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Abstract

A class of fifth-order weighted essentially non-oscillatory (WENO) schemes based on Hermite polyno-
mials, termed HWENO (Hermite WENO) schemes, for solving one dimensional non-linear hyperbolic con-
servation law systems, was developed and applied as limiters for the Runge-Kutta discontinuous Galerkin
(RKDG) methods in [J. Comput. Phys. 193 (2003) 115]. In this paper, we extend the method to solve two
dimensional non-linear hyperbolic conservation law systems. The emphasis is again on the application of
such HWENO finite volume methodology as limiters for RKDG methods to maintain compactness of
RKDG methods. Numerical experiments for two dimensional Burgers’ equation and Euler equations
of compressible gas dynamics are presented to show the effectiveness of these methods.
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1. Introduction

In [22], we constructed a class of fifth-order weighted essentially non-oscillatory (WENO)
schemes based on Hermite polynomials, termed HWENO (Hermite WENO) schemes, for solving
one dimensional non-linear hyperbolic conservation law systems, and applied this HWENO finite
volume methodology as limiters for the Runge-Kutta discontinuous Galerkin (RKDG) methods.
In this paper, we extend the method to solve two dimensional non-linear hyperbolic conservation
law systems:

{ u + f(u), +gu), =0,

u(x,y,0) = uo(x,y). (1.1)

WENO schemes have been designed in recent years as a class of high order finite volume or
finite difference schemes to solve hyperbolic conservation laws with the property of maintaining
both uniform high order accuracy and an essentially non-oscillatory shock transition. We have
the third-order finite volume WENO schemes in one space dimension in [18], the third and
fifth-order finite difference WENO schemes in multi-space dimensions with a general framework
for the design of the smoothness indicators and non-linear weights in [16], finite difference
WENO schemes of higher orders (seventh to eleventh order) in [1], and finite volume WENO
schemes on unstructured and structured meshes in [12,15,17,20,24]. WENO schemes are de-
signed based on the successful ENO schemes in [14,27,28]. Both ENO and WENO schemes
use the idea of adaptive stencils in the reconstruction procedure based on the local smoothness
of the numerical solution to automatically achieve high order accuracy and a non-oscillatory
property near discontinuities. ENO uses just one (optimal in some sense) out of many candi-
date stencils when doing the reconstruction; while WENO uses a convex combination of all
the candidate stencils, each being assigned a non-linear weight which depends on the local
smoothness of the numerical solution based on that stencil. WENO improves upon ENO in
robustness, better smoothness of fluxes, better steady state convergence, better provable conver-
gence properties, and more efficiency. For a detailed review of ENO and WENO schemes, we
refer to the lecture notes [26].

The main difference between the one dimensional Hermite WENO scheme designed in [22], see
also related earlier work in [3,11,19,29], and the traditional WENO schemes is that the former has
a more compact stencil than the latter for the same order of accuracy. This compactness is
achieved by evolving both the function and its first derivative values in time and they are both
used in the reconstruction in HWENO schemes. As a result, a fifth order one dimensional
HWENO reconstruction uses only 3 points, while a fifth-order one dimensional WENO recon-
struction would need to use 5 points.

One major emphasis of the HWENO methodology in [22] is its application as limiters for the
RKDG (Runge-Kutta discontinuous Galerkin) methods. The discontinuous Galerkin (DG)
method is a finite element method which evolves k& degrees of freedom (in one dimension)
per cell for a kth order accurate scheme, thus no reconstruction is needed. We refer to, e.g.
[7,9,10,23] for the detailed description of the RKDG methods. An important component of
RKDG methods for solving conservation laws (1.1) with strong shocks in the solutions is a
non-linear limiter, which is applied to control spurious oscillations. Although many limiters
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exist in the literature, e.g. [2,4-9], they tend to degenerate accuracy when mistakenly used in
smooth regions of the solution. In [21], we initialized a study of using WENO methodology
as limiters for RKDG methods. The idea is to first identify “troubled cells”, namely those cells
where limiting might be needed, then to abandon all moments in those cells except the cell ave-
rages and reconstruct those moments from the information of neighboring cells using a WENO
methodology. This technique works quite well in our one and two dimensional test problems
[21]. In [22], this approach is further improved by using HWENO rather than WENO metho-
dology in the limiter so that a more compact stencil is used.

