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A NOVEL SECOND ORDER ACCURATE HYBRID NUMERICAL APPROACH
FOR CONSERVATION LAWS

PASCAL JAISSON'2 AND FLORIAN DE VuysT?34

Abstract. In this paper, we present a novel one-parameter hybrid scheme for hyperbolic systems of
conservation laws. The parameter value can be adapted in each numerical cell in order to obtain the
advantages of Lax-Wendroff flux (second order scheme) where the solution is locally smooth. On the
other hand, the scheme can switch to the Lax-Friedrichs one if necessary in order to be oscillation free
(Total Variation Diminushing). Various numerical examples illustrate the efficiency of our scheme.

Résumé. Nous proposons dans cet article un nouveau schéma hybride & un paramétre pour les
systeémes hyperboliques de lois de conservation. Le parameétre permet d’obtenir les bonnes propriétés
du schéma de Lax-Wendroff lorsque la solution est réguliere (schéma du second ordre) et de respecter
la propriété de ”Total Variation Diminushing” dans chaque cellule en utilisant si nécessaire le flux de
Lax-Friedrichs. Nous présentons quelques expériences numériques illustrant ’efficacité de la méthode.

INTRODUCTION

We are interested in the initial value problems of systems of conservation law:

du+9,f(u) =0,z €R, t >0,

1

u(z,0) = u’(z). @
We assume that u belongs to an open set 2 of RP. The physical flux f : 0 — RP is supposed to be locally
Lipschitz continuous. The hyperbolic assumption means that for all states u in €, the jacobian matrix A(u) of
the flux:

A(u) = 9uf(u) € M(RP)

is diagonalisable in R. To simplify, we assume that the system is strictly hyperbolic, i.e. for all u €  the
multiplicity of each eigenvalue aj(u) is one [6]. The eigenvalues are arranged in increasing order

a1(u) < az(u) < ... < ap(u).
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We want to find a numerical conservative scheme which is oscillation free (TVD) and as low diffusive as possible:

= = A (G W, A O ) — B(wy, w07 ) ©)
At" . . . .
where A\ = —— At™ and h are respectively the time and (constant) space steps. Our numerical hybrid flux
may be written as:
f(u) +f(v 1.4 =
o v.2,0) = I 0K vy ®

where the real parameter 6 will depend on both time and space. The goal of the paper is to find a 'parameter’
0 which guarantees the TVD property and the second order accuracy.

The paper is organized as follows. In section 1, the hybrid scheme is presented: definition of the numerical
hybrid flux and equivalent equation. In section 2, we give conditions on € to obtain a TVD scheme with second
order accuracy in time and space for a nonlinear scalar conservation law. Then we heuristically extend our
scheme to the case of systems of conservation laws. In section 3, some numerical experiments are presented.

1. NUMERICAL ANALYSIS OF THE HYBRID SCHEME

1.1. Construction of the hybrid scheme

Let us first recall some common classical fluxes: Lax-Wendroff, Lax-Friedrichs, Modified Lax-Friedrichs,
Roe and Rusanov. We shall show that it is possible to interpolate three of these six fluxes thanks to a single
parameter . This will define our one-parameter family of hybrid flux.

1.1.1. Construction of the hybrid numerical fluzx

Let us consider a uniform spatial mesh with a constant space step h. We denote x; = jh the mesh points
and T = (j+ %)h some interfaces. The time step At™ can be variable and we set t"*1 =" + At". At time
t", a7, j € Z defines a discrete approximation of the continuous solution u:

1 [Tit1/2

n n

uj ~ E/ u(zx,t") dx.
Tj—1/2

In the sequel, we denote

At"
A= —
h )
forgetting the n-index for simplicity. The solutions of (1) are approximated by a conservative scheme:
u;‘H—l = 11? —A ((b(u;la u?—q—lv >‘) - (b(u?—lv u;‘la A)) (4)

where the numerical flux ¢ : Q x @ — RP? is Lipschitz continuous on  x Q. Let A(u) = f'(u). We first recall
some common numerical fluxes from the Finite Volume community. The Lax-Wendroff scheme (LW-scheme) [9]
is second order accurate. Its numerical flux may be written in two forms: either

f(u) + £(v)

1. -
- AR v)(E(Y) — f(w) (5)

(b(uv V) =

or
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where A (u, v) is a diagonalisable matrix with the consistency property A(u,u) = A(u). Notice that if the mean
matrix A(u,v) is chosen as a Roe matrix, i.e. with the additionnal constraint A(u,v)(v —u) = f(v) — f(u)
(if it exists), then the two forms (5) and (6) are equivalent. The form (5) belongs to the general family of
characteristic flux scheme [4]. In the sequel, we will take advantage of the two forms. The LW scheme is
conditionally linearly L2-stable but also known to be dispersive and strongly oscillatory.

The flux of the Lax-Friedrichs scheme (LF-scheme) [2,8] is

_ f(u) +£f(v) 1
plu v, ) = T2 ), ™)
This first order accurate scheme is very stable but also known to be strongly dissipative.

