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Abstract

In this paper, we study the robustness of the 1D adaptive numerical scheme based on numerical
density of entropy production for hyperbolic conservation. In particular, we focus on vacuum states or
low densities states or both in presence of strong shocks solutions to the one-dimensional gas dynamics
equations for ideal gas. To this purpose, it is numerically shown that the adaptive numerical scheme is
well-designed to capture accurately these type of solutions as the pressure vanishes. The efficiency of
the scheme is investigated through several test cases for first and second order scheme with a MUSCL
reconstruction. We focus in particular on several numerical experiments to test the ability to conserve
the entropy in the adaptive framework, to capture strong discontinuities (both shocks and contact dis-
continuities) as well as strong rarefactions. We also perform some numerical test case for solutions which
are close to the vacuum or vanishes.

Keywords: hyperbolic system, finite volume scheme, local mesh refinement, numerical density of entropy
production, local time stepping, low density, vacuum state, strong shock, strong contact discontinuities,
strong rarefaction
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1 Introduction

We are interested in the computation of numerical entropy solutions containing vacuum states or low densities
states for hyperbolic conservation laws:

ow  Of(w)
{E‘FT—O, (t,.T)GR+><R (1)
w(0,z) = wo(x), z €R.

where w : RT x R — R? stands for the vector state and f : R? — R? the flux function.

It is well-known that solutions of System (1) can and will breakdown at a finite time, even if the initial data
are smooth, and develop complex structure (shock wave interactions). In such a situation, the uniqueness
of the (weak) solution is lost and is recovered by completing System (1) with an entropy inequality of the

form: Ds(w)  Dp(w)
Slw w
ot + ox =0, (2)

where (s,1) stands for a convex entropy-entropy flux pair. This inequality allows to select the physical
relevant solution. Moreover, the entropy satisfies a conservation equation only in regions where the solution
is smooth and an inequality when the solution develops shocks. In simple cases, it can be proved that the
term missing in (2) to make it an equality is a Dirac mass.

In particular, solving Equation (1) in presence of low density state or vacuum state or in presence of
a strong shock also constitute a source of difficulties in regard to uniqueness of solutions to the Riemann
problem. The vacuum states introduces an indeterminacy in the variables which describe the flow (vacuum
has zero energy, momentum and pressure and the velocity is not defined since u = ¢/p where ¢ stands
for the momentum) while low density state often yields to numerical instabilities. Strong shocks induce a
large discontinuity in the pressure and often one has to impose limitations on the strength of shocks from
mathematical as well as numerical viewpoint (see e.g. [12, 15, 3]). In general, it often yields singularities
in the physical systems producing mathematical ill-posedness and numerical instabilities for solutions which
are close to those states. We refer to [16, 2, 8, 9, 13, 3] for mathematical discussions about those states.
As a consequence, to compute accurately such type of solutions is a challenging problem that we intend to
implement efficiently in a multi-scale adaptive framework.

Following Ersoy et al [5] and the above considerations, we will numerically investigate the robustness of
the adaptive numerical scheme through the computation of those solutions. Let us recall that the adaptive
multi-scale scheme is based on the numerical density of the entropy production. This quantity is a measure
of the amount of violation of the entropy equation (as a measure of the local residual as already pointed out
in [1, 7, 11, 10, 5]). Thus, the numerical density of entropy production provides information on the need
to locally refine the mesh (e.g. if the solution develops discontinuities) or to coarsen the mesh (e.g. if the
solution is smooth and well-approximated). We have shown that for solutions far from those states, such
indicator is able (see Ersoy et al [5]) not only to provide an efficient a posteriori error, but also to reproduce
the qualitative structure of the solution and to pilot the adaptive scheme. Let us also emphasize that we
prefer to use the classical Godunov solver instead of linearized or approximated solver in the finite volume
framework. Indeed, it may happen for data close to the vacuum state or in situations where there is a strong
expansion, those linearized scheme fail (see for instance, citeEMRS91,leveque2002,Toro09).

The paper is organized as follows. In Section 2, we fix notations and we recall the one dimensional
gas dynamics equations for perfect gas. In section (3), we recall the finite volume approximation in the
multi-scale adaptive framework as introduced by Ersoy et al [5]. Moreover, we recall the procedure to deal
with solutions close to vacuum states. Finally, in Section 4, through several numerical test case, we show the
efficiency of the present numerical scheme for solutions which are close to vacuum state or/and in presence
of strong discontinuities and rarefactions. In particular, we numerically show that those solutions are very
well-computed. To illustrate this statement, we study the qualitative behavior of the adaptive numerical
scheme with respect to the L' error norm providing quantitative results. We only restrict ourselves to
solutions which are only C° and even with strong discontinuities as for shock or contact discontinuities since




for smooth solutions we recover the order p for a numerical scheme of order p. Even in presence of severe
test cases, we emphasize that the present scheme is super-convergent or at least of order 1. We focus on the
following tests:

e a modified Sod test problem,
e a 123 problem,

a left half of the blast wave of Woodward and Colella,

e a Two shock Riemann problem,
e a modified Leblanc test case,
e a blast wave problem of Woodward and Colella

to assess the ability to conserve the entropy inequality at the discrete level, the performance of the scheme
for low density flows and the robustness of the numerical method. One can found other test cases for the
one dimensional gas dynamics equation for perfect gas, for instance, in [21, 20, 4, 6, 18].