In this paper, we extend the HWENO methodology in [22] to solve two dimensional non-linear
hyperbolic conservation law systems. The emphasis is again on the application of such HWENO
finite volume methodology as the limiters for RKDG methods to maintain compactness of
RKDG methods. Numerical experiments for two dimensional Burgers’ equation and Euler equa-
tions of compressible gas dynamics are presented to show the effectiveness of these methods.

The organization of this paper is as follows. In Section 2, we describe in detail the construction
and implementation of HWENO schemes with Runge—Kutta time discretizations, for two dimen-
sional scalar and system equation (1.1). In Section 3, we investigate the usage of the HWENO
finite volume methodology as limiters for RKDG methods, following the idea in [21,22], with
the goal of obtaining a robust and high order limiting procedure to simultaneously obtain uni-
form high order accuracy and sharp, non-oscillatory shock transition for RKDG methods. In Sec-
tion 4 we provide extensive numerical examples to demonstrate the behavior of the HWENO
schemes and DG methods with HWENO limiters with Runge-Kutta time discretizations. Con-
cluding remarks are given in Section 5.

2. The construction of Hermite WENO schemes

In this section we first consider two dimensional scalar conservation laws (1.1). For simplicity
of presentation, we assume that the mesh is uniform with the cell size x; X = Ax,

i—3

Vit — ¥j1 = Ay and cell centers (x;,y;) = ( (s +x; 1),%()/#% +y,-1)). We also denote the cells

3 =3

by I;; = [x;i 1, x] X [vj_1,y,51]. Let o= &y = g—; Taking the derivatives of (1.1), we obtain:

v+ he+r, =0,
Bup(x,y) (2.1)
U(X, Vs 0) ="
w,+q,+s,=0,
2.2
{ Wi, y,0) = 2] 22)

where
h(u,v) = f'(w)v,  r(u,v) =g v,

qu,w) = fww,  s(u,w) =g (u)w.

We integrate Egs. (1.1), (2.1) and (2.2) on a control volume /;; to obtain the semi-discrete finite
volume scheme as:
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i = Ay /GIi,-F nds, (2.3)
= Ay a[‘./‘H-nds, (24)
FTiC My 61,;/Q nds, (2.5)
where
1 1 Ou 1 Ou
0 _ om_ 1 [ 0u @ _ L [ ou
Uj = AxAy /[ifudXdyv U Ay Iy Ox dXdyv u;; Ax Iy ay dXdy
and

F=(f9)', H=hn" 0=(s"
The line integrals in (2.3), (2.4) and (2.5) are discretized by a ¢-point Gaussian integration
formula

q

/ Fonds~ o1, 0P u(Gr, 1) (2.6)
ol =1
q

H -nds = [0l > wH(u(G,1),0(Gy, 1)) - n, (2.7)
ol;; =1
q

Q- nds ~ [0l > 0 Qu(G,1),w(Gy, 1)) - n. (2.8)
ol =1

Since we are constructing schemes up to fourth-order accuracy, 2-point Gaussian will be used in
each line integration, and F(u(Gy,t)) - n, Hu(G,, t), v(G,t)) - n, Q(u(Gyt), w(G,t)) - n are replaced
by numerical fluxes such as the Lax—Friedrichs fluxes:

fu(Gr0) =3lf (w (G, 1)) + f (' (Gi, 1)) — o™ (G, 1) —u™ (G, 1))], (2.9)
h(u(Gl’ t)v U(Gla t)) ~ %[h(ui(Gl’ t)v Uﬁ(Gla t)) + h(”ﬁ(Gla t)’ U+(le t))
- OC(U+(G17 t) - U_(le t))]a (210)

Q(u(Gl’t)aw(le t)) ~ %[q(ui(le Z)>W7(le t)) + Q(u+(Gla t),W+(G1, t))
—a(wH (G t) — w (G )], (2.11)

for G; = (xi212, Y i\/§/6), ui(G/, 1), vi(G,, 1), wi(G/, t) are the left and right limits of the solutions u,
v, w at the cell interface G, respectively; and

gu(Gy, 1)) = 3lg(u(Gr, 1) + g™ (G, 1)) — a(u™ (G, 1) —u” (G, 1)), (2.12)
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7 8 9 j+1
4 5 6 i
1 2 3 j-1
i-1 i i+1

Fig. 1. The big stencil.

