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Abstract

The Lax-Wendroff time discretization is an alternative method to the popular total variation diminishing
Runge-Kutta time discretization of discontinuous Galerkin schemes for the numerical solution of hyper-
bolic conservation laws. The resulting fully discrete schemes are known as LWDG and RKDG methods,
respectively. Although LWDG methods are in general more compact and efficient than RKDG methods of
comparable order of accuracy, the formulation of LWDG methods involves the successive computation of
exact flux derivatives. This procedure allows to construct schemes of arbitrary formal order of accuracy
in space and time. A new approximation procedure avoids the computation of exact flux derivatives.
The resulting approximate LWDG schemes, addressed as ALDWG schemes, are easier to implement than
their original LWDG versions. Numerical results for the scalar and system cases in one and two space
dimensions indicate that ALWDG methods are more efficient in terms of error reduction per CPU time
than LWDG method of the same order of accuracy. Moreover, increasing the order of accuracy leads to
substantial reductions of numerical error and gains in efficiency for solutions that vary smoothly.

Keywords: Discontinuous Galerkin scheme, Lax-Wendroff time discretization, systems of conservation
laws
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1. Introduction

1.1. Scope

We are interested in high-order accurate numerical schemes for systems of conservation laws

ou 0 0 B B d
E+aimfl(u)+...+%fd(u)—0, = (1,...,24) EQCRY ¢t>0 (1.1)

in d space dimensions, where ¢ is time, x is spatial position, w = (u1,...,u,,)T is the sought vector of
unknowns, and f;(u) = (fj1(u), ..., fjm(u))T is the given flux vector in the j-th coordinate direction,
j=1,...,d. We assume that (1.1) is posed along with an initial condition

u(x,0) = up(x), x €. (1.2)

One particular case is that of an initial value problem for scalar conservation law

ot ox

Ou 01 o weQCR, 50 u@0)=uole), zeQ (1.3)
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It is well known that solutions of (1.1), (1.2) or (1.3) are in general discontinuous, which may occur even
if the initial datum is smooth whenever the flux vector is a nonlinear function.

It is the purpose of this work to propose an approximation procedure for the Lax-Wendroff discon-
tinuous Galerkin (LWDG) schemes applied to (1.1), (1.2) that were originally proposed by Qiu et al.
[13]. The Lax-Wendroff time discretization is an alternative to the popular total variation diminishing
Runge-Kutta time discretization of the discontinuous Galerkin scheme to solve hyperbolic conservation
laws, resulting in the so-called RKDG method. As remarked in [13], the LWDG method is more com-
pact and cost-efficient than the RKDG version of corresponding order of accuracy for certain problems,
including the two-dimensional Euler system of compressible gas dynamics, when nonlinear limiters are
applied. However, LWDG methods require the successive computation of exact flux derivatives or flux
Jacobians in the case of systems. This is found to be a major drawback of LWDG methods even though
they outperform RKDG methods in efficiency. We overcome this difficulty through an approximation
procedure for the flux derivative or flux Jacobians, which is the main novelty of this proposed work. We
abbreviate our method as ALWDG for approximate Lax-Wendroff discontinuous Galerkin scheme.

The approximation procedure is primarily motivated by recent results by Zorfo et al. [25] that are
obtained in the finite-difference setup. For the finite difference method it is sufficient to compute the ap-
proximate flux derivatives essentially at grid points, whereas the finite-volume-based DG method requires
to compute the approximate derivatives in each cell. This difficulty is resolved by choosing the central
differencing on non-uniform grids, which are essentially the available quadrature points in each cell. In
the original LWDG scheme apart from the flux derivatives it involves the computation of the derivatives
of approximated discontinuous Galerkin (DG) solution in each cell, which is found to be expensive. In our
method we do not have to compute these higher derivatives, which in turn saves a considerable amount
of CPU time as we see in the later discussions. With the proposed procedure, the original LWDG scheme
is likely to become more practicable in usage.

1.2. Related work

Lax-Wendroff-type schemes have been widely used as an alternative to the Runge-Kutta-type time
discretizations in the context of hyperbolic conservation laws. The original contribution [11] was a second-
order scheme in that was extended for arbitrarily high order for a wide range of spatial schemes by several
authors. Among others, this technique has been used in the case of Shu-Osher finite-difference spatial
schemes by Qiu and Shu [14] and for discontinuous Galerkin schemes by Qiu et al. [13], followed by
further improvements [8, 12]. See, e.g., [3, 4, 5, 6, 7] for details on standard RKDG schemes.

Lax-Wendroff-type schemes outperform Runge-Kutta-type schemes, in the sense that they only need
one upwind phase for each time step, regardless of the accuracy order of the scheme, unlike the Runge-
Kutta schemes, which need as many upwind phases as the number of stages of the scheme. Further-
more, this number increases nonlinearly with the order of the scheme. However, the implementation
of Lax-Wendroff-type schemes may be complicated due to the necessity to compute the high-order par-
tial derivative terms associated with systems of equations, since these expressions usually become very
large and may require symbolic manipulation software to compute them, which ultimately yields severe
performance drawbacks.

In order to overcome the aforementioned issue, Zorio et al. [25] propose a technique based on the
approximation of the high-order terms to a suitable order of accuracy order instead of computing the
exact symbolic expression of the high order terms. This approximation is applied in [25] to Shu-Osher
finite-difference schemes [19, 20]. It yields a more efficient and easy-to-implement scheme, where no
symbolic computation is required to handle the high-order terms and no additional high-order terms
have to be computed for different equations, namely, for different fluxes.

Furthermore, we note that the so-called TVD RK3 ODE solver achieves third-order accuracy with
low storage requirements and a large CFL condition (see [19]). In contrast to this, for orders higher than
three the stability properties are not so favorable, forcing either a smaller CFL restriction or inclusion of
additional stages in the algorithm which essentially leads to loss in efficiency (for detailed discussion see
[2]). These well-known difficulties underline the importance of the proposed ALWDG method.
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1.8. Outline of the paper

The remainder of the paper is organized as follows. In Section 2 we briefly review the LWDG schemes.
Specifically, after introducing preliminaries (Section 2.1), we develop in Section 2.2 the basic DG dis-
cretization for the scalar, one-dimensional problem (1.3). The key difficulty, namely the approximate
integration over each spatial cell of a quantity that involves the unknown as well as its time derivatives, is
handled in Section 2.3. This issue is resolved by approximating spatial derivatives through central differ-
ences defined on the non-uniform spatial grid defined by the nodes of the underlying quadrature formula
(Section 2.4). In Section 3, which is at the core of this paper, we describe the new ALWDG method as a
new time discretization of the DG scheme based in using an approzimate Lax-Wendroff technique. The
critical ingredient consists in generating approximations to higher time derivatives of the flux that are of
certain determined orders of accuracy. This is done in Sections 3.1, 3.2 and 3.3 to generate schemes that
are of third, fourth, and fifth order of accuracy, respectively. We then outline how to construct schemes
of an arbitrary order of accuracy R. To this end we first recall, in Section 3.4, how central difference
coefficients for a scheme of arbitrarily high order are obtained, and then, in Section 3.5, develop a time
scheme of general order of accuracy (generalizing the treatment of Section 3.1-3.3). In Section 3.6 we ad-
dress the extensions of the new method to systems of conservation laws and to several space dimensions,
respectively, and summarize the ALWDG schemes in Section 3.7 for ease of reference. Section 4 is devoted
to the presentation of numerical examples. It starts with a brief discussion of the CFL condition and
the nonlinear limiters required for the implementation of LWDG and ALWDG schemes with non-smooth
solutions (Section 4.1). We then consider, in Section 4.2, three examples with a smooth solution that
allow us to verify whether the numerical schemes indeed have the advertised orders of accuracy. This is
done in Examples 1, 2, 3, 4 and 3 for the one-dimensional inviscid Burgers equation, a one-dimensional
equation with exponential flux, the one-dimensional Euler equations of gas dynamics, the two-dimensional
inviscid Burgers equation, and a two-dimensional equation with exponential flux, respectively. On the
other hand, we consider in Section 4.3 more realistic scenarios of equations (1.1) or (1.3), namely test
cases that involve the formation of shocks. These include a scalar, one-dimensional Buckley-Leverett
problem (Example 6), the one-dimensional Euler equations of gas dynamics (Examples 7 and 8), and the
two-dimensional Euler equations of gas dynamics (Example 9). Finally, in Section 5 some conclusions
are drawn.