The flux of the Modified Lax-Friedrichs scheme (LFM-scheme) [14] is

fu)+£f(v) 1

(u,v,\) = 5 - ﬁ(v —u). (8)
This scheme is an entropy scheme under a CFL condition but is strongly dissipative too. Next, the Roe flux [10]

is :
f f
where A (u, v) is a Roe’s matrix [6]. Here the absolute value of a diagonalisable matrix A = Rdiag(as, ..., a,) R
is defined by |A| = Rdiag(|aa|,...,|ap|)R™!. The Roe scheme is particularly appreciated for its ability to
accurately capture low-moving contact discontinuities but it violates the discrete entropy property. Lastly, we
give the Rusanov flux [11]:

A Y)|(v - ), )

f(u)+f(v) 1 =
— ﬁamm(A(u7 v))(v —u), (10)

d)(uv v, )\) =

where amae(A(u, v)) is the spectral radius of A(u,v).

The three schemes (Lax-Wendroff, Lax-Friedrichs, Roe) can all be written in the form

u;‘l+1 = u? - >\ ((b(uya u?+17 >\a 9) - (b(u?fl? U?, >\7 9)) (11)
where ¢ ¢ )
o(u, v, \,0) = M — §A‘9|j_&(u, v)|1+9(v —u). (12)

We recognize the Lax-Wendroff flux for § = 1, the Roe’s flux for § = 0 and the Lax-Friedrichs flux for § = —1.
The parameter 6 can be interpreted as an artificial viscosity controller. For # = 1, the Lax-Wendroff scheme
is second order accurate scheme in both space and time but generally violates the entropy property. The
Lax-Friedrichs scheme is TVD for scalar conservation laws and fulfils a discrete entropy inequality, but it is
not an accurate scheme. The Roe’s scheme can violate the entropy property. Now, we want to combine the
complementary advantages of these schemes. We then explore a new hybrid scheme where 6 varies in an interval
which contains [—1,1]. The hybrid scheme is:

Wt =) = A (G ugn, A ) ) - G(u)y,ul A6 y) (13)
with ¢ ¢ )
d(u, v, \,0) = w — §A9|A(u, v)|1+9(v —u) (14)
and

9_74-% = e(u?—lau?au?-y—lau?-i-%)‘)' (15)
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FIGURE 1. Function z — |z|1*? for different values of 6.
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FIGURE 2. Function 2 — (2|2 + min(0,6)?)" %" for different values of 0.

Remark that due to the absolute value, the numerical flux is not regular at sonic point (zero eigenvalue for the
jacobian A, [5]). But it is always possible to add a regularizing term to get Lipschitz continuity while preserving
the LW-Roe-LF interpolation property. For example, the following numerical flux is a good candidate:

f(w) +£(v)

¢(ua v, )‘7 9) = 9

_ %)\9(|A(u,v)|2 + min(0,0)21) % (v — w). (16)

Obviously, the numerical flux is locally Lipschitz continuous, uniformly in 6 (even C*° except for § = 0). The
figures 1 and 2 represent the functions z + |z|'*? and z — (|z|? + min(O,Q)Q)# respectively for different
values of 6 € [—1,1]. Another possibility would be to use the Harten entropy fix which consists in regularizing
the absolute value (see subsection 3.2.2). Anyway, the very local loss of regularity in the original flux does not
seem to have spurious consequences at a numerical point of view (see the numerical experiments below). On
one hand, we want to adapt 6 in order to get local second order accuracy in the regions where the solution is
smooth. On the other hand, the 6 parameter is expected provide more numerical diffusion when the solution is
no more smooth (discontinuities, strong variation...). Remark that the parameter § can be negative in order to
satisfy the entropy property. This will be analysed in a future work.

As example, below we give other instances of hybrid schemes.

LW-upwind-LF scheme: we may use the matrix A(u,v) = 9,f(®*$¥). The scheme is easier to implemente.
Indeed, it is not necessary to compute a Roe matrix and the diagonalisation of d,f(u) is only necessary.
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LW-VFFC-LF scheme: we may use the VFFC scheme [3,4]. Indeed, we remark that the flux can be written

f(u) + £(v)

(b(u? v7 >\7 0) = 2

1 _ _
— 5sign(A)A7 [A(u,v)|” (£(v) — f(u)),
for > 0 if A is a Roe matrix. Here the sign of a diagonalisable matrix A = Rdiag(as, ..., a,)R™1 is defined as
sign(A) = Rdiag(sign(ay), ..., sign(a,) )R, where sign(z) is equal to 1 if 2 >0, 0if # =0 and —1 if < 0. So
we set ¢ ¢ )
ouv,r0) = W)Ly rv) — rw)
where B = sign(A) |A(u,v)|’. The matrix A needs only to verify A(u,u) = d,f(u).
LW-Roe-Rusanov scheme: we may introduce other schemes. For example, we can consider the numerical
flux

1+6

Ly (v —u),

A(u,v)

f f 1
d)(uvvv )‘a 9) = w - 5)‘6+ af,;;l

max

where 07 = max(0,0). For this hybrid scheme, § = 1 gives the Lax-Wendroff scheme, § = 0 the Roe scheme
and # = —1 the Rusanov scheme.

LW-Roe-LFM or LW-upwind-LFM scheme: lastly, we give a scheme where 6§ = 1 corresponds to the
Lax-Wendroff scheme and § = —1 to the Modified Lax-Friedrichs scheme.

f(u) +f(v)

¢(u’ v’ A? 0) = 2

1 R
- 5)‘020 |A(u,v)|1+9(v - u)7

where §~ = min(0, #). In this hybrid scheme, we obtain the Modified Lax-Friedrichs for § = —1 which is
entropy satisfying. We will use the LW-Upwind-LFM scheme in our numerical experiment.

