STABILITY OF THE MUSCL SCHEMES FOR THE EULER
EQUATIONS
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Abstract. The second-order Van-Leer MUSCL schemes are actually one of the most popular
high order scheme for fluid dynamic computations. In the frame work of the Euler equations, we
introduce a new slope limitation procedure to enforce the scheme to preserve the invariant region:
namely the positiveness of both density and pressure as soon as the associated first order scheme
does it. In addition, we obtain a second-order minimum principle on the specific entropy and second-
order entropy inequalities. This new limitation is developed in the general framework of the MUSCL
schemes and the choice of the numerical flux functions remains free. The proposed slope limitation
can be applied to any change of variables and we do not impose the use of conservative variables
in the piecewise linear reconstruction. Several examples are given in the framework of the primitive
variables. Numerical 1D and 2D results are performed using several finite volume methods.
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1. Introduction. The present work is devoted to the numerical approximations
of weak solutions of the Euler equations:

Orp + Ozpu = 0,
(1.1) drpu + 9, (pu® +p) = 0,
OE + 0,(E 4 p)u =0,

where the pressure is given by the perfect gas law:

(12) p=t-0(B-pL). vens

For the sake of simplicity in the notations, it will be convenient to rewrite the system
(1.1) as follows:

(1.3) W + 0,F(W) = 0,

with the state vector W : R x Rt —  and the flux function f(W) : Q — R? where
the set Q of the admissible states is defined by:

2
(1.4) Q—{W6R3;p>0,u6R, e(W)—E—p%>O}.

Because of the shock waves, the system (1.1) must be supplemented by an entropy
inequality (see Lax [17] but also Godlewsky-Raviart [12] or Toro [26] to further de-
tails):

(1.5) OpF(Ins) + OgpF(lns)u <0, s:=sW)=—,
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2 C. BERTHON
where the function W — pF(Ins) is assumed to be convex. It is well known that

such a convex property is satisfied (see Godlewsky-Raviart [12], Tadmor [24]) as soon
as the function F verifies:

(1.6) F'(y) <0 and

< -, VyeR.

To simplify the notations, we introduce

F(y) = F(lny).

By definition of F, let us note that F is a decreasing function for all y > 0.
In addition, as proved by Tadmor [24], the specific entropy s satisfies the following
minimum principle:

(1.7) s(z,t +h) = min{s(y,t); |y — 2| <[ v [l b}

The most usual and basic approach to approximate the solutions of (1.1) is based
on a piecewise constant approximation at the time t":

W"(z) =W, ze€(z;_1z,,

2

1),
where (z;)icz denotes the mesh nodes. We have set z; 1 = x; + (zi41 — x;)/2. For
the sake of simplicity in the present work, we will assume that the mesh is uniform
with the size Axz. All the results stated in this paper easily extend to non-uniform
grids.

The sequence (W?),¢z is defined by the following conservative scheme (see Harten-Jj

3

Lax-Van Leer[14], Godlewsky-Raviart [12], Toro [26], LeVeque [20]):

(1.8) Wi = Wi — Az (F(Wz 7Wi+1) -F(Wi,, W; ))a

where the function  x Q — F(W, Wg) denotes the Lipschitz consistent numerical
flux function (see [14, 12, 20, 26]). The time step At is assumed to satisfy the CFL
like condition:

1
At — 1
(19) Az e ('AH%" |Ai+%|> =3

where )\i . are the numerical acoustic waves associated with the numerical flux func-

2
tion under consideration. The reader is refereed to [12, 20, 26] to complementary

details about the finite volume methods for hyperbolic system of conservation laws.

Additional stability properties can be proved for several schemes. The well-known
Godunov scheme [13, 20], but also the Lax-Friedrichs scheme (see Lax [18] or Tadmor
[24] but also [20, 26]), the kinetic scheme as proposed by Perthame (see Khobalatte-
Perthame [16], Perthame [21] and Perthame-Qiu [23]) or the Suliciu relaxation scheme
(Bouchut [5], Coquel-Perthame [10], Berthon [4] for instance), satisfy the positiveness
of the density and the internal energy, a set of discrete entropy inequalities (1.5) and
a discrete formulation of the minimum principle on the specific entropy (1.7). In the
sequel, the scheme (1.8) will be assumed to satisfy the following properties:

Pl: pf*t > 0and e > 0 whenever p? > 0 and e} > 0.
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P2: The conservative discrete entropy inequalities

PIF () — P F(s)) +

%({p]}(s)u}(wlﬂ 1) — {pF(s)ul( ?71,W?)> <0,

for all functions F = Foln with F satisfying (1.6), where {pF(s)u} (W, Wg)
denotes the numerical entropy flux function.
P3: The minimum principle on the specific entropy

(1.10)

(1.11) st > min(s 87, 80 ).

Several strategies have been proposed to increase the accuracy of the numerical
solutions. The high-order version of the first-order robust schemes is a very attractive
subject. The Godunov-type scheme certainly denotes the main class of second-order
scheme. It was largely studied in the last twenty years [2, 3, 6, 8, 9, 15, 16, 19, 21, 22,
23]. Unfortunately, these procedures are, in general, based on the generalized Riemann
problem (see Ben-Artzi-Falcovitz [3] or Bourgeade-LeFloch-Raviart [7]). The solutions
of such problems are used with some benefits to establish stability properties like
entropy inequalities (see Coquel-LeFloch [9]). The computations of these solutions
turn out to be difficult and make the scheme poorly attractive. Several procedure
have been proposed to approximate the Generalized Riemann Problem.