2 The 1D gas dynamics equations

Let us consider a compressible perfect fluid confined in a domain ®. The governing equations for the motion
of the compressible fluid in [0,7] X ® are the so called Euler equations

dp  Opu
ot o = °
2
dpu  O(pw+p) _ (3)
ot ox
opE  O(pE+p)u
o T oz =0

where p is the density, p = (7 — 1)pe is the pressure, u the velocity and E the total energy defined by:

n
E = — .
5+2

Here, ¢ stands for the internal specific energy and - is the ratio of the specific heats.
Making use of the notations

p pu
w=| pu |, flw=/| pu®+p
pE (pE +p)u

for the conservative variables and the conservative flux, the system (3) is written as a system of conservation
laws (1). We complete System (3) with the entropy inequality (2) where the convex entropy s(w) and the
entropy flux pair ¢(w) are classically given by the following relations:

s(w) =~ (L) vlw) = ustw). (1)

Let us note that even if System (3) is strictly hyperbolic on the set {p > 0}, the previous quantities (4) make
a sense for p > 0.



3 The adaptive numerical scheme

For the sake of completeness, we recall in this section, the first order adaptive multi scale scheme based on
numerical density of entropy production for conservation laws introduced by the authors in [5]. Interested
reader can found the details of the second order scheme with MUSCL reconstruction as well as the second
order Adams-Bashforth time integration in [5].

One-dimensional finite volume formulation.
We recall here the well-known construction of a numerical approximation of the general non linear hyper-
bolic conservation laws (1)
The computational domain is split into control volumes Cj = }xk,l/g,xkﬂ/g[ of mesh size hj with
Tpt1/2 = Tk = hi/2. The unknowns w(t, z) are approximated by their mean values on the cell C}, at time t:

1

k

w(t,x) do.

Noting, t,+1 = tn + Ot, the discrete time and Integrating (3) over each strip (¢,,¢n+1) X Ck and applying

the Green’s formula we obtain:
wZH —wy n OF]

5t e ()

with
OF; = Fl?+1/2 - Fl;nfl/Q

where Fy',, ), stands for the numerical fluxes at the interface zy11 /2.
We use here the Godunov solver, i.e. we defined

FI?:I:l/Z (wZ, wZJrl) =Ff (R(Oia ,wg, wZJrl))

where f(R(0%,wp,wr)) is determined from the exact solution R(0F,wy,wr) of the Riemann problem
associated with the left wy and the right wg state:

ow —6f(w):0
ot 15) ’

()_ wr, ifz <0, (6)
WOlt) = wp  ifz>0.

In the same way, the discretization of the entropy inequality (4) yields to:

stwp!) — s(wp) | dup

Sk = Oty hy

where
OVR = Vhy1y — Vi_1y2 = ¢ (R(O‘,w’k‘, wZ+1)) - (R(O+,w7k‘71,w7k‘)) :

The quantity S}, defines the so-called numerical density of entropy production and the value

P=> Spitnhx . (8)

n,k

is the total numerical entropy production.



Mesh refinement.

In order to compute accurately the solution of hyperbolic systems, the strategy [5] consists to use the
numerical density of entropy production as a mesh refinement parameter in the following meaning.

We present here a local mesh refinement procedure driven by the numerical density of entropy production.

In order to reduce the time necessary to manage the refinement, we use “macro cells” which could be refined
by generating hierarchical grids. Each cell can be split in two sub-cells. We thus produce a dyadic cells
graph, whose numbering (in basis 2) allows a quick computing scan to determine the adjacent cells. For
the convenience of the reader, we make use of the following notations: let k; be the index which makes
reference to the macro cell numbered k and b a binary number which contains the hierarchical information
of a sub-cell. In particular, the level of a sub-cell Cy, is defined as the length(b) — 1. For instance, a macro
cell Cy, of level 0 will be split into two sub-cells Cf,, and Cf,, of level 1. A mesh refinement example is
proposed in FIGURE 1.

Ch,

Ckooa Ckm

Figure 1: Example of hierarchical dyadic tree.

The mesh refinement procedure can be simply expressed as follows. We first set a mesh refinement
parameter S. For instance, it can be the mean value over the domain  at time ¢,,:

G- ﬁZs;gb. )
kp

We then define two coefficients 0 < amin < amax < 1, which determine the ratio of numerical production of
entropy leading to mesh refinement or mesh coarsening.
Thus, for each cell Cy,:

o if S > S@max, the mesh is refined and split into two sub-cells Cy,, and C,,
o if S < Smin and S, < Scmin, the mesh is coarsened into a cell Ch, -

On one hand, if a cell CY, is split into two sub-cells Cy,,, and CY,, , averaged values at time ¢,, are projected
on each sub-cell (for the first order scheme):



and the numerical fluxes between the two sub-cells are defined as:
Fro—172 = Fiy—1/2
i1 =Fi 10 = F(wy,)

n _ n
Fev12 = Fkb+1/2 .

The adaptive mesh refinement scheme is also written in a local time stepping method to gain in time (we
refer to [5] for more details).

4 Numerical results

In this section, we show the efficiency of the adaptive numerical' scheme based on the numerical density
of entropy production through severe numerical experiments. In [5], we have pointed out that the use of
the numerical density entropy production as a mesh refinement parameter is a relevant local error indicator
(everywhere where the solution remains smooth) and a discontinuity detector (shocks and oscillating solu-
tions are very well-captured). Far from large discontinuities and vacuum states, we have performed several
numerical tests (the Sod’s shock tube problem, the Lax’s shock tube problem and the Shu-Osher test prob-
lem) and we have shown an impressive improvement with respect to uniform grids even if a large number
of uniform cells are used. Moreover, the adaptive strategy, combined with a local time stepping algorithm,
can significantly reduce the computational time keeping the same order of accuracy. We also refer to the 2D
and 3D extension of the work [5] in [22].

From now on, we focus on severe numerical experiments designed to assess the performance of the
numerical method in presence of strong discontinuities (both shocks and contact discontinuities), strong
rarefactions as well as for low density flows (see for instance [17, 19, 20, 4, 18]). Therefore, in the sequel, we
focus on the robustness of the present adaptive scheme.