1.2. Vector extension of hybrid schemes

Our hybrid scheme introduces a scalar parameter 6. In the case of systems of conservation laws, it is natural
to look for a hybrid scheme with a vector parameter 8 = (9k)k:1,...,p- Let us suppose that the matrix A(u, v)
is diagonalisable with:
A(u,v) = R(u,v)D(u,v)R(u,v) ™!,

where D(u, v) = diag(ax(u,v)). We use the notation:
A, v)|® = R(u, v)diag(lox (1w, v)| " R (u,v) . (17)
In this case, the numerical flux is

f(w) +£(v)

p(uv.2,0) = Y (0 A, ) (v - ) (18)

with e = (1,...,1); the matrix I is the identity matrix in RP?.

Of course, we can rewrite all the other hybrid schemes presented above with the vector parameters 6.

1.3. Equivalent equations for the hybrid scheme

We shall study the influence of € on the numerical diffusion in more detail. We give the equivalent equations
associated to the scalar and the vector forms of the hybrid scheme respectively.
We write the second order Taylor expansion near the point (x;,t") in (13), (14). We then obtain the equivalent
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PDE solved by the hybrid scheme at time-space second order accuracy. To simplify, let us suppose that 0 is a
locally constant function near the point (z;,¢™). It is easy to show that the equivalent equation of the scalar
hybrid scheme is

opu + 0,f(u) + ATtaz [A2(u)d,u] — %(At”)"hlff)az [[A(u)[*?9,u] = 0. (19)

Or, equivalently,
A n
Oru+ 0,f(u) — Tt(’)m [()\9—1|A(u)|9+1 — A%(u)) d,u] =0.

The conditions on the eigenvalues ay of A(u) to have a positive diffusion matrix are:
Mag))f~t—=1>0 Vke{1,..,p}.
For 0 < 1, we retrieve the classical condition of Courant-Friedrichs-Lewy on the time step At™:
Mag| <1 VE. (20)

We remark that the diffusion matrix is exactly zero for § = 1; indeed, the numerical scheme is in this case
the Lax-Wendroff one. Otherwise, the numerical diffusion rate is governed by the eigenvalues of the diffusion
matrix which are

((Mew])?™! = 1) (e)? if a # 0 and 0 otherwise.

For A|a®| > 0, the function
q:0— (aw)® (Alak)*t = 1)
is C*™ on [—1,400). Moreover,
¢'(0) = (ax)* In(Mon)(Aax )71 <0
for all 0, if the CFL condition (20) is satisfied. In particular that means that the diffusion rate is a decreasing
function of the parameter 6.

Remark 1.1. For > 1, the function ¢ is negative and the limit of ¢ when 6 tends to +oc is —(ay)?. Thus,
for @ > 1 the matrix A\?|A(u)|?*! — A%(u) is an anti-diffusion matrix whose intensity remains bounded when 6
tends to +oo.

Let us emphasize that the calculus can be extended to the vector case without difficulty with the same
conclusions:

A;n Ba [(\~*|A(w)[*+® — A2(w)) 8,u] = 0.

ora+ 0, f(u) —

The trade-off between accuracy and stability leads us to look for stability conditions and order of accuracy with
respect to 6.

2. DETERMINATION OF THE FUNCTIONS 6

2.1. Scalar linear transport equation

As starting point, let us consider the linear case. We want to find the parameters G?Jr , that give the TVD
2

property. Consider the equation
Owu + alyu = 0, (21)

where a is constant. We may suppose a > 0 for example. The hybrid scheme (12) in the scalar case is simply:

1
unt :uy—A( v —¢y_%), (22)
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with the numerical flux
u? +u” 1. 67 14-6™
;}Jr% - a%ﬁl _ 5)\ ity g " itd (ult ) —ut) (23)

2.1.1. TVD and stability analysis of the hybrid scheme with the Harten criteria

We want to determine some parameters 0;1 1 such that the hybrid scheme has TVD and L* properties. Let
2
us define

— — . .M
v=ak Auj1=uj, —uj
and

_ A’U/],
Aujys

Following ideas from Harten and Sweby [7,13], we write the numerical scheme:

=

T

o 1
v 1—v ity 97.1,;
e | I ) KU o)
which gives in incremental form [6]
u;_“rl =uj + C}’+%Auj 1— D}’_%Aujf% (25)
with the coefficients
CJZ% =0,
vi[l—-v +% 0" 4
D', =2 +(14vd
J—% 2 T ( v : )

According to Harten’s criteria [7], the hybrid scheme is TVD if for all n and j,

Caﬂ% 20, D?+% z0
Cj+§ +Dj+§ =1
and is L*°-stable if for all n and j,
Cj+§ >0, Dj+ >0
iyt D5

=

<1

N

In our case, the two criteria become 0 < D?Jr 1 < 1. We are looking for O?Jr 1, satisfying these inequalities.
2 2
We now suppose that the CFL condition is satisfied: v < 1. Thus the function # must verify: for all r, 7/,

0 v [1—00v)
< |
<? (

+1+ v"(’”'*”) <1,
"

that is
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First, we consider the left inequality in (27): —1 < %(T} +

are looking for conditions on € such that

™). We consider a parameter o in [0;1]. We

a< Z/G(T,"V),
- 100w (28)
{ Sl-a < =0
The first inequality a < ") is verified if and only if (1, v) < L9 For the second inequality —1 — o <
1 00r)

, we have two cases r > 0 and r < 0.

