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FULLY AND SEMI-DISCRETE FOURTH-ORDER SCHEMES
FOR HYPERBOLIC CONSERVATION LAWS

Y.H.ZAHRAN!

Abstract — A new fourth order accurate centered finite difference scheme for the
solution of hyperbolic conservation laws is presented. A technique of making the fourth
order scheme TVD is presented. The resulting scheme can avoid spurious oscillations
and preserve fourth order accuracy in smooth parts. We discuss the extension of
the TVD scheme to the nonlinear scalar hyperbolic conservation laws. For nonlinear
systems, the TVD constraint is applied by solving shallow water equations. Then, we
propose to use this fourth order flux as a building block in spatially fifth order weighted
essentially non-oscillatory (WENO) schemes. The numerical solution is advanced in
time by the third order TVD Runge — Kutta method. The performance of the scheme
is assessed by solving test problems. The numerical results are presented and compared
to the exact solutions and other methods.
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1. Introduction

In recent years, a tremendous amount of research has been done in developing and implement-
ing modern high-resolution methods for approximating solutions of hyperbolic conservation
laws.

Among the variety of methods for approximating solutions of such problems we focus on
finite difference methods, which can be divided into two main categories, namely upwind
schemes and centered schemes.

The prototype of upwind schemes is the first order Godunov scheme in which a piecewise
constant interpolated (which is constructed based on previously computed cell averages) is
evolved exactly to the next time step according to the conservation laws. This evolution
involves a solution of Riemann Problems (RP) on the boundaries of each cell, which is
interpreted as an up-winding procedure, as one has to differentiate between the left-going
and the right-going waves in order to compute the intercell flux in the nonsmooth regions.

An important issue is to how to generalize the first-order Godunov method to a second
or higher order accuracy. Van Leer [12] proposed his monotone upwind schemes for the
conservation laws (MUSCL) approach, whereby the piecewise constant cell average states
in the Godunov method are replaced by reconstructed states that admit spatial variation
within each cell. A class of second-order Godonuv-type (upwind) methods based on this
approach have been constructed. Examples are MUSCL-Hancock schemes [12].
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Centered (non-upwind or symmetric) schemes do not explicitly use the wave propagation
information. The main advantage of centered over upwind schemes is that they do not
require the solutions of Riemann problems or the computation of characteristic velocities of
the system. These features make the centered schemes approach very attractive for these
systems, for which the solution to the Riemann problem is complicated or when there is no
simple analytical expression for the eigenvalues of the Jacobian matrix.

Godunov proved that monotone numerical schemes cannot be of accuracy greater than
one. Much work has been done which involves the design of schemes that must necessarily
be linear, even if applied to nonlinear problems. Among successful developments in this
direction we have the TVD [4] and the WENO [6] and [2] methods. The main property of
TVD schemes is that they avoid oscillations by locally reverting to the first order of accuracy
near discontinuities and extrema which make them unsuitable for applications involving long
time evolution of complex structures. For these applications we need uniformly very high
order methods, e.g., WENO methods. The WENO idea is to obtain a self-similar (i. e., mesh
size dependent parameter), uniformly high-order accurate, yet essentially non-oscillatory
scheme (i.e., the magnitude of the oscillations decay as o(Az)*, where k is the order of
accuracy) for piecewise smooth functions. The main advantage of the WENO scheme is it
can be of (2k — 1)-th order spatial accuracy in smooth regions and emulates the k-th order
near discontinuities.

In this paper, we use the MUSCL-Hancock (upwind) approach to construct, for the linear
case, a fourth order centered scheme, in which the Godunov first-order upwind scheme is
replaced by the second order centered scheme presented in [15], thus eliminating the need
for the RP altogether. A TVD version of this scheme is then constructed; this requires the
formulation of TVD conditions that are suitable for the scheme. We also present ways of
extending the scheme to the nonlinear scalar case. Some numerical results are also presented.
The extension of the third order to nonlinear hyperbolic conservation laws is validated by
solving a test problem for shallow water equations.

Titarev and Toro [14] proposed to use second order TVD fluxes as a building block in high-
order methods and applied the principle to the WENO scheme. They used fifth-order WENO
reconstruction and a second order TVD flux. They showed, from the numerical results, that
their new methods are superior to the original schemes using first order fluxes. In this paper,
we propose to use the fourth order flux, presented here, instead of the Toro second order
TVD flux, as a building block in spatially fifth order WENO reconstruction. The use of this
flux within the WENO framework improves the order of accuracy, convergence and better
resolution of discontinuities. Compared to the Toro scheme, the new flux improves upon Toro
flux in terms of the order of accuracy, convergence and better resolution of discontinuities.

The paper is organized as follows: in section 2, we briefly review the general framework of
upwind and centered schemes. In section 3 we construct the fourth order accurate centered
scheme following the MUSCL-Hancock approach. In section 4, we develop a TVD version
of the scheme. In section 5, we extend the previous scheme to nonlinear scalar problems. In
section 6 , we extend the scheme to constant coefficients linear hyperbolic conservation laws.
Section 7 discusses nonlinear systems typically the shallow water equations. In section 8§,
we briefly review the WENO reconstruction and the TVD Runge — Kutta method for time
discretization. Also, we present the WENO-TVD method.