2. Lax-Wendroff-discontinuous Galerkin (LWDG) schemes

2.1. Preliminaries

Let us consider first initial value problem for a scalar conservation law (1.3), assuming that @ = [0, 1].
We divide the domain 2 into cells I; = [2;_1/2,Zi41/2], where 0 = 215 < 23/2 < ... < Tnq1/2 = 1,
T = (Ti—1/2 + Tig1/2)/2, Avi i= Tip1/2 — Ti_1/2, and h := max; Az;. Let us assume that the mesh is
regular, i.e., there is a constant ¢ > 0 such that Az; > ch for all i. Let us consider the following space of
broken polynomials:

Vi = {v, € L*(Q) s vp|p, € PR(L;), 1 <i < N}, (2.1)

where P*(I;) is the space of polynomials of degree less or equal k defined on I;. Note that the elements
of V,f can be discontinuous on the boundary of the intervals I;. We define the left and right limits as
vp(x7) = lim v (z — €), vp(zT)
g

=1 .
N lim on(@ +¢)

2.2. Discontinuous Galerkin discretization

Assume now that v is a smooth solution of (1.3). Then

o D <8k_1f(u)).

otk 9z \ ork1
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We denote by indices z, ¢, zx etc., partial derivatives. Then the Taylor expansion of u(x,t) yields

At3

(@.0) - ?(f(u)tt)r

A

u(z,t + At) = u(z, t) — Atf(u), -
(z,t) 2

+ O(AtY).
(th)

(f(u)t)z

Just neglecting the O(At*) term we get the expression

At At
u(z,t + At) —u(x,t) + AtF, =0, where F = F(u(z,t)) = f(u)+ 7f(u)t + Tf(u)tt' (2.2)

We adopt a local orthogonal basis on I,

; ; T — xy
! 1=0,1,...,k [(x) = : 2.
{vl (l’), 07 ) ) }7 Uy (1’) Yzl ( sz ) ) ( 3)
where p; are the Legendre polynomials which may be obtained from the recurrence relation

(n+ Dpni1(§) = (2n+ 1)Epn(§) — npn-1(§), n €N, where po(§) :=1 and p1(§) ==&
Now the approximate solution u" = u"(x,t) € V}f can be written as

k
ul(x,t) = Zul(.l)(t)vli(x) for x € I;. (2.4)
1=0

Multiplying (2.2) by a test function ¢ € V,f and integrating the result over the interval I; we get

/Iu(m,t—l—At)qbdw—/ u(x,t)¢dx+At/ F(u(x,t)) ¢dax =0,

I;

i I;

and the sought approximate solution u" € V,f satisfies

Vo € ViF / ul(z,t + At)pdx — / ul(x,t)p da + At/ F(uh(x,t))m(bdx =0. (2.5)

Ii Iq‘, Ii

Assume that the approximated solution u" at time " is given. Our aim is to find the solution u" at
tnt1l =¢" 4+ At. To this end we write (2.5) as

/uh(x,t"+1)¢da:—/ uh(sr:,t”)(bdx—i—At/ F(uh(;mt"))zqﬁdxzo.

Ii Ii Ii

1, = v¢, using the expression (2.4) and applying integration by parts we get

Now choosing ¢ %

I;

k k
ulD (g1 vi(z)vl(z) dz — ul (¢n vi(z)vl(z) dz — u(z, "))l da
> u ) [ v l}_%mt)/lil(u()d at [ Pt )], d

+ At (F(u%,tn))v;i(x)\ - —F(u”<w7t">)v§<x>\mm/2> "

Tit1)2
Replacing the boundary term by the numerical flux Fi-‘,—l /2 we get

k k

0 (n+1 i i (1) (4n i i R, 4m\Y, i

w (") [ v(x)vi(e)de — > wp () | v(z)vj(2)de — At [ F(u"(z,t"))v; dz
e ) e J e

I; I;

+ At(ﬁ‘i+1/2v;(x;+1/2) - Fi—l/QU;' (1'2;1/2)) = 07 ] = 0, ].7 27 ceey k.
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Now choosing 7 = 0,1,2,...,k in the above expression we obtain the following:
AU, (t") = AU, (t") + AtB; — AtC;, i=1,...,N,
where the approximate solution on cell I; at time ¢™ is represented by the vector of coefficients for (2.4),
U™ = (u” (@), u (), . (1)

and the entries of A = (a;;) € RETVXE+D B, = (by, by, ... b)T and C; = (co,c1,...cx)T are given by

a;j = /I va; dz, b; = /1 1!7'(uh(as,t"))v§z dz, ¢ = Ai+1/2'l);(l'i+1/2) — Fi_1/2v§(xi_1/2). (2.6)

Since we have an orthogonal basis (2.3), the matrix A is diagonal and invertible, therefore the coefficients
(degrees of freedom) U; at time t"*! are given by

U;(t"t) =U,;(t")+ AtA™'B; — AtA™'C;, i=1,...,N.

The DG scheme is now complete provided we know how to deal with the function F' and the numerical flux

Fi41/2. A choice for the numerical flux is the Lax-Friedrichs flux (LF) or the so-called local Lax-Friedrichs
flux (LLF). Both are defined by

1 - ) -
Fipay2 = §(F(“h<xi+1/2’tn)) + F(“h<x:r+1/2’tn)) - “(uh(xjﬂ/zvt Y- “h($i+1/27tn)))7 (2.7)

where for LF flux, the constant x = max, |f’(u)| is taken as an upper bound on |f’(u)| over the whole
range of u in the scalar case, or as a bound on the spectral radius of the Jacobian for the system case.
For the LLF flux, & is locally determined by

K= Eﬁl?}(‘f/(u)" J = [min{uh(m;+1/27t”),uh(:zc;;l/Q,t")},max{uh(xi;l/wt"),uh(xltrl/z,t")}] (2.8)

in the scalar case or by evaluating or estimating the corresponding spectral radii in the system case. The
expression for Fi_l /2 follows in a similar way. Note that the scheme possesses a spatial order of accuracy
O(hF*1) when we use piecewise polynomials from P*, i.e., of maximal degree k.

In two dimensions we use the polynomial space based on Legendre polynomials. In the reference
domain [—1,1]? the space P* is spanned by the polynomials of the form p;;(z,y) = pi(x)p;(y), for
0 <i,j <k, where p;, 0 < i < k are the corresponding Legendre polynomials defined in the interval
[—1,1]. For further details about the implementation in two dimensions we refer to [4].

2.8. Flux approximation

The integral arising in b; (see (2.6)) is computed approximately by a suitable quadrature rule, for
example Gauss-Lobatto quadrature rule. This requires to evaluate the expression F'(u(x,t)), which has
to be computed at (z,t") for € I;. We do not know the time derivative of u” at t" but we know the
spatial derivative at (x,t"), so a complicated way to write F(u”(z,t")) in the interval I; is the following:

F(uh(aﬁ,t”)) = f(uh(x,t")) + %f’(uh(x,t"))u?(x, t")

o

1"(. h n h ny\2 1(, h n h n (2-9)
5 (f (u (z,¢ ))ut (x, t") + f (u (z,t ))utt(a?,t )),

+

where we compute the time derivatives u?(z,t") and ul,(z,t") from the following relations:
Uy = 7f/(u)ura Ut = 7(f/(u)u)t)r = 7fu(u)umut - f,(u)uacta Uyt = 7f//(u)(ur)2 - f,(u)u'rr

Note that in fact we here need to compute F(u”(z,t")) only at the quadrature points.
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So far we have discussed a third-order in time LWDG discretization, and (2.9) indicates that it is
quite complicated. So to avoid this long expression for F(u"(z,t")), we may replace the time derivatives
O™ f(u(x,t"))/dt™ by a recurrence approximation of the form

o f(u")

S (@)~ flm) (2.10)

xr,m
. . . . . m .
and in terms of these approximate time derivatives fé,n) we can write

F(uh(a:,t”)) ~ f(uh(x,t")) + Z (mAfZ)‘fé’g), (2.11)

m=1

where v specifies the order of accuracy in time.

2.4. Central difference approzimations on non-uniform grids

To evaluate the term fénﬁ) we need to compute successive derivatives of the flux functions or Jacobians
in the case of system of equations. In our proposed scheme we resolve this additional difficulty through
an approximation of the expression fxnﬁ) using central differencing primarily motivated by [25]. However,
in contrast to [25] we utilize central differencing on non-uniform grids which we recall in the following
lines. If we are given a function ¢ : I — R and {z,} a set of quadrature points on the interval I, then
the non-uniform central differencing approximation of dy/dx at the quadrature points reads as

dy

g |xq ~ agp(l‘q_l) + ﬁ‘?(‘rq) + 790(33!14-1)7

where

ha hi

a:—i’ :7’
hilhy+ ha) | ha(hy + o)

B=—a—y, h=x;—xq1, hyo=z¢41—24 (2.12)

3. Approximate Lax-Wendroff discontinuous Galerkin (ALWDG) schemes

Let us denote by I; as the i*" cell of the DG discretization. The primary goal is to approximate the
following terms arising in (2.10):

O™ f (u(z, t))

m=1,...,v.
otm {z€l t=t,} ’

In the following development of the various high-order schemes we always focus on one cell I;.