For all test cases, numerical solutions are computed using the one-dimensional gas dynamics equations
for ideal gas (3) and we make use of the following notations and settings:

Notations and settings

e In what follows, we perform several numerical tests using first and second order schemes. Thus, we
will refer to AB1 as the first order scheme, AB2 as the second order Adams-Basforth scheme, RK2 as
the second order Runge-Kutta scheme. AB2 and RK2 use a MUSCL reconstruction. Moreover, all
computations are made with a dynamic grid except if the acronym ends with the capital letter “U”
which refers to a uniform fixed grid. All computations are made with a uniform time step except if the
acronym ends with the capital letter “M” which refers to the local time stepping algorithm (see [5] for
further details on the local time stepping adaptation). We also note the cpu time

— cpu, for the uniform (or global) time stepping,

— cpy, for the local time stepping .

e We will compare the adaptive numerical solution to the one computed on a uniform fixed grid. To
have a coherent support of comparison, the solution on the fixed grid will be computed with N,
cells. Np_.. stands for the average number of cells used during a simulation of an adaptive scheme
with a maximum level Ly,y.

e All of the presented results display the density which is positive. Thus, for the convenience of the
reader, in all figures the numerical density of entropy production is plotted with the reversed sign to
overlap with the density.

ntel(R) Core(TM) i5-2500 CPU @ 3.30GHz



e For all numerical tests, the initial mesh is adapted to the initial data during few iterations (except
for the numerical solution computed on uniform fixed grid) and we have used the following threshold

parameters:
Mesh refinement parameter apa,e : 0.01,
Mesh coarsening parameter aunin,  : 0.001
- 1
Mesh refinement parameter S : @ Z Sg, -
kp

e For each test 1 — test 5, X¢x will make reference to the exact solution of the Riemann problem computed
using 5000 uniform cells. For test 6, we use the notation X,.s which stands for the reference solution
computed on a fixed grid with 20 000 cells using the RK2 scheme.

e To study the numerical convergence of AB1,AB1U, AB1M, RK2U, AB2U, AB2M and RK2 schemes,
we have used the discrete l}c—norm of the density, momentum, pressure and the internal energy error.
We generally used the convergence rate of the internal energy which is more representative of the
efficiency of the scheme especially for low density flows.

e On the tables of performance 1, 4, 7, 10, 13 and 16, since the error of the AB1 and ABIM schemes are
similar, we only use the results of the AB1 scheme. We also use the AB2 scheme results for the table
of performance 2, 5, 8, 11, 14 and 17.

4.1 Test 1: a modified version of the Sod’s shock tube problem

We first consider a modified version of the popular Sod’s test [17] (see also [5]) which models the one-
dimensional flow resulting from the rupture of a membrane separating air with different density/pressure
inside a shock tube with a null speed. Besides the fact that the exact solution can be easily computed, the
solution of the modified Sod’s shock tube problem consists of a right shock wave, a right traveling contact
wave and a left sonic rarefaction wave. This is useful to test the ability of the scheme to preserve in-cell
entropy inequality even if the adaptive strategy is used.

The test is given by a one-dimensional Riemann problem with the following data:

1, 0.75, 1), =<0,
ze[-1,1], (p,u,p)(oax):{go.us) 0 0-13 x>0,

The computational domain here is [—1, 1] with prescribed free boundary conditions.
For each numerical computation, the following parameters have been used:

CFL ¢ 0.25,
Simulation time (s) ¢ 0.2,
Initial number of cells : 200,
Maximum level of mesh refinement : L.

In figure 2, we display the solution profiles (as well as the exact one) for the density (figure 2(a)), the pressure
(figure 2(b)), the momentum (figure 2(c)) and the internal energy (figure 2(d)) of the numerical solution
computed with the first order scheme AB1U and AB1 computed with L.« = 5. The numerical density of
entropy production (S7) is also plotted on figure 2(a).
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Figure 2: Test 1: numerical solution at time ¢ = 0.2 s with Ly,ax = 5 computed with the AB1 scheme.

As usual, by the use of the Godunov solver, the shock wave is rather well-computed with a smearing
effects over neighborhood cells for the solution on a fixed grid while it perfectly match when the adaptive grid
technique is used (as observed for each state (p,u,p,e) on figure 2). The numerical diffusion decreases when
the solution is refined in around the shock wave as predicted by the numerical density of entropy production,
see figure 2(a). Let us also add that no spurious oscillations are observed in the vicinity of the shock when
the adaptive grid strategy is used. For more details we refer to [5, Section 5.1.1.].

The contact discontinuity, which is much more difficult to resolve accurately, is here efficiently computed
with an adaptive grid since the mesh is well-refined. Another positive feature of the numerical approximation
is that the speed of the contact discontinuity is correct for the solution on an adaptive grid even if we use
the Osher-Sanders projections which is well-known to be locally non conservative and non consistent (see
[14] and [5], since the correct speed of propagation of contact discontinuities are well-computed when the
scheme is conservative.)

Another feature concerns the rarefaction waves which are smooth flows. In general, any numerical Finite
Volume schemes are able to well-approximate this smooth solution except near the head and the tail. Since
the numerical density of entropy production is non zero near the head and the tail (see figure 2(a)), the
adaptive solution corresponds to a-well-approximation of the exact solution. Moreover, let us note that the
so-called entropy glitch (discontinuity inside the rarefaction) is observed only on a fixed grid (see figures



2(a), 2(b) and 2(d)).

In the following, we display on figure 3 the numerical order of convergence using the discrete l}c—norm on
the error of the internal energy for the first and second order schemes. We also complete the previous results
with the 11 error of p, p, v and ¢ on table 1 and 2 computed with the first and the second order scheme. We
finally summarize on table 3 all the rate of convergence of all numerical schemes on p, p, u and €.