Numerical tests on the linear equations with different initial conditions, nonlinear Burger
equations and shallow water equations are performed in section 9. The numerical results
are presented and compared to the exact solutions. The efficiency of the scheme is shown
numerically by comparison with other schemes. The conclusion is presented in section 10.
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2. Review of the difference schemes

Consider the hyperbolic conservation law
Uy+FU), =0, —oco<z<oo, t=0 (2.1)

along with the initial and boundary conditions. Where U is the vector of m unknown
conservative variables and F(U) is the corresponding vector of fluxes. Consider now a control
volume in @ — ¢ space I; x [t",¢"*1] of dimension. Az = 419 — Tj_12, At = "t — {7,
where [; = [%;_1/2, % 11/2). Integrating (2.1) on this control volume produce the conservative

formula

Ui = U = A — Filapl A= 5o (2:2)
where U, F 11/ are given by
ZTjr1/2 gt
Uj = / U(z,t")dx and Fj+1/2 N / F(U<Ij+1/27t) dt. (2.3)

Tj-1/2 i

We can construct numerical methods based on the control volume (2.2) by finding numer-
ical fluxes that are approximations to the time integral average of the fluxes at the control
volume boundaries given in (2.3). The numerical scheme will then evolve in time integral
averages in the control volumes. Next we briefly review the two classical ways of finding a
numerical flux.

2.1. Upwind difference schemes. A prototype of such upwind schemes is the Go-
dunov scheme . Godunov advanced the idea of computing the numerical flux in (2.2) by
evaluating (2.3) in terms of the solution U*(z/t) of a local initial value problem called the
Riemann problem (RP)

Ui, & <Zjpa,

U,+F(U), =0, U(z,0) = { (2.4)

A1 T > T2,
evaluated at the cell interface ;1 /s.

Conventionally, the initial data U(z,0) in the RP represent a piecewise constant and
consist of two constant states of the form (2.3) separated by a discontinuity. Such a dis-
tribution of the initial data is traditionally associated with a first order accurate Godunov
type scheme with the numerical flux

Fiajs = F(U*(0)) (2.5)

obtained by evaluating the flux (2.3) with the integrand F(U*(z/t)).

Van Leer [12] advanced the idea of modifying the piecewise constant data in the Godunov
first order upwind method, as a way to achieve a higher order of accuracy. This approach
has become known as the MUSCL scheme and has been used to construct high order upwind
schemes. The first step common to all MUSCL schemes is the data reconstruction procedure.

2.1.1. Data reconstruction. The simplest way of modifying the piecewise constant data
{U J”} is to replace the U}, understood as integral averages in the cells [}, by piecewise linear
functions U;(z), namely [11]

az—a:j)A
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where A; is a suitably chosen slope of Uj(x) in the cell I;. The center of the cell z; in the
local coordinates is ¥ = Az /2 and Uj(z;) = U}'. The boundary extrapolated values are

U%ﬂz@m%ﬂ@—é@,lﬁ@%ﬂﬂ&w:%+5AT (2.7)

A possible choice of the slope A; in (2.6) is

1 1
Aj = 5(1 + C())Aj_l/QU + 5(1 — w)Aj+1/2U, (28)
where w is a free parameter in the real interval [—1, 1]. For w = 0, A, is the central difference

approximation to the first spatial derivative. Here Aj qpu = uj — u;.

2.1.2. MUSCL-Hancock approach. Having modified the data, we have several ways of
using the Godunov first order upwind method to obtain high order schemes. One possible
choice is the MUSCL-Hancock approach [13]. This has three steps, namely [10]:

i) Data reconstruction as in (2.6) with boundary extrapolated values as in (2.7).

it) Evolution of U}, Uf by a time At/2 according to

U} = U} + SMFUD) ~ PR, OF = UF 4 NFWUS) - PP (29

i7i) Solution of the piecewise constant data RP for the appropriate conservation laws
with the initial data Uf, U, | to find the similarity solution Uj/s(x/t).

In the conventional MUSCL-Hancock scheme, the inter-cell numerical flux Fj/; is then
obtained in exactly the same way as in the Godunov first order upwind method, namely

Fioae = F(UL,, ,(0).
2.2. Centered schemes. Centered (non-upwind or symmetric) schemes do not explic-
itly utilize the wave propagation of information and are thus simpler and more generally

applicable. Commonly, the numerical fluxes can be computed explicitly as algebraic func-
tions of the initial condition in (2.4), namely

P}'+1/2 = F}'+1(U;L+1/27 an+1>7 (210)

for example, first order Lax — Friedrichs (LxF) and second order Lax — Wendroff (L-W).
In [15], a second order centered scheme was presented.
For the scalar hyperbolic conservation law, namely

u 4 f(u)y = 0. (2.11)

Here u is the unknown function and f(u) is the physical flux. First let us consider the linear
case where f(u) = au so that f'(u) = a is a constant wave velocity speed.
The conservative numerical scheme introduced in [15] has the form

with the numerical flux

1 1
Fiii0= §(auj +aujiy) — §\G|Aj+1/2u + lal{AoA 1120 + At A py1jou + Aoy a1 pud,
(2.12b)
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where
1 1 1
Ag==-——, Aj=————, Ay=--—— 2.12
ToT Ty TR Ty PT ey (2.12¢)

L=—-1,M=1forc>0and L =1, M = —1 for ¢ < 0. Here ¢ = aAt/Ax is the Courant
number.

The above flux includes a five point second order scheme. The scheme is stable for
el < V2.

In the next section we use the MUSCL-Hancock approach to construct a centered scheme,
in which the Godonuv first order upwind method is replaced by the second order centered
scheme (2.12), thus eliminating the need of the RP altogether.