3.1. Third-order scheme

We now construct a third-order in time ALWDG scheme. In order to obtain third-order accuracy in
time we need the approximation of f; to have O(At?) accuracy and that of fi; to have O(At) accuracy
as At — 0.

We begin with the first term f(u);. For x € I; this term can be approximated using central differencing
in time. Here and elsewhere, we assume that the ratio A := At/Az is fixed, and we write O(h?”) to denote
O(AtP) or equivalently, O(AzP). Clearly,

o= () t) = 5 (F(ul b+ A0) = F(ulr , — D)) +O(2)

= ﬁ(f(u(x,tn) + Atuy(z, 1)) — fu(z, tn) — Atut(l’,tn))) +Oh?)
= ﬁ (/@0 @) + At (@) - f(@0 (@) - AtaD(2)) ) + O(h?),
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where 12,(10) and aﬁ}) correspond to the polynomial DG solution and the approximation of u; in the cell I,

respectively. We write

fom o= g (FED @) + AtD (@) — £ (0 (@) — At (@) ).
In order to evaluate aﬁP, we can use the expression
w=—f(u)z (=-f(u)us) (3.1)
and compute the exact term
@V (z) = wy(x,t,) for z € I,. (3.2)

In fact, we could use an approximation as well, which we see later. Now we consider the second term
f(u)¢. We use the following central difference again:

fuo = F)ulet) = 5o (F (0, b+ AD) = 27 (e, 1)) + F(ula, b — AD)) +O()

_ U7 A Ly A ,
= @ _f (U(QT,tWL) + tut(m, n) + 2’UJtt(fE,tn)> — f(u(x7tn))

2
+ f<u(a:,tn) — Atug(x, ty) + A;utt(:r,tn)>] + O(h?)
_ L] Flal® () + Atall) (z) + A—ﬁa(@ () ) —2f (aV (x))
- AtQ n n 92 n n

1 (W0) - a0+ S el @) )] + o),

so that we arrive at the following approximation of fy;:

~ 2
fu = fulz ty) = ﬁ [ f <a§?>(x) + AtaM (z) + A;ag”(a:)) —2f (a0 (z))

2
At )

+ f<ﬂ%°)(z) ~AtaM(2) + g (m)ﬂ 7 (3.3)

2 n
where @2 (z) is an approximation of uy(x,t,), which we evaluate using the following central difference:
(@, tn) = = (fu(z, tn)):), = = (fi(2)),- (34)

Note that we only need to compute ﬂ%z)(xq), where z, are the quadrature points in the cell ;. Since we

usually use non-equidistant Gauss or Gauss-Lobatto quadrature points, we need to compute the central
differencing on non-uniform grids. On non-uniform grids we have

(Jgt(xq))z = aft(xq—l) + Bft(l'q) + 'th(xq-i-l) + O(hQ)v

where a, 8 and v are given in (2.12), so from (3.4) we get the approximation

utt(mmtn) ~ ﬁg)(xq) = _(aft(xqfl) + Bft(xq) + ’)’ft(xq+1))~

We need to consider the boundary points of the cell I; as we deal with the Gauss-Lobatto quadrature
points. Therefore to compute 11512) (x) at the boundary we can use a two-step forward or two-step backward
approximation. Now the method is complete for the third-order scheme.

Remark 3.1. If the third derivative d°f/du® vanishes, i.e., f is a polynomial of degree less or equal 2,
then it is easy to see that the approximation fi of f(u): coincides with the exact derivative f(u)s. In
that case the term F(u) = f(u) + (At/2) f(u); is the same for both the approzimate and exact versions.
Consequently, the second-order versions of both ALWDG and LWDG schemes essentially are the same.
As an example, we observe this in the case of inviscid Burgers equation (Examples 1 and 4 in Section /).
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3.2. Fourth-order scheme

To obtain fourth-order accuracy in time we need to approximate the terms fi, fi; and fiy in (2.10)
to the respective accuracies O(At?), O(At?) and f;y = O(At). Therefore we begin with a fourth-order
approximation of f;:

fo = f(u)(z,t,) = %At (ff(u(:c, tn + 2A0)) + 8f (u(z, t, + At))
—8f(u(z, t, — At)) + f(u(w, t, — 2At))) +O(hY)
= s (~Phoand) + 86k ar(@) — 80 _ar(w) + 0h ani(a)) + O,

where we define

ns(@) = F (@) (@) + 6a (x)). (3.5)

As in the third-order case here we can compute @y’ by (3.1), (3.2). Consequently, for the fourth-order
scheme we utilize the following approximation of f;:

1

fe~ fi(z,t,) == T2A7

(“Pvlz,QAt(x) + 8@%,&(35) - 8@%,—&@) + @i,—QAt('T))' (3.6)

Moreover, since the order of approximation in fi; only needs to be O(At?), we may approximate fy
by (3.3) (as for the third-order scheme). Next, in order to approximate f(u)y(z,t,) we note that

fue = F@unlta) = Alt3 (F(ule s+ 280)) —2f (u(e t, + A1)
4 2f (@, t — AL)) — fula,t, — 2At))) +O(h?)
1

= BYNE] (‘Pi,zm(ﬂc) - 2‘P§z,At($> + 290?1,7&(37) - ‘Pi,ﬂm(gﬂ)) + O(h2)7

where we define
52 53
o) = (100 + 61D 0) + G (o) + G0 ) (37)

Thus, the approximation of f;; for the fourth-order scheme is now given by

~ 1
Jeee = fore(2,tn) i = m(‘ﬁi,zm(v’ﬁ) - 2wi,m(9«“) + 2902,7&(95) - 802,72&(95))- (3-8)

Here ﬂg’)(x) is an approximation of wu(x, t,,), which we evaluate using a central differencing for

Uttt(CUa tn) = - (f(u(;m tn))tt)x ~ = (ftt(w))m
Note that we only need to compute ald) (z4), where x4 are the quadrature points in the cell I;. Once again,
since we usually use non-equidistant Gauss or Gauss-Lobatto quadrature points, we need to compute the

central differencing on non-uniform grids. We have

(ftt(xq))m = Oéftt(xq—l) + 5ftt($q) + Vftt(ﬂ?qﬂ) + O(h?),

where a, 8 and 7 are given in (2.12). This yields the approximation

Uttt(xqatn) ~ 71513) (xq) = _(a.ftt@;‘qfl) + ﬂftt(mq) + Wgtt(xqﬂ))-
As for the third-order scheme, to compute ﬂg)(z) at the boundary we can use a two-step forward or
two-step backward approximation. Now the method is complete for the fourth-order scheme.
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8.8. Fifth-order scheme

To obtain fifth-order accuracy in time we need to approximate the terms f, fi, fier and fie arising in
(2.10) to the respective orders of accuracy O(At*), O(At?), O(At?), and O(At). Since the approximation
ft of fi defined by (3.5), (3.6) for the fourth-order scheme does already have the required order of accuracy,
we use the same expression also for the fifth-order scheme. Next, we calculate that

fie = —121&2 (—f(u(% tn +2At)) + 16 f (u(z, tn, + At)) — 30f (u(z, ty))
+ 16 f (u(z, t,, — At)) — f(u(z,t, — 2At))) +O(hY)
= s (~han®) + 1668 54(2) — 3067, 0(2) + 1667, _5,(w) — P _anel®) + O(h"),
where we define
Prole) = 1 (A00) + 500 o) + a2 0)). (39)

Here ﬂg)(x) is an approximation of u(z,t,) that we evaluate using (3.4). Since a fourth-order approx-

imation of f;, on a non-uniform grid is given by
(ft(xq))w = Oéft(l"q—z) + 5ﬁ(xq—1) + 'th(zq) + 5ﬁ(zq+1) + O(h4)

for the coefficients

5 hihg [‘3 hihs *ﬂhg + 5}13 -1 ﬂ 5
— , =— , 0= — =—-a—p—o
hs(h1 + hs)(hs + ha) ha(hs + ha)(hi — ha) h1 7

hl =Tq — Tgq-2, hg =Tq — Tg—1, h3 =Tg+1 — T

we get the approximation

WP (2q) = —(afi(wg—2) + Bfi(wg—1) + 1 e(wg) + 6 fi(zqin))
to be used in (3.9). Thus, we employ the following approximation of f;; within the fifth-order scheme:
~ 1
fie = fr(w,tn) := m(‘ﬁmm(@ + 1607 a¢ (@) — 3097 (@) + 1692 A (x) — 0p _oni(@))-

Furthermore, we observe that the approximation f¢ of fiy defined by (3.7), (3.8) for the fourth-order
scheme does already have the required order of accuracy, we use the same expression also for the fifth-order
scheme. Finally, the sought approximation of fi++ := f(u)(2,t,) is obtained from

ftttt:ﬁ(f(u(x,tn“rQAt))—4f( (z,tn + At)) + 6f (u(x, t,))