r(u(G;, l), U(Gl, t)) ~ %[r(uf(Gl, t), Ui(Gl, t)) + I"(qu(G], Z), U+(G1, l))
—a(v" (G, t) — v (G, 1))], (2.13)

s(u(Gp, 1), w(G, 1)) ~ %[s(uf(Gz, 0, w (G, 1)) +s(u™ (G, 1), w (G, 1))
—a(w' (G, t) —w (G, 1))], (2.14)

for Gi = (xiL5/60 Vjwrpa)s - (G 1), v (G}, 1), w (G, 1) are the bottom and top limits of the solutlons
u, U, W at the cell 1nterface G, respectively. What we want to do is to reconstruct u™(G, 1), v™(Gj, ?),
wH(G), 1) from {uU U ,usz)}.
For simplicity we relabel the cell 7; and its neighboring cells as Iy,.. ., Iy as shown in Fig. 1.
We summarize the procedure to construct the fourth-order HWENO scheme below. Procedures
to construct HWENO schemes of other orders of acouracy are similar.
Step 1. Reconstruction of ™ (G, t) from {u, s U ]1 U, , } based on the Hermite type interpolation.
1. Given eight small stencils S, S»,. .., Ss shown in Fig. 2 and the big stencil 7 = Ui:ISm shown
in Fig. 1, and denoting the cells as /,,, m = 1,...,9 as shown in the big stencil, Fig. 1, we con-
struct Hermite quadratic reconstruction polynomials pi(x,),...,ps(x,») in the small stencils
such that:

1 / (0)

— L(x,y)dxdy = u,”’,

\vhy ]kp( y)dxdy = u

1 / op,(x, ) (1) 1 / p,(x,y) 2

— — 2 dxdy=u; ’, — — 2 dxdy =u;”’, 2.15
Ay . ax Ly ky ﬁ L, ay Ly ky ( )
for

n=1, k=1245 k=4 k=2 n=2 k=23756 k=6, k, =2

n=3, k=4,578, k=4, k=8 n=4, k=50689, k=6, k =8
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4 5 i 5 6 i
1 2 j-1 2 3 j-1
i-1 i i i+1
7 8 j+1 8 9 j+1
4 5 i 5 6 i
i-1 i i i+1
7 j+1 9 j+1
4 5 i 5 6 i
1 2 3 j-1 1 2 3 j-1
i-1 i i+1 i-1 i i+1
7 8 9 j+1 7 8 9 j+1
4 5 i 5 6 i
1 j-1 3 j-1
i-1 i i+1 i-1 i i+1

Fig. 2. The eight small stencils and information used for the reconstruction, from left to right and top to bottom are the
stencils: S, .. .,Sg respectively.
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! _
EEAmmw®®—w,
for

n=>5 k=123,457  n=6 k=12,3,56,9;
n=7, k=145789  n=8, k=3,567,8,09.

To combine the quadratic polynomials to obtain a fourth-order approximation of u at the
point G,
If we choose the linear weights denoted by y&l) . ,yél) such that

u(Gy) = ZVEI)I%(GI) (2.16)

is valid for any polynomial u of degree at most 3, then we can obtain a fourth-order approx-
imation of u at the point G, for all sufficiently smooth functions u.

Notice that (2.16) holds for any polynomial u of degree at most 2 if $°_ () = 1. This is be-
cause each individual p,(x, y) reconstructs quadratic polynomials exactly. There are four other

constraints on the linear weights y(ll), e yél) from requiring (2.16) to hold for u = x°, x*y, x)*

and y° respectively. This leaves 3 free parameters in determining the linear weights ygl), e yél).
These free parameters are uniquely determined by least square

8
min (Z(Vf/))2>
n=1

subject to the constraints listed above. The linear weights y(ll), e ,yé[) chosen this way are
positive.

We compute the smoothness indicator, denoted by f3,,, for each stencil S,,, which measures how
smooth the function p,(x, y) is in the target cell I;. The smaller this smoothness indicator f3,, the
smoother the function p,(x,y) is in the target cell. We use the same recipe for the smoothness
indicator as in [15]:

2
2 oM
— § : 2|kl =1
ﬁ}'l - |Ilj| /I;j <axklayk2pn(x7y) dXdy7 (217)

|£]=1

where k = (ky, k»).

. We compute the non-linear weights based on the smoothness indicators:

—(I) ()
ol — _Pn_ a0 — Tk (2.18)

S S e+ B
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where yél) are the linear weights determined in Step 1.2 above, and ¢ is a small number to avoid
the denominator to become 0. We use ¢ = 10~° in all the computation in this paper. The final
HWENO reconstruction is then given by:

8
u (G)) ~ Zwy)pn(G/). (2.19)
n=1
The reconstruction to u*(G;) is similar to the above procedure.

Step 2. Reconstruction of v~ (G, ¢t) and w™ (G, ¢) from {u@ uld u?