! discretisation error L1 discretisation error
- T T T T -1.2 T T T T
! AB1U : order = 0.59407 =—@— 1 RK2U : order = 0.73097 =——€—
AB1: order = 2.3657 =+ § AB2U : order = 0.62472 =+
ABIM : order = 2.3988 ——#— 14 + 2, order =2.3599 ——@—
-12 1 AB2: order = 2.3447 —¥—
:order =2.2641 =———
-16
14
5 5 sl
5 5 1.8
g 161 =1
g g 2
-18 -
-22
2r 24}
22 | | | | | | | | 1 26 | | | | | | | | |
23 235 24 245 25 255 26 265 27 275 28 23 235 24 245 25 255 26 265 27 275 28
10g10(mesh-points) 10g10(mesh-points)
(a) First order scheme. (b) Second order scheme.

Figure 3: Test 1: || — .|| with respect to the average number of cells at time ¢ = 0.2.

| Linax | lp — Pez”H | Hp*peacHl}r | Jlu — uez”& | lle — EeocHl}r | Np, | cpu, | cpy; |
1 0.163E-01 0.112E-01 0.302E-01 0.813E-01 | 200 | 0.28 | 0.28
0.103E-01 0.617E-02 0.154E-01 0.515E-01 | 246 | 0.66 | 0.37
0.631E-02 0.331E-02 0.761E-02 0.315E-01 | 307 | 1.66 | 0.66
0.354E-02 0.167E-02 0.345E-02 0.175E-01 | 399 | 3.18 | 1.36
0.142E-02 0.653E-03 0.121E-02 0.679E-02 | 567 | 7.37 | 3.85

QY | W DN

Table 1: Test 1 : Convergence tests for first order AB1 scheme, l;-norm at final time with respect to the
averaged number of cells Ny of p, u, p and ¢, cpu, for global time stepping and cpy, local time stepping,
N7, being the number of cells at the final time.

| Lmax | ||p7pe:n||l1 | prpele}d | ||u7ue:n||l1 | HEiEeIHl}d | NTf | Cpug | cpy; |
1 0.116E-01 0.725E-02 0.197E-01 0.591E-01 | 200 | 0.26 | 0.26
0.736E-02 0.396E-02 0.101E-01 0.378E-01 | 238 | 0.58 | 0.35
0.460E-02 0.219E-02 0.509E-02 0.235E-01 291 | 1.26 | 0.64
0.265E-02 0.115E-02 0.239E-02 0.134E-01 | 384 | 2.82 | 1.38
0.116E-02 0.545E-03 0.998E-03 0.541E-02 | 545 | 7.34 | 4.12

QY | W DN

Table 2: Test 1 : Convergence tests for second order AB2 scheme, l}c-norm at final time with respect to the
averaged number of cells Ny of p, u, p and ¢, cpu, for global time stepping and cpy, local time stepping,
N7, being the number of cells at the final time.



| Rate | ||p7p6$||l$ | prpeleqlr | ||u7uez||l£ | HEfEeleqlr |

AB1U 0.62 0.76 0.80 0.59
AB1 2.33 2.72 3.08 2.37
AB1M 2.44 291 3.19 2.40
RK2U 0.72 0.97 1.11 0.73
AB2U 0.65 0.81 0.86 0.62
RK2 2.27 2.51 2.90 2.36
AB2 2.26 2.54 2.94 2.34
AB2M 2.33 2.59 2.79 2.26

Table 3: Test 1 : Convergence tests for first and second order.

As expected, since the solution is discontinuous, we recover approximately order 1 for the first and second
order method on uniform mesh. Moreover, we also get “super-convergence” for first order adaptive schemes
(see figure 3(a) and tables 1 and 2) as already obtained in [5] for the internal energy. The computational
time is considerably reduced when the local time stepping algorithm is used as observed on table 1 and table
4.

4.2 Test 2: a modified 123 problem

The 123 numerical experiment or the Two-Rarefaction test problem (see for instance [4]) is designed to test
the ability of the scheme for low density flows. It consists in two symmetric strong rarefaction waves and
a trivial contact wave of zero speed. In this test case, the pressure in the star region (i.e., the between the
non-linear waves) is close to zero. As a consequence, it yields to some technical difficulty to find the pressure
in the iterative Newton-Raphson procedure if the initial guess is not appropriately chosen. In that case, we
have used the guess resulting from a linearized solution based on primitive variables (see [18, Formula 4.47]):

1 1
po = max(a, P) where P = 3 (pi+pr) — 3 (up —up) (p1 + pr) (1 + 1)

(v=1p

where X; (resp. X,) stands for the left (resp. the right) state, ¢ = for the sonic speed and « is

a given tolerance (10_12 in the present case).
Instead of using the original test,

— _ (1; -2, 0-4)7 z <0,
xe[LH,(m%M@@V—{a,2, 0.4), z>0

we consider the modified one given by the following Riemann data:

1, -3, 03), <0,

where the densities is now close to 1072 (instead of 107" in the original case).
The computational domain here is [—1, 1] with free boundary conditions and for each numerical compu-
tation, the following parameters have been used:

CFL :0.25,
Simulation time (s) : 0.15,
Initial number of cells ¢ 200,
Maximum level of mesh refinement : Lax-

In figure 4, we display the solution profiles (as well as the exact one) for the density (figure 4(a)), the pressure
(figure 4(b)), the momentum (figure 4(c)) and the internal energy (figure 4(d)) of the numerical solution
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computed with the first order scheme AB1U and AB1 computed with L.« = 5. The numerical density of
entropy production (S7) is also plotted on figure 4(a).
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Figure 4: Test 2: numerical solution at time ¢ = 0.15 s with L.« = 5 computed with the AB1 scheme.

As pointed out in [18], the Godunov’s solver is generally accurate as regards of the primitive variables
and even better with the adaptive strategy. Nevertheless, it is no more true when we look for the specific

internal energy,
p

(y=1p’
as one can observe on figure 4(d). We also plot the solution given by the RK2 scheme (which is well-known
to be accurate) using 5 000 uniform cells on figure 4(d).