For the first case » > 0, the inequality is verified if and only if 6(r,v) > W For the second case

r < 0, if r < =%, the inequality is always satisfied. If —~ < r < 0, the inequality is satisfied if and only if
1+« 1+a

O(r,v) < w We remark that if r € [1;—1&, ]ﬁa‘"], then w > e These conditions on 6 are

summarized in the table below.

r] - Toa 0 oo
9 9 < Ina 0 < In(1+(1+a)r) In(1+(14+a)r) <0< Ina

— Inv Inv Inv Inv

If @ = 0, we have the same results replacing In o by —oco.
1 00w)

Let us now consider the right inequality in (27):
We are looking for the conditions on 6 such that

+ 000" < % —1. We consider a parameter 3 in [0; 1].

v < B - 1), (20)
= < (1= )2 -1)
After calculus, we obtain the following array:
_ 1-B(2-1)
il Az 0
0 0> lnﬁl(n%u—l) 9> ln(l—(%lgi)(l—ﬁ)r
T
0 Z D p) oo
P 1115151;;1) <h< ln(l—(;l—nlu)(l—ﬁ)T) 9 > lnﬁlgﬂzy—l)
Let us remark that if r € [0; m], the existence of the function 6 implies that
32 -1 In(l—(2-1)(1—
T PR i it L 0}
Inv Inv
that is 1
Bzg— (30)

2.1.2. Optimal parameter region

It appears that several regions are admissible according to the different choices of the two parameters «
and B. We want to identify a region which provides stability and TVD properties with minimal numerical
dissipation. According to the equivalent equation, we have to find a stable and TVD region where the function
0 takes maximal value. The conditions on a do not allow us to determine an ”optimal” region. To simplify, we
decide to take a = 0.

To choose 3, we fix a real »r > 0. We want to find a parameter § which gives the maximal value for
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-2

—1.

5

—1 —0.5 o

0.5

FIGURE 3. TVD and L*-stablility region (streaked region) in the case @« = 0 and § =
for 0(r). The CFL condition is v = 0.5.
In(1—(2-1)(1-p)r)

2

2.5
Inv

3

summarize the new conditions.

1
2_ 1
As this function of 8 (for a fixed r) is decreasing, it is sufficient to set § =

1
0 0>0 |

1
2

T3 We
0

Proposition 2.1. Consider a function 0 which satisfies the conditions below.
r| —oo

0<0< In(1+7)

T
Inv

2(1-1)
In(1-2(L-1)r)

[ o<o< ™5
Then the hybrid scheme (22)-(23) in the linear case has the TVD and the L°°-stability properties.

+00
ny

0>0

2.2. Nonlinear case

Let us remark that the proposition 2.1 is an example of sufficient conditions for the function . The admissible
region for 6 as a function of r is represented in Figure 3.

We now consider the nonlinear scalar conservation law:

We use the scheme:

Opu ~+ Oy f (u) = 0. (31)
W= A~ 6y
with
n ff) + )
Gep= T
and ajp1 = nou

(32)
1,07 4 46" 1, n
—gATTE laj ol TR (U —uf),
a(u?,u? ;) and (u,v) — a(u,v) the function defined by

f'(u)
a(u,v) =

ifu=w
f(v) = f(u)
We recall that Au; 1 = ujy,

v—1u
—un

’U/j .

the linear case.

otherwise.

Let us assume that there is a constant p (independant of j and n) such
that |Af’(u)| < p. To find the TVD and stability region, we follow ideas from flux limiters theory [6,13] as in
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2.2.1. Incremental form of the hybrid scheme
Thus the scheme (32)-(33)

fly + I7
n+l _ . n Jj+1 J
Uj = Uy -2 (f

T4 fr 1.0, 07 1
_ (M _ _/\6%§|a,_l|pr JiAuﬂ1>)
2 2 I e

1.6 4 1467,
_ 2%+ I NNT
2)\ 2lajyal 2Auf g

can be rewritten as

1 14+6™
n+l _ n__ = ) _ ) i+
Wi TU Ty ()‘aJ-‘r% |)\aj+%| 2

\_‘:‘
>
<

3

1467 .
+ (Aaj_1 + [Aa;_1] i) A" %).

We define a* the positive part of @ and a~ the negative part of a, that is a = a™ + e~ and |a| = a™
have

1 om
+ i
u u}’§</\aj+%(1|/\aj+§|1+z)Au?+%

_ 0" 4 n
+)\aj+%(1+|)\aj+%| EBVAN T
— Gn,l n
+/\aj7%(1—|)\aj_%|1 2)Auj7%) .

We now assume that (a‘.Ir , # 0or at | = 0).
J—3 Jt3z

—a~

. We

This means that it is impossible to have simultaneously:

(a;i ;, =0 and a;r , # 0). This assumption is verified in particular if the cell j is not in a neighborhood of a
2 2

sonic point [5]. To simplify, we assume that we are not near a sonic point.