. . ii »W; »u; } based on the Hermite type
interpolation.

1. We construct Hermite reconstruction polynomials of the form
Pa(x,y) = ap + aix + @y + asx’ + agxy + asy’ + ag’’ +a7y’, n=1,...,8

in the small stencils such that:
1 / (0)
p,(x,y)dxdy = u; ",
AxAy I (x,) k

1 op,(x,) oy 1 / p,(x,y) 2
— [ T gedy =4, — [ T gyedy = o,
Ay I, ax Ly ke AX ]ky ay y ky

for
n=1, k=1,24,5, k,=4,5 k,=2,5 n=2, k=23,56, k,=5,6, k, =2,5;

n=3 k=4578 k=45 k=58 n=4 k=56809, k,=56 k =58;
n=5 k=123457 k=5 k=5 n=6 k=1235609, k,=5, k,=S5;

n=7,k=1457809, k=5 k,=5 n=8, k=3,56,7,89, k,=5, k,=5.

2. To combine the polynomials to obtain third-order approximation to u, and u, at the point G;,

we choose the linear weights denoted by yfcll), e yi?, yi?, .. ,yfg) such that
d & d
a”(Gz) = Z”/,(CQ apn(Gl)y (2.20)
n=1
0 )0
510 = Z;vw &P (G (2.21)

are valid for any polynomial u of degree at most 3, then we can obtain third-order approxi-
mations to u, and u, at the point G; for all sufficiently smooth functions u.

Notice that (2.20) and (2.21) hold for any polynomial «# which is a linear combination of 1, x,
v, X% xp, 1% xS 90 = 1 and ijly;f) = 1 respectively. This is because each individ-
ual p,(x, y) reconstructs such polynomials (hence their derivatives) exactly. There are two other
constraints on each of the groups of linear weights yfcll), e y)(c;) and yﬁ?, e y(vlS), from requiring
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(2.20) and (2.21) to hold for u = x*y and x)* respectively. This leaves 5 free parameters in
determining each group of the linear weights, which are obtained uniquely by least square

min (Z(y)(ch))z)v min <Z(V§f))2)

subject to the constraints listed above. The linear weights chosen this way are positive.
3. We compute the smoothness indicator, denoted by f,,:

3 o 2
=N g, P / 2.22
b= Iyl , gy L (0:) | drdy, (2.22)

k=2

where k = (k,k»).
4. We compute the non-linear weights based on the smoothness indicators by formula (2.18). The
final HWENO reconstruction to v (G;) and w™ (G)) are given by:

8 8

B 0
(G) = wana p,(G w (G)) = Zwyn@pn(Gl)

n=1 n=1
respectively. The reconstructions to v*(G)) and w*(G)) are similar to the above procedure.
For systems of conservation laws, such as the Euler equations of gas dynamics, all of the recon-
structions are performed in the local characteristic directions to avoid oscillations. For details of
such local characteristic decompositions, see, e.g. [26].
The semi-discrete scheme (2.3)—(2.5), written as
u, = L(u)
is then discretized in time by a total variation diminishing (TVD) Runge-Kutta method [27], for

example the third-order version given by

uV =" + AtL(u"),

3 1 1
1 2 2
unJrl — §un +§u(2) +§AtL(u(2>)

3. HWENO reconstruction as limiters for the discontinuous Galerkin method

In the discontinuous Galerkin method, the solution as well as the test function space is given by
={p:p 1 € P*(1,;)}, where Pk(IU) is the space of polynomlals of degree <k on the cell I;, We
adopt a local orthogonal basis over 7, i (07 (x,y), 1=0,1,.. Tk+1)(k+2)—1}:

ij ij X=X if) y—=);
U(()])(X,y) - 17 Ui‘])(xvy) - AX 9 Ug] (XJ’) - A—ij
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2
W _ (X=X 1 =)0 =) e (Y]
U3 (x) - ( ﬁ ) 127 U4 (x7y) - ! Ay 9 US (y) - Ay 127 .