Even in presence of strong rarefactions (see figures 4(a) and 4(b)), the numerical density of entropy
production is non zero and thus as pointed out in the previous section, except the head and the tail of the
rarefaction, the solution is rather well-computed and even more in the adaptive framework (both from p, pu,
p and €).

Let us also emphasize that in the present adaptive scheme, besides the particular guess in the iterative
scheme for finding p, we do not make specific treatment when the solution is close to the vacuum. In

g =
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particular, in the low density area, the numerical density of entropy production almost vanishes as shown in

figure 4(a).

As done in the previous section, we now complete the previous results with table of performances 4-5
and 6 as well as the rate of convergence of the first and the second order schemes for the internal energy, see

figure 5.
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Figure 5: Test 2: || — €. [l;n with respect to the average number of cells at time ¢ = 0.15.

| Linax | HP*PeIHl}P | ||p*pez||l$ | Hufuem”li | ”5*5696”& | Nr, | Cpu, | cpy; |
1 0.451E-01 0.214E-01 | 0.233E-+00 | 0.368E+400 | 200 | 0.20 | 0.20
2 0.290E-01 0.137E-01 | 0.161E+00 | 0.270E+00 | 318 0.57 | 043
3 0.181E-01 0.822E-02 | 0.125E+00 | 0.184E+00 | 546 1.67 1.26
4 0.104E-01 0.435E-02 0.827E-01 | 0.114E400 | 986 | 6.00 | 4.97
5 0.403E-02 0.156E-02 0.359E-01 0.543E-01 | 1856 | 22.57 | 19.68

34

Table 4: Test 2 : Convergence tests for first order AB1 scheme, l;-norm at final time with respect to the
of p, u, p and ¢, cpu, for global time stepping and cpy, local time stepping,

averaged number of cells N,
N7, being the number of cells at the final time.

max

| Linax | HP*PeIHli | P — Peellin | llu — veelln | lle — €eallin | NTf

[ cpu, | cpu |
1 0.357E-01 0.169E-01 0.189E+00 | 0.311E+00 200 0.20 0.20
2 0.231E-01 0.106E-01 0.154E-+-00 | 0.221E+00 | 314 0.56 0.44
3 0.147E-01 0.630E-02 0.112E+00 | 0.148E-+00 536 1.81 1.44
4 0.853E-02 0.337E-02 0.701E-01 0.914E-01 980 6.40 5.38
5 0.340E-02 0.125E-02 0.309E-01 0.449E-01 1842 | 22.98 | 19.85

Table 5: Test 2 : Convergence tests for second order AB2 scheme, l}c-norm at final time with respect to the
of p, u, p and ¢, cpu, for global time stepping and cpy, local time stepping,

averaged number of cells Ny,
N7, being the number of cells at the final time.

max

12



| Rate | ||p7p6$||l$ | prpeleqlr | ||u7uez||l£ | HEfEeleqlr |

AB1U 0.69 0.74 0.47 0.57
AB1 1.05 1.15 0.79 0.85
AB1M 1.09 1.18 0.85 0.87
RK2U 0.70 0.81 0.45 0.61
AB2U 0.69 0.77 0.47 0.60
RK2 0.97 1.11 0.76 0.84
AB2 1.03 1.15 0.80 0.86
AB2M 1.08 1.20 0.88 0.91

Table 6: Test 2 : Convergence tests for first and second order.

As expected, the numerical order of the adaptive scheme are better but we do not observe a specific
“super-convergence” since no discontinuities are available in the density. Let us also add that the behavior
of the internal energy (see figure 4(d)) can be explained by the fact that the density converges faster than
the pressure to 0.

4.3 Test 3: the left half of the blast wave of Woodward and Colella

We now focus on a very severe test problem. This test is designed to assess the efficiency of the numerical
scheme when the solution contains a strong right shock, a left rarefaction and a contact surface. One can
also regard this test problem as the left half of the blast wave problem of Woodward and Colella [20] (see
also Test 6).

The test 3 is given by the use of the following Riemann data:

. [ (1, 0, 1000), =z <0,
T e [ 171]7 (p,u,p)((),:r) - { (17 0, 001), x > 0 .

The computational domain here is [—1, 1] and we use free boundary conditions. For each numerical compu-
tation, we use the following parameters:

CFL :0.25,
Simulation time (s) :0.02,
Initial number of cells . 200,
Maximum level of mesh refinement : L.

In figure 6, we display the solution profiles (as well as the exact one) for the density (figure 6(a)), the pressure
(figure 6(b)), the momentum (figure 6(c)) and the internal energy (figure 6(d)) of the numerical solution
computed with the first order scheme AB1U and AB1 computed with Ly,.x = 5. The numerical density of
entropy production (S3) is also plotted on figure 6(a).
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Figure 6: Test 3: numerical solution at time ¢ = 0.02 s with L,x = 5 computed with the AB1 scheme.