3. Centered MUSCL-Hancock method

Here we modify the MUSCL-Hancock scheme, mentioned in the previous section, by replac-
ing the Godunov first order upwind method in step III by the second order centered scheme
(2.12). In this way , the role of the RP is eliminated altogether. Now, instead of solving
the RP with the data (Uf,Uf,,) to find the Godunov first order upwind flux, we evaluate
the centered flux F | ,. For the linear equation (2.11), the case of FC, | , is given by (2.12b)

j+1/2° j+1/
and thus we have . .
Fiiip= Qa(ﬂf gy — §|a|(ﬂ§*+1 —aj )+
|al{Ao(af,, —ull) + Ay(a] —ul' ) + As(a),, — )}, (3.1)

where (_JJR, UjL are given by (2.9). Direct substitution of this flux into the conservative
formula (12a) gives a seven-point centered MUSCL-Hancock scheme, namely

3
uitt = Z bruf g (3.2)
3

with coeflicients

1 1
b_g = @{—& + 66 + 6cw — 6w}, by = @{280 +24¢% — 12¢ — 12cw — 12¢°w},

1 1
by = —{18c+14c® +102cw — 6c*w}, by = ——

5 = 1951192+ 120c — 48¢°~24¢® — 180cw + 36w,

1 1
b = 19—2{—1780 +18¢* +102cw — 6w}, by = @{mc +24¢ + 4c® — 12cw — 12¢°w},

1

b= 192

{6c — 6¢° — 6cw + 6w} (3.3)
Theorem 3.1. Scheme (3.2), (3.3) is third order accurate in space and time for any

value of w and fourth order accurate in space and time when

64c® — 32¢* — 256¢ + 157
w =
384 — 192¢2

(3.4)
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Proof. It can be shown [6] that a scheme for the linear equation (11) of the form (3.2) is
pth order accurate in space and time if and only if

D kb= (=), 0<qg<p. (3.5)

The application of condition (3.5) to the scheme (3.2), (3.3) YIELDS the desired result. [J

It is well known that the difference schemes that are second (or higher) order accurate
produce spurious oscillations behind the waves and near discontinuities. This problem has
frustrated researchers for many years until the concept and theory of TVD schemes were
advanced by Harten [4]. The main property of the TVD scheme is that it can be second (or
higher) order accurate and free of oscillations. A TVD version of this center scheme will be
constructed in the next section.

4. TVD analysis for the fourth order scheme

Here we propose TVD criteria that are suitable for constructing TVD schemes based on
the centered fourth order scheme (3.2)—(3.4). To this end we consider the model hyperbolic
conservation law

u+ f(u), =0, f(u)=au, (4.1)

where a is constant.
The fourth order finite difference centered scheme constructed in the previous section can
be written in the conservative form as

U?H =uj = AFF e = FLy o] (4.2)

with the numerical flux
1 1
Fij1 = §(fj + fi+1) — §|CL|AJ‘+1/2“+

|al{AoAj110u+ A1A i pirpu+ AoAjiarae} +[al{AsD 15112 + Addjigriput  (4.3)

where
Ay = é{w + 96w + 48¢ + 8¢ — 48c%w}, A, = é{m + 24c¢ — 36w + 12c°w},
Ay = L{24 + 24c — 8¢% — 24cw}, Az = L{—6 + 6% 4 6w — 67w},
192 192
Ay = 11@{6 — 6¢ — 6w + 6c°w} (4.4)

L=—1, M=1,5§=-2,Q=2forc>0and L=1, M =-1,5=2,Q =—-2for c<O.
We assume that scheme (4.2) can be expressed as

ntl

U;

= uj — Bj1p8j-12u + Cirjaljpn o, (4.5a)

where Bj 1/, and Cj.,/, are data-dependent coefficients, i. e., functions of the set {ug}
To apply the TVD concept, we use Harten’s theorem [4], which states that: the scheme
(4.5a) is TVD provided that

Bj+1/2 2 0, Cj+1/2 2 O, Bj+1/2 ‘|‘ Cj+1/2 g 1 (456)
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Imposing a TVD constraint on (4.3) via flux limiter functions gives

1 1
Fit10 = §(fj + fit1) — §’a|Aj+1/2U + |al[{AoAj 110t + A1 Ay jput s+

lal{ A2y ari1p2u + A3Djisi12 + Aaljiqi1/2ut i, (4.6)
where ¢; and ¢,y are flux limiter functions.
Theorem 4.1. Scheme (4.2), (4.6) is TVD for |c| < 1 if the limiter function is defined

by
(L = fe[)ry
< ’ 4.7
¢] (Al’l"j -+ AO — AQ — A3T*_27”j -+ A47“j/7’*f*) ( )
5, < (e + (/s + Avry 4 Aufriia) s
I (AIT] + AO) ’ ‘
b > (A2/7’ 1+ Agry + A4/Tg+1> (4.9)
7z (AlT] =+ Ao) ’ '
¢; =0, (4.10)
where
o= Aj+L+1/2U P — Aj+L+1/2u P Aj+L+1/2u <4‘11>
’ Njripu ™ Djagrpu’ Ajigiiyau’
and n is defined by
1-— 0< |l <1/2,
n= el, - for dl <1/ (4.12)
|l for 1/2 <l <1

Proof. Firstly, consider the method with Courant 0 < ¢ < 1. From (4.2) and (4.6) the
numerical method is

U?H ZU?—C[A; 1/2U +A0AJ+1/2U ¢]+A Ag 1/2U ¢J ApA j—1/2U ¢g 1 AlAjfun¢jfl]_

C[A2Aj+1/2un¢j+1 + AzAj_qpu" i1 + A4Aj+1/2un¢j+1]+
c[A2Ajy1pu" By + AsAj1pou" Q5 + AgAjiapu” dj). (4.13)
This is equivalent to Harten’s theorem (4.5), with the choice of