—Af (u(@, tn — At)) + f(u(z, t, — 2A1)) ) + O(h?)
(

1
= @(ﬁpizm(x) - 4<p$L,At( )+ 6‘Pn o) — 4‘Pn, at(T) + ‘Pn _ont(T )) + O(h2)7

where we define
hate) o= 1 (W00) + 070() +

The quantity alt )(zq) is defined by
il (@) = —(fine(wg—1) + Bfine(2q) + 7 frue(wgi1)),

where «, 8 and 7 are given in (2.12). We therefore arrive at the approximation

2 (2) % _3) & )
52+ )+ Ja @) )

1
ftttt(l" tn) = AL (‘Pn one(T) — 4‘»0%,&(@ + 6<pi70(x) - 4@?1,7&(35) + @iﬁzm(m))'

The fifth-order scheme is now complete.
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3.4. Obtention of central difference coefficients for an arbitrarily high-order scheme

Assume that we wish to construct an R-th order accurate time scheme. Let r = [R/2] and then
consider poy,. the 2r-th degree interpolating polynomial satisfying pa,.(iAt) = u;, —r < ¢ < r. Then po,
can be univocally determined and the s-th derivative in the central point, x = 0, can be written as

p2'r’ Ats Z ﬁls Z

1=—r

for certain coefficients 3; 5, —r < i < 7, which can be explicitly computed. Proposition 2 of [25] also
describes an alternative (and constructive as well) procedure to find these coefficients.

8.5. Time scheme of general accuracy order

With all the aforementioned ingredients, the time scheme of generalized order R, assuming the spatial
accuracy is greater or equal than R, can be computed following the steps indicated below.

1. For k=1,...,R—1 we perform the steps 2 and 3 indicated below.

2. Assuming that the corresponding approximations of u(Y) are known for 1 < I < k, compute an
approximation of f*) using the suitable central difference operator, which can be explicitly obtained
as described in Section 3.4. The optimal required accuracy order in this case for such centered

difference is 2[Z5%7, which can be expressed as follows:

FR) = Athﬁ“ Sk, 080) + (-1 F(TE, (-1a1))

with
k-1 R—k koo P
5= L 5 J + [ 5 —‘ and T, (p) :JZOFUTJTL ~u(z, by, + p),
where the coefficients ”7,..., 327 can be computed as shown in Section 3.4 or by solving the

(2s 4+ 1) x (2s + 1) system of equations suggested in Proposition 2 of [25]:

1 ifr=np,

Zﬂ“zr—ap 0<r<2s, o= ,
0 ifr#p.

l=—s

3. If k < R—1, we need to compute u**+1) which is performed using that u(**1) = — (), where cen-
tral differencing on non-uniform grids is used through the known Gauss or Gauss-Lobatto quadra-
ture points, provided the accuracy order of such operation is greater or equal than 2[ £k 5 E1. To be
more precise, if x4_s, . .., Tq1s+, are the quadrature points of the current cell I;, with p € {—1,0, 1},
u(kH)(:z:q) can be approximated through the expression

s+p

“(k+1)(xq) ~ = Z O‘kf(k)(qurk)v

k=—s

where a_s,...,asy, are determined by solving the (N + 1) x (N + 1) (N = 2s + p) system of

equations
s+p

Zakhq+k—51 0<j<N, hy=1zp— x4
k=—s

4. Once f*) is computed for 1 < k < R — 1, the term F(u"(x,t")) is approximated by
~ Ao
F(uh(z,t")) = ) ™.
(u" (@) = f (u" (=, Z:m—i—l

10
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One can prove that a general R-th order accurate ALWDG scheme is actually R-th order accurate
in terms of the global error. To prove the accuracy involving f(u)(") it suffices to use the techniques of
the proof of Proposition 1 in [25], corresponding to the finite-difference case, taking into account that
the spatial variable remains static for the computation of the time derivative approximations. As for
the proof involving spatial derivatives, assuming the spatial accuracy is greater or equal than R, using
the approximations involving the spatial derivatives plus the results obtained in Proposition 1 of [25]
concludes our result.

3.6. System and multi-dimensional cases

In the case of a system of conservation laws (1.1) with m > 2 there are no additional difficulties for
the computation. Assume that we consider one space dimension (d = 1) and set f = f;. One can then
work in a component-wise manner by taking into account that by definition

O f(w) _ o (fw), ., f(wm)T _ (a"fl(m 5"fm(U)>T
ot T otn

otn otn

and that

oHu 9 (0”f(u)) |

ottt — or \ o

which yields a component-wise relationship that allows one to reduce the procedure to the scalar case:

oy, 0 <8"f(u)u

otmtl T 9x otn

) , 1< pu<m.
The extension to several space dimensions is straightforward by using the following relationship
u* = () = (=9 (@) = =V - (F()).

8.7. Summary

The LWDG method originally consists of two parts, the Lax-Wendroff time discretization of the
system of equations (1.1) followed by the DG approximation in space of the corresponding time discretized
equation (2.2). This is precisely a forward Euler time discretization of the discontinuous Galerkin scheme
with the modified flux function F given by (2.11). The modified flux function F' involves the successive
time derivatives of the original flux function f(u) of (1.1). This could be computed explicitly as in LWDG
[13]. In the new ALWDG method we compute the time derivatives by the approximation explained in
Section 2. At each time step and as is usually done within LWDG or RKDG methods, we employ a
nonlinear limiter, which is essentially the TVB limiter, see [3, 5] for more details.

4. Numerical examples

4.1. CFL condition and limiters

In this section we present the results of our numerical experiments for the ALWDG, LWDG and
RKDG schemes. To be concise we mainly conduct simulations for P! and P? (see (2.1)) and in some
cases we include the results for P? and P* as well. We choose a uniform mesh in the 1D case and Cartesian
grids in the 2D case. As remarked in [13], the CFL number for the LWDG method is smaller than that
of the corresponding RKDG method. Nevertheless the CPU time for the LWDG scheme wins over that
of the RKDG scheme. We remark that the ALWDG method works satisfactorily under the same CFL
condition as the underlying LWDG scheme when nonlinear limiters are applied. For the 2D Euler system
of equations the ALWDG scheme is implemented with the same CFL numbers as that of [13], namely
0.2 and 0.12 for P! and P? respectively. Where ever not specified we have used the same CFL of LWDG
found in [13]. In two dimensions, the numerical integrations in the DG formulation are performed with

11
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Figure 1: (a, ¢) Example 1 (1D inviscid Burgers equation with smooth solution), (b, d) Example 2 (1D equation with
exponential flux with smooth solution, (c, f) Example 3 (1D Euler equations of gas dynamics, smooth solution, p-component):
numerical solutions with N = 50 at time ¢ = 2 obtained by the ALWDG and LWDG methods with (a, b, ¢) k =1, (d, e, f)
k=2

Gauss quadrature rule on k+ 1 points for P* elements and in one dimension we have used Gauss-Lobatto
quadrature rule on k + 2 points. In the discontinuous test cases both in one two dimensions we apply a
TVB limiter, more details are available in [15, 17, 18, 21], and the TVB constant M is specified in the
description of examples. We have used the local Lax-Friedrichs (LLF) flux (2.7), (2.8) in all examples,
more details are available in [16]. All the schemes described in this work are implemented in C++ using
deal.IT libraries [1]. In all examples, for 1D case we print the cell averages and for 2D case we plot the
whole cell polynomials.

4.2. Accuracy tests

We test the accuracy of the ALWDG method for nonlinear scalar equations and a system of equations
in both one and two dimensions. Results are compared with those of the LWDG scheme. In two
dimensions we limit our presentation to the scalar case. No limiters are employed for these accuracy
tests. To validate the accuracy results further, we provide graphical results as well, see Figures 1 and 2.
The computational efficiency of ALWDG is compared with LWDG method and the results are listed in
Figure 3. CPU time is plotted against the L! error, where we use the same mesh size for both ALWDG
and LWDG. As we see in the results the ALWDG outperforms the LWDG in computational efficiency
for these problems with smooth solutions.

Ezample 1: inviscid Burgers equation in one dimension

We conducted an accuracy test with the initial datum wug(x) = 0.2 sin z, assuming periodic boundary
conditions for the interval [0, 27] and the solution is computed at time ¢ = 2, see Figures 1 (a) and (c). Ta-
ble 1 shows the results obtained for ALWDG schemes of second to and fifth order. In light of Remark 3.1,
in this case the ALWDG and LWDG schemes produce the same numerical solutions.