Then the numerical solution #"(x,y,7) in the space V% can be written as:

x yv Zu’/ y for (xvy) GIU (31)

and the degrees of freedom u< >(t) are the moments defined by

1 )
“5f>(f>=—/ W' (x,p,0) o (x,y)dxdy, 1=0,1,... K,

aj

where a; = [, ( I v,’] (x,v))* dxdy are the normalization constants since the basis is not orthonormal.
In order to determine the approximate solution, what we would like to do is to evolve the degrees
of freedom ufj)

d 1 d . d
S+ (— [ (70000 ) + 0 ol 00 ) ey
1ij

ap

2

+ / j+%(f(uh(xi+%’y))vgij) (Xi%vy) _f(uh(xi%vy))vglj)(xi*l’y))dy

Tird ij ij
+ / (g (6, v )0 (,p,0) — g (6, y; ) () dx | =0, 1=0,1,... K

(3.2)

In (3.2) the first integral term can be computed either exactly or by a suitable numerical quad-
rature accurate to at least O(/***?). The second and third integral terms can also be computed by
suitable numerical quadratures, but the flux functions f'and g would need to be replaced by mon-
otone numerical fluxes (or approximate Riemann solvers in the system case) because they are
computed at cell interfaces. For k < 2, we can use the following 2-point Gaussian quadrature:

d 1 2. & d
[ S ey 1) g0 (e, y) dedy 2 AxAy Y S £ (ki s ) 201 (s )

n=1 m=1

d 1 g d
/ gl (3. 0)) g vt (e, ) dedy & AxAY Y 5> (0 i3y 1)) 50 s )
I

Y ij 1 2 Ny ij
/ NG (e2y)) 01" (x.3y13) de e D&ty ”f:,_/%)vgj) (xins j44)

n=1
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where x;; = x; — \/?gAx,xiz =x; + ‘?Ax,yjl =y, — %Ay,yj2 =y, + \?Ay are Gaussian quadrature

+

i+%,jm

cell interface (x; s Vim) and u = u (X, yjil ,1) are the bottom and top limits of the discontinu-
2 2

in,j
ous solution #" at the cell interface (x;, ;1) The fluxes f(u ,u) and g(u~,u") are monotone
fluxes (non-decreasing in the first argument and non-increasing in the second argument) for the
scalar case and an exact or approximate Riemann solver for the system case. The semi-discrete
scheme (3.2) is discretized in time by a non-linearly stable Runge-Kutta time discretization,
e.g. the third-order version (2.23).

The limiter adopted in [5,9] is described below in some detail, and in this paper we use it to detect
“troubled cells”. The limiting is performed on the first moment u,(}) and uf?, using the differences of
means. For a scalar equation, u,.; ) would be limited by either the standard minmod limiter [13]:

1
m(_um u® 0 O 0 >

o Mo Miry — My U J

points, u =u (xii+l ,V;m 1) are the left and right limits of the discontinuous solution u" at the
2

where m is given by:

§-Minj<;<,|a;] if sign(a;) = sign(a,) = - -- = sign(a,) =,
m(al,az,...,an) = o . (33)
0 otherwise,
or by the TVB modified minmod function [25]
if < MAX?
m(ay,ay,...,a,) = {al if o] - ’ (3.4)
m(ay,ay,...,a,) otherwise,

where M > 0 is the TVB constant. The choice of M depends on the solution of the problem. For
scalar problems it is possible to estimate M by the initial condition as in [7] (M is proportional to
the second derivative of the initial condition at smooth extrema), however it is more difficult to
estimate M for the system case. If M is chosen too small, accuracy may degenerate at smooth extr-
ema of the solution; however if M is chosen too large, oscillations will appear.

Similarly, u

2) s qe -
; 1s limited by

1
m(_u@ L0000 )

o Mo M ij o Uij ij—1

or

(1 2 0 (0 0
m<§ ”Ej)a “l(,)ﬂ - ufj ’”E/) - ”g‘./)fl

with a change of Ax to Ay in (3.4).

For systems, we perform the limiting in local characteristic variables as in [9].

Similar to [21,22], in this paper we use the limiter described above to identify “troubled cells”,
namely, if one of the minmod functions gets enacted (returns other than the first argument), this
cell is declared “troubled” and marked for further reconstructions. Since the HWENO recon-
struction maintains high order accuracy in the troubled cells, it is less crucial to choose an
accurate M. We present in Section 3 numerical results obtained with different M’s. Basically, if
M is chosen too small, more good cells will be declared as troubled cells and will be subject to
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unnecessary HWENO reconstructions. This does increase the computational cost but does not de-
grade the order of accuracy in these cells.

For the troubled cells, we would like to reconstruct the polynomial solution while retarnmg its
cell average. In other words, we will reconstruct the degrees of freedom or the moments, u ' for
— ©)

any troubled cell /;; for /=1,...,K and retain only the cell average u;;
For the third-order k = 2 case, we summarize the procedure to reconstruct the first and second-
order moments u,(j>, e ,j %) for a troubled cell I;; using HWENO reconstruction. For simplicity,

we relabel the “troubled cell” and its neighboring cells as 1, .. .,Iy as shown in Fig. 1.