Even if the solution contains a non physical large shock, this severe test case allows to numerically show
the robustness of the numerical scheme. In particular, it is difficult to capture efficiently the pressure (as
well as the density) due to the large amplitude of the shock. To get an accurate approximation of the exact
solution, a reasonable number of cells (N .. = 353) is required to well-approximate the post shock as clearly
seen on the density figure 6(a), the pressure figure 6(b) and the internal energy figure 6(d) (and even better
for second order scheme, see table 7 and 8). As observed on figure 6(d), we expect a “super-convergence” (as
in the first test problem). We refer to tables 7, 8 and 9.
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Figure 7: Test 3: || — €z [l;in with respect to the average number of cells at time ¢ = 0.02.

| Linax | ”p*per”li | Hp*pele}r | ”U*Ue:ﬂ”li | HEiEGIHl}P | Nr,

Cpu, | cpy |

1 0.329E+00 | 0.268E+02 | 0.119E+01 | 0.134E+03 | 200 | 0.37 | 0.36
2 0.225E+00 | 0.201E+02 | 0.830E+00 | 0.986E+02 | 222 | 0.78 | 0.47
3 0.142E+00 | 0.153E+02 | 0.590E+00 | 0.703E+02 | 253 | 1.74 | 0.75
4 0.819E-01 | 0.123E+02 | 0.445E+00 | 0.461E+02 | 286 | 4.06 | 1.50
5) 0.345E-01 | 0.967E+01 | 0.338E+400 | 0.236E+02 | 322 | 9.64 | 3.50

2.55

Table 7: Test 3 : Convergence tests for first order AB1 scheme, l;-norm at final time with respect to the

averaged number of cells N,

max

N7, being the number of cells at the final time.

| Limax | ”P - Pew”l1 | Hp _pezHll | ||u - “ewlll1 | HE - EeCEHll | NTf | Cpu, | cpyy |
1 0.252E4+00 | 0.182E+02 | 0.813E+00 | 0.103E+03 | 200 | 0.38 | 0.39
2 0.164E+00 | 0.131E+02 | 0.540E+00 | 0.747TE+02 | 218 | 0.82 | 0.48
3 0.103E400 | 0.103E+02 | 0.390E+00 | 0.527E+02 | 240 | 1.75 | 0.74
4 0.600E-01 | 0.865E+01 | 0.311E+00 | 0.344E+02 | 265 | 3.83 | 1.38
5 0.261E-01 | 0.794E+01 | 0.276E+00 | 0.186E+02 | 298 | 8.80 | 2.72

of p, u, p and ¢, cpu, for global time stepping and cpy, local time stepping,

Table 8: Test 3 : Convergence tests for second order AB2 scheme, [}-norm at final time with respect to the

averaged number of cells Ny,

max

N7, being the number of cells at the final time.

15

of p, u, p and ¢, cpu, for global time stepping and cpuy, local time stepping,



| Rate | ||p7p6$||l$ | prpeleqlr | ||u7uez||l£ | HEfEeleqlr |

AB1U 0.54 0.76 0.78 0.51
AB1 4.58 2.10 2.60 3.51
AB1M 4.50 1.96 2.47 3.43
RK2U 0.69 0.97 1.10 0.48
AB2U 0.53 0.69 0.68 0.58
RK2 6.34 1.86 2.62 4.75
AB2 5.60 2.06 2.69 4.25
AB2M 5.87 2.33 3.04 4.55

Table 9: Test 3 : Convergence tests for first and second order.

4.4 Test 4: the Two Shock Riemann problem

As the test 3, test 4 is also a severe test. The solution is composed of three strong discontinuities (two shocks
and a contact discontinuity) traveling to the right. The left shock has a small positive propagation speed
while the right is the fastest wave.

The Riemann data are here:

C11l (pup)(0.a) — { (399924 105075, 460.894), & <0,
x s 4l P, U,p , L) = (599242, —6.19633, 46095), a0

The computational domain here is [—1, 1] and we use free boundary conditions. For each numerical compu-
tation, we use the following parameters:

CFL . 0.25,
Simulation time (s) : 0.035,
Initial number of cells : 200,
Maximum level of mesh refinement : Ljjax.

In figure 8, we display the solution profiles (as well as the exact one) for the density (figure 8(a)), the pressure
(figure 8(b)), the momentum (figure 8(c)) and the internal energy (figure 8(d)) of the numerical solution
computed with the first order scheme AB1U and AB1 computed with Ly,.x = 5. The numerical density of
entropy production (S3) is also plotted on figure 8(a).
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Figure 8: Test 4: numerical solution at time ¢t = 0.035 s with Ly,ax = 5 computed with the AB1 scheme.

Even if the left shock wave is very well-resolved, the right one (which is the fastest wave) is smeared over
several cells while the numerical diffusion for the contact discontinuity is important. The smearing effects
can be reduced with the adaptive scheme since in that case the numerical density entropy production detects
the presence of huge discontinuities (see figures 8(a) and 8(d)) and therefore the mesh is refined. Let us also
note the presence of spurious oscillations in the slowly moving left shock which are considerably reduced in
the adaptive framework (see figure 8(c)). As in the previous test case, the rate of convergence (see table 12)
as well as the table of performance (see table 10 and table 11) are exceptional since only 300 cells are used.
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Figure 9: Test 4: || — .|| with respect to the average number of cells at time ¢ = 0.035.

| Liax | ”P*Pe:ﬁ”li | Hp*peatHl}r | ||U*Ue:r:||l$ | HE*EGIHZ}r | N, | Cpug | cpy; |

1 0.103E+01 | 0.266E+02 | 0.279E+00 | 0.860E-+01 | 200 | 0.34 | 0.34
2 0.641E+00 | 0.134E+02 | 0.142E+00 | 0.568E+01 | 225 | 0.72 | 0.43
3 0.389E+00 | 0.674E+01 | 0.687E-01 | 0.356E+01 | 249 | 1.61 | 0.66
4 0.211E+00 | 0.270E+01 | 0.300E-01 | 0.199E+01 | 276 | 3.60 | 1.23
5) 0.794E-01 | 0.779E+00 | 0.953E-02 | 0.745E+00 | 312 | 7.78 | 3.15

Table 10: Test 4 : Convergence tests for first order AB1 scheme, l;—norm at final time with respect to the

averaged number of cells Ny, .
N7, being the number of cells at the final time.