As in the linear case, we set v; = Aaj;, 1/;-Ir = )\a;-Ir and Vi = )\aj_. Thus,

+ + n
Vi1 on . VAU o
n+l _ n_ _J73 1y j+ly Jt3 Jj+3 ‘ -1 n
’LL] - ’LL] 2 ((1 |V]+%| 2 )Z/TF_lAuﬂ_l_ + (1 —+ |l/ _%| 2 )) Au]_%
j—3z  J—3
Vi1 n n V. AU
It e 00 1\ -3 i—3 n
+ 14|y, 1| 7*2 +(1—|v,_1| 7’72 Au”
2 (( | j+%| ) ( | 7 §| >V]._+1AU?+1> ]+%
2 2

Tt

N
+
SIS

o

<

S

with the convention

Q
=
o

N

N
T
Nf=
.
s
Nf=

proposition:
Proposition 2.2. Without sonic point, the scheme (32) can be written in incremental form

n+l _  n n n _nn

Au"
i—s=i-%

W=

= 0 as soon as the numerator is equal to zero. Then we have the

(35)



ESAIM: PROCEEDINGS 101

with the coefficients

+ + n
v on VI AU on
n _ J—3 o j+ly Jt+3 Jj+3 -1
Di_, = 5 ((1 Vjs1l 2)7y+ A" + @+ [y_772) ),
i=5 i—%
-V, n n v, Au”
n _ _ J+t3 071 07 1\ i-3" i3
Cj-l,-% T <(1+|Vj+§| 2)+(1_|Vj—%| Z)W
J+5T i+
where Vil = )\ajJr% and Vi1 = )\ajfé.
In the following notation, we omit the time dependency. We then set
v Au? v, Au”
. 1 3 1 . 1 - 1
+_ _J-5  J=3 - _ _Jt3 Jt3
T vi L Au? N v Au? (36)
jJr% j+% '7% jf%
We define 9j+% as
+ .
H(Tj,le+;|) lf Vj+; ZO,
O = gol A R (37)
2 (Tj+1v|Vj+§|) v <l

where 6 is a function on which we will impose some conditions such that the scheme has the TVD and L°°-
stability properties thanks to Harten’s criteria. Then we have

vl (1 |ps)0)
J+3 J+3 o(rt
Dir = 9 T + 14y i, (38)
j+1
Vi1 _ 1— |y, 1))
Jjt+3 o(r:
Ciry = —52 [Tl + — (39)
J
2.2.2. Determination of the TVD and stability region
We want to find a function 6(r,v) such that C; 1 and D;_ 1 satisfy the conditions:
for the TVD region and the condition

for the scheme to be L°°—stable.

Far from a sonic point (in fact, it is sufficient to have the same sign for Qjyl, G 1,05, 3 ), we have in particular
either (D; 1 = 0 and D; 1 = 0) or (Cj 1 = 0). We give in the following proposition an example of the
sufficient conditions for the TVD and stability properties.

Proposition 2.3. Let u be the CFL number. Let a function 0(r,v) which satisfies the following conditions:

r| —oo -1 0
0 0<6 | 0<g<in

— — Inv

In(1-2(;-1r) ‘
Inv

6| o0<o0<
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then the hybrid scheme (32)-(33) with the notations (36) and the definition of 6,1 given by (37) has the TVD
and L -stability properties.

The proof is rather technical. The interested reader will find it in the appendix A.

2.3. Conditions on 6 to have both space and time second order accuracy (scalar nonlinear
case)
In this section, (u,v) — a(u,v) is a function such that a(u,u) = f'(u). Thus (Oya)(u,u) = (Opa)(u,u) =
1 f"(u). We consider a smooth solution u of the equation (1) and we consider a Taylor expansion near the point
(ZL']', tn) .

We use the usual notations: u} ~ u(z;,t") and u}’“ ~ u(z,t"*1). The partial derivative of § with respect to

v and r are respectively denoted by 6, and 6,.. We have the following proposition.

Proposition 2.4. Let 0 a function on R x [0;1] such that for all real v,

O(1,v) =1, (42)
0.(1,v) =0, (43)
0,(1,v) =0. (44)

Then the hybrid scheme (32)-(33) with the notations (36) and the definition of 0,1 given by (37) is a time
and space second order scheme.

Again, the interested reader will find the proof in appendix B. We will see in the next section that the
conditions (42)-(44) for all v are not very difficult to satisfy.

2.4. Practical examples of functions 6

We remark that the point of coordinates (1,1) in the plane (r,8) has to belong to the curve of § when v
is fixed to obtain the second order property. Then, this point has to belong to the TVD region. We give an
example of a two-parameter family (0, ,)p.» which satisfies the conditions (42)-(44) for a CFL number u less
than %, for all p € N* and n € N.

0 if r <0,
In(1—~r) : (1-v?)
Opn(rv) = 1:(? ) (()1< :)S . 1-pP (45)
L (r—1)" 41 if < <2122
ey Y d d
p ifTZQ_%a

where v = 2(% —1). On figure 4 we have represented the curve of 64 4 in the case p =4, n =4, py=v = 0.5.