A
Bj_12 = C{l + r_éﬁbj + A1 — Aodj1 — Aﬂ’jl@'l} T

J

A A A, A
|: 2¢]+1 + A3Tj 1¢]+1 + *i ¢]+1:| + C|: - _¢] Ag’l“] 2¢j T*i ¢]:| 9 (414)

J J ] J
Cisrp =0, (4.15)

we apply condition (4.5) to (4.14), i.e

A A A
0< 0[1 + r—oﬁbj +A19; — Aopj—1 — Alrj—lqu—l} + C[T—fef)jﬂ + Asrj_10j41 + r—:k¢j+1} +

J J J

A A
e = =265 — Agri_y0; — ﬁ@]<L (4.16)
T j 7"]
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one way to satisfy these inequalities is by imposing

Ao Ay « Ay Ay Ay 1-c¢
r_j+ A, L Agr_y —E} ¢ —[Ao+ Airj1] @j1 + [T_}‘ + Asrjo1 + E Pj+1 < —
A A A A 4y
[Ao + Arrj 1] i1 — —*2+A37‘j—1 +T:t Gjp1 — | — + Ay — =2 — Agrl_, — Ti ¢; <1,
r r T T J r
J J J J J
(4.18)
from (4.17) we have
A A A 1—
0< |20+ A — 22— Ay, — 24 g < — 5 (4.19)
Tj r; J i c
A A l1—c
0<[Ao+ Airjq] pj1 — {—*2 + Asrjq + Ti] Gjr1 < ; (4.20)
r; r; c
and from (4.18) we get
A A
0<[Ao+ Airjq] pj1 — {T—f + Asrj_q + TTit:| Gj1 < 1, (4.21)
J J
A A A
0< {T—O + A - 72 — Agri_, - T—“} ¢; <1, (4.22)
J J J
from (4.19) we get
(1—¢r,
< , 4.23
%i c (AO + Arry — Ay — Agrjri_ o + A4’rj/r;f*) (4.23)
and from (4.22) we get
$; < d , (4.24)
C (AO + Aﬂ”j - A2 - Ag’l“jT;f_Q + A4’I“j/7’;-<*)
from (4.20) and (4.21) we obtain
L —c+c[As/riy + Asry + Ag/r70 ]
< i1 d g, 4.2
¢j C (A() + AlTj) It ( 5>
L+ [Ag/rhy + Agry + Ay /135
o I b I, a2
J
and Ay 1 A/
o151 + Asrj + Ay /1
ke JH(A() + /117”‘) = s (4.21)
J
¢; =0, (4.28)
then from (4.23) and (4.24) we have
1— ,
8, < = fer; (4.29)

= 77(1417"]‘ -+ A() — A2 — A3T;-<_27’j + 1447']‘/7";(*)7
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(1= Jel) + n(As/r5 1 + Agry + Adfricy)

< o, 4.
gb] n(A1Tj+AO) ¢J+2 ( 30)
Ay iy + Asry + Ay /158
O = jHAlr-—l—JAg ]+1¢j+2, (4.31)
j

where 7 is defined by equation (4.12). The analysis for —1 < ¢ < 0 goes through an exactly
the same way, but c is replaced by |c| and ¢, is replaced by ¢;_o . Finally, by setting
¢ji2 =1 or ¢;_o = 1 the theorem is proved [7].

By applying the last theorem to scheme (4.2), (4.6), the flux limiter can be defined as

(
1 — .
(1= Jel)r, .

) <1y < rL>
77(A1T'j + AO — AQ — Ag?”;-(_QTj + A4Tj/’l";*) J
b = 1, rb <y < rfy (4.32)
’ (1 —fel) +n(Az/r} 1 + Asryry + Aa/r714) R '
) Tj 2 o,
n(Arrj + Ao)
L O, T < 0.
5. Extension to nonlinear scalar hyperbolic conservation laws
To extend scheme (4.2), (4.6) to nonlinear scalar problems, we consider the equation
ur + f(u), = 0. (5.1)
Define the wave velocity
Aj+1/2f/Aj+1/2U> U/Aj+1/2u # 0,
Ajt1/2 = (5.2)
8f/3u|u7, Aj+1/gu = 0.
Now we redefine the r; in (4.11) as
R R A Ve TA R A Ve AR [ RO RS VA VA Y RO AR VELL o _ 1051041720181 L41/2u
! lajr1jolDjirpun T Jageae] Ajparpapu’ ‘aj+Q+1/2|Aj+Q+1/2ié )
5.3

Here ¢ji1/0 = aji10At/ A
Unlike the constant coefficient case, a;;1/2 and a;_;/ are not always of the same sign.
Then the numerical flux (4.6) takes the form

1 1
Fit10 = §(fj + fiv1) — §|aj+1/2|Aj+1/2u + |ajs1/2|{ A0 11 0u + A1 Ay put i+

lajr1/2{A2Djtpg1/2u + AsAj g1/ + AuDjigi1/2utdjm, (5.4)
where
oL n(Ag — Az — AST;—Q) _ PR L — e[ —n (A — AQ/T;—H - A4/7“;i1)7 (4.33)
1_|C|_7]A1—77A4/7"j n (A — As)

Therefore scheme (4.2), (4.6) becomes TVD. After considering all the possible combina-
tions of the signs of a;;1/2 and a;_1/2, a set of sufficient conditions on ¢ still can be of the
form similar to (4.32) by replacing ¢ by a;41/2.
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6. Application to linear hyperbolic systems

In this section, we extend the scalar schemes (4.2), (4.6) to solve the initial value problem
for linear hyperbolic systems with constant coefficients

Ut—i‘AUm :O, U(&?,O) = U()(w), (61)

where U is a column vector of m conserved variables and A is an m X m constant matrix.
This is a system of conservation laws with the flux function F'(U) = AU which is hyperbolic
if A is diagonalizable with real eigenvalues, i.e., the matrix A can be written as

A= ROQR™, (6.2)

where Q = diag (A(M, A2 A is the diagonal matrix of the eigenvalues of A and R =
(r(1),7(2),...,7(m)) is the matrix of the right eigenvectors of A.
Equatlon (6.2) means AR = R, i.e.,

Ar®) — )\(P)r(P)’ p=12...,m. (6.3)

A natural way to extend the scalar scheme to linear systems is obtained by defining the
expressions for the flux differences Aj ;0 F" = AA; L )oU.