Actually, the most celebrate second-order scheme is the MUSCL scheme (see Van
Leer [19]) which is systematically used in the industrial numerical simulations based
on the finite volume methods. These schemes extend any first-order scheme into a
second-order approximation using a very simple numerical procedure. It uses a better
reconstruction than a piecewise constant function since piecewise linear function in
the form
(1.12) Wz, t") = W} + ol (x — ), =€ (z;_

%axi+%)7

are considered [20, 26]. The value o} denotes the slope of the linear function on the
cell (z;_1,2;y1) (see Figure 1.1). Several choice for the slope 07" are proposed in
[11, 12, 20, 26]. Some of these choices will be discussed latter on.

In fact, the conservative variables W are not the most used and several papers
(see [16, 23, 12]) consider a piecewise linear reconstruction on a relevant change of
variables in the form:

(1.13) KW (@,t") = (WD) + ol (2 — 2), @€ (e_y,2;,4),

where k denotes a smooth change of variables. For instance, the so-called primitive
variables (p, u,p) or the variables (p,u, s) enter this framework. For the sake of sim-
plicity in the notations, the variables (p, u, s) will be denoted entropic variables in the
present work.

We consider the inner approximation in the cell i (see Figure 1.1) located at
T=1x; 1 and x =z, 1 These approximations are denoted Wf’i and are defined by

=
For the sake of simplicity in the remainder of the paper, we set

n,+ n n,+
(1.14) Wis = Wi+ AW,
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where the increment AWZL’i is defined by

A
AW = £ =07,

in the case of linear function based on the conservative variables (1.12). If we consider

linear functions based on a change of variables (1.13), AW?’i finds the following
definition:

AW = k! (/@(wgl) + %ﬁ) - W2

Ti—1 T Ti+1

Fic. 1.1. Piece-wise linear MUSCL reconstruction

In the sequel, we will denote conservative slope the following case:
(1.15) W+ Wi =2W!
or equivalently AW~ + AW?’+ = 0, while the general slope will be denoted by
(1.16) W™+ Wt £ 2WE,

or equivalently AW~ + AW?’Jr # 0. Both situations will be considered in the
present paper. In general, works devoted to stability properties of the MUSCL
schemes (see Perthame [22] or Khobalatte-Perthame [16] for instance) solely consider
the conservative slope (1.15).

The space second-order scheme writes:

(an) W= wr - R (W W) - W W),
where F is the associated first-order flux function introduced in (1.8).

The main difficulty lies on the construction of the vector increment AW?’i. A
large literature is devoted to this subject but essentially for the scalar conservation
laws and it is based on the Total Variation Diminishing criterion [9]. As emphasized
by Coquel-LeFloch [9], the total variation of a solution of (1.1), in general, is not a
diminishing function of time. Thus, it is necessary to focus on properties (1.5) and
(1.7).

In the framework of the Euler equations (1.1), the MUSCL scheme (1.14)-(1.17)
is used but, in general, the stability properties are not ensured. However, Khobalatte-
Perthame [16] and Perthame-Qiu [23] exhibit (conservative) slope limitations in order
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to preserve the invariant region; namely the positiveness of both density and internal
energy. This result is established in the framework of the kinetic scheme with a
relevant like CFL restriction. In Khobalatte-Perthame [16] a new limitation based on
the specific entropy is proposed to conjecture a discrete entropy minimum principle
(1.11). In fact, it will be seen that this scheme enters the general approach developed
in the present work (see section 2.2 devoted to the conservative slope).

The scope of this paper is to extend the properties P1, P2 and P3 to the second-
order MUSCL schemes. Arguing a relevant CFL like condition, in the next sec-
tion, we develop an easy slope limitation to preserve the invariant region by the
MUSCL scheme (1.14)-(1.17). In addition, we establish second-order entropy in-
equalities (1.10) and a second-order entropy minimum principle. These results are
proved in the general context of slope limitations (1.16) and next in the specific case
of conservative slope (1.15). In fact, our limitation will be understood as a correction
of the usual limitation functions. Concerning the choice of the numerical flux func-
tion, we just assume that it satisfies the first-order stability properties P1, P2 and
P3. The presentation of the stable limiters is concluded by the introduction of an
hybrid approach. This hybrid procedure will be seen less restrictive concerning the
slope limitation but for a more severe CFL restriction. Moreover, some remarks are
given concerning the second-order time accuracy. The third section is devoted to the
slope limitation itself. More precisely, we detail the procedure applied to the slope
to enforce the stability properties. Several point of view are considered: primitive
variables, entropic variables but also conservative variables. The hybrid procedure is
detailed. In the last section, we illustrate the interest of the method. Several numeri-
cal tests are performed in 1D and 2D and comparison with the usual MUSCL schemes
are proposed. We conclude the paper with a summary and some remarks.

2. Stability properties for second-order schemes. In the present section,
we develop a general approach to ensure the main stability properties of the MUSCL
scheme (1.14)-(1.17). Actually, we do not specify the choice of the vector increment
AWZL’i which will be done in the next section. This section is solely devoted to
a space limitation such that if AW?’i satisfies these limitations then the stability
properties are enforced. Put in other words, we do not impose a piecewise linear
reconstruction on the conservative variables W and any change of variables turns out
to be admissible, primitive variables for instance, for the linear reconstruction. We
conclude this section with a time second-order accurate scheme which preserves the
stability properties.