12
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# | # # | #
cells | dofs L error rate L°° error |rate | cells | dofs L error rate L°° error |rate
ALWDG, k=1 ALWDG, k=2
50 | 100 |8.523927e-04| — |9.043832e-04| — | 50 | 150 |1.516174e-05| — |2.753776e-05| —

100 | 200 |2.114508e-04 | 2.01 | 2.415103e-04 | 1.90 | 100 | 300 | 1.849973¢-06 | 3.03 | 4.300787¢-06 | 2.68
200 | 400 |5.267018¢-05 | 2.01 | 6.221746e-05 | 1.96 | 200 | 600 |2.270759¢-07 | 3.03 | 6.246012¢-07 | 2.78
400 | 800 |1.314472e-05 | 2.00 | 1.580492e-05 | 1.98 | 400 | 1200 | 2.803340e-08 | 3.02 | 8.543263¢-08 | 2.87
800 | 1600 | 3.283470e-06 | 2.00 | 3.981910e-06 | 1.99 | 800 | 2400 | 3.473868e-09 | 3.01 | 1.129223¢-08 | 2.92
1600 | 3200 | 2.050932¢-07 | 2.00 | 9.993896¢-07 | 1.99 | 1600 | 4800 | 4.313430e-10 | 3.01 | 1.461658¢-09 | 2.95
3200 | 6400 | 2.051034e-07 | 2.00 | 2.503326e-07 | 2.00 | 3200 | 9600 | 5.373437e-11 | 3.00 | 1.868241e-10 | 2.97
ALWDG, k = 3 ALWDG, k = 4
25 | 100 [4.861064e-06] - [1.1955436-05] - | 10 | 50 |1.344846e-05] — |2.7411706-05] —
50 | 200 |3.172026e-07 | 3.94 | 8.961908¢-07 | 3.74 | 20 | 100 |8.562981e-07 | 3.97 | 1.355695¢-06 | 4.34
100 | 400 |1.956276e-08 | 4.02 | 6.704435¢-08 [ 3.74 | 40 | 200 | 2.667358¢-08 | 5.00 | 9.273087¢-08 | 3.87
200 | 800 |1.210728e-09 | 4.01 | 4.644211e-09 | 3.85 | 80 | 400 |8.741969e-10 | 4.93 | 3.233760e-09 | 4.84
400 | 1600 | 7.514776e-11 | 4.01 | 3.075426e-10 | 3.92 | 160 | 800 | 2.680772¢-11 | 5.03 | 1.334094e-10 | 4.60
800 | 3200 | 4.693472¢-12 | 4.00 | 1.978160e-11 | 3.96 | 320 | 1600 | 8.607957e-13 | 4.96 | 4.823554e-12 | 4.79

Table 1: Example 1 (1D inviscid Burgers equation, smooth solution): errors of numerical solutions produced by ALWDG
of orders 2, 3, 4 and 5 (corresponding to k =1, 2, 3 and 4, respectively) computed up to the final time ¢t = 2.0.

Ezxample 2: scalar equation with exponential flux in one dimension

In Example 2 we choose the same interval and initial and boundary conditions as in Example 1 but
use the exponential flux f(u) = exp(u?), for which none of the ALWDG schemes coincides with its LWDG
version. The corresponding numerical solution at ¢ = 2 is displayed in Figures 1 (b) and (d), and the
numerical errors are given in Table 2.

Ezxample 3: Euler equations of gas dynamics in one space dimension
The one-dimensional Euler equations of gas dynamics are a case of (1.1) for d = 1 and m = 3, namely

p P v
= ||+ pt+tpv” | =0 (4.1)
H\E) 9 \(E+pw

Here p, v, E, and p denote the density, velocity, total energy, and pressure of the gas, respectively, and
the system (4.1) is supplied with an equation of state E = E(p,p,v), for which we choose the usual
expression for a polytropic gas

p L s
E=E({p,pv) = ——+ —p% ~v>1, 4.2
(p,psv) o I LU (4.2)
where 7 denotes the adiabatic constant that is chosen as v = 1.4 for air.
For the accuracy test (Example 3) we choose the domain Q = [0,2] along with periodic boundary
conditions, and impose the initial datum
u(z,0) = uo(z) = (po(), po(w)vo(x), E(po(2), po(x), vo(x)))", (4.3)

where po(x) =14 0.2sin(mz), vo(z) =1, po(z)=1.

The corresponding exact solution under periodic boundary conditions is p(z,t) = po(x — t), v(z,t) =1
and p(z,t) = 1. The results are tabulated in Table 3 and 4. Necessary details are indicated in the caption
of each table.

13
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#o|#

cells | dofs L' error rate | L° error |rate L error rate | L° error |rate
ALWDG, k=1 LWDG, k=1

50 | 100 |2.128317e-03| - |6.962886e-03| - |2.128310e-03| - |6.962790e-03| -
100 | 200 |5.066706e-04 | 2.07 | 2.179635e-03 | 1.68 | 5.066700e-04 | 2.07 | 2.179626e-03 | 1.68
200 | 400 |1.248754e-04|2.02|6.249265e-04 | 1.80 | 1.248753e-04 | 2.02 | 6.249252¢-04 | 1.80
400 | 800 |3.108018e-05|2.01 | 1.678809e-04 | 1.90 | 3.108018e-05 | 2.01 | 1.678808e-04 | 1.90
800 | 1600 | 7.758670e-06 | 2.00 | 4.345228e-05 | 1.95 | 7.758670e-06 | 2.00 | 4.345226e-05 | 1.95
1600 | 3200 | 1.938548e-06 | 2.00 | 1.103856¢e-05 | 1.98 | 1.938548e-06 | 2.00 | 1.103856¢e-05 | 1.98
3200 | 6400 | 4.845149e-07 | 2.00 | 2.780704e-06 | 1.99 | 4.845149e-07 | 2.00 | 2.780704e-06 | 1.99
ALWDG, k=2 LWDG, k =2

50 | 150 |1.188253e-04| - [5.995293e-04| - |[1.188505e-04| - |5.971530e-04| -
100 | 300 | 1.985605e-05 | 2.58 | 1.556278e-04 | 1.95 | 1.985356¢e-05 | 2.58 | 1.554883e-04 | 1.94
200 | 600 |2.478049e-06 | 3.00 | 2.422379¢-05 | 2.68 | 2.478171e-06 | 3.00 | 2.421789¢-05 | 2.68
400 | 1200 | 3.168454e-07 | 2.97 | 3.687378e-06 | 2.72 | 3.168485e-07 | 2.97 | 3.688288e-06 | 2.72
800 | 2400 | 3.943921e-08 | 3.01 | 5.512340e-07 | 2.74 | 3.943915e-08 | 3.01 | 5.512973e-07 | 2.74
1600 | 4800 | 4.910838e-09 | 3.01 | 7.883687¢-08 | 2.81 | 4.910851e-09 | 3.01 | 7.883993e-08 | 2.81
3200 | 9600 | 6.081055e-10 | 3.01 | 1.075938e-08 | 2.87 | 6.081063e-10 | 3.01 | 1.075921e-08 | 2.87

Table 2: Example 2 (1D scalar equation with exponential flux and smooth solution): comparison of ALWDG with LWDG
for second and third-order descretization (k = 1 and k = 2, respectively), at simulated time ¢ = 2.0.

Ezxample 4: inviscid Burgers equation in two space dimensions
In order to draw the order of accuracy in the two dimensional set up, we consider the initial-value
problem for the nonlinear scalar Burgers-type eqution

U + (112/2)r + (u2/2)y = h(z,y,t), (x,y)€[-1, 1]27 t>0; wu(x,y,0 =1+ Sin(ﬂ'(l‘ +y)),

where the source term h(x,y,t) is found from evaluating the left-hand side for the exact solution u(z,t) =
1+ sin(m(z +y — 2t)). The solutions are computed up to time ¢ = 0.5 in each iteration. The errors and
numerical order of accuracy for the LWDG and ALWDG scheme are the same for reasons similar to those
discussed for Example 1. For this reason we communicate in Table 5 only the errors obtained for the
ALWDG scheme with £ = 1 and k = 2. As in the one dimensional case, the ALWDG scheme achieves
its expected order of accuracy with comparable errors for the same mesh. See Figures 2 (a) and (b) for
sample solutions on a coarse grid.

Ezample 5: two-dimensional equation with exponential fluzes

As an example of a numerical solution of a two-dimensional problem where the ALWDG method does
not produce the same results as the LWDG method, we consider in Example 5 the same scenario as in
Example 4 but employ the equation

up + (exp(u®))s + (exp(u?))y = h(z,y, 1), (z,y) € [-1,1%, t>0; u(w,y,0) = 02sin(n(z +y)),

where the source term h(z,y,t) is found from evaluating the left-hand side for the exact solution u(z,t) =
0.2sin(m(x +y — 2t)). See Figures 2 (c¢) and (d) for sample solutions on a coarse grid.