1. We construct Hermite quadratic reconstruction polynomials py(x,),...,ps(x,») in the small
stencils satisfying the conditions in Step 1.1, Section 2, with (2.15) replaced by

/ P (i) (x,y) drdy = uay, / P ()l (2, ) dedy = 1,

I Iy

X y

2. We find the combination coefficients, also called linear weights, denoted by y(ll),...,yé[),

satisfying:

8

/uvz (x,y)dxdy = ZV,S”/pn(x,y)v§5)(x,y)dxdy, I=1,...,5,
Is

Is n=1
for u = UES), e ,vf), and ask for
: 2
min Z(yff))
n=1

under these restrictions. For / =1, 2, these lead to

i ! i ! i ! l !

3. Compute the smoothness indicators:

we compute the smoothness indicator /3, as:
2

— 22: 1% 1/ <akkpn(x y)> dxdy. (35)

(b) For the reconstruction of u'?

(a) For the reconstruction of u,j ,

we compute the smoothness indicator /3, as:

1/5
2

Iu\% 1/ <aykkpn(x y)) dxdy. (3.6)

MN
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@

l

(¢c) For the reconstruction of u,] , and u”, we compute the smoothness indicator /3, as:

lj’

2 Ik| 2
- 2%-1 0
ﬂn - Z |1ij| /I,, <6ku 6ykzp”(x’y)> dXdy (37>

|k|=2

and compute the non-linear weights based on the smoothness indicators by (2.18). The
moments of the reconstructed polynomial is then given by:

o) = Zw [ P asar, 1=123.45 (39

For the system cases, to find out the “troubled cells”’, we could either use a componentwise min-
mod TVB limiter or a characteristic one. It turns out that, even though a componentwise minmod
TVB limiter saves CPU time, it tends to give false alarms for many cells (i.e. declaring too many
good cells as troubled cells) that the HWENO reconstruction would be performed in many more
cells. We have thus used a characteristic based minmod TVB limiter to detect troubled cells. In
order to achieve better qualities at the price of more complicated computations, the reconstruc-

tions of two first moments ufj), uf/z) are performed in the local characteristic directions to avoid
oscillations, and the reconstructions of the three second-order moments uD u? u) are per-

ij 2y %ij o %ij
formed componentwise.

4. Numerical results

In this section we present the results of our numerical experiments for the fourth-order
HWENO schemes with the third-order TVD Runge-Kutta method (HWENO4-RK3) and the
third-order DG method with HWENO limiter (DG3-HWENO4-RK3) developed in the previous
sections. A uniform mesh with N, x N, cells is used for all the test cases, the CFL number is taken
as 0.6 for HWENO4 and 0.18 for DG3-HWENO4-RK3 except for some accuracy tests where a
suitably reduced time step is used to guarantee that spatial error dominates.

4.1. Accuracy test

We first test the accuracy of the schemes on scalar and system problems. For all accuracy tests
of DG3-HWENO4-RK3 we have used the TVB minmod limiter with a small M = 0.01 to identify
troubled cells (this is close to a TVD limiter with M = 0), resulting in many good cells identified as
troubled cells. In this way we can clearly see the effect of the HWENO reconstruction limiter on
the accuracy of the RKDG method.

We have tested many standard problems for accuracy, such as linear advection, non-linear
Burgers’ equation, and non-linear Euler equations. We present only the results of Burgers’ equa-
tions and non-linear Euler equations on uniform meshes as representative examples to save space.

Example 4.1. We solve the following non-linear scalar Burgers’ equation in two dimensions:

U + <%2> + (”;)) =0 (4.1)
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Table 1
Burgers’ equation u, + (1%/2), + (u2/2)y =0
NxN HWENO4-RK3
L, error Order L, error Order

10x 10 1.13E-02 3.46E—02
20 x 20 9.12E-04 3.63 5.97E-03 2.53
40 x 40 6.09E—-05 3.90 4.56E—04 3.71
80 x 80 3.09E-06 4.30 3.59E—05 3.67
160 x 160 1.70E—07 4.19 2.95E—06 3.60
NXxN DG with HWENO limiter DG with no limiter