2.1. The general slope limitations. Our approach is entirely based on the
following remark: The MUSCL scheme (1.17) can be understood as the average over
the cell ¢ of three values obtained by the first-order scheme. Indeed, let us fix a cell 4
and a set of positive coefficients (; , a7, ;) such that

a; +af +af =1.
We introduce an intermediate state W} uniquely defined as follows:
a; W™ + )W +af Wi = Wi

The role played by the three states W}"~, W"* and W}"" is displayed in the
figure 2.1. Now, we propose to evolve each state with the first-order scheme (1.8) as
follows:

At

a; Ax

Wi =W - (FOW? ™, W) = F(WT, Wi), (2.1)
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gl ‘ W ‘
W[’H’* Win+1,*§Win+1,+
Wity Wit Wit Wi Wy
- | a; Az a;‘Ax a;rAx |
I I I
i1 Tieg wit ity i1

Fic. 2.1. Interpretation of the MUSCL scheme as an average of first-order scheme

At

n+1l,x n,x
Wi = W, A
o, AT

(FOW5 W) = F(W] ™ W), (2.0D)

At

Wit — Wt o (F(W” W) - F(W W;.“*)). (2.1c)
a Ax

We immediately deduce that the updated solution by the MUSCL scheme (1.14)-(1.17)

is nothing but the average of the three above updated states:

(2.2) W = af WL af Wi 4 o Wit

This new formulation of the scheme is central to establish the expected stability
properties. First, we show that the scheme (1.17) preserves the invariant region
as soon as the associated first order scheme does it. Indeed, assume the CFL like
condition

At

(2.3) D max (INE_|L IME LA ) <

D)
Az icZ

— *
min(o, , o, o
7,62( R A )

N~

where )\iE ., denotes the numerical acoustic waves according to the intermediate states
W™, W* and W[ *. Then, the property P1 can be applied to each updated partial
state vectors W™ W% and W A a consequence, as soon as W™ € Q
for all i € Z, we have Wf“’i* € Q. Since € is a convex domain, we immediately
deduce that W given by (2.2), belongs to . We have just established

THEOREM 2.1. Let us consider a first-order scheme which preserves the invariant
region. Assume that W} € Q and AWZL’i satisfy for all i € Z:

Wi = Wi+ AW € Q,
RS n ai_ n,— a;‘i_ n,+

i @;

(2.4)

Assume the CFL restriction (2.8). Then the MUSCL scheme (1.14)-(1.17) preserves
the invariant region: pi™' >0 and EM — ((pu)t1)2/(2p7h) > 0.

From now on, let us note that the limitation on the inner approximation W" =
is, in general, imposed. Indeed, if W}" *+ does not belong to 2, the numerical ﬁux
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function is not defined. The actual novelty lies on the limitation on the intermediate
state W, In the next sections, we will see that this new limitation is not badly
restrictive and does not make complex the resulting scheme.

Now, we extend the above result with a minimum principle on the specific entropy
and entropy inequalities.

THEOREM 2.2. Let the first-order scheme satisfy the properties P1, P2 and P3.
Assume that W} €  and assume that W?’i* satisfies (2.4). Assume the CFL
condition (2.3). Then the second-order scheme (1.14)-(1.17) satisfies the following
minimum principle:

(2.5) st = (WD) > min(s 1, s7F, Si91)s sEN = g(WIWEH),

i—17°% 7

In addition, the following entropy inequalities are satisfied

(26)  pE(IH) - pF(s); +
A (P up (W W) — (pF(Ju} (Wi, W) <0,

for all functions F = Foln with a function F satisfying (1.6), where p]:'(s)ﬁ

; 15 defined
as follows:

@7)  pF(s) = ap o F () + alplt F(sPT) + o ot F (),

Proof. By definition of the partial updated states W?H’i*, defined by (2.1),
and since the first-order scheme satisfies (1.11), we immediately deduce the following
sequence of inequalities:

SnJr n,+ n,— n,+ n,E*x  n,

> min(s;" 7,87, 8] )>m1n(si—1asi asi-ﬁ)a

(2.8) "'H * > min(s]", 80", sl > mln(s?fl', sy . S91)s

n+1+ n,x  n,+ n,— . n,+ n,t*x n,
> min(s;"", s; ,siJrl)me(sifl,sz ,slﬂ)

Now, we apply the convex property of the entropy function W — pF(s) = pF(Ins)
where F satisfies (1.6), to obtain

PG < ap o P F ) R+ af o R,
Since F is a decreasing function, we deduce from (2.8):

PITIF () < (o o 0T el - agf o) F(min(syy, 7 s74)),

£ ,
< p?“}'(mm(si_ﬁ,s;’ *75?+1))~

Once again, arguing the fact that F decreases, we immediately obtain the expected
minimum principle on the specific entropy (2.5).

Concerning the proof of the entropy inequalities (2.6), we note that entropy in-
equalities are satisfied by each partial state W?H’i*:

P TF (ST = T F()
At — n,— n,% h n,+ n,—
s (PP U W W) — (pFeul (W, W) <o,
P (T < F (1) +

’L (3
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At T mn,x n, = n.— —
——— ({PF (bW W) = {pF (s)u} (W] W) <0,
PrIEF () - ot E (s ) +
At F n = T T, % n,
af Az ({p]:(s)u}(wi W) — {pF(s)ul (W, W) ’+)) <0.