| Limax | ”P - Pew”l1 | Hp _pezHll | ||u - “ewlll1 | HE - EeCEHll | NTf | Cpu, | cpyy |
1 0.732E4+00 | 0.175E+02 | 0.185E+00 | 0.648E+01 | 200 | 0.36 | 0.36
2 0.461E+00 | 0.929E+01 | 0.985E-01 | 0.423E-+01 | 218 | 0.78 | 0.46
3 0.281E+00 | 0.471E+01 | 0.470E-01 | 0.262E-+01 | 237 | 1.72 | 0.69
4 0.153E+00 | 0.197E+01 | 0.223E-01 | 0.148E+01 | 259 | 3.62 | 1.25
5 0.579E-01 | 0.679E-+00 | 0.881E-02 | 0.565E+400 | 290 | 7.97 | 4.18

of p, u, p and ¢, cpu, for global time stepping and cpy, local time stepping,

Table 11: Test 4 : Convergence tests for second order AB2 scheme, [1-norm at final time with respect to the

averaged number of cells Ny, .
N7, being the number of cells at the final time.
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| Rate | ||p7p6$||l$ | prpeleqlr | ||u7uez||l£ | HEfEeleqlr |

AB1U 0.66 0.92 0.94 0.58
AB1 5.71 7.93 7.60 5.44
AB1M 5.29 6.71 6.64 5.02
RK2U 0.46 0.66 0.58 0.61
AB2U 0.69 1.07 1.25 0.61
RK2 6.99 9.00 8.44 6.73
AB2 6.79 8.81 8.28 6.52
AB2M 4.01 3.98 4.41 3.97

Table 12: Test 4 : Convergence tests for first and second order.

4.5 Test 5: a modified Leblanc test problem

We present in this section a modified version of the so-called Leblanc test problem which is an extreme
shock tube problem. The initial discontinuity separates a region of very high energy and density from one
of low energy and density. This is a much more severe test than the Sod Problem. The solution consists of
a rarefaction moving to the left, and a contact discontinuity and a strong shock moving to the right.

The Riemann data for this test problem are:

~ @, 0 01, <0,
e [-L1L (p’“’p)(o’x)_{ (0.001, 0, 107°), 2>0.

The computational domain here is [—1, 1] with prescribed free boundary conditions and we have used the
following parameters:

CFL :0.25,
Simulation time (s) . 0.7,
Initial number of cells . 200,
Maximum level of mesh refinement : L.

In figure 10, we display the solution profiles (as well as the exact one) for the density (figure 10(a)), the
pressure (figure 10(b)), the momentum (figure 10(c)) and the internal energy (figure 10(d)) of the numerical
solution computed with the first order scheme AB1U and AB1 computed with Ly.x = 5. The numerical
density of entropy production (S}}) is also plotted on figure 10(a).
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Figure 10: Test 5: numerical solution at time t = 0.7 s with Ly.x = 5 computed with the AB1 scheme.

This modified test is a challenging test problem since the presence of the strong left rarefaction wave and
discontinuities of small amplitude make it difficult. Indeed, while the speed of the contact discontinuity is
correct, we make an error on the correct shock speed as one can observe on figures 10(c) and 10(d) when the
number of cells is approximately 1 000 cells. As a consequence, the post shock values are extrapolated (see,
10(d)) even if the contact discontinuity and the speed of propagation of the rarefaction are well-computed.

Starting with 500 cells instead of 200 cells, we get better results as displayed on figure 11(d). This
behavior is not due to a lack of accuracy of the present scheme but it is due to the extreme difficulty of this
test problem. Let us note that in the literature for the original Leblanc test problem, they generally use
more than 3 000 cells with high order scheme to resolve it “accurately”.
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at time t = 0.7 s with L.« = 5 computed with the AB1 scheme with
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Figure 12: Test 5: [|e — ec.||;1 with respect to the average number of cells at time ¢ = 0.15.

| Lmax | prpea:Hl}r | ||p7pex||l£ | Hufuea:”li | ||€7€€I||l1‘ | NTf | Cpug | cpuy
1 0.151E-01 0.166E-02 0.390E-01 0.413E-01 200 0.30 0.31
0.964E-02 0.102E-02 0.271E-01 0.298E-01 313 0.92 0.74
0.601E-02 0.599E-03 0.209E-01 0.219E-01 524 2.98 2.30
0.350E-02 0.332E-03 0.157E-01 0.150E-01 912 | 9.68 | 7.87
0.151E-02 0.138E-03 0.112E-01 0.878E-02 | 1642 | 32.13 | 26.42

[SA TSN OS] N )

Table 13: Test 5 : Convergence tests for first order AB1 scheme, l;—norm at final time with respect to the
averaged number of cells Ny of p, u, p and ¢, cpu, for global time stepping and cpy, local time stepping,
N7, being the number of cells at the final time.

| Linax | [lp— pealliy [ Ip — pealliy | llu — teallns [ e —ceally | Nz, | cpu, [ cpu |
1 [ 0.103E-0L | 0.I06E-02 | 0.304E-01 | 0.333E-0L | 200 | 0.35 | 0.35
0.680E-02 | 0.669E-03 | 0.240E-01 | 0.253E-01 | 311 | 1.03 | 0.81
0.443E-02 | 0.415E-03 | 0.189E-01 | 0.I89E-01 | 510 | 3.09 | 2.39
0.277E-02 | 0.250E-03 | 0.146E-01 | 0.133E-01 | 887 | 9.58 | 7.67
0.132E-02 | 0.117E-03 | 0.114E-01 | 0.852E-02 | 1589 | 32.53 | 25.94

QY = W DN

Table 14: Test 5 : Convergence tests for second order AB2 scheme, [1-norm at final time with respect to the
averaged number of cells Ny, of p, u, p and €, cpu, for global time stepping and cpu, local time stepping,
N7, being the number of cells at the final time.
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| Rate | ||p7p6$||l$ | prpeleqlr | ||u7uez||l£ | HEfEeleqlr |

AB1U 0.75 0.84 0.55 0.52
AB1 1.07 1.16 0.58 0.72
AB1M 1.23 1.33 0.84 0.91
RK2U 0.81 0.88 0.64 0.58
AB2U 0.75 0.82 0.57 0.54
RK2 0.95 1.03 0.47 0.63
AB2 0.97 1.04 0.47 0.65
AB2M 1.29 1.37 1.01 0.95

Table 15: Test 5 : Convergence tests for first and second order.