This can be done by diagonalizing the system solving the local Riemann problems with
the left and right states U and U7, 4, i.

ur, <0,
Uz, 0) = { A (6.4)
M >0,
and letting
Ajr1/2 = RJ_+1/2AJ'+1/2U, (65)

where Rj1/5 is the matrix of the right eigenvectors at the interface (j +1/2), which for the
linear constant coefficient case is of course constant; a1 /s is called the wave strength vector

with components ozg +)1 /2 (p=1,2,...,m) across the p-the wave travelling at velocity )‘(Tl /2
in the (j + 1/2) intercell. Then we have
AjprpeU = in: O‘g'ljr)l/zrg(‘ljr)l/? (6.6)
p=1
Since F'(U) = AU, this leads to
AJ+1/2F AAJH/?U Z O‘g+1/2ATJ+1/2 Zl O‘g+1/2)‘§i1/2 3(121/2 (6.7)
p=1 p=

Note that the single jump Aj,q11/0F = |aj4q1+1/2|Qj1q+1/2U in the scalar scheme (5.4)
with the appropriate interpretation for |a; 1 /o| is now substituted by a summation of jump
(6.7), which gives a natural extension to linear systems with constant coefficients.
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7. Nonlinear hyperbolic systems

Let the nonlinear system of equations
U+ F(U), =0, (7.1)

where F'(U) is a vector flux such that A(U) = 0F/0U, be the Jacobian matrix.

A possible strategy for solving systems of nonlinear equations is to linearize the nonlinear
system of equations (7.1) locally at each cell interface by approximating the Jacobian matrix
A(U) and then implement the method of the previous section using the linearized system

Ui+ AU, = 0. (7.2)

Vyhere/_l is a linearized constant matrix depending only on the local data U;" and U}, 4, i.e.,
A= AU}, U}, ). A popular example of this approach is Roe?s approximation [7] . Roe?s
matrix A(UT, U}, ) is assumed to satisfy the following properties:

i) ADjr1pU = Ajpapp P

ii) A is diagonalizable with real eigenvalues;

iii) A — F'(U) smoothly as U}, Uy — U.

Denoting the Roe eigenvalues, the eigenvectors, and the wave strengths as AP FP)

j+1/20 Tit1/20
(»)

e (p=1,2,...,m) respectively, then applying the fourth order scheme of the previous
section, we solve the original nonlinear systems in a straightforward manner.

7.1. Shallow water equations. The one- dimensional shallow water equation as a
typical nonlinear system of conservation law represents the motion of a free surface flow in
a channel and takes the form [9]

U+ FU), =0, (7.3a)
where .
U= (S5, FU)=(Su,Su*+S5%) , (7.30)
where S is the cross-section of the flow, u is the velocity. With the initial conditions
UL7 T < To,
Uz, ty) = 7.3
Equations (7.3) can be written in the form
F

where A(U) is the Jacobian matrix such that

A:(250—u2 21u> (7.5)

System (7.3)—(7.5) is hyperbolic with the eigenvalues
M =y -0, N =y+0, (7.6)

where C' = /2S5 denotes the sound speed. The corresponding right eigenvectors of the
Jacobian A are found to be

rW=1u-0)7, @ =1ut+0). (7.7)



Fully and semi-discrete fourth-order schemes for hyperbolic conservation laws 275

7.2. Linearization of shallow water equations. The nonlinear system of equations

(7.3) can be linearized as )
U, + AU, = 0, (7.8)

where A is an approximate Jacobian matrix of A with eigenvalues A®) and eigen vectors 7(?)
such that B
AAU = AF. (7.9)

The approximate matrix Jacobian A satisfying (7.9) can be written as
_ 0 1
A(Uj, Uj+1) = CQ _ 62 2 . (710(1)
where C' and @ are given by B
C =95+ S, (7.100)
Ujy1y/Sje1 + Ui/ St (7.10¢)
A/ Sj+1 + £/ Sj

The eigenvalues and eigenvectors of the linearized matrix A are

u =

3 = % = T

MW —ag—C, N=a+C, {O=@1a-0C)", ¥ =(1,ua+0C) (7.11)
The wave strengths are
1 1
a' =05A8 + %(aAS — ASu), a*=05AS— %(aAS — ASu), (7.12)

where Apq = pAq + qAp.

8. WENO-TVD method

In this section, we use the TVD flux (4.6) constructed in section 4 as a building block in the
state of the art WENO methods. Here we use the fifth order WENO reconstruction [5].
We consider here the semidiscrete scheme

() =~ lFriags — Fyoaal = L) (8.1)

where Fj i1/ = F(u(%j41/2,t)) is the numerical flux at ;41,2 and time ¢.

In the current WENO schemes, the numerical solutions of (8.1) is advanced in time by
means the TVD Runge — Kutta method [3]. First, from u}, we reconstruct the point values
of the function u(x,t") via a suitable nonlinear piecewise polynomial interpolation Pj(x),
x € I; taking into account the conservation, accuracy and non-oscillatory requirements, for
each cell I;. We use here the WENO reconstruction . As a result, at each cell interface ;1 /2
the reconstruction produces two different values of the function u(z), namely the left extrap-
olated value UJLH/Q = Pj(zj41/2) and the right extrapolated value Uf+1/2 = Pji1(xj41)0).