Indeed, these inequalities are directly deduced from the entropy inequalities satisfied
by the first-order scheme. Owing the convex property of the function W — pF(s),
the sum of the three above inequalities gives:

pHLE(SY) = (o o F () alpl F () + o ol F ()
At

a; Ax

+——— (1o (u W W) = {pF(s)u} (W, W) <0,
which completes the proof. O

This concludes the presentation of the main properties satisfied by the MUSCL
schemes (1.14)-(1.17) as long as the first-order associated scheme is stable.

2.2. The conservative slope. We propose to focus our attention on the spe-
cific case (1.15). The conservative slope enters the above approach but simplified
results can be established as soon as the condition (1.15) is satisfied. Of course, this
equality is satisfied as long as the conservative variables are considered for the slope
reconstruction procedure:

AWPT = —_ AW = AW?,
WhE = W'+ AW?,
However, as proved in [16], a slope reconstruction using entropic variables (p, u, s) is

also possible.
Now, we follow the idea introduced by Perthame [22]. We set

At
Wi =W - = (F(W T, W) - F(W T W™
% ) AQC/2 ( ( ) ) 7 ) ( i—1> 7 ))’
At - -
Wi = Wit - T (ROWE W) — (W W),

The updated solution W?H given by the MUSCL scheme (1.17) thus rewrites:
n+1 1 n,— 1 n+1

Arguing the same notations as introduced in (2.3), let us assume the following CFL
like restriction:

At 1
(2.9) max(|AF_ |, AE, ) < 5

Azx/2 ez =
Now, the arguments used in the general approach give similarly

THEOREM 2.3. Let us consider a first-order scheme which preserves the invariant
region. Assume that W' and W?’i are in Q for alli € Z. Assume the CFL condition
(2.9). Then the MUSCL scheme (1.14)-(1.17) preserves the invariant region.
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In addition, assume that the first-order scheme satisfies the properties P1, P2 and
P3. Then the scheme (1.14)-(1.17) satisfies the minimum principle on the specific
entropy (2.5) and the entropy inequalities (2.6) hold with the following definition of

pF(s); -
(2.10) pF(s); =g pl " F(s7) +af pl T F (s,

The second-order MUSCL kinetic scheme proposed by Khobalatte-Perthame [16]
exactly enters the present framework of conservative slope.

2.3. The hybrid limitation. We propose a third approach denoted as hybrid.
Indeed, in the framework of the general slope, we will prove a stability result where
we solely restrict the inner approximations W?’i similarly to the case of the conser-
vative slopes. The restriction will not use the intermediate state W;"*. In fact, the
restriction will be done on the CFL condition to obtain the expected result.

This approach is based on the following result where we prescribe a specific choice
of the parameters a; , oj and af =1 — (] +af):

LEMMA 2.4. Let W7 and W?’i be in Q for all i € Z. Then, there exists o; and
of in (0,1) such that

- +
(2.11) Wit =W — ZLAWDT — ZLAWD € Q.

(2 (2

Proof. Assume o; = a:r = 0 then we have W"* = W € Q. By a continuity
argument, we immediately obtain the result. 0

By virtue of this lemma, we have

THEOREM 2.5. Let us consider a first-order scheme which preserves the invariant
region. Assume that W} € Q and W?’i € for alli € Z. Let the parameters a;; and
a;" be given by the lemma 2.4. Assume the CFL condition (2.8). Then the MUSCL
scheme (1.14)-(1.17) preserves the invariant region.

In addition, assume that the first-order scheme satisfies the properties P1, P2 and
P3. Then the scheme (1.14)-(1.17) satisfies the minimum principle on the specific
entropy (2.5) and the entropy inequalities (2.6).

Proof. Since the parameters o; and a;" are given by the lemma 2.4, we immedi-
ately deduce that all the assumptions of the theorem 2.1 are satisfied and the proof
is completed. O

In this procedure, the slope limitation is less restrictive than for the general slope
approach. Indeed, no limitations are imposed concerning the intermediate state W,
However, the modified values of the parameters o; and a;" may introduce a very
restrictive CFL condition. Indeed, in view of the formula (2.3), the time increment
At decreases proportionally with the smaller coefficient af*.

2.4. The time discretization. Concerning the time discretization, we propose
a basic method which ensures both second-order accuracy in time and stability prop-
erties. To evolve in time from the date t™ to t" + At, we consider the following
scheme:

Wi = W2 — 88 (FW! W) - F(WEL W),

(2.12) Wi =W, - 32 (F(W/, Wi,) - F(W,, W))),

n+l _ _2At1 Aty AT, __2A41 Aty n
Wi = (At1+m2)2wl + (1 (At1+At2)2) Wi
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where we have set

2At1 Aty

At = ———.
t Aty + Aty

The scheme (2.12) is second-order accuracy in time. We note a very discrepancy
with the usual approach where At; = Aty = At. In the present method, the time
increment At; is chosen in order to ensure the CFL restriction (2.3) with (W);ez
and the second time increment At, must satisfy the CFL restriction (2.3) for (W;);ez.
As soon as the slope AW?’i and AW?E satisfy the limitation (2.4), we immediately
deduce that W; € Q for all i € Z. Since Q is convex and W/ is defined by a convex
sum of W2 and W;, we have WZLH in Q. As a consequence, the time and space
second-order accurate scheme (2.12) preserves the invariant region.

In the usual case At; = Aty = At, let us note that the time increment Ats does
not satisfy, in general, the CFL condition (2.3) for (W,);cz.