4.6 Test 6: the blast wave problem

The Woodward-Colella blast wave test problem can be extremely difficult to solve on a uniform grid even if
we use a very large number of cells. This one-dimensional test problem was initially introduced in [21] and it
makes one of the main difficult and the main challenging test case to solve in order to show the efficiency of
the numerical method. In particular, it illustrate the strong relationship between the accuracy of the overall
flow solution and the thinness of discontinuities on the grid involving multiple interactions of discontinuities
(shocks and contact discontinuities) and rarefactions with each other. The initial condition consists of three
constant states

1000, < 0.1,
e[-1,1],p(0,2) =1, w(0,2) =0, p(0,z)=< 0.0, 0.1<z<0.9,
100, z>09.

on a computational domain [0, 1] with prescribed reflecting boundary conditions.
In that case, as a reference solution, we compute the solution on a uniform grid with 20000 cells using
the RK2U scheme. We also use the following parameters:

CFL . 0.25,
Simulation time (s) : 0.038,
Initial number of cells ¢ 200,
Maximum level of mesh refinement : Ljax.

In figure 13, we display the solution profiles (as well as the reference one) for the density (figure 13(a)), the
pressure (figure 13(b)), the momentum (figure 13(c)) and the internal energy (figure 13(d)) of the numerical
solution computed with the first order scheme AB1U and AB1 computed with L., = 5. The numerical
density of entropy production (S}) is also plotted on figure 13(a).
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Figure 13: Test 6: numerical solution at time ¢t = 0.038 s with Ly,.x = 5 computed with the AB1 scheme.
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Figure 14: Test 6: [e — ecx|[;2 with respect to the average number of cells at time ¢ = 0.038.

| Linax | HP*PeIHl}P

| ||p7pex||l$ | Hufuea:”li | ||€7€€93||l$ | NTf | Cpug | cpy; |
1 0.645E+00 | 0.259E+402 | 0.104E+01 | 0.279E+03 | 200 1.30 1.30
2 0.528E+00 | 0.192E+02 | 0.923E+00 | 0.208E-+03 | 289 | 3.38 | 2.48
3 0.409E+00 | 0.141E+02 | 0.801E+00 | 0.149E+03 | 435 | 9.16 | 6.21
4 0.294E+00 | 0.104E+02 | 0.679E+00 | 0.102E+03 | 697 | 25.78 | 17.61
5 0.197E+00 | 0.796E+01 | 0.588E+00 | 0.678E+02 | 1169 | 73.22 | 50.98

Table 16: Test 6 :

averaged number of cells Ny,

Convergence tests for first order AB1 scheme, I}-norm at final time with respect to the

of p, u, p and ¢, cpu, for global time stepping and cpy, local time stepping,
NTf being the number of cells at the final time.

max

| Lmax | Hp_pezHll

[P — pealliy [ [lu—vealliy | lle —ecalliy [ Nz, [ cpuy [ cpu |
1 [ 0.548E100 [ 0.193E102 [ 0.872E100 | 0.217E+03 | 200 | 1.31 | 1.36
2 [ 0.421E 00 | 0.132E102 | 0.706E+00 | 0.156E103 | 282 | 3.32 | 2.46
3 [ 0.301E+00 | 0.929E101 | 0.566E+00 | 0.106E103 | 418 | 8.82 | 5.64
4 [ 0.202E+00 | 0.672E+01 | 0.448E+00 | 0.700E+02 | 670 | 23.64 | 15.26
5 | 0.127E+00 | 0.528E+01 | 0.396E+00 | 0.440E+02 | 1064 | 65.01 | 41.86

Table 17: Test 6 : Convergence tests for second order AB2 scheme, [1-norm at final time with respect to the
of p, u, p and ¢, cpu, for global time stepping and cpuy, local time stepping,

averaged number of cells Ny,
N7, being the number of cells at the final time.

max

25



| Rate | ||p7p6$||l$ | prpeleqlr | ||u7uez||l£ | HEfEeleqlr |

AB1U 0.35 0.60 0.41 0.47
AB1 0.67 0.67 0.33 0.80
ABIM 0.66 0.68 0.35 0.81
RK2U 0.44 0.70 0.55 0.53
AB2U 0.43 0.65 0.42 0.51
RK2 0.90 0.75 0.48 0.98
AB2 0.87 0.77 0.48 0.95
AB2M 0.77 0.72 0.39 0.91

Table 18: Test 6 : Convergence tests for first and second order.

We numerically show that the adaptive grid strategy using the numerical density of entropy production
can considerably increase the accuracy without requiring a large number of cells and without a lot of extra
CPU times as required by solving the problem on a uniform grid.

5 Concluding remarks and perspectives

In this paper, we have used the adaptive numerical scheme based on the numerical density of entropy
production introduced by Ersoy et al [5]. This scheme employs a useful adaptive strategy based on the
mathematical (physical) entropy which indicates on the need to refine or to coarsen the mesh, in particular
in the presence of strong discontinuities. Moreover, combining into a local time stepping method, one can
considerably decrease the computational cost keeping the same order of accuracy. Through several severe test
problems for which the solution contains strong discontinuities, strong rarefaction and /or low density, we have
numerically shown the robustness of the scheme. Indeed, resulting numerical solutions are both accurate for
contact discontinuities and the head/tail of rarefaction waves which are well-known to be difficult to handle
numerically.
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