2.5. Hybrid scheme extension for systems of conservation laws

We heuristically extend our hybrid scheme to the systems. We assume that A (u,v) is diagonalisable and we
use the notations (17) and (18) of section 1.2. We propose the following scheme

+1 _ iy
11? - 11? - )\((ﬁ(lﬁl?, u_le-Q—lv >‘a 0 _7_,_%) - (ﬁ(u}l—la u_lev >‘a

v) (46)

with
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‘

FIGURE 4. Function 6 in the case p = 0.5, p =4, n = 4.

and e = (1, ..., 1); the matrix I is the identity matrix in RP. The parameter 9_;‘+%" is determined by

o o(r]ija |Vk,j+%|) if Vij+s 20, (48)
k,j+3 - .
’ Oy je1s Vrgeil) i 00 <O,
where
Vij+y = A1l (49)
and
+ -1 - -1
o Oékyj,%(R (u? - u}lf1))k — ak1j+%(R (u?+1 - u?))k (50)
kg — _ ) kg — — — .
ol R w) M e Ry wg )
Here the function 6 is the same as in the scalar case.
3. NUMERICAL EXPERIMENTS
For numerical experiments, the function 6, 4 represented in Figure 4 is used.
3.1. Scalar case
3.1.1. Linear advection equation with a smooth initial data
We here consider the linear advection equation:
Ou+ dyu =0,z €]0;1[, t > 0, (51)

with the C* initial data u(x,0) = sin(7z + ), « €]0; 1] and periodical boundary conditions (0, t) = sin(—nt +
7), t > 0. The analytical solution of that problem is clearly u(z,t) = sin(n(x —t) 4+ §). We shall compare the
accuracy of the three schemes: hybrid, Roe (TVD but with diffusion) and Lax-Wendroff (not TVD but second
order accurate).

We use a uniform mesh grid made of 200 up to 1600 cells. We give the relative error (with the norm L!) with
regard to the space step h in a logarithmic scale. The slopes of log;, err with regard to log;q h is 1.00 for Roe
scheme, 1.99 for Lax-Wendroff scheme and 2.01 for the hybrid scheme. We may remark that the hybrid scheme
is a second order scheme.
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FiGURE 5. Error for Roe scheme, Lax-Wendroff scheme and hybrid scheme in the case of the
linear advection equation with smooth initial data; u = 0.5; T'= 0.375 : curves log,, err with
regard to log;qh. Slopes: 1.00 for Roe scheme, 1.99 for Lax Wendroff scheme, 2.01 hybrid
scheme.
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—=— Roe
—=<— Hybrid
j // T
_a2l -

i i i i i i i i i i
—3.2 —3.1 -3 —2.9 —2.8 —2.7 —2.6 —2.5 —2.4 —2.3

logL0(err)

FIGURE 6. Error for Roe scheme and hybrid scheme in the case of the Burger equation with
a discontinuous initial data; p = 0.5; T" = 0.5: curves log;, err with regard to log;, h. Slopes:
0.80 for Roe scheme, 1.01 hybrid scheme.

3.1.2. Riemann problem for Burgers equation

Let us now consider the inviscid Burgers equation:

2
Opu + az(%) =0, z€]0;1[, t >0,
with initial data
_ [0, ifx €0y L],
u(,0) = { 1, if o €)%, 1].

(52)

We use a uniform mesh grid with 200 to 1600 cells. Figure 6 plots the relative error (with the norm L!) with
regard to the space step h in logarithmic scale. The slopes of log,, err with regard to log;, h is 0.80 for Roe
scheme and 1.01 for the hybrid scheme. Figures 7 and 8 represent the solution for the Roe scheme and for the
hybrid scheme respectively. We use here a uniform meshgrid with 200 points (only 50 points are represented
on the figures) and the Courant number is 0.5. The hybrid scheme gives more accurate results than Roe one.
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FIGURE 7. Roe scheme and analytical solution for the Burgers equation with a discontinuous
initial data; 4 = 0.5; T' = 0.5.
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FI1GURE 8. Hybrid scheme and analytical solution for the Burgers equation with a discontinuous
intial data; p = 0.5; T'= 0.5.

3.1.3. Burgers equation with a smooth initial data

Now, we consider the Burgers equation with the C* initial data u(x,0) = sin(rz+ ), « €]0; 1[ and periodical
boundary condition u(0,t) = sin(—mt + %), ¢ > 0. We use a uniform mesh made of 200 points and the Courant
Number is 0.5. The Roe and hybrid schemes (figures 9 and 11 respectively) give the same results except for
the beginning of the rarefaction fan which is more accurate for the hybrid scheme. Of course, there are some
oscillations for the Lax-Wendroff scheme (figure 10).

3.2. Numerical experiments for systems of conservation laws

3.2.1. Sod shock tube problem for the compressible Fuler equations

Let now consider the compressible Euler equations for the one-dimensional case. The equations are
du+ 9,f(u) =0, = €)0;1], t > 0, (53)

where u = (p, pv,pE) is the conservative variables vector, f(u) = (pv,pv? + p, (pE + p)v) is the flow, p
the density, v the velocity, p the pressure, pE the volumic energy. The assumption of perfect gas gives the
equation of state p = (v — 1) (pE — $pv?). We choose v = 1.4. The Sod shock tube problem [12] consists in a
discontinuous piecewise constant initial data made of two constant left and right states uy;, = (pr, prvL, pLEL)
and ug = (pRr, prRVR, prER) With an interface at @ = 0.5. This corresponds to a Riemann problem. The exact
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FIGURE 9. Roe scheme for the Burgers equation with a regular intial data; u = 0.5; T = 0.7.