3. The limitation procedure. In this section, we propose to detail the use of
our limitation (2.4). We give several examples of limitations which appears as the
most frequently used. In addition, we detail a example for the conservative and the
hybrid slope limitations. Let us write the condition (2.4) as follows:

(3.1) { pi >0, pt >0, pit >0,
' P >0, pPt >0, pit>o0.

The limitations (2.4) and (3.1) are equivalent.

3.1. Primitives variables. The first variables we propose to limit are certainly
the most usual choice: the primitive variables. Then, we set

n,+
pi =pi £ Ap
(3.2) ul® =l + Au
P =pl + Ap

In the present section, we propose a limitation procedure to be applied to the incre-
ments Ap, Au and Ap in order to satisfy (3.1). Presently, the increments are assumed
to be known and computed by usual slope limiters (see the next section to several
examples: minmod, superbee ...).

Now, we show how modify Ap, Au and Ap to satisfy (3.1). The proposed pro-
cedure is not unique and distinct approach can be developed. First, for the sake of
simplicity, we fix the parameters ozf*:

a{r:a’f:oﬁr:—.

7 (2 (2 3
Then, we note that p} = p* > 0. The limitations on Ap thus reads:

Ap

(3.3) o

<1

Concerning the limitation on Ap, we begin with the limitation on p?’i which rewrites:

Ap

(3.4) o

< 1.
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We fix Ap and Ap such that (3.3) and (3.4) are satisfied.
To conclude the limitation, we have to impose the condition on p;"*. After a
straightforward computations, we have

2
== (- 1) <1+2 (%) )p?(AU)Q-

3

With a fixed Ap, the increment Au must satisfy

7

(3.5) (Au)? < 2 ~
o (1+2(3))

To illustrate the limitation procedure, we propose to give an example based on the
minmod limiter. Let us set

1 .
op = gminmod (o} = pi1), (Pfy1 = p7))
n

1
du = Eminmod ((uf —uly), (ufyy —ud)),
1 .
op = gminmod ((p’ —piy); (Pis = P}'))
where the minmod function is defined as follows:

minmod(a, b) = max(0, min(a, b)) + min(0, max(a, b)).

Instead of the minmod function, other limiter function can be used. In the next
section, we will consider both minmod and superbee functions.
By solving (3.3), (3.4) and (3.5), the increments read:

)
Ap = p? max (—1,min(1, p_g)) ,

(2

'

Au = sign(du) |min | (du)?, P A2
(v=1p} (1 +2(5¢) )

Ap = p} max (—1, min(1, 6—2)) i
2

i

Such a slope reconstruction satisfies the stability condition (3.1). Moreover, it is
clear that this corrected limitation does not make more complex the scheme than the
original MUSCL scheme.

3.2. Entropic variables. We propose a linear reconstruction based on the en-
tropic variables (p, u, s). We set

n,+ n
pi T =py £ Ap,
(3.6) u?’i =ul + Au,
stE = 57+ As,
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with

1
- R
a =af = = 3
Once again, we assume that the increments Ap, Au and As are initially computed by
a classical slope limiter. Now, we focus on the procedure to modify these increments
to satisfy the restrictions (3.1).
The condition on Ap reads:

Ap

(3.7) o

<1,

while the condition associated to s?’i gives

As

n
5

(3-8) <1.

Concerning the last condition p;"* > 0, equivalently, we consider s > 0. After the
computations, we have:

2
nx _qm Y1 <Ap> 2
5,7 =3s] — — 1+2| —; Au)® —
(pi)””( p; (B

(1+ %)v(s?—kAs) - <1 - A_np)V(S? — As).

i )

Then, we deduce the following inequality:

2
(3.9) (,Z”)% <1 +2 (%) ) (Au)? <

o Y
35 — <1 + A—f) (s7 + As) — (1 - A—f) (s — As).
p.

) i

We note that this inequality can be solved if and only if

14 14
) 7

(3.10) 357 <1 + Ap)v (s7 + As) — (1 _ %y (s7 — As) > 0.

To enforce Ap and As such that (3.10) is satisfied, we propose to chose Ap such that

Ap\” Ap\”
(3.11) st (1422) - (1-22) s
i P

Then, with a fixed Ap, the increment As is reduced to satisfy (3.10).
We summarize the limitation procedure as follows:
1. The increments Ap, Au and As are computed by a usual approach.
2. Ap is reduced to satisfy (3.7) and (3.11).
3. As is reduced to satisty (3.8) and (3.10).
4. Aw is reduced to satisfy (3.9).
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Let us give an example once again based on the minmod function. We set

n

1 3 n n n

op = 5mmmod ((Pz = pi1), (P — Pi )) )
1

Su = gminmod ((uf —w_y), (uly; —ul))
1

ds = Eminmod ((s7 = sP1), (st — s1))

By solving (3.7) and (3.11), the value of Ap is given by

A pPmax ( —1, min(1, %)) , ify < %
p= :
pPmax (£, min(¢T, p—,_’f)) , otherwise,

where £, respectively €~ denotes the positive, resp. negavite, root of the equation
(3.12) 3—-(14+&)"-(1-¢" =0.

Solving (3.10) and (3.9), we obtain the following values for As and Au:

(2 (-3 o,
sy max [ —1, min - S — , if Ap <0,

Apry_ _Ap’Y 75”
(1+ P?) (i P;‘f) '

_ ap\” A
B = s max i (1+ pf) _ (1_ p;) min< ﬁ) if Ap <0
i 2] S s 5 p <0,
o + =
Pi Pi
sPmax (—1, min(1, 22)) , if Ap =0,

Y S:

37 — (1 + ﬁ;{’)V (sP + As) — (1 - ﬁf)7 (sP — As)

2
y—1 Ap
W (1 +2(5) >

We do not claim that this procedure is optimum but it yields to slopes which satisfy
the limitation (3.1). Moreover, the modified limitation function does not involve very
complex limitation when considering the entropic variables (p, u, s) (for instance, see
[16] where equations similar to (3.12) are solved).

