled-cells by the KXRCF troubled-cell indicator and repeating the reconstruction
algorithm to update the corresponding Gauss-Lobatto point values of these troubled-
cells. In comparison with the multi-resolution WENO scheme, our major advantages are
still the compactness of the stencils and smaller errors under the same mesh and with
the same order. The framework of this moment-based multi-resolution HWENO scheme
would be particularly efficient and simple on unstructured meshes, the study of which is
our ongoing work.
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