The numerical flux function at the cell boundaries x4, 2 is defined as a monotone function
of the left and right extrapolated values u]L ‘120 uﬁl /2

Fii10 = F(Uj+1/27 t) = E+1/2(U§+1/2, Ufﬂ/z)- (8.2)
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In the next subsection, we will present the WENO reconstruction which supplies the
required piecewise polynomial P;(x).

8.1. WENO reconstruction. For the scalar case, the (2k — 1)-th order WENO recon-
struction of w;y/p is written as

ujr1/2 = Pj(zj41)2) Zwr Ui /2 (8.3)
where uﬁl /9 is the extrapolated value obtained from cell averages in the rth stencil S, =
{zj—r,...,%j_psk—1}, 7 =0,...,k — 1, and w, are the nonlinear weights [5] written as

w, = & =01, k-1, (8.4)
ap+ag+ ...+ apq
where
- (85
o, = ————. .
(e +5,)?

Here € > 0 is introduced to prevent the denominator from becoming zero. We take e = 1076
in our numerical tests. 3, are so called “smooth indicators” of the stencil S,. For example, the
fifth order WENO reconstruction (k = 3) is given as in [8, 5|. The corresponding smoothness
indicators are given by

13 1
Bo = 15 (w5 = 2001 + t542)° + 7 (Buy — dujin + ujp0)%,
13 1
B = 5w = 205+ wj0)* + (00 = i),
13 , 1 ,
ﬂQ 19 (U] 2 — 2Uj_1 —+ U,j) + Z—L(u]‘_g — 4Uj_1 + 311,3) . (86&)
The optimal weights d, for the left extrapolated value u’ i1/2 ab Tji1/2 are give by 5]
3 3 1
dO = 1_(); dl = ga d2 = Ev (866)
and uf,, , is given by 1
UJL+1/2 = gwg [_Uj+2 + Sy + 2uj} +
1 1
g1 [—u,_y +5u; +2u, 4] + R [2u;_y — Tu,;_y + 11u,] . (8.7)

The right value ufﬂ /2 18 obtained by symmetry.

8.2. Time discretization. Up to now we have only considered spatial discretizations,
leaving the time variable continuous. In this section, we consider the issue of time discretiza-
tion. The time discretization will be implemented by the class of high order TVD Runge —
Kutta methods developed in [3].

These Runge — Kutta methods are used to solve the system of initial value problems of
ordinary differential equations written as

du

= =L(w). (8.8)
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where L(u) is the approximation to the derivative (—F(u),) in the differential equation (2.1).
In [3], schemes of up to third order were found to satisfy the TVD conditions. The optimal
third order TVD Runge — Kutta method is given by

3 1 1 1 2 2
ut ="+ AtL(u"), u® =yt —u® + SAL(wY),  u" = —ut + Su® 4 S AL (u®).
4 4 4 3 3 3
(8.9)
In [3], it has been shown that, even with a very nice second order TVD spatial discretization,
if the time discretization is by the non-TVD but the linearly stable Runge — Kutta method,
the result may be oscillatory. Thus it would always be safer to use TVD Runge — Kutta
methods for hyperbolic problems.

8.3. Description of the method. Titarev and Toro [9] proposed to use the FLIC
second order centred TVD flux and the WAF second order upwind TVD flux, instead of first
order fluxes as a building block for designing high order schemes. In this section, we propose
to use the fourth order TVD flux (4.31) with (4.32) as a building block in the high order
WENO schemes with the third order TVD Runge — Kutta method for time stepping.

The derivation of the resulting schemes is straightforward and is summarized in the
following algorithm, which applies to the scalar case.

Given the cell averages u} , at time " , compute the cell averages at the next time step
ui ! as follows:

1) obtain (2k — 1)-th order WENO approximations to the function w(z) at the cell
boundaries, denoted by “]L+1/27 Ufﬂ/z defined in Eq. (8.7);

2) compute the TVD flux (4.6) with Ajy10u = ull) ) — uf,, . for all j;

3) form scheme (8.1);

4) using the third order TVD Runge — Kutta method (8.9), compute u;”rl.

9. Numerical experiments

In this section, we present some numerical experiments to show the performance of our
method. For all calculations we use transmissive boundary conditions.

For comparison, we consider the numerical results of the fourth order TVD flux (4.6) and
(4.32) with the fifth order WENO reconstruction and compare them to the results obtained
by the corresponding original methods that use the second order TVD (FLIC) flux presented
by Titarev and Toro [9]. For the time discretization we use, throughout, the third order TVD
Runge — Kutta method.

We compare the following schemes:

1) NONTVD: the fully discrete fourth order scheme (4.2) with the flux (4.6) without a
limiter;

2) TORO: the Toro scheme with a second order TVD flux with the fifth order WENO
reconstruction;

3) YOUTVD: the fully discrete TVD fourth order scheme (4.2) with the flux (4.6) with
(4.32);

4) YOUWEN: semidiscrete scheme (8.1) with the fourth order TVD flux (4.6) with (4.32),
with the fifth order WENO reconstruction,

5) BG4: the fourth order scheme [1].

Example 9.1. We consider the approximate solution of the linear equation

ut+u, =0, —-l<zx<l, =0, (9.1)
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9.2)

u(z,0) = sin*(7z),

with a periodic condition on [—1,1]. This test is used to check the convergence rate of the
scheme.