Au = sign(du) |min | (du)?,

3.3. Conservative variables. We propose to consider the specific case of the
conservative slope (1.15). The reader is referred to the work of Khobalatte-Perthame
[16] where a conservative slope limitation is proposed on the basis of entropic variables.
In the present work, we just consider a linear reconstruction based on the conservative
variables:

n,+ n
P = pi £ Ap,

(3.13) (o)™ = (pu)? £ Apu),
EM® = E' + AE.

Once again, the increments Ap, A(pu) and AE are assumed to be known. We modify
these increments such that W?’i € Q.
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The condition p"* > 0 reads:

Ap

(3.14 —
) Pi

<1

The second limitation devoted to p;”i reads:

(3.15) gt (i)

> 0.
207"

The sum of the inequalities (3.15) writes:

1 w2 )72
(3.16) 287 — <((pp;f i ((pp:l);’+ ) ) o

To find Ap and A(pu) satisfying (3.16), we propose to consider Ap such that

1/ ((pw)})* | ((pw)})?
2 (p?—Ap+pZ’+Ap) -0

(3.17) 2E —

Next, for a fixed Ap, A(pu) is chosen to satisfy (3.16).
We summarize the conservative slope limitation as follows:

1. The increments Ap, A(pu) and AE are computed by a usual approach.

2. Ap is reduced to satisfy (3.14) and (3.17).

3. A(pu) is reduced to satisfy (3.16).

4. AFE is reduced to satisfy (3.15).
To propose an example of conservative slope reconstruction which satisfies (3.1), we
consider (say) the minmod function and we set

1 3 n n n n
op = §mmm0d ((Pi = pi1); (Piy1 = i )) )
1 3 n n n n
5(Pu) = Emmmod (((Pu)z - (Pu)i—1)7 ((Pu)i+1 - (Pu)i )) )
0F = %minmod (B! — E!), (Bl — E})) .

The following increment definition, obtained by solving (3.14)-(3.17), satisfies the
stability condition (3.1):

w2 w2
En — pn ’2 . En — pn ’2 5/)
Ap = plmax | — #,mm #,E ,

A(pu) = max(§~, min(£¥, 6(pu)),

o (- ) (- ) )

where ¢+ are defined as follows:

& = ulAp + \/2 (pZL — (Ap_i>2> (Ezn _p?(ugh)
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3.4. Primitives variables for the hybrid approach. The last limitation pro-
cedure we give is devoted to the hybrid procedure. We just consider the case of
primitive variables and we set

,+
P = pi £ Ap,
ulE = ul £ Au,
+
P =pi £ Ap,

where the increments are computed by a usual method. In the hybrid procedure, we
have to enforce the restrictions (2.4) which rewrite in the following form:

pE >0, phE > 0.

These two conditions are satisfied as soon as the increments Ap and Ap verify the
inequalities (3.3) and (3.4).

Now, the hybrid approach imposes to satisfy the lemma 2.4. So, we are searching
for parameters o; and a; such that the condition (2.11) is satisfied. For the sake of
simplicity, we propose to consider parameters in the form:

a; =af =a; €(0,1/2).

7 (3

As a consequence, we obtain after computations:
N,k __ n
P = Pi s

nx __ . n @ n . Ap 2
D" =D — mﬁ —1D)p; <(1 —20;) + 2a (—n) ) (Au)?.

Pi

With fixed increments Ap, Au and Ap, there exists a; € (0,1/2) such that

P > 0.
The parameter «; is solution of a second order inequality not detailed here.

In view of the CFL condition (2.3), the relevant value of a; may reduce drastically
the time increment At (see the numerical test 2). For numerical simulations, the
coefficient «; is chosen in order to maximize the value of min(«a; , af, ;" ); the better
choice of «; is given by 1/3.

4. Numerical results. In this section, we illustrate our numerical procedure
with several 1D and 2D tests. Concerning the 1D numerical tests, they are performed
using the same strategy. The mesh is assumed to be uniform and made of 100 cells.
The CFL number is fixed to 0.5 according to the CFL like restriction (2.3). With
af* =1/3, let us note that the CFL condition reads

(4.1) - max(|AL, ) <

Two distinct first-order finite volume schemes are considered: the kinetic scheme
[16, 21, 22, 23] and the Suliciu relaxation scheme [1, 4, 5, 10]. Concerning the com-
putation of the slopes, we consider two of the most popular formulas: the minmod
and the superbee functions (for instance, see [11, 12, 20, 26] to further details). These
limitations are thus modified according to the above theory (see the section 3 and the
examples therein).
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density velocity
T T
2 |
exact solution 10 - 4
o———> standard MUSCL exact solution
== first order e——-> standard MUSCL
== first order !
15 - |
|
|
r 5+ | i
|
‘1
05 | |
I
il
f
\
. ]
-0.5 0 05 -05 0 0.5
(a)
2 i
exact 10 E
o= primitive exact i
== primitive
15 | b
1+ 5L b
0.5 i
0 L
-0.5 0 05 -05 0.5
2 4
exact 10 - 4
o—— entropic exact
+—— entropic
15 -
r 5+ i
05
0 L 0
-0.5 0 05 -05 0.5

Fic. 3.1. Case 1: Relazation MUSCL scheme, minmod slope computation: (a) modified min-

mod limitation for primitive variable reconstruction, (b) modified minmod limitation for entropic
variables reconstruction.