4.3. Test cases with discontinuous solutions
We choose several examples of problems involving shock waves and test the performance of ALWDG
method and compare it with that of original LWDG method.

Ezample 6: Buckley-Leverett problem
We test the performance of ALWDG applied to a nonlinear Buckley-Leverett problem given by (1.3)
with

=0, wuo(z)=

4o 1 if-1/2<z <0,
0 otherwise.

14
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#
h dofs L error rate L°° error |rate L' error rate L°° error |rate
ALWDG, k=1 LWDG, k=1
0.1 40 [1.210895e-03 | — |2.094281e-03 | — |1.210748e-03 | — |2.094082e-03 | —

0.05 | 80 |2.936750e-04 |2.04 |5.751100e-04 | 1.86 | 2.433167¢-04 | 2.05 | 5.750088¢-04 | 1.86
0.025 | 160 |7.270918e-05 | 2.01 | 1.494143¢-04 | 1.94 | 7.268426e-05 | 2.01 | 1.494090e-04 | 1.94
0.0125 | 320 | 1.810735e-05 | 2.01 | 3.806637¢-05 | 1.97 | 1.810034e-05 | 2.01 | 3.806518e-05 | 1.97
0.00625 | 640 |4.519657¢-06 | 2.00 | 9.605015¢-06 | 1.99 | 4.517921e-06 | 2.00 | 9.604689¢-06 | 1.99
0.003125 | 1280 | 1.129073e-06 | 2.00 | 2.412347¢-06 | 1.99 | 1.128672¢-06 | 2.00 | 2.412246e-06 | 1.99
ALWDG, k = 2 LWDG, k = 2
0.1 60 | 4.9328936-05 | — | 1.092809e-04| — | 4.9328936-05| — | 1.092809e-04| —
0.05 | 120 |6.191884e-06 | 2.99 | 1.407323¢-05 | 2.96 | 6.191884e-06 | 2.99 | 1.407323¢-05 | 2.96
0.025 | 240 |7.760543e-07 | 3.00 | 1.771498¢-06 | 2.99 | 7.760543e-07 | 3.00 | 1.771498¢-06 | 2.99
0.0125 | 480 | 9.587929¢-08 | 3.02 | 2.208515¢-07 | 3.00 | 9.587929-08 | 3.02 | 2.208515e-07 | 3.00
0.00625 | 960 |1.203892¢-08 |2.99 | 2.767148¢-08 | 3.00 | 1.203892¢-08 | 2.99 | 2.767146e-08 | 3.00
0.003125 | 1920 | 1.504556e-09 | 3.00 | 3.460747¢-09 | 3.00 | 1.504558¢-09 | 3.00 | 3.460733-09 | 3.00

Table 3: Example 3 (1D Euler equations of gas dynamics, smooth solution): comparison of ALWDG with LWDG for second
and third order discretization (corresponding to k =1 and k = 2, respectively), computed up to a final time t = 2.0.

# #
h dofs L' error rate| L error |rate h dofs L error rate | L error |rate
ALWDG, k = 3 ALWDG, k = 4
0.1 80 |5.438355e-07| - 1.606543e-06 | — 0.2 50 |3.893091e-07| — [1.217045e-06| —

0.05 160 | 3.409772e-08 | 4.00 | 1.000108e-07 | 4.01 | 0.1 | 100 | 1.275073e-08 | 4.93 | 4.021019e-08 | 4.92
0.025 | 320 |2.133876e-09 | 4.00 | 6.248730e-09 | 4.00 | 0.05 | 200 | 4.055106e-10 | 4.97 | 1.273128e-09 | 4.98
0.0125 | 640 |1.336286e-10 | 4.00 | 3.903649e-10 | 4.00 | 0.025 | 400 | 1.264587e-11 | 5.00 | 3.991241e-11 | 5.00
0.00625 | 1280 | 8.352168e-12 | 4.00 | 2.442269e-11 | 4.00 | 0.0125 | 800 | 3.997046e-13 | 4.98 | 1.262990e-12 | 4.98

Table 4: Example 3 (1D Euler equations of gas dynamics, smooth solution): numerical errors produced by ALWDG with
LWDG for fourth- and fifth-order discretization (corresponding to k = 3 and k = 4, respectively), computed up to a final
time ¢ = 2.0.

The solution is computed up to time ¢ = 0.4 with N = 80 number of cells. The corresponding solution
using the ALWDG and LWDG methods are compared in Figure 4. The exact solution is a mixture of
shock, rarefaction and contact discontinuity. The results obtained here indicate the robustness of our
proposed scheme.

Ezamples 7 and 8: Euler equations of gas dynamics in one space dimension (benchmark tests)

We compare the performance of ALWDG method with the LWDG method for two benchmark test
cases, namely the shock tube or Riemann problem for the Euler equations of gas dynamics (4.1), (4.2)
posed with the initial datum

L,vL,pL) iz <z,
(po(x),vo(z),po(z)) = {EZR o pR)) . ﬂﬂz where pr < pr. (4.4)

For a given equation of state (4.2), the solution of the shock tube problem (4.1), (4.2), (4.4) is a function
of (x — x0)/t and of the six constants involved in the data (4.4). It is supposed that a “diaphragm”
initially located at © = x¢ bursts at ¢ = 0. Then a pressure discontinuity propagates to the right in the
low-pressure gas and an expansion fan (rarefaction wave) propagates to the left into the high-pressure gas.
In addition, a contact discontinuity separating the two gas regions propagates to the right in the tube [9].
Thus, we have three simple waves (from the left to the right, a rarefaction wave, a contact discontinuity,
and a shock) that separate regions of uniform conditions. The solution of this problem is described in
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Figure 2: Examples 4 and 5: (a, b) 2D inviscid Burgers equation and (¢, d) 2D equation with exponential fluxes: approximate
solution computed at a resolution of 10 x 10 cells and time 7' = 0.5 using the ALWDG method with (a, ¢) k =1, (b, d)
k=2

detail in [9]; the construction is summarized in the Appendix, where we also provide numerical values of
certain constants that arise in the test cases considered here, namely Lax’s test problem [10] in Example 7
and Sod’s shock tube problem [22] in Example 8.

For Lax’s test problem we utilize

(pr,vL,pL) = (0.445,0.698,3.52), (pr,vr,pr) = (0.5,0,0.571), xo = 0. (4.5)

The numerical domain for this test case is [—5, 5], and solution is computed at time ¢ = 1.3. The initial
datum for Sod’s shock tube problem is given by (4.4) with

(pL, ’UL,pL) = (1, O, 1), (pR7 URapR) = (0.125, 0, 0.1), o = 0.5. (46)

The numerical domain for this test problem is = [0, 1], and we plot the solution at time ¢ = 0.2.

The solutions are computed for 100 cells using TVB limiter with the parameter M=0.0. The results
are depicted in Figure 5 for Examples 7 and 8 combined. It is observed that the results corresponding
to ALWDG method agree very well with that of LWDG method. The corresponding errors are displayed
in Tables 7 and 8. Here we denote by €,, e, and e, the L' errors in the variables p, v and p at a given
time, respectively, and define the total error e¢o := e, + e, + €, (utilizing that the three variables assume
values roughly in the same order of magnitude).

Ezxample 9: Euler equations of gas dynamics in two space dimensions

In two space dimensions, the Euler equations of gas dynamics turn into a case of (1.1) for d =
2 and m = 4. The velocity of the gas is now v = (vy,v2)T, and the vector of unknowns becomes
u = (p, pv1, pr2E)T. The two flux vectors are f(u) = (pvi,p + pv?, pv1ve, (E + p)v1)T and fo(u) =
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Figure 3: Efficiency plots (L! error versus CPU time, in log-log scale) (a) for Example 2 (1D scalar equation with exponential
flux and a smooth solution) at ¢ = 2, (b) for Example 3 (1D Euler equations of gas dynamics with smooth solution, the
error is that of density) at ¢ = 2, (c¢) for Example 5 (2D scalar equation with exponential fluxes and a smooth solution) at
t = 0.5. The notations ALWDG2 (LWDG2) and ALWDG3 (LWDG3) represent the second- and third-order versions of the
corresponding schemes, respectively.

# # #
cells dofs L' error rate | L™ error |rate|L! error rate dofs | L™ error |rate
ALWDG, k=1 ALWDG, k=2
10x10 300 |1.302100e-01| — |[2.206497e-01 | — 600 1.541243e-02 | — |4.002485e-02 | —

20x20 | 1200 |3.187056e-02 | 2.03 | 6.054872¢-02 | 1.87 | 2400 |1.701997e-03 | 3.18 | 5.239857¢e-03 | 2.93
40x40 | 4800 |7.935655e-03 | 2.01 | 2.049769e-02 | 1.56 | 9600 | 1.959470e-04 | 3.12 | 7.841781e-04 | 2.74
80x80 | 19200 | 1.979620e-03 | 2.00 | 6.004550e-03 | 1.77 | 38400 |2.377506e-05 | 3.04 | 1.049010e-04 | 2.90
160x160 | 76800 | 4.952919e-04 | 2.00 | 1.666142e-03 | 1.85 | 153600 |2.948301e-06 | 3.01 | 1.400828e-05 | 2.90

Table 5: Example 4 (inviscid Burgers equation in 2D): errors of numerical solutions produced by the ALWDG methods of
second and third order of accuracy (k = 1 and k = 2, respectively) on the numerical domain [—1,1] x [—1,1]. Errors are
computed at simulated time ¢t = 0.5.