Tables 9.1 and 9.2 quote the L' errors at a large time ¢t = 10. Also the relative L'
norms of the errors are shown in Table 9.3. We perform several runs with different grid
sizes. Here N denotes the total number of spatial cells. We take At = 0.8 Az. We note
that the YOUTVD scheme is even more than fourth order accurate (approximately = 4.3)
while the YOUWEN scheme is approximately seventh order accurate. Moreover, the error
is much smaller than in the other schemes even on the coarsest meshes. It is noticed from
the tables that the NONTVD is more accurate than the YOUTVD. This is due to the use
of the limiters that reduce the method to the first order near the discontinuities. Also, we
notice that the YOUTVD is about three times slower than the NONTVD scheme. This is
due to the use of expensive TVD limiters. However, this difference in the velocity is more
than compensated by the improvements in the solution and the removal of oscillations.

Table 9.1.
N YOUTVD TORO
L' error L' order | CPU time L error L' order | CPU time
80 | 6.53F —5 7.2 8.82F — 4 29.6
160 | 3.22FE —6 4.34 69.27 2.60F —5 5.05 289.14
320 | 1.63E — 7 4.30 655.22 241FE -6 3.46 2705.54
640 | 8.38F — 9 4.28 6173.16 | 3.03E — 7 2.99 26453.27
Table 9.2.
N YOUWEN NONTVD
L' error L' order | CPU time L' error L' order | CPU time
80 2.8TE — 6 37.3 5.30FE —5 2.34
160 | 1.56F —8 7.52 336.50 2.39FE — 6 4.47 23.25
320 | 1.42E — 10 6.79 3069.29 | 1.053E — 7 4.50 225.06
640 | 1.21E — 12 6.87 28098.75 | 4.39E —9 4.59 2175.78
Table 9.3.
YOUTVD TORO YOUWEN
N Relative Relative Relative Relative Relative Relative
L error L' order L error L' order L' error L' order
80 | 8.35F —5 1.18E — 3 3.41FE — 6
160 | 4.23FE — 6 4.30 3.67TE —5 5.00 1.88E —8 7.50
320 | 2.19FE — 7 4.21 3.38E — 6 3.44 1.79E — 10 6.71
640 | 1.23E — 8 4.22 4.34FE — 7 2.96 1.62E — 12 6.79

Now we discuss the computational efficiency of the schemes. Tables 9.1 and 9.2 show
the CPU times for all schemes. It is noticed from the tables that the YOUTVD and the
NONTVD are the fastest schemes because they do not use the WENO reconstructions. The
YOUTVD is about three times slower than the NONTVD scheme. This is due to the use of
TVD limiters.

Note that the fastest WENO scheme, TORO , is about four times slower than the
YOUTVD. This is due to the use of the expensive WENO reconstruction. The YOUWEN
is about 26 % slower than the TORO. However, this difference in the velocity is more than
compensated by the improvement in the accuracy.
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Example 9.2. We now consider equation (9.1) with the initial condition [1]

(

G(z, 2 —0) + G(z, 2+ 9) +4G(x, 2)] /6, —0.8 <z < —0.6.
1, 04<2< 02,
u(w,0) = { 1—]10(z — 0.1)], 0<z<02 (9.3)
[F(z,a—0)+ F(z,a+0) +4F(z,a)]/6, 0.4<2z<0.6,
0, otherwise,

\

with a periodic boundary condition on [—1,1], here G(z, z) = exp(—3(x — 2)?), F(x,a) =
{max(1—a?(x —a)?,0)}/2. The constants are taken as a = 0.5, z = —0.7, § = 0.005, a = 10
and (3 = (log2)/3642. This initial condition consists of several shapes which are difficult for
numerical methods to resolve correctly. Some of these shapes are not smooth and the others
are smooth but very sharp. Firstly, we show the effects of the limiters on different profiles
of the solutions. Fig.9.1 shows the numerical results at ¢ = 20 obtained by the NONTVD
scheme ,without limiters, with a mesh size of 200 cells and At = 0.8 Az and Fig. 9.2 shows
the same results but by using the YOUTVD with limiters. The exact solution is shown by
the solid line and the numerical solution is shown by symbols. It is clear from Fig.9.1 that
the fourth order scheme without limiters generates oscillations around the discontinuities
due to the dominating high frequencies dispersion errors. The use of the limiters removes
completely these oscillations (Fig.9.2), producing monotone profiles.

J oy ot
QUL |

104 T 04 ;
| |
L ;f;

02
0.21
!

(] ——

-0.2 . . . . , . . v . . 0 :
-1-08-06-04-02 0 02 04 06 08 1 -1 -08-06-04-02 0 02 04 06 08 1
Xx-axis x-axis

Fig. 9.1. Solution of Eq. (9.1) with (9.3) with the ~ Fig. 9.2. Solution of Eq. (9.1) with (9.3) with the
use of the NONTVD scheme at ¢ = 20 use of the YOUTVD scheme at ¢ = 20

Figs. 9.3 and 9.4 show the results obtained by the TORO and YOUWEN schemes
respectively. The results in Fig. 9.4 obtained with the YOUWEN are superior to those
obtained with all the other methods.