The numerical results are systematically compared with the standard MUSCL
approach. In the present work, the standard MUSCL scheme is given by (1.8) where
the reconstruction is performed on the primitive variables (p,u,p). Concerning the
CFL condition, we adopt the following restriction:

1
(4.2) o max(E ) < ¢
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density velocity
T T
2 o |
exact solution 10 - 4
e———> sandard MUSCL exact solution !
== first order e——-> standard MUSCL
== first order L
15 - |
|
i
b
r 5 i i
i
Il
05 i
I
i
|
. 0 |
-0.5 0 05 -05 0.5
(a)
2 4
exact 10 S B
o= primitive exact E
== primitive
15 |
b
1+ 5L b
0.5
@
0 L 0
-0.5 0 05 -05 0.5
2 oo 4
exact 10 - B
o—— entropic exact
+—— entropic
15 -
1f 5L ]
05
0 L 0 .
-0.5 0 05 -05 0 0.5

Fic. 3.2. Case 1: Relazation MUSCL scheme, superbee slope computation: (a) modified su-
perbee limitation for primitive variable reconstruction, (b) modified superbee limitation for entropic
variable reconstruction.

In general, the CFL number is fixed to 0.5. To be consistent with our CFL condition
(4.1), we consider a CFL number equal to 1/6 for the standard MUSCL scheme.
The first test corresponds to a Riemann solution made of a shock wave and a
rarefaction wave separated by a contact discontinuity. The initial data is made of two
constant states defined as follows:

PL:2 ULZO pL:100
pR:0125 URZO pRZO.].
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(b)

exact
~——= conservative
hybrid

exact

~——= conservative
hybrid

05 - S h i 05

0 . 0 -
-0.5 0 05 -05 0 0.5

F1a. 3.3. Case 1: Relazation MUSCL scheme (a) modified minmod slope computation for the
conservative and the hybrid approaches (b) modified superbee slope computation for the conservative
and the hybrid approaches.

The left and right states are separated by a discontinuity located at © = 0. The
solution is displayed at the time ¢ = 0.03. The numerical results are displayed in the
figures 3.1 to 3.4.

In the figure 3.1, we present the results obtained with the Suliciu relaxation
scheme. To be compared, we give the first-order accurate result and the approxi-
mate solution obtained with the classical second-order MUSCL scheme. The slope is
computed with the minmod function (see [20]) and modified according to (2.4). In
this figure, also we display the approximate results obtained involving the primitive
variable reconstruction (section 3.1) and the entropic variable reconstruction (section
3.2).

In the next figure 3.2, the same methods are considered but for the modified
superbee function according to the restriction (2.4). The numerical results are
supplemented by approximations obtained involving conservative variables (section
3.3) and the hybrid approach (section 3.4). These results are displayed in the figure
3.3.

The figure 3.4 is devoted to the numerical results using the kinetic scheme. For
the sake of clarity, we do not display the hybrid approach. To conclude the discussion
about this test, we emphasize that the new limitation procedure does not provide
the oscillations. The figure 3.5 illustrates this purpose. For two mesh refinements,
we display the result obtained with the classical superbee MUSCL scheme and with
the modified superbee and modified minmod slope reconstructions. In addition, we
display the result obtained with the centered slope, known to involve large oscillations.
We just recall that the intermediate increment dp, du and dp, introduced in section 3
to modify the limitation functions, reads as follows in the case of centered slopes:

5p— Pzn+1 — P

2 )
ul o —ul
Su = i+1 1—1 ,
2
Pit1 — Pi1
op = Lt P
P 2

Two (small) oscillations persist for a fine mesh but the approximate solution turns
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(a)

exact solution
e——= standard minmod
== standard superbee
o—— first order

0.5
=
0 .
-05 0 0.5
(b) (c)
exact X exact
== primitive A == primitive
~—— entropic X ~—— entropic

& + conservative A & + conservative

0.5 - 05

0 . 0 -
-0.5 0 05 -05 0 0.5

FiG. 3.4. Case 1: Kinetic MUSCL scheme (a) standard approach with a primitive variable
reconstruction (b) modified minmod slope computation for the primitive, the entropic and the con-
servative variables (c) modified superbee slope computation for the primitive, the entropic and the
conservative variables.

out to be in a very good agreement with the exact solution.

To conclude the first numerical experiment, we note that the standard MUSCL
approaches and the modified MUSCL reconstruction give the same level of accuracy.
This remark is emphasized in the figure 3.6 where logarithmic L'-error for both stan-
dard and modified MUSCL reconstruction. This point is crucial since it confirms that
our limitation does not reduce the order of the numerical method.

In the second test, we consider a Riemann solution made of two rarefaction waves.
The left and right states which made the initial data are defined as follows:

PL:2 uL:—12 pL:].O
PR:2 UR:].2 pR:].O

The solution is displayed at the time ¢ = 0.02. The figure 3.7 is devoted to the
numerical results performed with the relaxation scheme while in the figure 3.8, we
display the results completed with the kinetic scheme. We present the approximations
based on the modified minmod and modified superbee slope computations. The results
using primitive, entropic and conservative variable reconstruction are given. Let us
note that the hybrid method involves very small time increment and no results are
performed by this procedure for the test of two rarefaction waves.