1 T T T =

0.8 —
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i i i i i i i
o o.1 0.2 0.3 0.4 0.5 0.6 0.7

FIGURE 10. Lax Wendroff scheme for the Burgers equation with a regular intial data; u = 0.5;
T=0.7.
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FI1GURE 11. Hybrid scheme for the Burgers equation with a regular intial data; u = 0.5; T'=0.7.

solution is made of a l-rarefaction, a 2-contact discontinuity and a 3-shock. Initial value are the following:
(pr,vr,pr) = (1,0,1) and (pgr,vr,pr) = (0.125,0,0.1). We compare Roe and hybrid schemes (figures 12
and 13) with a uniform grid made of 200 points and a Courant number of 0.5. The reference solution (for
visual comparison) has been computed using the Roe scheme with Harten entropy fix on a very fine uniform
grid (10000 points). The hybrid scheme captures the solution more accurately.
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FIGURE 12. Roe scheme and reference solution for the Euler equations: p, u, p respectively for
Sod shock tube problem, 200 points v = 0.5; T' = 0.23.
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FI1GURE 13. Hybrid scheme and reference solution for the Euler equations: p, u, p respectively
for Sod shock tube problem, 200 points » = 0.5; T' = 0.23.

3.2.2. Transonic rarefaction fan for the Euler equations

Let us consider the shock tube problem of initial data (pr,vr,pr) = (5,0,5) and (pr, vr,pr) = (0.125,0,0.1)
with an interface at z = 0.5. We compare the Roe and hybrid scheme (figures 14 and 15) with a uniform grid
made of 100 points and a Courant number of 0.45. The reference curves (for visual comparison) have been
computed using the Roe scheme with Harten entropy fix and a very fine uniform grid (10000 points). We see
that the hybrid scheme is more accurate than the Roe scheme. Yet, the hybrid scheme (as the Roe scheme)
violates the entropy condition at sonic point (z = 0.5) and an entropy shock appears. This drawback can
be easily avoided thanks to a regularisation of the absolute value in the viscosity matrix (see [7]): we replace
|A| = Rdiag(|ax|)R™! by |A| = Rdiag(¢(ax))R ™1, where v is defined by

W(x) = { ﬁ—z if || < 2e, (54)

|z]  otherwise.

We choose € = 0.1. The results are given in figure 16. Another way is to follow ideas from De Vuyst [1]: we
may use entropy criteria to increase the diffusion thanks to the parameter 6.
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FIGURE 14. Roe scheme and analytical solution for the Euler equations with a rarefaction fan:
p, u, p respectively; 100 points v = 0.45; T' = 0.18.
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F1GURE 15. Hybrid scheme and analytical solution for the Euler equations with a
fan:p, u, p respectively; 100 points v = 0.45; T = 0.18.
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FIGURE 16. Hybrid scheme with regularisation for the Euler equations with a rarefaction fan:
p, u, p respectively; 100 points v = 0.45; T' = 0.18.
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4. CONCLUDING REMARKS AND ONGOING WORKS

In this work, we have presented a novel one-parameter hybrid scheme. The parameter can be adjusted in
each cell of the meshgrid in order to make the scheme second order accurate, L°°-stable and TVD. The hybrid
flux is an interpolation of some classical numerical fluxes (Lax-Wendroff, Roe, Lax-Friedrichs or others) thanks
to this parameter. On one hand, a low value of the parameter allows us to get the TVD property in the region
where the solution is not smooth or the gradient is very important. On the other hand, the parameter can take
a higher value to make the scheme accurate in regions where the solution is smooth. We obtain a TVD second
order scheme. This scheme is easy to implement with parameter function in closed form. The hybrid scheme
provides very good numerical results and should be very promising for real or complex applications.

We have already extended the hybrid scheme to the multidimensional case using cartesian meshgrids. The
numerical results show both strong accuracy with sharp discontinuities.

Sometimes it is necessary to use regularisation in the viscosity matrix to make the scheme entropy-satisfying
(as Roe scheme, for example). This correction is very easy to implement.

A. PROOF OF PROPOSITION 2.3
We are looking for some sufficient conditions to have a TVD and stable scheme.
a) Conditions for D; 1 > 0.
2

We assume ajpr > 0 and then a;_1 > 0 and ajps > 0. Thus far away from a sonic point, Cj+% =0. To

1
2

simplify, we set v/ = y;; 1+ and v = [v;, 5. With these notations, we have:
2
! e v
v o 1—v
5(1+I/ Jriru ) >0.

As /% >0, it is sufficient (but not necessary, see the linear case) to have

1— V/l@(r”,l/”)
_ > 1.

,r.//

This inequality is equivalent to

- n v/’

o, vy < MO i — 1< <0,

— In v/’ )

{ (", ") > WA e s

(if " < —1, the inequality is always verified).
b) Conditions for Cjp1 2 0.

If we consider a1 <0, we have far away from a sonic point, D,,1 = 0. In fact, we obtain the same

conditions.