L, error Order L error Order L, error Order L error Order
10x 10 2.98E—02 5.03E-01 5.19E-03 1.83E—01
20 %20 1.81E-03 4.04 4.09E—02 3.62 8.29E-04 2.65 4.16E—02 2.14
40 x 40 1.73E—04 3.38 6.04E—03 2.76 1.12E—-04 2.88 6.04E—03 2.79
80 x 80 2.07E—05 3.06 1.00E—03 2.59 1.44E-05 2.96 1.00E—03 2.59
160 x 160 2.49E—-06 3.06 1.38E—04 2.87 1.83E—06 2.98 1.38E—04 2.87

Initial condition u(x,y,0)= 0.5 + sin(n(x + y)/2) and periodic boundary conditions. HWENO4-RK3 and DG3-
HWENO4-RK3 (M = 0.01) comparing with RKDG without limiter. Local Lax—Friedrichs flux. z = 0.5/n. L; and L,
errors. Uniform meshes with N x N cells.

with the initial condition u(x,y,0) = 0.5 + sin(n(x + y)/2) and a 4-periodic boundary condition
in both directions. When ¢ = 0.5/ the solution is still smooth. The errors and numerical or-
ders of accuracy for HWENO4-RK3 and DG3-HWENO4-RK3 comparing with the original
RKDG method without a limiter are shown in Table 1. We can see that the HWENO lim-
iter keeps both the designed order and the magnitude of accuracy of the original RKDG
method.

Example 4.2. We solve the following non-linear system of Euler equations:
é[ +f‘(é)x + g(é)y = O (4'2)
with

&= (p,pu,pv,E)',  f(&) = (pu, pu + p, puv,u(E + p))’,
2(&) = (pv, puv, po* + p, v(E + p))".

Here p is the density, (u,v) is the velocity, E is the total energy, p is the pressure, which is related to
the total energy by E = +;p(u’>+v*) with y=14. The initial condition is set to be
p(x,y,0)=1+ 0.2sin(n(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. The exact solution is p(x,y,¢) =14 0.2sin(n(x+y — (u+v)t)), u=0.7,
v =0.3, p = 1. We compute the solution up to ¢ = 2. The errors and numerical orders of accuracy
for HWENO4-RK3 and DG3-HWENO4-RK3 (M =0.01) comparing with RKDG without
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Table 2
Euler equations
NxN HWENO4-RK3

L, error Order L error Order
10x 10 2.14E-02 3.34E—-02
20 x 20 2.39E—04 6.49 5.19E-04 6.01
40 x 40 2.74E-05 3.12 5.22E—05 3.31
80 x 80 2.62E—06 3.39 4.28E—06 3.61
160 x 160 1.88E—07 3.80 3.20E-07 3.74
NXxXN DG with HWENO limiter DG with no limiter

L, error Order L error Order L, error Order L error Order

10x 10 7.15E-03 5.26E—02 7.94E—-04 5.53E—-03
20 %20 2.67E—04 4.75 1.10E-03 5.59 1.03E-04 2.95 8.79E—04 2.65
40 x 40 2.66E—05 3.32 1.29E—04 3.08 1.26E—05 3.03 1.28E—04 2.78
80 x 80 2.36E—06 3.49 1.71E-05 2.92 1.50E—-06 3.07 1.71E—-05 291
160 x 160 2.19E-07 343 2.17E-06 2.97 1.81E-07 3.05 2.17E—06 2.97

Initial condition p(x,y,0) =1+ 0.2sin(n(x + »)), u(x,y,0)=0.7, v(x,y,0)=0.3, p(x,»,0)=1 and periodic boundary
conditions. HWENO4-RK3 and DG3-HWENO4-RK3 (M = 0.01) comparing with RKDG without limiter. Local Lax—
Friedrichs flux. = 2.0. L; and L, errors for the density p. Uniform meshes with N x N cells.

limiter are shown in Table 2. We can see that again the HWENO limiter keeps both the designed
order and the magnitude of accuracy of the original RKDG method.

4.2. Test cases with shocks

We now test the performance of HWENO4-RK3 scheme and DG3-HWENO4-RK3 for prob-
lems containing shocks. We have also computed many more problems, but will not present all the
results to save space.

Example 4.3. We solve the same non-linear Burgers’ equation (4.1) as in Example 4.1 with the
same initial condition u(x,y,0) = 0.5+ sin(n(x + y)/2), except that we now plot the results at
t = 1.5/7 when a shock has already appeared in the solution. In Fig. 3, the solutions of HWENO4-
RK3 and DG3-HWENO4-RK3 using 80 x 80 cells are shown. We can see that both schemes give
good non-oscillatory shock transitions for this problem.