The last 1D test concerns a Riemann solution made of two shock waves. The
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(a) (b)

2 e X K 2 ez ‘ E
—— exact solution —— exact solution
o——> standard superbee 100 nodes oo superbee 100 nodes
=——= standard superbee 500 nodes = = superbee 500 nodes
15
1L
05
0 .
-0.5 0 0.5
(@)
2 dem i i
—— exact solution —— exact solution
e——> minmod 100 nodes e——= centered 100 nodes
=——= minmod 500 nodes =——= centered 500 nodes
15 | 15
1t 1t
0.5 - 05
0 L 0 .
-0.5 0 05 -05 0 0.5
Fic. 3.5.

Case 1: Relazation MUSCL scheme with primitive variable reconstruction (a) clas-

sical superbee slope computation (b) modified superbee slope computation (c) modified minmod slope
computation (d) modified centered slope computation.

-1.5
+ standard superbee
O modified superbee
x standard minmod =
O modified minmod
2 L )
X
& @
X
2
-25
2]
=
®
2
3 . . . . .
-3 -2.8 -2.6 -2.4 -2.2 -2 -1.8

FiG. 3.6. Case 1: Logarithmic L'-error versus log(Ax) for the relazation MUSCL scheme with
standard and modified limiter for the primitive variable reconstruction.

initial data for this test is defined as follows:

pL=3 ’U,L=100 pL=573
pr=3 ur=-—100 pr=>573

The numerical solutions are displayed at the time ¢ = 0.01 in the figures 3.9 and 3.10.
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(a)

— exact solution
e——=o standard minmod
== standard superbee
o——= first order

05

-0.5

(c)

21

exact

&——= primitive
o——= entropic
~——= conservative

05

0

exact
=3 primitive
+——= entropic
~——= conservative

05

-0.5

0

0.5

0
-0.5 0

0.5

Fia. 3.7. Case 2: Relazation MUSCL scheme (a) standard approach with a primitive variable
reconstruction (b) minmod slope computation for the primitive, the entropic and the conservative
variables (c) superbee slope computation for the primitive, the entropic and the conservative vari-
ables.

The same strategy of presentation used for the second test is adopted here. We note
that the approaches based on the superbee function, standard or modified, involve
oscillations and the better results are obtained with the minmod function.

In the last simulation, we propose a 2D Riemann problem (see Kurganov-Tadmor
[25]). The initial data is defined as follows:

p1=0.5323 p, =03 p2=15 py=15
u1=1.206 ’Ul:O UQZO ’UQ:O
p3 =0.138 p3 =0.029 ‘ p4 = 0.5323 ps=0.3

uz = 1.206 wv3 = 1.206 ug =0 vg = 1.206

At the time ¢ = 0.3, the density solution is displayed in the figure 3.11.

5. conclusion. In this paper, we propose a new version of the celebrate MUSCL
scheme to approximate the solutions of the Euler equations. We focus our attention
on the linear reconstruction procedure to enforce several stability properties. The
obtained second-order MUSCL scheme ensures the numerical solutions to satisfy the
positiveness of the density and the pressure but also a second-order entropy minimum
principle. In addition, second-order entropy inequalities are established. These results
are obtained arguing a relevant CFL condition. We recall that no CFL condition is,
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(a)

05

exact solution
o———= standard minmod |
== standard superbee ¢
+—— first order

-0.5

0.5

(c)

exact

== primitive
+—— entropic

= + conservative

05

05

exact
=——= primitive
o——= entropic
& + conservative

0 =
-0.5 0

0

-0.5

0.5

Fic. 3.8. Case 2: Kinetic MUSCL scheme (a) standard approach with a primitive variable
reconstruction (b) modified minmod slope computation for the primitive, the entropic and the con-
servative variables (c) modified superbee slope computation for the primitive, the entropic and the
conservative variables

actually, establish concerning the Euler equations excepted in the work of Perthame
et al. [16, 23]. In general, a CFL condition in the form (4.2), with 0.5 as CFL number,
is considered. As specified in [26], its use should be done with caution. In the case of
conservative reconstruction, the CFL restriction we find is according to several works
[16, 23] devoted to stability of MUSCL schemes.

These stability results are obtained independently of the choice of the numerical
flux function as long as several stability properties are satisfied by the numerical flux
function. Put in other words, the proposed MUSCL method preserves the stabil-
ity properties of the associated first-order scheme. The present MUSCL method is
shown to be a simple modification of the standard approach and its implementation
is obtained after few lines of code (see the examples given in section 3).

To illustrate the method, numerical tests are proposed. They are performed
using two distinct numerical flux functions. Several slope reconstruction are detailed.
These slopes are based on conservative and non-conservative variables. The results
illustrate the interest of the method and establish that the order of accuracy of the
original MUSCL scheme is preserved.
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f
17 1 [ - S 1
g “8;%9“ e
12 + B
exact solution
e——= standard minmod
== standard superbe
«— first order
7L |
2 .
-0.5 0
17 ¢ o 117 ¢ 1
f ol }
12 1 12t ,

exact

== primitive

| ~——= entropic
4= conservative

exact

&= primitive
| e—— entropic
&= conservative |

2 - 2
-0.5 0 05 -05 0 0.5

Fic. 3.9. Case 3: Relazation MUSCL scheme (a) standard approach with a primitive variable
reconstruction (b) modified minmod slope computation for the primitive, the entropic and the con-
servative variables (c) modified superbee slope computation for the primitive, the entropic and the

conservative variables.
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