1
2

c) Conditions for Cipr+ D1 <1

For example, we assume aj_+ , = 0. Thus
2

D.,1<1

Jj+3

’ _ 0" v .,
v <1V7/+1+V/9(T7u)> o

that is

2 r!
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then

_ e
1 s ) + VIQ(T/,I/) < z —1.
7,// - V/
As in the linear case, we consider a real parameter § in [0;1]. We are looking for the functions 6 such that

V/B(r',v’) < ﬁ(% _ 1)
71/”6“”'"”)
H— < (1-8(E - D).

The unique difference from the linear case is for the second inequality 1=
supposed that v/ < p thus

7

D//Q(r”,u”)
2
v

7 <(1-p)(Z—1): we have
1> % — 1. Then it is sufficient to solve
1— V/IG(T”,I/”)

2
G <= ),
If we suppose now that a;rJr

, =0, then we can easily prove that there is no new conditions
2
d) Summary of the conditions on 6.

We obtain after calculus a first array which gives the condition on the upper bound of 6.

_ 1-B(-1)
i A1 0
nB(2—1) In(1-(Z-1)(1-p)r)
0 02 —— 02— ——
0 BE-1D -1 +00
In(1+r lnﬁ(%—l)
0 2 gnu ) 0 2 Inv
The second array gives the condition on the lower bound of 6.
T
r | —oo -1 0 T D)(1-5) +o00
In(14+7r ln(lf(%fl)(lfﬁ)r
0 0 S ?u) 0 S Inv
If r belongs to [0; m], the parameter 8 must satisfy
1 2 _1q In(1—(2-1)(1-7p)r
WA=y e 0= G000,
Inv Inv
and if r belongs to [—1; 0], the parameter 3 must satisfy
In(1+7)

L4n) g e In(1 - (2 — 1)(1— B)r)

Inv
The first condition is always verified and the second condition is equivalent to

1
>
P27

NI
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which must be verified for all v such that 0 < v < . Thus

1

Bz

=

1
—1°

As in the linear case, we set § = 3
m

B. PROOF OF PROPOSITION 2.4

To simplify, we will omit the exponant index n when we will consider ¢t and the index j when we will consider
the value in z;. For instance, we note f(u}) by f and f'(u}) by fu.

We set

Rn _ n+1 ’LL +)\( ]+_ (b?_%)

We recall that the numerical flux is given by:

flufy) + f(uf)

¢j+% = )

: +07
—3? Piagpa| R (ufy ).

First, we suppose that ajp1 > 0 and a;_1 > 0. We will see that the proof will be the same when one or two
quantities are negative. Thus

— (st _ +
000 =0(r] vj01), 0, 1 =0(r]_1,v;_1)
and
at [ Aum
r+ _ J—3 2
Jj -+ Au™
aJ+% ua-i—%
The truncature error is
Rn*un+17un+)\ ‘;.'7’+1—fj7.171
j Y J 2
1 6. 1 146, 1 0, 146, 1
—5()\ 7+2|a?+%| J*zAu;ﬂr%—)\f 2|a77% zAu;L%)
We have
u}”l —uy = up At + —At2 + o(At?),
Au’? Uyl = uj 1 —U —Uzh+—h2+0(h2)
Au?_% =uj —uj_q = ugh— —h2 + o(h?),
and

Then we obtain :

a;.:% j+1 = a+ayuzh+o(h)
at L\ =a; 1 =a—ayuzh+o(h)
Ji—3 J
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then
0,01 = 0(1,2a) + (=0,(1, )\a)(% + 2—um) +0,(1, \a)Aagtz)h + o(h)
and
Aith |aj+1| = N2 g 146(1Aa) (1 _1n(\a) (6, (1, )\a)(@ + Q—UI)

Uy

—0,(1, Aa)Aayu, + (1 4+ 6(1, )\a));um)h) + o(h).

In the same manner,

A2 a, 1+

J*%l

i=4 = \(LAa) g 1H+0(LAa) (1 _1n(a)(6,(1, Aa)(gm +2 uy)
u
+0, (1, Aa)Aayug) — 0+00A@y—wgm+omy
a

Moreover

no.o—fn
% = augh + o(h?).

Thus,

R =u; At + —At2 + aug At

- %M(W)Hh—9<1aka>a1+9<w>(m(xa)(ara,Aa)* 27 L (1, Aa) Aayug)

1 u
2At9(1 Aa)—&—lhl 0(1,\a) 1+9(1 /\a)(2 » 2(1 +0(1 )\CL)) +Umm)

+ o(h?) + o(At?).

But if u is a regular solution of
Opu + Oz f(u) =
then we have
gt + f"(Wud + (W) tar =0
{ uge + f7(w)urug + f(w)uge = 0.
By multiplying the first equation by —f’(u) and by summing up the two equations, we get, thanks to the
relation uy = — f/(u)uy
e — (f' (1) uge — 2" (w) f/ (w)u2 = 0.
But a = f'(u) and a, = 3 f”(u) then
Ut — a2um — 4auaui =0.

Then, if we impose for all real v,
0(1,v)=1,6,.(1,v) =0, 60,(1,v) =0,

we get
R = o(h?) + o(At?).

Lastly, the assumptions a; 1> 0 and aj_1 > 0 appear only in the first order expansion of 6. If we impose

0-(1,Aa) = 0 and 0, (1, A\a) = 0, the signs of a,

1 anda

41 have no more importance for the proof.

i—1
2
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