(pva, pv1va, p + pv3, (E + p)v)™, where p, E and p have the same meaning as before, and the system
uy + f1(w)z + fo(u), = 0 is supplied with an equation of state E = E(p, p,v), for which we choose the
same expression (4.2) with v = 1.4 as in the one-dimensional case.

In this example we choose the double Mach reflection problem which was originally proposed by
Woodward and Colella in [24]. The solution consists of a Mach 10 planar shock wave in air which meets
a reflecting wall positioned at = 1/6,y = 0 making an angle of 60° with the x-axis. This situation is
simulated in the rectangular domain Q = [0, 4] x [0, 1] with the initial condition

) L p1 8 P2 1.4

wo(,y) = up ifx< g+ %7 — Myl | 57.1576766498 wo — Msl 1O
A% Y Uo ifx>%+%, ! MY —33 ’ 2 M 0
FEy 563.5 FEs 2.5

We impose inflow boundary conditions, with values w; at the left side, {0} x [0, 1], outflow boundary
conditions both at [0,1/6] x {0} and {4} x [0,1], reflecting boundary conditions at [1/6,4] x {0} and
inflow boundary conditions at the upper side, [0,4] x {1}. We run different simulations until ¢ = 0.2 at a
resolution of 960 x 240 (for results on similar resolution we refer to [16]) cells using the proposed ALWDG
discretization and the standard RKDG method. To avoid excessive computation of flux derivatives in
LWDG we compare our results in the two dimensional Euler system with the standard RKDG method.
The non-linear TVB limiter is applied with the constant M = 100. The results are depicted in Figure 8
with zoomed plots of the turbulence zone in Figure 9. From those figures we could conclude that the
results obtained through ALWDG and RKDG schemes are comparable.
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Figure 4: Example 6 (1D Buckley-Leverett equation): numerical solutions with N = 80 at time ¢ = 0.4 obtained by the
ALWDG and LWDG methods with (a) k =1, (b) k = 2.

# #

cells dofs L' error rate| L error |rate L' error rate | L error |rate
ALWDG, k=1 LWDG, k=1
10x10 300 |3.106529e-02 | - |6.424697e-02| - |3.101791e-02| - |6.422473e-02| -
2020 1200 |7.969317e-03 | 1.96 | 1.664807e-02 | 1.95 | 7.966979¢-03 | 1.96 | 1.664425e-02 | 1.95
40x40 4800 | 1.982683e-03 | 2.01|4.276733e-03 | 1.96 | 1.982437e-03 | 2.01 | 4.276326e-03 | 1.96
80x80 | 19200 |4.937426e-04 | 2.01 | 1.072786e-03 | 2.00 | 4.937241e-04 | 2.01 | 1.072748e-03 | 2.00
160x160 | 76800 | 1.231599¢e-04 | 2.00 | 2.675799¢e-04 | 2.00 | 1.231579e-04 | 2.00 | 2.675751e-04 | 2.00
ALWDG, k=2 LWDG, k=2
10x10 600 |2.183560e-03| - |6.750734e-03| - |2.176929e-03| - |6.741173e-03| -
2020 2400 |2.715918e-04 | 3.01 | 9.503800e-04 | 2.83 | 2.706085e-04 | 3.01 | 9.529422¢-04 | 2.82
40x40 9600 | 3.330633e-05 | 3.03 | 1.247777e-04 | 2.93 | 3.336922e-05 | 3.02 | 1.252792e-04 | 2.93
80x80 | 38400 |4.145475e-06 | 3.01 | 1.589636e-05 | 2.97 | 4.250308e-06 | 2.97 | 1.599551e-05 | 2.97
160x160 | 153600 | 5.229450e-07 | 2.99 | 1.987449¢e-06 | 3.00 | 5.716216e-07 | 2.89 | 2.021468e-06 | 2.98

Table 6: Example 5 (2D equation with exponential fluxes): errors of numerical solutions produced by the ALWDG methods
of second and third order of accuracy (k = 1 and k = 2, respectively) on the numerical domain [—1, 1] x [—1, 1]. Errors are
computed at simulated time ¢ = 0.5.

5. Conclusions

In this paper a technique involving an approximate Lax-Wendroff-type procedure for discontinuous
Galerkin schemes, leading to so-called ALWDG schemes, as an alternative version of the exact procedure
defining LWDG schemes [13], has been presented. The basic motivation consists in the ease of imple-
mentation of ALWDG schemes that are based on high-order difference approximations on non-uniform
grids in each cell. In particular, these approximations do not require a separate symbolic manipulation to
determine the higher derivatives of each flux. While one should expect that for a fixed discretization and
order, the ALWDG approximation should produce a larger error than the corresponding LWDG method,
it turns out in all numerical experiments (in the corresponding error tables and the plots of numerical
solutions that hardly differ) that the errors produced by the ALWDG and LWDG versions are practically
the same in comparable circumstances. Moreover, in all efficiency plots in Figures 3 and 7 (except for
the simple cases of Figures 3 (a) and the k = 1 case of Figure 3 (c), where both are almost the same) the
traverse line corresponding to the ALWDG version lies below its LWDG counterpart, which means that
the ALWDG methods are in some cases comparable and in other cases consistently more efficient (in the
usual terms of reduction of error per CPU time) than their LWDG versions (apart from the advantage
of ease of implementation), and therefore a serious alternative in themselves to RKDG discretizations.

The results shown in Figures 3 and 7 alert, furthermore, to the fact that the ALWDG methods share
properties that are well-known from LWDG schemes as far as the application to smooth or non-smooth
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#
h dofs €p €y ep Ctot rate €p €y ep Ctot rate
ALWDG, k=1 LWDG, k=1
1/3 | 60 [3.266e-01|2.911e-01 |3.703e-01{9.880e-01| — [3.272e-01|2.924¢-01 |3.712e-01|9.908e-01 | —

1/6 | 120 |2.110e-01|2.293e-01 |2.671e-01 | 7.074e-01|0.48|2.108e-01 | 2.286e-01 | 2.663e-01 | 7.058e-01 | 0.49
1/12 | 240 |1.106e-01 | 1.008e-01 | 1.315e-01 | 3.428e-01 | 1.04 | 1.106e-01 | 1.008e-01 | 1.316e-01 | 3.430e-01 | 1.04
1/24 | 480 |6.326e-02 |5.996e-02 | 7.949e-02 | 2.027e-01 | 0.76 | 6.337e-02 | 5.958e-02 | 7.915e-02 | 2.021e-01 | 0.76
1/48 | 960 |3.328e-02|2.457e-02 | 4.143e-02|9.929¢-02 [ 1.03 | 3.324e-02 | 2.452e-02 | 4.137e-02 | 9.912e-02| 1.03
1/96 {1920 |2.010e-02 | 1.625e-02 | 3.020e-02 | 6.655e-02 | 0.58 | 2.010e-02 | 1.625e-02 | 3.019¢-02 | 6.653e-02 | 0.58
1/192|3840 |1.182e-02|8.774e-03 | 2.204e-02 | 4.264e-02 | 0.64 | 1.182¢-02 | 8.768e-03 | 2.204e-02 | 4.263e-02 | 0.64
ALWDG, k =2 LWDG, k=2
1/3 | 90 |2.817e-01{4.479e-01|5.021e-01| 1.232e00 | — |2.746e-01 | 4.512e-01 | 5.026e-01 | 1.228¢00 | —
1/6 | 180 |1.667e-012.386e-01 |2.900e-01 |6.953e-01|0.82{1.658¢e-01 | 2.373e-01 | 2.880e-01 | 6.911e-01 | 0.83
1/12 | 360 |1.139e-01|1.363e-01|1.615e-01 |4.118e-01|0.76|1.140e-01 | 1.364e-01 | 1.616e-01 | 4.120e-01|0.75
1/24 | 720 |5.769e-02|5.421e-02 | 7.532e-02 | 1.872e-01 | 1.14 | 5.759¢-02 | 5.412e-02 | 7.521e-02 | 1.869e-01 | 1.14
1/48 | 1440 |3.245e-02 | 3.349e-02 | 4.881e-02 | 1.148e-01 | 0.71 | 3.244e-02 | 3.354e-02 | 4.882¢-02 | 1.148e-01 | 0.70
1/96 |2880|1.673e-02 | 1.466e-02 | 2.939¢e-02 | 6.078¢-02|0.92 | 1.674e-02 | 1.470e-02 | 2.938e-02 | 6.081e-02 | 0.92
1/192|5760 | 1.007e-02 | 9.122e-03 | 2.265e-02 | 4.185e-02 | 0.54 | 1.007e-02 | 9.110e-03 | 2.263e-02 | 4.182e-02 | 0.54