17 1

0.8 1 0.8
é 0.6 1 5 0.6
104 . 204
0.2 1 0.2

0 — 0
-1 -08-06-04-02 0 02 04 06 08 1 -1 -08-06-04-02 0 02 04 06 08 1

Xx-axis Xx-axis

Fig. 9.3. Solution of Eq. (9.1) with (9.3) with the  Fig. 9.4. Solution of Eq. (9.1) with (9.3) with
use of the TORO scheme at t = 20 YOUWEN scheme at t = 20
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Example 9.3. In this example we approximate the solution of the Burger equation
uy + [u?/2], = 0 (9.4)
with the smooth periodic data

u(z,0) =1+ 0.5sinmz, —1<z<1. (9.5)

It is well known that the solution of (9.4), (9.5) develops a shock discontinuity at the
critical time t = 1.1. Figs. 9.5-9.7 show the results obtained by the YOUTVD, TORO and
YOUWEN schemes with mesh size of 80 cells and /delta/t=0.8../delta/x respectively. Note
that the numerical solutions in Fig. 9.7 using the YOUWEN scheme is almost indistinguish-
able from the exact solution.

1.5 2 1.5 E 1.5
5 g

1.25 L$1.25 x1.25

1 1 1

0.75 0.75 0.75

0.5+ . T ’ . » 0.54 . . ’ . . 054
-1 06 02 02 06 1 -1 -06 02 02 06 1 -1 -06 -02 02 06 1
x-axis Xx-axis x-axis

Fig. 9.5. Solution of Eq. (9.4) Fig. 9.6. Solution of Eq. (9.4) Fig. 9.7. Solution of Eq. (9.4)
with (9.5) using the YOUTVD  with (9.5) using the TORO  with (9.5) using the YOUWEN
scheme scheme scheme

Table 9.4 shows the CPU times for all the schemes. It is seen from the table that the
YOUWEN and TORO schemes are slower than the YOUTVD scheme. This is due to the
use of the WENO expensive reconstruction. Considering the improvements in the accuracy
compared to the YOUTVD scheme, this additional computational costs is not significant.
We note also the YOUWEN scheme is about 25 % slower than the TORO. However, again
this difference in the speed is more than compensated by the improvement in the accuracy.

Table 9.4.
Scheme YOUTVD | TORO | YOUWEN
CPU time 6.32 26.12 32.55

Example 9.4. Here we apply our scheme developed in this paper to Buckley — Leve-
rett’s problem, whose flux is non-convex [1]

2
8u+3f(u):0’ —1<z<1, f(u) -

ot oz

(9.6a)

subject to the initial condition

1, z€[-0.5,0],
= 9.6b
uo(@) { 0, otherwise. (9.65)

Similarly to Balaguer [1] , we have computed the solution at ¢ = 0.4 with the YOUTVD,
TORO and YOUWEN schemes. Figs. 9.8-9.10 show the results obtained with N = 80 and
At = 0.8 Az. Comparing the results with [1, Fig.4.4] (with At = 0.25 Az ) we notice that
our scheme is more efficient than the BG scheme. It is also noted that the YOUWEN scheme
is the best.
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Table 9.5 shows the CPU times for all the schemes. Note that the YOUWEN scheme is
about 30% slower than the TORO. However, again this difference in the speed is more than
compensated by the improvement in the accuracy.

1 1 1
0.8 0.8 0.8
Z 0.6 Z 0.6 Z 0.6
F04 F04 F04
= = =
0.2 0.2 0.2
0+ . g 0+ - g 0+ . g
-1 -05 0 0.5 1 -1 -05 0 0.5 1 -1 -05 0 0.5 1
Xx-axis Xx-axis Xx-axis
Fig. 9.8. Solution of Eq. Fig. 9.9. Solution of Eq. Fig. 9.10. Solution of Eq.

(9.6) using the TYOUWEN scheme

(9.6) using the YOUTVD scheme  (9.6) using the TORO scheme

Table 9.5.
Scheme YOUTVD | TORO | YOUWEN
CPU time 4.17 19.5 25.27

Example 9.5. Here we discuss the numerical test results of the solution of RP (7.3)
with the initial data of [14]

Uy, =(0.597,0)", Ug = (0.04166, 0)". (9.7)

The numerical experiments were performed using the linearized system (7.8)—(7.12) and
the YOUTVD, TORO and YOUWEN schemes. Figs. 9.11-9.13 show the exact solution in
full lines for the cross-section S(z,t) with the numerical solution shown in symbols. We take

Ax = 0.01, and the Courant number used is 0.8 at ¢t = 0.228. Note that the results obtained

by the YOUWEN is indistinguishable from the exact solution.

0.6+ 0.6 - 0.6
= 0.51 = 0.5 = 0.51
8 8 ke
5 0.41 5 0.4 5 0.4
2 2 2
« 0.34 2 0.3 2 0.3
o o o
G 0.24 502 5021
0.1 0.1 0.1
0 T T T T 1 0 ' 1 0 T 1
0 02 04 06 08 1 0 0.5 1 0 0.5 1
Xx-axis Xx-axis Xx-axis

Fig. 9.11. Solution of the shal-
low water equations using the

YOUTVD scheme

water equations using the TORO

scheme

Fig. 9.12. Solution of the shallow Fig. 9.13. Solution of the shal-
low water equations using the

YOUWEN scheme

Table 9.6 shows the CPU times for all the schemes. We observe that the YOUWENO is
about 35 % slower than the TORO scheme. From the numerical results presented here it is
seen that this difference is more than compensated by the improvement in the accuracy.
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Table 9.6.
Scheme YOUTVD TORO | YOUWEN
CPU time 9.76 36.23 48.87

10. Conclusions

Fully discrete and semi-discrete fourth order finite difference schemes for computing solutions
to hyperbolic conservation laws have been developed. An oscillations-free version of the
schemes has been constructed with the use of flux limiters. We propose to use this fourth
order TVD flux as a building block for constructing very high order schemes and have applied
the idea to the WENO schemes. The use of this flux within the WENO framework improves
the order of accuracy and convergence and betters the resolution of discontinuities. The
numerical results suggest that our schemes are superior to the other methods.
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