Example 4.4. Double Mach reflection. This problem is originally from [30]. The computational
domain for this problem 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 the 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. We compute the solution
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3

Fig. 3. 2D Burgers’ equation: u(x,0) = 0.5 + sin(n(x + y)/2), t = 1.5/x. 80 x 80 grid points, by HWENO4-RK3 (top) and
DG3-HWENO4-RK3 (bottom). Left: a cut of the solution at x = y, where the solid line is the exact solution and the
squares are the computed solution; right: the surface of the solution.

Table 3

The maximal percentage of troubled cells subject to HWENO limiters in the double Mach reflection problem
M 0.01 10 100

960 x 240 18.57 10.76 4.65

1920 x 480 16.76 11.22 5.23

up to ¢ =0.2. In Table 3 we document the maximal percentage of cells declared to be “troubled
cells” for different TVB constant M in the minmod limiter to identify troubled cells. We can see
that only a small percentage of cells are declared as “‘troubled cells”. Three different uniform
meshes, with 480 x 120, 960 x 240 and 1920 x 480 cells, as well as three different values of the
TVB constant, M =0.01, M =10 and M = 100, are used in the numerical experiments. To save
space, we show only the simulation results on the most refined mesh with 1920 x 480 cells in
Fig. 4, and the “zoomed-in” figures around the double Mach stem to show more details, for
the cases with 960 x 240 and 1920 x 480 cells in Fig. 5. All the figures are showing 30 equally
spaced density contours from 1.5 to 22.7.
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0 1 3
X

Fig. 4. Double Mach reflection problem. RKDG with HWENO limiters. 1920 x 480 cells. 30 equally spaced density
contours from 1.5 to 22.7. TVB constant top: M = 0.01; middle: M = 10; bottom: M = 100.

Example 4.5. A Mach 3 wind tunnel with a step. This model problem is also originally from [30].
The setup of the problem is as follows. The wind tunnel is 1 length unit wide and 3 length units
long. The step is 0.2 length units high and is located 0.6 length units from the left-hand end of the
tunnel. The problem is initialized by a right-going Mach 3 flow. Reflective boundary conditions
are applied along the wall of the tunnel and inflow/out flow boundary conditions are applied at
the entrance/exit. The corner of the step is a singular point and we treat it the same way as in [30],
which is based on the assumption of a nearly steady flow in the region near the corner. In Table 4
we show the maximum percentage of HWENO limiter used during the calculation. In Figs. 6, 7,
we show 30 equally spaced density contours from 0.32 to 6.15 computed by the scheme DG3-
HWENO4-RK3 at time ¢ = 4. We use uniform meshes with 2 meshes of 240 x 80 and 480 x 160
cells respectively.
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0.5

Fig. 5. Double Mach reflection problem. RKDG with HWENO limiters. 960 x 240 cells (left) and 1920 x 480 cells
(right). Zoomed-in region to show more details. TVB constant top: M = 0.01; middle: M = 10; Bottom: M = 100.

Table 4

The maximal percentage of troubled cells subject to HWENO limiters in the forward step problem
M 0.01 10 100
240 x 80 39.1 21.65 8.20

480 x 160 34.71 19.99 8.25
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Fig. 6. Forward step problem by DG3-HWENO4-RK3 with 240 x 80 cells. 30 equally spaced density contours from
0.32 to 6.15. TVB constant top: M = 0.01; middle: M = 10; bottom: M = 100.

5. Concluding remarks

In this paper, we extend the HWENO schemes and their application as limiters for the Runge—
Kutta discontinuous Galerkin (RKDG) methods developed in [22] to solve two dimensional
non-linear hyperbolic conservation law systems. The emphasis is on the application of such HWE-
NO finite volume methodology as the limiters for RKDG methods to maintain compactness of
RKDG methods. HWENO schemes evolve both the solution and its derivatives, thus requiring
more storage and evolution CPU time per grid point than regular WENO schemes. However,
when used as limiters for the RKDG methods, the cost of HWENO reconstruction is about
the same as the regular WENO reconstruction and the former has a more compact stencil
in the reconstruction. Numerical experiments for two dimensional Burgers’ equation and
Euler equations of compressible gas dynamics are presented to show the effectiveness of the
methods.
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Fig. 7. Forward step problem by DG3-HWENO4-RK3 with 480 x 160 cells. 30 equally spaced density contours from
0.32 to 6.15. TVB constant top: M = 0.01; middle: M = 10; bottom: M = 100.
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