Table 7: Example 7 (Lax’s problem; Euler equations in 1D, L! error): Comparison of ALWDG with LWDG for second and
third order, Lax’s test case. The TVB constant used is M = 10.

solution is concerned. Roughly speaking, we observe in the plots of Figure 3, corresponding to problems
with a smooth solution, that moving from k = 1 to k = 2 leads to smaller errors and a marked increase in
efficiency. This contrasts with the results of Figure 7 that clearly indicate a loss in efficiency by using a
third-order scheme instead of a second-order scheme. It seems pointless, and even counterproductive, to
increase the time accuracy in presence of discontinuities that downgrade the spatial accuracy to at most
first order. This behaviour is observed with finite difference schemes as well [14]. However, in view of the
favorable results obtained for high-order ALWDG schemes with non-linear but smooth solutions, future
research should be directed to developing a hybrid time scheme being high order accurate in smooth
zones and first order accurate near discontinuities.

Appendix: Solution of the shock tube problem for the Euler equations of gas dynamics

We outline the exact solution of the shock tube or Riemann problem for the one-dimensional Euler
equations of gas dynamics (4.1), (4.2), (4.4) following [9, Sect. 16.6.3] (with a few corrections). That treat-
ment is sufficient to handle the two test cases considered herein; a broader (and more recent) exposition
of the solution of the shock tube problem is provided, for instance, in [23].

Consistently with [9] we denote by indices L, 5, 3, 2, and R, in the order of increasing (z — x)/t, the
initial left state; the variable solution within the rarefaction wave; the solution between the rarefaction
wave and the contact discontinuity; between the contact discontinuity and the shock; and between the
shock and the initial right state, respectively. If o denotes the velocity of propagation of a jump and [-]
the difference of values of a quantity adjacent to the jump, then the jump condition (Rankine-Hugoniot
condition) for (4.1) is

[ov] =alpl,  [ov® +pl = olpvl,  [(E+ p)v] = olpE]. (A1)

The result is as follows. We define the sound speed ¢ = (yp/p)'/? (c1 etc., ¢, and cr are defined
analogously), the parameter a = (y+1)/(y—1), and the pressure ratio P = ps/pr, for which a nonlinear
equation needs to be solved. Then exploiting (A.1) we get

14aP P-1 1 (P—1)c%

= , = —|— B :7—"- . A2
PTG T TaP A G T T gy T (82
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#
h dofs €p €y ep Ctot rate €p €y ep Ctot rate
ALWDG, k=1 LWDG, k=1
1/50 | 100 |8.000e-03|1.274e-02|6.059¢-03 |2.680e-02 | — |8.009¢-03 | 1.272¢-02 | 6.054e-03 | 2.678e-02 | —

1/100 | 200 |4.191e-03|7.255e-03 | 3.094e-03 | 1.454e-02 | 0.88 | 4.190e-03 | 7.260e-03 | 3.096e-03 | 1.455e-02 | 0.88
1/200 | 400 |2.138e-03|3.651e-03 |1.538e-03 | 7.327e-03 | 0.99 | 2.139¢e-03 | 3.652e-03 | 1.538e-03 | 7.329¢-03 | 0.99
1/400 | 800 |1.116e-03 |1.869e-03|7.698e-04 |3.755e-03|0.96 | 1.116e-03 | 1.869e-03 | 7.700e-04 | 3.756e-03 | 0.96
1/800 | 1600 | 5.946e-04 | 1.016e-03 | 3.960e-04 | 2.007e-03 | 0.90 | 5.945e-04 | 1.015e-03 | 3.958e-04 | 2.005e-03 | 0.91
1/1600 | 3200 | 3.049¢-04 | 4.237e-04 | 1.875e-04 | 9.162e-04 | 1.13 | 3.049e-04 | 4.236e-04 | 1.875e-04 | 9.160e-04 | 1.13
1/3200 | 6400 | 1.679e-04 | 2.593e-04 | 9.983e-05 | 5.270e-04 | 0.80 | 1.679e-04 | 2.594e-04 | 9.986e-05 | 5.271e-04 | 0.80
ALWDG, k =2 LWDG, k=2
1/50 | 150 |9.417e-03|1.839e-02|7.551e-03 | 3.535e-02 | — [9.431e-03 | 1.847e-02 | 7.567e-03 | 3.547e-02| —
1/100 | 300 |4.748e-03|9.269¢-03 | 3.816e-03 | 1.783e-02|0.99 | 4.754e-03 | 9.292¢-03 | 3.825e-03 | 1.787e-02 | 0.99
1/200 | 600 |2.408e-03 |4.741e-03|1.921e-03 |9.070e-03|0.98|2.411e-03 | 4.753e-03 | 1.925¢-03 | 9.089¢-03 | 0.98
1/400 {1200 | 1.226e-03 | 2.460e-03 | 9.715e-04 | 4.657e-03 | 0.96 | 1.227e-03 | 2.466e-03 | 9.737e-04 | 4.667e-03 | 0.96
1/800 |2400 | 6.188e-04 | 1.125e-03 | 4.782e-04 | 2.222e-03 | 1.07| 6.193e-04 | 1.127e-03 | 4.791e-04 | 2.225¢-03 | 1.07
1/1600 | 4800 | 3.205e-04 | 6.271e-04 | 2.445e-04 | 1.192e-03 | 0.90 | 3.211e-04 | 6.290e-04 | 2.452e-04 | 1.195e-03 | 0.90
1/3200 9600 | 1.591e-04 | 2.807e-04 | 1.190e-04 | 5.588e-04 | 1.09 | 1.593e-04 | 2.813e-04 | 1.192e-04 | 5.597e-04 | 1.09

Table 8: Example 8 (Euler equations in 1D, L! error): Comparison of ALWDG with LWDG for second and third order,
Sod’s test case. The TVB constant used is M = 10.

On the other hand, across the contact discontinuity only p suffers a jump, so ps = p2 and vz = vy =: V.
The value of p3 is obtained by considering that the rarefaction wave propagating to the left is formed by
characteristics moving at velocity v — ¢. Since the leftmost characteristic of that fan the entropy p/p” is
constant and along the rightmost characteristic the Riemann invariant (y — 1)u/2 + ¢ is constant, we get

ps = (ps/pr)" 7 pr = (p2/p)"" p. (A.3)
and the following equation that relates ps = p3 and py:
(v=1)/(27)
2
e (2))

Since V' is also defined by the second equation of (A.2), eliminating V' between that equation and (A.4)
we obtain the following equation that can be solved iteratively for P in terms of pr,/pr:

1/2 (v=1)/(2v)
2 P-1 2 af (m po-v/ey| L LT VR (A.5)
W0 -1)  @+aP)? " y-lal  \n o

Finally, a discussion of the characteristics that form the rarefaction fan reveals that region 5 corresponds
to those (x,t) for which

Tr—x +1 —1
0<’Y Y

—. ¢t
P 9 D) UL —.f s (A6)

& = —eL <

and the unknown functions are given by

2 T — Xo v—1 T — xg
)= - t) = t) —
vs(z,t) 11 ( 7 +cr + 5 UL>7 cs(x,t) = vs(x,t) P (A7)

ps(z,t) = (Cs(%t)/CL)QW/(%l)PL, ps(z,t) = (p5(x,t)/pL)1/”pL,
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Figure 5: Example 7 (1D Euler equations of gas dynamics, Lax’s test case): numerical solutions with N = 100 at ¢ = 1.3
obtained by the ALWDG and LWDG methods with (a, b, c) k =1, (d, e, f) k = 2. The value of the constant M associated
with the TVB limiter is M = 10.

Consequently, the solution is given by

(PR, VR, PR) for x — x¢ > ot,

(p3,v2,p2) for vot < & — 29 < 0t
(p,v,p)(x,t) =  (p2,v2,p2) for £Tt < o — zo < wat, (A.8)

(ps(x,t),vs(x,t),ps(x,t)) (defined in (A.7)) for &t <z — o < ETE,

(pr.,vL, pr) for x — xg < £t

(Equations (A.5), (A.6) and the equation for ps in (A.7) are unfortunately stated incorrectly in [9].)
Table 9 provides accurate values of the constants arising in the solution of Sod’s problem (4.6) and
of Lax’s problem (4.5) calculated from (A.2)—(A.6). In both cases, a = 6.
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